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new edition includes a comprehensive account of the basic
science, metabolism, and nutritional requirements of the
neonate, and a greatly expanded number of chapters deal-
ing in depth with clinical issues ranging from intrauterine
growth restriction, intravenous feeding, nutritional thera-
pies for inborn errors of metabolism, and care of the neo-
natal surgical patient. Evolving from these scientific and
clinical aspects, the volume highlights the important long-
term effects of fetal and neonatal growth on health in later
life. In addition, there are very practical chapters on meth-
ods and techniques for assessing nutritional status, body
composition, and evaluating metabolic function. Written
by an authoritative, international team of contributors,
this will be an essential source of scientific knowledge and
clinical reference.
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Preface to the second edition

Preterm infants between 500 and 1000 g birth weight are
surviving at increased rates. Most of their body growth and
the associated development of functional capacity, there-
fore, take place outside of the uterus. Nutrition to support
this growth and development must be provided by intra-
venous and enteral routes rather than by the placenta.

Many advances in intravenous and enteral nutrition of
preterm infants have been developed over the past sev-
eral years since the first edition of Neonatal Nutrition
and Metabolism, but the increased survival at lower birth
weights, advanced degree of immaturity, and increased
dependence on extrauterine nutrition of these unique
infants are providing renewed interest in the absolute
importance of postnatal nutrition. Furthermore, the dimin-
ishing frequency and severity of other disorders in these
infants means that their many adverse long-term outcomes
cannot be blamed solely, or even primarily, on the conse-
quences of other morbidities. Growth and development of
sensitive organs, particularly the brain, clearly are depen-
dent on unique, though variable, mixes of specific nutri-
ents, provided at optimal rates and by safe and effica-
cious routes. There also is abundant evidence from ani-
mal experiments and human observational studies that
prolonged undernutrition during critical periods of devel-
opment (between 22–40 weeks postconceptional age for
humans) adversely affects long-term growth and neuro-
developmental and neurocognitive outcomes. Despite the
advances in nutrition of these infants, therefore, we now are
at a new threshold of determining which specific nutrients
should be provided to these infants, at what rates, in what
mixtures, and by what means, to optimize their growth and
development.

This Second Edition is expanded to include the many
recent advances in fetal and neonatal nutrition and
metabolism. There also is increased focus on selected fun-
damental aspects of nutrition of very preterm infants.

xvii



xviii Preface to the second edition

A second purpose is to recognize that much still is not
known about optimal nutrition of the very preterm infant
and that many controversies exist in this field. New
research, therefore, must be developed to further optimize
nutrition, growth, and developmental outcomes of this vul-
nerable population of newborn infants. We hope this book
will provide, therefore, both up to date information for the
clinicians and scientists in this field and the stimulation to
pursue new research to resolve the problems that still exist.

New Co-Editor: Lastly, but far from least, the field of
Neonatal Nutrition and Metabolism has grown larger and

more complicated and rightfully, therefore, a book of this
magnitude has needed considerably more help. To meet
this need, Dr. Patti Thureen has joined as Co-Editor. Dr.
Thureen is an established and well-recognized expert in
neonatal nutrition and metabolism. She has brought to the
book a large fund of knowledge, unique insights into design
and content of individual chapters and topics, and a per-
sonal commitment that involved long hours of hard work.
Her commitment and efforts have made this Second Edi-
tion possible.
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Fetal nutrition

Frank H. Bloomfield and Jane E. Harding

Liggins Institute, University of Auckland, Auckland, New Zealand

Fetal nutrients are derived largely from the mother, and
fetal nutrition is thus closely related to maternal nutrition.
However, it is important to appreciate that maternal nutri-
tion is not the same as fetal nutrition. Firstly, the mother
has her own nutrient demands which may be in conflict
with those of the fetus. For example, pregnant adolescent
sheep deliver smaller fetuses, especially when the ewes are
very well nourished and therefore growing well, and the
growth restriction appears to be predominantly secondary
to reduced placental growth.1–3 Human adolescents also
tend to give birth to lighter infants, and birth weight has
been reported to be less in offspring of adolescents with a
higher dietary sugar intake.4,5 Secondly, the fetus lies at the
end of a long supply line which can be impaired at many
points. Nutrients are used by the fetus predominantly for
growth and metabolism, with little energy expenditure on
other processes such as thermoregulation, movement and
digestion. Fetal nutrients are in fact the main drivers of
fetal growth, with genetic factors playing a much smaller
role. Indeed, the genetic regulation of fetal growth itself
appears to be under nutritional regulation, with levels of
all the major hormones involved in fetal growth being reg-
ulated by circulating nutrient levels. The placenta is also
a very metabolically active organ with its own nutrient
demands and metabolic pathways. The demands of the
fetus and placenta must be in close harmony, particularly
in situations where the nutrient supply is precarious, as
if the placenta is starved of nutrients and fails the fetus
will also not survive. Therefore, in extreme cases the pla-
centa may even consume substrates provided by the fetus.
This chapter will attempt to describe the physiology of
fetal nutrient supply as we currently understand it, and
to relate some aspects of fetal nutrition to clinical data.

The influence of maternal nutrition on fetal
nutrient supply

The associations between maternal prepregnancy weight,
pregnancy weight gain and birth weight are well known.
Birth weight increases with increasing maternal pre-
pregnancy size,6 and has also been associated with mater-
nal weight gain in pregnancy, particularly with increases in
maternal fat mass.7 Similarly, poor maternal weight gain
in all trimesters of pregnancy has been associated with
lower birth weight,8–10 although there is some disagree-
ment about which period of pregnancy is most crucial.
Customized growth charts have been developed which take
into account maternal height, weight, parity and ethnic
group,11 which may assist in the detection of babies that
are not growing appropriately.12,13 However, these factors
account for, at best, 15% of the variability in fetal growth,14

with the best predictor of birth weight being the mother’s
own growth in utero. This is true in both developed and
developing nations.14,15

The fact that less than 15% of the variability in birth
weight is accounted for by markers of maternal nutri-
tion before and during pregnancy may explain why mater-
nal nutrient supplementation during pregnancy has lit-
tle effect on birth weight. A meta-analysis of studies of
maternal balanced protein/energy supplementation does
demonstrate a reduction in the incidence of small-for-
gestation-age (SGA) babies, but not a significant effect on
birth weight.16 However there is increasing evidence that
some aspects of maternal diet may have stronger effects on
birth weight. High protein supplements during pregnancy
actually had a negative effect on birth weight.17 A study
from Southampton found that placental and fetal weights

Neonatal Nutrition and Metabolism. Second Edition, ed. P. Thureen and W. Hay. Published by Cambridge University Press.
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Figure 1.1. The fetal supply line. Nutrients ingested by the mother must pass along a supply line before being utilized by the fetus. The

amount of any given nutrient finally utilized by the fetus for growth or metabolism may be affected at any point along this supply line. A

few examples are given. Phe = phenylalanine, Tyr = tyrosine, TTTS = twin-twin transfusion syndrome.

were related to the balance of energy obtained from pro-
tein and carbohydrate at different times in pregnancy, with
high carbohydrate intake in early pregnancy being related
to smaller placentae and lower birth weights, and higher
protein intake in late pregnancy being related to increased
birth weights.18 This study, and others, have also reported
that as many as 40% of pregnant women fail to reach the re-
commended daily intake for many nutrients.18–20 Another
recent study from the UK found no association between
the intake of any macronutrient and birth weight,21 but
a significant, although small, increase in birth weight
with increasing vitamin C intake. The potential role of
micronutrients in fetal growth is also supported by a recent
study in rural Nepal which demonstrated an increase in
birth weight with folic acid and iron supplementation
and with supplementation with multiple micronutrients.22

Rural Indian women who consumed more green veg-
etables and milk, rich sources of several micronutrients
including folate, also gave birth to bigger babies.22 Thus
although total maternal energy consumption may have
little effect on size at birth, the balance of macronutri-
ents and the micronutrient content of the mother’s diet
may have an important influence on the nutrition of her
baby.

One explanation for the lack of effect of maternal
dietary supplementation may be the fact that the fetus
lies at the end of a long “supply line” involving mater-
nal metabolic and hormonal status, uterine and umbili-
cal blood flows, placental size and transport capacity and
the fetal metabolic and hormonal status. Maternal nutrient

supply to the fetus may be affected at any point along this
supply line, for example by placental disease, variations
in uterine blood flow (e.g. smoking) etc., thus influencing
fetal nutrition (Figure 1.1). An alternative, or additional,
explanation may be that certain micronutrients are defi-
cient, or borderline deficient. If one particular micronu-
trient is supplemented, this may simply lead to the next
most marginal nutrient becoming limiting, so that there
is little overall effect on fetal growth. Analogous situa-
tions may occur in conditions of excess of certain nutri-
ents, e.g. phenylalanine in phenylketonuria, when the high
amounts of phenylalanine may saturate placental amino
acid transporters and prevent transport of other essen-
tial amino acids such as tyrosine and tryptophan (Figure
1.1).23,24 Another example may be diets high in methionine,
which requires glycine for detoxification via transulphura-
tion. Excess methionine in a diet already marginal in glycine
may lead to glycine availability to the fetus becoming
limiting.25

The potential role of folate has been mentioned above.
Folate cannot be synthesized by humans, yet is an essen-
tial vitamin for many cellular processes including the re-
cycling of methionine and homocysteine, steps in the for-
mation of purines and pyrimidines, and for the formation
of glycine from serine. Intake of green leafy vegetables, a
rich source of folate, has been found to be strongly asso-
ciated with birth weight in a rural Indian community.26

Erythrocyte folate concentrations were also independently
associated with birth weight and with intake of green leafy
vegetables in this study. It has also been proposed that
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the intrauterine growth restriction (IUGR) seen in millions
of low birth weight babies born to mothers infected with
malaria may be, in part, due to disturbances within the
folate pathway.27 Malaria increases folate demand sec-
ondary to hemolysis and to a functional folate deficiency
caused in part by hyperhomocysteinaemia and also the
coexisting deficiency of other vitamins such as B12. A sec-
ondary effect of folate deficiency, or of functional dis-
ruption of the folate cycle, is glycine deficiency. Glycine
is considered to be a conditionally essential amino acid
for the fetus and neonate.28 During growth demands for
glycine are high, and it is used in many metabolic pro-
cesses essential for growth such as purine and porphyrin
synthesis, interconversion with serine and also for the
production of the free radical scavenger glutathione from
α-glutamylcysteine. Glycine is also necessary for the detox-
ification of excess methionine. Up to 90% of fetal glycine
is produced from serine by the placenta, and folate is
essential for this interconversion.29–31 Urinary excretion
of 5-L-oxoproline has been used as a measure of glycine
insufficiency.32 5-L-oxoprolinuria increases throughout
pregnancy, and has been found to be higher in women with
a poorer diet compared with better-nourished women,33

suggesting that glycine may be relatively deficient in preg-
nant women.

Another amino acid that has received attention recently
is taurine, the most abundant free amino acid in the body.
Taurine is involved in cholesterol degradation, is a neuro-
transmitter, an osmoregulator and an antioxidant. Reduced
activity of placental taurine transporters has been reported
following maternal undernutrition and in IUGR in rats.34,35

Recent interest, however, has focussed upon the role of tau-
rine in pancreatic beta cell development. Rats fed a low pro-
tein diet have reduced circulating taurine levels, as do their
fetuses.36,37 Pups from mothers fed a low protein diet have
reduced β cell mass and reduced islet area, and this persists
into adult life. Supplementation of the mothers’ drinking
water with 2.5% taurine reversed the IUGR, restored a nor-
mal balance of proliferation and apoptosis in pancreatic
islets38 and restored insulin secretion in vitro to normal.36

Furthermore, fetal plasma insulin levels were significantly
correlated with fetal taurine concentrations.37

Fetal nutrition before placentation is established

Nutrient transfer to the fetus via the placenta in the second
and third trimesters is relatively well understood in com-
parison to fetal nutrient supply in the first trimester. The
human blastocyst implants at a relatively early stage and
the developing conceptus is enveloped by the superficial
layer of the endometrium by day 10 after fertilization.39
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Figure 1.2. Demonstration of the changes in formation of the

extraembryonic membranes and fluid cavities over the first 3

months of gestation.

Trophoblast then rapidly invades the vascular network
of the endometrium. It has been proposed that mater-
nal blood flows through the developing placenta dur-
ing the third week, thus establishing the beginnings of
hemotrophic nutrition to the embryo.39,40 However, recent
in vivo data suggest that significant maternal blood flow
through the intervillous spaces may not occur much before
the end of the first trimester. The finding of an increase in
oxygen tension in the placenta between 10 and 12 weeks
of gestation41–43 may support this hypothesis, although it
is still contentious.44

Until the placenta does develop sufficiently for
hemotrophic nutrition to be established, the develop-
ing embryo must be supplied by histiotrophic nutrition.
Human trophoblast is highly phagocytic, and has been
shown to endocytose maternal erythrocytes and proteins.45

It has been proposed that this nutrition is supplied via the
uterine glands via the fetal fluid compartments.46 These
glandular secretions contain glycogen, glycoproteins and
lipids.45,47 During the first trimester the embryo is sur-
rounded by two fluid-filled cavities, the amniotic sac and
the extraembryonic coelom (Figure 1.2a). The allantoic cav-
ity is very small in the human, in contrast to other species
such as the cow, pig and sheep, and the secondary yolk
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sac is devoid of any yolk. As the amniotic sac increases
in size the extraembryonic coelom is progressively oblit-
erated and the fluid reabsorbed (Figure 1.2b). Amino acid
concentrations have been measured in the extraembry-
onic coelom, and are significantly higher than amniotic
concentrations, suggesting passive diffusion from extraem-
bryonic coelomic fluid to amniotic fluid. Jauniaux et al.
propose that the fetal fluid compartments, including the
secondary yolk sac, may provide a means for nutrient
supply to the developing fetus from the uterine glands.48

Data from studies in the cow and pig also suggest that
amino acids may be concentrated in the allantoic fluid
of those species, thereby acting both as a potential
source of nutrients and as a possible storage place for
waste.49,50

During this early phase of development, the nutrient
requirements of the developing conceptus are very small
and are unlikely to ever place a demand upon maternal
nutrition that cannot be met. Yet recent intriguing data
suggest that nutritional factors during this period of devel-
opment determine the rate of fetal growth for the rest of
gestation, and may also determine the length of gestation.
In vitro culture of animal embryos for the first few days
of pregnancy in media supplemented with human serum
results in fetal overgrowth in sheep, goats and cows.51 In
humans, birth weight in donor egg pregnancies is more
closely related to the body weight of the recipient rather
than the donor.52 Further evidence of the setting of the
fetal growth trajectory early in pregnancy comes from the
observation that the growth of twins is different from that of
singletons from very early in gestation. Postmortem53 and
ultrasound studies54 show that growth of twins diverges
from that of singletons as early as 8 weeks gestation. Reduc-
tion of fetal number in early gestation in higher-order preg-
nancies does not alter the fetal growth trajectory, nor abol-
ish the risk of prematurity and IUGR.55–59 Furthermore,
there is a significant relationship between birth weight,
gestation length and the original number of fetuses.56,58

Bovine twins are also smaller than singletons from early
in gestation.60 These data strongly suggest that the growth
of twins is fundamentally different from that of singletons,
and is not merely restricted by fetal space or nutrient sup-
ply in late gestation. The mechanism by which growth in
twins is regulated differently from so early in gestation is
not known.

We have recently demonstrated that the growth trajec-
tory of singleton fetuses can also be set very early in gesta-
tion. In sheep subjected to a modest nutrient restriction
around the time of conception, fetal growth rate meas-
ured in late gestation was significantly less than that in
fetuses of ewes that were well nourished throughout.61 Fur-

thermore, this brief and relatively minor period of under-
nutrition resulted in preterm birth in half of the under-
nourished ewes.62 Whether these changes are the result
of hormonal or nutritional signals from the mother to the
developing embryo is not clear, but alterations in both indi-
vidual amino acids and maternal hormonal profiles can be
demonstrated.63–65

In summary, the nutritional environment of the develop-
ing embryo is obviously of great importance, yet there are
few data on the route of nutrient supply or on the nutrient
requirements during the first trimester.

Fetal nutrition after placentation is established

The main fetal substrates for oxidative metabolism are
glucose, lactate and amino acids, with free fatty acids
also crossing the placenta in variable amounts (Table 1.1)
(Figure 1.3).66 The amounts of these substrates taken up
by the fetus can be calculated in experimental paradigms,
such as the sheep, using the Fick principle. Blood flow is
measured using the diffusion of an inert substance (such
as ethanol, deuterium, tritiated water or antipyrine) across
the placenta during steady state.67–69 As these substances
are essentially inert, their loss due to metabolism, accu-
mulation etc. is minimal (usually < 5%) and can usually be
ignored. Once blood flow is determined, substrate uptakes
can be calculated from arteriovenous differences across the
maternal and fetal sides of the placenta. The technique
can be further refined using radioactively labeled tracers
to determine substrate utilization.70 The potential contri-
bution of each metabolite to total fetal oxidation can be cal-
culated by comparing the amounts of the metabolite con-
sumed with the amount of oxygen consumed, and taking
into account the moles of oxygen required for the com-
plete oxidation of one mole of substrate (the constant, k).
Thus, the substrate:oxygen quotient = (k × �substrate) /
�oxygen, where � represents the arterio-venous concen-
tration difference across the organ/fetus/uteroplacental
unit. However, it is important to remember that this quo-
tient gives the maximum possible contribution of the sub-
strate in question to oxidative metabolism, as it does not
allow for carbon incorporation into tissue.

Oxygen consumption

Fetal oxygen consumption varies little between mam-
malian species and is about 300 µmol Kg−1 · min−1.71 The
fetal carcass (skeleton, muscle and skin) accounts for
approximately 50% of fetal oxygen consumption, although
the heart utilizes the most oxygen per unit weight.71,72
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Table 1.1. Nutrient transfer by the placenta

Substrate Mechanism Transporters Regulation of fetal uptake

Glucose Facilitated diffusion GLUT-1 and 3 Concentration gradient

Uterine and umbilical blood flow

Insulin, IGF-I

Placental metabolism

Lactate Active transport Proton-dependent, Na+

independent lactate transporter

Bi-directional

Placental metabolism

IGF-I

Amino acids Active transport Many different amino acid

transporters

Concentration gradient

Uterine and umbilical blood flow

Insulin, IGF-I and -II

Placental metabolism

Fatty acids Facilitated diffusion Fatty acid binding protein Concentration gradient

Uterine and umbilical blood flow

Hormones?

Placental metabolism

Oxygen Simple diffusion - Blood flow

Extraction fraction by tissues

Redistribution of blood flow

Prior exposure to episodes of

reduced oxygen tension

mother placenta fetus

glucose

lactate

amino acids

ketoacids

NH3

FFA

TG NEFA

ketones

urea
lipoprotein

lipase

FABP

TG

gly ser

CH3

CO2

CO2

LDLR

Figure 1.3. Placental transfer and metabolism of nutrients. CO2 =
carbon dioxide, NH3 = ammonia, ser = serine, gly = glycine,

CH3 = methyl group, TG = triglyceride, LDLR = low density

lipoprotein receptor, NEFA = non-esterified fatty acid, FFA = free

fatty acid, FABP = fatty acid binding protein.

Oxygen consumption remains fairly constant with changes
in nutritional state and with hyperoxia,73 although con-
sumption can be increased by provision of excess nutrients
such as glucose or amino acids,74 or by increased levels
of metabolic hormones such as thyroxine.75 Hypothy-
roidism reduces fetal oxygen consumption,76,77 but in
sheep there is little reduction in oxygen consumption
if glucose supply is restricted by fasting the ewe.74 Fetal
oxygen supply is determined by maternal oxygenation,
and thence by uterine and umbilical blood flows. The
fetus operates at the upper end of the cardiac function
curve and thus has limited capacity for increasing tissue
oxygen supply by increasing cardiac output. However,
the fetus can adapt to a limitation in oxygen supply by
extracting more oxygen from hemoglobin,78,79 increasing
oxygen-carrying capacity by increasing hemoglobin and
by making cardiovascular adaptations. Studies in sheep
have demonstrated that when fetal oxygen supply is
reduced below a critical level, there is redistribution of
cardiac output away from “non-essential” organs, such
as the carcass, to essential organs, such as the brain.80,81

Ultrasound studies in humans suggest that similar changes
occur.82,83 If oxygen deprivation is severe or prolonged,
fetal oxygen consumption falls and becomes proportional
to oxygen delivery.69,84 Interestingly, it appears that the
fetal response to an acute episode of hypoxemia in late
gestation can be altered by the presence of an earlier
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insult. Fetal sheep exposed to reversible umbilical cord
compression which reduced umbilical blood flow by 30%
for 3 days then failed to increase oxygen and glucose
extraction and blood lactate levels in response to a later
acute hypoxemic insult.85 Gardner et al. propose that
this adaptation may be a protective mechanism against
elevated lactate levels during hypoxic stress.

Glucose metabolism

Glucose is the major fetal oxidative substrate in utero. Glu-
cose crosses the placenta by facilitated diffusion down a
concentration gradient from mother to fetus. Thus fetal glu-
cose concentration is always directly related to but lower
than that of the mother, although the ratio of maternal:fetal
glucose concentrations varies between species. In humans,
fetal glucose concentrations are 60–70% of maternal lev-
els, and the glucose:oxygen quotient is about 0.8. In sheep,
fetal levels are only 25–30% of maternal levels, and the
glucose:oxygen quotient is about 0.55.

In the ovine fetus glucose utilization is between 20–40
µmol Kg−1 ·min−1, but this can double when extra glucose is
provided experimentally, demonstrating that utilization is
probably limited by supply rather than by the capacity of the
fetus to metabolize glucose. Although the glucose:oxygen
quotient in mammals varies between 0.5 and 0.8, not all
the glucose entering the fetal circulation is oxidized.86 The
amount that is oxidized increases with increasing glucose
concentration, suggesting that when glucose is in plentiful
supply, other substrates are spared from oxidation. Non-
oxidized glucose is used in other metabolic pathways. Thus
glucose oxidation only accounts for about 30% of oxygen
consumption in the sheep fetus.86 In late gestation the fetal
liver is capable of gluconeogenesis from substrates such as
lactate and alanine,87,88 but it appears that the contribution
of endogenous gluconeogenesis to fetal glucose supply is
normally negligible.25,88,89

The supply of glucose across the placenta appears to
be limited by its diffusion characteristics rather than by
blood flow. The main factors affecting these diffusion char-
acteristics are the transplacental concentration gradient,
placental utilization of glucose and capacity of the glu-
cose transporters (GLUT) to transport the substrate. In the
sheep, placental glucose transfer capacity increases 10-
fold over the second half of pregnancy, maintaining glu-
cose supply to the fetus as the fetus grows. This increase
arises in part due to an increase in placental transfer capa-
city, presumably due to the increase in numbers of glucose
transporters,90–92 and in part to a fall in fetal glucose con-
centration, thus increasing the maternal–fetal glucose con-
centration gradient.93 A similar fall in fetal glucose concen-

trations in late gestation, with an increase in the maternal–
fetal glucose concentration gradient has been reported in
human pregnancies.94 The placenta has a high metabolic
rate of its own, and extracts 60–75% of the glucose taken up
from the uterine artery for its own metabolism. Thus pla-
cental glucose uptake has an important influence on fetal
glucose supply (see below). If uterine glucose supply from
the mother is reduced by decreasing uterine blood flow, the
placenta may even take up glucose from the fetus to main-
tain its own metabolic requirements.95 Some of the glucose
taken up by the placenta is recycled to the fetus as lactate
or fructose, but as placental glucose uptake increases with
further reductions in uterine blood flow there is a net loss
of glucose from the fetus to the placenta.

The transport of glucose across the placenta is mediated
by glucose transporters. At least six different glucose
transporters are now known, and several members of the
GLUT family have been described in the human placenta,
although only GLUT-1 is found in the syncytium.96 In the
rat and the sheep, both GLUT-1 and GLUT-3 are present in
the placenta,90–92,97,98 and the levels of both increase with
increasing gestation.90–92 However, in the sheep GLUT-1
expression peaks at around 120 days (term = 145 days)
whereas GLUT-3 expression continues to increase until
term.90 In the rat placenta GLUT-3 expression is polarized
to the maternal microvillous membrane (MVM), whereas
GLUT-1 is expressed on both the MVM and the fetal-facing
basal membrane (BM).97 In the human, the distribution
of GLUT-1 in syncytium is also asymmetric, with higher
concentrations on the MVM than the BM. When combined
with the greater surface area of the MVM (the maternal
facing membrane) compared with the BM (the fetal
facing membrane), it is likely that GLUT-1 density on the
BM is the determinant for the rate of placental glucose
transport.99 GLUT-1 concentrations in the MVM of the
human placenta do not appear to increase with increasing
gestation.100,101 However, GLUT-1 expression and activity
in the BM increase significantly in later gestation.101

Placental glucose transport also increases in late
gestation.

The regulation of glucose transporter levels has been
studied in several tissues, although there is little work
specifically looking at regulation in the placenta. In the
sheep, hypoglycemia down-regulates placental GLUT-
1 levels. Hyperglycemia initially up-regulates placental
GLUT-1 levels, although with chronic hyperglycemia there
is subsequently a decline in levels.102 No changes in
placental GLUT 1 levels were seen in streptozotocin-
induced diabetic rats, although hypoglycemia together
with hypoxia following uterine artery ligation resulted in
a 50% fall in GLUT-1 levels.102 In the human, placental
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GLUT-1 levels appear to be inversely related to high
glucose concentrations,103,104 although other data suggest
that variations in glucose concentration within the phys-
iological range do not affect GLUT-1 levels.105 In both
human and animal IUGR no change in placental GLUT-
1 levels have been seen,101,106 although down-regulation of
GLUT-3 has been reported in the placentae from under-
nourished rats.107 In diabetic pregnancies a substantial
increase in GLUT-1 levels on the BM has been reported
with no change in MVM GLUT-1 levels.108,109 Placen-
tal glucose transport was increased by between 40 and
60%. It has been proposed that this up-regulation in BM
GLUT-1 levels and consequent glucose transport may be
involved in macrosomic growth of the fetus in diabetic
pregnancies.96

In other tissues, such as brain and muscle, glucose trans-
porters are up-regulated by IGF-I.110–113 Insulin also up-
regulates membrane translocation of both GLUT-1 and
GLUT-3 in brain and myotubules.111,112 The regulation of
the glucose transporters by insulin and IGF-I has not been
well studied in placental tissue.

Lactate metabolism

Lactate is also an important fuel for the fetus. In ruminants,
such as the sheep and cow, the fetal lactate:oxygen quotient
is between 0.25 and 0.4, compared with only 0.1 for the
human.71 Endogenous production of lactate by the fetus is
high even in unstressed fetuses, and most of this is derived
from glucose, although some is derived from other carbon
sources. The major site of lactate production in the fetus is
the carcass, and lactate release from here may provide fuel
for other fetal organs in times of substrate deprivation.114

The placenta is also a major source of fetal lactate. A
significant proportion of placental glucose utilization in
sheep is directed towards lactate production which, in late
gestation, is released into both the uterine and umbilical
circulations.115,116 Most of the lactate taken up by the sheep
fetus is oxidized to CO2, and this CO2 contributes sub-
stantially to total fetal CO2 production.117 However some
lactate is incorporated into fetal tissue, including hepatic
glycogen, non-essential amino acids and lipids.118 Thus,
the lactate:oxygen quotient underestimates the proportion
of fetal oxygen consumption that is accounted for by lactate
oxidation.71 Lactate utilization by the fetus may increase
substantially in the face of undernutrition.119

Lactate concentrations in the fetus are higher than in
the mother, and fetal pH is lower. Both the MVM and the
BM of the placenta express proton-dependent, sodium-
independent lactate transporters.1,5,120–122 These trans-
porters appear to be reversible, allowing transport of lactate

in either direction.120 Thus, lactate can be provided to the
fetus as a fuel, or removed should lactate accumulate in the
fetus posing a risk to tissues.

Amino acid metabolism

Amino acids are utilized by the fetus for protein synthesis
and for oxidation, and certain amino acids are also essen-
tial components of pathways such as purine and pyrimi-
dine synthesis. Essential amino acids must be derived from
maternal circulating amino acids, whereas non-essential
amino acids could be derived either from de novo synthe-
sis by the fetus, from transplacental transfer or via placen-
tal synthesis. As well as the traditionally accepted essential
amino acids, arginine is regarded as conditionally essen-
tial in the fetus. Total amino-nitrogen concentrations in the
fetus are higher than in the mother, and concentrations in
the placenta for some amino acids are higher than in either
the maternal or fetal circulations.

Calculations of uterine and umbilical uptakes of amino
acids in the sheep using the Fick principle123 have
demonstrated large uptakes of most basic and neutral
amino acids by both the placenta124 and fetus.125 Utero-
placental amino acid uptake provides nitrogen in excess
of amounts required by the fetus for protein accretion,
and the difference is accounted for by ammonia pro-
duction by the placenta.124,126 The ammonia produced
is released into both the maternal and fetal circulations,
where it is converted into urea by the fetal liver.127 Most
of the ammonia is produced by placental metabolism
of the branched chain amino acids leucine, isoleucine
and valine.128 Both ovine129,130 and human placentae131

have high branched chain amino acids (BCAA) amino
transaminase activities, and significant amounts of the
products of BCAA deamination, the branched-chain alpha-
keto acids, are released from the ovine placenta into
maternal and fetal circulations.132,133 The role of placen-
tal metabolism of BCAA may include oxidation as an
energy source, conversion to glutamate by transamina-
tion and to make nitrogen available for purine synthe-
sis. The proportion of amino acids utilized by the pla-
centa for oxidation increases as glucose availability falls,
and in severe conditions BCAA and glutamate may be
extracted from the fetal circulation for consumption by the
placenta.130,134

Amino acids are transported across the placenta by active
transport. Many different classes of amino acid transporter
have now been described in the placenta135 and are present
on both the MVM and the BM.136 Experiments on isolated
human placental cotyledons have demonstrated that the
placenta can take up amino acids from both the maternal



8 F. H. Bloomfield and J. E. Harding

and fetal circulations against a concentration gradient.137

Thus the amino acid transporters on the MVM probably
have a more important effect on net transfer of amino acids
from mother to fetus.

Placental levels of amino acid transporters are related
to fetal amino acid concentrations and thus to fetal nutri-
tion. For example, levels of the system A amino acid trans-
porter have been related to anthropometric measurements
at birth,138 but it is not clear if down-regulation of amino
acid transporters follows a reduced growth trajectory, or if
the reduced growth is secondary to lower levels of amino
acid transporters.139 MVM levels and activity of both sys-
tem A transporters140–144 and β-amino acid transporters35

are reduced in IUGR, and the activity of the system A trans-
porter is associated with the severity of the IUGR.140 Oxy-
genation of the uteroplacental unit has also been corre-
lated with levels of system A and cationic amino acid trans-
porter activity.145,146 Transplacental transfer of the BCAA
leucine has been studied in sheep with IUGR induced by
heat stress using tracer techniques.147 Net uterine uptake,
uteroplacental utilization, flux from placenta to fetus and
direct maternal–fetal flux were all reduced in IUGR animals.

Further good evidence for a direct role of the amino
acid transporters in fetal nutrition and thus growth comes
from studies in mice with deletion of a placental-specific
transcript (P0) of the Igf2 gene.148 Placental growth was
restricted from embryonic day 12 (E12), but the transfer of
14C-methylaminoisobutyric acid (MeAIB) per gram of pla-
centa was significantly increased compared with wild type
until E16, resulting in transfer of identical amounts of 14C-
MeAIB across the placenta. At this time (E16) fetal weight
was also not different between mutant and wild type mice.
By E19 the increase in transfer of 14C-MeAIB per gram pla-
centa was reduced and therefore, when combined with the
reduced placental size, total transfer was also reduced by
26%. By E19 fetal weight in mutants was reduced by 22%
compared with wild type.148

In addition to amino acid transfer, the placenta is also
involved in metabolism of amino acids. The most notable
examples of placental amino acid metabolism are the
glycine-serine and glutamine-glutamate placenta-hepatic
shuttles. These appear to be mechanisms by which nitro-
gen and carbon can be shuttled between the placenta and
fetal liver.29 In sheep, there is very little umbilical uptake
of serine, with almost all fetal serine arising from hepatic
production from placental glycine.149 Serine derived from
the fetal pool is used within the placenta for glycine pro-
duction, some of which is then returned to the fetal circula-
tion. The net effect of such cycling is the transfer of methyl
groups derived from glycine oxidation within the liver to
the placenta.149,150

The ovine placenta takes up glutamate from the fetal
circulation,126 and also forms glutamate by oxidizing
branch chain amino acids taken up from the mater-
nal circulation.151 Amidation of glutamate produces glu-
tamine, which is released into the fetal circulation.152 Some
of the glutamine delivered to the fetus from the placenta is
converted back to glutamate by the fetal liver, which is the
main source of glutamate consumed by the placenta.152

Thus a glutamate-glutamine shuttle is established, pro-
moting glutamate amidation by the placenta and allowing
hepatic utilization of the amide group of glutamine. This
amide group, together with glycine and methylene tetrahy-
drofolate (derived from the conversion of serine to glycine)
can be used for purine synthesis.

Fatty acid metabolism

The human baby is born with a large proportion of fat,
and fat deposition increases exponentially with gesta-
tional age. Near term the accretion rate is ∼7 g day−1.
153 Early in gestation, the fetus derives most of the fatty
acids from the mother, but as gestation progresses there
is increased de novo synthesis.74,154,155 Fatty acids are
required by the fetus for membrane formation, as precur-
sors of compounds such as prostaglandins, and as a source
of energy. All fatty acids can be used as an energy source,
but the structural functions are largely performed by the
polyunsaturated fatty acids (PUFA). Humans cannot syn-
thesize the ω3 and ω6 fatty acids, and these essential fatty
acids must therefore be provided by the mother. Intrauter-
ine requirements for ω3 and ω6 fatty acids in late gesta-
tion have been calculated to be approximately 400 and
50 mgKg−1 · day−1 respectively.154 In tissues such as the
brain, almost half of the lipid content is comprised of
long chain polyunsaturated fatty acids (LCPUFA) such as
arachidonic acid (AA) and docosahexanoic acid (DHA). The
percentage of fatty acids in fetal circulation composed of
LCPUFA is higher than in the mother,156 despite the fact that
the human placenta lacks �5- and �6-desaturase activity
and is therefore unable to convert γ -linolenic acid (18:3,
ω6) into AA (20:4, ω6).157 The placenta must therefore be
able to extract LCPUFA from the maternal circulation and
deliver them to the fetus.

Free fatty acids (FFA) can directly cross the placenta,
probably via facilitated membrane translocation involv-
ing a plasma membrane fatty acid-binding protein (FABP).
There appears to be a specific placental FABP that has
higher affinities and binding capacities for AA and DHA
compared with FABPs in other tissues.120,158,159 Placental
FABP are found on both the MVM and the BM. Transport
of FFA across the placenta via FABP is ATP dependent at
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the MVM and ATP and Na+ dependent at the BM,160 but
appears to occur predominantly as facilitated transport
down a concentration gradient. However, FFA represents a
very small amount of PUFA in the maternal circulation, as
most are esterified and associated with lipoproteins (VLDL
and LDL). Unlike FFAs, triglycerides (TG) and glycerol are
not able to cross the placenta in any significant amount.161

Transfer of LCPUFA from mother to fetus therefore involves
placental uptake and metabolism of maternal lipoproteins
and TGs. The MVM of trophoblast expresses receptors for
both VLDL and LDL,162–164 enabling uptake of circulating
maternal lipoproteins into the placenta. The TG are then
hydrolyzed by lipoprotein lipase and the FFA diffuse into
the fetal circulation, from where they are taken up by the
fetal liver and re-esterified into TG before being released
back into the circulation.

In other species TG also do not cross the placenta in
any appreciable quantities, and most of the fetal FFA are
derived from hydrolysis and re-esterification.154,157,165–167

The ovine placenta does express increasing levels of �6-
desaturase during late gestation,156,168,169 suggesting that
there may be some placental synthesis of AA by the ovine
placenta, although there is no direct transfer of TG from
mother to fetus.167

Fetal growth factors and fetal nutrition

Hormones involved in fetal growth are nutritionally regu-
lated in the fetus and also regulate substrate uptake and
metabolism. The major fetal growth factors are the insulin-
like growth factors (IGF)-I and II, with insulin having a pas-
sive role in fetal growth. The roles of other hormones such
as growth hormone (GH), placental lactogen, leptin and
ghrelin are as yet less clear.

Insulin levels in the fetus are clearly regulated by fetal
nutrient supply. Fetal glucose infusion stimulates insulin
secretion by the fetus,170,171 and insulin and glucose con-
centrations were closely correlated in studies of different
nutritional regimens in the sheep.172 Amino acids appear
to potentiate glucose-induced insulin release.173,174 In turn,
insulin stimulates glucose and amino acid uptake into fetal
tissues. Fetal pancreatectomy, to prevent fetal insulin secre-
tion, results in impaired fetal growth.175 However, infusion
of high doses of insulin restores growth only to the rate of
that in controls, demonstrating that insulin itself cannot
stimulate fetal growth in the absence of additional nutri-
ent supply. In diabetic pregnancies the fetus is exposed
to increased concentrations of maternal glucose. As pla-
cental transfer of glucose occurs down the maternal –
fetal concentration gradient, fetal glucose concentrations

are also increased. Fetal insulin release and circulating
insulin concentrations are increased in response to the
elevated glucose concentrations, and the combination of
increased insulin and substrate results in increased fetal
growth.

In prenatal life the IGFs are critical in the regulation
of fetal growth, acting in both paracrine and endocrine
fashion. Direct evidence for the role of IGF-I in fetal
growth comes from experiments in mice using homologous
recombination of defective IGF-I or IGF type 1 receptor
genes to produce animals homozygous for these defects.176

Less direct evidence is provided by the finding in all species
studied that birth-weight correlates with cord blood IGF-I
concentrations.177–179 In babies, levels of IGF-I in umbili-
cal cord blood and blood obtained in utero by fetal blood
sampling are reduced in IUGR.180–183 A case report of par-
tial deletion of the IGF-I gene in a boy with severe IUGR
is definitive evidence in the human for the role of IGF-I in
fetal growth.184 Deletion of the IGF type 1 receptor gene has
also been reported to result in IUGR, with a Silver–Russell
phenotype.185

The IGFs are anabolic hormones, and in fetal life cir-
culating levels of these important growth-regulating hor-
mones are regulated by fetal nutrient supply. In fetal sheep
IGF-I, IGF-II and IGFBP-3 levels fall with severe mater-
nal undernutrition while IGFBP-1 and -2 levels rise.186,187

Replacement of glucose or insulin restores fetal IGF-I levels
within 24 hours.188,189 Circulating maternal IGF-I levels in
pregnancy are also partly regulated by nutritional status,
and maternal IGF-I levels also influence birth weight.190

In pregnant rats IGF-I concentrations were correlated with
changes in nitrogen balance.191

In turn, IGF-I regulates fetal nutrient uptake. In fetal
sheep IGF-I infusion reduces fetal protein breakdown,
increases fetal glucose uptake and appears to alter nutrient
distribution between fetus and placenta to enhance fetal
nutrient availability.192,193 IGF-I infusion is also anabolic,
increasing the fractional protein synthetic rate,194 and
increasing the conversion of serine to glycine, which
would increase the availability of one-carbon groups for
biosynthesis.195 Chronic IGF-I infusion alters placental
glucose transfer and placental clearance of MeAIB.196

Recent evidence from sheep studies suggests that growth-
restricted fetuses may be resistant to some of the anabolic
effects of IGF-I.159,193,197

IGF-II is thought to be most important in embryonic
and early gestational growth,198 acting as an embryonic
growth factor by activating cell cycle entry/progression.199

IGF-II is first expressed in the placenta by 18 days ges-
tation in the human,200 and is highly expressed in pro-
liferative cytotrophoblasts of the first trimester placenta,
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acting as a placental growth factor.201 Recently Constância
et al. have demonstrated in mice that deletion from the
Igf2 gene of a transcript (P0) that is specifically expressed
in the labyrinthine trophoblast of the placenta results in
reduced growth of the placenta that occurs before fetal
growth restriction.148 Interestingly, placental transport of
methylaminoisobutyric acid (MeAIB, a non-metabolizable
analog of amino acids utilizing the system A amino acid
transporter) is initially up-regulated in these mice. When
this up-regulation fails, fetal growth restriction ensues. Pas-
sive permeability of the mutant placenta is also decreased.
The temporal separation of placental from fetal growth
restriction in this P0 knockout is distinct from the con-
temporaneous growth restriction of both that occurs in
the Igf-II(p-) knockout,198 leading the authors to propose
that fetal IGF-II may signal to the placenta to up-regulate
amino acid transport.202 There are many other imprinted
genes, some of which are also expressed in the placenta.
In general, paternally expressed imprinted genes, such as
Igf2, Peg1, Peg3, and insulin enhance fetal growth, whereas
maternally expressed genes, such as Igf2r and H19 suppress
fetal growth.203–205 This has led Reik et al. to propose that
imprinted genes may be involved in the regulation of the
balance of fetal nutrient demand and maternal nutrient
supply.202

Growth hormone levels are also nutritionally regulated,
with maternal and fetal GH levels rising in response to
undernutrition.206 It is increasingly becoming apparent
that GH does have a role in fetal growth and anabolic
metabolism, although the extent of this role is still not
clear. GH receptors (GHR) are present in a large number
of fetal tissues207 and GHR/BP mRNA has been shown to
co-localize with IGF-I mRNA in the rat fetus.208 Congeni-
tal GH deficiency is associated with a reduction in length
at birth,209 and hypophysectomized fetal lambs supple-
mented with thyroxine (to abolish the effects of hypothy-
roidism) have shorter limbs and long bones210 and reduced
IGF-I levels.211 IGF-II levels were unaffected. Recent data
from Bauer et al. provide the first evidence that GH supple-
mentation in fetuses can influence IGF-I levels in utero.
A 10-day pulsatile infusion of GH to growth-restricted
ovine fetuses resulted in an increase in IGF-I levels and
an increase in liver and thymus weight.212 Placental lactate
production and fetal lactate uptake were also increased in
this study.

Thyroid hormones are also involved in regulating fetal
metabolism and thus growth. The metabolic action of thy-
roxine is mainly via stimulation of oxygen utilization by fetal
tissues.213 This appears to be a general increase in oxidative
metabolism, rather than in glucose oxidation alone.76 Thy-
roid hormones are reduced, and thyroid stimulating hor-

mone increased (TSH), in fetuses with impaired substrate
supply, suggesting that these hormones are also nutrition-
ally regulated in utero. 214

The role of other hormones that are involved in post-
natal nutrition and growth, such as leptin and ghrelin, are
beginning to receive more attention in the fetus.215 Both
leptin and ghrelin are expressed in the placenta216–218 and
both can be nutritionally regulated.218–221 The precise role
of these hormones, and other nutritionally regulated hor-
mones such as placental lactogen, remains to be eluci-
dated, but a recurring theme for hormones that are also
expressed in the placenta is the possibility that they may
play a role in nutrient partitioning between mother and
fetus.

Thus there is a close and reciprocal relationship between
many of the fetal hormones involved in fetal growth (and
thus the utilization of fetal nutrients) and the fetal nutrient
supply. Furthermore, there appears to be input from the
maternal hormonal milieu on nutrient supply, and the pla-
centa, which is exposed to both maternal and fetal hor-
monal and nutrient influences, itself produces many of the
hormones involved in fetal growth.

The placenta and fetal nutrition

Once the placental circulation is established the fetus
receives nutrients via the placenta. The placenta grows
throughout gestation, but not in constant proportion to
the fetus, comprising 85% of the combined fetal/placental
weight at 8 weeks and only 12% at 38 weeks in human preg-
nancy. However, placental function continues to develop
in the second half of gestation with increases in surface
area for exchange, transfer capability and diffusion perme-
ability. In mid-gestation in the sheep, when the placenta
weighs twice as much as the fetus, the placenta consumes
more than 80% of the glucose and oxygen taken up by the
uterus.222 Even in late gestation, when the fetus weighs five
times more than the placenta, the placenta still consumes
more than half of the glucose and oxygen delivered via the
uterine circulation.95,115,134 Thus, under normal conditions
the placenta has a greater oxygen and glucose consumption
per unit weight than the fetus.

Response of the fetus to a reduction in
substrate supply

Most of the information on fetal metabolic responses to
alterations in substrate supply is derived from studies in
the sheep.
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A brief maternal fast has little effect on fetal oxygen or
amino acid consumption.223 With more prolonged fasting
the concentrations of BCAA increase,224 the fetal–maternal
urea gradient increases,225 and there is efflux of glutamine
and alanine from the fetal hind limb (representative of
carcass),224 all suggesting increased protein catabolism.
Mellor et al. have shown that fetal growth rate slows dur-
ing maternal fasting, and that this is reversible with short
periods of fasting but becomes irreversible if fasting is
prolonged.226,227 We have shown that the change in fetal
growth rate in late gestation in response to maternal nutri-
tional deprivation depends upon prior growth rate. Fetuses
that were growing quickly slowed their growth in response
to maternal undernutrition, whereas those that were grow-
ing more slowly did not.228 The fetal growth rate in late ges-
tation is in turn determined by the level of nutrition around
the time of conception. Ewes that were undernourished
around the time of conception have fetuses that grow more
slowly in late gestation,61,229 and thus peri-conceptional
nutrition determines the fetal growth response to a later
nutritional insult.229 Interestingly, fetuses whose mothers
were exposed to undernutrition around the time of con-
ception and which fail to reduce growth in response to
fasting in late gestation maintain steady arterial oxygen
levels, whereas fetuses not exposed to peri-conceptional
undernutrition demonstrate a rise in arterial oxygena-
tion in response to fasting in late gestation.230 Presum-
ably this occurs because fetal growth slows and oxida-
tive metabolism is reduced, thus reducing oxygen con-
sumption. Thus fetal growth and metabolic responses to
nutritional or hypoxemic insults in late gestation can be
altered by previous experience of the fetus. These adap-
tations are probably protective in fetal life, for exam-
ple by setting a reduced growth trajectory to ensure that
fetal demand does not outstrip the nutrient supply in
late gestation or by down-regulating lactate production
and/or release in response to hypoxia. However, these
fetal adaptations may permanently reset fetal metabolism
and homeostasis resulting in the phenomenon known as
fetal programming, which may have consequences far
into postnatal life. The topic of fetal programming in
response to nutritional stimuli is beyond the scope of
this chapter, but there are several reviews which can be
consulted.231

Paraplacental routes of nutrition

It is becoming increasingly clear that the late-gestation
fetus has access not only to nutrients obtained via the
placenta, but also to an additional source of nutri-

ent reserves in the form of the fetal fluid compart-
ments. Amniotic fluid is constituted largely from fetal
urine production,232,233 with contributions from lung
fluid,234 nasopharyngeal secretions and intra- and trans-
membranous fluid fluxes.235,236 Amniotic fluid contains
proteins and carbohydrates, as well as meconium particles,
squames and other “debris”. Amino acid concentrations
in amniotic fluid have been reported in several species as
well as in the human.49,237–241 Broadly speaking, concentra-
tions are similar to those found in fetal plasma.237,239 Pitkin
and Reynolds calculated that amniotic fluid could provide
between 10 and 15% of the nitrogen requirements of the
late gestation human fetus.242 They proposed that swal-
lowing and absorption of proteins in fetal life may repre-
sent an important physiological mechanism for preparing
the fetus for extrauterine life.

From mid-gestation until term, amniotic fluid volume
varies little and averages 780 mL. Post-term, volumes
decrease so that by 43 weeks the average volume is only
400 mL. In sheep, amniotic fluid volume at term aver-
ages 300–500 mL, about half of its maximal volume.233

Human fetuses begin to ingest amniotic fluid early in ges-
tation, although it is not until the third trimester that
appreciable volumes are involved. By term the fetus swal-
lows about 700 mL of amniotic fluid per day.234,243 Stud-
ies with radiolabeled proteins and red blood cells have
determined that the late-gestation fetus turns over between
60 and 100% of the amniotic fluid volume in every 24
hours.234,242,244,245 The inclusion of dead fetuses in two of
these studies244,245 has confirmed that 80–100% of the pro-
tein turnover is via fetal swallowing. Although a large pro-
portion of amniotic fluid volume is thought to come from
the fetus, various studies have suggested that a significant
proportion of the protein content is maternally derived,
with concentrations of albumin, IgE, transferrin, oroso-
mucoid and Gc-globulin suggesting passive filtration from
maternal serum.244,246–248 However, some proteins, such as
alpha1-fetoprotein and IgG, are fetally derived.244,247

There is evidence that not only water, but also macro-
molecules, are absorbed across the fetal gut lumen and
indeed, the anatomical development of the fetal gastroin-
testinal tract would be consistent with the gut having an
active role in fetal life. In late gestation an apical endocytic
complex (AEC) develops in the enterocyte villi that allows
transfer of relatively large macromolecules from the lumi-
nal to the systemic surface.249 In sheep and humans this
capability has disappeared by birth and the gut has mature
morphology. Ligation of the jejunum has been shown to
delay disappearance of the AEC,250 and its disappearance
is also delayed in IUGR.251 However, in the rat this com-
plex persists until weaning, allowing the transfer of large



12 F. H. Bloomfield and J. E. Harding

immunoglobulins from maternal milk into the systemic
circulation.

As long ago as 1972 Gitlin et al. demonstrated that
large radiolabeled proteins, including hormones and
immunoglobulins, injected into the amniotic cavity of
human fetuses were absorbed by the digestive tract.244 Ani-
mal experiments later confirmed that these proteins could
be used for tissue accretion.242,252 We have also recently
demonstrated that in the late-gestation fetal sheep the
gut takes up glutamine from the circulation (with a glu-
tamine:oxygen quotient of 0.65) and releases citrulline into
the portal circulation, suggesting that at least some parts
of the urea cycle are functional in fetal enterocytes.237 Fetal
urea production by enterocytes has also been reported in
pigs.253

As well as the AEC potentially contributing to gut uptake
of swallowed proteins, the fetal gut brush border enzymes
are also functional in utero. All the hydrolases (lactase,
sucrase, maltase, isomaltase and trehalase) are found in the
gastrointestinal tract from early in gestation (10 weeks in
the human, and 50 days in the sheep).254–257 By 14 weeks in
the human activities of sucrase, maltase and isomaltase are
equivalent to those in postnatal life.254,256 Trehalase activ-
ity does not peak until between 11 and 23 weeks.254 From
about 19 weeks activities decrease again until just before
term.255 At this time there is a rapid increase in enzyme
activity and lactase activity also increases to term levels.255

This prenatal rise in enzyme activity appears to be related
to the glucocorticoid surge.258,259 Leucine aminopeptidase
and alkaline phosphatase activity have been detected from
as early as 7 weeks gestation and increase with gestation
age.249

When various simple carbohydrates were instilled as a
bolus into the duodenum of normally growing fetal sheep,
fetal serum glucose levels rose, showing that not only were
nutrients absorbed via the gastrointestinal tract, but that
the mucosa had functioning enzymic apparatus capable
of digesting disaccharides.260 This has also been demon-
strated in isolated brush border membrane vesicles pre-
pared from human mid-gestational fetal jejunum.261 Simi-
larly, bolus intraduodenal administration of amino acids to
the fetal sheep resulted in a rise in serum α-aminonitrogen
levels over the following 2 hours.262

Intra-gastric infusion of amino acids over a 2-hour period
also led to increased fetal blood α-aminonitrogen levels,
with the intestinal uptake calculated to represent 13% of the
infusion rate or 45% of the umbilical uptake. As there was
no concomitant reduction in umbilical uptake, this resulted
in a net nutrient gain for the fetus.263 In contrast, when a
similar infusion of glucose was given, the umbilical uptake
of glucose decreased in proportion to the infusion rate and

to the rise in fetal blood concentrations, thus limiting the
amount of extra nutrients that reached the fetus.

Improved fetal growth has been demonstrated in rab-
bit fetuses receiving amniotic supplementation with
dextrose.264 Furthermore, there was a trend for animals
receiving more concentrated dextrose solutions plus amino
acids to have better growth than those receiving fewer
calories. However, there appeared to be a maximum con-
centration of additives (in the case of dextrose, 20%) and a
maximum volume that could be infused into amniotic fluid
before ill effects were seen in the fetus.265

There are case reports in the literature of amniotic
amino acid supplementation to human fetuses, both in
normal term fetuses in an attempt to demonstrate fetal
uptake,266 and in fetuses in which a diagnosis of severe feto-
placental insufficiency has been made.267–269 Massobrio
et al. reported on five fetuses who received between 1 and 8
injections of a commercially available amino acid mixture
via transabdominal intra-amniotic injections at 24–72 hour
intervals. Two of the five fetuses died, the other three were
reported to have done well. In two of the cases the authors
describe an increase in biparietal diameter on ultrasound
assessment that was contemporaneous with the onset of
therapy, but there is little other evidence of improved fetal
growth.267

Finally, there is some evidence that nutrients from
amniotic fluid may reach the systemic circulation via
routes other than the gastrointestinal tract. Elegant studies
immersing isolated lengths of umbilical cord in solutions of
amino acids have demonstrated absorption of amino acids
across the cord within 10 minutes.270 Infusion of glucose
and amino acids outside intact membranes also results
in increased concentrations within the amniotic fluid.271

Thus nutrients administered into amniotic fluid may not
need to be swallowed to be available for fetal metabolism.

These data suggest that in late gestation the fetal gas-
trointestinal tract is functional, is able to absorb and metab-
olize nutrients and can transport them to the systemic cir-
culation where they may be incorporated into growing tis-
sues. If, however, ingestion of amniotic fluid is an impor-
tant source of fetal nutrition in the human fetus, then we
would expect that fetuses with impaired swallowing may
have impaired growth. There is evidence that this is indeed
the case. Babies born with gut atresias have significantly
lower birth weights than controls.272–276 Babies with upper
gut atresias also tend to be smaller than those with lower
gut atresias, again suggesting a role for at least the upper gut
in fetal growth.276 Furthermore, the effects of gut atresia on
birth weight appear to be greater in term than in preterm
babies.277–279 Finally, fetuses with a poorly functioning gut,
such as those with gastroschisis,280,281 are also commonly
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of low birth weight, suggesting that both the ability to ingest
amniotic fluid and a normally functioning gut are impor-
tant for fetal growth in late gestation, when the fetus may
be reaching the limits of its vascular nutrient supply line.

Amniotic fluid also contains growth factors such as epi-
dermal growth factor (EGF),282 IGFs283,284 and their bind-
ing proteins, especially IGFBP-1.285 Although the role and
sites of action of the IGFs in amniotic fluid is unknown,
it is known that the membranes express functional high-
affinity IGF-I receptors.286 More importantly for the pur-
poses of this discussion, the fetal gut expresses both EGF
and IGF receptors from early in gestation.287,288 Both of
these hormones are trophic for the fetal gut and act
synergistically.286–290 Indeed, elegant experiments in fetal
sheep have demonstrated that fetal ingestion of amniotic
fluid is essential for normal development of the gastro-
intestinal tract in utero. Fetal sheep underwent experi-
mental esophageal ligation at 60–65 days gestation. At 120
days gestation half of the fetuses underwent a second sur-
gical procedure in which the patency of the esophagus was
restored.291 At postmortem at 136 days gestation, intesti-
nal histology in the group of animals that underwent the
second operation approached those of fetuses who had
only undergone a sham ligation, confirming that swal-
lowed amniotic fluid is indeed trophic for the fetal gut. An
experiment by Kimble et al. in which low doses of IGF-I
alone were infused beyond an esophageal atresia in fetal
sheep, with restoration of gastrointestinal weight, mor-
phology and fetal weight, suggests that IGF-I in amniotic
fluid is an important contributor to that trophic effect.292

Uptake of swallowed EGF and IGF-I into the portal cir-
culation, and thence into the systemic circulation, has also
been demonstrated in fetal sheep.282,293 Administration of
low doses of IGF-I into the amniotic fluid of late-gestation
growth-restricted fetal sheep has been shown to increase
gut growth251 and to up-regulate expression of IGF1R
mRNA in the gut, whilst down-regulating IGF-I mRNA
expression in the liver, muscle and placenta,294 demon-
strating systemic effects of amniotic hormones. Thus hor-
mones and growth factors from amniotic fluid are essential
for the normal development of the fetal gastrointestinal
tract, and may make an important, but as yet largely
undefined, contribution to fetal nutrition and growth
regulation.
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Size matters

When considering outcomes of pregnancy, size at birth is
among the most important characteristics of a success-
ful pregnancy. In addition to duration of pregnancy and
the qualitative development of the fetus, the anthropomet-
ric size of a newborn baby is of considerable significance.
Long before the relatively modern concept of gestational
age was well understood, medical personnel recognized
and recorded the size, particularly the weight, of newborn
babies, and both mortality and morbidity were correlated
to birth size. This persists even today, with terms such as
“Low Birth Weight” infants, which do not incorporate the
concept of duration of pregnancy, as an important descrip-
tor in the public health arena. Similarly, among the first
questions asked by parents, is “How much does my baby
weigh?,” a reflection of the importance of size in the com-
mon understanding of pregnancy.

As a practical issue, clinicians pay most attention to
weight, length and head circumference, in part because
both scales and rulers are easily available and accurate.
Weight is particularly emphasized, in part because the
measurement of weight is particularly insensitive to inter-
observer measurement error. Other measures, such as sur-
face area, BMI and weights raised to various powers (e.g.
wt0.75, wt2, wt/length2) are also in common use, but require
more difficult calculation or measurement. The close atten-
tion paid to weight is more a reflection of convenience, than
biological importance, as other measures may more closely
relate to matters of biological importance. For example,
drug doses may be better related to surface area than
weight.

Intrauterine growth

Over the course of pregnancy, the developing fetus must
change qualitatively, in the development and maturation
of internal organs, and quantitatively, in increasing fetal
size and weight. Fetal growth represents the increase in
size over time. The qualitative development and quanti-
tative growth occur simultaneously, and clinicians often
merge the two concepts. However, with abnormalities of
fetal growth, such as Intrauterine Growth Restriction or
a diabetic pregnancy producing a macrosomic infant, the
distinctions between maturation and size become evident.
Birthweight is a final outcome of a number of factors that
influence fetal growth during pregnancy. These factors may
induce long-term adaptations in an individual through a
process that has been defined as “fetal programming”.1

Based on this hypothesis, some critical periods are hypoth-
esized to exist during fetal life, when altered expression of
a number of genes would bear lifelong consequences.

Perinatal growth, especially in case of intrauterine
growth restriction (IUGR), has pronounced effects on
neonatal and adult health.2–4 For this reason, the identifi-
cation of factors playing a role on normal and altered fetal
growth can be useful for preventing measures.

Definitions of normal and abnormal
intrauterine growth

In the past, normal intrauterine growth has been defined
as a normal birth weight, length and head circumfer-
ence, based on cross sectional data obtained at birth in
a given population. These cross-sectional data on birth

Neonatal Nutrition and Metabolism. Second Edition, ed. P. Thureen and W. Hay. Published by Cambridge University Press.
C© Cambridge University Press 2006.

23



24 J. W. Sparks and I. Cetin

size have been widely plotted against duration of preg-
nancy as “Intrauterine Growth Curves,” and are sometimes
adjusted for maternal parity, gestational age and neonatal
gender. The most widely used population standards for
birthweight were obtained before the routine use of ultra-
sound scanning,5–7 and are thus based entirely on maternal
dates.

One of the most important problems of birthweight
curves is the estimation of gestational age. While “age” is
fundamentally measured in units of time, accurate timing
may be difficult in many pregnancies. Traditionally, gesta-
tional age is dated from the first day of the last normal men-
strual period, and this dating may be difficult in women
who do not have regular menses. Moreover, the concept of
gestational age developed before the modern understand-
ing of reproductive biology. Gestational age does not begin
timing at conception, which is not normally timed with
accuracy, and thus differs from the concept of postconcep-
tional age.

For these reasons and others, many have held that
menstrual history is an unreliable indicator of gestational
age. Investigators have sought alternative ways of assess-
ing the duration of pregnancy, using as a surrogate for
time (age), direct and ultrasonographic measurement in
well-timed pregnancies.8 In the last decade birthweight
curves have been obtained from pregnancies dated by
ultrasonography,9,10 showing higher term birthweights and
reduced flattening of the birthweight curve at term than
those pregnancies dated from menstrual history alone.
These data show that ultrasound correction of gesta-
tional age leads to a more linear curve of birthweight,
probably better describing the biology of human fetal
growth.

Birthweight has been generally used as a surrogate for
longitudinal growth. However, it has been suggested that
different patterns of growth exist for fetal length and weight
growth, probably due to differences in the growth curves
of lean and fat mass. Lean mass has been associated with
linear growth and peak velocity in the first stages of preg-
nancy, while a significant exponential increase in fetal body
fat mass has been observed during the third trimester both
at delivery11 and in utero by longitudinal ultrasound eval-
uation of fetal fat and lean mass.12

Much attention has been given to the diagnosis of
Intrauterine Growth Restriction. From a conceptual point
of view, growth implies serial measurements of size over
time, and restriction of growth implies less rapid increase
in size than expected. Physicians presented with a single
static measure of size at birth frequently struggle to distin-
guish restriction in growth from constitutionally small size.
Thus a baby’s weight at birth may be low, but more informa-
tion is needed to determine if growth has been restricted,

or if the low birthweight can be reasonably explained by
physiologic factors such as gestational age, parity and gen-
der, or by other non-physiologic factors, such as smoking,
malnutrition or altitude.

Intrauterine growth restriction is defined as a reduction
from the physiological growth rate. It is commonly due to
fetal malnutrition, among many other causes. The ultra-
sound diagnosis of IUGR is based on multiple ultrasound
records evidencing an abdominal circumference <10◦ cen-
tile or a reduction of growth during the second part of the
pregnancy,13,14 thus demonstrating restriction in growth by
longitudinal measure. This definition provides a tool to dis-
tinguish IUGR from SGA (small for gestational-age) babies,
nevertheless the correct definition and classification cri-
teria of IUGR is still a challenge. IUGR is primarily deter-
mined by a restriction of fetal growth rate during pregnancy,
and a low birth weight does not always imply an IUGR
condition. At present, no therapies for fetuses showing an
abnormal rate of growth are available and the correct tim-
ing of delivery remains the best medical approach for this
condition.15

On the other extreme, some babies undergo excess
intrauterine growth, so their birthweight exceeds the nor-
mal ranges. Definitions of this condition at birth have been
macrosomia or large-for-gestational age (LGA) if birth-
weight exceeds 4000 grams, thus placing birthweight in
relation to gestational age. Also this condition can be diag-
nosed in utero by ultrasound based on multiple records
showing an increasing abdominal circumference, but the
intrauterine pattern of growth has never been included in
a more strict definition, although many authors now refer
to it as “excess fetal growth.” In this situation increased
fetal fat mass has been reported at the level of the abdomi-
nal wall.16 Decreases in maternal insulin sensitivity with
advancing gestation lead to an increase in glucose and
nutrient supply to the feto-placental unit17 and in some
cases this can result in a condition of gestational glucose
intolerance known as gestational diabetes. The increased
fetal growth in these cases results from the combined effects
of this excess of nutrients and the permissive environment
of fetal hyperinsulinemia.18

Determinants of intrauterine growth

Normal intrauterine growth depends on the genetic poten-
tial of an individual, modulated by environmental factors
including maternal health and nutrition. There is increas-
ing evidence to support the conclusion that genes interact
in a complex way resulting in fetal growth and that genes
promoting fetal growth can be altered in cases of impaired
fetal growth. The complex interactions between genetic
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growth potential, the ability of the maternal-placental sys-
tem to transfer nutrients to the fetus and the endocrine
environment determine whether the fetus will follow its
growth curve during intrauterine life.

Before considering the role of genes and nutrition in fetal
growth, it is appropriate to address the epidemiological fac-
tors that show the strongest correlations with birthweight.
Although there is obviously a genetic control of fetal growth,
the contribution due to maternal and paternal genes, race
and sex of the baby seems to account for less than 20% of
the variance of weight at birth.19

Interestingly, birthweights after oocyte donation are
more related to anthropometric parameters of the preg-
nant mother than to those of the oocyte donor.20

The paternal contribution to fetal growth seems lim-
ited to fetal lean mass. Fetal gender is related to differ-
ences in weight and also in body composition, with higher
amounts of lean mass in boys compared with girls, and no
differences in fat mass.21,22 Taken together, these observa-
tions would suggest that genetic factors affect the growth of
fetal lean mass, while factors that influence the intrauter-
ine environment better correlate with fetal fat mass
deposition.

Genomic imprinting and epigenetic mechanisms

In the last few years, a new concept has developed in
genetics, that some genes are imprinted by their parental
origin and do not follow the Mendelian expectation
of inheritance. Genomic imprinting is characterized by
monoallelic maternal or paternal expression, while the
allele that is silenced is called “imprinted.” More than 40
imprinted genes have been described in the murine and
human species.23 Numerous studies have provided evi-
dence that an adequate balance of maternal and pater-
nal imprinted genes is required for placental implant and
fetal growth, as well as being involved in cell prolifera-
tion, some neurobehavioral processes and cancer.24,25 The
role of imprinted genes in fetal growth and its alterations
related to genetic changes affecting their expression has
been the subject of a recent review.26 A genetic conflict
hypothesis has been advanced by Moore and Haig27 to
explain the meaning of mammalian genetic imprinting.
This hypothesis is based on the evidence that most mater-
nal expressed genes act as growth suppressors whereas
paternal expressed genes are growth promoters, so that
the father tends to promote growth, while the mother con-
trols the fetal demand for nutrients. It is obvious that an
imbalance in these attitudes would alter fetal growth as for
example in uniparental disomies (UPD), i.e. a chromosome
pair originating from one parent only. UPDs of a num-
ber of chromosomes have been associated with specific

phenotypes, as is the case of maternal UPD7, which is
reported in 7% of cases of Silver–Russell syndrome, with
pre- and postnatal growth impairment. The candidate
imprinted genes in these cases are PEG1/MEST, that codify
for an α/β hydrolase involved in fetal growth. Table 2.1
summarizes the reported human chromosome UPDs (for
a more detailed review see Miozzo and Simoni, 2002).26

The relevance of imprinting mechanisms has been
recently highlighted in pregnancies conceived by assisted
reproductive technologies (ART).28 A higher incidence of
syndromes related to imprinted genes has been reported in
babies born from ART pregnancies. These pregnancies have
also been associated with poorer pregnancy outcomes,
i.e. low birthweight and prematurity, even in singletons.29

Potential epigenetic risks related to the manipulation of
gametes and embryos in these pregnancies is becoming
a matter of debate.30,31 In particular, evidence has been
produced that in vitro culture would have effects not only
on the expression of genes, but also on the methylation of
parentally imprinted genes. Thus these procedures could
be able to strongly influence fetal and placental growth and
development.

Nutrition
From a nutritional point of view, the fetus depends upon the
maternal supply of nutrients through the placenta into the
umbilical circulation. Pregnancy represents a three com-
partment model, with the mother, placenta and fetus each
presenting their own metabolism while interacting with
each other. Glucose, amino acids and fatty acids represent
the most important nutrients in fetal life, both for tissue
deposition and as fuels for oxidative purposes.

It has long been known that both maternal prepregnancy
weight and weight gain independently influence newborn
weight.32 However, there is considerable experimental evi-
dence suggesting that in late gestation fetal growth is con-
trolled by both maternal and placental factors.33 It is diffi-
cult to estimate the relative influence of these two compart-
ments in determining the rate of intrauterine fetal growth.
In the model of intrauterine growth restriction, maternal
characteristics do not seem to be determinants of fetal
growth rate, whereas it is generally accepted that the major
constraining factor is the ability of the utero-placental unit
to supply oxygen and nutrients to the fetus.34 Rather, in ges-
tational diabetes, excess fetal growth seems to be deriving
from the increased availability of maternal nutrients. The
increased fetal fat mass in these cases results from the com-
bined effects of this excess of nutrients and the permissive
environment of fetal hyperinsulinemia.35 Furthermore, the
increase in fetal fat mass is associated with increased
leptin levels in fetuses of mothers with gestational
diabetes.16



26 J. W. Sparks and I. Cetin

Table 2.1. Reported human chromosome uniparental disomies (UPDs)

Chromosome UPD Phenotypic effect

1 Maternal

Paternal

No effect

No effect

2 Maternal Pre- and postnatal growth impairment (controversial, maybe related to trisomic cell

line in the placenta)

4 Maternal Pre- and postnatal growth impairment (controversial, maybe related to trisomic cell

line in the placenta)

6 Maternal

Paternal

Intrauterine growth restriction (1 case)

Transient neonatal diabetes mellitus

7 Maternal Silver–Russell syndrome, pre- and postnatal growth impairment

9 Maternal No effect

11 Paternal (mosaic) Beckwith–Wiedemann syndrome

13 Maternal

Paternal

No effect

No effect

14 Maternal

Paternal

Low birth weight, small hands, precocious puberty and hypotonia

Polyhydramnios, facial and skeletal anomalies

15 Maternal

Paternal

Prader–Willi syndrome, low birth weight, severe hypotonia and feeding difficulties

Angelman syndrome, severe mental retardation

16 Maternal

Paternal

Growth retardation (controversial, maybe related to trisomic cell line in the placenta)

No effect

20 Maternal Pre- and postnatal growth impairment

21 Maternal

Paternal

No effect

No effect

22 Maternal No effect

Maternal
Many studies have sought to link maternal nutrition and
metabolism to fetal growth. This relationship has been
demonstrated for maternal glucose metabolism as pointed
out by the association between maternal indexes of insulin
resistance like maternal prepregnancy weight and mater-
nal weight increase 21 and fetal growth.21

Maternal nutritional status is also an important factor.
The effect of maternal undernutrition during the Dutch
famine was different depending on whether occurring dur-
ing the first or the third trimester.36 In recent years, a num-
ber of studies have also suggested that maternal nutrition
in both quantitative and qualitative terms may have long-
term effects in increasing the risk of diseases in adult life,
and that the effects are different depending on the gesta-
tional age of occurrence.37–39

Recently, a Danish study has demonstrated that mater-
nal intake of long chain n-3 fatty acids in amounts above
2 g a day may delay spontaneous delivery and prevent
recurrence of preterm delivery, whereas low consumption
of fish seems to be a strong risk factor for preterm delivery
and low birth weight.40

Moreover, pregnancy is a period of rapid growth and cell
differentiation, when both the mother and the fetus are

very susceptible to alterations in dietary supply of nutrients
which are usually marginal. The role of micronutrients is
essential at every stage in fetal growth and development,
but difficult to investigate due to the many interactions
between them. Some micronutrients are essential for sig-
naling (like retinoic acid), others as stabilizing factors in
enzymes and transcription factors (like zinc) or as central
components of catalytic processes (like copper and iron).41

Iron deficiency, besides being associated with mater-
nal anemia and increased risk of maternal hemorrhage,
has been related to an increased placenta/fetal weight
ratio, a predictor of cardiovascular disease in adulthood.42

Amongst vitamins, the fat-soluble vitamins play an impor-
tant role for their antioxidant capacity, protecting cells
against damage induced by free radicals. There is a complex
interaction between n-3 and n-6 fatty acids and fat-soluble
vitamins. An excess intake of polyunsaturated fatty acids
(PUFA) has been shown to reduce antioxidant capacity.43

The hyperlipidemia characteristic of normal pregnancy
during late gestation is associated with enhanced LDL
oxidation rate, although this effect is counteracted by
increased oxidative resistance.44 The latter probably occurs
thanks to the enhanced level of vitamin E, although
other antioxidant vitamins, like β-carotene and vitamin
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A remain respectively stable or decreased during normal
pregnancy.44

The role of maternal nutrition has also been recently
investigated in relation to maternal immunity during preg-
nancy. Deficiencies of micronutrients like iron and vitamin
A in animal models alter the profile of cytokines in the pla-
centa, shifting the equilibrium towards pro-inflammatory
cytokines.45,46 This imbalance at the maternal–fetal inter-
face may directly or indirectly reduce the ability of the pla-
centa to grow and function.

Placental function
The fundamental role of the placenta in ensuring normal
fetal growth has been recognized both with respect to its
function in the feto-maternal transfer of nutrients, and also
regarding its metabolic and endocrine effects on the reg-
ulation of maternal and fetal metabolism. Placental func-
tion in regard to nutrient transfer has been investigated
both in vitro and in vivo in human pregnancies. More-
over, a great bulk of our current knowledge derives from
studies performed in the chronically catheterized pregnant
sheep. These studies all point to the fact that nutrients are
transferred to the fetus by the placenta through complex
mechanisms involving transport systems present on the
trophoblast microvillous and basal membrane and on the
endothelial membrane of the fetal capillaries. Moreover,
extensive placental metabolism has been demonstrated.
Therefore, although the maternal concentration is the main
determinant of fetal glucose, amino acid and fatty acid con-
centrations, the placenta acts to determine the composi-
tion of the fetal diet.

Placental function varies through pregnancy so that
while at mid gestation the placenta utilizes half of oxy-
gen and glucose uptake and transfers the rest to the
fetal circulation, the proportion transferred to the fetus
increases with progressing gestation.47,48 In part, these
changes are related to a large increase in the fetal/placental
mass ratio during gestation. Moreover, functional matura-
tion of the placenta occurs progressively over gestation,
including significant increases in total placental surface
area and decreased thickness,49 allowing increased nutri-
ent transport to meet the needs of advancing fetal growth.
In addition, significant changes have been observed in
the activity of placental transport systems and in their
regulation.50,51

Fetal nutrition
During the last decade, a number of studies have expanded
our knowledge on fetal nutrition by exploiting the possibil-
ity of obtaining fetal blood in utero by fetal blood sampling.
This relatively noninvasive procedure has allowed the study

of the placental supply of nutrients and the hormonal sta-
tus of the fetus during the second half of pregnancy.52 By
this means it has been possible to determine the rela-
tionship between fetal and maternal glucose concentra-
tion from 18 weeks to term.53 In human pregnancies fetal
glucose concentration depends on both maternal glucose
concentration and gestational age. In contrast, for most
amino acids no significant changes have been observed at
different gestational ages,54 with a significant relationship
between fetal and maternal concentrations. However, stud-
ies performed in human pregnancies in vivo by infusing sta-
ble isotopes in the maternal circulation have demonstrated
that for non-essential amino acids, fetal concentrations are
in most part obtained by production within the placenta,
from metabolically related amino acids. For glycine and
serine and for glutamate and glutamine this is part of an
interorgan cycle between placenta and fetal liver (see two
recent reviews).55,56

During the third trimester intrauterine growth of the
fetus is accompanied by a large deposition of fat tissue.11

Fetal fat content increases from 0.7–3.1 at 25 weeks to 10.2–
16.1 g 100 g−1 weight at term.57 The brain content of LC-
PUFAs (arachidonic acid [20:4 n-6, AA] and docosahex-
aenoic acid [22:6 n-3, DHA]) increases progressively dur-
ing brain organogenesis.58 The incorporation of preformed
arachidonic acid (AA) and docosahexaenoic acid (DHA)
into the developing brain is selective and more than ten
times faster than incorporation via the biosynthetic routes
from linoleic (LA) and α-linolenic acid (α-LA).59,60

Essential fatty acids of the n-3 and n-6 series are
mainly provided to the placenta by nonesterified fatty
acids derived from triglycerides by lipoproteins of mater-
nal adipose tissue and liver.61,62 The percent composition
of essential fatty acids and LC-PUFA has been reported as
significantly different in fetal than in maternal blood, indi-
cating an important role of the placenta in handling the
fatty acid supply to the fetus.63,64

Although the fatty acid mix delivered to the fetus is largely
determined by the fatty acid composition of the mater-
nal blood, the placenta is able to preferentially transfer
AA and DHA to the fetus, which is carried out by means
of the combination of several mechanisms, as recently
reviewed.65 Fetal fatty acid plasma composition could also
be influenced by fatty acid metabolism in placental and
fetal tissues, but human placental tissue shows no activ-
ity of both the �6- and �5-desaturases,66 and although
LC-PUFA synthesis from EFA precursors has been demon-
strated to occur in preterm infants as early as 26 wk
gestation,67 other reports have estimated that the contribu-
tion of endogenous synthesis to the total plasma LC-PUFA
pool in term neonates is small.68,69
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Hormones

The hormonal regulation of fetal growth during intrauter-
ine life has not been completely understood, but it seems
quite clear that the main hormones involved are produced
within the placenta. Studies in the model of the dually per-
fused placenta have shown that the release of placentally
produced hormones can be directed proportionally more
towards the maternal or the fetal circulation,70 suggest-
ing a compartmentalization within the placenta. In human
pregnancies, significant in utero relationships have been
reported between fetal weight and circulating levels of hor-
mones involved in growth regulation such as insulin-like
growth factor-I (IGF-I),71 placental growth hormone72 and
leptin.16

Insulin-like growth factors (IGFs) are among the most
important hormones involved in fetal growth, as they
are genetically old peptides that induce cell proliferation
and differentiation together with DNA synthesis. More-
over, they increase glucose and amino acid uptake, while
simultaneously inhibiting protein breakdown.73 These
effects have been associated with a significant relation-
ship between umbilical venous IGF-I and birthweight.74

Furthermore, IGF-I receptors are found at high concen-
trations early in gestation75 and fetal tissues are highly
sensitive to IGF-I stimulation. Although GH is the main
regulator of IGF-I synthesis postnatally, however, fetal tis-
sues are relatively deficient in GH receptors suggesting that
this hormone is of minor importance during intrauterine
development.

A significant role of the IGF system in the implanta-
tion phase has also been recently hypothesized. A growing
body of literature provides evidence that IGF factors and
their binding proteins interact at the maternal–fetal inter-
face during trophoblast invasion and decidualization.76–78

Crossey et al.79 have recently demonstrated a role of decid-
ual IGFBP-1 in placental growth and morphogenesis in the
IGFBP-1 knock-out mice.

The endocrine unit of the placenta produces also a spe-
cific growth hormone, placental growth hormone (PGH),
which has been characterized in the last 15 years80 and is
the product of the GH-V gene expressed in the syncytiotro-
phoblast. The secretion of PGH is important in the control
of maternal IGF-1 levels. Placental growth hormone secre-
tion in the maternal circulation has been shown to be sig-
nificantly reduced in pregnancies with fetal growth restric-
tion and this is concomitant with the changes in IGF1, thus
supporting a critical role for placental GH and IGF-1 in
determining fetal growth.72

In the last few years, considerable attention has also
been given to the role of leptin as a potential regula-

tor of intrauterine growth. Leptin is a recently described
circulating polypeptide hormone, the product of the ob
gene which is expressed by adipocytes.81 In humans,
circulating levels of leptin are significantly correlated
with body fat content and body mass index (BMI), with
significantly higher concentrations in females than in
males.82,83

Leptin levels have been measured in blood from the
umbilical cord of newborns and a significant relationship
has been reported with fetal weight,84,85 fetal BMI 86,16 and
fetal fat mass.16 Placental production has also been demon-
strated in vitro by detection of ob gene expression in pla-
cental tissues.87 Moreover, a study in the dually perfused
placenta produced evidence that most of the leptin pro-
duced by the placenta is released into the maternal circu-
lation, but compared with other placental hormones such
as chorionic gonadotropin and placental lactogen, a con-
siderably higher proportion of leptin is released into the
fetal circulation.70

Concluding remarks

During human pregnancy, fetal growth is modulated by
metabolic and endocrine factors that interact between the
maternal, placental and fetal compartment in a complex
manner. Moreover, a number of genetic factors, in partic-
ular imprinted genes, influence fetal and placental growth
and their balance is necessary for the promotion of fetal
growth under a controlled nutrient environment. Alter-
ations in patterns of fetal growth can be determined by
nutritional, endocrine and genetic factors.
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Introduction

Newborn birth weights have been steadily increasing
throughout much of the developed world.1–3 However, the
numbers of the two extremes, small fetuses that have suf-
fered some form of intrauterine growth restriction (IUGR)
and large or macrosomic fetuses, remain constant, and
within some populations are actually increasing.1,3–6 IUGR
and large-for-gestational-age (LGA) fetuses and newborns
are at increased risk for fetal and neonatal morbidity and
mortality.7,8 IUGR is an important and relatively com-
mon problem in obstetrics, which may represent impaired
placental insufficiency and associated placental nutri-
ent transport function. In developed countries, 3–7% of
newborns are classified as IUGR,9 the causes of which
include, but are not limited to, maternal malnutrition,
maternal hypertension and idiopathic placental insuffi-
ciency. These fetuses are at increased risk of hypoxia, hypo-
glycemia and acidemia and also spontaneous preterm
delivery.8,10–12 Interest in IUGR has increased recently by
retrospective epidemiological, clinical follow-up and ani-
mal studies,13,14 that indicate increased susceptibility to
adulthood metabolic disorders such as obesity, insulin
resistance, type 2 diabetes mellitus and cardiovascular
disease, particularly hypertension, in IUGR offspring.15–18

Furthermore, follow-up studies of infants who displayed
abnormal umbilical artery Doppler flow velocity wave-
forms, commonly associated with IUGR, have demon-
strated a lower IQ at 3 and 5 years of age.5,19 At the other
end of the spectrum, the number of macrosomic, LGA
births among certain minorities, delivered at term or ≥ 41
weeks, has increased.1 These fetuses are defined in a new-

born as having a birth weight above the 90th percentile for
gestational age or a birth weight greater than 4000 grams at
term.3,20,21 These infants have been exposed to an altered
in utero environment in which nutrient supply is in excess
of requirements. Macrosomic fetuses and newborns have
increased risks of neonatal morbidity primarily associated
with metabolic complications of maternal diabetes mel-
litus during pregnancy; they also are at increased risk of
birth injuries as a result of their excessive size. Similar to
IUGR infants, those born LGA and macrosomic, particu-
larly those that are offspring of diabetic mothers, have later
life complications of obesity, insulin resistance, diabetes
and cardiovascular disease. This chapter will provide an
overview of IUGR and macrosomia dealing with aspects of
placental development, fetal nutrition and the potential for
adverse later life outcomes.

Intrauterine growth restriction (IUGR)

The period of fetal growth lasts from the end of embryo-
genesis at week eight of gestation until birth. During this
period fetal size increases by hypertrophy and hyperpla-
sia. Cellular differentiation within organs, however, may
still occur throughout gestation. Under normal conditions,
fetal growth follows its genetic potential, unless the mother
is unusually small for the species and limits fetal growth
by a variety of factors considered collectively to represent
“maternal constraint.”22

Historically those infants weighing less than two stan-
dard deviations below the mean of a population, born at the
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same estimated gestational age or for a given gestational
age, were considered IUGR. In Western countries these
infants generally weigh less than 2500 g and are not part
of the natural biological diversity that one would expect,
but rather represent a group of fetuses that has under-
gone some form of in utero insult from placental insuf-
ficiency that produces a suboptimal nutrient supply in
utero and consequently a restriction of fetal growth. Many
terms, based upon fetal weight, are used to describe these
variations in fetal growth. For example, human newborns
are classified as having normal birth weight (2500–4000
grams), low birth weight (less than 2500 grams), very low
birth weight (less than 1500 grams), or extremely low birth
weight (less than 1000 grams). However, classification by
birth weight alone says little about fetal growth rate and
whether infants were restricted in utero because of diffi-
culty in estimating gestation age, preterm delivery or the
small, but normal infant.

Cross-sectional growth curves have been developed from
anthropometric measurements in populations of newborn
infants at different gestational ages. Such curves have been
used to estimate whether growth of an individual fetus
or newborn is within or outside of the normal range of
fetal growth for a given population, which is defined as
between the 10th and 90th percentile, although what the
curves actually show is simply how big a given fetus or
newborn is relative to others at any given gestational age.
Fetuses and newborn infants who are between the 10th
and 90th percentiles for weight vs. gestational age are con-
sidered appropriate-for-gestational-age (AGA). Those who
are <10th percentile are considered small-for-gestational-
age (SGA), and those who are >90th percentile are consid-
ered large-for-gestational-age (LGA). Each curve is based
on local populations with variable composition of mater-
nal age, parity, socio-economic status, race, ethnic back-
ground, body size, degree of obesity or thinness, health,
pregnancy-related problems and nutrition, as well as the
number of fetuses per mother, the number of infants
included in the study and how well measurements of body
size and gestational age were made.

Over the past three decades there have been many refine-
ments to the birth weight/gestational age charts and their
use in defining mortality rates and specific morbidities
associated with different weight/age classifications. Pre-
dominant among these changes is the widespread use
of ultrasonographic fetal biometry, which has removed
the sole reliance on birth weight measurements in rela-
tion to gestational age.23 The continuing developments
in ultrasonographic measurements of head and abdomi-
nal circumference together with femur length and umbili-
cal blood flow measurements24–26 and in utero fetal blood

sampling27,28 now allow clinicians to more accurately iden-
tify fetuses that have unique pathophysiology and might
benefit from increased antenatal surveillance to determine
when to intervene by delivery. Additionally, IUGR induced
by placental insufficiency can be detected indirectly by
measuring umbilical artery Doppler flow velocity wave-
forms, which reflect changes in blood flow through the pla-
cental vascular bed and corresponding changes observed
in umbilical artery blood flow.9,29,30 The growth of an indi-
vidual fetus that is examined by ultrasound at different
gestational ages can be better correlated with expected
fetal growth rates than from cross-sectional, population-
based fetal growth curves. Therefore serial ultrasound
measurements of fetal growth, in humans or in experi-
mental animals, also can more accurately determine how
environmental factors can inhibit (for example, maternal
undernutrition globally or hypoglycemia specifically) or
enhance (for example, maternal overnutrition globally or
hyperglycemia specifically) fetal growth.

Growth rates in utero and IUGR

Mathematical analyses of various fetal growth curves have
been used to determine growth rates over relatively short
gestational periods or at discrete gestational ages. For
example, the data used in the Lubchenco growth curves can
be approximated by a simple exponential function show-
ing fetal weight increasing at about 15 g kg−1 day−1.31–33

This rate will vary considerably from the smallest to the
largest infants, but among different populations there
are only small differences among growth curves of 1–
2%. Composite pictures of human fetal growth have been
derived from neonatal anthropometric measurements at
birth. Mean percentiles among growth curves differ by
±5%, accounted for largely by factors such as subopti-
mal pregnancy dating, adverse maternal and/or fetal med-
ical and obstetric complications of pregnancy, diet, race,
ethnicity, socioeconomic status and altitude differences.34

Neonatal-derived fetal weight curves appear as sigmoidal
functions of weight versus gestational age. In studies that
have accounted for many of the factors that can affect fetal
growth and fetal size, fetal weight gain appears to be a lin-
ear function of gestational age through to term (about 12–
15 g kg−1 day−1.35,36 with only slight increases for males
versus females and for maternal obesity.37 The fetal weight
change (the rate of weight gain per kg body weight per day)
is relatively linear at about 1.5% per day from about 24 to 37
weeks, but tapers off to a plateau between 37 and 42 weeks
and may decrease after 43 weeks. These rates of gain in the
last third of pregnancy are accomplished through a caloric
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intake of approximately 100 kcal kg−1 · day−1 of which over
90% is deposited as fetal fat at term.38,39

Further chemical composition studies of normal human
infants have been accomplished. Sparks has reviewed data
from 15 studies accounting for 207 infants, and nonfat dry
weight and nitrogen content show a linear relationship with
fetal weight and an exponential relationship with gesta-
tional age.38 Thus, nonfat dry weight and nitrogen content
for a given fetus also can be compared with the “average”
fetus. When these comparisons are made, larger fetuses
grow faster than smaller fetuses at similar gestational ages,
and protein accretion follows accordingly. The growth pat-
tern of an IUGR fetus is reduced in cases of placental insuf-
ficiency. The peak growth velocity of a fetus is generally
thought to occur at approximately week 32 with the aver-
age fetus depositing approximately 200 grams per week.
While specific IUGR growth data are scarce, a smaller fetus
on the 10th percentile is estimated to accumulate weight
at approximately 80% of the normal rate (160 grams per
week), and as gestation advances, an IUGR fetus can be
expected to accumulate only 640 grams between weeks 37
and 41 in contrast to the normally developing fetus that will
deposit upwards of 800 grams.36,40

Symmetrical and asymmetrical IUGR

Intrauterine growth restriction can be divided into “sym-
metrical IUGR” and “asymmetrical IUGR.” Symmetrical
IUGR, often associated with genetic or congenital prob-
lems such as infection, involves a proportional reduction
in growth of soft tissue (muscle, fat, organs), length and
head circumference. Asymmetrical IUGR refers to a fetal
growth pattern in which brain growth is relatively spared
in relation to weight and length of the fetus. Asymmetri-
cal IUGR is commonly associated with forms of uteropla-
cental insufficiency 41,42 in which the fetuses are hypoxic
and hypoglycemic and display decreased subcutaneous
fat, reduced abdominal circumference and disproportion-
ately large heads. Additionally, the response to the growth
insult often involves changes in fetal circulation, includ-
ing a redistribution of fetal cardiac output to the brain,
heart, and adrenals and proportionately decreased umbili-
cal blood flow.28,43–45 Definable subgroups exist within this
group of fetuses with characteristic physiologic changes
that are related to the severity of the IUGR.27,46,47 For exam-
ple umbilical artery velocimetry and fetal heart rate mon-
itoring have been combined to demonstrate that approx-
imately two-thirds of IUGR infants display an increased
umbilical arterial pulsatility index (blood flow pulsatility
increases as downstream vascular resistance increases),
with 50% of these fetuses having an increased fetal heart

rate. Some of these fetuses did not have increased umbili-
cal arterial velocimetry indices or heart rates were still clas-
sified as IUGR and not just SGA, as they still had reduced
umbilical blood flow rates per fetal weight.27

Many of the IUGR infants with decreased umbilical blood
flow also have a reported increased fraction of umbilical
blood flow entering the ductus venous, associated with a
decreased total umbilical blood flow and hepatic perfusion
rate.46 These studies indicate that hypoperfusion of fetal
hepatic tissue results in reduced liver mass and possibly
hepatic function. This weight reduction together with a
relative increase in brain mass increases the brain/liver
weight and size ratio. These increased indices together with
reduced fat deposition result in a reduced Ponderal index
(weight, grams / [length, cm]3), a key index of asymmetrical
IUGR.

Development of IUGR placental vasculature

Development of the placental vascular bed and placen-
tal exchange area are regulated by a number of growth
factors, particularly the vascular endothelial growth fac-
tor (VEGF) growth factor family.41,42,48,49 The interactions
between oxygen partial pressure (PO2), vascular cell types,
and the regulation of cellular responses, such as growth
factor and receptor expression, lead to the development of
a low-resistance placental vascular network via placental
angiogenesis. The local oxygen environment plays a large
role in the development of placental vasculature. Three dis-
tinct types of hypoxia occur within the fetoplacental unit
that uniquely affect placental angiogenesis,48 and possibly
produce specific alterations in placental nutrient transfer
capacity.

Oxygen and angiogenic placental vascular development
Oxygen has a major role in oxidative metabolism, both
within the placenta and fetus. It also plays a major role in
the development of the placental vasculature and its func-
tional characteristics. Placental blood vessel development
is divided into two phases, branching and nonbranching
angiogenesis. Branching angiogenesis occurs during the
early phases of gestation under relatively hypoxic con-
ditions and is responsible for the expansion of the pre-
existing vascular bed. This process appears to be driven
by VEGF. Nonbranching angiogenesis, in contrast, pro-
motes the elongation of preexisting capillary loops and
occurs later in gestation under the influence of placen-
tal growth factor (PlGF).50 The balance of action of these
two growth factors throughout gestation is responsible
for the formation of the normal placental vasculature.
Recently, a number of different villous morphologies have
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been documented in association with altered states of
placental oxygenation. For example, the villous structure
observed from IUGR placentas that develop under mater-
nal hypoxia, as in pregnancy at altitude, are character-
ized by increased branching angiogenesis and a reduced
vascular impedance.51,52 In contrast, those placentas with
severe IUGR, characterized by severely increased umbilical
artery vascular impedance and absent end-diastolic flow
(AEDF), are associated with a predominance of nonbranch-
ing angiogenesis.48,49 There are two alternative pathways by
which these IUGR villous structures develop. Villous devel-
opment with excessive branching-type angiogenesis as a
result of elevated VEGF concentrations in relation to PlGF
occurs in situations of intraplacental hypoxia. In contrast,
nonbranching angiogenesis becomes the dominant form
of angiogenesis when there is an increase in the intrapla-
cental oxygen concentration and PlGF dominates.50,52 The
interactions between oxygen partial pressure (PO2), vas-
cular cell types, and the regulation of cellular responses,
such as growth factor and receptor expression, lead to
the development of a low resistance placental vascu-
lar network in normal pregnancies. Postulated changes
in the angiogenic development of placentas, brought on
by alterations in uteroplacenta) oxygen tension, may be
associated with three different hypoxic IUGR outcomes,
pre-placental hypoxia, uteroplacental hypoxia (with
preeclampsia), and post-placental hypoxia (with severe
IUGR).48,52

Pre-placental hypoxia
In pregnancies at altitude, maternal hypoxemic hypoxia
results in pre-placental hypoxia that includes intervillous
blood hypoxia,53 and results in subsequent fetal hypoxia.48

The growth restriction of these fetuses also is character-
ized by an increased head circumference to body weight
ratio, reflecting asymmetric IUGR.54 This brain-sparing
effect occurs in conjunction with alterations in fetal cardiac
blood circulation leading to relatively greater brain-blood
flow than lower body blood flow.55 High altitude pregnan-
cies have low umbilical artery flow impedance values sug-
gestive of increases in villous capillary diameter48,52 from
increased branching angiogenesis,41 likely as a result of a
greater VEGF/PlGF ratio. In addition, decreases in uter-
ine artery flow resistance, possibly due to improved tro-
phoblast invasion, may represent a compensatory mech-
anism in response to reduced oxygen tension at altitude56

though these differences are not observed at altitudes less
than 1600 meters.57 Where changes in flow are observed,
thinner tissue layers are observed within the placenta, lead-
ing to an improved diffusion capacity,58 possibly related to
increases in villous capillary diameter.59,60

Uteroplacental hypoxia and preeclampsia
Chronic hypertension and preeclampsia increase the risk
of IUGR.61–63 Preeclampsia represents an etiologically het-
erogeneous condition with two general groups of fetuses.
One occurs in mothers with preeclampsia early in preg-
nancy and displays asymmetrical fetal growth restriction
associated with impaired placental perfusion and nutrient
(including oxygen) transport function. The other occurs in
late gestation preeclampsia pregnancies and displays nor-
mal fetal weight indices.64 In preeclampsia associated with
IUGR, despite normal maternal oxygenation, the placen-
tal vasculature and fetal circulations are hypoxic and often
associated with inadequate trophoblast invasion leading
to reduced intraplacental oxygen pressure. Expression of
IGF-II and IGFBP-1 at the maternal interface are altered
in the preeclamptic placenta.65 Specifically, IGFBP-1 levels
are decreased with severe preeclampsia, suggesting that
the altered expression may play a role in the develop-
ment of this placental type.65 Both pre-placental and utero-
placental hypoxia are associated with increased placental
angiogenesis leading to the development of reduced capil-
lary impedance within the fetal placental vasculature.41,50

This altered development of the placenta in pregnancies
complicated by severe preeclampsia is characterized by
diminished arborization of the terminal villi; uteroplacen-
tal ischemia probably is the dominant cause.66 Preeclamp-
sia without IUGR displays little effect on placental weight
or composition.67

Vascular changes associated with preeclampsia have
been linked to possible changes in placental 11β-
hydroxysteroid dehydrogenase 2 expression and activ-
ity as a result of abnormal oxygen tensions within
the vasculature.68 Placental 11β-HSD2 activity is oxygen
dependent, and its activity is impaired in preeclampsia
with reduced trophoblast invasion of the maternal arteries
associated with areas of hypoxia within the placenta.68–70

This impairment could result in an increase in maternally
derived cortisol in the placenta, which may contribute to
altered placental development through increased placen-
tal apoptosis71 and possible adverse fetal development.68,71

The activation of the Renin-Angiotensin system also
is altered in the fetoplacental unit in preeclampsia;
angiotensin-converting activity is increased in the venous
endothelial cells, leading to related changes in the fetal
circulation.72

Post-placental hypoxia and severe IUGR
The most severe IUGR fetuses develop with relatively
marked fetal hypoxia occurring in conjunction with normal
maternal and placental oxygenation.41,48,73 Severe early-
onset IUGR with absent umbilical end-diastolic flow (EDF),
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however, is associated with increased intra-placental oxy-
gen pressure, or relative “placental hyperoxia.”52,74 In this
situation, placental angiogenesis is diminished, resulting in
increased vascular impedance; the fetus then is deprived
of oxygen because of markedly reduced umbilical blood
flow.75 Reduced vascularization of the intermediate and
terminal villi leads to increased fetoplacental impedance,
as measured by reduced or absent EDF in the umbili-
cal arteries of human and sheep IUGR pregnancies.30,76,77

Progressive embolization of the sheep placenta can repli-
cate absent end diastolic velocity as observed in severely
growth-restricted human fetuses.30,77–79 Stereological and
plastic cast studies and scanning electron microscope
techniques indicate that increased placental vascular
impedance is associated with a global reduction in vas-
cularity, not just reduction of small arteries and arteri-
oles.74,75,80

Alterations in placental nutrient transfer in IUGR

Changes in the capacity of the placenta to transport oxy-
gen and nutrients to the fetus play major roles in the
development of IUGR, both in human and experimen-
tal IUGR.48,67,81–84 As pregnancy advances, the increas-
ing nutrient demands of the developing conceptus (uterus
plus fetus plus placenta) must be met through appropriate
increases in placental nutrient transport. This enhanced
performance is facilitated by increases in placental perfu-
sion, total membrane surface area for transplacental dif-
fusion, and transporters for specific nutrients.85–87 Both
passive and facilitated diffusion of compounds occur in
the placenta, representing transfer of substances that is
energy independent, moving across the membranes down
a maternal-fetal gradient. The exchange of gases, such as
oxygen, represents a good example of passive diffusion,
where an oxygen gradient across a membrane drives its
transcellular diffusion from a high partial pressure region
to a lower one. This movement requires no transport sys-
tems and movement occurs according to the pressure or
concentration gradient across the membrane and the dif-
fusion capacity of the substance, which is based on its sol-
ubility in lipid vs. water. In contrast, facilitated diffusion
of substances such as glucose involves transport down a
concentration gradient using specific transporters; in this
case, transfer is concentration dependent, but the sub-
stance involved moves more rapidly across the membrane
than it would by diffusion alone.

The increasing oxygen requirements of the placenta and
fetus as pregnancy advances are met through increases in
uterine perfusion (blood flow) and the diffusion capacity
of the placenta for oxygen. The relationship between blood

flow, placental oxygen consumption, and the diffusion
capacity of the placenta leads to the development of the
transplacental PO2 gradient.88 Increases in uterine blood
flow and uterine venous PO2 in IUGR cases89 indicate that
such conditions involve reduced oxygen diffusion capacity
of the IUGR placenta. As a result of this decrease in pla-
cental oxygen-diffusing capacity, a compensatory increase
of the PO2 gradient develops which allows oxygen transfer
from mother to fetus to continue at normal rates per unit of
tissue,73 although the capacity for this increase in gradient
to maintain oxygen transfer in situations of severe IUGR
clearly becomes limited.

As pregnancy advances the placental exchange surface
area increases, which is associated with a decrease in the
thickness of the placental membrane, further facilitating
diffusion.60,90 It is interesting to note that between week
16 of pregnancy and term, human fetal weight increases
approximately 20-fold, whereas the peripheral villous sur-
face area increases only 10-fold.91 Thus, the microvilli den-
sity on trophoblast cells cannot explain the exponential
fetal growth occurring over this time period, suggesting
that fetal growth is supported not by changes in villous
surface area alone, but by changes in nutrient (glucose
and amino acid) transporter capacity. IUGR placentas have
decreased total villous surface area,60,67,81,83,92,93 indicat-
ing that morphometric changes in vascularization con-
tribute to the overall reduction in placental diffusional
transport capacity.67 Experimental models have supported
these observations. For example, in transgenic mice in
which the placental-specific Igf 2 gene has been deleted,
placental surface area and thickness are increased, signifi-
cantly reducing the theoretical diffusion capacity of these
placentas.83,94 Thus, both decreased surface area for diffu-
sional exchange for compounds such as oxygen and reduc-
tions in the number of specific nutrient transporters and
their activities contribute to the global reduction in nutri-
ent transport in IUGR pregnancies.

Glucose transporters and IUGR
Glucose is the principal metabolic fuel for the fetus, and
the supply of glucose is an important determinant of
fetal growth. Human and animal IUGR pregnancies exhibit
fetal hypoglycemia,10,12,95–102 though reports from glu-
cose transporter density studies in IUGR pregnancies from
human 99,100 and rat 101 placentas indicate that trans-
porter density is not altered during IUGR indicating that
the reduced glucose transport capacity experienced in
IUGR pregnancies is independent of transporter density.
However, since several placental structural abnormali-
ties occur in IUGR pregnancies, such as reduced villous
number, diameter, and surface area,67,74,103 total transport
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capacity may be reduced even if transporter density is
unaltered.97,102

Maternal glucose is transported into the placental tro-
phoblast cells and subsequently into the fetal circula-
tion via facilitative diffusion.104,105 A family of structurally
related facilitative glucose transporter (GLUT) proteins has
been described.106,107 Several GLUT transporters have been
found in the term human placenta.97,99,108–111 Two pri-
mary isoforms of the hexose transporter family (GLUT1
and GLUT3) have been detected in placental trophoblast
cells in human,99,108,109 sheep,112,113 and mouse.114 In preg-
nant sheep, both GLUT1 and GLUT3 are expressed by tro-
phoblast cells of the placenta113,115,116; GLUT1 is expressed
on both the basal and apical aspects of the chorionic
epithelium, whereas GLUT3 appears to be localized to the
maternal facing apical microvillous surface.116 Conversely,
in the human, GLUT3 has only been immunolocalized in
fetal placental epithelium although mRNA for both trans-
porters could be detected in trophoblast.117 The expression
of both GLUT1 and GLUT3 can be altered by diabetes,118,119

hypoxia,120 glucocorticoids117 and hypothyroxinemia.121

Therefore, the metabolic environment of the placenta,
which is altered in IUGR pregnancies, controls expression
of both transporters.

Pregnant sheep have been used to study in vivo pla-
cental glucose transport into placental and fetal tis-
sues and are used as models for physiological studies
of IUGR.97,122 Investigations in normal pregnant sheep
have demonstrated a gestational-dependent decline in pla-
cental GLUT1 protein concentrations with a reciprocal
increase in GLUT3 protein.112,113 As with the human pla-
centa, ovine maternal and fetal hyper- and hypoglycemic
states alter expression of both GLUT1 and GLUT3.115,116

Even though the ratio of maternal to fetal glucose con-
centration increases in late gestation in the pregnant
IUGR sheep model, hypoglycemia still occurs as a result
of reduced glucose transport capacity of the placenta.97

This may indicate a reduction in expression of one or
both of the glucose transporters. In fact, in vivo stud-
ies have shown that GLUT 1 and GLUT3 decrease in
response to hypoglycemia, with a greater reduction in
GLUT1 compared with GLUT3. This may allow for pref-
erential glucose uptake by the placenta under chroni-
cally low glucose conditions due to greater abundance of
the higher affinity GLUT3 transporter. Recently, a third
member of the glucose transporter family (GLUT8) has
been detected in the ovine placenta.98 Messenger RNA and
protein concentrations for GLUT8 were decreased at 135
days gestational age in ovine IUGR placenta compared
with normal control placentas, perhaps indicating a role
for GLUT8 in mediating glucose uptake within the pla-

centa and transport to the fetus and, when diminished,
contributing to placental glucose transport deficiency in
IUGR.

Placental amino acid transporter and IUGR
Placental transport of amino acids has been extensively
reviewed.82,84,123 In studies comparing normal and IUGR
placentas total villous surface area is reduced,67,81,92,93 indi-
cating that morphometric changes contribute to the overall
reduction in placental amino acid transport capacity. While
this might lead to reduced fetal plasma amino acid concen-
trations, reports of changes in fetal amino acid concentra-
tions are varied.124–127 Despite these differences, impaired
amino acid transport capacity is characteristic of IUGR
placentas. Studies in human IUGR demonstrate that Sys-
tem A is impaired.128–130 System A is a sodium-dependent,
unidirectional transporter with a characteristic affinity for
N-methylated substances; its activity has been demon-
strated in both microvillous and basal membranes131–133

and is increased as an adaptation to cellular depletion of
amino acid substrates, similar to that described for System
XAG

− and the anionic amino acid transport system.134,135

An in vitro study using microvillous membrane vesicles
from the placentas of AGA and SGA neonates demonstrated
markedly lower (by 63%) activity of the System A trans-
porters in the SGA compared with the AGA membrane
vesicles,128 indicating a positive association between fetal
growth and System A activity. Additionally, reduced Vmax

values for the SGA fetuses suggests that there is a reduction
in System A transporter per unit mass of placental tissue.130

More recent studies have shown that the decrease in Sys-
tem A activity is associated only with those IUGR fetuses
displaying abnormal pulsatility indices.129

Studies of maternal protein deprivation in rats have
demonstrated a down-regulation of placental amino acid
transport, specifically System A as well as Systems XAG

− and
y+.128,136 Inhibition of System A transport in rat pregnancies
has been purported to affect fetal weight, demonstrating a
role for System A transport in fetal growth.137 The latter
two transport systems, the XAG

− and y+, are different from
System A in their sodium dependence and substrate pref-
erence. The sodium/potassium dependent XAG

− system
is located within both the microvillous and basal plasma
membranes.136,138–143 This system may mediate the con-
centrative uptake of anionic amino acids from the mater-
nal and fetal circulations into the placenta. Five cDNAs
encoding proteins capable of mediating this high-affinity
placental sodium-coupled transport have been reported
and three of these have been cloned from both rat and
human placenta: excitatory amino acid transport (EAAT)-
1 (GLAST1), EAAT-2 (GLT1) and EAAT-3 (EAAC1).141,142,144
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EAAT-1 and EAAT-3 have been detected in human pla-
cental tissue,145,146 while these two and EAAT-2 have been
detected in rat placenta tissues.141,147 The basal mem-
brane activity of EAAT-1 is reduced in an IUGR rat model,
which could impact placental glutamate uptake from the
fetal circulation,136 indicating an important role for this
transport system in fetal development. Additionally, recent
studies in the sheep model of maternal hyperthermia-
induced IUGR have shown reduced fetal plasma glu-
tamate concentrations and a reduced umbilical gluta-
mate coefficient of extraction, highlighting possible alter-
ations in both the fetal liver and placenta XAG

− system in
IUGR.148

The y+ transport system, however, is a sodium-
independent low affinity, electrogenic high-capacity sys-
tem, which transports cationic amino acids such as argi-
nine, lysine and ornithine. It is considered to be the major
cationic transport system in placental tissues,149–151 local-
ized to the microvillous membrane136,149,152,153 and pos-
sibly to the basal membranes.154 The microvillous mem-
brane activities of System y+ and y+L are not altered in
human IUGR,155,156 though basal membrane transport of
lysine is reduced as represented by reduced fetal lysine
uptake and a reduced Vmax for the y+L system.156 Sys-
tem y+L is a cationic amino acid transporter and is a
low-capacity, high-affinity system that exchanges cationic
amino acids for neutral amino acids in the presence of
sodium; its activity is localized to both the microvillous
membrane and basal membrane.149,152,156,157 This trans-
porter system in the basal membrane is the major sup-
ply route of cationic amino acids to the fetus through the
uptake of neutral amino acids from the fetal circulation in
exchange for cationic amino acids from the placenta.149

Reductions in the uptake of leucine in both microvillous
and basal membrane preparations of IUGR placentas high-
light possible alterations in the L transport system.156 These
changes in basal membrane transport properties could be
an important adaptive response by the trophoblast, lim-
iting the back-flux of amino acids from the fetal circula-
tion into the placenta. In vivo studies in a sheep model
of IUGR have shown reduced back-flux of leucine and
threonine from the fetal circulation to the placenta, indi-
cating diminished basal membrane amino acid transport
function.158,159 Studies of human IUGR demonstrate a sig-
nificant reduction in transplacental flux of essential amino
acids such as leucine and phenylalanine.127 The magnitude
of the reduction in leucine transport correlates with the
clinical severity of IUGR based on fetal arterial velocime-
try and fetal heart rate data,27 similar to the reports for
decreased system A data.129

Theβ-amino acid taurine, which uses the Systemβ trans-
port system, also is decreased in concentration and trans-
port capacity in IUGR placentas. Taurine is necessary for
many essential developmental processes in the fetus, par-
ticularly for skeletal muscle, heart, and eye. Studies have
demonstrated that this β transport system is a sodium-
dependent transporter, found on both membranes.160–166

The β transporter for taurine has exhibited activity in
placenta microvillous membrane and basal membrane
vesicles,160–165 though basal membrane activity is only
approximately 6% of that in the microvillous membrane.163

In recent studies concerning IUGR vesicle preparations,
the transporter expression was unaltered on the microvil-
lous membranes, suggesting transporter activity may be
reduced in IUGR, potentially through changes in NO con-
centrations.166

Macrosomia

Macrosomia is defined in a newborn as a birth weight
above the 90th percentile for gestational age or a birth
weight greater than 4000 grams at term.20,21 Macrosomia is
characteristic of infants of diabetic mothers (IDMs) whose
mothers had diabetes mellitus with hyperglycemia dur-
ing pregnancy. The diabetes can be long standing, but
the most common group of IDMs occurs in women with
gestational diabetes mellitus (GDM), which complicates
3–5% of all pregnancies. The risk of macrosomia is con-
sistent across all classes of diabetes,40 primarily reflect-
ing the degree and duration of maternal hyperglycemia
and hypertriglyceridemia from inadequately controlled
diabetes. Maternal hyperglycemia results in fetal hyper-
glycemia and subsequently hyperinsulinemia,167 while the
hypertriglyceridemia contributes to excess fat deposition
in the fetus. Macrosomia also may occur in infants from
nondiabetic mothers, although often these women have
undiagnosed gestational diabetes or have relatively high
plasma glucose concentrations from eating an excessively
high carbohydrate diet.168 The macrosomic fetus, in addi-
tion to increased fetal mass, displays abnormally high adi-
pose tissue composition, resulting in an increased ponderal
index.21,169,170

Human fetal insulin secretion in response to glucose has
been controversial because of variable tissue or organ cul-
ture methods used among studies. However, in vivo admin-
istration of glucose to the pregnant mother has been noted
to increase fetal insulin concentration in normal fetuses
at 26–33 weeks’ gestation.171 Furthermore, in utero fetal
insulin secretion has been described for the rat172 and
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sheep.173 Glucose stimulated insulin secretion increases
in mildly hyperglycemic (+ 0.5 mM) fetal sheep that also
have multiple daily hyperglycemic episodes, much like
pregnant women with GDM. In contrast, severe hyper-
glycemia in either sheep174 or rat175 reduces insulin secre-
tion responsiveness, and in the rat and human also results
in fetal growth restriction.176 These observations indicate
that moderately controlled diabetes during pregnancy can
result in a hypersensitive β-cell population. Hyperglycemic
episodes in these cases likely enhance fetal growth by pul-
satile stimulation of fetal insulin gene expression leading
to increased fetal insulin secretion,177 its augmentation of
fetal fat deposition, and thus, macrosomia. In contrast,
severe, overt diabetes can limit fetalβ-cell function and,
in turn, reduce fetal growth.

Traditionally it has been thought that a macrosomic fetal
growth pattern was not apparent until the beginning of
the last or third trimester of pregnancy. Earlier reports
in fact indicated that deviations of the fetal abdominal
circumference become detectable between 30–32 weeks’
gestation, as a result of increasing abdominal adipose
deposition.40,169,178 These and other studies investigat-
ing fetal head size and femur length did not document
significant changes in these parameters when compared
with fetuses from nondiabetic mothers.178,179 More recent
reports, however, have shown significantly greater abdom-
inal circumference measurements in IDM macrosomic
fetuses as early as 18 weeks’ gestation, with the difference
becoming more pronounced in the third trimester.180,181

Placental development and function
in diabetic pregnancy

In studies of trophoblast villi and intervillous pores of pla-
centas from well-controlled diabetes mellitus, no signifi-
cant differences are detected between control and diabetic
placentas.182 Thus, placental development is preserved by
good glycemic control regardless of diabetic grouping. Pla-
cental function is not adversely affected in these placen-
tas, supporting the growth of large fetuses.183 Further-
more, Doppler flow studies suggest that hyperglycemia
per se does not adversely affect uteroplacental blood flow
of a pregnant diabetic woman,184,185 indicating that the
increased supply of nutrients to the fetus is not affected
by flow changes in placental perfusion.

Maternal hyperglycemia results in elevated fetal glu-
cose concentrations, which in turn stimulate fetal insulin
production and secretion, promoting accelerated fetal
growth.186 Accelerated fetal growth has been associated
with increased GLUT1 in the trophoblast in type 1

diabetes,187 but not in gestational diabetes mellitus.188

Furthermore, the GLUT3 transporter isoform is sensitive
to ambient glucose concentrations, increasing in expres-
sion in hyperglycemic states observed in diabetic preg-
nancies. In vivo studies have demonstrated that mater-
nal hyperglycemia induces a fourfold increase in placental
GLUT3 mRNA and protein expressions, perhaps thereby
enhancing glucose supply to the fetoplacental unit.189 An
additional interesting observation of the human diabetic
placenta is the development of increased glycogen deposi-
tion, probably occurring after fetal glycogen stores in liver
and muscle are filled.168 Placental glycogen deposition may
initially modulate glucose supply to the fetus, thereby “pro-
tecting” the fetus from excessive hyperglycemia.

Amino acids also contribute essential substrates of nitro-
gen and carbon for fetal growth. Amino acids promote pan-
creatic growth and development and are potent stimula-
tors of insulin secretion, contributing to the direct effect
of amino acids on fetal protein accretion and growth. Pla-
cental transport capacity for amino acids is variable in dia-
betic pregnancies. System A has been reported as being
reduced.190,191 More recent studies, however, indicate that
diabetes in pregnancy is associated with an increased sys-
tem A activity in the maternal facing membrane of the
trophoblast, independent of fetal overgrowth, though Sys-
tem A activity is not changed in normal pregnancies with
LGA fetuses.192 Leucine transport also is increased in preg-
nancies complicated by diabetes. Thus, the increases in
System A activity contribute to increased uptake of sev-
eral essential amino acids, contributing to increased amino
acid metabolism and growth in the placenta as well as the
fetus.192

The hormonal environment associated
with macrosomia

Most macrosomia occurs in fetuses of diabetic moth-
ers. In these fetuses, maternal hyperglycemia produces
fetal hyperglycemia, which in turn promotes fetal insulin
production and secretion. The resulting fetal hyperinsu-
linemia is responsible for increased fuel utilization and
growth.193,194 In pregnant diabetic women, poor maternal
glucose control resulting in hyperglycemia predicts fetal
macrosomia, and during the second and third trimesters
of pregnancy, postprandial maternal plasma glucose con-
centrations show a strong, positive relationship with birth
weight.40 In addition, studies of macrosomic newborns
have shown strong correlations between fetal plasma
insulin, glucose and amniotic C-peptide concentrations,
and fetal body fat content. These findings indicate that
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excessive fetal fat deposition is the result of glucose-driven
elevated fetal insulin concentrations. Of additional interest
are separate findings reporting strong correlations between
maternal C-peptide levels and in utero fetal growth,195 as
well as between maternal serum triglycerides in late ges-
tation and newborn weight.196 Maternal fasting triglyc-
eride levels are significantly increased during weeks 24–
32 of gestation and are positively correlated with newborn
weight. Those patients with fasting triglyceride concentra-
tions above the 75th percentile are at significant risk for
producing an LGA fetus, independently of maternal BMI,
weight gain, and plasma glucose levels.196

Both insulin-like growth factor I and II [IGF-I and
IGF-II] concentrations are increased in cord blood and
amniotic fluid samples collected from macrosomic new-
borns 197,198 and IGF-I concentrations are strongly corre-
lated with birth weight.199 Also, the IGF binding protein,
IGFBP-1, demonstrates a strongly negative correlation with
birth weight and is significantly reduced in macrosomic
newborns.198 Leptin is another hormone recently associ-
ated with fetal macrosomia, it is secreted primarily from
adipose tissue,200 but also from the placenta of several
species.199–205 The expression and secretion of fetal leptin
are directly related to fatel body fat content (adipose tis-
sue mass and adipocyte size),206 indicating that its produc-
tion is related to fetal nutritional state. Several investigators
have reported that umbilical cord leptin is highly associated
with fetal macrosomia.199,207 The leptin gene appears to be
regulated by factors such as insulin; thus maternal hyper-
glycemia and hypertriglyceridemia directly contribute to
fetal hyperleptinemia in the presence of fetal hyperinsu-
linemia.208
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Introduction

The fundamental principle in providing nutritional sup-
port is to ensure that intake meets requirements thereby
ensuring that inadequate intake is not rate-limiting on
outcome. However, translating principles into practice is
not simple in the preterm, particularly the very-low birth
weight infant (VLBWI).

It takes time to establish adequate dietary intakes in the
immature infant, and infants become malnourished during
initial hospital stay.1,2 Yet, recommended dietary intakes
(RDI) are based on needs for maintenance and normal
growth,3,4 but no allowance is made for ‘catch-up’ growth,
a critical consideration in the preterm infant.2,5 Accurate
and reproducible measures of outcome also are not fully
agreed upon.

Any discussion on postnatal growth in preterm infants,
therefore, tends to raise more questions than answers. It is
recommended that once birth weight has been regained,
growth parallels that of the fetus at the same gestational
age.3,4 But what is acceptable early weight loss? Is fetal
growth an appropriate reference for postnatal growth? How
should growth be assessed? In this chapter, these issues
will be discussed, as will a few studies examining postnatal
growth in this high-risk population.

Early weight loss

The importance of early weight loss cannot be underesti-
mated. This is illustrated in Figure 4.1. A 27-week gestation
1007 g infant who regains birth weight by the end of the
second week and then grows at a rate which parallels that

in utero will weigh ∼541 g less than the intrauterine fetus
at 37-week gestation. If this infant takes 3 weeks to regain
birth weight, then this infant will weigh ∼750 g less than
the fetus at 37 weeks.

For a more complete discussion on fluid balance in the
preterm infant, the reader is directed to the excellent review
of Brace.6 Term infants lose ∼5–10% of their body weight
during the first week of life. This is thought to reflect a loss of
fluid as total water decreases from ∼75 to ∼65%. Because
fractional body water is greater, it is thought that weight
loss is likely to be greater in the preterm infant.6 To examine
this issue, fluid intake, nutrient intake and changes in body
weight were prospectively examined in a group of preterm
infants (n = 54) during the first 2 weeks of life.7 Study
infants were clinically stable, not ventilator- or oxygen-
dependent and had achieved a minimal enteral intake of 80
kcal kg−1 day−1 by 14 days of age. A summary of the results is
presented in Table 4.1. Although fluid intake and fractional
weight loss were greater, no differences were detected in
energy intakes, absolute weight loss or time to regain birth
weight in the more immature infants. These data suggest
that the otherwise normal preterm infant should also be
able to regain birth weight by the end of the second week
of life.

In another study of weight loss after birth in preterm
infants, Bauer et al. measured body weight, total body
water (TBW), nutrient intake and nitrogen balance in eight
preterm infants (birth weight = 1060 g) during the first 2
weeks of life.8 The results are presented in Table 4.2. Infants
lost weight during the first 3 days but regained birth weight
by ∼9 days of age. Changes in weight closely paralleled that
in TBW, while energy intakes increased from 26 to 94 kcal
kg−1 day−1 between days 1 and 9.
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Table 4.1. Infants of Cooke et al.7

Group A B C

Birth weight (g) 883 ± 74 1142 ± 72 1353 ± 47

Gestation (w) 28 ± 1.6 31 ± 1.5 32 ± 1.3

Intake (0–6 days of age)

1. ml kg−1 day−1* 152 ± 39 127 ± 25 125 ± 23

2. cal kg−1 day−1 47 ± 34 46 ± 13 47 ± 20

Weight loss

1. g 102 ± 57 86 ± 63 108 ± 71

2. % of birth weight* 12 ± 7 8 ± 6 8 ± 5

3. Day (max loss) 6 ± 2.1 6 ± 1.4 5 ± 2.2

Regain birth weight (days) 12 ± 5 13 ± 3 12 ± 5

*p < To .05 for differences between A versus B/C.

Table 4.2. Data in study infants of Bauer et al.8

Study day 1 3 9

Body weight (g) 1057 ± 213 978 ± 202 1037 ± 201

Total body weight (g) 831 ± 179 735 ± 133 813 ± 141

Intake (kg−1 day−1)

Energy intake (kcal) 26 ± 7 57 ± 13 94 ± 15

Protein intake (g) 1.0 ± 0.1 2.4 ± 0.7 3.9 ± 1.2

Urinary protein (g) 0.18 0.49 0.39

Protein retention (g) 0.8 1.8 3.2
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Figure 4.1. Weight of the reference fetus compared with that of a

27 week (w) gestational age infant who regains birth weight (BWT)

by 2 and 3 weeks of age.

Estimations of minimal energy requirements vary from
45–60 kcal kg−1 day−1.9 In the first study, energy intake aver-
aged 47 kcal kg−1 day−1 during the first week of life. 7 In the
second study, energy intake increased from 26 ± 7 to 57 ±
13 between days 1 and 3.8 In both studies, intake did not

meet minimal requirements during the few days and barely
met requirements during the first week of life. The possi-
bility that catabolism contributed to weight loss cannot be
excluded.

Bauer et al. suggested that because nitrogen balance was
positive on days 1 and 3, inadequate nutrition did not con-
tribute to changes in body weight.8 However, urine was col-
lected on pre-weighed diapers and urine nitrogen losses
(∼0.2–0.5 g kg−1 day−1) were less than might have been
expected (1–1.5 g kg−1 day−1).10 Since urine rapidly evap-
orates from diapers,11 urine output and, therefore, protein
losses may have been underestimated giving the erroneous
impression of positive nitrogen balance. This is particularly
likely on day 1 when energy intake was only 26 kcal kg−1

day−1.
For all studies examining early weight loss a singular

pattern emerges.1,2,7,8,12,13 It takes time to establish mini-
mal energy requirements, particularly in the sick, unstable
VLBWI. It is, therefore, difficult to disentangle the effects of
inadequate intake and catabolism from simple fluid shifts
and problematic to determine what is “normal” and what
is not.

Fetal growth reference standards

For a more complete review the reader is directed to the
excellent treatise of Sparks et al.14,15 Fetal growth may be
assessed using intrauterine ultrasound or body size at dif-
ferent gestational ages. Ultrasound has been used to serially
evaluate fetal growth, but the measurement error remains
too high and the statistics too complex to readily interpret
these curves.16–18

The classic growth curves have been created using birth
weight at different gestational ages.19–21 These curves make
certain assumptions. It is assumed that cross-sectional data
can be used to construct velocity curves. This is question-
able. It is assumed that a single growth curve exists for all
infants. This is unlikely. Differences in gestational age may
explain much of the variability in weight but size at birth
is also affected by maternal (e.g. race, socio-economic, and
clinical and nutritional status)22 and fetal (e.g. gender)23

factors.
Construction of these curves presupposes that ges-

tational age was accurately measured and that gesta-
tion and birth weight were independent variables. For
the classic studies, gestational age was determined using
dating; i.e. the first day of the last monthly period (LMP)
or postnatal examination of physical and neurological
characteristics.19–21 If LMP agreed closely with postnatal
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exam, then LMP was used. If LMP and postnatal exam did
not agree, the latter was used.

However, bleeding during the first trimester may be con-
fused with the last menstrual period. In effect, gestational
age may be underestimated and weight for age erroneously
high.24–26 If postnatal examination was used to determine
gestation then gestation and weight were not truly inde-
pendent variables.

Estimation of gestation based upon LMP is valid to within
2–4 weeks, while that using the postnatal examination has
a standard deviation of 1–2 weeks. A significant variation,
therefore, may exist on the x-axis as well as the y-axis. If so, it
may lead to a systematic underestimate of true slopes along
the y-axis and growth rate will tend to be underestimated.

Most disconcerting is the idea that infants delivering pre-
maturely are “normal” and size at birth represents “opti-
mal” growth. In term infants, fetal growth shows a rapid,
consistent increase during the third trimester until 37
weeks, growth “faltering” before birth, and then “catch-up”
growth soon after birth. This has led to the suggestion that
growth after 37 weeks is in some way restricted and that
mean birth weight is less than “optimal”, even in the nor-
mal term infant.27

Such an effect may be even greater in the preterm
infant. Fifty percent of preterm labors are associated with
placental insufficiency.28 At the same time, fetal weight
assessed by ultrasound is consistently greater than birth
weight.16,29,30–32 Greisen et al., using serial ultrasound
measurements, calculated that up to 40% of infants born at
28–30 weeks of gestation are small-for-gestational-age.31

These data suggest that mean birth weight in preterm
infants is not normal, never mind “optimal”.

Sparks et al. have observed that across several studies
birth weights differed by less than 10% at any given gesta-
tional age.19,26,33,34 These authors calculated a growth rate
of 1.5% or 15 g kg−1 day−1 for the data of Lubchenco et al.
and 1.45% or 14.5 g kg−1 day−1 for the data of Usher and
McLean.14,19,20 The American Academy of Pediatric Com-
mittee on Nutrition (AAPCON), therefore, recommended a
target growth rate of 15 g kg−1 day−1.3

Recent studies suggest that fetal growth rates might be
greater. Arbuckle et al. reported a fetal weight of ∼1000 g at
27 weeks, which had increased to 2318 g at 34 weeks gesta-
tion, giving a growth rate ∼17 g kg−1 day−1.23 Alexander et
al. reported a median weight of 1035 g at 27 weeks increas-
ing to 2667 at 34 weeks giving a growth rate of ∼20 g kg−1

day−1.35

In a comprehensive review, Klein et al. concluded that
target growth rates should be closer to 20 g kg−1 day−1.4

Because of concerns about overfeeding and obesity, tar-
get growth rates of 17 g day−1 between 24–27 weeks and
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Figure 4.2. Weight of the reference fetus compared to that of a 27

week gestational age infant who regains birth weight by 2 weeks of

age and then gains weight at a rate of 15 and 17 g kg−1 day−1.

16–17 g kg−1 day−1 between 27 and 34 weeks gestation
were recommended.4 A 1007 g infant who is delivered at
26 weeks, regains body weight at 28 weeks and then grows
at a rate of 17 g kg−1 day−1 will be ∼240 g heavier than an
infant who gains 15 g kg−1 day−1 but still weighs ∼300 g
less than the intrauterine fetus (Figure 4.2). Is this differ-
ence important?

Fetal growth remains the best reference for postnatal
growth in the preterm infant. Yet, size at birth is likely to be
less than “optimal”, while gestational age may not always be
accurately measured. Uncritical use of these curves, there-
fore, may systematically underestimate true growth poten-
tial in these infants.

Assessment of growth

Crown-heel length and weight gain
Change in linear growth is generally regarded as the best
measure of assessing adequacy of dietary intake36,37 but it
is difficult to measure crown-heel length (CHL) in a precise
and reproducible fashion.38,39 Measurement of knee-heel
length (KHL) has, therefore, been advocated.40–43

Griffin et al. prospectively took paired measurements of
CHL and KHL in a group of thriving preterm infants.44 KHL
was not linearly related to CHL. For consecutive determi-
nations, the coefficients of variation (CVs) were 0.30 (CHL)
and 1.25% (KHL), equivalent to 95% CI of ± 2.5 (CHL) and ±
9 days (KHL) linear growth, respectively.44 These data sug-
gest that KHL determinations are neither an accurate nor
a more sensitive indicator of total linear growth in preterm
infants.

Body weight can be measured accurately and
reproducibly.45 It is, therefore, recommended that
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Figure 4.3. A comparison of total fetal body weight and weight gain. Weight gain

decreases between 36 weeks and term without a perceptible effect on body weight.
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body weight be determined and plotted weekly against
a reference curve and the pattern tracked over time.3,4

This approach, while practical and simple, may not be
a sensitive way of detecting growth faltering.39 This is
illustrated for the fetus in Figure 4.3. Weight gain decreases
significantly between 36 weeks and term but this is not
perceptible when plotting weight for age.

Weight gain is, therefore, recommended.3,4 Most scales
are accurate to ± 10 g, but scales must be recalibrated on a
regular basis. Even so, these errors may occur and be addi-
tive. A 27-week infant weighing 1007 g at 2 weeks, who gains

a rate of 1.5% day−1 will weigh ∼1118 g at 3 weeks of age,
a gain of 15.9 g day−1. If an error of +10 g was made at 2
weeks (i.e. infant weighed 1017 g), and an error –10 g at 3
weeks (i.e., infant weight 1108 g), then the rate of gain is 13
g day−1, an error of ∼2.9 g day−1.

Yet, preterm infants are weighed more often than once
a week. In Figure 4.4, the error is plotted as a function of
frequency. In the1007 g infant, the potential error increases
from 2.9 to 20 g kg−1 day−1 as frequency increases from
weekly to daily, an error that is inversely proportional to
body weight.

Another consideration is the timing of weighing in ref-
erence to feeding. A 1250 g infant fed an enteral intake of
120 kcal kg−1 day−1 will receive ∼188 ml kg−1 day−1 of a 24
kcal oz−1 formula or ∼16 ml per feed every 2 hours. If the
infant is weighed after feeds on one occasion (+16 g) and
before feeds on the next occasion, then growth rate may
be erroneously interpreted. Similar errors may be incurred
when urination and defecation are considered.

Yet, body weight must be determined frequently to
ensure that adequate intakes are maintained. An infant
with a baseline weight of 1250 g is prescribed an intake
of 120 kcal kg−1 day−1. Assuming that the infant is growing
appropriately; i.e. 1.5% day−1, then the infant will weigh
∼1269 g one day later. Averaged weight for the interven-
ing 24 hours is 1260 g and averaged intake ∼119 kcal kg−1

day−1, rather a small difference.
Yet, as the time interval between weighing increases so

might the deficit. This is illustrated in Figure 4.5. If the 1250
g infant were not weighed for 2 days but grew appropri-
ately, then averaged weight is 1269 g and intake ∼118 kcal
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kg−1 day−1. If the infant were not weighed for 3 days, intake
decreases to ∼117 kcal kg−1 day−1. Appropriate growth
is unlikely as intake decreases, but the retrospective way
intake is prescribed ensures that the infant is consistently
fed less rather than more.

An additional consideration is the interval between
weight determination and intake adjustment. It is rare that
weight determination is immediately followed by adjust-
ment in nutrient intake. There is always a time lag, further
reducing averaged intake. Feedings may also be interrupted
for variable periods, while infants may regurgitate or vomit.
In both scenarios, intake is not always readjusted to recoup
the deficit.

Finally, weight gain may be expressed on a body weight
(g kg−1 day−1) or absolute (g day−1) basis. Sparks et al. sug-
gested that if intake is expressed on a body weight basis
then so should weight gain.15 A comparison of the two is
revealing. This is illustrated in Figure 4.6. A 27-week, 1007
g AGA who regains birth weight at 2 weeks of age and then
gains at a rate of 15 g kg−1 day−1 will weigh ∼2200 g at 37
weeks. A 27-week, 778 g SGA infant who does exactly the
same will weigh ∼1700 g at 37 weeks, 500 g less.

Collectively, these data raise many questions. How often
should infants be weighed? Is plotting weight for age against
a fetal growth curve a sensitive means of assessing growth?
What constitutes adequate weight gain? Further studies are
needed to examine these issues.

Body composition

It is recommended that composition of weight gain in the
preterm infant approximates that of the fetus at the same
postconceptional age.3 The advent of dual emission x-ray
absorptiometry (DEXA) now makes it possible to measure
body composition in a relatively easy and noninvasive fash-
ion. However, the accuracy of DEXA has been questioned
because a small error in lean mass (LM) may translate into a
large error in fat mass (FM) determination.46–48 Recent data
suggest improved accuracy and precision with updated
software.46,49

To examine accuracy, body composition was serially
determined in a group of preterm infants51 and the results
compared with the reference infant of Fomon et al.52 Sig-
nificant differences were detected in LM, FM and bone
mineral mass (BMC) between the preterm girls and boys,
but compared with the reference girl or boy the patterns of
growth were similar.51

At the same age, LM was less but FM and % FM were
similar in the preterm and reference girl and boy. At the
same weight, LM was similar but FM was slightly greater in
the preterm (continuous) than the reference infant (inter-
rupted line; Figure 4.7). DEXA, therefore, may tend to over-
estimate FM but the differences appear small.

Such was not true for BMC. These data are presented
in Table 4.3. At term, BMC was ∼49.3 or 16.7 g of calcium
because hydroxyapatite is 34% calcium by weight. This is
significantly less than the reference infant at 31.2 g. As age
and weight increased, so did BMC calcium. By 12 months,
BMC calcium was 65.5 g, significantly greater than the ref-
erence infant.

A reduced BMC calcium at term is consistent with the
idea that the skeleton is poorly mineralized, and pix-
els containing bone were counted as LM because the
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Table 4.3. Data in study infants of Cooke et al.51

Reference

Age Weight (g) BMC (g) BM Ca (g) Infant

Term 3530 49.3 16.7 31.2

3 months 6323 104.9 35.7 33.5

6 months 7877 140.6 47.8 37.5

12 months 9920 192.7 65.5 47.4

BMC, bone mineral mass; BM Ca, bone mineral calcium.
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attenuation coefficients are similar.47 Increased BMC as
weight increased is consistent with the idea that DEXA-
derived total BMC is affected by body size; i.e. as antero-
posterior thickness increases so does BMC.47,53 Whatever,
DEXA does not appear to measure total body mineral mass
accurately in the preterm infant.

Nonetheless, the precision of DEXA is excellent. Brunton
et al. have noted a CV of 0.7% and 4.0% for LM and FM in
piglets.50 Braillon et al. have reported a CV of 1.2 and 2.4%
in measuring femoral BM in preterm infants and lumbar

spine in term infants.54 Cooke et al. have noted a CV of 0.36
and 0.67 in FM and % FM determination.51

Two prospective controlled trials have been conducted
using DEXA to examine the effects of diet on body com-
position in preterm infants. Pieltain et al. compared weight
gain composition in preterm infants fed either human milk
(n = 20) or those fed a preterm infant formula (n = 34) dur-
ing initial hospital stay.55 Over the 3-week study period,
infants fed human milk had a lower weight gain (16 ± 2.2
< 20 ± 3.2 g kg−1 day−1), fat gain (3.3 ± 1.3 < 5.1 ± 1.9
g kg−1 day−1) and BMC gain (214 ± 64 < 289 ± 99 mg
kg−1 day−1) than those fed the preterm formula. These
authors calculated that with 20 infants per group, the min-
imal detectable significant difference was 160 g, 86 g and
4.1 g for LM, FM and BM, respectively. Cooke et al. com-
pared body composition in preterm infants fed either a
term or preterm infant formula after hospital discharge
until 6 months corrected age.51 Although significant differ-
ences were detected between the sexes, increased LM, FM
and BMC were detected in infants fed the preterm formula.
Both these studies suggest that DEXA is precise enough to
detect differences in body composition in preterm infants
fed different dietary regimens.

Postnatal growth in the preterm infant

Predischarge growth

Several studies have examined postnatal growth in preterm
infants during initial hospital stay. Wilson et al. randomized
VLBWI to either an aggressive or standard parenteral and
enteral feeding regimen. Infants fed the aggressive regimen
had greater nutrient intakes and grew better.13 Yet, energy
intakes in both groups (0–3 days ∼52, 4–7 days ∼85, 8–
42 days ∼90 kcal kg−1 day−1) were substantially less than
that recommended, and the incidence of postnatal growth
retardation (PGR) was high in both groups at the end of the
study (aggressive ∼60%; standard 80%).

In an observational study in preterm infants (weight
<1300 g), Carlson et al. noted that energy intakes averaged
75 ± 12 (0–14 days), 99 ± 12 (15–35 days) and ∼110 ± 15 (36
days to term) kcal kg−1 day−1.1 At these intakes weight gain
averaged 13.0, 13.8 and 11.6 g kg−1 day−1, respectively, less
than that in utero.

In a large multicenter study, it was noted that postna-
tal growth rates were substantially less than in utero.12

Intake was not measured but chronic lung disease, intracra-
nial hemorrhage, necrotizing enterocolitis and late-onset
sepsis were noted to be high-risk factors for PGR. In this
study, all VLBWI developed PGR at hospital discharge.
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Figure 4.8. Energy intake, cumulative energy deficit and growth

in preterm infants in the first 7 weeks of life. Energy intake was

less, cumulative energy deficit was greater and fall in Z-score was

greater in pre-term infants. • 30 weeks gestation.

Embleton et al. prospectively examined nutrient intake
and growth in preterm infants (weight ≤1750 g) over a 6-
month period.2 Daily nutrient deficit was calculated by sub-
tracting recommended energy (120 kcal kg−1 day−1) and
protein (3.0 g kg−1 day−1) from actual intake. Daily deficit
was then summed to calculate cumulative deficit. Body
weight was converted to standard deviation or z-scores.
Z-score at birth was subtracted from that at given postna-
tal age to determine the degree of PGR. The results are pre-
sented in Figure 4.8. Only energy intakes are presented, but
protein intakes followed the same pattern. Recommended
dietary intakes (RDIs) were rarely achieved during early life.
By the end of the first week, the cumulative energy deficit
was 406 ± 92 and 335 ± 86 kcal kg−1 in infants ≤30 weeks
and those at≥31 weeks gestation. At 5 weeks, the deficit had
increased to 813 ± 542 kcal kg−1 day−1 in infants <30 weeks
but remained unchanged in those at ≥31 weeks. Z-scores
for weight fell in both groups of infants; the more imma-
ture the infant, the greater the decrease. Forty-five percent
of the variation in PGR was related to that in cumulative
energy and protein deficit.

Clark et al. also examined postnatal growth in preterm
infants (≤34-week gestation) in a large multicenter study.
Intake was not measured but it was noted that as ges-
tational age and birth weight decreased the frequency of
PGR increased exponentially. Ventilatory status on days 1
and 28, the development of necrotizing enterocolitis and
exposure to steroids were noted to be high-risk factors for
PGR.

These data indicate that it takes time to establish RDIs,
and that PGR is inevitable during initial hospital stay. In
studies where intake was not measured, PGR was related
to poorer clinical outcomes. This is not surprising. In the
infant with a complicated clinical course, it takes longer to
establish RDIs and once established, RDIs are rarely main-
tained throughout the infant’s hospital stay. Requirements
are also not well defined and are likely to differ from the
clinically stable infant.

Whatever, this raises an important issue. Preterm infants
invariably accumulate a nutrient deficit. Yet, RDIs are based
on needs for maintenance and normal growth. At the same
time, infants are fed up to, but not beyond, current RDIs. As
long as these practices continue, these infants will always
be underfed during initial hospital stay and growth retarded
when they are discharged home.

Post-discharge growth

Many studies have examined post-discharge growth in
preterm infants.57–63 Although some “catch-up” growth has
been observed, preterm infants do not grow as well as their
term counterparts. The reasons for this are several.

Current in-hospital feeding practices ensure that
preterm infants are malnourished and growth-retarded at
initial hospital discharge. A “critical epoch” of growth may,
therefore, have been missed. Preterm infants also have
greater morbidity than term infants during the first year
of life, further confusing the issue.64–68

Until relatively recently, little attention had been paid
to nutritional factors in the genesis of this problem. For
most early studies, infants were fed either a term infant for-
mula or human milk after hospital discharge. Both feeding
regimens are designed to meet nutritional needs of the term
rather than the rapidly growing preterm infant. Infants in
these studies may have been, at least, partly underfed dur-
ing the first year of life.

Lucas et al. randomized preterm infants (n =16 per
group) to be fed either a term or nutrient-enriched infant
formula after hospital discharge. Those fed the nutrient-
enriched formula grew better69 and had better bone min-
eralization at 3 and 9 months corrected age.70 However,
Chan et al. were unable to show any differences in growth
between preterm infants fed a term and those fed either a
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Figure 4.9. Z-scores and changes in z-scores in preterm infant

girls fed the preterm and term infant formulas. Changes in

z-scores were greater in girls fed the preterm formula. Disc,

discharge; w, weeks; m, months.

nutrient-enriched or preterm infant formula after hospital
discharge.71

Our group randomized otherwise “normal” preterm (≤
1750 g birth weight, ≤ 34 weeks gestation) infants to one
of three feeding groups: group A were fed a preterm infant
formula (energy: 80 kcal per 100 ml−1; protein: 2.2 g per
100 ml−1) between discharge and 6 m, group B were fed
a term formula between discharge and 6 m (energy: 66
kcal/100 ml−1; protein: 1.4 g per 100 ml−1), group C were
fed a preterm (discharge to term) and a term formula (term
to 6 months).72

Initial analyses indicated that boys fed the preterm for-
mula grew faster than boys fed the term formula,72 with
increased growth primarily reflecting increased lean mass
accretion.51 Initial analyses did not detect a difference in
growth between girls fed the preterm and term formula.
However, a subsequent analysis when data were converted
to z-scores was revealing. These results are presented in
Figure 4.9. At birth and the beginning of the study, girls fed
the preterm formula had lower z-scores than girls fed the
term formula. At the end of the study, z-scores were iden-
tical in both groups. Expressed as change from birth, girls

fed the preterm formula had greater z-scores than those
fed the term formula, suggesting they also benefited. This
is consistent with the recent observations of Carver et al.
where feeding a nutrient-enriched formula after hospital
discharge was also associated with better growth.73

In the studies of Lucas et al., Chan et al. and Carver
et al., the nutrient-enriched formulas were fed to 9, 3 and 6
months corrected-age infants, respectively, a time when
complementary foods (CF) are fed. In our study, it was
hypothesized that if nutrient intake more adequately met
requirements, then infants would be satisfied longer and
CF introduced later. However, the timing of introduction
of CF varied widely across treatment groups, and no differ-
ences were detected in age between infants fed the preterm
and those fed the term formula (66 ± 34 v. 61 ± 29 days cor-
rected age). It is recommended that CF be introduced after
4 months corrected age. Infants were, therefore, stratified
into those who were fed CF before and after 4 months. A
trend was observed. Infants who were fed CF earlier were
heavier and longer than those who were fed CF later (Fig-
ure 4.10). Interestingly, these differences began to appear
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between term and 4 weeks corrected age, somewhat earlier
than the average age of introduction of CF. This raises the
possibility that infants who were fed CF early were inher-
ently different from those who are fed CF later. The timing
of introduction of CF, therefore, may be an important con-
founding variable when examining growth in these high-
risk infants during the first year of life.

Conclusions

Issues pertaining to postnatal growth in preterm infants
continue to raise more questions than answers. Further
studies are needed to differentiate the effects of inadequate
intake from simple fluid shifts during early life, and to better
define what is normal and what is not.

The use of fetal growth curves as a reference for postna-
tal growth is questionable. If the weight of an infant deliv-
ered prematurely is consistently less than the infant who
remains in utero, then fetal growth curves may underes-
timate “true” postnatal growth potential in these infants.
Further studies must better define “optimum” growth rates
in these infants.

Serial evaluation of weight gain is recommended to
assess adequacy of intake. Yet, accurate and reproducible
measurements of body weight are difficult to achieve in the
clinical arena. Given the retrospective way in which intake
is prescribed, and the problems in accurately measuring
weight, intake might be better based on “expected” rather
than actual weight and weight gain reviewed on a weekly
rather than a daily basis.

It is highly unlikely that RDIs will be achieved during
the first 7–10 days of life. It is also unlikely that RDIs will
be consistently maintained throughout initial hospital stay.
Attention must be paid to the cumulative nutrient deficits
and the importance of recouping these deficits. Feeding
must be tailored to meeting needs for “catch-up” as well as
maintenance and “normal” growth.

Recent attention has focused on the role of nutrient-
enriched formulas in feeding preterm infants after initial
hospital discharge. Although growth is improved, further
studies are needed that better define optimal composition
and duration of feeding of such formulas. Attention must
also focus on the nature and timing of introduction of com-
plementary foods fed to these high-risk infants.
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Thermal regulation and effects on nutrient substrate metabolism

Jane Hawdon

Neonatal Unit, University College London Hospitals, London, UK

One of the most stimulating and rewarding aspects for
many clinicians practicing neonatology is the application
of basic physiological principles to the understanding of
disease processes and to determining optimal manage-
ment. This is particularly true in the area of thermal reg-
ulation. Those who carried out the early and pioneering
work were also pioneers in neonatal physiology. Their work
was of immeasurable value in reducing neonatal mortality
and morbidity, and has informed subsequent technologi-
cal advances. The current generation of practicing neona-
tologists has been fortunate enough to be taught by these
“masters” and learn from their works. It is our responsibility
to hand on to our juniors enthusiasm and respect for the
application of physiology to neonatal care.

This chapter covers normal physiological changes, the
challenges to these, the impact of disturbed thermal regu-
lation, and therapeutic strategies.

Changes in the thermal environment at birth

Fetal temperature rises and falls with maternal temperature
and is maintained at 0.5 ◦C above that of the mother.1 Fetal
heat loss is via the placenta and amniotic fluid.

At birth, a fall in body temperature is physiological;
indeed stimulation of peripheral thermal receptors is a trig-
ger for spontaneous breathing.2 The usual rectal tempera-
ture of the newborn baby is 36.5–37.0 ◦C with skin tempera-
ture 0.5 ◦C below this.

Physiological responses first described 40 years ago are
triggered by the postnatal fall in temperature resulting in
heat conservation and heat production.3,4 Unlike adults,
the neonatal physiological responses to cold are more

influenced by skin temperature than core temperature and
the cutaneous thermal receptors are most sensitive in the
trigeminal area of the face.5 Therefore, even when a baby
is well wrapped and has a normal core temperature, cold
stimulation of the face, e.g. via air flow, will result in trigger-
ing of thermal responses. The responses to stimulation of
thermal receptors emanate from the thermal control center
in the hypothalamus.

A neutral thermal environment has been defined for
the neonate as “that environment (usually a range of air
temperatures in an incubator or an abdominal skin tem-
perature under a radiant warmer) in which the infant, when
quiet or asleep, is not required to increase heat production
above ‘resting levels’ to maintain body temperature.”6–8

Within this range of temperatures, the infant is neither
gaining nor losing heat, metabolic rate and oxygen con-
sumption are minimal, and the core-skin temperature gra-
dient is low. Above this range, the neonate is expending
energy to dissipate heat and below this range there is energy
expenditure to generate heat; at extreme low temperature,
metabolic rate again falls as enzyme systems shut down
(see below).

The range of temperatures for the thermal neutral envi-
ronment in the neonate is 32–34 ◦C (a higher temperature
and wider range than for adults whose range is 25–30 ◦C)
and is higher in the preterm infant.8 The range is wider in
a clothed subject, i.e. when clothed the subject “tolerates”
both lower and higher temperatures.1 It is likely that in the
very preterm baby evaporative heat loss is so great that it
is almost impossible to achieve a thermal neutral environ-
ment. For these babies, Sauer et al.8,9 proposed that the aim
should be to maintain an ambient temperature at which the
core temperature of the infant is 36.7–37.3 ◦C, and the core
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and mean skin temperatures are changing less than 0.2 and
0.3 ◦C hour−1 respectively.

Thermal changes

After delivery, there are many factors which challenge and
influence the baby’s ability to maintain control of body tem-
perature. Heat loss is first through passage of heat from the
blood to the external surface of the skin, and then by loss
from the skin.

Heat loss from blood to skin is influenced by blood flow
and by tissue insulation (fat). A neonate, even well grown
and at full term, has less insulating fat than an adult, and
the growth-retarded or preterm infant will have even less.

Considering routes of heat loss from the surface of the
skin, compared with older infants, children and adults,
neonates have a high radiant and convective heat loss
because of their relatively high surface area:mass ratio and
small radius of curvature of body surfaces. Of particular
note is the high head size:body size ratio (the head con-
stitutes one-fifth of the total surface area), which results
in most circumstances in a high exposed:unexposed skin
ratio. This is of relevance as metabolic rate and heat
production by the brain accounts for 55% of total heat
production.10

Evaporative heat losses are also higher because skin per-
meability is high and after birth the baby’s skin and hair
have a covering of amniotic fluid. These losses continue
to be particularly high in the extremely preterm baby with
very thin skin. Water loss through the skin may be up to
120 ml kg−1 day−1 if measures are not taken to reduce this,
resulting in equivalent heat loss of 72 kcal kg−1 day−1.11,12

Evaporative losses are greater if inspired or surrounding
gas is of low humidity and, paradoxically, are increased by
placing the baby under a radiant warmer.13,14 Like convec-
tive losses, they are higher if air temperature is low or if
there is high air flow. There are also evaporative heat losses
from the lung during breathing or assisted ventilation.

In addition, some environmental factors, especially in
the delivery room and neonatal unit, contribute to heat
loss – conductive via cold surfaces, convective via fans or
air conditioning, evaporative if bathed and radiant if envi-
ronmental temperature is low.

Less likely, is the risk that a baby may become overheated
if placed near radiant heat sources, such as direct sunlight,
radiant warmers, phototherapy units. The baby’s ability to
lose excess heat by radiation is additionally compromised
if a baby is over wrapped.

The baby’s response to becoming cold

The first protective response to cold stress is of peripheral
vasoconstriction.15 Subsequently mechanisms to generate
heat are required. The neonate has a limited ability to gen-
erate heat by physical movement (involuntary shivering or
increased voluntary activity) and to retain heat by adopting
a flexed posture.1

Metabolic means of generating energy (non-shivering
thermogenesis) are of greater importance. These metabolic
processes are under hormonal and autonomic control.
The stimulation of cutaneous cold receptors triggers
noradrenaline release, from the adrenal medulla and by
the sympathetic nervous system within brown fat. Nor-
adrenaline stimulates the systemic and brown fat
metabolic changes described below. In addition thyrox-
ine has the same action, by direct lipolytic effect and by
enhancing the effect of noradrenaline.16–18 Corticosteroids
are also likely to play a role, which may include release
of carbohydrate for metabolism.19 A chemically mediated
response to separation of the placenta to enhance non-
shivering thermogenesis has been described.17 It is also
likely that there are local mediators as increased oxy-
gen delivery to brown fat also stimulates nonshivering
thermogenesis.17

Many studies have confirmed an increased metabolic
rate in response to cold stress (up to double that of base-
line) resulting in heat production.3,4 Noradrenaline stimu-
lates lipase, which releases fatty acids from adipose tissue
stores and oxidation of these fatty acids to produce heat.5

The resulting increase in oxygen consumption (calorime-
try) has been used in many studies as a measurement of
metabolic rate and neonatal responses to the thermal envi-
ronment, and has informed practical and technical devel-
opments in this important aspect of neonatology.

The value of this increased metabolic rate is limited
as it results in high oxygen demand and the breakdown
of substrates, which would be better used for growth
and storage. If a neonate is dependent upon increased
metabolic rate for thermal control, he will not grow and gain
weight.20

However, the neonate is unique in its capacity for non-
shivering thermogenesis, a process that occurs in brown fat.
Brown fat constitutes up to 7% of birthweight and is stored
in the thoracic trunk, especially around the scapulae. There
are additional stores around some of the abdominal organs.
Lipolysis in brown fat is at a rate three times greater than
in white adipose tissue.5

The mechanisms by which brown fat metabolism gener-
ates heat are summarized in Table 5.1.5,21
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Table 5.1. Mechanisms of heat production by brown adipose tissue5

Mechanism

1 2 3 4

Step

1 Noradrenaline stimulates

adenyl cyclase

Noradrenaline stimulates

adenyl cyclase

Noradrenaline/thyroxine

disrupt sodium pump

Noradrenaline/thyroxine

uncouple oxidative

phosphorylation

2 Conversion ATP to cAMP Conversion ATP to cAMP Activation ATP to restore

pump

Heat rather than ATP

generated

3 Activates lipase Activates lipase Heat production

4 Reformation triglycerides Oxidation and resynthesis

fatty acids

5 Heat production Heat production

The baby’s response to heat

The initial response is vasodilatation to increase heat loss
through the skin. Subsequently a term neonate will sweat,
to allow increased evaporative heat loss.22 This response
is less effective than that of an adult, and is minimal
in preterm babies, whose evaporative losses are actually
transdermal (and uncontrolled) rather than via sweating.23

Cold Injury

Risk factors
All neonates are susceptible to becoming too cold, but
some have additional risk factors. As outlined above,
preterm babies are particularly vulnerable because they
have reduced or absent fat stores, very high surface
area:body mass ratio and very permeable skin. In addition,
many undergo frequent or prolonged procedures, which
result in their being outside of their ideal thermal environ-
ment.

Babies who are full term but have undergone intrauterine
growth retardation (IUGR) also have an even greater sur-
face area:body mass ratio and virtually absent insulating fat
stores. Animal studies have demonstrated a marked reduc-
tion in brown fat mass after IUGR, and the same may be
true of human IUGR babies.24

Studies of neonatal rats have demonstrated that
intrauterine alcohol exposure is associated with post-
natal thermoregulatory difficulties, but there are no
reported equivalent studies or clinical concerns in human
neonates.25

Infants who have congenital abnormalities, inborn errors
of metabolism and postnatal complications are also at

increased risk. These conditions include:
� neurological abnormalities and conditions that affect

movement, so that the baby is highly dependent upon
nonshivering thermogenesis

� maternal benzodiazepine sedation
� those that are associated with reduced skin covering e.g.

gastroschisis, spina bifida
� structural brain abnormalities associated with hypotha-

lamic abnormalities
� thyroid insufficiency or deficiency
� untreated cardiorespiratory problems, resulting in insuf-

ficient circulating oxygen to meet metabolic demands.
� hypoglycemia, resulting in reduced substrate for non-

shivering thermogenesis and in the extreme, neurologi-
cal abnormalities

� infection – reduced body temperature is a more common
presenting sign in the neonate than pyrexia.5,26

Clinical signs and sequelae
It has been recognized since the nineteenth century
that babies who become cold after delivery, especially at
preterm gestations, do not grow well and have a higher
mortality.20,27–31 Recent publications of outcomes after
preterm delivery have confirmed that low body tempera-
ture in the hours after delivery is an independent risk fac-
tor for respiratory distress syndrome. Even with current
neonatal interventions, hypothermia is found more often
in babies who die than babies who survive.32,33

Initially, the clinical signs will be of vasoconstriction, the
motor response and the noradrenaline-induced response
to cold stress – tachycardia, peripheral vasoconstriction,
increased activity, shivering. Subsequently if the cold
stress continues, the clinical signs will be of “metabolic



Thermal regulation and effects on nutrient substrate metabolism 61

shutdown” and responses designed to conserve energy.
Finally energy failure will occur, with impaired function of
all organs.5

As with many other neonatal complications, the clinical
signs of hypothermia are nonspecific and may be shared
with the underlying abnormality. Signs that may occur
are pallor, reduced movement and level of consciousness,
poor feeding and poor weight gain. Therefore, it is impor-
tant not to attribute the clinical signs in a cold baby to
hypothermia alone, but at the same time to investigate for
underlying or coexisting complications such as infection
or hypoglycemia.

Extreme cold stress will result in a heightened metabolic
response to cold, which may become exhausted by sub-
strate deficiency. There are theoretical reasons, backed up
by anecdotal accounts, why cold babies could become
hypoglycemic if substrate stores become depleted.5 There
is no doubt that glycogen stores will be rapidly depleted by
catecholamine-induced glycogenolysis. However, even in
fasted infants, part of the catabolic response is to release
gluconeogenic precursors from fat and muscle so that glu-
cose production may continue.34,35 There is no direct evi-
dence that the gluconeogenic pathway fails in hypother-
mia. It is not clear from published literature whether hypo-
glycemia and hypothermia are epi-phenomena in a sick
baby, or whether this is a causal relationship (and, if so,
which is cause and which is effect).

Some information is available from experimental stud-
ies of therapeutic cooling (see below). Findings from animal
studies vary. In one, cooling to a body temperature of 30 ◦C
and 32 ◦C resulted in a greater contribution of glucose to
metabolism. Measured rates of glucose production and
glucose utilization increased in parallel, so there was no
change in blood glucose concentration.36 Another study
suggested that infused glucose requirements are increased
during hypothermia.37

It is likely that most neonates who are not receiving
infused glucose are able to achieve increased glucose deliv-
ery when required via glycogenolysis then gluconeogen-
esis. A clinical study of mild therapeutic hypothermia did
not report hypoglycemia.38 In a cross-sectional study of 578
neonates in Nepal, it was demonstrated that hypothermia
was not a risk factor for development of hypoglycemia, after
correcting for other confounders.39 However, in the same
cohort, hypothermia and low infant thyroxine level were
independently associated with failure to mount a ketone
body response to hypoglycemia.40

Again, in theory, the increased metabolic demand
could result in oxygen demand outweighing supply so
that tissue hypoxia and lactic acidosis results. There is
no published evidence that hypoxia occurs as a direct

result of the metabolic response to hypothermia. How-
ever, if cold stress impairs control of breathing, respir-
atory insufficiency itself may result in hypoxia. Respi-
ratory insufficiency and reduced tissue perfusion are
the most likely etiology for the lactic acidosis seen in
hypothermia.41

There are anecdotal reports that hypothermia causes sur-
factant deficiency, but the mechanism for this has not been
described.5 It is possible that this is mediated via the lactic
acidosis that develops.

Clinical studies of therapeutic cooling vary as to whether
blood clotting abnormalities are a feature.42–45 These differ-
ences are likely to be related to the prevalence of coagula-
tion abnormalities after hypoxic-ischemic injury and may
not be directly related to hypothermia. Results from larger
randomized controlled trials should resolve this.

Pathological associations with over-heating

There is increasing evidence that maternal and fetal hyper-
thermia is associated with an adverse fetal and neonatal
outcome, even after correcting for the effects of any con-
current infection.

Hyperthermia in early pregnancy was the first described
teratogen, and is associated with neural tube defects, limb
disruptions and anencephaly.46–49 This has resulted in
advice to pregnant women regarding avoiding hot baths
and saunas, and has raised concerns regarding safety of
diagnostic ultrasound.50 However, the World Federation of
Ultrasound in Medicine and Biology (WFUMB),51 Euro-
pean Federation of Societies for Ultrasound in Medicine
and Biology (EFSUMB),52 and the British Medical Ultra-
sound Society (BMUS)53 have reviewed the evidence and
produced guidelines for use in diagnostic ultrasound,
which protect patients (including fetuses), from excessive
or dangerous exposure.

Intrapartum fever is associated with an increased risk
for need for neonatal resuscitation and with neonatal
encephalopathy, even after correcting for other intra-
partum risk factors.54,55 This may be through maternal
hemodynamic changes, the associated increase in fetal
temperature or inflammatory mediators. There has been
concern regarding overheating of the fetus during labour
and delivery in a birthing pool, and high water tempera-
tures are associated with fetal tachycardia.56

Overheating of the neonate is usually “iatrogenic.” Dehy-
dration, withdrawal from opiate drugs, and rare conditions
such as hypothalamic disorders, also result in increased
body temperature. Neonatal infection more often results
in hypothermia than hyperthermia.



62 J. Hawdon

Clearly if a baby is exposed to an excessive heat source for
an excessive period of time there is a risk of thermal burn.
This has secondary implications in terms of prevention of
infection, fluid balance, and thermal control as all of these
processes are dependent on intact skin covering. Long-
term scarring of the skin may also result. Very rarely, but
with devastating consequences, the lungs may be injured
by excessively hot inspired gas.

Just as with hypothermia, hyperthermia places
metabolic demands upon a baby with increased oxy-
gen consumption and diverting fuels from growth and
storage. In addition, the associated cardiovascular changes,
e.g. tachycardia and vasodilatation, may precipitate car-
diovascular collapse in a vulnerable baby. Dehydration is
another potential complication. Severe neonatal hyper-
thermia may also result in fits, disseminated intravascular
coagulation, and renal and hepatic failure.1

In older infants, and some neonates, over-wrapping and
high body temperature is considered a risk for sudden
infant death (“cot death”).57

Therefore, it is essential to prevent neonatal body tem-
perature rising above normal.

Clinical interventions

There are basic interventions to prevent vulnerable babies
from becoming cold, or for rewarming babies who have
become cold. An understanding of the routes of heat loss
will ensure that this is minimized by each route (Table 5.2).
These principles have been incorporated into strategies for
neonatal care and equipment design throughout the his-
tory of neonatology.

In addition, there are circumstances when additional
measures prove more effective or when the thermal envi-
ronment is manipulated for possible therapeutic potential.

Basic measures
Although basic technology to keep babies warm has been
available for over a century, there was a prolonged period in
the history of neonatology (“the hands-off years”) when it
was considered inadvisable to “force the body temperature
of small infants to the supposedly normal range”.31

Design technology has introduced sophisticated meth-
ods of monitoring baby and environmental temperature
and adjusting via servo control.58 It is difficult to moni-
tor core temperature on the neonate as the most approxi-
mate measure, rectal temperature, has practical and risk-
related limitations, e.g. cross-infection, trauma, parental
acceptability. Axillary temperature may be used as another
approximate measure, but requires sufficiently long
contact with the thermometer, again there being practical
limitations in the sick (or squirming) baby. A thermometer

Table 5.2. Strategies to prevent heat loss

Route Intervention

Conduction Avoid contact with cold surfaces e.g.

wrap X-ray plates

Pre-warmed bedding and clothing

Pre-warmed, low conductivity mattress

Convection Adequate external air temperature

(32–36 ◦C)

Clothing, especially hat

Minimal air flows e.g. from fans, air

conditioning

Enclosed environment e.g. incubator,

transport incubator

Minimize opening of incubator

portholes

Warmed ambient and inspired gases

Evaporation Dry wet babies

Wipe dry and avoid pooling of cleaning

solutions

High air temperature

Clothing, especially hat

Minimal air flows e.g. from fans, air

conditioning

Warmed ambient and inspired gases

Humidified ambient gases – incubator

or under polythene

Humidified inspired gases

Radiation Position babies away from cool

external walls and surfaces

Heat shields

Double-walled incubator

measuring core temperature via the ear drum has been
developed, but its accuracy is questionable and widespread
use has not been adopted.59,60 Skin temperature recording,
via surface probes has the advantage of simplicity, but also
of being a sensitive indicator of external thermal challenge.
Skin temperature falls earlier and to a greater degree during
cold stress.5 In order to avoid spuriously high readings (and
therefore the risk of allowing the baby to become cold), the
probes should be protected (via reflecting material) from
radiant heat sources and should not be placed over brown
adipose tissue sites, or areas of inflamed or broken skin.
If placed too peripherally or on vasoconstricted skin, the
baby’s body temperature may be underestimated and there
may be excess heat delivery and overheating of the baby.

In a servo-controlled thermal environment, it is impor-
tant to take into account incubator or radiant warmer
temperature when assessing the baby. The baby may be
recorded as having a “normal” temperature but at the same
time an excessively high incubator temperature would
imply difficulty for the baby in maintaining thermal control,
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or an excessively low incubator temperature may imply a
masked neonatal pyrexial state. As disordered thermal con-
trol (in either direction) is a marker of neonatal infection,
failure to take into account incubator temperature may lead
to a delay in diagnosis and treatment.

It should be noted that a normal body temperature does
not guarantee thermal stability. The baby may be main-
taining body temperature via the mechanisms listed above
and these mechanisms may themselves have negative con-
sequences, e.g. for growth. Or the baby may be reaching
the limit of his capacity to generate heat with imminent
de-compensation. Therefore, it is important to put in place
measures that minimize thermal challenge to the neonate.

Drying and clothing the neonate reduce heat loss of all
types. Adding a hat of high insulating material is of particu-
lar importance as the head is a major focus of heat genera-
tion and heat loss (see above). 10,61,62 Clothing and hats will
block radiant heat so reduce the effectiveness of a radiant
warmer.

For over a century, small infants have been nursed in
incubators with heat delivered by convection of warmed
air.31 The walls of the incubator allow entry of light, which
is converted to heat when absorbed by the baby’s skin.
However, short wave heat energy cannot leave the incu-
bator, thus preserving heat in the incubator. The insulating
effect of a double-walled incubator reduces the tempera-
ture gradient across the incubator wall, thus reducing heat
loss from incubator to external environment and, in turn,
heat loss from the baby to incubator environment.1,63,64

Infants may also be nursed under radiant heaters, which
have the advantage of access to the baby.1 However, convec-
tive and evaporative losses are greater than in an incuba-
tor. Convective losses may be minimized by use of a plastic
heat shield with the ends closed by polythene or by “bub-
ble wrap”. However, these in turn reduce radiant heat gain
as radiant heat does not pass through these materials. An
alternative, in common use, is to make a polythene “tent”,
under which the infant is nursed.

Finally, for the larger and stable preterm baby, an open
cot with a water-filled electrically heated mattress or a pre-
heated gel-filled mattress is often sufficient to maintain
thermal control.1 There are also mattresses available that
are heated by a crystallization reaction, which is useful in a
transport setting.65

The recognition of the requirement for humidified ambi-
ent and inspired gases has been of particular benefit to the
care of preterm babies, in terms of both thermal control
and fluid balance. These babies are now normally nursed
in 100% ambient humidity until the skin keratinizes, and
at this humidity evaporative losses are minimal.9,66 This is
achieved in an incubator by control of humidified gas. If
the baby is under a radiant warmer, warmed, humidified

air is delivered to the baby nursed under polythene or a heat
shield with polythene wrapped around the ends.67 To opti-
mize radiant heat gain, polythene sheeting is preferable to
a heat shield. The aim is to achieve high humidity so that
there is “rain out” on the incubator or polythene surface.
Inspired gases, especially delivered by assisted ventilation
must be warmed and humidified.

There is no universally agreed strategy for rewarming the
baby who has become hypothermic.1,5 The rate of rewarm-
ing may need to be slowed if the baby shows evidence of
cardiovascular compromise during rewarming. Complica-
tions associated with hypothermia, such as respiratory dis-
tress, blood clotting abnormalities, feeding difficulties and
hypoglycemia should be detected and treated.

The corollary to preventing cold stress is to avoid thermal
injury to the baby. The baby should not be placed in contact
with or close to hot surfaces. As radiant heat uptake is inde-
pendent of ambient temperature, it should be noted that a
baby may become over-heated in an incubator, despite a
normal incubator temperature.

Kangaroo care
For decades it has been recognized that kangaroo care (skin
to skin contact), with the baby nursed on the mother’s chest,
has immense benefits, particularly for thermal stability,
establishment of maternal lactation and for psychologi-
cal well-being.68,69 The practice arose in developing coun-
tries where access to incubators may be limited. A recent
Cochrane database systematic review concluded that in
developing countries, when compared with conventional
neonatal care, kangaroo care reduces the risk of nosoco-
mial infection and severe illness, and increases rates of
exclusive breast-feeding and maternal satisfaction.70 There
is also evidence that kangaroo care accelerates autonomic
and neurobehavioral maturation, which in turn improve
parenting outcome.71,72 For healthy term infants, the prac-
tice is associated with reduced crying behavior, and more
rapid resolution of negative base excess and a higher blood
glucose after delivery, when compared with babies kept in
cots.73

Studies have demonstrated this method of caring for
babies does not pose a cold stress.74 However, a note of
caution is introduced by one study, demonstrating that a
marked increase in body temperature associated with skin
to skin contact is associated with increased frequency of
bradycardia and hypoxemia. Therefore, it is recommended
that for small and vulnerable babies, temperature and car-
diorespiratory monitoring should continue during skin to
skin contact.75

With this proviso, kangaroo care should be recom-
mended as an integral aspect of neonatal care, even for
extremely preterm babies.
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Polythene bags
Although not a new invention, it has become popular prac-
tice to place newborn preterm babies in polythene bags
or wrapping immediately after delivery.30,76,77 This is most
effective at extremely preterm gestations (<28 weeks) and
may be associated with decreased mortality.77 However,
anecdotal accounts now exist of babies becoming over-
heated by this method, which may itself cause harm. There-
fore, there must be careful audit by neonatal units that
introduce the practice.

Cooling as a cerebro-protective strategy
For decades, body cooling has been an important strategy
to protect heart and brain during pediatric cardiac surgery
necessitating circulatory arrest.78,79 It has also been intro-
duced as an experimental strategy in neonates receiving
ECMO.43

More recently, studies on neonatal animals have demon-
strated a cerebro-protective effect of cooling shortly after a
hypoxic-ischemic insult.80,81 Clinical trials of selective head
cooling and whole body cooling have been carried out and
further trials continue.82

Whilst definitive outcome data are awaited, these trials
have added further information regarding the cardiovas-
cular and metabolic effects of cooling.83 Mild hypothermia
to 34.0–35.0 ◦C produces moderate reduction in heart rate
and blood pressure, but without cardiovascular compro-
mise. However, the strategy is associated with increased
inspired oxygen requirements.83 Another study confirms
no significant clinical sequelae, including no increased
risk of hypoglycemia, when babies are cooled to 34.5–
35.0 ◦C.38 A study using the piglet model cooled to 35.0 ◦C
describes no increased risk of organ damage, although dur-
ing hypothermia there were increased oxygen and glucose
requirements.37 Increased glucose requirements have not
been found by other groups using a similar model (J.S.
Wyatt, personal communication).

Although therapeutic cooling appears to be safe and to
carry no risks additional to those of the underlying disorder,
it should only be carried out by experienced professionals
in an intensive care setting with availability of appropriate
monitoring and laboratory support.84

Summary

Robertson eloquently describes the history of knowledge
of neonatal thermal control and its applications, pointing
out the errors that occurred in the early “hands-off years”
of neonatal practice.31 It is essential that those caring for
neonates continue to receive basic teaching of the physiol-
ogy of the neonate so that this may be applied to practice

and to an understanding of the advanced technology now in
common use. Less “technological” methods, e.g. polythene
wrapping and kangaroo care, still have a role, but must still
be treated with respect so as not to introduce risk. Finally,
there must be initiatives to ensure international under-
standing of the importance of thermal regulation.85 The
basic physiological needs of the neonate must be under-
stood and met, prior to introducing advanced technologies
and treatments.
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When the gut evaginates and the cloacal and oral mem-
branes rupture, the interface between amniotic fluid and
the fetus is established. This interface serves as a conduit
for the transfer of nutrients that are external to the fetus
and the neonate. The aboral movement of amniotic fluid
occurs as early as 18 weeks’ gestation, and up to 450 ml of
amniotic fluid move aborally through the intestine by term.
While the intrauterine environment is sterile, the introduc-
tion of feedings presents a major challenge to host defense.
Thus, the neonatal intestine is a digestive organ as well as an
important component of the immune system. Both aspects
of intestinal function will be reviewed in this chapter.

Digestion and absorption

Mucosal differentiation

During the second and third trimesters of pregnancy,
growth and maturation of the gastrointestinal tract occur
in preparation for postnatal life. The timing of structural
and functional maturation is summarized in Tables 6.1 and
6.2. The gut lengthens to 250–300 cm by term, and gastric
capacity is about 30 mL. During the second trimester, the
glycocalyx appears, and the brush border is structurally well
defined. Superficial glands are present in the pharyngeal
and esophageal mucosa by 20 weeks and squamous cells
by 28 weeks. Mucous and lingual lipases are also secreted.
Endocrine, chief, mucus and parietal cells appear in the
stomach by 12 weeks; by 16 weeks, these cells actively
secrete hydrochloric acid, intrinsic factor, pepsin, gastrin
and mucus. Although acid secretion is present shortly after
birth in preterm and term infants, it is approximately 10%
of that seen in adults.1

Endocrine cells are well established, and granules con-
taining gastrin, secretin, cholecystokinin, motilin, sero-
tonin, somatostatin and substance P are present by 12–
18 weeks. Gastrin, secretin, motilin and gastrin inhibitory
polypeptide are localized to duodenum and jejunum,
whereas enteroglucagon, neurotensin, somatostatin and
vasoactive intestinal polypeptide are distributed through-
out the intestines. Brush-border membrane function
remains immature during the third trimester. Alpha-
glucosidases, dipeptidases and sucrase are functional by
the end of the second trimester, but lactase activity at 24
weeks is less than 25% of that seen at term2 and maltase
activities are 50–75% of those found in term infants.2,3

The abrupt rise in lactase activity that occurs from 32–
34 weeks’ gestation coincides with an increase in lactase
mRNA, implying that its delay in appearance is due to tran-
scriptional control.4

Sucrase-isomaltase exists in a single high molecular-
weight form.5 Glucoamylase, which is responsible for
absorption of starches and glucose polymers, is present
by the end of the second trimester with activities
approximately half that found at term.2 Other brush-
border peptidases, including alpha-glutamyl transpepti-
dase, aminopeptidase, oligoaminopeptidase, dipeptidyl-
aminopeptidase IV and carboxypeptidase are present by
the end of the second trimester. Thus, active glucose trans-
port occurs by 10 weeks6 and amino acid uptake by 12
weeks.7

Gastrointestinal hormones and peptides

Numerous regulatory gut peptides are produced in the gas-
trointestinal tract. As in adults, they may be true hormones

Neonatal Nutrition and Metabolism. Second Edition, ed. P. Thureen and W. Hay. Published by Cambridge University Press.
C© Cambridge University Press 2006.
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Table 6.1. Structural maturation of the

gastrointestinal tract

Esophagus

Superficial glands develop 20 weeks

Squamous cells appear 28 weeks

Stomach

Gastric glands form 14 weeks

Pylorus and fundus defined 14 weeks

Small intestine

Crypt/villus appear 14 weeks

Lymph nodes appear 14 weeks

Intestinal peptides and hormones appear 14 weeks

Neurotransmitters appear 12 weeks

Myenteric plexus present 14 weeks

Colon

Diameter decreases 20 weeks

Villi disappear 20 weeks

Pancreas

Differentiation of exocrine and 14 weeks

endocrine tissue

Liver

Lobule formation 11 weeks

Table 6.2. Functional maturation of the

gastrointestinal tract

Sucking 32 weeks

Gastric secretion 20 weeks

Pancreatic zymogen 20 weeks

Bile acid secretion 22 weeks

Intestinal transport of amino acids 14 weeks

Intestinal glucose transport 18 weeks

Intestinal fatty acid absorption 24 weeks

(e.g. gastrin, cholecystokinin, motilin, pancreatic polypep-
tide and somatostatin), while others have paracrine or
neurocrine function (e.g. gastric inhibitory polypeptide,
bombesin, vasoactive intestinal polypeptide, neurotensin,
enteroglucagon and peptide YY). All of these peptides
are identified to be present in the fetal intestine by the
end of the first trimester. Some of these hormones are
released in response to feeding.8 However, their releases
are limited in the newborn compared with the adult
(Figure 6.1).9,10

Pancreas and liver

Differentiation of the endocrine and exocrine structure of
the pancreas is present by 14 weeks. Amylase is present
by 16 weeks, and trypsin, lipase and amylase are secreted
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Figure 6.1. Figure 3.5 in current Weaver chapter. [p. 81] GIP

gastric inhibitac peptide; pp, pancreatic polypeptide.

into the duodenum by 31 weeks.11 Concentrations of these
enzymes are lower in preterm than term infants and, in
turn, are significantly lower in term infants than children.
Postnatally, trypsin increases in concentration, followed by
chymotrypsin, carboxypeptidase, lipase and amylase (Fig-
ure 6.2).12

Hepatic lobules and bile canaliculi are present by 6
weeks; bile acids are synthesized by 12–14 weeks and they
are actively secreted by 22 weeks. Bile acid synthesis is
decreased in the preterm infant compared with the term
infant, which, in turn, is approximately half of that seen
in adults, as is bile acid pool size (Figure 6.1).13 Hepatic
hydroxylation is not fully developed in the fetus and there
is a decreased cholic acid: deoxycholic acid ratio. The active
ileal transport mechanism of bile salts is present but imma-
ture (Figure 6.2).14
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Digestion of carbohydrates

Although lactose is the predominant source of carbohy-
drate in breast milk and formulas for term infants, some
preterm formulas also contain glucose polymers. Despite
having relatively low levels of lactase activity, preterm
infants display normal growth when they are fed lactose-
containing milk and formula.15 The relative absence of lac-
tase activity may permit the conversion of malabsorbed
lactose by colonic bacteria to volatile organic acids, which
are subsequently absorbed.16 Because pancreatic amylase
levels are quite low, glucose polymers are likely hydrolyzed
by salivary amylase or absorbed directly at the mucosal
level via mucosal glucoamylase (Figure 6.2).17

Digestion of lipids

Fat provides 50% of the caloric intake of the newborn. Fats
are emulsified and hydrolyzed to form free fatty acids and
monoglycerides by the action of bile acids and lipases, both
of which are limited in presence and function in the preterm
infant. Additional alternate mechanisms for fat hydrolysis
appear to be present in the newborn. Lingual lipases and
gastric lipases are present by 26 weeks’ gestation. Addi-
tional lipases are also present in breast milk. Preterm for-
mulas contain medium-chain triglycerides which do not
require micellar formation for absorption. Although the
absorption of fats is not nearly as efficient as carbohydrates
and proteins, absorption is sufficient to permit growth and
uptake of fat-soluble vitamins.

Digestion of protein

Although proteins contribute less than 10% of ingested
calories, they are essential for normal somatic growth and

maturation. In the upper intestine, pancreatic proteases
are fairly efficient in splitting peptides to oligopeptides
and amino acids. Most of the brush border and cytoso-
lic peptidases are well developed in the preterm infant
and the peptide transport system is efficient. In addition,
macromolecules can be actively taken up by pinocytosis
by the neonatal intestine,18 and preterm infants have been
demonstrated to absorb intact lactoferrin.19 As a result,
preterm infants exhibit increased intestinal permeability
that resolves with advancing gestational age,20 as shown in
Figure 6.3.

The role of nutrients

There have been concerns that preterm infants have lim-
ited capacity to process carbohydrates, fats and proteins.
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Hence, preterm formulas contain glucose polymers and
medium chain triglycerides. Recently, investigators have
shown that preterm infants fed formula pretreated with
lactase experience a modest increase in weight gain 10
days after the initiation of feeding; however this advan-
tage was not maintained by day 14.21 Another investiga-
tor has shown that preterm infants given formula contain-
ing hydrolyzed protein reach full feeding volumes approx-
imately 2 days sooner than infants given routine preterm
formula.22 Although there are concerns that hydrolyzed for-
mulas may fail to provide adequate nutrition,23 Szajewska
et al. 24 have shown that they may provide adequate growth.

Alternatively, the introduction of enteral feedings may
hasten maturation of digestion and absorption. Infants
given small enteral feedings have been shown to regain
birth weight sooner, establish full feeding volumes sooner,
release gastrointestinal hormones better, produce more
gastric acid and have more mature motor patterns
than infants who remain unfed.1,9,25,26 Moreover, these
infants fail to incur a higher incidence of necrotizing
enterocolitis.27

There is an emerging consensus that early nutrition and
growth “program” the infant for adult health and disease.
Very low birth weights and very heavy birth weights have
been associated with higher risk for cardiovascular mortal-
ity in adults.28 Small size at birth has also been associated
with an increased risk for adolescent hypertension29 and
glucose intolerance.30 The ingestion of breast milk appears
to have a protective effect against childhood obesity,31 ado-
lescent hypertension,32 and type 2 diabetes among Pima
Indians.33

Host defenses

Gut flora

The gut is sterile in utero, but colonization begins at
birth. The pattern of bacterial growth reflects the mater-
nal and neonatal environment and enteric bacteria col-
onize the human infant in an oral-to-anal direction.34 In
healthy infants, aerobic organisms appear within a few
hours. Anaerobic organisms are present by 24 hours and
increase in number over the first 3 weeks.35 Stools of breast
milk-fed infants have a predominance of Bifidobacterium,
whereas stools of formula-fed infants have a predominance
of Escherichia coli and Klebsiella.36

Because the gut is in continuity with the neonatal envi-
ronment, it is constantly exposed to antigens and bacteria
that have potential to gain access to the intestinal lumen.

The newborn has a complex series of host defenses that are
immune and nonimmune in nature. The nonimmune sys-
tem is also called the innate immune system as it responds
in a nonspecific fashion. The immune system is comprised
of specific humoral and cellular responses that are acti-
vated in response to specific antigens.

The innate immune system

The innate immune system constitutes the first line of host
defense in the neonate and it prevents many antigens and
organisms from reaching the intestinal mucosa. The com-
ponents of the innate system include physical barriers, cells
and chemical barriers.

First, intestinal motility is an important factor in moving
nutrients aborally so that they do not have time to estab-
lish colonization in the lumen of the gut. As described in
the section on motor function, the migrating motor com-
plex, which is responsible for propelling luminal contents
forward through the small intestine, is often absent in the
preterm infant.9,37 As a result, overall intestinal transit times
are delayed in the preterm infant.38,39

The release of gastric acid and pancreaticobiliary secre-
tions also are important components of the innate sys-
tem. These secretions inhibit bacterial growth and activate
proteolysis, which alters antigen structure. There are con-
cerns that withholding enteral feedings in preterm infants
results in a decreased release of these secretions and, thus,
may impair an important function of host defense in the
preterm infant. Hyman et al.1 have confirmed that basal
and maximal gastric acid production is significantly lower
in unfed infants and rates of infection are higher among
infants whose gastric acid production is suppressed by H2

blockers.40

Another physical barrier is created by mucus, which con-
tains mucins, glycoproteins, inmunoglobulins, glycolipids
and albumin. These constituents form a protective gel over
the surface of the intestine. Mucus presents a slippery sur-
face that propels antigens forward and inhibits the diffu-
sion of large molecules.

Cells that provide innate immune defense include
epithelial cells, goblet cells, M cells and subepithelial
cells (Figure 6.4). The intestinal epithelial cells are closely
approximated to one another by a series of tight junctions.
These junctions permit the physiologic passage of fluids
and electrolytes while preventing the passage of larger
proteins. In addition, microvilli form a physical barrier
that prevents or retards the cellular penetration of large
macromolecules and charged particles. M cells are epithe-
lial cells that lack well-developed microvilli; the absence of
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this physiological barrier permits macromolecular trans-
port. M cells are found in follicles that overlie lymphoid
tissue and their function is to deliver foreign antigens and
microorganisms to the lymphoid tissue. Goblet cells are
interspersed among the epithelial cells and they secrete
mucus.

Subepitheleal cells include follicular dendritic cells,
Peyer’s patches and mast cells. Dendritic cells, which
are located in the subepithelium, extend appendages up
into the intestinal lumen, likened to a submarine with a
periscope. These cells “sample” the luminal environment
and transport antigens to the T and B cells which reside
in the subepithelial layer below. Peyer’s patches, which are
clusters of lymphoid tissue, are present by 19 weeks’ ges-
tation and become more abundant in number between 24
and 40 weeks’ gestation.41 Mast cells play an important
role in regulating intestinal permeability and in defending
against parasitic infection.

The immune system

The immune system of host defense is composed of cellu-
lar components and secretory components. T cells, B cells
and macrophages are present in the fetal intestine by
20 weeks’ gestation (Figure 6.5). Lymphocytes proliferate
in response to a mitogen as early as 12 weeks, but anti-
genic stimulation of lymphoid tissues cannot be demon-
strated until 46 weeks. The newborn intestine has few
IgA-producing plasma cells and plasma immunoglobulin

A (IgA) is relatively low in the newborn. When preterm
infants are fed exogenous protein they are unable to form
antibodies.42

A variety of soluble proteins that regulate growth and
differentiation of lymphocytes are called cytokines and
include the interleukins, tumor necrosis factors, inter-
feron and platelet-activating factor. These cytokines play
important roles in stimulating chemotaxis of neutrophils,
promoting IgA expression and stimulating epithelial cell
proliferation after mucosal injury. When cultured fetal
enterocytes (18–21 weeks) are stimulated by the general
chemotoxin lipopolysaccharide, they release significantly
greater amounts of the proinflammatory cytokine Il-8,43

suggesting that there may be an imbalance of release of pro-
and anti-inflammatory cytokines in response to a stimulus
in the preterm infant.

The role of nutrients in host defense

A number of host defense functions appear to be medi-
ated by enteral nutrients. Among those that have been
recently studied are glutamine, arginine, long-chain fatty
acids, nucleotides and prebiotics. Although not nutrients,
per se, probiotics will also be reviewed.

Glutamine plays an important role in maintaining
epithelial cell integrity, cell growth and inflammatory
responses. In the face of glutamine depletion intestinal
cell growth is retarded44 and small intestinal interepithe-
lial junctional integrity is impaired.45 Neonatal rats fed
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a diet that is glutamine deficient exhibit increases in
bacterial translocation.46 Preterm infants given glutamine
supplementation had a lower incidence of sepsis compared
with infants given no supplementation.47

Arginine plays an important role in immune function,
wound healing and growth. Plasma concentrations of
arginine are lower among preterm infants who subse-
quently develop NEC than those who do not.48,49 Arginine
supplementation has been shown to reduce severity of NEC
in piglets50 and in human infants.51

Long-chain fatty acids play an important role in growth,
mental development and inflammatory response. The inci-
dence of NEC and sepsis was significantly reduced in
neonatal rats fed formula containing DHA and ARA for 72
hours,52 but recent prospective trials using DHA and ARA
supplemented formulas have failed to show a difference in
the incidence of NEC or sepsis among infants fed formu-
las with and without DHA and ARA supplementation for
a month or longer.53,54 Another study demonstrated that
formulas supplemented with egg phospholipid reduced



Development of the gastrointestinal tract 73

the occurrence of NEC but not sepsis.55 Nucleotides may
enhance antibody responses. Although some infant for-
mulas are now supplemented with nucleotides, no large
clinical trials have been performed to date in preterm
infants.

Prebiotics are defined to be nondigestible substrates
that preferentially enhance the growth of nonpathogenic
organisms. For example, breast milk contains galacto-
oligosaccharides, which favor the growth of Bifidobacteria.
Fructo-oligosaccharides increase bifidobacterial counts
and colonic metabolic activity in adults.56

In a recent study, preterm infants fed preterm formula
containing an oligosaccharide mixture containing galacto-
oligosaccharides and fructo-oligosaccharides for 28 days
experienced greater fecal colonization with bifidobacte-
ria, higher stool frequency and softer stool consistency
than infants fed unsupplemented preterm formula, but
comparable with that seen in a breast milk-fed reference
group.57 However, other clinical outcomes have yet to be
assessed in clinical trials.

Probiotics are live organisms that can compete with and
overgrow pathogenic organisms. Researchers have spec-
ulated that colonizing the gut with these less pathogenic
bacteria may reduce the incidence of sepsis and necrotiz-
ing enterocolitis. In an animal model, oral administration
of bifidobacteria reduced the incidence of necrotizing ente-
rocolitis (NEC).58 Attention has focussed largely on lacto-
bacillus GG (LGG) in children.59,60,61 However, the bowel
flora of infants fed breast milk contains a predominance of
bifidobacteria,36 and several probiotics have been studied
in preterm infants. Investigators have recently shown that
the oral administration of bifidobacteria,62 nonpathogenic
E. coli63,64 and LGG65,66 can successfully result in coloniza-
tion of these organisms in the preterm intestine. Coloniza-
tion may be inhibited, however, when infants are given
antibiotics65 or indomethacin.67 Hoyos recently demon-
strated that the incidence of necrotizing enterocolitis was
lower in preterm infants given daily LGG.68 However, a
randomized, prospective trial has not yet confirmed these
findings.
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Normal fetal/neonatal development

Although the early development of living creatures is pri-
marily governed by genetic instructions acquired at the
time of conception, the expression of these genetic codes is
influenced by the environmental conditions under which
the organism develops. Fetal and neonatal growth in mam-
mals is therefore a complex process regulated by inter-
actions between the genome and the environment. The
quality and quantity of nutrition during such critical peri-
ods of development play pivotal roles in the regulation of
growth.

Acquisition of metabolic capacities and their adapta-
tions in early life are influenced by three critical periods:
(i) fetal development during gestation, (ii) an abrupt fetal-
postnatal transition occurring at birth and (iii) a gradual
postnatal-weaning transition occurring when the mam-
mal begins to consume solid food.1 Rapid changes in
enzyme activities occur in response to the nature of the
available nutrients during these periods under normal
development.1 As an example of this phenomenon, Fig-
ure 7.1 depicts the appearance of enzyme clusters related
to carbohydrate and lipid metabolism that appear in the rat
liver during fetal, suckling and weaning phases of develop-
ment in response to the nature of the diet encountered dur-
ing these periods of life. During fetal life the nutrition of the
fetus is determined by the supply of substrates (principally
glucose) via the placenta and hepatic metabolic activity
in the late phase of gestation is characterized primarily at
the level of glycogen synthesis (for example, glycogen syn-
thase for storage of nutrients) in preparation for life imme-
diately after birth (Figure 7.1A; Cluster I). At birth the con-
tinuous maternal supply of nutrients ceases and the mode,

composition and frequency of the feed are drastically mod-
ified, as breast milk becomes the only source of nutrition
during the suckling period. Rat milk is a high fat-low car-
bohydrate diet and the transition from maternal supply of
nutrients to breast milk is accompanied by rapid metabolic
adaptations in carbohydrate metabolism to maintain glu-
cose homeostasis in the newborn (Figure 7.1A; Cluster II).1

This phase is characterized by the appearance of gluco-
neogenic enzymes (for example, PEP carboxykinase) in
response to the high fat content of rat milk (Figure 7.1A;
Cluster II). At the time of weaning the nature of the diet
once again undergoes a change from high fat in rat milk
to high carbohydrate in chow diet (in the case of rat)
and is accompanied by the appearance of a different set
of enzymes (enzymes involved in lipogenesis, for exam-
ple malic enzyme, and glucose utilization (for example
glucokinase) in the liver to counter the changes in the qual-
ity of nutrition (Figure 7.1A; Cluster III). In most mammals,
the prenatal-postnatal transition and the suckling-weaning
transition are accompanied by important adaptations in
carbohydrate metabolism due to the change in the quality
and quantity of the type of nutrients. This suggests that even
normal development demands metabolic adaptations in
target tissues but such adaptations are part of the process
of maturation during early periods of life. An altered nutri-
tional environment during such periods induces abnormal
metabolic adaptations. For example, we have observed that
when rat milk is replaced by a high carbohydrate (HC) milk
formula during the suckling period, the cluster III enzymes
(for e.g., glucokinase and malic enzyme) appear preco-
ciously in the liver and cluster II enzymes (for example, PEP
carboxykinase) are significantly reduced in the liver (Fig-
ure 7.1B) suggesting that adaptations during development
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Figure 7.1. An illustration of the cluster of enzymes with respect to carbohydrate and lipid metabolism that appear in rat liver during the

fetal (Cluster I), suckling (Cluster II), and the immediate postnatal (Cluster III) periods. Panel A depicts the clusters in a normal rat and

Panel B shows the alterations in the appearance of these clusters when the diet presented in the suckling period is switched from rat milk

to a high carbohydrate milk formula.

correspond to the nutritional environment encountered
during such periods.2

Metabolic programming due to altered early life
nutritional experiences

Metabolic programming is the phenomenon by which a
nutritional stress/stimuli experienced during early periods
of life overlapping with the critical window of organogen-
esis of target tissues permanently alters the physiology and
metabolism of the organism.3 The consequences of this
phenomenon are observed much later in life in the absence
of the stress/stimuli that initiated these responses.3 In addi-
tion to genetics, nature has provided the organism with
the advantage of plasticity, which enables the operation
of “biological switches” in response to different environ-
mental triggers resulting in adaptations in target tissues.
An example of such an environmental trigger is nutrition
at critical periods of development. Metabolic programming
provides survival advantages for the present but such adap-
tations become unfavorable for health in adulthood as the
responses to environmental influences encountered later
in life are altered due to these early life adaptations.

Conventional wisdom suggests that the onset of the
inter-associated metabolic diseases such as obesity, car-
diovascular diseases, hypertension, type 2 diabetes, etc.,
in middle age is linked to the genetic background of the
individual which could be exasperated by lifestyle factors.
In the recent past, a series of provocative epidemiological
findings have indicated that in addition to genetics, envi-
ronmental factors in early life also substantially contribute
to disease risk later in life. An indication for this association
was suggested as early as 1934 when Kermack et al.4 showed
that although people survived the neonatal period, the year
in which they died appeared to have some relationship to
the year in which they were born and suggested that this
association was due to the maternal environment to which
they were exposed during their fetal development. The
“fetal origins hypothesis” subsequently proposed by Barker
after analysis of human epidemiological data suggests that
in humans a compromised maternal-fetal nutrient supply
due to malnutrition in the pregnant female results in devel-
opmental adaptations in the fetus that permanently alter
the structure, physiology and metabolism of target organs
in the fetus thereby priming the individual for the onset of
metabolic diseases such as type 2 diabetes, cardiovascu-
lar diseases, hypertension, etc. later in adulthood.5,6 Data
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from over 20 epidemiological studies carried out in several
geographical locations worldwide confirm the association
between restricted fetal growth and the development of
metabolic diseases later on in life.7 The postulated mech-
anism for this association is afforded by the thrifty pheno-
type hypothesis which suggests that the developing fetus
makes adaptations in response to a malnourished preg-
nancy in order to allow near-normal development of the
brain whereas the growth of other organs like liver, muscle,
pancreas, etc. are compromised.8 Such fetal adaptations
aid survival when food supply is poor or intermittent but
later in adult life when food supply is adequate or abundant
become detrimental to health.8

Although evidence from human epidemiological studies
strongly supports the fetal origins of adult-onset patho-
logical conditions, there are intrinsic difficulties in long-
term retrospective human studies. Animal models pertain-
ing to an altered nutrition during fetal life demonstrate
the unique role of early life nutritional experiences for the
onset of pathological situations later in life. Hence ani-
mal models are useful tools to examine specific aspects
revealed by human epidemiological evidence and also to
explore mechanistic pathways related to the contribution
of early life nutritional experiences to metabolic program-
ming and adult-onset diseases. A number of animal mod-
els have been developed mainly to examine the role of fetal
nutritional experiences and in utero programming of adult-
onset diseases; models for the role of postnatal nutrition
have also been examined. Several species including rat,
mouse, guinea pig, sheep and nonhuman primates have
been used and in addition to the role of nutrition, phar-
macological, genetic and surgical manipulations have also
been employed to mimic the human situation. Rat is an
extensively used experimental animal and there is abun-
dant literature on metabolic programming due to altered
fetal and neonatal dietary experiences in rat models. For
these reasons, we will restrict our discussion to mainly such
studies in this chapter. This will include models for low
protein, caloric restriction and diabetes during pregnancy
and under- or overnourishment in the immediate postnatal
period. The consequences of caloric redistribution (from
fat to high carbohydrate) in the immediate postnatal life as
occurs in the high carbohydrate (HC) rat model will also be
discussed.

Animal models for fetal programming

In this section metabolic programming in rat models due
to malnutrition during the period of fetal development
induced by either maternal protein deficiency or total
caloric restriction will be briefly discussed. The imme-

diate and long-term consequences of fetal development
in the altered intrauterine environment due to a diabetic
pregnancy will also be discussed. The results from stud-
ies on fetal programming by nutritional modifications in
the mother are briefly summarized in Table 7.1. The reader
is referred to recent reviews on these topics for detailed
accounts.9–12

Maternal protein restriction

The immediate and permanent consequences of maternal
malnutrition due to a low protein diet during gestation and
lactation for the progeny have been extensively studied in
the rat as a model mimicking the mammalian malnour-
ished environment resulting in an altered fetal develop-
ment. These results will be discussed in this section under
the headings (i) immediate effects observed in fetal and
neonatal life and (ii) persistent effects observed in adult
life. The important outcomes of such a pregnancy for the
progeny are consolidated in Table 7.1.

Immediate effects observed in fetal and neonatal life

The immediate consequences of the low protein dietary
regimen are observed in the pregnant dams as well as in
their fetuses (refer to Table 7.1). Pregnant rats fed a 8%
protein (low protein; LP) diet maintain similar weight gain
up to gestation day 18 compared with pregnant rats fed a
20% protein diet (control diet).13 From day 19 of gestation
up to parturition the LP group of pregnant rats weigh less
than control rats.13 The effects of the low protein diet on
plasma constituents are apparent even on gestation day 4–5
when the plasma insulin levels and amino acid contents are
significantly reduced in the LP pregnant rats compared to
controls.14 These authors showed that in the LP group pre-
implanted embryos (up to 4.5 days of age) have reduced cell
numbers indicating cellular differences very early in gesta-
tion probably due to slower rate of proliferation of cells.14

The offspring born to LP mothers are approximately 20%
lighter 2 days after birth.13 The difference in body weights
increases in the offspring if the nursing dam continues to
be fed the LP diet.13,15

Several studies have shown that the structural devel-
opment and function of pancreatic islets are compro-
mised in the fetuses of the LP diet-fed female rats. Such
changes include reduced β cell proliferation, islet size
and islet vascularization.16 Additionally, the insulin secre-
tory capacity of such islets in response to various secreta-
gogues in vitro is significantly reduced.17,18 The progeny
of LP diet-fed dams during gestation and lactation have
reduced numbers of pancreatic β cells and increased
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Table 7.1. Summary of the consequences of an altered nutritional experience during fetal development

Nutritional experience References

Maternal protein restriction

Immediate effects

Reduced birth weight 13

Depressed insulin secretory response; reduced islet size, islet proliferation and islet vascularization 16–18

Malformation of hypothalamic nuclei 23

Persistent effects

Increased whole body insulin sensitivity in young adults 15

Glucagon resistance, reduced hepatic glucose output, increased insulin receptor content in liver 29

Decreased activity and gene expression of glucokinase and increased activity and gene expression of PEPCK in liver 29,30

Increased insulin receptor expression, glucose uptake and GLUT4 protein in skeletal muscle 31

Increased glucose utilization, and expression of insulin receptors in mesenteric adipocytes 15,33,34

Impaired suppression of isoprenaline-stimulated rates of lipolysis by insulin in isolated adipocytes 28,34,35

Hypertension, renal defects 36–40

Impaired glucose tolerance at 15 months of age and frank diabetes by 17 months of age 7,32,43,44

Global caloric restriction

50% caloric restriction

Impaired islet development, glucose intolerance and insulinopenia 49,50

30% caloric restriction

Hypertension, hyperphagia, increased fasting insulin, adult-onset obesity 51,52

Pregnancy complicated with diabetes

Mild diabetes

Fetal β cell hypertrophy and hyperplasia; increased response to a glucose stimulus by fetal islets 55,56

Decreased insulin secretory response to a glucose stimulus in adulthood 58

Impaired glucose tolerance in adulthood 58–61

Severe diabetes

Fetal growth retardation results in microsomic pups which remain small in adulthood 55

Over stimulation of fetal β cells due to fetal hyperglycemia 55

Islets depleted of insulin, degranulated and unresponsive to a glucose stimulus 55

Onset of insulin resistance in liver, muscle, and adipose tissue in adulthood 64,65

Increase in β cell mass in adulthood due to increased number of smaller islets and augmented response to a

glucose stimulus by adult islets

55,57

number of α cells.19 In neonatal life the islets from LP dams
show an altered cellular development due to an increased
rate of apoptosis and decreased rate of proliferation.20

Although pancreatic duodenal homeobox transcription
factor-1 (PDX-1) mRNA levels are not altered, the protein
content of PDX-1 is significantly reduced in 28-day-old
progeny of LP dams.21

On postnatal day 3 the LP diet progeny demonstrate
reduced cerebral cortex blood vessel density, lower DNA
concentrations in the forebrain and higher DNA concen-
trations in the cerebellum suggesting that although brain
development is protected at the expense of the develop-
ment of other organs, functional alterations are still evi-
dent in the brain.22 Additional changes in the brain include
malformation of hypothalamic nuclei in the offspring of LP
dams.23 Expression of hepatic acetyl-CoA carboxylase and

fatty acid synthase genes is increased two-fold in weanling
rats exposed to a LP intrauterine environment suggesting
programming of gene expression during this period in a
manner favoring fat synthesis thereby predisposing these
offspring to adult-onset clinical complications.24 Although
insulin secretory ability is affected in fetal islets of offspring
of LP dams, at three weeks after weaning the LP diet off-
spring demonstrate increased sensitivity to insulin in target
tissues and have better glucose tolerance than controls.25

In addition, they have a greater number of insulin receptors
in the adipose tissue.25

Persistent effects observed in adult life

Functional studies related to whole body insulin sensitiv-
ity and insulin action in target tissues (liver, skeletal muscle
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and adipose tissue) carried out mostly in young adults in the
LP offspring indicate significant differences compared with
age-matched controls (Table 7.1). The results from such
studies demonstrate an altered programming of metabolic
responses in these tissues due to fetal development in the
LP dam. In hyperinsulinemic clamp studies it was shown
that increased rates of glucose infusion are required to
maintain euglycemia, suggesting increased whole body
insulin sensitivity.15 In keeping with the observed increase
in insulin sensitivity these animals have decreased plasma
triglyceride levels.26,27 Additionally, even in the fed-state
plasma adrenaline and noradrenaline are increased sug-
gesting that in these rats basal metabolism operates as it
would in a starved normal rat.8,28

The offspring of LP dams demonstrate significant
changes in liver, skeletal muscle and adipose tissues in
adulthood. Altered zonation and enzyme activity including
a reduction in glucokinase and an increase in phospho-
enolpyruvate carboxy-kinase activities are observed in liv-
ers of LP progeny.29 Parallel changes are evident in the
mRNA levels of glucokinase and phosphoenolpyruvate
carboxykinase.30 Additionally, in vitro perfusion studies
in hepatocytes indicate glucagon resistance due to the
reduced ability of glucagon to stimulate glucose output
and decreased hepatic glucagon receptor expression.29 The
expression of insulin receptors is significantly increased in
the livers of LP progeny.29 In the tibialis anterior muscle an
increased expression of insulin receptor and an increase
in insulin-stimulated glucose uptake are observed which
likely contribute to the improvement in glucose tolerance
observed in young adult progeny of LP dams.31,32 Mesen-
teric adipocytes from LP offspring demonstrate enhanced
glucose utilization under euglycemic-hyperinsulinemic
conditions and increased expression of insulin receptors
in epididymal and intra-abdominal adipose tissues.15,33,34

Despite an increase in the number of insulin recep-
tors, adipocytes from LP offspring show resistance to
the antilipolytic activity of insulin.25 Consistent with this
observation, isolated adipocytes from such rats demon-
strate increased β-adrenergic receptor expression.34,35

Alterations in the expression and activity of the insulin-
signaling components in the adipose tissue may be respon-
sible for the observed resistance to the antilipolytic action
of insulin. In support of this proposition it was shown
that adipocytes isolated from LP progeny have signifi-
cantly increased expression and activity in both basal
and insulin-stimulated conditions for insulin receptor
substrate-1-associated phosphatidylinositol 3-kinase and
protein kinase B.33 The observed functional alterations
in the insulin-sensitive peripheral tissues in the LP adult
progeny are probably intermediate events prior to the onset
of overt diabetes.

An association between fetal development in a protein-
malnourished dam and onset of hypertension later in life
has been implicated (Table 7.1). A diet containing 9% pro-
tein supplemented with methionine when fed to pregnant
rats consistently produced hypertension in the progeny,
although an 8% protein diet without methionine supple-
mentation did not produce hypertension in the offspring in
adulthood. This occurrence has been attributed to impair-
ment in nephrogenesis, a hyperactive renin-angiotensin
system and an early exposure to increased concentrations
of glucocorticoids.36–40

The other significant observations in adulthood of LP
progeny include the following. Female progeny of LP diet-
fed mothers demonstrated reduced pancreatic and speci-
fically islet blood flow.41 Pancreatic insulin and amylin con-
tents were reduced in such animals while glucagon content
was increased.42 In the cerebral cortex of the brain the
reduced vascularization observed in neonatal rats contin-
ued to be evident even in adulthood.22 Male progeny born
to LP diet-fed rats and suckled by normal foster mothers
demonstrated initial growth restriction followed by rapid
catch-up growth and premature death in adulthood.32

With respect to glucose tolerance, although in middle age
there appears to be no difference in the glucose tolerance
between LP progeny and age-matched controls, by 15–16
months of age there is a rapid deterioration in the glucose
tolerance of the offspring of the LP group such that they had
significantly higher blood glucose concentrations at certain
time points in the intraperitoneal glucose-tolerance test
compared with controls.7,32,43 By 17 months overt hyper-
glycemia is evident in these rats.44 These higher plasma
glucose concentrations were associated with hyperinsu-
linemia in male offspring and hypoinsulinemia in female
offspring, suggesting insulin resistance in the former and
insulin deficiency in the latter.9 Although the exact mech-
anisms by which a low protein pregnancy primes the
progeny for later onset of diseases are not clearly under-
stood at present, it appears that the early structural and
functional changes observed in target organs are impor-
tant for this phenomenon.

Global caloric restriction

Although maternal protein malnutrition during fetal and
neonatal development is the most extensively studied
model for intrauterine growth retardation, other nutri-
tional models to achieve the same end have also been
explored. One such model involves total caloric restriction
to the dam during pregnancy induced by either reducing
the amount of food available or by uterine arterial ligation
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to reduce nutrient availability to the fetuses. Only results
from food restriction will be discussed here.

Reducing maternal food intake during pregnancy to 50%
of that consumed by normal controls results in perina-
tal growth retardation (Table 7.1).45–47 The effects on the
progeny depend on the window of gestation when the total
caloric restriction is applied. Offspring of rats fed 50% of the
caloric intake during the last trimester of pregnancy do not
depict any defects in glucose tolerance, glucose utilization
or glucose production.48 Increasing the period of mater-
nal malnutrition from day 15 of pregnancy to the time of
weaning of the pups results in impaired pancreatic devel-
opment and glucose intolerance and insulinopenia at one
year of age (Table 7.1).49,50 Severe maternal food restriction
(30% of that of controls) results in hypertension, hyperpha-
gia, increased fasting insulin and leptin levels and obesity
in adult offspring (Table 7.1).51,52 These studies emphasize
the importance of adequate nutrition not only for normal
development of the fetus but also for good health in adult-
hood.

Pregnancy complicated with diabetes

There is evidence that a diabetic intrauterine environ-
ment has long-term consequences for the progeny. In the
human, due to increased transport of glucose and other
nutrients in a diabetic pregnancy, fetal macrosomia has
been frequently observed.53,54 However, in a severe dia-
betic intrauterine environment complicated with vascu-
lopathy and nephropathy, intrauterine growth retardation
could be present.55 Animal models have been developed to
mimic the human scenario and results from such studies
are briefly summarized in Table 7.1. Intrauterine develop-
ment in a mild diabetic pregnancy (plasma glucose levels
increased by 20%) results in hypertrophy and hyperplasia
of the pancreatic β cells and increased insulin biosynthetic
capacity (Table 7.1).56 The insulin secretory response to
glucose stimulation both in vitro and in vivo is increased
in the fetuses of mildly diabetic rats.57 In adulthood, the
offspring of mildly diabetic mothers display normal mass
of endocrine tissue with a normal distribution of the four
different cell types.58 Plasma glucose and insulin levels
are normal under basal conditions but when stimulated
with glucose both the in vitro and in vivo insulin secretory
response are decreased. In this model and in other models
of perinatal hyperinsulinemia, adult glucose tolerance is
impaired.59–62

Under conditions of a severe diabetic pregnancy the
fetus encounters very high glucose concentrations, which
induce β cell hyperactivity and hypertrophy (Table 7.1).
Initially the fetuses demonstrate hyperinsulinemia but

this adaptation is short lived as β cells become depleted
of insulin and appear degranulated.56 β cell exhaustion
results in reduced fetal insulin levels.57 The combined pres-
ence of hypoinsulinemia and reduced number of insulin
receptors in target tissues result in reduced fetal glucose
uptake.62,63 Fetal protein synthesis is consistently lower in
the progeny of a severely diabetic pregnancy.64

The growth of the pups born to a severely diabetic female
is retarded and these rats remain small in size in adult-
hood compared to controls.56 In adulthood the islet mass
in the pancreas of these animals is greater than that of
control animals and this increase is primarily due to an
increase in the number of small-sized islets.58 Insulin secre-
tory capacity of these islets is enhanced when subject to
stimulation both under in vitro and in vivo conditions.56

Additionally, these rats demonstrate insulin resistance dur-
ing a euglycemic hyperinsulinemic clamp and this resis-
tance to the action of insulin is evident in liver as well as in
extrahepatic tissues.65,66

The transmission of the diabetogenic tendency to the
progeny (generational effect) by female offspring of mildly
diabetic mothers has been demonstrated. Female offspring
from a mildly diabetic pregnancy have increased plasma
glucose concentrations when they are pregnant and the
fetuses of such females are macrosomic, hyperinsulinemic
and display islet hypertrophy.56,60 In adult life, these rats
have glucose intolerance.56,60

Concluding remarks on fetal programming

Forty-three cycles of cell division occur between fertiliza-
tion and birth but only 5 cycles of cell division occur after
birth in the rat, which indicates the crucial role of fetal life
and the importance of an optimal intrauterine environ-
ment for proper fetal development.11 The consequences of
fetal programming, due to an adverse intrauterine environ-
ment, are mostly observed at periods in life when increased
stimulation is present such as at puberty and pregnancy,
or in adulthood when compensation for early alterations
that occurred in fetal life is no longer sufficient due to a
reduction in the vitality of the organism. The fetal plasma
milieu derived from the maternal in utero environment can
directly or indirectly regulate the development of various
organs in the fetus. For example, although high glucose
concentrations present in a diabetic pregnancy promote β

cell replication, theβcell hyperplasia observed in fetal pan-
creas of a diabetic pregnancy occurs only in the presence of
a functioning hypothalamo-hypophyseal system implica-
ting a role for derived hormones for this process.67 Under
conditions of fetal hypoinsulinemia the impetus for the
development of the insulin receptor system in the various
organs is impeded and the alterations in the degree of this
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defect in specific tissues may have implications for patho-
logical situations later in life. These studies indicate that
the influence of the intrauterine metabolic environment of
the mother on the development and functional capacities
of specific organs of the fetus is complex, involving a net-
work of interactions between direct and indirect effects of
the deficiency or excess of specific components on target
tissues. These early effects complemented by other factors
associated with aging result in adult-onset diseases.11

Animal models for nutritional modification in the
immediate postnatal period (suckling period).
Over- or undernutrition by adjusting litter size

Studies on the long-term consequences of an altered nutri-
tion during the suckling period in rodents are not many
due to experimental difficulties in the successful rearing
of rat pups away from the dam. Litter size manipulation
was mainly used to achieve under- or overnutrition dur-
ing the suckling period and the long-term consequences
of these manipulations were evaluated. McCance was the
first to demonstrate that an altered nutrition in the imme-
diate postnatal life has permanent effects on body size and
composition in adulthood.68 Widdowson and McCance69

showed that rat pups undernourished during the suck-
ling period by being raised in large litters maintain a
diminished growth pattern throughout life. Rats raised in
small litters show increase in body weight gain during
the suckling period, which is maintained in adulthood
and is accompanied by hyperphagia, hyperinsulinemia
and hyperleptinemia.70–72 It has been proposed that rais-
ing rats in small litters causes an altered programming of
the hypothalamic neuronal activity responsible for energy
homeostasis resulting in adulthood obesity.73

In the context of glucose metabolism, it has been shown
that although rats raised in different litter sizes have similar
plasma glucose levels, their plasma insulin levels are altered
depending on litter size.74,75 Fasting serum insulin levels in
adult mice raised in small litters were two-fold higher and
50% lower in mice raised in large litters compared with age-
matched normal-sized litter mice.76 A heightened insulin
secretory response to a glucose load is observed in adult
mice raised in small litters while in those mice raised in large
litters the response is blunted.76 More recently, Waterland
and Garza demonstrated that under- or overnourishment
(by adjusting litter size) in rats during the suckling period
permanently modifies pancreatic islet function at the level
of insulin secretion and gene expression (Table 7.2).77

Overfeeding during the suckling period by reduction
of litter size in the rat also results in the malprogram-

ming of the hypothalamic neurons. For example, it has
been shown that in overweight small litter rats the nor-
mal bimodal effect of melanin concentrating hormone to
excite or inhibit hypothalamic neurons becomes unidirec-
tional reflecting the plasticity of the hypothalamic neuronal
system to adapt to different environmental conditions in
early life (Table 7.2).73 The authors have also demonstrated
increased inhibition of ventromedial hypothalamic neu-
rons by agouti-related peptide in rats overfed due to small
litter size during the suckling period.78

Caloric redistribution in the suckling period:
the HC rat (“Pup in a cup”) model

Adjustment of litter size results only in the modification
of availability of total calories during the suckling period.
This method does not permit alterations in the quality of
nutrition without affecting total caloric intake during this
period. This difficulty was overcome by the development
of the artificial rearing technique by Hall, which allows one
to raise rat pups immediately after birth on any desired
milk formula.79 Artificial rearing of 4-day-old rat pups via
intragastric feeding (pups have no further access to their
dams) on a high carbohydrate (HC) milk formula (caloric
distribution in HC milk formula: carbohydrate 56%, pro-
tein 24% and fat 20%; and in rat milk: carbohydrate 8%,
protein 24% and fat 68%) results in the immediate onset
(within the first 24 h) of hyperinsulinemia that persists into
adulthood despite withdrawal of the nutritional stimulus
on postnatal day 24.2,80 Although the plasma insulin con-
centration is about 6-fold higher in 12-day-old HC rats com-
pared with age-matched mother-fed (MF) rats (Figure 7.2),
their plasma glucose levels and body weights are not sig-
nificantly different from those of age-matched MF rats.81

Hyperinsulinemia persists in adulthood and is accompa-
nied by an increase in growth rate from day 55 onwards
and full blown obesity by approximately postnatal day 100
(Figure 7.2).82,83 Additionally the progeny of females raised
on the HC formula spontaneously acquire the character-
istics of chronic hyperinsulinemia and adult-onset obes-
ity without the requirement for any dietary treatment.84

As indicated in Figure 7.3, second generation HC rats
demonstrate hyperinsulinemia from postnatal day 28
onwards and increased growth rate from postnatal day 55
onwards and full blown obesity by approximately postnatal
day 100.

The results from the HC rat model will be discussed under
three headings: during the period of dietary treatment, in
adulthood and in the next generation.



Metabolic programming as a consequence of the nutritional environment 83

Table 7.2. Summary of the consequences of an altered nutritional experience in the immediate postnatal period

Nutritional experience References

Undernourishment in the immediate postnatal period (large-sized litters)

Lower growth trajectories for life 67,68

Reduced fasting plasma insulin levels 75

Blunted insulin secretory response to a glucose stimulus 75

Altered global gene expression patterns 76

Overnourishment in the immediate postnatal period (small-sized litters)

Increased body weight gain from the start and persisting in adulthood accompanied by hyperphagia,

hyperleptinemia and hyperinsulinemia

69,71

Higher fasting plasma insulin levels in adults 75

Increased insulin secretory response to a glucose stimulus 75

Altered global gene expression patterns in islets 76

Altered programming of the hypothalamus 72,77

Caloric redistribution (High carbohydrate (HC) dietary intervention) in suckling period

Immediate effects

Increased plasma insulin levels but normal plasma glucose levels 81

Leftward shift in the insulin secretory response to a glucose-stimulus 81

Modified response to incretins and neuroendocrine effectors 85

Ability to secrete moderate amounts of insulin in the absence of glucose and calcium 85

Increased gene expression of preproinsulin and related transcription factors 88

Increased number of small-sized islets and alterations in apoptosis and neogenesis in islets and duodenum 93

Persistent effects

Increased plasma insulin levels 83,94

Abnormal glucose-tolerance test 82

Leftward shift in the insulin secretory response to a glucose stimulus 94

Increased gene expression of preproinsulin and related factors 94

Increase in weight gain from day 55 and significantly obese by day 100 83

Generational effect

Pups born to HC females spontaneously acquire chronic hyperinsulinemia and adult-onset obesity 84,96

Adaptations during the period of HC dietary
intervention

Table 7.2 and Figure 7.2 provide an overview of the adapta-
tions due to the HC dietary intervention during the suck-
ling period. The HC dietary treatment in neonatal rat pups
induces several adaptations at the biochemical level in
pancreatic islets of HC rats, which support the altered
secretory capacity of these islets. Normal islets secrete
increasing amounts of insulin in response to increasing
glucose concentrations but do not secrete any measur-
able amount of insulin at very low glucose concentrations.
In HC islets the insulin secretory response is significantly
altered. Islets isolated from 12-day-old HC rats secrete
significant amounts of insulin at sub-basal glucose con-
centrations in addition to secreting increased amounts of
insulin at basal and above-basal glucose concentrations
compared with age-matched controls.81 Also, the observed
increase in hexokinase may likely contribute to the low-
ering of the glucose threshold for insulin secretion by

HC islets. Non-nutrient stimulants such as glucagons-like
peptide-1 and acetylcholine augment insulin release to a
larger extent in HC islets compared with age-matched MF
islets even under stringent Ca2+-depleted conditions.85 In
HC islets a ten-fold increase in norepinephrine concen-
tration is required to inhibit insulin secretion compared
to MF islets, indicating reduced sensitivity to adrenergic
signals (negative modulators of insulin secretion).85 Inter-
estingly, the HC dietary intervention imparts the unique
property to neonatal HC islets such that basal insulin secre-
tion is partly independent of the requirements of glu-
cose metabolism and increases in intracellular Ca2+ lev-
els. The HC islets secrete significant amounts of insulin in
the absence of glucose and under a simultaneously strin-
gent Ca2+-depleted condition.85 Collectively, the above
findings suggest that significant alterations at proximal
and distal sites of the insulin secretory pathway in HC
islets support the hyperinsulinemic condition of these
rats (Figure 7.2).86,87
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The altered dietary experience in the immediate postna-
tal life causes several molecular responses in islets, which
may be essential for the persistence of the chronic hyper-
insulinemic condition in this rat model. These include an
increase in insulin biosynthesis and transcription of the
preproinsulin gene in islets from neonatal HC rats and a sig-
nificant increase in the gene expression of the components
of the putative cascade of events such as PDX-1, USF-1, PI3
kinase, etc. implicated in the regulation of the transcrip-
tion of the preproinsulin gene in neonatal HC islets.88–91

Figure 7.4 illustrates the molecular adaptations induced in
islets from 12-day-old HC rats and the possible interactions
between them culminating in increased transcription of
the preproinsulin gene via an increase in phospho-PDX-1.
Additionally, global gene expression changes analyzed by
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Insulin

Plasma
GLP-1
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Figure 7.4. A postulated mechanism for the upregulation of the

preproinsulin gene transcription in HC islets. Abbreviations are:

SAPK-2: stress-activated protein kinase-2; USF-1: upstream

stimulating factor-1; GLP-1: glucagon-like peptide-1; PDX-1:

pancreatic duodenal homeobox transcription factor-1; PI3 kinase:

phosphatidylinositol 3 kinase.

gene array analysis indicate that several clusters of genes
involved in a wide array of cellular functions (e.g. cell cycle
regulation, protein synthesis, ion channels and metabolic
pathways) are upregulated in HC islets and may contribute
to the onset of hyperinsulinemia in HC neonatal rats.92

The artificial rearing of neonatal rat pups on the HC
milk formula also causes cellular alterations in the islets
of these rats.93 The significant cellular adaptations include
(i) reduction in mean islet size in HC rats compared with
age-matched MF controls and increase in the number of
small-sized islets (Figure 7.5 A), (ii) increase in the number
of islets per unit area (Figure 7.5 B), (iii) greater apoptotic
rate in islets compared with ductal epithelium, a source of
new islets by neogenesis and (iv) increase in islet cell repli-
cation, as indicated by the presence of proliferating cell
nuclear antigen in 70–80% of the β cells.

In addition to the changes observed in the islets, the
HC dietary modulation during the suckling period induces
adaptations in other organs also. There is an increased
deposition of glycogen in the liver of neonatal HC rats.2

The lipogenic capacity of the liver is also increased in
these rats.82 Activities of glucokinase and malic enzyme
are 77% and 96%, respectively, of adult levels in the liver
of 10-day-old HC rats suggesting precocious induction
of these enzymes by the HC dietary intervention (Fig-
ure 7.1).2 Preliminary results suggest that the hypotha-
lamus also responds to the HC nutritional experience
and metabolic programming of the circuitry for energy
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homeostasis occurs in the neonatal HC rats (Shbeir, S and
Patel, MS, unpublished observations).

Expression of programmed effects in adulthood

Artificially reared HC neonatal rats weaned onto lab chow
on day 24 continue to be hyperinsulinemic into adulthood
even after the withdrawal of the dietary modification that
initiated hyperinsulinemia.83 In addition, the growth rate of
HC rats is higher than MF rats starting at day 55 and they are
significantly obese by day 100.84 Although normoglycemic,
male HC rats display an aberrant response to a glucose
tolerance test on day 75 compared with age-matched MF
rats (Figure 7.2).83

Hyperinsulinemia in adulthood is supported by (i) a left-
ward shift (at a sub-basal level of glucose) in the insulin
secretory response of islets from HC (100-day-old) v. age-
matched MF rats, (ii) increased hexokinase activity and en-
hanced glucose- and Ca2+-independent insulin release,94,95

(iii) increase in insulin-producing cell mass in HC panc-
reas,82 (iv) increased preproinsulin gene transcription with
concomitant increases in mRNA levels of PDX-1 and (v)
significant increases in the expression of several clusters
of genes as indicated by gene array analysis (Table 7.2).92

The onset of obesity is aided by the following observa-
tions. The epididymal adipose tissue weight is significantly
higher in 100-day-old HC rats.80 The lipogenic capacity of
the liver and adipose tissue is significantly increased in HC
rats as indicated by increases in the activity of fatty acid
synthase and glucose-6-phosphate dehydrogenase (key
enzymes in lipogenesis) as well as increased in vitro syn-
thesis of lipids.80 In addition there is a marked increase in
the cell size in the epididymal and omental adipose tissues
of 100-day-old male HC rats.80

Generational effects

A novel observation of the HC rat model is that HC females
spontaneously transmit the HC phenotype (characteris-
tics of chronic hyperinsulinemia and adult-onset obesity)
to their progeny.84 Figure 7.3 depicts the major adapta-
tions in second generation HC (2-HC) rats due to fetal
development in first generation HC (1-HC) female. 1-HC
females are normoglycemic and hyperinsulinemic during
pregnancy and lactation.84 The plasma insulin levels of
2-HC rats are significantly increased (first observed on
postnatal day 26).96 Leftward shift in the insulin secre-
tory response to a glucose stimulus, increase in hexokinase
activity and increased preproinsulin gene transcription are
observed in islets from 28-day-old 2-HC rats.96 The body
weight of 2-HC rats parallels that of age-matched MF rats
up to postnatal day 55, but after then there is an increase
in body weight of these rats with full-blown obesity being
evident on approximately postnatal day 100 which corre-
lates with a significant increase in the weight of the adipose
tissues.84 Concomitantly, there is an increase in the size of
the adipocytes as well as an increase in the activities of
the lipogenic enzymes (fatty acid synthase and glucose-6-
phosphate dehydrogenase) in both liver and adipose tis-
sue of 100-day-old 2-HC rats.84 Liver and muscle glyco-
gen content is reduced in 100-day-old 2-HC male rats and
this is associated with a decrease in the activity of glyco-
gen synthase.97 The activities of the enzymes comprising
the postulated upstream activators of glycogen synthase
are also decreased in liver and muscle of 100-day-old 2-HC
rats.97 In contrast, in the epididymal adipose tissue of these
rats glycogen synthase activity is increased with a concomi-
tant increase in the activities of its postulated upstream
activators.98
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Potential mechanisms of metabolic programming

Adaptations in target tissues due to the overlap of an early
nutritional stimulus or insult with the sensitive window
of development of specific organs during early phases of
life resulting in permanent alterations in the physiology
and metabolism of target organs is termed metabolic pro-
gramming. So far no specific mechanisms for metabolic
programming are available. Potential mechanisms have
been postulated and discussed by Lucas3 and Waterland
and Garza.99 It has been suggested that structural alter-
ations due to an altered dietary experience during the early
developmental periods may be one of the mechanisms of
metabolic programming.22 For example it has been shown
that occurrence of hyperinsulinemia during critical peri-
ods of brain development results in disorganization of the
hypothalamus, which may be responsible for the later onset
of pathological conditions.100 Our results on the HC dietary
intervention during the suckling period show that adap-
tations occur in pancreatic islets (hyperinsulinemia), gut
(increased glucagon-like peptide-1 levels) and hypotha-
lamus (alterations in the levels of neuropeptides) in 12-
day-old HC rats in response to the HC milk formula. All
of these organs are potentially important for maintain-
ing glucose homeostasis. Figure 7.6 indicates the poss-
ible primary targets for the HC dietary intervention and
the cross-talk between these organs that may be impor-
tant for the establishment of the HC phenotype. It is pro-
posed that in the HC rat model the increased availability
of carbohydrate-derived calories in the HC milk formula
induces responses in the gut, islets and hypothalamus all
of which respond to the increased carbohydrate availabil-
ity in the diet consumed. Glucagon-like peptide-1 via its
effects on the islets could be augmenting the glucose effect
on the islets. Additionally it has been shown that there are
glucagon-like peptide-1 receptors in the brain and via this
interaction specific responses could occur in the brain.101

Insulin via interactions with its receptor in the hypotha-
lamus could modulate hypothalamic programming. The
HC dietary intervention results in increased availability of
glucose to the brain. This could be a stimulus for altered
programming of the energy circuitry in the brain. Neu-
roendocrine factors regulate insulin secretion and hyper-
insulinemia in the HC rat could be a consequence of the
altered neuroendocrine regulation of insulin secretion.102

Such a hypothesis suggests a multifactorial mechanism for
the onset and persistence of hyperinsulinemia in the HC
rat. Hyperinsulinemia eventually results in insulin resis-
tance leading to an altered glucose tolerance and obesity
in adulthood.
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Figure 7.6. A diagrammatic representation of the probable sites

of action of the high carbohydrate HC dietary modification and

the interactions between these sites resulting in chronic

hyperinsulinemia and adult-onset obesity and related

complications.

An altered epigenetic programming has also been pos-
tulated as a possible mechanism for metabolic program-
ming. Epigenetic mechanisms can be triggered by changes
in the environment and can occur in both somatic and germ
cell lineage during development.103 Altered DNA methyla-
tion patterns have been reported to be caused by protein
and folate deficiency.104 Nutritional alterations early in life
may induce altered cell-specific DNA methylation patterns
causing changes in gene expression patterns in specific tis-
sues. Such altered DNA methylation patterns can be trans-
mitted to the daughter cells by replication facilitating per-
petuation of the initial alterations.

Relevance to the high prevalence of the epidemic
of obesity and the metabolic syndrome

Data from a plethora of human epidemiological studies
resulted in the concept of “metabolic programming” which
occurs as a consequence of the presence or often absence of
a factor(s) during critical windows of development result-
ing in physiological effects in target organs that persist
throughout life and cause adult-onset pathological condi-
tions. Although the possible role of genetic and epigenetic
factors in metabolic programming cannot be underesti-
mated, epidemiological data strongly implicate an impor-
tant role for environmental factors for this phenomenon.
Amongst environmental factors, maternal/fetal malnutri-
tion has been extensively investigated. Investigation of ani-
mal models such as the low protein diet, caloric restriction
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or hyperglycemia during fetal development have corr-
oborated the observations from human epidemiological
studies and underscored the importance of adequate nutri-
tion during fetal development. Studies on over- or under-
nutrition and caloric redistribution without changes in
total caloric intake (the HC rat model) in the immediate
postnatal life also demonstrate the importance of proper
nutrition during such periods for good health in adult-
hood. Collectively, the observations from different types of
nutritional experiences in either the fetal or the immediate
postnatal life as summarized above indicate that metabolic
programming of target tissues such as pancreatic islets,
hypothalamus, etc. during the period of exposure finally
culminates in the appearance of the metabolic syndrome
in adulthood with varying degrees of severity.

The precise mechanisms that prime an organism for
adult-onset diseases due to an altered nutritional experi-
ence in early periods of life are not yet clearly understood.
Such an understanding will aid in the design of treatments
to overcome the epidemic situation of the metabolic syn-
drome. It is pertinent to decipher the initial hormonal and
metabolic adaptations that occur in target tissues prior
to the manifestation of the full-blown disease and which
are essential for priming the individual for the eventual
onset of these diseases. Such mechanistic approaches are
a difficult proposition to investigate in human studies. For
this purpose the various animal models described above
are valuable tools to understand the mechanisms involved
in metabolic programming of target organs by early life
nutritional experiences, the interactions between them and
interactions with adult life risk factors (sedentary life-style,
over-eating, onset of puberty). The LP model is highly rele-
vant to the biochemical mechanisms for high prevalence of
type 2 diabetes, hypertension and cardiovascular diseases
in impoverished populations especially in the developing
countries. On the other hand, the HC rat model provides
a unique opportunity to evaluate the underlying mecha-
nisms involving adaptations in target organs and the cross-
talk occurring between them beginning from the onset
of hyperinsulinemia in the suckling period to the man-
ifestation of abnormal growth rate (adult-onset obesity)
and abnormal glucose tolerance much later in life. Results
from such animal studies will also aid in the analysis of
the consequences of altered dietary practices in human
babies, which may provide a clue to the increase in the
incidence of obesity, and other metabolic diseases specifi-
cally in the Western world. For example, in the light of the
results obtained from the HC rat model, it is tempting to
speculate that the changes in the weaning practice (for-
mula feeding combined with early introduction of infant
foods such as juices, fruits, cereals, etc.) for infants over

the past several decades, may have contributed in part to
the observed epidemic of obesity in the United States. This,
however, remains to be investigated.
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Nutrient regulation in brain development:
glucose and alternate fuels
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To maintain normal cerebral function and development, a
sufficient amount of metabolizable substrate must be sup-
plied to the brain at all times. Glucose is the primary energy
substrate for the growing fetus, newborn and adult brain
under physiologic conditions.1,2 As much as 90% of all the
energy consumed by the fetus is estimated to be derived
from glucose.3 Plasma glucose concentration of the fetus
changes with that of the mother, i.e. a linear relationship
exists between the glucose concentrations of the mother
and the fetus.4 At birth with umbilical cord clamping, the
maternal supply of oxygen and nutrients ceases abruptly,
which sets into motion the initiation of neonatal glucose
production triggered by a surge in various circulating hor-
mones. Most normal term and preterm infants are able to
mobilize glycogen, initiate gluconeogenesis, and thereby
produce glucose at 4–6 mg kg−1 min−1 in the immediate
postnatal period.5 When glucose deficiency occurs, other
organic non-glucose substrates are utilized to sustain the
normal energy balance of supply and demand. This chapter
will address normal cerebral glucose metabolism focusing
on the delivery of glucose by a family of facilitative glucose
transporters, the role of alternate substrates when glucose
availability is limited, cerebral adaptive responses to hypo-
glycemia, and finally hypoglycemia-induced brain cellular
apoptosis and/or necrosis.

Difficulties in defining hypoglycemia

Abnormalities in glucose homeostasis continue to pose
problems in the term and preterm newborn infant. The
reported incidence of hypoglycemia varies depending on

the definition of hypoglycemia and the test employed to
measure glucose concentrations. It is becoming appar-
ent that while statistical definitions of hypoglycemia have
been traditionally used at the bedside, a neurophysiolo-
gical definition that can predict an adverse developmen-
tal outcome is warranted. Sexson et al.6 reported that
8.1% of the 232 newborn infants studied had glucose val-
ues < 30 mg dL−1 (1.6 mM) and 20.6% had glucose val-
ues < 40 mg dL−1 (2.2 mM). Glucose is the predominant
metabolic fuel for the brain, thus a persistent lack of ade-
quate circulating glucose results in significant neurologi-
cal consequences.7,8 Confusion regarding when to inter-
vene in the case of neonatal hypoglycemia exists. This
stems from the entity of “asymptomatic hypoglycemia”
which may be due to hormonal depletion causing an inad-
equate counter-regulatory response or more realistically
the nonspecific nature of symptoms that are less likely
to be detected with the existent clinical acumen. What
continues to be vague is the lack of precision pertain-
ing to the level of hypoglycemia, the duration of hypo-
glycemia, and the contributory factors, that can injure the
brain. Based on many reports,9–11 transient hypoglycemia
(25–45 mg dL−1 [1.4 to 2.5 mM]) in healthy infants is not
associated directly with an abnormal neurodevelopmental
outcome. However, measurement of auditory and sensory
evoked potentials indicates that demonstrable neural dys-
function occurs with a blood glucose concentration of less
than 2.6 mM, irrespective of whether any clinical signs are
displayed.12 While the accuracy of the blood glucose con-
centration relies on the site of sampling, the handling of the
blood sample and the type of bedside testing employed,
neural dysfunction relies more on the actual glucose
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delivery and brain glucose extraction rather than on the
blood glucose concentration which forms only the tip of
an iceberg.

Normal cerebral glucose metabolism

The human brain is a highly metabolically active organ in
the body. Despite making up only 2% of the total adult body
weight, the brain represents up to 50% of the body’s resting
glucose consumption.13 The main energy-consuming pro-
cesses of the central nervous system include the biosynthe-
sis and transport of ions and neurotransmitters (glutamate,
acetylcholine and gamma-aminobutyric acid) required for
neurotransmission. Of importance is the energy required
for clearing glutamate from the brain extracellular com-
partment. Absence of energy leads to excessive glutamate
accumulation that culminates in neuronal excitotoxicity
causing cell injury and death.14

The mechanism by which glucose is transported from
the blood into the brain was elucidated in the last 20 years.
Studies in adult rats showed that the rate of unidirectional
influx of glucose into the brain is about twice the rate of
glucose utilization.15 This excess of influx over utilization
maintains brain glucose concentration at about 20% of the
plasma value, so under normal circumstances, the concen-
tration of brain glucose is far from limiting glycolysis. In
fact, the rate-limiting step in glucose utilization appears to
be the intracellular phosphorylation of glucose to glucose-
6-phosphate by the mitochondrially bound hexokinase I
and the glycolytic enzyme phosphofructokinase. The activ-
ity of these two key enzymes is increased by a lowering of
the cellular adenosine triphosphate (ATP) content. Since
processing of ATP is the basis of cellular energy extraction,
the ATP content of neurons drives the uptake of glucose. It
follows then that an increase in the rate of glycolysis and/or
hypoglycemia with lowered ATP content could bring the
rate of glucose influx close to matching the rate of cellular
metabolism. In such situations, glucose transport becomes
rate-limiting to neuronal energy extraction.14

Glucose transport

Glucose transport from blood across the endothelial cells
of the blood–brain barrier and across the plasma mem-
branes of neurons and glia is carried out by a family of struc-
turally related membrane-spanning glycoproteins called
the facilitative glucose transporters. The process of facili-
tative glucose transport is saturable and stereospecific, but
is not concentrative, energy-dependent, or influenced by

sodium.16 To date, 13 GLUT isoforms have been identified
and designated as GLUT 1–13 for the order in which they
were cloned.16 The two predominant isoforms detected in
the brain are GLUT1 and GLUT3. GLUT1 (Km = 1–2 mM)
in whole brain preparations can be resolved on sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
as two molecular mass isoforms of 45 and 55 kDa, the dif-
ference accounted for by the degree of glycosylation.17–19

The 55 kDa isoform is expressed highly in the microvas-
cular endothelium of the blood–brain barrier,19–21 while
the 45 kDa isoform has been detected in vascular-free
brain membranes,19,22 in synaptosome preparations23 and
in cultured glia.24–26 GLUT3 (Km = 0.03 to 0.08 mM), on the
other hand, is expressed primarily by neurons, particularly
in the processes that form synapses.25–27

Many investigators, using the rodent model, have out-
lined changes in levels of expression of GLUT1 and
GLUT3 during brain development.17–19 This developmen-
tal change in expression must be viewed in the context
of anatomical, biochemical, and functional changes that
are occurring in the brain as it reflects the rate of regional
cerebral glucose utilization. We know that the first barrier
to the passage of glucose into the brain is the endothe-
lial cells of the blood–brain barrier. Even though previous
thinking has suggested that this barrier is poorly devel-
oped and “leaky” in the immature brain, it is now fairly
well accepted that the rat brain endothelial cells begin bar-
rier formation by day 16 of gestation,28 and that fenestra-
tions completely disappear by the end of gestation.29 By
having a system for glucose transport, namely with GLUT1
in the microvessels of the blood–brain barrier, the brain is
able to continuously receive glucose. It has been shown that
there is no significant regional variation in the expression of
GLUT1 in the rat brain.19 Similar investigations exist in the
human brain as well demonstrating that GLUT1 is indeed
the transporter of the blood–brain barrier.30 Further GLUT
1 is asymmetrically distributed with a 3- to 4-fold higher
abundance in the abluminal (facing the brain) relative to
the luminal (facing the blood) surface of the endothelial
cells. This distribution pattern provides a glucose gradi-
ent congenial for transport from blood into the extracel-
lular compartment of the brain.31,32 A substantial portion
from this compartment is transported into glial cells that
have processes (end feet) that surround the capillaries. The
importance of the glial contribution is demonstrated by the
facts that glial cells make up about half of the brain cells
and possess a higher rate of basal glucose utilization (20
nmol mg−1 min−1) than do neurons (8 nmol mg−1 min−1).
Once glucose is taken up by astrocytes, it can be stored as
glycogen that can be converted into glucose upon stimula-
tion of the beta-adrenergic receptors and transported back
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into the extracellular compartment to be available to fuel
neuronal synapses. Thus, astrocytes have a small glycogen
store with a high turnover rate and serve as the interme-
diate local storehouse that mediates the indirect glucose
transfer from across the blood–brain barrier via the glial
cells to the neurons.14 In addition, GLUT3 mediates glu-
cose transfer from the extracellular compartment directly
into neurons.26,27

In terms of the developmental profile for GLUT3 in the
rat and mouse, before the formation of barrier properties
in the embryonic cerebral vasculature, only GLUT1 and
not GLUT3 is expressed in the germinal neuro-epithelium
which consists of proliferating progenitor cells.33 Follow-
ing the formation of the blood–brain barrier towards the
end of gestation, GLUT3 expression begins and is found
at low levels only in neurons. The regional variability of
GLUT3 levels parallel the local glucose utilization rate
with the subcortical structures of thalamus and hypotha-
lamus demonstrating higher levels during early matura-
tional stages and the cerebral cortex and hippocampus
demonstrating an increase in GLUT3 later in development,
corresponding to the period of neuronal maturation and
synaptogenesis.17,27,34 In addition, investigations targeted
at deciphering the molecular mechanisms that mediate
this developmental GLUT3 increase in the murine brain
have revealed a role for both transcriptional and post-
transcriptional mechanisms.35–37 Particularly, stimulatory
protein–3 (Sp3), cyclic AMP binding protein (CREB) and the
mouse Y box protein 1 (MSY-1) transcriptionally regulate
GLUT3 expression in neurons, thereby assigning an active
role for this protein during neuronal cell differentiation and
neurotransmission.36,37 Of note is the developmental pro-
file in which both GLUT1 and GLUT3 postnatally increase
substantially towards the adult values at the time of wean-
ing when there is an increasing proportion of carbohydrate
intake with a concomitant decrease in alternate fuels such
as ketones and when the cerebral energy demands increase
dramatically.17,35 A similar profile has been described in the
human brain.38

In addition to GLUT1 and GLUT3, other isoforms have
also been detected in brain. GLUT2 with a high Km is
expressed in the hypothalamic region of the brain and
GLUT4, the insulin-responsive isoform is observed in cor-
tical neuronal processes. More recently one of the novel
isoforms, namely GLUT8 has been detected in neuronal
cell bodies with higher concentrations during the postnatal
suckling phase when compared with the adult.39,40 Further,
GLUT8 demonstrates a predominantly intracellular distri-
bution in neurons and its functional importance during
development remains to be determined.41 This is particu-
larly evident when brain 2-deoxy-glucose uptake measure-

ments predict the developmental changes in brain GLUT3
concentrations but not that of GLUT8.17,35,40 Duffy et al.42

noted the regional cerebral glucose utilization (rCGU)43

in newborn dogs to be high in the brainstem grey mat-
ter structures which declined rostrally in the cerebral cor-
tex. Employing 18F-2-deoxy-glucose and PET scanning,
Chugani et al.44 demonstrated in newborn infants that the
CGU was highest in the sensorimotor cortex, thalamus,
midbrain-brainstem and cerebellar vermis at 5 weeks of
age. At 3 months, maximal glucose utilization had shifted
to the parietal, temporal and occipital cortices and in
the basal ganglia. Further increases in frontal and asso-
ciation cortices occurred by 8 months of age, with little
change in rCGU between 8 to 18 months, values being sim-
ilar to that of the adult.44 To date, a clinical GLUT1 defi-
ciency syndrome has been described in which a genetic
defect consisting of haplo-insufficiency (detected by FISH)
results in hypoglycorrhachia with low cerebrospinal fluid
lactate levels in the face of normoglycemia, developmen-
tal delays, incoordination and spasticity causing an abnor-
mal gait, deceleration in head growth leading to acquired
microcephaly, and seizures. These clinical manifestations
occur during infancy and a ketogenic diet ameliorates
the epileptic symptoms with no benefit to the behavioral
complications.45,46 Genomic DNA analysis in patients who
have a negative FISH has revealed heterozygous mutations
which include missense and nonsense mutations, inser-
tions, microdeletions and splice-site mutations.46 In addi-
tion to this genetic disorder, perturbations in circulating
glucose concentrations are known to alter fetal ovine brain
GLUT1 and GLUT3 concentrations,47,48 thereby providing
a compensatory response towards preserving the glucose
supply.

Alternate substrates to glucose

Despite the predominant use of glucose in cerebral oxida-
tive metabolism, situations do arise under physiologic con-
ditions in which the supply of glucose may be limited. These
situations include the immediate post-delivery period,
suckling phase and fasting. Under such conditions, the
neonatal brain utilizes alternate substrates, most notably
the ketone bodies, β-hydroxybutyrate (β-OHB) and
acetoacetate and lactic acid.

Much research concerning alternate brain fuels dur-
ing postnatal development has focused upon the afore-
mentioned ketone bodies and their relationship to glu-
cose utilization. The generally accepted concepts arising
from such research include the following: (1) although glu-
cose may not always be the primary fuel, its uninterrupted
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supply is obligatory for normal growth and function, (2)
at maximum, ketone bodies can only meet 50–60% of the
brain’s metabolic needs and (3) when taken together, glu-
cose and ketones supply better than 88% of the brain’s
energy requirements.49 As the brain is exposed to these
changing levels of circulating substrates, it must adjust its
metabolism in order to utilize the mix of fuels which is made
available. As will be discussed later, this task is accom-
plished by a unique profile of monocarboxylate trans-
porters and metabolic enzymes during development.

Although ketone bodies seem to play an important role
in normal energy metabolism, it seems unlikely however
that they do so under pathophysiological circumstances of
glucose deprivation, since multiple studies have demon-
strated the limited ability for hepatic ketone synthesis in
the neonate50,51 as well as the natural decline in blood–
brain ketone transport seen in weaned animals.1,52,53 Dur-
ing hypoglycemia, lactic acid then becomes an important
source of energy. Hernandez et al.54 showed in newborn
dogs that during insulin-induced hypoglycemia along with
a concomitant reduction in CGU, lactate was able to sup-
port 58% of cerebral oxidative metabolism. Other inves-
tigators have also demonstrated a preferential utilization
of lactate over glucose or ketones in newborn animals,
resulting in a sparing effect on glucose utilization during
hypoglycemia.49,55

Monocarboxylate transporters

The energy substrates of ketone bodies and lactate are
crucial substitutes but since they do not easily cross the
blood–brain barrier, a transport system is required for
them to reach the brain parenchyma. The monocarboxyl-
ate transporters (MCTs) serve the role of transport, with
all these substrates competing for the same carrier. The
first MCT cloned was named MCT1;56 similar transporters
from human, rat and mouse have now been cloned and
sequenced. To date, nine isoforms of MCTs (MCT1– MCT9)
have been identified in animal tissues with their levels of
expression varying in the different tissues.57,58 MCT1 and
MCT2 are expressed in the central nervous system. Each
MCT isoform is likely to have a unique pattern of expres-
sion and several isoforms are expressed in a single tissue
reflecting their different specificities to allow for the import
or export of particular monocarboxylates.58 The devel-
opmental expression of MCTs in rodents1,53,59 is oppo-
site of that seen with the GLUTs. In the neonatal period
soon after birth, the rat develops profound hypoglycemia
with the interruption of the transplacental glucose supply
(combined with low hepatic glycogenolysis and negligible

gluconeogenesis), thereafter spontaneously returning to
normoglycemia by 3–4 hours. A similar phenomenon is
seen in the human infant as well. Blood glucose falls pro-
gressively to hypoglycemic levels by 16 hours if suckling
is withheld in the rat. The concentration of blood ketone
bodies at birth is around 0.2–0.4 mM and increases ∼ 4-fold
within 24 hours.1 The ratio of β-hydroxybutyrate (OHB)
to aceto-acetate remains constant until 4 hours at a value
around 4.5 mM and then decreases to reach a value of
∼ 2 mM at 16 hours.1 As a result of the high fat and low car-
bohydrate content of maternal milk, the newborn rat essen-
tially develops a relative ketosis starting at birth and lasting
through the suckling phase. β-OHB and aceto-acetate that
rise sharply over the first 48 hours of postnatal life and stay
high during suckling are actively utilized by the immature
rat brain in proportion to their circulating concentrations.
For this reason, the efficiency of the MCT system is very high
in suckling rats and progressively decreases with weaning.

In the immature brain of the rat, ketone bodies not only
serve as energy substrates but as precursors in the biosyn-
thesis of both amino acids and lipids. They allow for sparing
of glucose which is not available in high amounts during the
suckling period and save it for preferential use by the pen-
tose phosphate pathway, providing hydrogen equivalents
which are necessary cofactors for the synthesis of myelin
lipids, a process that is particularly active in neonatal rat
brain. Ketone bodies along with glucose also act in synergy
to support membrane protein and lipid formation in the
brain. By about 15 days postnatally, the biosynthetic path-
ways of glycolysis and gluconeogenesis begin to develop
and progressively reach their full capacities at the time of
weaning. On the other hand, the activities of the enzymes
involved in ketone metabolism are highest during suckling,
and decrease after weaning to lower adult levels.

The age-pattern of lactate (and pyruvate) transport is
similar to that of ketones, but is even more pronounced
in the immature brain. Lactate is mostly consumed by the
brain through the tricarboxylic acid (TCA) cycle during
the first 2 hours after birth when this substrate is actively
cleared from the blood. Although the immature rat brain is
able to use ketones actively, the rat at birth is lacking white
adipose tissue and thus active ketogenesis cannot occur as
long as exogenous non-esterified fatty acids from mater-
nal milk are not ingested.1 Moreover, a transient inhibition
of ketogenesis caused by the lack of ketogenic precursors
or cofactors contributes to a low concentration of ketone
bodies during the pre-suckling period. Lactate therefore
has to serve as the immediate substrate before the onset
of suckling. Indeed, lactate has been shown to accumulate
in fetal rat blood during late gestation, reaching concen-
trations higher than 8 mM during the initial minutes of
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extra-uterine life.1 However, most of the accumulated lac-
tate during late gestation is used within the first 2 hours
and the later evolution of lactate oxidation by the suckling
brain is less clear. Experimental evidence in vitro however
supports neuronal use of lactate via the monocarboxylate
carrier, regardless of whether lactate arises from the periph-
ery (bloodstream) or from neighboring astrocytes.60

Correlating with the fluxes of these various alternate sub-
strates in brain, the 17-day-old suckling rat pups were noted
to have 25 times more MCT1 labeling in the membranes of
capillary endothelial cells than the adults.59 This isoform
was also shown to be equally distributed in luminal and
abluminal surfaces of the endothelial cells with little MCT1
in the cytoplasm. This suggests that MCT1 up-regulation
would most likely involve mechanisms such as enhanced
transcription and/or translation rather than recruitment
from cytoplasm stores as proposed for GLUT1.31 Of interest
is that the suckling rats had 19 times higher MCT1 concen-
trations in membranes associated with astrocytic end feet
adjacent to the microvessels, the significance of which will
be addressed later in this chapter. Similar developmental
observations were established in the neonatal and adult
murine brain,53 but in addition, a detailed characteriza-
tion of the regional expression of both MCT1 and MCT2
demonstrated that MCTs are particularly abundant in the
cerebral cortex, hippocampus and cerebellum. Addition-
ally, cellular expression patterns differ with MCT1 observed
in astrocytes and MCT2 in neurons.61

Metabolic coupling

The concept of metabolic coupling between neurons and
glia, particularly astrocytes, is aimed at maintaining cere-
bral metabolic homeostasis (Figure 8.1). This concept
emerged when it was first noticed that the specialized astro-
cytic processes, the end-feet, are interposed between vir-
tually all brain capillaries and neuronal processes. In this
configuration, astrocytes are ideally positioned to provide
coupling between neuronal activity and glucose uptake.
The sequence of events occurs as follows: (1) at glutamater-
gic synapses, glutamate release depolarizes postsynaptic
neurons by acting on its receptors; (2) the action of gluta-
mate is subsequently terminated by an efficient glutamate-
uptake system located primarily in astrocytes; (3) gluta-
mate uptake causes Na+ co-transport into astrocytes, caus-
ing an activation of the Na+ /K+ -ATPase; (4) activation of
this ATPase stimulates glycolysis with the production of
lactate as the end-product; (5) lactate, once released by
astrocytes into extracellular space, is taken up by presy-
naptic or postsynaptic neurons and serves as an energy
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Figure 8.1. Metabolic coupling concept.

substrate.62,63 Further evidence supporting this metabolic
coupling comes from the notion that cell-specific distri-
bution of lactate dehydrogenase (LDH) isoforms exists.
LDH5, which is present in cells/tissues that produce lac-
tate glycolytically, is localized predominantly to astro-
cytes, whereas LDH1, which is enriched in cells/tissues
that use lactate as a substrate, is distributed mainly in
neurons.62 These observations taken together provide a cel-
lular and molecular basis for the functional brain imaging
results that show increased lactate signal after physiologic
stimulation.64,65

Metabolic enzymes

The ultimate utilization of all substrates for energy lies in
the development of competent enzyme systems of glycoly-
sis and ketone body metabolism. In the case of aerobic gly-
colysis, the activities of most of these enzymes rise rapidly
during the suckling period in the rat and reach adult activ-
ities shortly after weaning at 21–22 days postnatal age.52

Included in this adaptation is the induction of the develop-
ment of adult brain isoforms of both lactate dehydrogenase
(M → H isoform) and pyruvate kinase (H → M isoform)
enzymes. By contrast, the ketone body metabolic enzymes
rise to a maximum during the suckling period and then
decline to less than half of their maximal activity in the
post-weaning period, reflective of the change to a high car-
bohydrate diet. Fatty acid oxidative enzymes, although rel-
atively low in activity at the beginning, show an increase
in activity with a profile similar to that of the aerobic gly-
colytic enzymes.52 A key enzyme that marks the advent of
neurological competence associated with the capability for
complete dependence on and oxidation of glucose is the
pyruvate dehydrogenase complex (PDHC), which acts as a
major link between glycolysis and the TCA cycle. Marked
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increases of PDHC activity occur postnatally during the
suckling period in the rat with the regulation modulated
at the translational or post-translational level.

One other important function of astrocytes that was
mentioned previously is their capacity for glycogen stor-
age and mobilization. In comparison to liver or muscle
brain contains only low concentrations of glycogen. The
ratio of glycogen content in liver, muscle and brain is esti-
mated to be 100 :10 : 1.66 If the supply of glucose to the
brain is interrupted, glycogen can support the activity of
the brain only for 3 minutes.67 Nonetheless, glycogen (and
the main glycogenolytic enzyme, glycogen phosphorylase)
found predominantly in astrocytes is the largest energy
reserve available in the central nervous system.68 Glyco-
gen recycling is known to be highly regulated by neurohor-
mones such that some promote glycogen breakdown while
others enhance glycogen accumulation. Studies primar-
ily in cell culture models68,69 have characterized the role
of glycogen in astrocytes during glucose deprivation and
noted that glycogen is mobilized in the form of extracellu-
lar lactate during glucose deficiency to support the func-
tion of neighboring cells (i.e. neurons).68 Astroglial cells
express hexokinase (HK) and glucose-6-phosphatase with
dramatically different Km values for glucose of 40 µM and
9 mM respectively. Therefore, a glucose molecule generated
by hydrolysis of glucose-6-phosphate (G-6-P) undergoes
an almost inevitable rapid phosphorylation by HK, render-
ing it difficult to leave the astrocyte. In addition, the accu-
mulation of glycogen in astrocytes augmented by insulin
and methionine sulfoximine reduces neuronal damage
following several hours of exposure to medium lacking
glucose.69 The protective effect in part may be explained by
glycogen’s ability to fuel astrocyte’s reuptake of glutamate
and aspartate released during glucose deprivation as well
as to preserve astrocyte membrane pumps to help keep
local K+ concentration down, thereby reducing neuronal
excitability.

In summary, brain energy homeostasis depends on three
main variables: (1) substrate availability to the brain by the
circulatory serum concentrations; (2) substrate availability
to the brain via the transport systems across the blood–
brain barrier and into the brain parenchymal cells; and
(3) the activation of enzyme systems responsible for the
metabolism of these energy substrates.

Physiological and biochemical responses
to hypoglycemia

Before delving into the scientific data regarding the phys-
iological and biochemical responses to hypoglycemia in

the brain, it is pertinent to discuss the whole body’s mech-
anisms of glucose counter-regulation first in the face of
hypoglycemia since many gluco-regulatory mechanisms
are in place to prevent the development of neuroglyco-
penia. The principles of glucose homeostasis include: (1)
the prevention of hypoglycemia as a result of both insulin
dissipation and counter-regulatory hormonal activation;
(2) insulin is the dominant glucose-lowering agent,
whereas numerous counter-regulators exist; and (3) a hier-
archy of counter-regulatory mechanisms is evident.

The current understanding of glucose regulation in
humans was first defined in a model of short-term hypo-
glycemia produced by rapid intravenous injection of
insulin.70,71 At first injection, insulin suppresses hepatic
glucose production and stimulates glucose utilization by
insulin-sensitive tissues. As a result, plasma glucose lev-
els decrease. Soon, glucose utilization rate falls to baseline,
and glucose production is seen to rise sharply above basal
rate and above the glucose utilization rate. Thus, recovery
from acute hypoglycemia is a direct result of a regulated
increase in glucose production itself. During prolonged
hypoglycemia, however, glucose utilization actually falls
below that of baseline while glucose production continues.
Hepatic glycogenolysis accounts for ∼ 85% of glucose pro-
duction over the first 3–4 hours. After ∼ 2 hours, gluconeo-
genesis begins to participate as well and accounts for∼85%
of hepatic glucose production later during hypoglycemia.
Under normal physiological conditions in the adult, the
threshold for the suppression of insulin secretion takes
place at 83 ± 3 mg dL−1 (4.6 ± 0.2 mM).72. The glycemic
thresholds for glucagon and epinephrine release are actu-
ally similar to the plasma glucose level at which brain glu-
cose and oxygen uptake are first measurably decreased as
hypoglycemia occurs (∼ 3.7 mM). For symptoms to occur,
Mitrakou et al.73 determined the threshold to be 58 ± 2 mg
dL−1 (3.2 ± 0.1 mM) for autonomic/neurogenic symptoms
and 51 ± 3 mg dL−1 (2.8 ± 0.2 mM) for neuroglycopenic
symptoms. Cognitive function is affected at 49 ± 2 mg dL−1

(2.7 ± 0.1 mM). Hence, the normal sequence of events in
response to declining glucose concentrations in humans is
(1) decreased insulin secretion; (2) increased glucagon and
epinephrine (and to a lesser degree, growth hormone and
cortisol) release; (3) symptoms; and (4) cognitive dysfunc-
tion. A further decrease in plasma glucose concentration
will result in seizures, coma and ultimately death. These
thresholds have been defined for the adult; whether simi-
lar thresholds exist for the newborn is less clear, although it
appears that such thresholds would be lower in the imma-
ture animal when compared with the adult due to efficient
alternate substrate utilization. It is also known that there are
distinct differences between the newborn and adult with
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respect to the effect of insulin on hepatic glucose produc-
tion and the role of counter-regulation.

The close-knit relationship of the brain and body in
maintaining normal energy homeostasis (by balancing
energy intake, expenditure and storage) must rely upon
specialized metabolic sensor neurons to integrate afferent
neural and metabolic signals. Two types of glucosensing
neurons exist: glucose excited (GE) neurons increase their
firing rate as brain glucose levels rise and glucose inhib-
ited (GI) neurons decrease their firing rate as glucose lev-
els rise.74 Populations of GE and GI neurons are located
in a variety of brain regions. The two best-studied areas
include the hypothalamus and caudal brainstem, which
receive a multitude of convergent signals from internal
and external environments. Glucosensing neurons are pri-
marily located in the hypothalamic ventromedial, arcu-
ate (ARC), paraventricular, and suprachiasmatic nuclei and
the lateral hypothalamus.75 ARC neuropeptide Y (NPY) and
pro-opiomelanocortin (POMC) neurons are prototypes of
neurons which respond to both glucose and a variety of
other metabolic signals from the central and peripheral
nervous systems.76 The mechanism of action for GE neu-
rons relies upon an intact ATP-sensitive K+ (KATP) channel.
The KATP channel responds to the intracellular ATP/ADP
ratio and is inactivated by direct binding to ATP (i.e. when
glucose concentration is sufficient to maintain ATP pro-
duction), which leads to K+ accumulation and depolariza-
tion, followed by Ca2+ influx through a voltage-depending
Ca2+ channel, thus leading to increased firing of cell bod-
ies and increased neurotransmitter release at the nerve
terminals.77–79 Little is known however about the glucose
sensing mechanism of GI neurons.

The physiological compensation associated with hypo-
glycemia has been elucidated in the newborn dog,54,80,81

an animal model in which the neurological development
is similar to that of the human infant at birth and is of
a size adequate not only for monitoring systemic physi-
ological function but also for preserving optimally labile
metabolites in brain prior to and during hypoglycemia.
The mean glucose in the normoglycemic group was 9.79 ±
2.58 mM, while that of the hypoglycemic group was
0.70 ± 0.03 mM, and the severe hypoglycemic group was
0.32 ± 0.10 mM. The results noted significant decreases
in both arterial pH and pCO2 in the hypoglycemic groups,
the decline in pH was associated with elevations in mean
arterial lactate concentration by 250% above the normo-
glycemic control, while the decrease in pCO2 was attributed
to the change in ventilatory support to correct for the
metabolic acidosis. A 49% rise in cerebral lactate concentra-
tion was observed in the severe hypoglycemic group when
compared to the normoglycemic group. The degrees of

hypoglycemia obtained in this study demonstrated signifi-
cant hypotensive effects, with the mean arterial blood pres-
sure decreasing to 52% of the controls in the severe hypo-
glycemic group. Interestingly, cerebral blood flow (CBF)
and CMRO2 did not change significantly with hypoglycemia
despite the hypotension. In adult animals and in man,
major neurological and cerebral metabolic disturbances
would have occurred at the blood glucose concentrations
achieved here, but in immature animals, cerebral autoregu-
lation remained intact to support its metabolism. It is note-
worthy to point out that the cerebral utilization of lactate
did increase 10–12-fold in the experimental groups, but the
utilization of µ-OHB did not change, reinforcing our prior
discussion that the newborn brain shows tremendous ver-
satility in the use of lactate which may contribute to the tol-
erance of the immature nervous system to the known dele-
terious effects of comparable degrees of hypoglycemia in
adults.54

A separate investigation81 extended the above obser-
vations by measuring regional CBF and regional CGU in
newborn dogs during normoglycemia and insulin-induced
hypoglycemia approximating 1 mM concentration. Blood
flows to 16 brain structures were determined. In control ani-
mals, a hierarchy of CBF values was evident, with the pons
and medulla exhibiting the highest flows, cerebral and cere-
bellar gray matter structures showing intermediate flows,
and subcortical white matter having the lowest flow. Sig-
nificant increases in all brain regions with hypoglycemia
were measured, with the brainstem and diencephalon hav-
ing the greatest flow, followed by cerebellum, cerebral cor-
tex and hippocampus, and lastly subcortical white mat-
ter. Regional CGU showed a variable pattern, the rate was
higher in hindbrain structures (brainstem and cerebellum)
than forebrain structures (cerebral gray matter, subcorti-
cal white matter and diencephalon) in controls. In hypo-
glycemic animals, CGU was relatively unchanged in 11 of
16 structures. Only in occipital white matter and cerebel-
lum was glucose utilization lower than corresponding con-
trols. CGU was increased on the other hand in the pons
and medulla. Thus, according to this study, hypoglycemia
of 1 mM is noted with essentially a global increase in peri-
natal CBF, a concept that is established in mature animals
including humans in which major metabolic stresses (such
as hypoxia, hypercapnic acidosis and seizures) produce
vasodilatation and a subsequent increase in CBF. In stark
contrast to in-vivo investigations, in-vitro studies using cul-
tured isolated neuronal cells demonstrate that glucose defi-
ciency activates A1 adenosine receptors leading to neu-
ronal adenosine release with changes in intracellular cal-
cium concentrations which in turn induce pro-apoptotic
enzymes leading to neuronal injury.82 Thus mechanism(s)



98 C. Fung and S. U. Devaskar

beyond the neurons appear to play a role in adapting and
protecting these cells against hypoglycemic injury.

Another experimental study using the insulin-induced
hypoglycemic newborn dog model examined the cerebral
metabolic responses to hypoglycemia by the direct analy-
sis of glycolytic intermediates and high-energy phosphate
reserves in brain and blood.80 Results showed that the
decline in blood glucose from the mildly hypoglycemic
group (1.0–1.5 mM) to the severe hypoglycemic group
(< 0.5 mM) was associated with a greater decrease in brain
glucose content such that brain/blood glucose ratios fell
to very low levels. Further, glycolytic intermediates were
not adversely affected by hypoglycemia when blood glu-
cose concentrations remained above 1.0 mM, but partial
depletion of all measured metabolites of glycolysis from
G-6-P to lactate were seen below 1.0 mM. The reduction
in G-6-P was proportionately greater than any of the other
intermediates. With regard to cerebral high-energy phos-
phate compounds, these were relatively well preserved at
all degrees of hypoglycemia. Taken together, these obser-
vations suggest reduced cerebral glucose consumption via
the glycolytic pathway in the face of critical hypoglycemia,
and given the lower energy requirements of the immature
brain and its enhanced ability to use alternate substrates
such as lactate for oxidative fuel, the energy status of the
brain is sustained.

Switching focus from these acute hypoglycemic experi-
ments, it seems pertinent to examine briefly the effects of
repeated hypoglycemia on brain function. What is known
with repeated hypoglycemia is that the glucose threshold
at which the brain detects hypoglycemia and triggers neu-
rohumoral responses is shifted downward in nondiabetic
and diabetic individuals.83,84 The glucose-sensing neurons
are believed to adapt to repeated hypoglycemia, by a pro-
cess of “synaptic adaptation.” A series of in vitro studies to
analyze synaptic function during repeated hypoglycemia in
guinea pig hippocampal slices were carried out by Sakurai
et al.85 Using 14–28-day-old guinea pig hippocampal slices,
metabolic substrates that fuel synaptic function and synap-
tic activity using electrophysiological techniques were esti-
mated in response to repeated glucose deprivation (1.0
and 0.5 mM). In addition, the effect of lactate and pyru-
vate in the presence of glucose deficiency were tested. The
extracellular recordings of the field postsynaptic popula-
tion spike (PS) in the granule cell layer of the hippocam-
pal dentate gyrus with 2 mM sodium chloride glass elec-
trodes were assessed. Decreasing glucose concentrations
produced slowly developing decreases in synaptic response
(76.6 ± 4.2% and 50.3 ± 5.0% of control for 1.0 mM and
0.5 mM of glucose respectively). Upon complete removal
of glucose, a complete elimination of the PS was achieved

within 30 minutes. When the standard medium (10 mM)
was re-supplemented after 30 minutes of hypoglycemia,
the recovery of the PS amplitude rose to 129.0 ± 5.9% of
the control. Once glucose depletion recurred after stabil-
ization, the PS amplitude was inhibited over a period of
80–90 minutes. In addition, exogenous lactate and pyruvate
(10 mM) under control conditions did not sustain synap-
tic transmission but in hippocampal sections recovered
from transient hypoglycemia, led to maintenance of synap-
tic activity. Thus monocarboxylates are able to sustain
synaptic function during repeated hypoglycemia, reinfor-
cing the concept of metabolic coupling between astrocytes
and neurons. Despite studies such as this one86,87 which
explore the neural basis of synaptic adaptation, the rela-
tionship between the possible contribution of the hypo-
glycemic “synaptic adaptation” and the molecular mech-
anisms underlying the activation of the astrocyte-neuron
monocarboxylate shuttle (metabolic coupling) in response
to recurrent hypoglycemia remains to be elucidated. Fur-
ther, these studies should not be misinterpreted to sug-
gest that hypoglycemia, acute or chronic, will not impair
brain function in the immature animal/human. Instead
hypoglycemia causes multiple adaptations geared towards
preservation of neuronal function. These adaptations pro-
tect within reason but are overcome easily by the severity of
glucose deprivation, the length and repetition of episodes
and the concomitant lack of adequate alternate substrates.

Neuronal apoptosis and/or necrosis when
adaptive mechanisms fail

The body employs multiple mechanisms to compensate for
nutrient deficiencies. Given that glucose plays such a criti-
cal role in cerebral metabolism, any sustained fall in blood
glucose concentration will inevitably lead to a fall in brain
metabolism and function, eventually becoming clinically
evident as cognitive dysfunction, coma or even permanent
brain injury and death. Current research has brought new
insight into the intracellular cascade of events leading to
brain injury associated with hypoglycemia. Depending on
the conditions, the same triggering factors culminating in
glucose deficiency can lead to either neuronal apoptosis
and/or necrosis. The important concept emerging from all
these studies is that the intensity and duration of the insult
determines the ultimate fate of brain cells. Mild insults
seem to yield apoptosis and severe ones necrosis, but sig-
nificant overlap occurs in this continuum of cell death.

Apoptosis is an active, energy-dependent, programmed
pathway, which accounts for the majority of physiolo-
gical cell death. In contrast, necrosis typically involves
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an acute insult to the cell and does not require energy
for its occurrence.88 Morphologically, necrotic cells and
their organelles are characteristically swollen. Early mem-
brane damage occurs with eventual loss of plasma mem-
brane integrity and leakage of cytosol into the extracellu-
lar space. Despite early clumping, the nuclear chromatin
undergoes karyolysis. Because large groups of cells are
involved and cellular content lost early into the extracel-
lular space, necrotic tissues evoke vigorous inflammatory
responses. On the other hand, apoptotic cells are shrunken
and develop blebs containing dense cytoplasm. Membrane
integrity is not lost until late, after cell death. Nuclear chro-
matin undergoes striking condensation and fragmentation
leading to the formation of the 180 bp DNA ladder. The cyto-
plasm becomes divided to form apoptotic bodies contain-
ing organelles and/or nuclear debris. Terminally, apoptotic
cells and fragments are engulfed by phagocytes, leading to
little or no inflammation.88 Despite this distinct morpho-
logical classification of apoptosis and necrosis, a blend of
these processes is often seen in dying cells due to the vari-
able expression of overlapping apoptotic and necrotic cells
and the superimposition of secondary necrosis upon apop-
tosis.

A key component of apoptosis is the activation of a fam-
ily of proteases named the caspases. These are cysteine
proteases that bear a specificity to cleave after aspartic
acid residues of their substrates.88 Caspases share similar
homology and generally are synthesized as inactive zymo-
gens. Activation of caspases involves proteolytic cleavage
between domains resulting in the removal of a pro-domain
and a linker region, and the assembly of large and small
subunits into active tetrameric complexes. A hierarchy of
caspases exists with upstream initiator caspases capable of
processing themselves as well as other downstream effec-
tor caspases to generate active enzymes. In cells under-
going apoptosis, caspases target two important groups of
protein substrates: (1) regulatory proteins and (2) struc-
tural and “housekeeping” proteins. Cleavage of regulatory
proteins reinforces apoptotic activation, whereas break-
down of structural proteins results in cellular disintegra-
tion. Examples of target regulatory proteins include DNA
fragmentation factor (DFF-45), Bcl-2 and several impor-
tant protein kinases. The latter group includes cytoskele-
tal proteins of actin and keratins, and nuclear proteins
such as poly(ADP)-ribosylating protein (PARP), topoiso-
merases I and II, and U1-70 kDa subunit of small nuclear
ribonucleoprotein.88

It has been shown in different cell types that the
transport and metabolism of glucose are able to mod-
ify the apoptotic pathway. Three cell death paradigms
linking a decrease in glucose transport to apoptosis

have recently been reviewed.89 These paradigms include:
(1) glucose deprivation-induced ATP depletion and stim-
ulation of the mitochondrial death pathway cascade;
(2) glucose deprivation-induced oxidative stress and trig-
gering of Bax-associated events including c-jun N-terminal
kinase/mitogen activated protein kinases (JNK/MAPK)
signaling; and (3) hypoglycemia-regulated expression of
hypoxia-inducible factor-1α (HIF-1α), causing a stabiliza-
tion of p53 leading to an increase in p53-associated apop-
tosis. In brief, the first paradigm shows that decreased glu-
cose uptake by cells can result in ATP depletion, which in
turn triggers the mitochondrial death cascade involving the
translocation of the pro-apoptotic protein, Bax, from the
cytosol to the outer membrane of the mitochondria. This
results in a loss of the mitochondrial membrane potential,
followed by a release of cytochrome c (cyt c) into the cyto-
plasm, and subsequent activation of caspases which medi-
ate PARP cleavage, DNA laddering and fragmentation.

The second paradigm relates to damage due to the
endogenous production of reactive oxygen species (ROS)
by the mitochondria causing an oxidative stress to the cell.
Under normal conditions, a cell has developed systems for
detecting and scavenging ROS. In glucose-deprived envi-
ronments, an accumulation of pro-oxidants (superoxide
and hydrogen peroxide) is seen as a result of the metabolic
shift to oxidative phosphorylation. For example, during
neurogenesis, multiple neurons generated by cell division
from neuroblasts die while the rest of the neurons make
functional connections with their targets. Neuronal sur-
vival is dependent upon trophic factors, nerve growth fac-
tor (NGF) being the preferred candidate. Using primary cul-
tures from sympathetic superior cervical ganglion neurons,
Deckwerth et al.90 found that ROS increase within the first
6 hours of NGF withdrawal, coinciding with a concomi-
tant decrease in 2-DG transport. This metabolic event took
place 24 hours before a decline in cell viability, evidence
of soma degeneration, or DNA fragmentation was evi-
dent. This experiment suggests that an altered redox state
became the trigger for the downstream apoptotic cascade.
Other cell systems used for this investigation extended the
findings further by showing that oxidative stress triggered
the activation of Lyn kinase (Lyn; a member of the src family
of tyrosine kinases), JNK/MAPK signal transduction path-
way, and eventually leading to the transcription of AP-1
dependent target genes.91,92 Increased Bax expression led
to the completion of the apoptotic cascade including c-fos
induction, caspase activation and PARP cleavage.

The last paradigm of apoptosis stemmed from the obser-
vation that hypoxia and/or hypoglycemia activated the
expression of HIF-1α in affected cells in order to restore
homeostasis by inducing glycolysis, erythropoiesis and
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angiogenesis. HIF-1α is found to associate directly with and
stabilize p53, causing the upregulation of Bax transcription
and subsequent apoptosis.

Our discussion up to this point has proposed that
under hypoglycemia and other stresses (such as hypoxia-
ischemia), cell death occurs by either apoptosis and/or
necrosis. A study by Ouyang et al.93 in rats undergoing
hypoglycemic coma by insulin injection was carried out
to address this particular question. They knew that hypo-
glycemia coma induced a characteristic distribution of the
neuronal damage. It yields necrotic damage to neocortex
layers 2–3, to hippocampal areas of the subiculum section
of CA1, the tip of the dentate gyrus, and to the dorsolat-
eral crescent of the caudoputamen.94 The first question
addressed was whether cyt c was released and caspase-
3 was activated in the described regions in hypoglycemic
rats. If these phenomena were true, the expressions of
Bcl-xL (anti-apoptotic) and Bax (pro-apoptotic) would also
be altered. The results demonstrated that although hypo-
glycemic coma led to cell death with morphological char-
acteristics of necrosis, an apoptotic pathway seemed to be
triggered as well. The time course of early expression of Bax
(within 30 minutes of coma), release of cyt c (at 3 hours of
recovery) and activation of caspase-3 (at 6 hours of recov-
ery) in hypoglycemic rat brain suggests that translocation
of Bax to the mitochondria triggered the release of cyt c,
activating caspases and resulting in apoptotic cell death.

Conclusions

This review of cerebral metabolism in brain development is
by no means exhaustive given the ongoing experiments in
various laboratories. However, the importance of glucose
as an obligate substrate for the developing brain is clear.
When this crucial substrate is low in supply, physiologi-
cal and biochemical pathways must respond to compen-
sate. Organic substrates other than glucose are capable of at
least partially supporting cerebral metabolism during peri-
ods of starvation, suckling and hypoglycemia. It must be
emphasized however that all cerebral energy fuels, except
glucose, require oxygen for their consumption to produce
energy equivalents. Only glucose is able to sustain energy
homeostasis under conditions of a total oxygen debt, owing
to its capacity for consumption via anaerobic glycolysis
with the production of lactic acid and ATP. It follows then if
hypoglycemia was superimposed with hypoxia-ischemia,
the end-result could certainly be even more devastating.
The combined effects of this situation are beyond the scope
of this chapter but one must be aware that hypoglycemia

and hypoxia resulting from asphyxia are often intertwined
in the clinical setting.
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Water and electrolyte balance in newborn infants
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Water spaces – life processes

Up to 80% of body weight is water in neonates near term,1

and even more may be water in premature babies (90%).
Cell membranes separate intracellular water (ICW) and
extracellular water (ECW) spaces. The ECW is separated
further into plasma water and interstitial water across vas-
cular endothelium. The ECW maintains ICW solute con-
centrations and cell nutrition. The ECW content is regu-
lated physiologically by the heart and the kidneys, and is
controlled by several hormone systems.

As shown in Figure 9.1,2 water coming into the ECW car-
ries mineral solutes, carbohydrates, fats and proteins.3–6

Cellular wastes exiting the ECW with water and solutes
constitute carbon dioxide (respiratory), urea and fixed
acids (renal) and heat dissipation (integument). Also,
some water is lost in stool, and a small amount is
gained from substrate oxidation. Growth in the new-
born also requires water, substrates and solutes for cell
proliferation and differentiation. In this chapter, regula-
tion of the cell’s ICW, and the interfacing role of the
ECW compartment in neonatal water metabolism will be
discussed.

Inside the cell membrane – osmotic pressure

Water moves from higher to lower solute concentrations
across the cell’s membrane. In physiologic solutions, solute
concentration is expressed in milliosmoles (mOsm) per
kg of water. The movement of water across semiperme-
able membranes in response to small gradient changes

regulates cell volume. Vant Hoff measured physiological
osmotic pressure in living cells – determining one millios-
mole per liter of water exerts 19.3 mmHg pressure.7 Normal
osmolality of the ECW and ICW pools is 270–300 mOsm;
therefore, the osmotic pressure in each compartment is
5500 mmHg. If a cell were suddenly injected into pure water,
a force equal to 5500 mmHg would drive water into the cell
resulting in immediate cell lysis. So, preservation of physi-
ologic osmolality is essential to water metabolism and life
processes described in Figure 9.1.

Regulation of cell volume

The solutes found in the ICW comprise anionic proteins
and organic phosphates, and balancing cations (predom-
inantly calcium and potassium).8 The cell membrane is
impermeable to organic phosphates and the proteins, pro-
ducing osmotic and electrochemical forces moving water
into the cell. However, a membrane Na+/K+ ATPase pump
maintains constant cell volume by balancing these forces,
resulting in the distribution of potassium within the cell,
and sodium outside the cell in the ECW. Energy stored
across concentration differences for sodium and potas-
sium between the ICW and the ECW also drives cellular
work.

The volume of ICW is also regulated by produc-
tion/degradation of intracellular organic osmolytes (poly-
ols – sorbitol and myoinositol; amino acids – taurine, ala-
nine and proline; and methyl amines – betaine, glyceryle
and phosphoryl choline). Body solute distribution is differ-
ent in fetal life, and water and solute redistribution occurs
during transition to extrauterine existence.1,9,10
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Cell
metabolism

Extracellular
water (ECW)

• Oxygen
+

• Carbon fuels

• Nitrogen
substrates

Inputs: Products:

• Energy (ATP)
• New cell growth
• Metabolic water

• Heat (skin)
• CO2 (lungs)
• Solutes, urea and 

acids (kidneys)

Wastes:

Water
carrier

Water
carrier

Water balance:

A.  Intake with fuels C.  Waste obligated water
vs.

B.  Metabolic water D.  New cell growth

If ( A + B ) − (C + D ) = 0, then ECW expands or contracts

+− ECW∆

Figure 9.1. Summary of water metabolism. Adapted with

permission.2

Outside the cell – the interstitial and plasma
compartments of the ECW

The movement of water with nutrients, from the plasma
compartment into the interstitial fluid is governed by the
capillary endothelium. Two forces that drive fluids across
this ECW exchange are hydrostatic pressure generated by
the myocardium, and oncotic pressure resulting from pro-
teins in the plasma.11

Oncotic pressure

Osmolality of body fluids is affected profoundly by large
plasma proteins (colloids, e.g. fibrinogen and albumin)
that do not cross semipermeable membranes. These pro-
teins nevertheless exert an osmotic force and an electrical
(anionic) force across the endothelial membrane. These
osmotic and electrical forces cause an unequal distribution
of smaller diffusible ions (crystalloids) between body com-
partments (e.g. Na+, K+, Cl−). Governing this distribution
is the Gibbs–Donnan Equilibrium.13 Crystalloid cations
(along with plasma protein anions) augment osmotic pres-
sure in the plasma compartment. The total increase in pres-
sure is called oncotic pressure. Plasma oncotic pressure
in term neonates is only about 15–17 mmHg, compared
with 25–28 mm Hg in adults due to lower plasma protein
concentrations.14,15

Starling’s equilibrium – hydrostatic and oncotic balance

Water movement across the capillary endothelium was first
articulated by Starling16 with the following equation: JV =
KF [(PC − PT) − δ(πP − πT)], where JV is the net flow across

the capillary endothelium, KF is a water permeability co-
efficient characteristic of each capillary membrane bed, PC

and PT represent capillary and tissue (interstitial) hydro-
static pressures, δ is Stavermann’s oncotic coefficient, and
πP and πT represent plasma and tissue oncotic pressures.

Fluid movement from the plasma depends on capillary
water permeability (KF), and the difference between hydro-
static and oncotic pressures into or out of the capillary.11,17

Water and solute leave the plasma at the arterial side of
the capillary, and re-enter the plasma at the venous end as
hydrostatic pressure falls across the capillary bed’s resis-
tance. Remaining interstitial fluid returns to the circula-
tion via lymphatic flow driven by high lymphatic oncotic
pressure. Capillaries impermeable to oncotic proteins (δ
near 1) enhance oncotic pressure and thus maintain a more
constant tissue volume (e.g. brain), while capillaries “leak-
ing” oncotic proteins, e.g. liver sinusoids (low δ),18,19 tend
to change volume as changes in hydrostatic force move
water from the interstitium. Edema formation in injured
tissues is favored by capillary-interstitial and protein leak.20

Lymphatic flow also influences edema formation, hence
swelling occurs with immobility and lymphatic obstruc-
tion in tissue injury.

Regulation of ECW in the extrauterine
environment

Regulation of ECW in the extrauterine environment
requires basic cardiac and renal controls to maintain both
the circulation (determined by cardiac output), and to keep
ECW osmolality at ∼ 280 mOsm kg−1 (in particular, serum
sodium concentration).21 The heart, the kidneys and the
gastrointestinal tract (water intake stimulated by thirst and
spontaneous feeding) accomplish these goals. In critically
ill premature neonates, thirst and feeding are not regulated
spontaneously, and intake is determined solely by the clin-
ician. Therefore, a decrease in ECW volume (e.g. with dehy-
dration), relative to a low fluid intake, results in lower circu-
lating blood volume, that in turn results in reduced cardiac
output. The kidney sees reduced perfusion pressure, and
(glomerular filtration rate – GFR) urine volume diminishes
to conserve ECW volume.

If the fluid loss is hypotonic (e.g. with increased trans-
cutaneous water evaporation), then free water should be
preferentially conserved by the kidney, and excess sodium
preferentially excreted. Therefore, these cardiac and pri-
marily the renal responses must be modified additionally
by sympathetic catecholamines, the renin-angiotensin-
aldosterone system (RAAS), arginine vasopressin (AVP),
atrial natriuretic peptide (ANP), prostaglandins and
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numerous kinens. Conversely, if ECW volume is increased
(e.g. with clinician-determined intake), then these cardiac
and renal mechanisms (modulated appropriately) should
compensate with increases in cardiac output and urine
formation.21–24

Cardiac delivery of blood flow to the neonatal kid-
ney improves with fetal and postnatal development, and
adjusts acutely with the circulatory transition from intra-
to extrauterine life (resulting in a physiologic diuresis dur-
ing the first 2–3 days of life normally). Blood pressure in the
fetus increases gradually as gestation progresses, and con-
tinues to increase after birth during the first several weeks.
Renal blood flow parallels blood pressure as renal vascular
resistance drops.25,26 Recent estimates suggest that neona-
tal kidneys receive 2% of cardiac output at term, 8.8% by 5
months and 9.6% by a year.27 Although not as robust as with
older children (the adult fraction is estimated at approxi-
mately 15%), within a narrow range of relatively high fluid
intakes necessary for nutrition and growth, the neonate’s
cardiac output and renal response regulates ECW volume
and osmolality well.

Nevertheless, term and preterm infants may exhibit
blunted cardiac and renal responses to acute, severe vol-
ume loading or dehydration of the ECW space when com-
pared with older children and adults.28 Moreover, car-
diorespiratory failure frequently attendant in critically ill,
premature neonates causes further disruption of ECW vol-
ume control outside of normal regulatory capacity.

The neonatal kidney

Development of glomerular filtration

The nephrons in the fetal kidney proliferate from the jux-
tamedullary parenchyma until ∼ 34–36 weeks’ gestation
approaching the adult number.29 As a result, renal blood
flow is diminished much before 34 weeks.27 Immature
glomeruli are small with less surface area for filtration.30

Therefore, renal vascular resistance is high, also restricting
renal blood flow, contributing to a lower glomerular filtra-
tion rate.

At birth, blood pressure increases in the first hours
and days of life, and renal vascular resistance falls.25,26

Glomerular filtration rate rises through the first week of life
with birth after 34 weeks.31–34 Thereafter, the glomerulus
matures further, generating a larger cortical nephron popu-
lation. In premature infants < 34 weeks, however, glomeru-
lar function remains restricted with fewer and smaller jux-
tamedullary nephrons.29,31,32 The result is a relative intol-
erance to water and salt loads from the ECW due to dimin-
ished glomerular filtration in prematures.

Proximal tubular development

Most ion transport mechanisms in the developing kid-
ney are regulated through Na+/K+ ATP-ase activity in the
proximal tubular cell wall.27,35 Natriuresis and free water
diuresis are controlled by Na+/K+ ATP-ase reclamation in
the proximal tubule of ≥ 80% of the filtered sodium load.
Humoral factors may affect proximal tubular sodium bal-
ance. Tubular regulatory function increases with produc-
tion of Na+/K+ ATP-ase activity.36 Glucocorticoids enhance
Na+/K+ ATP-ase activity in the lung and kidney both
around the time of parturition in animal models, enhancing
conservation of sodium.37 Indomethacin inhibits sodium
and water excretion, resulting in oliguria and diminished
amniotic fluid, suggesting prostaglandins and glucocorti-
coids in part mediate the development of Na+/K+ ATP-ase
activity in utero.38,39

Developing distal tubule and collecting system

Development of distal tubules occurs early in gestation.29

With delivery of filtrate from the proximal tubule, the distal
tubules and collecting system of premature infants readily
produce a diluted urine. The limited capacity in premature
neonates for excreting excess fluid loads is from limited
glomerular filtration, rather than distal nephron dilution.40

In contrast, preterm infants concentrate urine poorly at
< 600 mOsm/L.25 This restriction results from low
medullary urea concentration,41,42 shorter Loops of Henle
43 and blunted response to AVP.41,43 Therefore, extremely
premature neonates tolerate dehydration poorly, which
may contribute toward hypertonicity in these babies.

Finally, the development of potassium secretion from the
distal tubules requires Na+/K+ ATPase maturation, which
increases potassium concentration within the distal tubu-
lar epithelium. Intracellular potassium promotes secre-
tion into the tubular lumen.27 Immaturity in distal tubu-
lar Na+/K+ ATPase activity is one cause suggested for poor
potassium secretion in prematures, and therefore a ten-
dency towards hyperkalemia developing commonly in the
extremely low birthweight group.44

Sodium and water balance (ECW)

Before birth, urine production is restricted by low GFR
and high renal vascular resistance.30 Tubular re-absorption
of filtered sodium increases through 20 weeks, with
urine that is more dilute. Thereafter, AVP response devel-
ops, and urine volume decreases, as salt and water are
conserved.42,45,46 Facilitated water and active salt trans-
ports from the placenta increase ECW volume to match
rapid cellular growth. By mid-gestation the fetus responds
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to ECW expansion by modulating proximal tubular solute
and fluid resorption.47 At term, human infants have posi-
tive sodium and water balances over a range of intakes,45

that ensures growth. Despite this advantage, the kidney’s
bias for sodium and water retention may limit excretion
with acute ECW loading that occurs sometimes in critically
ill infants resuscitated from shock.48

Premature birth poses other problems in sodium and
water balance. A preterm infant’s sodium excretion is rela-
tively high. Small increases in GFR produce natriuresis due
to immature tubular resorption (aldosterone response),
and to low aldosterone production.49 The premature infant
is therefore more susceptible to both sodium wasting (ECW
dehydration) and ECW overload with a limited GFR.45,48

Potassium balance

The proximal tubule resorbs almost all filtered potassium
through Na+/K+ ATP-ase. Potassium balance is therefore
only in part dependent on glomerular filtration, and is more
likely determined by chemical gradients and hormonal
influences on distal tubular potassium secretion.27,49 In
extremely immature babies, the aldosterone effect on dis-
tal tubular transport is weak, reducing potassium secretion
(with sodium wastage).44,45 Contributing to poor potas-
sium regulation, leakage from immature cells (imma-
ture Na+/K+ ATP-ase activity) may result in intrinsic
hyperkalemia.44,50–52

Hormone regulation of water balance

Renin, angiotensin and aldosterone

Contracting ECW and plasma volume eventually low-
ers renal perfusion and filtration.53 The juxtaglomeru-
lar apparatus responds to renin secretion. Renin cleaves
angiotensinogen into angiotensin I, which is converted into
angiotensin II by angiotensin converting enzyme (ACE).
Angiotensin II increases systemic blood pressure with vaso-
constriction, and shifts intra-renal blood flow favoring
proximal tubular re-absorption. Angiotensin II also acts on
the tubules to increase Na/K ATP-ase, further stimulating
resorption.36 Finally, angiotensin II stimulates aldosterone
secretion, increasing distal reabsorption of salt and water.
The sum effect of these actions replenishes circulating
plasma volume.

In the developing newborn, plasma renin activity forms
early in gestation, and high values occur after birth.54,55 Pre-
mature infants have high renin activity, probably the result
of immature feedback on renin production, and poor renal

tubular response.56 Nevertheless, renin secretion is func-
tional in neonates: hypoxia increases renin production, and
volume combined with furosemide decreases renin.57,58

ACE development parallels renin, decreasing with gesta-
tion, and high ACE levels occur in premature infants with
RDS.59 Aldosterone and angiotensin also parallel this pat-
tern of development.54,57,59

Arginine vasopressin

Osmolality is the main stimulus for release of arginine vaso-
pressin (AVP) from the neurohypophysis in the posterior
pituitary. An increase in osmolality causes AVP release in
mature subjects. Hypotension also stimulates AVP, increas-
ing blood volume through affecting water concentration in
the ECW, acting on the distal tubules and collecting sys-
tem to increase water resorption from tubular filtrate, and
concentrating the urine. During development, AVP produc-
tion begins after 15 weeks’ gestation and matures by the
mid-trimester.60 High AVP occurs at birth in both term and
preterm deliveries, and urinary excretion does not vary with
gestation.61 After a sharp increase, levels drop in 24 hours
and remain low after the first week.

AVP increases with pulmonary disease in preterm babies
(respiratory distress syndrome (RDS), pneumonia, positive
pressure ventilation), and in term infants (asphyxia, meco-
nium aspiration, pneumothorax). Intraventricular hem-
orrhage and pain also increases AVP,62,63 and the syn-
drome of inappropriate antidiuretic hormone (SIADH)
contributes to hyponatremia sometimes seen with these
conditions. Although hyponatremia may result from AVP
release, immature distal tubular function in very preterm
infants diminishes the effect of AVP release on blood pres-
sure since urinary concentrating ability is limited, espe-
cially in the preterm baby. Inability to concentrate urine
with AVP is probably the result of limited solute concentra-
tion in the renal medulla (primarily urea).64–67

Atrial natriuretic peptide

Stretch receptors in the left and right atria release ANP
propeptide that is cleaved into active ANP in the plasma,
and lowers blood pressure by stimulating natriuresis and
diminishing renin production (and aldosterone secretion).
ANP directly increases glomerular filtration, and reduces
aldosterone’s effect on the distal tubule, with urinary excre-
tion of water and sodium.68 At birth, such a volume surfeit
results from acute expansion in ECW volume. Intracellular
water shifts into the interstitium,10 alveolar fluid is forced
from the lung into pulmonary lymphatics, and a transfer of
plasma occurs via the umbilical vein. After an initially low
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urine flow, urinary diuresis occurs after 24–48 hours, result-
ing in 10–15% body weight loss in the first week (more in
extremely low birth weight premature infants).69

Although measurements of ANP shortly after birth
demonstrate increased hormone levels, the natriuretic
response to ANP is less certain.70 ANP has been observed to
initiate diuresis of excess edema in critically ill premature
infants.71 Ronconni et al. reported urinary AVP levels con-
sistently higher in preterm neonates with RDS on mechan-
ical ventilators, enhancing diuresis by day 5 of life.72 In
contrast, however, Rozicki et al. showed high ANP levels
in premature babies with RDS, but no natriuretic effect.73

Premature tubular response may be diminished in infants
under 30 weeks’ gestation.70

Prostaglandins

Prostaglandin-E2 (vasodilator) is produced in renal tubules
increasing renal blood flow and promoting natriuresis.27

Neonatal urinary prostaglandin-E2 is higher following pre-
mature birth.74 Indomethacin is a prostaglandin syn-
thesis inhibitor used to promote closure of the ductus
arteriosus, and is advocated by some for prevention of
intracranial hemorrhage. However, vasoconstriction with
indomethacin occurs also in splanchnic and renal vascu-
lar beds, resulting in reduced intestinal blood flow, and
even oliguria. Feeding intolerance (necrotizing entero-
colitis), and electrolyte disturbances (hyponatremia and
hypokalemia) may also occur with its use.

Kallikrein and bradykinins

Renal production of kallikrein increases salt and water
resorption by the kidney through vascular effects.27,75

Kallikrein hydrolyzes kininogens to bradykinins, which
vasodilate and increase intrarenal blood flow causing natri-
uresis. In neonates, urine excretion of kallikrein is low, and
lower in prematures. Plasma renin activity may be less with
increased urine kallikrein, although functional changes in
renal physiology may not be observed in the newborn.

Abnormalities in water balance with prematurity
and disease

Respiratory distress syndrome and bronchopulmonary
dysplasia

Premature infants with RDS have surfactant deficiency with
poor mechanical lung compliance, increased pulmonary
vascular resistance, reduced lung lymphatic drainage (with

low albumin). The resulting elevation in transpulmonary
hydrostatic pressure and low oncotic pressure favors move-
ment of water into the pulmonary interstitium.76,77 This
disturbance results in interstitial fluid and protein leak
(pulmonary edema formation with disruption of Star-
ling’s forces) and initiates a cascade of inflammation, fur-
ther compromising lung function, and contributing to the
development of bronchopulmonary dysplasia (BPD) as
early as the second week of life.14,15,60,76 High energy and
protein needs, and impaired nutrition further contribute
to hypoalbuminemia and capillary leak.

Although mechanical ventilation and oxygen toxicity
contribute to alveolar and small airways injury, recent
reports suggest also a role for excessive parenteral fluid
administration in promoting pulmonary edema. In 1991,
Palta et al. described an association between high fluid
intake before 96 hours of life and oxygen dependence at
30 days.78 Van Marter et al. also reported that volumes of
crystalloid and colloid fluids administered early on during
treatment for RDS was associated with subsequent devel-
opment of BPD.79 Oxygen toxicity or barotrauma were not
significantly associated with chronic lung disease in their
study. For many years, the association of high parenteral
fluid volume administration and the development of a clin-
ically significant patent ductus arteriosus has been known
to be associated with pulmonary edema formation.80

Also implying a role for fluid imbalance in the pathogen-
esis of RDS, Langman et al. and Costarino et al. observed
that a brief period of high volume urinary diuresis usually
precedes a complete pulmonary recovery from RDS with-
out BPD.69,81 This significant volume diuresis was probably
the result of a modest increase in GFR and sodium clearance
in the Costarino study, with a much larger increase in free
water clearance and contraction of the extracellular space,
and a rise in serum sodium.69 Finally, BPD has been found
to occur most often in infants with delayed or late onset of
diuresis past the fourth day of life, with water accumulation
in the first 2 weeks being a major contributing factor to the
pathogenesis of chronic lung changes in very premature
infants.82

Attempts to force a diuresis to improve interstitial
lung edema and pulmonary function using furosemide
have only proved transiently effective.83 Huet et al. sug-
gest that theophylline may be used to augment diur-
esis with lung improvement.84 If diuretics are used, min-
eral wasting of sodium, potassium, calcium and chlo-
ride should be anticipated, and aggressive nutritional sup-
port with parenteral nutrition and high protein/calorie
formulas are advocated.85,86 Use of antenatal steroids
and postnatal surfactant has demonstrated altered fluid
and electrolyte balance seen in infants recovering from
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RDS.87,88 Prenatal steroid administration promotes lung
maturation and surfactant production, and may enhance
lung sodium/potassium-ATPase activity with facilitated
clearance of fetal lung fluid and expansion of the ECW
space.88,89

In light of these findings, we and others have adopted a
modified (and controversial) approach to parenteral fluid
and electrolyte administration to premature babies with
RDS in the first few days of life. We do not recommend rou-
tinely replacing all predicted/measured fluid losses (insen-
sible, urine, stool) in order to maintain body weight within
a narrow range of birth weight. Total body weight is permit-
ted to contract (with an anticipated weight loss as high as
15–20%, and perhaps even more at lower gestation births)
until the interstitial fluid compartment stabilizes at a new,
“dry” equilibrium between the pulmonary capillary and
the interstitium. Increasingly, evidence suggests that fluid
restriction during the acute phase of RDS prevents later
development of pulmonary edema, patent ductus arterio-
sus with congestive heart failure and bronchopulmonary
dysplasia.81,90–93

Extremely low birth weight infants and
the hyperosmolar state

Extremely low birth weight (ELBW) infants are described
here as weighing < 700–800 grams at ≤ 25–26 weeks gesta-
tion, where water physiology is quite distinct from VLBW
infants (>1000 grams comparatively). These ELBW babies
have gelatinous and nonkeratinized epidermis at birth
when they are immediately exposed to dry room or incu-
bator air instead of the aqueous intrauterine environment.
Therefore, ELBW babies’ insensible (unregulated) water
evaporation occurs transepidermally at a disproportion-
ately high rate relative to VLBW infants who have more
mature skin with keratin barrier function (Figure 9.2).94,95

Contributing to disproportionate evaporation, an ELBW
infant’s body surface area to body mass ratio is six times
greater than the adult’s (Figure 9.3). Finally, the ELBW
baby’s body mass has a much larger interstitial water
(and sodium rich) pool that evaporates transcutaneously.
Recently, treatment with prenatal steroids has been shown
to enhance the ELBW infant’s integument maturation and
to improve skin barrier function, thus abetting some of this
immense transepidermal water loss during the first few
days of life. Thereafter, stimulated by birth and air exposure,
keratin production matures after 7–14 days. As a result of all
these conditions, intravenous fluid management becomes
quite hectic during the first week of life – no one prescrip-
tion serves all patients.
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Since free water evaporation from the interstitium may
remain high for at least 48–72 hours (depending largely
on incubator environment), interstitial sodium content is
left behind promoting development of a hypernatremic,
hyperosmolar state. Hyperglycemia often contributes to
high osmolality since these babies are also often insulin
insensitive. Worse yet, Gruskey et al. described high urin-
ary fractional excretion of sodium associated with non-
oliguric hyperkalemia developing by 1–2 days in ELBW
infants, which they ascribed to aldosterone insensitivity
in the distal tubule, thus restricting potassium secretion
by the kidneys.44 Others have suggested that significantly
higher serum creatinine and lower calculated glomerular
filtration results in both sodium and potassium retention
by the ELBW baby’s kidneys.97 Finally, Stefano et al. have
shown lower erythrocyte Na/K-ATPase activity in ELBW
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infants developing hyperkalemia when compared with a
slightly more mature population who did not, suggesting an
intra-to-extracellular potassium leak in their most imma-
ture subjects.50 Compounding this latter effect, hyperna-
tremia per se contributes to cellular potassium leak.

The intracellular compartment ultimately shares exces-
sive water loss with a rise in osmotic pressure within
this compartment (formed also in part by compen-
satory organic osmolyte up-regulation to maintain equi-
librium). Thus, rapid lowering of sodium in the extracel-
lular space with hypotonic fluid administration often puts
these infants at high risk for developing cerebral edema
and periventricular leukomalacia (PVL).94 Serum sodium
concentration reduction should probably not exceed
10 mEq L−1 24 h−1.

In managing therapy for this cascade of dramatic
metabolic derangements in ELBW babies, we advocate first
environmental and evaporative barrier manipulations to
reduce the excessive skin water loss that (along with imma-
ture adaptation) is probably the primary source initiating
this sequence of problems. Several artificial barriers have
been used to minimize water loss, thereby avoiding the
need to compensate with water loading. A variety of plastic
shields have sometimes been effective in this regard,98 a
thin polyurethane membrane used as an artificial skin99

has also been investigated, and petroleum-based emol-
lients have been advocated as barriers for preventing water
loss and infections; however, the latter technique has raised
some recent concerns of altered bacterial flora and infec-
tion rates in anecdotal reports. The use of well-controlled
humidified incubation has also gained acceptance more
recently for preventing transepidermal water loss early
in the first week of life; however, scrupulous care should
be taken to avoid observable condensation within the
ELBW baby’s fragile environment, as water-borne bacte-
rial contamination may occur.100 We’ve seen an unfortu-
nately common practice of increasing humidification in
an incubator or under a plastic barrier shield on a radiant
warmer bed until condensation appears (called “swamp-
ing” or “rainout”) which should be avoided. Modern incu-
bators are equipped to maintain set humidity near 70–80%
in most nurseries without rainout. However, ambient dew
points are unique to each location and temperature condi-
tion, so no one environmental recommendation replaces
careful observation.

Our approach to fluid administration to ELBW infants is
to accept a slow rise in serum sodium concentration during
48–72 hours of life into a high–normal range (145–149 mEq
L−1), while adjusting fluid volume intake every 6–8 hours
while following serial serum electrolyte concentrations. No

supplemental sodium or potassium is provided during this
period as the hyperosmolar state is considered imminent.
We hope to avoid hypotonic fluid overload and large intra-
venous volume replacements by these strategies, thereby
minimizing the risks for developing patent ductus arterio-
sus, pulmonary edema and intraventricular hemorrhage
with PVL.

Hyponatremia in VLBW (late onset) and ELBW
(early onset) infants

Hyponatremia in growing VLBW premature infants was
extensively researched by Sulyok et al.101–103 Late-onset
hyponatremia occurred during rapid growth phases about
4–6 weeks after birth while recovering from preterm birth
at 1200–1500 grams. Mineral depletion from failure to
complete gestation, and from chronic fluid and min-
eral restrictions during critical illness, along with diuretic
use was felt to contribute to this syndrome. Unsupple-
mented breast milk and formula feedings resulted in fur-
ther sodium deprivation, as did developing physiological
anemia and hypoalbuminemia. Despite low sodium stores,
these infants continued to lose urinary sodium due to
renal tubular immaturity. Severe salt wasting retards bone
mineralization which obligates sodium deposition as well.
Serum sodium concentrations in Sulyok et al.’s infants were
characteristically observed between 124–130 mEq L−1, and
have been associated by some authors with subsequent
neurodevelopmental delays, although causative evidence
is sketchy. Sulyok et al. felt routine sodium intake at 2–4
mEq kg−1 day−1 was insufficient to main a positive sodium
balance and to compensate for these deficits. This author
recommended sodium supplementation up to twice these
intake values to promote normonatremia and growth.

In ELBW babies <1000 grams at birth (at between 23–
26 weeks gestation), hyponatremia may not be of the late-
onset type attributed to chronic sodium intake deprivation.
These infants are more frequently sodium restricted during
the first week of life due to their large extracellular sodium
pool and high evaporative water losses tending towards
the hypernatremic/hyperosmolar state described above.
However, these babies are almost certainly not sodium
depleted. Rather, as their epidermal barrier keratinizes after
the first week of life (between weeks 2 and 3), free water
replenishment from parenteral fluid volume replacement
engenders a dilutional effect not well compensated by these
infants’ characteristically low GFR and poor tubular func-
tion (which results in some sodium loss with a charac-
teristically negative salt balance).104,105 Again, preliminary
reports have suggested that developmental delays may
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result from inappropriate management of this common
electrolyte imbalance.106

A strategy brief to avoid electrolyte disturbances

To avoid the hypernatremia/hyponatremia sequence in
VLBW and ELBW infants, we have proposed a therapeu-
tic approach theoretically laid out in Figure 9.4. Initially,
sodium-free water intake is judiciously applied as seri-
ally determined serum sodium concentrations rise into
a high-normal range. Every effort is made to reduce
environmental evaporative water loss and avoid hyper-
natremia/hyperosmolality during the first week of life
(incubator humidification, saran plastic blankets or other
semipermeable artificial skin barriers), while parenteral
volume administered is minimized to avoid complica-
tions of fluid overload (PDA, pulmonary edema). There-
after, sodium maintenance is provided (monitoring urinary
sodium excretion and fractional excretion) while free water
intake is aggressively restricted to avoid hyponatremia. The
pathogenesis of these imbalances is not well enough char-
acterized at the present time, however, to predict an indi-
vidual infant’s response to these fluid and environmental
manipulations; hence, only close monitoring and response
can perhaps avoid these disorders and their potential con-
sequences.
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Amino acid metabolism and protein accretion
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Very-low-birth-weight (VLBW) infants face many diseases
during the neonatal period that may affect their growth.
The weight gain in utero between 24 and 36 weeks of ges-
tation is higher than at any other time during life. In this
period the average weight gain rates equal 15–17 g kg−1

day−1 with a more than 3-fold increase of weight over this
period. Adequate nutrition in the neonatal period is there-
fore extremely important for growth.

As protein depletion is one of the factors limiting survival,
accretion of body protein is the most important factor for
growth if there is an excess of nutrients.1 Quantifying the
magnitude of protein deposition or loss is, therefore, vital
if one wants to understand how the various diseases the
very premature neonate faces directly after birth affect sur-
vival. The purpose of this chapter is to describe the available
methods to follow dynamic changes in protein metabolism
in the newborn and to interpret the results obtained from
these methods. Noteworthily, as proteins or amino acids
differ from glucose or fat only in the presence of nitrogen,
studies on changes in body protein mass should focus on
the nitrogen atom of amino acids.

The conventional method to follow changes in body pro-
tein status is the nitrogen (N) balance method. This routine
method has been the golden standard for defining min-
imum levels of dietary protein and essential amino acid
intake in humans of all ages, including infants.2–6 In the
studies in infants, neonates were fed mixtures of free amino
acids based on the pattern of mother’s milk proteins. Each
of the amino acids, e.g. methionine, was eliminated for a
while and reintroduced. The amount of methionine needed
to reach a similar nitrogen retention as with the complete
mixture was considered to be the minimal requirement.7

A major limitation of the N balance method lies in the

fact that it only defines the difference between N entering
and N leaving the body. This is done by carefully record-
ing all food consumed and collecting all material excreted:
urine, feces, sputum and so on. The N from aliquots of each
food, urine and fecal collection is tediously converted to
ammonia by boiling the specimens in concentrated acid.
The ammonia concentration is determined, after which N
intake and excretion are calculated. This technique, how-
ever, is fraught with technical difficulties: N losses are rou-
tinely underestimated because in many cases not all urine
and feces are collected and insensible losses through skin,
sweat, intestinal urea hydrolysis and so on may occur; like-
wise, N intake is routinely overestimated because not all
food may be consumed, and so on.8,9 In addition to N bal-
ance studies, weight gain rates can be used to determine
levels and quality of protein in the infant’s diet. This may
require days to weeks to be effective. Weight gain, however,
is not only determined by protein intake but also by energy
intake and the child’s well-being. An additional drawback of
this method is that it gives no information on the dynamics
of amino acid metabolism.

The next best method to gain insight into body protein
turnover is the quantification of 3-methylhistidine (3-MH)
excretion in urine. This can be used to estimate muscle
protein breakdown as 3-MH is a constituent of actin and
the heavy chain of myosin.

The obvious limitation of this method is the fact that
muscle protein is not the only source of 3-MH. The gas-
trointestinal tract can also contribute to the urinary excre-
tion and meat in the diet might also serve as a major source
of 3-MH. However, as infant formula feeding does not
contain any 3-MH, this method is well suited to estimate
myofibrillar protein degradation in infants. Ballard et al.10
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measured 3-MH excretion in 36 premature infants, and also
determined with the N balance, energy intake and weight
gain rates. Autopsy data of 3-MH content of muscle pro-
tein revealed increased muscle protein degradation when-
ever infants were losing weight. Muscle protein degradation
was found to be reduced, though not to be abolished dur-
ing periods of weight gain. In addition, no effect of caloric
intake on muscle protein degradation was observed. Simi-
lar findings were reported by others.11–14

A different approach to the study of amino acid and
protein kinetics is to assume a single, free pool of amino
acid–N with two inflows – amino acid from dietary pro-
tein and amino acid released from protein breakdown –
and two outflows – amino acid oxidation to end prod-
ucts (carbon dioxide (CO2), urea and ammonia) and amino
acid uptake for protein synthesis. The model can be
attributed to Schoenheimer and associates, who described
it in the 1930s, and to Picou and Taylor-Roberts who later
made adaptations.15–17 This approach basically involves
the administration of a single labeled amino acid (e.g. 15N-
glycine) and next studying its fate. It is based on the fact that
all protein in the body (structural, enzymes and so on) is
constantly being made and being broken down. Most of the
protein in the body, e.g. muscle protein, turns over slowly
and can be considered to be a large amorphous donor of
amino acids via protein breakdown as well as a large amor-
phous receiver of amino acids from the fast-turnover free
amino acid–N pool. Lumping all body protein into a single
entity is nevertheless a gross oversimplification. The body
contains many different tissues, each with a wide range
of proteins, which each has a different turnover rate. Fol-
lowing the individual fates of hundreds of proteins is an
impossible task. However, because most of the important
stores of N in the body turn over at similarly slow rates, it
is possible to simplify the system into a conceptual model
that can be dealt with.

Apart from nonessential amino acids specific represen-
tative essential amino acids can be used. Measuring the
kinetics of such an essential amino acid is nowadays the
commonest method to quantify amino acid metabolism.
It is important, though, to note that different tracers yield
different results when extrapolated to whole-body protein
turnover.18,19 While this underscores the differential con-
tribution of various body proteins – represented by various
amino acid tracers – to whole body protein turnover, it pro-
vides a strong argument to express amino kinetics for each
specific amino acid. Numerous modifications of the tech-
nique using amino acids labeled with stable isotopes have
been made, but a discussion of these is beyond the scope
of this chapter.

Table 10.1. Leucine kinetics in amino acid deprived preterm

infants, term infants and adults

Leucine Change in

Leucine flux oxidation protein

µmol kg−1 h−1 µmol kg−1 h−1 mass

Preterm infants27* 201 ± 20 41 ± 13 −1.7 ± 0.5

Term infants20 164 ± 28 34 ± 11 −1.4 ± 0.4

Adults20 87 ± 15 15 ± 3 −0.6

Values are mean ± SD.

*Indicates study reference.

Effect of age and feeding

Due to the immaturity of the various enzyme systems, many
metabolic processes are still underdeveloped in the first few
weeks following premature birth. However, the birth itself
and the effects of birth-associated stress cause a more rapid
development of enzyme activity than would have occurred
should the fetus have remained within the uterus. Thus,
both gestational age and postnatal age have to be consid-
ered for their effects on amino acid metabolism and pro-
tein accretion. Another confounding factor is the intake
of amino acids or proteins. Most studies on amino acid
metabolism in adults are performed in the postabsorptive
state. However, it is ethically unacceptable to starve new-
born infants, especially preterm infants, for a prolonged
period of time. For this reason there are hardly any data on
amino acid metabolism in preterm infants during fasting;
the available studies were done in infants receiving glucose
intravenously. Yet a clear trend in amino acid metabolism
emerges. Denne et al. studied healthy, term newborns dur-
ing the first 3 days following birth using [1–13C]leucine
tracer.20 Table 10.1 compares the main findings from this
study with findings from other studies using the same tracer
in healthy adults and in premature “healthy” infants on the
first day of life. It shows that the turnover rate of leucine,
quantified by the dilution of the tracer in plasma, decreases
with age. In term infants and adults, the contribution of
leucine oxidation to energy generation was lower than that
in preterm infants. Preterm infants had the highest rate
of leucine oxidation, despite the fact that they were given
small amounts of glucose, which also might serve as a
fuel source. Indeed, glucose oxidation measured in a sim-
ilar group of preterm infants under the same conditions
accounted for approximately 40% of the energy expendi-
ture although one would expect a certain protein-sparing
effect of the additional glucose.21 Glucose administration to
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Table 10.2. The effect of amino acid administration on protein accretion in the first few days following birth

Study

reference

Amino acid

intake

(g protein kg−1

day−1)

Number of

infants

studied

Postnatal age

(days)

Non-protein

energy intake

(kcal kg−1

day−1)

Protein

accretion1

Relative effect2

(accretion/�

intake) %

26 0

2.3 ± 0.2

9

9

3

3

36 ± 11.1

45 ± 9.6

−0.60 ± 0.20

1.40 ± 0.20 87

27 0

1.15 ± 0.06

9

9

1

1

24.2 ± 5.2

26.1 ± 6.3

−0.69 ± 0.28

0.06 ± 0.79 65

26 0

2.3 ± 0.2

9

9

3

3

36 ± 11.1

45 ± 9.6

−0.60 ± 0.20

1.40 ± 0.20 87

28 0.13 ± 0.04

1.8 ± 0.09

11

10

3

3

36 ± 0.96

45 ± 3.1

−0.83 ± 0.14

0.75 ± 0.04 95

29 0

1.5

8

11

3

3

38 ± 10

48 ± 17

n.d.

plasma AA ↑
30 0

1.6 ± 0.05

12

11

3

3

35 ± 12

54 ± 11

−0.84 ± 0.28

0.55 ± 0.34 87

31 0.85 ± 0.08

2.65 ± 0.13

13

15

2

2

41.5 ± 3.7

49.1 ± 4.3

−0.26 ± 0.11

1.16 ± 0.15 79

1 A negative number indicates a negative protein balance i.e. protein loss.
2 The relative effect of amino acid administration is calculated by dividing the net protein gain (protein accretion at the high amino acid

intake – protein accretion at the low or zero protein intake) by the difference in protein intake.

term healthy or premature infants did not reduce proteoly-
sis either.22,23 Extrapolating these data by assuming a fixed
amount of 590 µmol leucine per gram body protein, the
loss of protein mass brought about by cessation of amino
acids is the most prominent in the youngest human. This
has an even greater impact if the total mass of body proteins
is taken into account. A preterm infant of 26 weeks has an
average body protein store of only 80 grams, and thus loses
1–2% of its total protein store on every day of protein star-
vation. A term infant has a protein mass of approximately
400 grams and thus loses only 0.3%, whereas an adult loses
only 0.01% of its protein mass daily. So from these studies
a clear picture emerges: protein turnover and catabolism
rates are the highest in the youngest with a major impact
on body protein stores.

Considering the huge impact of starvation on protein
mass, especially in preterm infants, investigators have
begun introducing amino acids early after birth. The ini-
tial reluctance to start amino acid supplementation imme-
diately following birth had sprung from reports on hyper-
ammonemia, metabolic acidosis and uremia three decades
ago.24,25 These side effects appeared to be associated with
the use of protein hydrolysates, which now have been
replaced by crystalline solutions. These seem to be well tol-
erated by preterm infants and several studies have shown
that amino acids can be safely administered early after

birth.26–31 The effects of different amino acid intake and
energy intake are summarized in Table 10.2. It shows
that preterm infants apparently not only metabolize these
amino acids without metabolic disturbances, but also use
the administered amino acids for protein accretion. Some
studies used stable isotope techniques to discriminate the
positive effect on protein balance into either an increase
in protein synthesis or a decrease in proteolysis. Although
not clear in all studies, the predominant impression is one
of increased protein synthesis with no significant effect on
proteolysis.26,31 These studies also show that amino acid
supplementation does improve protein accretion despite
a very low energy intake. Thus, it is indeed feasible to
administer amino acids parenterally from birth onwards,
with a positive effect on protein accretion.

Following a short period of parenteral feeding, preterm
infants are fed enterally. The effect of enteral feeding on
amino acid metabolism and protein accretion has been
widely investigated. Term neonates respond by an increase
in leucine turnover and synthesis, whereas leucine oxi-
dation is not changed when newborns are fed.32 This
is in contrast to adults, whose first response to nutrient
administration is suppression of protein breakdown. The
response on protein metabolism of enteral feeding versus
parenteral feeding has also been investigated by several
groups.33,34 Although Denne et al. found no differences
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in leucine turnover rates, it is obvious from a number of
animal and human studies that the intestine absorbs a
substantial amount of dietary amino acids (see below).
In order to determine the appropriate quantity and qual-
ity of the dietary amino acid intake it is crucial to know
to which extent dietary proteins are metabolized within
the splanchnic tissues. However, before discussing the
impact of intestinal metabolism on whole-body amino acid
metabolism and protein accretion, it should be mentioned
that many studies have attempted to determine the ade-
quate amount of protein intake for optimal growth. Catze-
flis et al.35 described a linear relationship between nitrogen
intake and nitrogen balance in 1 – to 2-month-old preterm
infants. Zello et al.36 concluded that at least 0.73 g kg−1

day−1 should be administered to achieve a zero balance.
However, it is not only the protein and energy intake

that are important;37 the carbohydrate/fat ratio also signifi-
cantly influences protein accretion and growth. In enterally
fed preterm infants carbohydrate seems to be more effec-
tive in enhancing protein accretion than fat.38,39

Amino acid accretion of specific tissues

So far, amino acid metabolism accretion has been dis-
cussed at whole body level. However, different tissues obvi-
ously have different rates of protein turnover. Figure 10.1
shows different fractional synthetic rates for different tis-
sues. These turnover rates also change with varying cir-
cumstances. Sepsis, for example, might increase the syn-
thesis of hepatic protein for the purpose of acute phase
protein production, and increase proteolysis in peripheral
muscle.

The intestine as a whole, and the small intestinal mucosa
in particular, has a high rate of protein synthesis and
energy expenditure. Thus, although the portal-drained
viscera constitute 3–6% of body weight, they account for
20–35% of cardiac output, whole body protein turnover
and energy expenditure.40–44 The intestinal mucosa is also
a highly secretory and proliferative tissue, whose continual
cell turnover and secretion has at least one major conse-
quence. As not all intestinal secretions, such as cell frag-
ments, mucins, glutathione, defensins, are recycled to the
body, the intestine is essentially in a permanent state of
net protein production. Thus, secretory protein synthesis,
especially that of mucins, probably has a substantial impact
on the requirements for some specific amino acids, and as
such influences protein retention on a whole body level.

The core proteins of the major intestinal secretory
mucins (MUC2 and MUC3) contain high quantities of cys-
teine, threonine, proline and serine.45,46 It follows that
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Figure 10.1. Fractional synthetic rate of different tissues in the

body. Composed from references McNurlan et al.,41 Preedy

et al.,56 Burrin et al.,57 Seve et al. 58. Open bars represent data

obtained from pigs, closed bars from rats.

mucin secretion should have a measurable influence on
the requirements for cysteine and threonine. Studies in
newborn animals have provided evidence compatible with
this proposition, i.e. the portal appearance of dietary threo-
nine, when expressed as a proportion of intake, is uniformly
lower that that of other essential amino acids (Table 10.3).
Threonine requirement of piglets maintained by parenteral
nutrition (a treatment that lowers intestinal mass and prob-
ably also mucin secretion) was less than 40% of that of
piglets receiving enteral feedings.47 On ethical grounds it
is not feasible to measure portal availability of amino acids
in neonates. The next best method to estimate intesti-
nal and hepatic uptake of dietary nutrients is the dual
tracer approach in which tracers are administered intra-
venously and enterally at the same time. The magnitude
of the higher dilution of the enteral tracer is related to
the proportion of tracer uptake in intestine and liver. This
method was applied in a study in enterally fed preterm
infants with mean gestational age 29 weeks and a birth
weight of approximately 1000 grams who received thre-
onine and lysine tracers. In first pass almost 20% of the
administered lysine was utilized, versus 70% of the enterally
administered threonine.48,49 A lower enteral intake resulted
in an increase in fractional first pass uptake of both lysine
and threonine. Previous studies had already shown that 40–
50% of the ingested leucine was absorbed in the splanch-
nic bed.50,51 It is hard to believe that such high amounts
of dietary amino acids are taken up for protein accretion,
notwithstanding the fact that intestinal tissues grow very
rapidly, especially during the first few weeks of life (Fig-
ure 10.2). Stoll et al. found that only 10–20% of the utilized
amino acids were incorporated into the intestinal tissue,
which indicates that most synthesized glyco-proteins are
secretory and thus are not used for protein accretion.52 This
would imply a major loss of essential amino acids, however
many of the secreted proteins are recycled.53
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Table 10.3. Proportional portal appearance of dietary essential amino acids in the portal

blood of piglets

Portal balance of amino acid (per cent of intake)

Van der Schoor

et al.51*

Van Goudoever

et al.43

Reeds et al.54

Stoll et al.44 Deutz et al.55

Body weight (kg) 9 7 8 21

Threonine 33 16 47 39

Lysine 64 54 53 61

Leucine 66 47 59 52

Phenylalanine 49 37 55 51

Valine 51 41 63 54

Methionine 75 ND 54 61

Isoleucine 30 28 62 56

*Indicates study reference.
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Figure 10.2. Weight gain rate of small intestine expressed per

kilogram body weight in the postnatal period.

Summary

Over the last three decades different methods have been
used to gain insight in the dynamic aspects of protein and
amino acid metabolism in term and preterm neonates.
Currently, tracer studies with stable isotopes are consid-
ered the best method to study these aspects. Studies using
this method demonstrated that preterm infants have higher
rates of protein turnover and breakdown than term infants,
and that infants benefit from amino acid administration
even directly from birth onwards. The different tissues in
the body show different rates of protein turnover, with
the intestinal tissues consuming up to 50% of dietary
intake. Consequently, intestinal metabolism has a substan-
tial impact on the systemic availability of dietary amino
acids, which subsequently affects growth.
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Carbohydrate metabolism and glycogen accretion
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Metabolism of glucose in the fetus

Glucose is a vital substrate for the growing and developing
fetus. It is required by most cells for oxidative and nonox-
idative ATP production and serves as a precursor for other
carbon-containing compounds. It is the primary fuel used
for several specialized cells and is the major fuel used by the
brain. Its storage in the liver as glycogen provides a means
by which glucose homeostasis can be maintained, partic-
ularly during the neonatal period. The fetal requirement
for glucose is met almost, if not entirely, by transplacental
transport from the mother to the fetus.1,2 At birth, there
is an abrupt loss of the maternal supply of substrates and
nutrients and the newborn has to mobilize glucose and
other substrates to meet its energy needs.

A number of studies in a variety of species, including
humans, have shown that fetal plasma glucose concentra-
tions are significantly lower than that of the mother.3–5 Fur-
thermore, there is a direct relationship between maternal
and fetal plasma glucose concentrations and the supply
of glucose to the fetus is highly dependent upon mater-
nal glycemia.6–12 Thus, the supply of glucose to the fetus
is likely to be diminished in the case of maternal hypo-
glycemia and to be increased in the case of maternal hyper-
glycemia. However, the placenta has a large capacity for
glucose storage in the form of glycogen which blunts glu-
cose transfer to the fetus when significant maternal hyper-
glycemia occurs.

There are a limited number of studies examining the
effect of altered uterine blood flow upon fetal glucose con-
centrations and glucose utilization. When umbilical blood
flow is decreased acutely in the fetal lamb (at 116–120 days’
gestation), blood glucose and lactate concentrations rise,

and there is a trend toward increased glucose delivery and
uptake by the fetal hind limb.13,14 Similar results have been
obtained in the fetal rat subjected to an abrupt decrease in
blood flow.15 However, during more severe glucose depri-
vation, placental transfer and fetal uptake of glucose are
constrained in proportion with maternal supply.

Placental glucose transport

Transfer of glucose from maternal to fetal blood occurs
along a concentration gradient by facilitated, carrier-
mediated diffusion via the placental villi and is most likely
mediated by the glucose transporter, GLUT1. GLUT1 is
abundantly expressed in the plasma membranes of both
the basal and apical sides of the syncytiotrophoblast.
GLUT1 may facilitate the entry of glucose into the cyto-
plasm of the syncytiotrophoblast from maternal blood,
while GLUT1 at the basal plasma membrane may aid in
the exit of glucose from the cytoplasm of the syncytiotro-
phoblast to the pericapillary space of the fetus. GLUT1
on the endothelial cell of the capillary then transfers glu-
cose into the fetal circulation.16–19 Protein and mRNA lev-
els of GLUT1 increase in the placenta as the fetus matures
underscoring the importance of this transporter in fetal
development.17,19 GLUT3 is distributed throughout pla-
cental villous tissue and decreases during gestation.17,19

While GLUT3 mRNA is abundantly expressed in villous tis-
sue, GLUT3 protein is primarily localized to the vascular
endothelium. The low Km of GLUT3 may facilitate its role in
transporting glucose from mother to fetus following trans-
syncytial transport.

The asymmetrical distribution of membrane trans-
porters between the maternal and fetal facing surface of the
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syncytiotrophoblast is a basic feature of the transplacental
transport system.20 There is a higher expression of GLUT1
protein in the microvillous as compared with the basal
membrane of the syncytiotrophoblast.16,17 In addition to
the increased density of GLUT1, a 6-fold larger surface
area of the microvillous covering 21 leads to a several times
higher total transport capacity across the syncytial com-
pared with the basal membrane.17 The high overall capacity
of uptake across the apical membrane of the syncytium
assures an intracellular glucose concentration which is
maintained close to the maternal plasma level in spite of
a high rate of glucose consumption by the syncytium. This
mechanism seems to be of central importance for a con-
tinuous flux of glucose from the mother to the fetus.22

Carrier-mediated transport favoring the flux of glucose
from the mother to the fetus and restricting movement in
the opposite direction plays an important role in maintain-
ing a stable glucose environment for fetal tissues, especially
in situations of maternal hypoglycemia. Transport across
the basal membrane is thought to be the rate-limiting step
in the transplacental flux of glucose.17 Therefore, alter-
ations in GLUT1 density in the basal membrane could the-
oretically determine the rate of flux across the placenta
from the mother to the fetus. GLUT1 levels in the microvil-
lous membrane do not change during pregnancy whereas
basal membrane GLUT1 levels double as pregnancy pro-
gresses, which has been linked to the overall rise of placen-
tal glucose transport in late pregnancy.17

As gestation advances, there is a lowering of glucose con-
centration in the fetus and the transplacental gradient is
increased since the maternal glucose values do not change
during pregnancy.4,23 This physiological decrease in fetal
glucose concentrations is an important contributing fac-
tor to meet the increased need of glucose by the rapidly
growing fetus.

There are obviously many factors in addition to the asym-
metry of surface area and density of GLUT1 in the microvil-
lous and the basal membrane of the syncytiotrophoblast
that contribute to the polarity of glucose transport across
the human placenta. Tissue components of the barrier sep-
arating maternal from fetal blood like the basement mem-
brane and the endothelial layer of the villous capillaries
may influence flux, although a number of investigators
have shown that these layers do not contribute significantly
to the flux of small hydrophilic molecules.24–26 Glucose
moves across the capillary wall into the fetal circulation
via paracellular clefts in the endothelial layer.27 The over-
all surface area of this microvasculature plays an important
role in transplacental diffusion of solutes and diseases such
as diabetes and pre-eclampsia influence the extent of vas-
cularization and capillary diameter.28–32

Glucose supply to the fetus

A number of studies in the sheep fetus have shown
that under basal conditions, during maternal euglycemia,
maternal glucose is the only source of fetal glucose and that
fetal glucose production under these circumstances either
does not occur or is negligible33,34 until the last few days
of gestation.10,35,36 Using tracer methodology, endogenous
glucose production was measured in chronically catheter-
ized sheep fetuses during normal fed conditions at differ-
ent gestational ages. In normal fed conditions, the rate of
fetal glucose production was negligible until 143–145 days
(term 145 days) when it increased significantly to account
for close to 50% of the glucose used by the fetus.36

Data are limited with respect to sources of glucose for
the human fetus. One study using glucose labeled with 13C
infused to pregnant women undergoing elective cesarean
section at term showed that the fetal glucose pool was in
equilibrium with the maternal glucose pool and that mater-
nal glucose was the only source of glucose for the human
fetus at term gestation.37

In many species, the activities of key gluconeogenic
enzymes, such as glucose-6-phosphatase and phospho-
enolpyruvate carboxykinase (PEPCK), increase towards
term in the fetal liver and kidney.38–41 In fetal sheep, the
ontogenic increments in tissue G6P and PEPCK activities
are known to be dependent on the prepartum cortisol
surge.41 The increases in hepatic and renal G6P and PEPCK
seen close to term are prevented by fetal adrenalectomy,
and are stimulated prematurely by an exogenous infusion
of cortisol earlier in gestation.41

Glycogen metabolism in the fetus

In the fetus, as in the adult, the major storage form of glu-
cose is glycogen. Glycogen is stored in liver, skeletal and
cardiac muscle, kidney, intestine, brain, lung and placenta.
Glycogen is present in very low quantities in the human
fetus in early gestation and slowly increases until approx-
imately 36 weeks.42,43 Peak values in lung, heart, kidney
and placenta are attained at this gestational age. In liver
and skeletal muscle, glycogen reaches maximum concen-
tration at term.44,45

The accumulation of glycogen stores parallels the
increase in activity of the rate-limiting enzyme for glyco-
gen synthesis, glycogen synthase.43 Recent studies have
further elucidated the steps in the glycogenetic cascade.
Two recently identified proteins have been demonstrated
to be involved in glycogenesis in the adult: the glucosyl-
transferase glycogenin 46 and the stable glycogen-precursor
proglycogen.47 Based on these findings, the following
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sequence of glycogen metabolism is proposed: glycogenin
transfers glucose from UDPglucose to the hydroxyl of its
Tyr-194 and then adds further residues to form protein-
bound maltosaccharides. This fully glycosylated glyco-
genin serves as the primer for the synthesis of proglycogen
by a putative proglycogen synthase (distinct from the well-
recognized glycogen synthase) and branching enzyme with
UDPglucose as substrate. Subsequently, the classical glyco-
gen synthase and branching enzyme take proglycogen to
glycogen.48 It remains to be determined whether this path-
way exists in the fetus and newborn.

In the adult, a significant proportion of glycogen is
derived from the gluconeogenic precursors, lactate, pyru-
vate and alanine.49,50 Since the fetal liver has little capacity
for gluconeogenesis, other substrates including glucose
and serine may contribute to the synthesis of glycogen.51–53

Glucose has been shown to be incorporated in glycogen
in fetal rat liver and in isolated fetal rat hepatocytes 51

and incorporation of 14C-glucose into glycogen is much
greater in fetal hepatocytes compared with adult hepato-
cytes. 54 Serine and glycine are cycled between fetal liver
and placenta, providing another substrate for glycogen
accretion.55 The role of lactate as a glycogenic precursor
has been examined in ovine fetuses using [14C]lactate and
D-[33H]glucose infusions. These investigators concluded
that glycogenesis from glucose is partly through the indirect
gluconeogenic route and that lactate may be an important
glycogenic precursor in the ovine fetus.56

Glycogen accretion in the fetal liver is dependent upon
substrate supply and hormonal regulation. Insulin and
cortisol are two of the more important hormones regula-
ting glycogen synthesis in adults. However, the effect of
insulin in the fetus may differ from that in the adult. While
insulin has been shown to stimulate glycogen synthesis
in isolated fetal hepatocytes,57,58 the presence of cortisol
is required. Adult hepatocytes can synthesize glycogen in
response to insulin in the absence of cortisol.57 Further-
more, fetal rats can maintain glycogen synthesis despite
chronic hypoinsulinemia.59 Other hormones such as epi-
dermal growth factor and insulin-like-growth factor I (IGF-
I) have been shown to stimulate fetal hepatic glycogen syn-
thesis in the rat.60–62 Studies using IGF-II knockout mice
suggest that IGF-II also plays an important role in reg-
ulating glycogen deposition in the fetus.63 IGF-II knock-
out mice have very low levels of hepatic glycogen at birth
which is paralleled by low enzymatic activities of glycogen
synthase.63 It is not known whether IGF-II is mediating its
effects via the IGF-I or the insulin receptor in the fetal liver.

Mobilization of hepatic glycogen stores in the perina-
tal period is crucial in order to maintain glucose hom-

eostasis. Release of glucose from degradation of liver
glycogen requires the activities of the two enzymes phos-
phorylase and glucose-6-phosphatase. The initial step in
glycogen degradation is catalyzed by glycogen phospho-
rylase, which exists as three genetically distinct isozymes
referred to as muscle, liver and brain isoforms. The brain
and liver isoforms of glycogen phosphorylase may be
involved in mobilization of type II cell glycogen during late
fetal lung development.64 In fetal liver and kidney, glycogen
breakdown with subsequent release of glucose into the fetal
circulation can be induced by catecholamines or glucagon
or by stimuli such as cold stress or hypoxia. Whether such
glucose release occurs physiologically and the precise con-
ditions that lead to such release in vivo remain to be deter-
mined. In other organs such as the placenta, lung and heart,
phosphorylase, but not glucose-6-phosphatase, is present,
and glycogen is available only for intracellular consump-
tion. This is particularly important in organs that have high
energy demands such as the heart and placenta, and the
lung where glycogen is used for surfactant synthesis by type
II pneumocytes.65

Glucose metabolism in the newborn

Development of carbohydrate homeostasis in the new-
born infant results from a balance between hormonal,
enzymatic, neural regulation and substrate availability. The
newborn infant must supply its own substrate to meet the
energy requirements for maintenance of body tempera-
ture, respiration, muscular activity and regulation of blood
glucose. The concentration of glucose in the umbilical
venous blood approximates 70–80% of that in the mother
and is higher than in the umbilical arterial blood. During
the first 4–6 hours of postnatal life, glucose values fall, sta-
bilizing between 50–60 mg dL−1.66 This decrease in glu-
cose is even greater in preterm or small-for-gestational-age
infants. By 2–3 days of age, plasma glucose values average
70–80 mg dL−1.

Blood glucose concentration is normally maintained at
a relatively constant level by a fine balance between hep-
atic glucose output and peripheral glucose uptake. Hep-
atic glucose output depends on adequate glycogen stores,
sufficient supplies of endogenous gluconeogenic precur-
sors, a normally functioning hepatic gluconeogenic and
glycogenolytic system, and a normal endocrine system for
modulating these processes.

At birth the neonate has glycogen stores that are greater
than those in the adult. However, because of a two-fold
greater basal glucose utilization, these stores are rapidly
depleted and begin to decline within 2–3 hours after birth,
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remain low for several days, and then gradually rise to adult
levels. Both serum glucagon and catecholamines increase
3-fold to 5-fold in response to umbilical cord cutting. Circu-
lating insulin levels usually decrease in the immediate new-
born period and remain low for several days. The depressed
serum insulin and elevated glucagon and epinephrine lev-
els along with elevated serum growth hormone levels at
birth favor glycogenolysis, lipolysis and gluconeogenesis.
Changes in various hormone receptors also modulate these
processes. Hepatic glucagon receptors increase in number
and become functionally linked with cyclic 3′ 5′ adenosine
monophosphate protein kinase (cAMP) responses. Neona-
tal glucose homeostasis also requires appropriate enzyme
maturation and response in the newborn. After birth, glyco-
gen phosphorylase activity is increased whereas glyco-
gen synthetase activity is decreased, thus allowing for the
rapid depletion of hepatic glycogen. Phosphoenolpyruvate
carboxykinase activity, the rate-limiting enzyme for glu-
coneogenesis, also increases during the immediate post-
natal period. Thus, hormonal and enzymatic activities in
the fetus provide for anabolism and substrate accretion,
whereas those in the newborn period provide for the main-
tenance of glucose homeostasis in response to the abrupt
interruption of maternal glucose supply.

Mobilization of liver glycogen stores

Prior to birth the fetus accumulates large quantities of hep-
atic glycogen, with these stores mobilized as glucose in the
early postnatal period to sustain the newborn until the
onset of suckling and gluconeogenesis. The liver acts to
mobilize glycogen in the early neonatal period and grad-
ually adjusts to the alternating supply of nutrients that
results from the onset of a feeding cycle. At birth, degrada-
tion of hepatic glycogen occurs rapidly, with almost com-
plete depletion within 12 hours in the human newborn.67

Hepatic glycogen is converted to glucose via glucose-6-
phosphatase, which is in abundant supply in the liver just
prior to birth. Because of the rapid depletion of glycogen,
liver glycogenolysis can only support glucose homeostasis
for a short period of time and maintenance of the newborn’s
blood glucose levels requires active liver gluconeogenesis.

Mobilization of glycogen stores in skeletal muscle is a
much longer process and due to the lack of glucose-6-
phosphatase, glycogen stores can only be used by muscle
itself.68 However, lactate, formed by glycolysis, can leave
muscle and be converted into glucose in the liver or oxi-
dized by other tissues.

A number of factors initiate liver glycogenolysis at birth,
however the precise mechanisms have not been completely

elucidated. Glycogenolysis occurs when glycogen synthase
(GS) is inactivated and glycogen phosphorylase (GP) is
inactivated. The ratio of active forms of these enzymes is
determined by their phosphorylation state which is medi-
ated by cAMP. Levels of smooth endoplasmic reticulum
(SER)-associated synthase phosphatase and phosphory-
lase phosphatase activities are diminished from high pre-
natal levels, contributing to these changes in activation of
GS and GP.69

Studies using a rat strain with a deficiency of a phospho-
rylase b kinase have been used to assess the importance of
liver glycogen in glucose homeostasis of the newborn. In
normal rats the mean blood glucose concentration of the
fetus measured at various times up to 24 h after natural
birth ranged between 3.7 and 5.4 mM. In contrast, fetuses
of the affected rats were hypoglycemic before birth (2.02 ±
0.15 mM), and by 1 h after birth the blood glucose had
decreased to 0.74 ± 0.14 mM. Concentrations increased by
4 h to 1.48 ± 0.17 mM and by 24 h reached values not signi-
ficantly different from the normal newborn rats. Changes
in plasma insulin over the perinatal period were similar
in both groups although concentrations were always sig-
nificantly lower in the affected rats. The findings demon-
strate the crucial role of the fetal liver glycogen store in the
maintenance of normoglycemia in the newborn. Rats with
the glycogen storage disorder experienced severe hypo-
glycemia without any apparent effects, which raises ques-
tions concerning alternative fuels available to and utilized
by the newborn.70

At birth, the concomitant rise in glucagon and fall in
plasma insulin coincide with activation of glycogen phos-
phorylase activity.71–73 Injection of glucagon to the rat fetus
induces a marked decrease in fetal liver glycogen content 74

and exogenous glucagon stimulates glycogenolysis in
isolated fetal hepatocytes.75 In vivo administration of
insulin partially inhibits hepatic glycogenolysis, and
insulin antiserum accelerates glycogen breakdown.74

The rapid changes in insulin and glucagon plasma con-
centrations that occur at birth are likely due to the consid-
erable increase in circulating levels of catecholamines.76–78

Since there appears to be significant glucagon resistance
in the newborn, increased plasma catecholamine lev-
els have been suggested to be the primary mediators of
the sudden increase in hepatic glucose output.78 This
effect is believed to be mediated by the beta-adrenergic-
cAMP signal transduction system. Removal of the adrenal
glands in the fetal sheep results in low blood glucose val-
ues in the newborn, which fail to rise.79 However, new-
born rats adrenalectomized at birth show normal hep-
atic glycogenolysis.74 These conflicting results may be
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due to species differences or differences in experimental
design.

The autonomic nervous system is involved in the reg-
ulation of hepatic glucose metabolism in the adult and
may also contribute to glucose homeostasis in the new-
born. It has been demonstrated that electrical stimulation
of the vagus nerves induces activation of the liver enzyme
glycogen synthase, which in turn increases glycogen syn-
thesis and reduces glucose output.80 Conversely, electri-
cal stimulation of the splanchnic nerve induces activa-
tion of the liver enzyme glycogen phosphorylase, which in
turn increases glycogenolysis and glucose output.81 Vagal
blockade acutely modulates hepatic glucose production
by inhibiting glycogenolysis in awake fasted dogs.82 Taken
together, these data have been interpreted to suggest that
activation of the parasympathetic nervous system pro-
motes glucose uptake and hepatic glycogen deposition
while activation of the sympathetic nervous system pro-
motes glycogenolysis and glucose output.

Development and regulation of gluconeogenesis

After birth, with the loss of the continuous umbilical glu-
cose supply, the newborn must eventually rely on gluco-
neogenesis (GNG) to maintain glucose homeostasis. Of the
four gluconeogenic enzymes present in liver (pyruvate car-
boxylase, phosphoenolpyruvate carboxykinase, fructose-1,
6-bisphosphatase and glucose-6-phosphatase), pyruvate
carboxylase and phosphoenolpyruvate carboxykinase are
present in the liver at negligible levels before birth but
appear rapidly after birth, consistent with the onset of
gluconeogenesis.83–85

The pathway of gluconeogenesis is shown in Figure
11.1. The formation of glucose from pyruvate involves
the entry of pyruvate into the mitochondria, where it
is converted by pyruvate carboxylase into oxaloacetate.
The latter is a common intermediate for GNG and oxida-
tion in the tricarboxylic cycle. The oxaloacetate exits the
mitochondria via malate and is converted to phospho-
enolpyruvate (PEP) by phosphoenolpyruvate carboxyki-
nase (PEPCK). PEP is then converted via a number of
steps into fructose 1, 6-biphosphate, which is the pre-
cursor for fructose-6-phosphate, a reaction catalyzed by
fructose 1, 6-biphosphatase. Glucose-6-phosphatase cat-
alyzes the conversion of glucose-6-phosphate into glu-
cose. The above four enzymatic reactions are irreversible
and absence or mutations in these enzymes (pyruvate car-
boxylase, PEPCK, fructose 1, 6-biphosphatase, glucose-6-
phosphatase) results in the inhibition of GNG with the sub-
sequent development of hypoglycemia.

Pyruvate carboxylase
There are two tissue-specific promoters responsible for the
production of multiple transcripts with 5′-end heterogen-
eity for rat pyruvate carboxylase.86 The abundance of PC
mRNAs is low in fetal rat, sheep and guinea pig liver but
increases by 2–4-fold within 7 days after birth, concomi-
tant with an 8-fold increase in the amount of immuno-
reactive PC and its activity and then decreases to adult lev-
els during the weaning period.39,41,87–89 The mechanisms
that control the production of PC during postnatal develop-
ment are unknown but are potentially complicated, invol-
ving switching of two promoters.87 The transcript gener-
ated from the proximal promoter is the major form that is
increased during the suckling period, concomitant with an
increased amount of PC and its activity. During this period
gluconeogenesis occurs at the highest rate. This suggests
that the proximal promoter of the PC gene is activated to
supply the demand of cells producing PC to fully parti-
cipate in gluconeogenesis during such a period. However,
during the weaning period and in adults, when the gluco-
neogenic rate has decreased, the proximal promoter activ-
ity decreases.87 Increase in glucagon and catecholamine
and fall in insulin levels at birth increased PC expression
whereas increased insulin levels during weaning represses
PC transcription.90 Insulin selectively inhibits the expres-
sion of the proximal promoter of rat PC.86

Phosphoenol pyruvate carboxykinase
PEPCK is the last gluconeogenic enzyme to be expressed
in liver development and is rate limiting in the liver’s
capacity for gluconeogenesis at this time. The hormonal
factors that coordinate the complex pattern of develop-
ment of these processes are only partly understood. In fetal
sheep, the ontogenic increments in hepatic PEPCK activ-
ity are dependent on the prepartum cortisol surge.41 The
increases in PEPCK seen close to term are prevented by
fetal adrenalectomy, and are stimulated prematurely by
an exogenous infusion of cortisol earlier in gestation.41

PEPCK can be activated in rat fetuses by increasing the
glucagon/insulin ratio to a state that is similar to that which
prevails at birth,74 injecting fetuses with either cAMP91 or
agents that reduce insulin, such as streptozotocin or anti-
insulin serum.92,93 Furthermore, the chromatin conforma-
tion of the PEPCK gene in the liver undergoes a gradual
transition from a “compact” conformation on day 19 of ges-
tation to an “open” conformation just prior to the initiation
of its transcription at birth.94 Injecting 19-day fetal rats with
Bt2cAMP induces both this process and the expression of
the gene for PEPCK in the fetal liver.94

The regulator sites for control of PEPCK gene expres-
sion are localized within a region between −500 and +73
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Figure 11.1. Reactions of gluconeogenesis.

base pairs of the PEPCK promoter. The activation of PEPCK
gene transcription at birth correlates with the late appear-
ing transcription factors from the C/EBP family.94–97 How-
ever, in addition to activation, other data imply that the
hepatic gene transcription might be repressed prior to
birth.98,99 Recent studies suggest that two mechanisms reg-
ulate the correct onset of hepatic PEPCK gene expression
after birth: (a) activation of the gene expression by distinct

liver-enriched transcription factors which, in turn, appear
relatively late in development; (b) prevention of a prema-
ture onset of expression, via specific regulatory sequences
and their cognate transcription factors.100

Glucose-6-phosphatase
Hepatic glucose-6-phosphatase (G6P) system catalyzes the
last step of both gluconeogenesis and glycogenolysis and
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plays a pivotal role in the maintenance and regulation
of blood glucose levels. G6Pase is tightly associated with
the endoplasmic reticulum and the nuclear membranes
of both liver and kidney.101 Since the G6Pase active site
faces the ER lumen glucose-6-phosphate must be trans-
ported from the cytoplasm across the ER membranes
before hydrolysis can occur.102,103 A recent study indicates
that the orientation of the catalytic subunit is different in
the fetal liver in comparison with the adult form. It appears
that the components of the glucose-6-phosphatase system
are already present, although to a lower extent, in fetal liver,
but they are functionally uncoupled by the extravesicular
orientation of the catalytic subunit.104

Studies in 250 human fetal liver biopsy samples have
determined that G6P enzyme activity develops at 11 weeks’
gestation and slowly increases to approximately 10% of
adult activity at term. In the first week after birth, activity
rises to adult values. Increases in enzyme activity coincide
with increasing concentrations of the G6P enzyme pro-
tein. The phosphate/pyrophosphate transport protein of
the human hepatic G6P complex develops at a different
rate from that of the enzyme.105

Several factors can contribute to the fetal-to-neonatal
transition of the glucose-6-phosphatase system. The post-
natal drop in plasma glucose levels and the consequently
high glucagon/insulin ratio may have a primary role.106 It
has also been reported that dibutyryl cyclic AMP stimu-
lates the transcription of the glucose-6-phosphatase gene
in cultured fetal hepatocytes.106 In this same study, long
chain fatty acids contributed to the induction of G6Pase by
the stabilization of the transcript.106 However, the rise in the
amount of mRNA and enzyme protein is lower than the dra-
matic elevation of the activity,107 indicating that other, post-
transcriptional factors can also affect the protein(s) of the
glucose-6-phosphatase system around the birth. Intraperi-
toneal administration of thyroid hormones to the rat fetus
accelerates the normal maturational increase in hepatic
G6P activity.108 A recent study suggests that T3 may be
primarily responsible for the cortisol-induced rise in G6P
enzyme activity in fetal sheep liver.109 It remains to be deter-
mined as to whether similar factors induce G6Pase activity
and expression in the human.

Gluconeogenic substrates
The contribution of exogenous glucose supplied via the
milk to neonatal glucose requirements can be measured
with stable or radioactive tracers. Methodology and appli-
cation of these techniques in the newborn have been
thoroughly reviewed by Kalhan and Parimi.110 Glucose
obtained from hydrolysis of lactose provides approxi-

mately 6.1 g kg−1 day−1 of glucose, which is approx-
imately 20–50% of the estimated glucose requirements
of the newborn.111,112 Of the remaining gluconeogenic
substrates, galactose provides the largest amount, with
smaller amounts available from lactate, amino acids and
glycerol.113 Galactose is actively transported by the entero-
cyte by the sodium-coupled glucose transporter SGLUT1
114 and delivered to the liver where it is mainly converted to
glucose by glucose-6-phosphatase.115 Uptake is indepen-
dent of insulin concentration, and clearance is very rapid
compared with that of glucose: 6.9% disappearance per
minute compared with 1.4% per minute.116

Human newborns can metabolize galactose rapidly
which is accompanied by a rise in blood glucose, consis-
tent with conversion of galactose to glucose.117 Incubation
of fetal and neonatal liver slices with galactose leads to rapid
incorporation of glycogen in rats and sheep.118 Galactose
also affects glycogen metabolism in fetal and neonatal rats
and monkeys by activating glycogen synthase.119,120

Glycerol
The initial step of glycerol metabolism is phosphorylation
to glycerol-3-phosphate catalyzed by glycerol kinase. The
development of glycerol kinase before and after birth has
been investigated in liver and kidney of rat and hamster.
In rat liver, enzyme activity increases very slowly before
birth and rapidly thereafter, reaching adult values at day
6 of postnatal life. In hamster liver, glycerol kinase was
considerably elevated already in utero, increased dramat-
ically within day 1 of postnatal life and reached adult
values at the end of the first week.121 These studies also
indicate that the first step of gluconeogenesis from gly-
cerol in liver and kidney is not influenced by glucagon,
insulin and glucocorticoids, which are generally believed
to regulate the rate of gluconeogenesis from non-glycerol
precursors, but probably by the change in blood glycerol
concentration.121

Tracer studies performed in normal newborn infants
have estimated that glycerol accounts for approximately
10–20% of systemic glucose production.122–126 Glycerol
may also be used as a substrate for gluconeogenesis in
preterm infants, although in this particular study, the
infants were receiving intravenous glucose.126

Lactate and pyruvate
Until recently GNG has only been estimated indirectly in
the human newborn by quantifying the glucose carbon
recycling. However, methods have now been developed to
measure GNG directly in the newborn using the method
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of deuterium labeling of body water.127,128 The deuterium
incorporation in the hydrogens of C-6 of glucose quanti-
fies the contribution of pyruvate to glucose and does not
include the contribution of glycerol.127,128 Kalhan et al. 129

quantified the rate of glucose turnover (Ra) and gluconeo-
genesis via pyruvate 4 by use of [13C6]glucose and 2H2O in
full-term healthy babies between 24 and 48 h after birth
and in low-birth-weight infants on days 3 and 5. The con-
tribution of GNG to glucose production was measured by
the appearance of 2H on C-6 of glucose. Glucose Ra in full-
term babies was 30 ± 1.7 (SD) µmol kg−1 min−1. Gluco-
neogenesis via pyruvate contributed ∼ 31% to glucose Ra.
These estimates are of a similar magnitude to those seen
in normal healthy adults after an overnight fast.130,131 In an
additional group of infants, lactate turnover and its incor-
poration into glucose were measured within 4–24 h of birth
by use of [13C3]lactate tracer. The rate of lactate turnover
was 38 µmol kg−1 min−1, and lactate C, not corrected for
loss of tracer in the tricarboxylic acid cycle, contributed
∼18% to glucose C. There was a large contribution of GNG
to glucose production in preterm babies as well, even when
the endogenous rate of glucose production was low, e.g.
infants infused with glucose plus amino acids with or with-
out lipids. It is of interest that, in these babies also, GNG via
pyruvate contributed 20–40% to endogenous production
of glucose.129

GNG from lactate is apparent soon after birth in the
healthy newborn infant and it contributes ∼ 30% of the
total glucose produced.129 The Ra of lactate turnover was
almost 2-fold the Ra of glucose turnover. This is in contrast
to the data in adults,132–134 in which lactate turnover has
been reported to be much lower than the rate of glucose
turnover (in lactate equivalents). The investigators suggest
that the high turnover in lactate indicates either a rapid rate
of equilibrium of the tracer between various compartments
of lactate (plus pyruvate plus alanine) in babies or an influx
of carbon into the lactate pool from non-glucose sources,
e.g. amino acids.

Alanine
Only one study has measured the contribution
of alanine to glucose production in the human
newborn.135 Frazer et al. estimated the rate of alanine
turnover and its contribution to gluconeogenesis from
[2, 3-13C2]alanine in the human neonate by determination
of 13C2 enrichment in blood glucose during the constant
infusion of tracer [2, 3-13C2]alanine between 4 and 8 h of
postnatal age. Alanine flux, calculated from the steady-
state blood [2, 3-13C2]alanine enrichment, was 16.6 +/−

1.3 (SE) µmol kg−1 min−1. At 8 h of age, 9.3 +/− 2.3% of
blood glucose was derived from alanine.
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Energy requirements and protein-energy metabolism
and balance in preterm and term infants
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Energy is required for all vital functions of the body at the
cellular and organ level and this need is met by the dietary
intake of energy substrates. Energy produced during oxida-
tion of nutrients is generally converted to ATP (adenosine-
5-triphosphate) that, in turn, provides the energy for
necessary activities when it is hydrolyzed to ADP
(adenosine-5-diphosphate). In this chapter some general
aspects of energy metabolism are summarized briefly. This
review is followed by discussions on energy needs of term
and preterm infants. Finally, protein-energy metabolism
and balance with specific attention to protein-energy inter-
action are discussed.

The energy requirement for an individual has been
defined as: the amount of energy intake from food that
will balance energy expenditure and exogenous energy
losses when the individual’s body size and composition and
physical activity profile is consistent with long-term good
health. In children and pregnant or lactating women, the
energy requirements also include the energy needs asso-
ciated with deposition of tissues or secretion of milk con-
sistent with good health.1 Requirements for energy during
the neonatal period when referenced to body weight are
higher than any time later in life, primarily because of high
rates of growth.

Energy requirements can be best understood by exam-
ining the energy balance equation: Gross Energy intake =
Energy excreted + Energy expended + Energy stored. The
gross energy intake is the energy provided by the diet. The
energy provided by milk as determined by combustion in a
bomb calorimeter is 5.65 kcal g−1 of protein, 3.95 kcal g−1

of carbohydrate and 9.25 kcal g−1 of fat.2 Energy excreted is
the energy lost in stool and urine. Fat accounts for most of
the energy excreted in stool with small contributions from

carbohydrate and protein. The term digestible energy refers
to gross energy intake minus the energy lost in stool. Most
of the energy lost in urine is from urea. The term metaboliz-
able energy refers to gross energy intake minus energy lost
in stool and urine. The energy expended includes energy
expenditure for basal or resting metabolism, thermoreg-
ulation, physical activity and diet-induced thermogenesis
which includes a prominent contribution from the energy
expended in synthesis of new tissue. Energy stored is energy
stored in new tissue, mainly as fat and protein. The various
components of the energy balance equation are shown in
Figure 12.1.

Methods of measuring energy expenditure

Direct calorimetry estimates energy expenditure from the
heat produced by the combustion of energy substrates
which, in turn, is transferred directly to the environment
as heat energy. The infant is placed in a thermally iso-
lated closed system and the sum of the heat lost by radi-
ation, convection, conduction and evaporation is then
determined. Although this method has been used by some
investigators,3–5 it is impractical as it allows limited access
to the infants and requires sophisticated equipment and
frequent calibration.

Indirect calorimetry, the method most often used to esti-
mate energy expenditure, determines indirectly the heat
produced during oxidative metabolism by the measure-
ment of oxygen consumption (VO2) and carbon dioxide
production (VCO2), usually combined with estimates of
protein catabolism made from urinary nitrogen excretion.
VO2 and VCO2 are measured using open-circuit indirect

Neonatal Nutrition and Metabolism. Second Edition, ed. P. Thureen and W. Hay. Published by Cambridge University Press.
C© Cambridge University Press 2006.

134



Energy requirements and protein-energy metabolism and balance in preterm and term infants 135

Table 12.1. Energy produced on oxidation of energy

substrates and respiratory quotient.a

Energy substrate

Energy produced per

liter of oxygen (kcal)

Respiratory

quotient

Glucoseb 5.02 1.0

Palmitateb 4.66 0.7

Amino acidsb 4.17 0.81

aAdapted from Ferrannini.6

b Caloric value may vary according to the type of carbohydrate, fat

and protein.

Energy Protein Energy cost 
of growth 

stored
Gross Metabolizable Fat
energy energy 
intake intake

Energy -Synthesis
expended     -Activity Maintenance 

-Thermoregulation energy 
-BMR expenditure

Energy losses in stool and urine 

Figure 12.1. Schematic representation of the energy balance

equation. BMR, basal metabolic rate.

calorimetry. The removal of oxygen from and the addi-
tion of carbon dioxide to a bias flow of gas is estimated
using the Fick principle. The difference in concentration
of O2 and CO2 when multiplied by the total flow of gas
through the respiratory chamber (with some small correc-
tions) will, assuming complete capture of exhaled gases,
estimate the rate of flux of these gases into or out of the
subject. In addition to estimates of total energy expendi-
ture, it is often useful to use these measurements to calcu-
late the rate of oxidation of the macronutrients: carbohy-
drate, fat and protein in the diet, as the amount of energy
produced per liter of oxygen consumed differs with each
macronutrient (Table 12.1). The macronutrient mix being
combusted can be determined by measuring the nonpro-
tein respiratory quotient (RQ) which is the ratio VCO2/VO2.
The RQ for carbohydrate is 1.0, for fat 0.7 and for protein
0.8. Knowing the rate of VO2 and VCO2 and subtracting the
amount of each due to the catabolism of protein allows
one to determine the rate of energy expenditure as well
as the relative proportions of fat and carbohydrate being
oxidized. Measurements of energy expenditure by indirect
calorimetry and by direct calorimetry have been shown to
be equivalent.7, 8

Since this method is noninvasive and has open circuitry
it allows adequate access to the infants for routine care

and can be used to measure energy expenditure over long
periods. Studies have suggested that 6-hour determina-
tions of energy expenditure by indirect calorimetry can
be used with acceptable accuracy to compute 24–48 hour
energy balance.9–11 This method of determining energy
expenditure has limitations that have been extensively
reviewed.12,13 At desirable rates of gas flow, the measured
changes in the concentration of O2 and CO2 are small, thus
requiring highly accurate measurements of the concentra-
tions in the inspired and expired gases. For accurate meas-
urements of VO2, the concentration of O2 in the inspired
gas needs to be constant. This is particularly critical for
infants receiving supplemental O2 or when making meas-
urements in an ICU setting where oxygen is used for the
treatment of nearby patients.

Doubly labeled water technique determines total energy
expenditure averaged over several days. This method
involves administration of a dose of two stable nontoxic,
nonradioactive tracers (2H and 18O) and tracking the wash-
out kinetics of the tracers in daily body fluid samples (urine
in infants) using isotope ratio mass spectrometry. The prin-
ciple is that 2H is a tracer for water flux whereas18O is
a tracer for flux of water and CO2 combined.14 The dif-
ference between the flux rates of the two isotopes gives
an estimate of CO2 production rate. Using the CO2 pro-
duction rate and an assumed RQ, the energy expenditure
can be calculated. This method rests on several assump-
tions that have been critically reviewed.15–17 Though this
technique of measuring CO2 production rate has been val-
idated by comparison with similar measurements made
by indirect calorimetry in animals,18 human adults19 and
preterm infants,20 the individual variability in the estima-
tion of energy expenditure by both methods was large.21

Concerns also have been raised in the use of this technique
in extremely low birth weight (ELBW) infants in the imme-
diate neonatal period since the method requires relatively
stable total body water. Before using this technique it is
recommended that all assumptions on which it is based
be reviewed with special attention being paid to the pecu-
liarities of the population under study. One should not rely
on validating data from stable subjects when investigating
distressed and unstable infants. The propagation of errors
involved in estimating energy balance and the relatively
small differences in energy storage that can, over time, be
clinically important call for high standards of accuracy in
all measurements.

Infrared thermographic calorimetry uses infrared scans
to measure mean body surface temperature and, in con-
junction with heat loss theory, estimates directly heat
lost by radiation, conduction and convection and thereby
determines energy expenditure. This method has recently
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been validated against indirect calorimetry in healthy
preterm infants.22 This method has the theoretical advan-
tage of measuring heat loss directly.

Factors influencing energy expenditure

Age

Expressing energy expenditure per kg body weight does
not take into consideration the changes in body compo-
sition that occur with age. Considerably higher rates of
energy expenditure are reported in neonates than in adults
(50 kcal kg−1 day−1 versus 25 kcal kg−1 day−1). It is unclear
whether the changes with age are related to age alone or are
influenced by other factors that change with age like rate of
growth, body composition, surface area to body mass ratio,
and dietary intake. Various attempts to define the reference
standard for energy expenditure have utilized many param-
eters of body mass and surface area, but the ease of simple
measurements of weight has led to their dominant use in
clinical studies.

Although it is thought that resting energy expenditure
of term and preterm infants increases during the first
several months of life, there are no longitudinal stud-
ies to support this. Based on cross-sectional data it has
been suggested that resting energy expenditure of infants
increases from birth, peaking at 2–6 months of age, and
then declines.23,24 This suggestion is supported by data
from term infants studied at 3 days of age and again at
3 months of age.25 In preterm infants also, increase in
energy expenditure from the first few days of life to 5–6
weeks of age has been reported.5,26–29 However, there is a
strong suggestion from the studies in preterm infants that
the increase in energy expenditure observed with age dur-
ing the first few weeks of life is due to the increase in energy
intake.5,27–29

Dietary intake

The energy expended for digestion, absorption, transporta-
tion, utilization and storage of nutrients in the diet has
been referred to as the thermic effect of food, diet-induced
thermogenesis (DIT), or specific dynamic action (SDA).
This is generally estimated in the neonate by determining
the baseline (fasting) rate of energy expenditure and then
estimating the area under the curve during the postpran-
dial rise and fall in energy expenditure. DIT is assumed
to end when energy expenditure returns to baseline or
when the next feed is administered. As it is not feasible
to achieve a true fasting state in the infant, determina-

tions of DIT are certain to be underestimated. Diet-induced
thermogenesis generally peaks 50–80 minutes after a feed
in the neonate23,30 and is estimated to increase resting
energy expenditure by 10–15%.30–33

The magnitude of diet-induced thermogenesis has
been reported to be significantly correlated with weight
gain30,33,34 and energy intake of the diet.35–37 It is impor-
tant to consider all possible energy requiring processes that
comprise DIT in any given subject. For example, biochem-
ical processes necessary for growth require oxygen as well
as protein and energy. Transport of oxygen to growing or
dividing cells is associated with increases in both cardiac
output and minute ventilation, that are achieved primarily
by increases in heart rate and respiratory rate respectively
(these measurements track the metabolic rate very closely).
Since these additional heart beats and breaths would not
otherwise occur, the energy expended in the associated
myocardial and respiratory work will be included in esti-
mates of diet-induced thermogenesis, comprising a car-
diorespiratory cost of growth. It is difficult to separate the
effects of all such subtle contributions to diet-induced
thermogenesis.

Since metabolic rate of adults continues to fall during
days and weeks of fasting38 it is necessarily arbitrary as to
how to label this change in metabolic rate. Is this contin-
uing withdrawal of DIT or an alteration in basal metabolic
rate? The energy content of the diet has also been shown to
have an effect on overall energy expenditure in addition to
the immediate response seen after a feed. Higher rates of
energy expenditure have been reported with higher energy
intakes.27–29,39–41 It is unclear to what extent the effect of
growth, age and diet-induced thermogenesis can explain
this relationship. In some of the studies, the gestational and
postnatal ages were relatively well controlled,39–41 however,
infants receiving the higher energy intake had greater rates
of weight gain. It is clear, however, that any comparison of
rates of energy expenditure among or within subjects must
take the energy and protein intake and growth rate of the
infant into account.

Physical activity

In term infants it has been estimated that physical activ-
ity contributes approximately 20–25% to the total energy
expenditure.42,43 As infants grow, activity expenditure
increases.44 Since preterm infants sleep 80–90% of the time,
physical activity is a smaller component of their energy
expenditure. The primary effects of physical activity in
these infants are those related to the sleep cycle, i.e. the
rhythmic change between active (rapid eye movement:
REM) and quiet (non-rapid eye movement: NREM) sleep.
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Lower rates of energy expenditure during quiet sleep have
been reported when compared with those of active sleep in
adults,45 term infants46 and in preterm infants.47 It has been
estimated that physical activity contributes approximately
10% to the energy expenditure of the low birth weight
infant.5,48,49 Crying or extreme restlessness is associated
with increase in energy expenditure of approximately
50–70%.50

Environmental temperature

Increases in energy expenditure in the neonate have been
associated with environments that are too cool or too
warm.51 The changes in the energy expenditure associ-
ated with changes in environment temperature have been
reported to occur promptly and may occur without any
changes in core temperature.52

Neutral thermal environment is defined as thermal con-
ditions under which oxygen consumption (metabolic rate)
is minimal while core temperature is maintained within the
normal range. Here again, there are problems in separating
various contributions to overall metabolic rate. Recent evi-
dence indicates that preterm,53 term and young infants54

are warmer when laying in the prone body position, yet
their expenditure of energy is reduced. Does this mean that
they are not thermoneutral in the supine position or is this
due to a change in physical activity (quiet sleep is increased
in the prone position). Maintenance of thermoneutral con-
ditions while providing care to preterm infants will decrease
their energy needs for thermoregulation, however, it is diffi-
cult to maintain a thermoneutral environment continually
as infants require frequent nursing care, procedures and
handling. Dietary energy intakes of 5–10 kcal kg−1 day−1

have been recommended to meet the daily cost of ther-
moregulation.

Size for gestational age

Though higher rates of energy expenditure have been
observed by some investigators in small-for-gestational-
age (SGA) infants when compared with appropriate-for-
gestational-age (AGA) infants,55,56 others have reported
either no differences between the two groups of infants57,58

or an insignificant trend toward higher energy expendi-
ture in SGA infants.59 There are two opposing influences
impacting the metabolic rate of small-for-dates infants.
First, depending on their age and diet, SGA infants will be
growing at different rates than AGA infants, and the energy
expended in tissue synthesis (DIT) will be correspondingly
different. For example, by definition, at birth the SGA will

be growing more slowly than the AGA infant and, hence,
would be expected to expend less energy in tissue synthe-
sis. This component of energy expenditure may well change
during catch-up growth. Second, the question of a proper
reference standard is particularly important in comparing
these infants. Body weight alone is likely to be misleading as
a denominator and probably should be replaced by a higher
level model, including some estimate of cranial volume or
body composition.

Clinical status

Increases in energy expenditure by 20–90% for up to
3 weeks have been reported in septic adults compared
with controls.60–62 Although data from infants are limited,
increases in energy expenditure for the first few days in term
infants with sepsis, have also been observed.63 Though a
positive correlation between VO2 and degree of illness in
neonates (gestational age 34–41 weeks) was observed by
Mrozek et al., no difference was seen between the infants
who were septic compared with those who were not.64 The
increase in energy expenditure in septic adults is believed
to be secondary to the systemic inflammatory response.62

The increase in heart and respiratory rates observed in sep-
tic subjects may also contribute to the increase in energy
expenditure.

Although increases in energy expenditure with the
increase in intensity of respiratory support65 have been
reported, decreases in energy expenditure with continous
positive airway pressure (CPAP) were observed in preterm
infants compared with spontaneously breathing infants
of similar age.28 No differences in respiratory rates were
observed, however, the spontaneously breathing infants
spent a greater amount of time in active REM sleep
than infants on CPAP. In ventilated preterm infants, 25%
of the VO2 observed has been attributed to increased
VO2 of the injured lung.66 Increased energy expenditure
has also been associated with chronic lung disease.67,68

Use of methylxanthines for apnea of prematurity has
also been observed to be associated with increases in
energy expenditure by some investigators28,69,70 and not by
others.71

In the ill preterm infants, especially those requiring var-
ious degrees of respiratory support, energy expenditure
measurements are extremely difficult studies to perform
using any existing measurement technique. In evaluating
all clinical studies, the reader should determine to his/her
satisfaction that the experimental design and methods
are sound and all covariables, particularly macronutrient
intake, have been identified and controlled.
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Figure 12.2. Relationship between gross energy intake and

energy stored of low birth weight infants enrolled in enteral

feeding studies.41,91,92,104

Energy cost of growth

The energy cost of growth comprises two components:
the energy equivalent of new tissue stores added during
growth and the energy expended in the process of deposit-
ing these new growth tissues. The energy equivalent of
deposited tissue i.e. energy stored (ES), can be calculated
as the difference between the metabolizable energy intake
and energy expended. In growing low birth weight (LBW)
infants, energy stored is a linear function of gross energy
intake as shown in Figure 12.2. The composition of the tis-
sue deposited as protein and fat (ignoring the small changes
in carbohydrate storage) can be estimated from the nitro-
gen balance and ES.

Protein stored (g kg−1 day−1) = 6.25 × Nitrogen balance
(g/kg−1 day−1). Fat stored (g kg−1 day−1) = ES − (5.65 ×
protein stored)/ 9.25; where 5.65 and 9.25 are energy equiv-
alents of a gram of protein and fat.

The energy cost of tissue deposition or synthesis cannot
be determined directly. Estimates from studies of weight
gain, macronutrient storage and energy expenditure in
LBW infants have been derived.5,29,36,49,72–75 As shown in
Figure 12.3, the energy expenditure of a large group of grow-
ing LBW infants is strongly related to their rate of weight
gain, and the slope of the line represents the estimate of
the energy required for tissue deposition or synthesis. The
energy cost of tissue deposition or synthesis per gram of
weight gain as estimated from the regression relationship
has been reported to be 0.23 to 0.68 kcal g−1.73–75

Roberts and Young estimated energy expenditure
required for deposition of protein and fat in preterm
infants using pooled data from several studies to relate
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Figure 12.3. Relationship between weight gain and energy

expenditure of low birth weight infants enrolled in enteral feeding

studies.41,91,92,104 The slope of the line represents the estimate of

the energy required for tissue deposition or synthesis.

metabolizable energy intake and energy expenditure to
estimates of protein and fat stored. They concluded that the
energy expended for protein and fat synthesis was approxi-
mately 7.75 and 1.55 kcal g−1 respectively.72 Using a regres-
sion model where independent measures of all indepen-
dent variables were used, Towers et al. reported energy
expended in protein and fat synthesis to be 5.5±1.1 kcal g−1

and 1.6 ± 0.3 kcal g−1.75 The estimates of energy cost of
synthesis obtained by the above methods are several times
greater than theoretical estimates made using the Atkin-
son’s metabolic pricing system; this is especially true for
protein synthesis. Many have attributed this difference to
the fact that protein accretion is a dynamic, bidirectional
process. Tracer studies suggest that net protein synthe-
sis requires 5-fold turnover of tissue protein, i.e. for every
gram of protein accreted, 5 g of protein is synthesized and
catabolized.76

The energy cost of growth can be estimated from the sum
of energy stored and the energy cost of tissue deposition or
synthesis. In growing LBW infants, energy cost of growth
can be substantial and mean values as high as 74 kcal kg−1

day−1 are reported.75 Approximately 73% of this was stored
energy as protein and fat and 27% was expended in protein
and fat deposition.

Energy requirements of term infants

The energy requirements of term infants have been based
on the intakes of healthy thriving infants.77 Recommenda-
tions made by the Food and Agriculture Organization and
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Table 12.2. Recommended energy intakes for preterm infants.

Recommended

energy intake

American Academy of

Pediatrics83

Canadian Pediatric

Society84

European Society for

Gastroenterology and

Nutrition87

Life Science

Research Office86

Minimum 105 kcal kg−1 day−1 105 kcal kg−1 day−1 98 kcal kg−1 day−1 110 kcal kg−1 day−1

Maximum 130 kcal kg−1 day−1 135 kcal kg−1 day−1 128 kcal kg−1 day−1 135 kcal kg−1 day−1

WHO are approximately 5% higher than the actual reported
intakes.1 This increase reflects the correction for assumed
underestimation of intakes especially those of breast-fed
infants. The energy requirements of the infants, when esti-
mated from energy expenditure measurements made by
doubly labeled water and energy stored calculated from
the reference values of body composition,78 or derived
from total body fat and fat free mass gain determined by
total body electrical conductivity and TOBEC,79 have been
reported to be lower than the recommended intakes. For
infants 0–3 months’ age, energy intakes ranging from 100–
116 kcal kg−1 day−1 have been recommended.1,80–82

Energy requirements of preterm infants

Recommendations for energy and other nutrient intakes
for preterm infants are based on the assumption that post-
natal growth of these infants should be at intrauterine
growth rates.83–85 In the event it is not possible to provide
these intakes initially, as may happen in the first few weeks
after birth, it may be necessary to provide greater intakes
to allow for catch-up growth.

Based on energy balance and growth data in the literature
the Expert Panel for the American Society for Nutritional
Sciences, Life Sciences Research Office recently recom-
mended energy intakes for preterm infants in the range of
110–135 kcal kg−1.86 Similar recommendations have been
made by the American Academy of Pediatrics Committee
on Nutrition83 and committees such as the Canadian Pedi-
atric Society84 and the European Society for Gastroenterol-
ogy and Nutrition87 and are shown in Table 12.2.

Protein–energy metabolism and balance
Protein requirements cannot be determined without con-
sidering concurrent energy intake and energy require-
ments cannot be determined without consideration of
simultaneous protein intake. The interaction between pro-
tein and energy has been addressed in the human adult,
by studying the effects of varying energy intake on nitro-
gen balance, effects of varying protein intake on nitrogen

balance, and the effects of other nutrients on the protein–
energy interaction. It has been shown that at adequate
energy intakes, increasing protein intake increases nitro-
gen retention and at adequate protein intakes increasing
energy intake also increases nitrogen retention. However,
if either of the intakes are inadequate, increasing energy
without increasing protein or increasing protein without
increasing energy will be without benefit; i.e. for any spe-
cific nitrogen intake, there is a concomitant energy intake
beyond which further increases will not further improve
nitrogen retention.

Effect of varying energy and protein intake
on nitrogen balance

The effect of energy intake on protein utilization has been
studied extensively in animals and, to some extent, in
human adults.88–90 However, few data from human infants
are available. The reported studies of the effect of concomi-
tant energy intake on protein utilization of LBW infants
suggest that the principles outlined above apply, however,
they fall short of defining the quantitative aspects of this
interaction.

Kashyap et al., in a series of controlled enteral feeding
studies examined the effects of independent and system-
atic variations in the absolute amount and relative propor-
tion of protein and energy intake on the rate and compo-
sition of weight gain and metabolic response. The impor-
tance of these studies derives from their use of specially
prepared formulas with widely varying absolute amounts of
protein, energy and protein-energy ratios. Taken together,
the data from these prospective, randomized, double-
blind studies, which typically spanned the period from full
enteral intake until weight reached 2200 g, allow for reliable
analysis of the separate effects of the amount and relative
proportions of these macronutrients on weight gain and
nitrogen retention over a wide range of intakes. The num-
ber of infants in each study cell typically numbered 9–15.

Initial studies, employing enteral protein intakes of 3.5–
3.6 g kg−1 day−1 with a concomitant energy intake of either
120 or 150 kcal kg−1 day−1 demonstrated no statistically
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significant difference in nitrogen retention.91 However, the
blood urea nitrogen concentration and the plasma con-
centration of several amino acids were somewhat lower in
the group that received the higher energy intake, suggest-
ing that the higher energy intake was at least minimally
beneficial in enhancing nitrogen utilization. Subsequent
studies of infants at higher protein intakes of either 3.8 or
3.9 g kg−1 day−1 revealed that nitrogen retention of infants
who received a concomitant energy intake of 142 kcal kg−1

day−1 was significantly higher than that of infants who
received the same protein intakes with an energy intake
of 120 kcal kg−1 day−1.41 However, at still higher protein
intakes of 4.2–4.3 g kg−1 day−1, despite the fact that urin-
ary nitrogen excretion was lower at high energy intakes
(141 kcal kg−1 day−1), nitrogen retention of the infants
was not different from those receiving the same protein
intake with concomitant energy intake of 117 kcal kg−1

day−1.92 This raises the possibility that protein intakes
greater than 4 g kg−1 day−1 may exceed the capacity of
LBW infants for protein utilization regardless of accom-
panying energy intake or that even higher energy intake is
required for significantly better utilization of such protein
intakes.

The data from the same series of studies also demon-
strated that the rate and composition of the weight gained
by these infants was predictable from the composition
of their diets. The rate of weight gain was dependent on
the absolute intakes of protein and energy.92 The multiple
regression equation summarizing this relationship is:

�Wt = 0.095 Ein + 3.6 Pin − 0.00468 BW + 1.699;

(r2 = 0.62; residual error = 3.34 g/kg1 day1)

where Ein is the energy intake (kcal kg−1 day−1), Pin is pro-
tein intake (g kg−1 day−1) and BW is the birth weight. The
relative composition of the weight gained as protein stored
and fat stored was dependent on the protein–energy ratio
of the diet as shown in Figure 12.4.

Also, as shown in Figure 12.5, urinary nitrogen excre-
tion and hence nitrogen retention of these LBW infants
is a continuous function of the protein to energy ratio of
the intake, supporting the notion that, for any given pro-
tein intake, increasing energy intake will decrease nitro-
gen excretion and thus improve nitrogen retention. How-
ever, since the protein–fat ratio of newly synthesized tissue
parallels the protein–energy ratio of the intake, increasing
energy intake will also result in greater fat deposition. Urin-
ary nitrogen excretion is also influenced by the quality of
the non-protein energy of the diet. LBW infants fed high
carbohydrate diets, in a study similar to those described
above, were noted to have lower urinary nitrogen excretion
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the dietary intake and urinary nitrogen excretion of LBW infants

enrolled in enteral feeding studies.41,91,92,104

(hence greater nitrogen retention) than infants fed high fat
diets at the same protein–energy ratio.93

In LBW infants receiving total parenteral nutrition,
Zlotkin et al. observed higher nitrogen retention with an
amino acid intake of 3.1 g kg −1 day−1 at energy intakes
of 50–60 kcal kg−1 day−1 than those reported by Ander-
son et al. in infants receiving amino acid intake of 2.5 g
kg−1 day−1 at the same energy intake.94,95 Further increas-
ing the amino acid intake to 4g kg−1 day−1 at the same
energy intake resulted in no further increase in nitrogen
retention.94 However, the utilization of both intakes of
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3 and 4 g kg−1 day−1 in parenterally fed infants was greater
when energy intake was 80 versus 50–60 kcal kg−1 day−1.94

Other investigators have also reported improved utiliza-
tion of parenterally delivered amino acid intakes of 2.5–2.9
g kg−1 day−1 with concomitant energy intakes of 80–90 kcal
kg−1 day−1 compared with 60–70 kcal kg−1 day−1.96,97

Based on these data from LBW infants, it is not possible to
precisely predict the energy intake required to assure max-
imal utilization of a specific protein or amino acid intake.
However, it appears that energy intake of 120 kcal kg−1

day−1 is sufficient to assure near-maximal utilization of an
enteral protein intake of 3.6 g kg−1 day−1. Also, an energy
intake of 80 kcal kg−1 day−1 is sufficient to assure near-
maximal utilization of a parenteral amino acid intake of
2.7 g kg−1 day−1 and an energy intake of 60 kcal kg−1 day−1

is sufficient to assure reasonable utilization. From these
data, it seems safe to conclude that utilization of the pro-
tein content of an enterally administered regimen will be
quite efficient if the energy-protein ratio of the regimen is at
least 30 kcal g−1 and that utilization of the amino acid con-
tent of a parenterally administered regimen will be quite
efficient, although perhaps not maximally efficient, if the
energy–amino acid ratio of the regimen is at least 20–25
kcal g−1. These energy–protein ratios, however, may not be
optimal for maximal utilization of protein and amino acid
intakes outside the range of intakes from which they were
calculated. Also, the ratio may be different if the distribution
of energy intake between carbohydrate and fat is different
from the distribution of these nutrients in the regimens
for which the ratios were calculated. In this regard, there
is considerable evidence that carbohydrate is more effec-
tive than fat in promoting nitrogen retention.89,93,98 There
is no apparent benefit of an energy intake much in excess
of that necessary to assure utilization of the concomitant
protein intake. Such intakes result simply in excessive fat
deposition relative to protein deposition40,41,73,88,99,100 or
worse, at marginal protein intakes, may be associated with
low albumin concentrations.101

Balance studies in enterally fed LBW infants have been
used to estimate protein and energy requirements of these
infants. A number of studies have provided considerable
insight into the growth and nutrient accretion rates inci-
dent to a variety of protein intakes as well as the effects
of various protein intakes on other indices of protein ade-
quacy or excess. Thus, it is possible to define the protein
intake required to achieve a variety of goals.

The American Academy of Pediatrics Committee on
Nutrition,83 the Canadian Pediatric Society84 and the Euro-
pean Society of Pediatric Gastroenterology and Nutrition85

have recommended protein intakes for preterm infants to
be sufficient to support the intrauterine rate of nitrogen

accretion as a goal. The protein intakes of preterm infants
fed 180 ml kg−1 day−1 of either term or preterm human milk
providing ∼ 2 g kg−1 day−1 and ∼2.5 g kg−1 day−1 respec-
tively are insufficient to support the intrauterine rate of
nitrogen accretion.102–104

Increasing nitrogen retention has been reported with
increasing protein intake both in parenterally and enterally
fed LBW infants.94,105,106 In healthy enterally fed preterm
infants the efficiency of protein utilization at adequate
energy intakes has been estimated to be approximately
70%.99,107,108 An enteral protein intake of approximately 2.8
g kg−1 day−1 is close to the minimal intake needed to insure
intrauterine rates of weight gain and nitrogen retention.
This intake has also been shown to maintain acceptable
plasma albumin and transthyretin concentrations.41,91 The
blood urea nitrogen concentration and the plasma concen-
tration of most amino acids in infants receiving this intake
are only minimally different from concentrations observed
in infants fed preterm human milk.104

A protein intake of 3.5–4 g kg−1 day−1 results in rates of
both weight gain and nitrogen accretion well in excess of
intrauterine rates and also maintains acceptable plasma
albumin and transthyretin concentrations.41,91 Although
the blood urea nitrogen and plasma amino acid concen-
trations of infants fed these intakes are higher than those
of infants fed lower intakes, blood urea nitrogen concentra-
tions are within the acceptable range (8.1 ± 2.3 mgDL−1),
and the plasma concentrations of only a few amino acids
exceed the concentrations of cord plasma109 or plasma
obtained at fetoscopy.110 As a general guide to the adequacy
of enteral protein intake, clinicians should pay close atten-
tion to the blood urea nitrogen concentrations. If a stable
infant is on marginal intakes and the blood urea nitrogen
concentration is low, the total volume of formula should
be increased. If the volume of intake is deemed to be ade-
quate and the blood urea nitrogen concentration is low,
supplementation with protein should be considered.

Today, most LBW infants in the USA are fed either preterm
human milk fortified with protein and other nutrients, one
of several formulas designed specifically for LBW infants,
or a combination of human milk and one of the preterm
formulas. When volumes sufficient to provide an energy
intake of 120 kcal kg−1 day−1 are fed, the LBW infant formu-
las currently available in the USA provide protein intakes
ranging from 3.25–3.6 g kg−1 day−1. Infants fed these for-
mulas gain weight and retain nitrogen at rates equal to,
or slightly in excess of, intrauterine rates without appreci-
able “metabolic stress”. 111–113 However, recent data indi-
cate that most conventionally managed infants who weigh
less than 1500 g at birth, although appropriate size for ges-
tational age at birth, weigh less than the 10th percentile of
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intrauterine standards at hospital discharge.114 This sug-
gests that they fail to compensate for the lack of growth or
actual weight loss of most such infants during the first 2–4
weeks of life.

The Life Sciences Research Office (LSRO) Expert Panel on
Assessment of Nutrient Requirements for Preterm Infant
Formulas115 recommended minimum and maximum pro-
tein contents of 2.5 and 3.6 g 100 kcal−1, respectively. At an
energy intake of 120 kcal kg−1 day−1 these recommenda-
tions equate to protein intakes of 3–4.3 g kg−1 day−1.

Effect of other nutrient intakes on nitrogen balance

Inadequate intake of any nutrient required for new tissue
synthesis will also limit the extent to which protein can
be deposited as new tissue. This has been best demon-
strated in the study of Rudman et al.116 in adults receiving
exclusively parenteral nutrition. In this study, withdrawal
of sodium, potassium or phosphorus from an otherwise
complete parenteral nutrition regimen resulted in lower
nitrogen retention and a lower rate of weight gain. Though
no such data are available for term or preterm infants, sig-
nificant correlations between nitrogen retention and elec-
trolytes and minerals have been reported,117 suggesting
that an inadequate intake of any nutrient required for pro-
duction of new tissue is likely to interfere with the LBW
infant’s utilization of protein and/or amino acid intake.

Kashyap et al.91 suggested this possibility to explain
apparent differences between the results of their studies on
effects of protein intake on growth and metabolic response
of LBW infants when compared with those reported by
Räihä and colleagues.118 Kashyap and associates observed
marked difference in rates of weight gain as well as in nitro-
gen retention between infants fed protein intakes of 2.25 g
kg−1 day−1 versus 3.6 g kg−1 day−1, with an energy intake
of 120 kcal kg−1 day−1. However, Räihä et al. found no dif-
ference in rates of weight gain of LBW infants fed protein
intakes of 2.25 vs. 4.5 g kg−1 day−1 with an energy intake of
120 kcal kg−1 day−1. The only apparent difference between
the two studies was the electrolyte and mineral contents
of the formulas fed to the infants. The sodium and phos-
phorus intakes of infants studied by Räihä and co-workers
were considerably lower and were similar to those provided
by human milk. Based on the intrauterine relationships
between sodium and phosphorus accretion and the accre-
tion of nitrogen,119 the sodium and phosphorus intakes of
the infants studied by Räihä et al., even if 100% absorbed,
were insufficient to permit utilization of the higher protein
intake. In contrast, the sodium and phosphorus intakes of
the infants studied by Kashyap and associates were higher
and retention of sodium and phosphorus relative to the

retention of nitrogen was roughly the same as the intrauter-
ine relationships.

Although few data concerning this potentially important
relationship are available, it seems reasonable to conclude
that inadequate intake of any nutrient required for syn-
thesis and/or deposition of new tissue is likely to inhibit
utilization of protein for production of lean body mass.

Though protein energy balance studies in preterm
infants have provided information to enable recommenda-
tions of protein and energy intakes for specific short-term
goals, effects of these intakes on long-term outcomes on
growth, body composition, neurodevelopment and clini-
cal susceptibility to adult onset diseases are lacking.
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Fatty acids are aliphatic monocarboxylic acids. They are
classified as saturated, monounsaturated or polyunsatu-
rated fatty acids depending upon the number of double
bonds in the carbon chain. Saturated fatty acids have no
double bonds, monounsaturated fatty acids have 1 double
bond and polyunsaturated fatty acids have 2 or more, but
usually no more than 6, double bonds. Most fatty acids
can be synthesized endogenously but the major source
is from dietary fat which accounts for approximately half
the energy content of breast milk and infant formulas.
Triglycerides, which have three, usually different, fatty acid
molecules esterified to a molecule of glycerol, are the
major components of dietary fat; the remainder includes
phospholipids, monoglycerides, diglycerides and sterols.
These are hydrolyzed in the intestinal lumen, the released
fatty acids are reassembled within the enterocyte and the
reassembled triglycerides, phospholipids, monoglycerides
and sterol esters are absorbed primarily into the thoracic
duct from which they eventually reach the bloodstream
where they circulate as components of the various lipopro-
teins. Some free fatty acids also are absorbed and circulate
bound to albumen.

All fatty acids have common names but, by general con-
vention, they are identified by a “shorthand” system indi-
cating their number of carbon atoms, their number of
double bonds and the site of the first double bond from
the terminal methyl group of the molecule. For example,
palmitic acid, a 16-carbon saturated fatty acid is desig-
nated 16:0 and oleic acid, an 18-carbon monounsaturated
fatty acid with its single double bond located between the
ninth and tenth carbon from the methyl terminal, is desig-
nated 18:1ω9. Linoleic acid (LA) and α-linolenic acid (ALA)
are designated 18:2ω6 and 18:3ω3, respectively. Both are

18-carbon polyunsaturated fatty acids. Linoleic acid has
2 double bonds, the first between the sixth and seventh
carbon from the methyl terminal, and ALA has 3 double
bonds, the first between the third and fourth carbon from
the methyl terminal. The common names as well as the
shorthand designations of several dietary fatty acids are
shown in Table 13.1.

Essential fatty acids

Fatty acids with double bonds at the ω6 and ω3 posi-
tions cannot be synthesized endogenously by the human
species.1 Therefore, specific ω6 and ω3 fatty acids or their
precursors with double bonds at these positions, i.e. LA
(18:2ω6) and ALA (18:3ω3), must be provided in the diet.
Both LA and ALA are metabolized by the same series of
desaturases and elongases to longer chain, more unsatu-
rated fatty acids2 but ω6 fatty acids cannot be converted
to ω3 fatty acids and vice versa. This pathway is outlined
in Figure 13.1. As indicated, two desaturation – elongation
steps result in formation of 22:4ω6 and 22:5ω3. However,
instead of being desaturated exclusively by �4-desaturase
to 22:5ω6 and 22:6ω3, as formerly believed, 22:4ω6 and
22:5ω3 are, first, elongated to 24:4ω6 and 24:5ω3 which are
desaturated by �6-desaturase to 24:5ω6 and 24:6ω3. 22:5ω6
and 22:6ω3 are then formed from 24:5ω6 and 24:6ω3 by par-
tial β-oxidation. This alternate pathway was described in
the early 1990s by Voss et al.3 and its involvement in forma-
tion of 22:5ω6 and 22:6ω3 from labeled 18:2ω6 and 18:3ω3,
respectively, was confirmed in infants by Sauerwald et al.4

Collectively, the longer chain, more unsaturated fatty
acids synthesized from LA and ALA are referred to as
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Table 13.1. Common names and numerical nomenclature of

selected fatty acids

Common name Numerical nomenclature

Caprylic acid 8:0

Capric acid 10:0

Lauric acid 12:0

Myristic acid 14:0

Palmitic acid 16:0

Stearic acid 18:0

Oleic acid 18:1ω9*

Linoleic acid 18:2ω6*

γ -linolenic acid 18:3ω6

Dihomogamma-linolenic acid 20:3ω6

Arachidonic acid 20:4ω6

α-linolenic acid 18:3ω3*

Eicosapentaenoic acid 20:5ω3

Docosahexaenoic acid 22:6ω3

*ω9, ω6, and ω3 are used interchangeably with n-9, n-6, and n-3.

ω6 fatty acids ω3 fatty acids

18:2 n-6 18:3 n-3 
∆ 6 desaturase

18:3 n-6 18:4 n-3 

elongation

20:3  n-6 20:4 n-3 
∆ 5 desaturase

20:4  n-6 20:5 n-3 
elongation

22:5  n-3 22:5 n-3
elongation

24:4 n-6 24:5 n-3 
∆ 6 desaturase

24:5 24:6 n-3 

 β  – oxidation
22:5 22:6 n-3 

 n-6

 n-6

Figure 13.1. Metabolic pathways of 6 and 3 fatty acids.

long chain (i.e. more than 18 carbons), polyunsaturated
fatty acids (LC-PUFA). Important metabolites of LA include
γ -linolenic acid (GLA; 18:3ω6), dihomogamma linolenic
acid (DHLA; 20:3ω6) and arachidonic acid (ARA; 20:4ω6).
Eicosapentaenoic acid (EPA; 26:5ω3) and docosahexaenoic
acid (DHA; 22:6ω3) are the most important metabolites of
18:3ω3. In vivo, LA and ALA are found in storage lipids, cell
membrane phospholipids, intracellular cholesterol esters
and plasma lipids. In contrast, LC-PUFA synthesized from
these precursors are found primarily in specific cell mem-
brane phospholipids. In addition, DHLA, ARA and EPA are
immediate precursors of eicosanoids,1,5 each being con-

verted to a different series with different biological activi-
ties and/or functions.

Linoleic acid has been recognized as an essential nutri-
ent for the human species for almost 75 years.6,7 The pri-
mary symptoms of deficiency are poor growth and scaly
skin lesions. Although the essentiality of ALA has been sus-
pected for some time, it was not recognized as an essen-
tial nutrient until approximately 20 years ago. In animals,
deficiency of this fatty acid results in visual and neuro-
logical abnormalities.8–11 Neurological abnormalities also
were observed in a human infant who had been maintained
for several weeks on a parenteral nutrition regimen con-
taining LA but lacking ALA12 and in elderly nursing home
residents who were receiving intragastric feedings of an
elemental formula with no ALA.13 These symptoms were
reversed by administration of ALA.

Although symptoms related to deficiency of the two
series of essential fatty acids seem to differ, many studies
of ω6 fatty acid deficiency employed a fat-free or very low
fat diet rather than a diet deficient in only LA. Thus, there
may be some overlap in symptoms of LA and ALA defi-
ciency. The clinical symptoms of ω6 fatty acid deficiency
can be corrected by LA, GLA, DHLA or ARA; those related
specifically to ALA deficiency can be corrected by ALA, EPA
or DHA. Whether LA and ALA have specific functions that
cannot be met by their metabolites is not clear.

The same series of enzymes that catalyze desaturation
and elongation of ω6 and ω3 fatty acids also catalyze desat-
uration and elongation of ω9 fatty acids. Since the sub-
strate preference of these enzymes is ω3, followed by ω6
and, finally, ω9,2 competition between the ω9 fatty acids
and either the ω6 or ω3 fatty acids is rarely an issue.
However, if the concentrations of LA and ALA are low,
oleic acid (18:1ω9) is readily desaturated and elongated to
eicosatrienoic acid (20:3ω9). The plasma ratio of this fatty
acid to ARA, i.e. the triene/tetraene ratio, is a diagnostic
index of ω6 fatty acid deficiency. A ratio of > 0.4 is defi-
nitely indicative of deficiency,14 but since this ratio usually
is < 0.1, a ratio of > 0.2 is thought to be a more reason-
able indicator of deficiency. In the few documented cases
of isolated ALA deficiency in which it was measured, the
triene/tetraene ratio was not elevated.

The minimum requirement for LA is thought to be from
2–4% of total energy intake or, for most infant diets, from
4–8% of total fatty acids.15 The minimum requirement for
ALA is less well defined but is thought to be about 1% of
total energy intake, or about 2% of the total fatty acids of
most infant diets.16 LA comprises about 15–20% of the total
fatty acids of infant formulas available in the USA. Although
little emphasis was placed on the ALA content of infant for-
mulas until recently and many with virtually no ALA were
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Table 13.2. Fatty acid composition of common vegetable oils∗

Fatty acid Canola Corn Coconut Palm olein Safflower† Soy High oleic sunflower

6:0–12:0 – 0.1 62.1 0.2 – – –

14:0 – 0.1 18.1 1.0 0.1 0.1 –

16:0 4.0 12.1 8.9 39.8 6.8 11.2 3.7

18:0 2.0 2.4 2.7 4.4 2.4 0.4 5.4

18:1 55.0 32.1 6.4 42.5 12.5 22.0 81.3

18:2 26.0 50.9 1.6 11.2 76.8 53.8 9.0

18:3 10.0 0.9 – 0.2 0.1 7.5 –

Other 2.0 1.0 – <1.6 <1.0 <1.0 <1.0

* Per cent of total fatty acids (g 100 g−1).
† High oleic safflower oil contains ∼77% 18:1 and 12.5% 18:2.

available as recently as a decade ago, ALA now comprises
1.5–2% of the total fatty acid content of most formulas. The
LA and ALA contents of human milk are more variable than
the contents in formulas. On average, LA comprises ∼ 16%
of the total fatty acid content of the milk of USA women
and ALA comprises about 1%.17 Human milk also contains
small amounts of a number of longer-chain, more unsat-
urated metabolites of both LA and ALA including ARA and
DHA.

Maternal diet has a marked impact on the concentration
of all fatty acids in human milk, particularly that of DHA.
The concentration of DHA in the milk of women consum-
ing a typical North American diet is generally in the range
of 0.1–0.3% of total fatty acids and the concentration of ARA
ranges from 0.4–0.6%.17 The milk of vegetarian women con-
tains less DHA18 and that of women whose dietary fish con-
sumption is high, or who take ω3 fatty acid supplements,
is higher.19–21 The ARA content of human milk is less vari-
able and appears to be less dependent on maternal ARA
intake, perhaps reflecting the relatively high LA intake of
most populations.

Corn, coconut, safflower, palm olein and soy oils as well
as high oleic safflower and sunflower oils are commonly
used in the manufacture of infant formulas available in the
USA (Table 13.2). All except coconut oil provide adequate
amounts of LA but only soybean oil contains an appreciable
amount of both LA and ALA (∼ 50% and ∼ 7% of total fatty
acids, respectively). Canola oil, a component of many for-
mulas available outside the USA, contains somewhat less
LA and more ALA.

Recent recommendations for the minimal content of LA
in infant formulas range from 2.7–8% of total fatty acids
and those for the maximum content range from 21–35%
of total fatty acids.22,23 The recommendations for the min-
imum and maximum contents of ALA in infant formulas are
1.75% and 4% of total fatty acids, respectively.23 To maintain

a reasonable balance between the two fatty acids, it is re-
commended that the LA/ALA ratio be between 5–6 and 15–
16.22,23 As mentioned above, the term and preterm infant
formulas currently available in the USA contain 15%–20%
of total fatty acids as LA and 1.5%–2% as ALA; hence, their
LA/ALA ratios are ∼10. Formulas containing the long chain
polyunsaturated fatty acids, DHA and ARA, also are avail-
able for both term and preterm infants.

LC-PUFA

Interest in the role of LC-PUFA in infant nutrition inten-
sified about 15 years ago when a number of investiga-
tors reported that plasma and erythrocyte lipid contents of
DHA and ARA were lower in formula-fed than in breast-fed
infants.24–27 Since these fatty acids are present in human
milk but not formulas, the lower plasma and erythrocyte
lipid contents of these fatty acids in formula-fed infants
were interpreted as indicating that infants cannot syn-
thesize DHA and ARA or cannot synthesize enough to
meet ongoing needs. Concurrent and earlier observations
of better cognitive function of breast-fed v. formula-fed
infants28–31 focused attention on the possibility that the
lower cognitive function of formula-fed infants also might
be related to inadequate intake of LC-PUFA.

This possibility is supported by the facts that DHA and
ARA are the major ω3 and ω6 fatty acids, respectively, of
neural tissues32–34 and DHA is the major fatty acid of retinal
photoreceptor membranes.34 Further, postmortem studies
of infants who died suddenly during the first year of life35–37

indicate that the cerebral content of DHA, but not ARA, is
lower in formula-fed v. breast-fed term infants. However,
the DHA content of the retina of breast-fed and formula-
fed term infants does not appear to differ,37 perhaps
because the content of DHA in retina reaches adult levels at
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approximately term whereas the adult level in cerebrum is
not reached until much later.34 In one of the postmortem
studies, the cerebral DHA content of infants fed a formula
with a relatively high ALA content was greater than that
of infants fed a formula with less ALA.36 This is consis-
tent with data from studies in piglets showing that an ALA
intake greater than 1.75% of total fatty acids maintains nor-
mal brain levels of DHA38 and studies in infants showing a
positive relationship between ALA intake and the appear-
ance of labeled DHA in plasma following administration of
labeled ALA.39

A major supply of LC-PUFA to the fetus during gestation
is actively transported from maternal plasma.40,41 Thus, the
preterm infant who is born early in the third trimester of
pregnancy and, hence, receives less LC-PUFA prior to birth
than the infant who is born at term, is thought to have a
higher LC-PUFA requirement than the term infant. How-
ever, the daily rates of accumulation of these fatty acids in
the developing central nervous system change minimally
between mid-gestation and 18–24 months of age34 suggest-
ing that the total daily needs of preterm and term infants
are likely to be similar. On the other hand, since preterm
infants are smaller, their daily needs per kilogram, or per
100 kcal, are undoubtedly greater, particularly during early
life.

Both term and preterm infants can convert LA to ARA
and ALA to DHA.4,39,42–45 This was established by studies
in which the precursor fatty acids labeled with stable iso-
topes of either carbon (13C) or hydrogen (2H) were admin-
istered to infants and blood levels of the labeled precur-
sors as well as labeled metabolites of each were measured
by gas chromatography/mass spectrometry (Figure 13.1).
The studies of Sauerwald et al.4,39 and Uauy et al.,45 which
included both term and preterm infants, suggest that the
overall ability of preterm infants to convert LA and ALA
to LC-PUFA is at least equal to that of term infants. How-
ever, since the amount of LC-PUFA synthesized is a func-
tion of both the rate of synthesis and the pool size of the
precursor, the preterm infant’s greater apparent rate of con-
version of LA and ALA to ARA and DHA, respectively, may
not be sufficiently great to compensate for its smaller pool
of precursor. Moreover, there is considerable variability in
conversion among both preterm and term infants fed the
same formula. Further, since measurement of the enrich-
ment of DHA and ARA following administration of labeled
precursors is limited to plasma, which represents only a
small fraction of the body pool of both the precursor and
product fatty acids and may not be representative of the
fatty acid pools of other tissues, the amounts of LC-PUFA
that either preterm or term infants can synthesize are not
known.

The higher DHA and ARA content of the plasma lipids of
breast-fed infants and infants fed formulas supplemented
with LC-PUFA v. infants fed unsupplemented formulas sug-
gests that the amounts of LC-PUFA formed endogenously
are less than the amounts provided by human milk or sup-
plemented formulas. However, the extent to which the con-
centration of individual LC-PUFA in plasma reflects the
content of these fatty acids in tissues, particularly the brain,
is not known. In piglets, the brain content of LC-PUFA is
not correlated as highly with the content in plasma as is the
content in erythrocytes, skeletal muscle and liver.46,47 In
contrast, one of the postmortem studies of human infants
showed a weak, but statistically significant, correlation
between brain and erythrocyte contents of DHA.37 The cor-
relation between the erythrocyte content of this fatty acid
and its content in other tissues was not reported.

Studies in isolated cell systems suggest that precursors
of DHA (e.g. 20:5ω3; 22:5ω3) are transferred from plasma to
astrocytes where they are converted to DHA which, in turn,
is transferred to neurons.48,49 Whether direct synthesis of
DHA within the central nervous system occurs in humans is
not known but limited findings of in vivo studies in animals
are compatible with this possibility.50

Although far from definitive, the findings discussed
above support the possibility that failure to provide pre-
formed LC-PUFA during early infancy, perhaps longer,
may compromise development. Thus, for the past sev-
eral years, studies have focused on differences in visual
acuity and neurodevelopmental indices between breast-
fed and formula-fed infants as well as between infants fed
LC-PUFA-supplemented and unsupplemented formulas.
Human milk, of course, contains a number of factors other
than LC-PUFA that might affect visual acuity or neuro-
developmental indices; thus, studies comparing outcomes
of breast-fed v. formula-fed infants cannot help resolve the
role of LC-PUFA in infant development. On the other hand,
studies taking advantage of the natural variability in milk
contents of LC-PUFA or enhanced variability secondary
to maternal supplementation and, hence, differences in
LC-PUFA intake of the recipient infants51–55 appear to be
helpful. The following discussion is limited to findings
from these types of studies and findings from studies in
which LC-PUFA-supplemented v. unsupplemented formu-
las were compared.

LC-PUFA intake and visual function

Early studies in rodents established the importance of ω3
fatty acids for normal retinal function8,9 and subsequent
studies confirmed this in primates.10,11 More recently, stud-
ies have focused on the effect of ω3 fatty acids on retinal
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function and/or overall visual function of human infants.
However, whereas the abnormal retinal/visual function of
ω3 fatty acid-deficient animals clearly resulted from an
inadequate intake of ALA and were reversed by ALA, the
more recent studies in human infants have focused pri-
marily on the effects of DHA intake on retinal and/or visual
function. Studies have been conducted in both term and
preterm infants and have utilized both behaviorally based
and electrophysiologically based methods for assessing
visual function.

Preferential looking tests of visual acuity are the most
commonly utilized behaviorally based methods. These
tests take advantage of the innate tendency to look toward a
discernible pattern rather than a blank field.56–58 The Teller
Acuity Card procedure, a rapid measure of resolution acu-
ity that combines forced-choice preferential looking and
operant preferential looking procedures, is usually used.
The test is performed by showing the subject a series of
cards with stripes (gratings) of different widths on one side
and a blank field on the other while observing his/her look-
ing behavior through a peephole in the center of the card.
Cards with wider stripes are shown initially followed by
cards with progressively decreasing stripe widths. Scoring
or evaluation of visual acuity is based on the finest grating
toward which the infant clearly looks preferentially. This is
assumed to be the finest grating that the subject can resolve.

The electrophysiologically based tests utilize visual
evoked potentials (VEP). These measure the activation of
the visual cortex in response to visual information pro-
cessed by the retina and transmitted along the geniculos-
triate pathway to the visual cortex.59 The presence of a reli-
able evoked response indicates that the stimulus informa-
tion was resolved up to the point in the visual pathway (i.e.
the visual cortex) where the response is processed. Use of
VEPs to assess visual acuity requires measuring the electri-
cal potentials of the visual cortex in response to patterns
of contrast reversal with vertical square wave gratings or
checkerboards. During the presentations, the frequency of
the gratings or checkerboards is decreased from low to high
(large to small) and the visual acuity threshold is estimated
by linear regression of the VEP amplitudes versus the fre-
quency, or size, of the grating or checkerboard stimulus.60

Data are recorded as the log10 of the minimum angle of
resolution (logMAR) with smaller logMAR values indica-
tive of better visual acuity. A rapid VEP method (sweep
VEP) has been developed for use in infant populations.59,61

The standard VEP also allows assessment of latency, or the
time between presentation of the stimulus and the peak
of the electrical potential. This reflects the rate of trans-
mission of the stimulus and, hence, should be useful for
assessing the effects of LC-PUFA (or other intervention).

However, it has been used for this purpose by only a few
investigators.55,62–65

Unlike the Teller Acuity Card and VEP procedures, which
measure the response of the entire visual system to a stim-
ulus, electroretinography measures only the activity of the
retina. The primary components of the electroretinogram
generated in response to a flash of light are the a-wave,
which is produced by hyperpolarization of the photo-
receptor, and the b-wave, which reflects the subsequent
activation of retinal neurons. Performance is quantified by
a number of parameters, some measured directly and some
calculated.66,67 Among these are the threshold (the mini-
mal intensity of light necessary to elicit a small amplitude),
the implicit time or peak latency (the time from the pre-
sentation of a brief flash of light to the response peak),
the maximal amplitude, and the sensitivity (the intensity
of light that elicits a response of half the maximal ampli-
tude). This methodology is somewhat more invasive and
time consuming than the other methods and has been used
to assess effects of LC-PUFA in only a few studies.63,68,69

Meta-analyses of data from studies in both term and
preterm infants using both behavioral and electrophysi-
ological methods of assessment have been reported.70,71

The meta-analysis of behaviorally based tests of visual acu-
ity obtained in randomized studies of term infants showed
a statistically significant advantage of DHA-supplemented
v. unsupplemented formula at 2 months of age but not at
other ages. Meta-analysis of data from term infant studies
utilizing electrophysiologically based tests showed no sta-
tistically significant advantage of supplementation at any
age. A recently reported multicenter study,72 which was not
included in the meta-analysis, showed no advantages of
DHA (0.14% of total fatty acids) plus ARA (0.46% of total
fatty acids) supplementation on visual function as assessed
by the Teller Acuity Card procedure at 2, 4, 6 or 12 months
of age. This study did not include electrophysiologically
based tests of visual function. Whether inclusion of these
additional data in a future meta-analysis will change the
conclusions is not clear.

Another recent study52 showed an apparent relationship
between DHA intake and visual acuity. In this study of
term infants who were breast-fed exclusively for at least
3 months following birth and, then, weaned to a standard
formula, there was a statistically significant positive cor-
relation between visual acuity assessed by the Teller Acu-
ity Card procedure at 2 and 12 months of age and the
DHA content of erythrocyte phosphatidylethanolamine at
2 months of age. There was no correlation at either 4 or
6 months of age. In addition, infants with an erythrocyte
phosphatidylethanolamine DHA concentration >10.78 g ·
100 g−1 at 2 months of age (i.e. the upper tertile) had
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significantly better acuity at 2 and 12 but not at 4 and
6 months of age than those with an erythrocyte phos-
phatidylethanolamine DHA content < 8.53 g 100 g−1 at 2
months of age (i.e. the lowest tertile).

Birch et al.73 recently reported results of a randomized
controlled trial of supplemented (0.36% of total fatty acids
as DHA and 0.72% as ARA) v. unsupplemented formula fol-
lowing near-exclusive breastfeeding (1 feeding per day of
formula allowed) for the first 6 weeks of life. Visual acuity
of the 2 groups as measured by sweep VEP was similar at
enrollment but that of the supplemented group was better
at 17, 26 and 52 weeks of age. Random dot stereoacuity of
the supplemented group also was better at 17 weeks of age
but not at 26 and 52 weeks of age. Random dot stereopsis,
which reflects processing in the visual cortex, is not present
before 3 months of age and matures rapidly between 3 and
5 months of age. It is thought to be particularly sensitive
to differences in maturation of the visual cortex between 3
and 5 months of age.

In a similar study, Hoffman et al.74 assigned infants
to the same formulas after 4–6 months of near-exclusive
breastfeeding. Visual acuity of the supplemented group as
assessed by sweep VEP was better at 12 months of age. As
expected, there was no difference in random dot stereoacu-
ity between the two groups, presumably because the period
of rapid development of the visual cortex ended prior to
enrollment. The findings of this study and that of Birch
et al.,73 indicate a possible need for DHA beyond 4–6
months of age, the maximum duration of supplementation
in many previous studies.

In another recent study of 435 children who were born
at term, stereoacuity at 3.5 years of age was greater in chil-
dren who had been breast-fed for at least 4 months than in
those who had not been breast-fed.75 Among infants who
had been breast-fed, stereoacuity at 3.5 years of age was
greater in those whose mothers ate oily fish during preg-
nancy than in those whose mothers did not eat oily fish.
The content of DHA in maternal erythrocyte phospholipid
prior to birth also was related to maternal intake of fatty
fish during pregnancy.

The meta-analysis of data from randomized stud-
ies in preterm infants showed an advantage of DHA-
supplemented v. unsupplemented formulas on both
behaviorally based and electrophysiologically based meas-
urements of visual acuity.71 Advantages with behaviorally
based tests were apparent at 2 and 4 months corrected age
but not at other ages. Electrophysiologically based meas-
urements showed an advantage of DHA supplementation
at 4 months corrected age but not at other ages. A recent
randomized, controlled trial in preterm infants76 showed
no advantage of ARA and DHA supplementation (0.26%

and 0.42% of total fatty acids, respectively, from birth to
term and, then, 0.16% and 0.42%, respectively, through the
first year of life) on visual acuity at 2, 4 or 6 months of age
as assessed by the Teller Acuity Card procedure. However,
in a subset of infants, there was an advantage of supple-
mentation on acuity as assessed by sweep VEP at 6 but
not at 4 months post-term. Another recent multicenter
study in which supplemented (0.36% of total fatty acids
as DHA and 0.72% as ARA) v. unsupplemented formulas
were fed to preterm infants for an average of ∼ 28 days
during hospitalization showed no effect on visual acuity
as assessed by the Teller Acuity Card procedure at either
48 or 57 weeks postmenstrual age.77 Electrophysiological
assessments were not performed.

In apparent contrast to some of the findings discussed
above, recent Cochrane reviews of much, but not all, of the
same data concluded that there were no consistent effects
of LC-PUFA on visual acuity of either term78 or preterm
infants.79 Gibson et al.80 in reviewing most reported ran-
domized controlled trials of supplemented v. unsupple-
mented formulas concluded that the evidence for a benefi-
cial effect of LC-PUFA supplementation on visual function
of preterm infants was “reasonably compelling” whereas
the evidence of a beneficial effect on visual function of
term infants was less so. This conclusion seems to be a
valid interpretation of the available data.

LC-PUFA and cognitive/behavioral development

Most studies addressing the cognitive/behavioral develop-
ment of infants fed LC-PUFA-supplemented v. unsupple-
mented formulas have utilized the Bayley Scales of Infant
Development and/or the Fagan Test of Infant Intelligence
(FTII). The Bayley Scales provide standardized indices of
both mental (MDI) and psychomotor development (PDI).
They have been used for years and are considered the “gold
standard” for assessing global abilities of infants from birth
to approximately 3 years of age. However, the relation-
ship between cognitive and/or psychomotor function as
assessed by the Bayley Scales early in life and later function
is poor, particularly for “normal” infants.81

The Fagan Test of Infant Intelligence assesses novelty
preference.82 The infant is shown a single stimulus (usu-
ally a face) for a standardized, age-based period and, then,
is shown this stimulus along with a “novel” one. If the infant
has “learned” the original stimulus prior to the novelty test,
the typical response is to look selectively toward the “novel”
v. the “familiar” image. Scores on this test during infancy are
somewhat more predictive of later cognitive function than
the Bayley MDI; however, the internal consistency (repro-
ducibility) of the test is relatively poor.83 Look duration
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during the familiarization and the paired comparison
phases of the test also is a modest predictor of both concur-
rent performance on other tests during infancy and later
tests of intelligence;83 shorter look durations during the
familiarization phase predict better concurrent as well as
later cognitive performance.

One, sometimes both, of these tests has been utilized in
most studies of LC-PUFA supplementation in both term
and preterm infants. Some of these studies showed advan-
tages of supplementation with both tests, some with one
but not the other and still others with neither. Available
studies in term infants were reviewed in 1998 by an Expert
Panel appointed by the Life Sciences Research Organiza-
tion (LSRO) to assess the nutrient requirements for term
infant formulas.23 As a group, the studies available at that
time were criticized for including too few infants, failing
to control adequately for confounding factors, failing to
assess function at more than one age, failing to examine
individual differences in development, and failing to fol-
low the infants for a sufficiently long period (e.g. none
of the studies cited in the report included data beyond
1 year of age). Based on this review, the Panel did not
recommend addition of LC-PUFA to term infant formu-
las but suggested that the issue be re-evaluated in about
5 years.

The four randomized trials in term infants published
since 199872,84–86 have not resolved many of these difficul-
ties. The largest of these84 compared developmental out-
comes of infants assigned randomly to be fed a formula
supplemented with both ARA and DHA (0.3 and 0.32% of
total fatty acids, respectively, from purified egg phospho-
lipid and triglyceride fractions) or an unsupplemented for-
mula for the first 6 months of life. At 18 months of age, the
mean Bailey MDIs of the supplemented group (n=125), the
control group (n = 125) and a breast-fed reference group
(n = 104) were 95.5 ± 1.2 (SE), 94.5 ± 1.2 and 96.0 ± 1.0,
respectively. Mean Bayley PDIs of the three groups, respec-
tively, were 96.4 ± 0.9, 95 ± 0.8 and 94.4 ± 1.20. These small
differences among groups obviously are not statistically sig-
nificant and, probably, are not biologically significant.

A smaller trial85 included a breast-fed reference group
(n = 46) and groups assigned to a control formula (no LC-
PUFA, n = 21), a formula supplemented with only DHA
(0.35% of total fatty acids as tuna oil; n = 23) or a formula
supplemented with both DHA and ARA (0.34% of total fatty
acids as each from egg yolk phospholipid; n = 24). The
formulas were fed through 12 months of age at which time
neither the MDI nor the PDI differed among groups. Scores
of the three formula groups also did not differ at 24 months
of age but the scores of all were lower than scores of the
breast-fed reference group.

Another small trial86 included three formula-fed groups
but no breast-fed reference group: a control group (no LC-
PUFA; n = 20); a group fed a DHA-supplemented formula
(0.35% of total fatty acids as an algal-derived triglyceride;
n = 17); a group fed a formula supplemented with both
DHA and ARA (0.36% and 0.72% of total fatty acids, respec-
tively, as a mixture of algal- and fungal-derived trigly-
cerides; n = 19). All were fed the assigned formula through
4 months of age. The mean Bayley MDI of the group fed the
formula supplemented with both DHA and ARA was 7.3
points higher than that of the control group at 18 months
of age (105.6 ± 11.8 (SD) v. 98.3 ± 8.2; P < 0.05) and 3.2
points higher than that of the DHA-supplemented group
(102.4 ± 7.5; NS). Bayley PDIs of the three groups did not
differ.

The most recently reported trial in term infants72

included a reference group of breast-fed infants (n = 165)
and groups of infants fed a control formula (n = 77) or one
of two formulas with the same contents of DHA and ARA
(0.14% and 0.46% of total fatty acids, respectively) from
either a combination of fish oil and egg triglyceride (n = 80)
or a combination of fish and fungal oil (n = 82). The formu-
las were fed for the first year of life during which time there
were no differences among groups in visual acuity (see
above), information processing (Fagan Test of Infant Intel-
ligence) or temperament (Infant Behavior Questionnaire).
General development assessed by Bayley Scales of Infant
Development at 12 months of age and language devel-
opment assessed by MacArthur Communicative Develop-
ment Inventories at 14 months of age also did not differ
among groups.

Reasons for the discrepant results among these recent
studies (and other older studies) are not clear. The trials
differed with respect to the source of LC-PUFA supplemen-
tation, the duration of supplement and the amounts of DHA
and ARA supplementation as well as the ratio of ARA/DHA.
There also were some differences in the LA and ALA con-
tents of the control and experimental formulas. The vari-
ance in Bayley MDI and PDI scores also varied among stud-
ies. Interestingly, the variance was quite small in the study
showing that infants who received a formula supplemented
with DHA + ARA for the first 4 months of life had a higher
Bayley MDI score at 18 months of age than infants who
received an unsupplemented formula.86

Even fewer studies are available in preterm infants fed
LC-PUFA supplemented v. unsupplemented formulas and
these are subject to many of the same criticisms levied
against studies in term infants. However, the available data,
including those from recently reported, large, multicenter
studies,76,87 suggest that preterm infants are more likely to
benefit from supplementation than term infants.
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One of the recently reported trials76 included infants who
weighed between 750–1800 g at birth and were assigned
randomly, before initiation of enteral feeding, to be fed one
of three formulas until 12 months of age: a control for-
mula (n = 144); a formula with 0.26% of total fatty acids
as DHA and 0.46% as ARA as a combination of fish and fun-
gal oils until term and, then, 0.16% and 0.46% of total fatty
acids as DHA and ARA, respectively, from the same sources
(n = 140); a formula with the same DHA and ARA contents
as a combination of fish oil and egg triglyceride (n = 143).
Infants fed human milk exclusively through term served
as a reference group (n = 43). The effects of the supple-
mented formulas on visual acuity are described above. The
group supplemented with a combination of fish oil and
egg triglyceride had a higher mean Fagan Test of Novelty
Preference score at 6 months corrected age than either the
control group or the group supplemented with fish and fun-
gal oils; but there was no difference in mean scores among
groups at 9 months corrected age. There also was no dif-
ference in mean Bayley MDI among groups at 12 months
corrected age. However, among infants who weighed
<1250 g at birth, the mean Bayley PDI of those assigned
to the fish and fungal oil supplement was higher than that
of the control group at 12 months corrected age. The mean
Bayley PDI of the subgroup who weighed <1250 g at birth
and were assigned to the fish oil and egg triglyceride sup-
plement (and, interestingly, had a higher Fagan Test of Nov-
elty Preference score at 6 months corrected age), however,
was not different from either the control or the other sup-
plemented group at 12 months corrected age. If twins and
infants from Spanish speaking families were excluded, both
supplemented groups had better vocabulary comprehen-
sion at 14 months corrected age than the control group;
however, without these exclusions, there was no difference
in vocabulary comprehension among groups.

The second recent trial in LBW infants, so far reported
only as an abstract,87 included infants with birthweights
<1500 g who were assigned shortly after birth to a control
formula (n = 83), a formula with DHA (0.34% of total fatty
acids) and ARA (0.68% of total fatty acids), both from single
cell oils (n = 72), or a formula with the same amounts of
DHA and ARA from a combination of fish and single cell
oils (n = 90). A group of breast-fed term infants (n = 105)
also was followed. The assigned formulas, either preterm,
post-discharge or term, depending upon the wishes of the
infants’ physicians or parents, were fed through 92 weeks
postmenstrual age (PMA). They were fed as sole diets until
57 weeks PMA, after which addition of biekost was per-
mitted. Bayley MDI and PDI of both supplemented groups
at 118 weeks PMA, although lower than those of the term
breast-fed infants studied concurrently, were higher than

those of the control group. There were no differences in
Bayley MDI or PDI between the two supplemented groups.

A few methods other than the Bayley Scales of Infant
Development and the Fagan Test of Infant Intelligence have
been used to assess the effects of LC-PUFA on develop-
ment. For example, Willats et al.88 found that term infants
assigned to a formula supplemented with both DHA and
ARA v. an unsupplemented formula had better visual habit-
uation scores at 4 months of age and performed better on
a means-end problem-solving test at 10 months of age.
The supplemented group not only had more intentional
solutions to items of this test but also scored higher than
those assigned to the control formula, findings that have
been related to higher intelligence quotient scores later in
childhood.

Innis et al.,52 studying breast-fed term infants with a
range of DHA and ARA as well as LA and ALA intakes and,
hence, a range of plasma and erythrocyte lipid DHA and
ARA contents, found no statistically significant relation-
ships between infant DHA or ARA status at 2 months, when
all infants were exclusively breast-fed, and scores on an
object-search test at either 6 or 12 months of age. There
also was no statistically significant relationship at either 6
or 12 months of age between infant DHA or ARA status
at 2 months of age and novelty preference, Bayley MDI
or Bayley PDI scores. However, there was a relationship
between ability to discriminate non-native retroflex and
phonetic contrasts at 9 months of age and the DHA con-
tent of both plasma phospholipid and erythrocyte phos-
phatidylethanolamine at 2 months of age. This finding is
thought to indicate more rapid language development in
those with higher plasma and erythrocyte lipid levels of
DHA at 2 weeks of age.

Two other studies of the effect of maternal DHA supple-
mentation and, hence, intake of DHA by the breastfeeding
infant are relevant. Gibson et al.51 supplemented breast-
feeding mothers with varying amounts of DHA, achieving
breast milk DHA concentrations ranging from 0.1–1.7% of
total fatty acids and, hence, a wide range in DHA content
of infant plasma lipids. However, there was no relationship
between DHA content of milk or infant plasma lipids and
VEP acuity at either 12 or 16 weeks of age. On the other hand,
Bayley MDI at 12 months of age, but not at 24 months of
age, was weakly correlated with milk DHA content.

In a somewhat similar study, Jensen et al.53 assigned
breastfeeding mothers to receive DHA (∼ 250 mg day−1

as an algal-derived triglyceride) or a placebo for the first 4
months postpartum. At 4 months of age, plasma phospho-
lipid DHA content of infants whose mothers had received
DHA was approximately 50% higher than that of infants
whose mothers received the placebo. However, there was
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no difference in visual acuity between the 2 groups at either
4 or 8 months of age, whether assessed by sweep VEP or the
Teller Acuity Card procedure. There also was no difference
between groups in scores on a variety of neurodevelopmen-
tal tests at 12 and 18 months of age but at 30 months of age,
the mean Bayley PDI of the group whose mothers received
DHA was 8 points higher than that of the group whose
mothers received placebo (P < 0.01). There was no statis-
tically significant difference in mean Bayley MDI between
the two groups at 30 months of age and there was no sta-
tistically significant relationship between PDI scores at 30
months of age and plasma phospholipid content of DHA at
4 months of age.

Helland et al.,54 examining the effect of supplementing
women with either cod liver oil (∼1.2 g day−1 of DHA and
0.8 mg day−1 of EPA) or corn oil from week 18 of pregnancy
until 3 months after delivery, found that children whose
mothers received cod liver oil scored higher at 4 years of age
on the Mental Processing Composite of Kaufman Assess-
ment Battery for Children (106.4±7.4; n=48) than children
whose mothers received corn oil (102.3 ± 11.3; n = 36). In a
multiple regression model, maternal intake of DHA during
pregnancy was the only variable related significantly to the
mental processing scores of the children at 4 years of age.

In a somewhat similar study, Malcolm et al.55 assigned
pregnant women to fish oil (n = 50) or placebo capsules
(n = 50) from week 15 of pregnancy through term. The fish
oil capsules provided about 200 mg DHA per day. Although
the DHA content of maternal erythrocytes at birth was
∼50% higher in the DHA group, umbilical cord erythro-
cyte DHA content of the two groups did not differ between
groups at either 50 or 66 weeks postconceptional age. How-
ever, maturity of the pattern-reversal VEP at 50 and 66
weeks postconceptional age was related to the DHA sta-
tus of the infants at birth. Specifically, infants with higher
erythrocyte DHA content at birth had shorter P 100 peak
latencies than those with lower erythrocyte DHA content
at birth.

The effects of LC-PUFA supplementation of infant for-
mulas on other aspects of brain development also have
been examined. Three studies of the effects on brain
auditory evoked potentials of preterm infants showed no
effects of supplementation.63,64,89 In one of these,64 sup-
plemented infants had slower peripheral nerve conduction
than infants fed human milk but not slower than those fed
the control formula. A very recent study90 investigated the
effect of supplemented (0.3% of total fatty acids (by weight)
as DHA and 0.45% as ARA from a mixture of egg yolk, tuna oil
and a fungal oil) v. unsupplemented formula during the first
2 months of life on the quality of the infants’ general move-
ments at 3 months of age as assessed from videotapes made

at that time. The unsupplemented group had mildly abnor-
mal general movements significantly more often than the
supplemented group or a breast-fed group that was stud-
ied concurrently (31%, 19% and 20%, respectively). The
frequency of “normal optimal” movements did not dif-
fer between supplemented and unsupplemented groups
(18% and 21%, respectively) but was less in both than
observed in the breast-fed group (34%). Although not famil-
iar to those not versed in infant and child development, the
quality of general movements has been shown to be use-
ful for evaluating the quality of brain function in young
infants.

Only one study has examined the effect of LC-PUFA sup-
plementation on structural brain development.65 In this
study, preterm infants were assigned randomly to receive
either a standard formula (n = 20) or a formula supple-
mented with 0.34% and 0.70% of total fatty acids as DHA
and ARA, respectively (n = 22), both from single cell oils,
until a corrected age of 6 months (preterm formula until
weight reached 3000 g and a term formula thereafter).
Brain structural development, assessed by MRI at 3 and
12 months corrected age, did not differ between groups
at either age. This method essentially assesses the degree
of myelination, and in this study neither global myelina-
tion nor myelination of the cerebral visual system differed
between groups. This may not be surprising since the LC-
PUFA content of myelin is low. However, myelin deposi-
tion is dependent on close interaction among neurons,
their axons and oligodendrocytes which are rich in LC-
PUFA. Thus, myelination is thought to reflect the functional
maturity of all these components. Visual acuity and neu-
rodevelopment was also assessed by the Teller Acuity Card
procedure and the Dutch version of the Bayley Scales of
Infant Development, respectively; neither differed between
groups at 3, 6, 12 or 24 months of age. VEP latency and
amplitude, assessed at 3 and 12 months of age also did not
differ.

Adverse effects of long-chain polyunsaturated
fatty acids

The observation by Carlson et al. in the early 1990s that
preterm infants assigned to a formula supplemented with
fish oil (0.3% of total fatty acids as EPA and 0.2% as DHA) v.
an unsupplemented formula weighed less and had a lower
weight-for-length at various times during the first year of
life than infants assigned to an unsupplemented formula91

has generated considerable concern. In this study, weight
at 12 months corrected age correlated with plasma phos-
pholipid ARA content at various times during the first year
of life.92 Interestingly, a smaller study conducted at about
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the same time did not show differences in growth between
supplemented and unsupplemented preterm infants
although the supplemented group received even more of a
similar fish oil.93 However, the duration of this study may
not have been sufficient to permit detection of weight dif-
ferences. A less marked effect on growth also was observed
by Carlson et al.94 in preterm infants fed a formula sup-
plemented with low-EPA fish oil v. an unsupplemented
formula. In this study, there was no correlation between
ARA status and growth but there was a correlation between
weight at some ages and the plasma phospholipid ratio
of ARA/DHA. Ryan et al.95 observed lower rates of growth
in preterm male, but not female, infants fed a formula
supplemented with the same low-EPA fish oil (0.2% of
total fatty acids as DHA) v. a control formula from shortly
before hospital discharge until 59 weeks postmenstrual
age (PMA). In this study, plasma phospholipid ARA con-
tent of the supplemented group was lower through 59
weeks PMA but there was no statistically significant corre-
lation between plasma phospholipid ARA content and any
aspect of growth. Rather, rates of increase in both weight
and length of male infants were inversely correlated with
plasma phospholipid DHA content. A lower weight at 4
months of age also was observed in term infants fed for-
mulas with a LA:ALA ratio of ∼4 v. ∼40 and, in this study,
weight at 4 months of age was correlated with plasma phos-
pholipid ARA content.62

More recently, Innis et al.,52 studying infants who
were breast-fed exclusively for the first 3 months of
life, reported a statistically significant inverse correla-
tion between erythrocyte phosphatidyl choline and phos-
phatidyl ethanalamine contents of DHA and weight at 6
but not 12 months of age. There was no statistically signifi-
cant relationship between DHA or ARA contents of plasma
lipids and size at any age.

In contrast to these observations of an apparent adverse
effect of ω3 fatty acids on growth, Innis et al.77 observed
more rapid growth of preterm infants fed formula supple-
mented with both DHA (0.33% of fat as an algal oil) and ARA
(0.6% of fat as a fungal oil) v. a DHA-supplemented (0.34%
of fat as an algal oil) or a control formula for at least 28
days prior to hospital discharge and followed until 57 weeks
PMA. Another recent study also showed a positive growth
effect of formulas supplemented with both DHA and ARA,
either as single cell oils or a mixture of fish and fungal
oils.87 In this study, weight of the group supplemented with
single cell oils was greater than that of the control group
from 66 through 118 weeks substitute and equal to that of
breast-fed term infants at 118 weeks PMA. Length of this
group also was greater than that of either the control group
or the group supplemented with fish and fungal oil at 79 and

92 weeks PMA and equal to that of the breast-fed term
infants by 79 weeks PMA.

Possible reason(s) for an inhibitory effect of ω3 fatty acids
or, perhaps, a stimulatory effect of ω6 fatty acids on growth
are not clear. Those that have been suggested include inhi-
bition of desaturation and elongation of LA to ARA by the
ω3 fatty acids, inhibition of eicosanoid synthesis from ARA
by the intake of preformed EPA or endogenous synthesis of
EPA from a moderately high intake of ALA, and effects of
ω3 and ω6 fatty acids on transcription of genes controlling
lipolysis and lipogenesis.96

In addition to concerns about adverse effects of ω3
fatty acids on growth, a number of theoretical concerns,
all related to the known biological effects of ω6 and ω3
LC-PUFA, have been raised.97 Among these is the possi-
bility that supplementation with highly unsaturated fatty
acids and their subsequent incorporation into cell mem-
branes will increase the likelihood of oxidant damage.
This is because peroxidation occurs at the site of double
bonds making membranes with more unsaturated fatty
acids likely to be more vulnerable to oxidant damage. If
so, LC-PUFA supplementation might increase the inci-
dence of conditions thought to be related to oxidant dam-
age (e.g. necrotizing enterocolitis; bronchopulmonary dys-
plasia; retrolental fibroplasia). There also is concern that
unbalanced supplementation with ω3 and ω6 LC-PUFA
will result in altered eicosanoid metabolism with potential
effects on a variety of physiological mechanisms (e.g. blood
clotting; infection). In addition to these potential effects,
a higher content of polyunsaturated fatty acids in mus-
cle cell membranes has been related to enhanced insulin
sensitivity98,99 and specific LC-PUFA have been shown to
inhibit transcription of some genes and enhance transcrip-
tion of others.100 Unfortunately, there are few data to either
support or allay these theoretical concerns with respect to
the small amounts of LC-PUFA likely to be added to infant
formulas.

Recently reported, multicenter randomized, controlled,
double-blind trials in preterm infants76,77,87,101–103 have
shown no difference in the incidence of bronchopul-
monary dysplasia, necrotizing enterocolitis or other com-
mon neonatal morbidities between infants assigned to for-
mulas supplemented with either DHA or both DHA and
ARA from a variety of sources (single cell oils; low-EPA fish
oil; egg yolk phospholipid; egg yolk triglyceride) and infants
receiving unsupplemented formula. Further, as discussed
above, these studies showed no adverse effects on growth
although the apparent stimulation of growth observed in
two of the studies perhaps should be as disturbing as the
minimal adverse effects on growth. Together, these studies
included more than 1000 infants assigned to supplemented
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or unsupplemented formulas. Thus, despite the relative
absence of definitive data concerning the validity of the-
oretical safety concerns related to the known biological
effects of LC-PUFA, the fact that supplemented formulas
in the studies of preterm infants cited above did not result
in a greater incidence of conditions thought to be related
etiologically to the theoretical concerns suggests that the
amounts of the sources of LC-PUFA used in these studies
are safe, at least over the short term.

Conclusions

It is clear that supplementation of infant formulas with
DHA and ARA from a variety of sources results in DHA and
ARA contents of plasma and erythrocyte lipids that are sim-
ilar to those observed in breast-fed infants. Although less
clear, there is some evidence that supplementation may
also maintain tissue contents of these fatty acids, including
contents in the central nervous system. However, whether
maintaining plasma and, perhaps, tissue contents of these
fatty acids equal to those of breast-fed infants confers func-
tional benefits is not at all clear. Some studies have shown
benefits and some have not. Moreover, those that demon-
strated benefits often did so with one functional test but
not with another intended to assess the same functional
domain. Further, some studies have shown benefits at one
age but not at another. Although some of these apparent
discrepancies can be explained by the nature of the assess-
ment method and/or the complex nature of infant devel-
opment, no study reported to date is without problems.

Nonetheless, formulas supplemented with DHA and ARA
are now available worldwide. These differ with respect to
amounts of added DHA and ARA as well as the sources
of the added DHA and ARA. Although the efficacy of such
formulas in improving visual and/or cognitive develop-
ment of term or preterm infants remains uncertain, they
appear to be safe, at least for the short-term. Further, the
large coefficients of variation reported in all studies sug-
gest that the apparent rates of conversion of ALA and
LA to DHA and ARA, respectively, are quite variable. The
maternal LC-PUFA status and, hence, the amounts trans-
ferred to the developing fetus also are quite variable. Thus,
it is likely that some infants cannot form sufficient LC-
PUFA endogenously and will benefit from supplementa-
tion whereas others can form sufficient LC-PUFA and will
not benefit. Unfortunately, those likely to benefit cannot be
identified easily by current methodologies. This possibility
that some infants may benefit from LC-PUFA supplemen-
tation is probably the best argument for availability of LC-
PUFA supplemented infant formulas. On the other hand,

several recent studies suggest that LC-PUFA supplementa-
tion in early infancy as well as during gestation may have
effects that are not detectable until well beyond the period
of supplementation. Nonetheless, those who expect sup-
plemented formulas to be as efficacious as breastfeeding
are likely to be disappointed.
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Vitamins

Frank R. Greer

University of Wisconsin, Madison, WI

Vitamins are organic compounds required in trace
amounts in the diet for the maintenance of normal growth
and development. They are divided into fat-soluble and
water-soluble groups. For term infants, the daily require-
ment is based on the content of human milk with the excep-
tions of vitamins D and K for which human milk is clearly
deficient.

Newborn deficiencies of the fat-soluble vitamins A, D, E
and K are well described. The fat-soluble vitamins require
the presence of pancreatic enzymes and bile acids in the gut
for their absorption. They are stored in the body and thus
clinical deficiency may require some time to develop unless
stores are inadequate at birth as in the preterm infant. On
the other hand, excessive intakes accumulate in the body
and have the potential for toxicity. All of the fat-soluble
vitamins have been used in pharmacologic quantities in
the newborn for treatment or prevention of disease pro-
cesses, though clear indications for their use in this fash-
ion remain areas of neonatal nutritional controversy. Vita-
min D, unique to this family of compounds, functions more
like a prohormone in that it can be synthesized in the skin
and carried to other organs where the metabolic effects
occur.

As for the water-soluble vitamins and vitamin-like cofac-
tors, the same statements cannot be made. Requirements
for term infants are based on the concentrations in human
milk. Deficiency or toxicity is very rare in developed coun-
tries. As for the premature infant, there continues to
be very little information on which to make intake re-
commendations regardless of feeding method, and defi-
ciency states have generally not been described in this
population.

Fat-soluble vitamins A, E, and K

Vitamin A

The term vitamin A refers to a number of compounds
that include both the naturally occurring and synthetically
derived retinoids. Its biologic activity is diverse. It is essen-
tial for vision, growth, healing, reproduction, cell differenti-
ation, and immunocompetency. This multiplicity of effects
is due to its mechanism of action through gene regulation.
Vitamin A’s action is similar to that of steroid hormones
in that a specific retinoic-acid-receptor protein complex
becomes bound to nuclear DNA, resulting in regulation of
specific genes.1 Dietary intake is quantitated in terms of
retinal equivalents (RE), one RE equaling 1 µg of all trans-
retinol.2 One International Unit (IU) is equivalent to 0.3 µg
of preformed retinol, or 0.3 RE. Retinol is the naturally
occurring alcohol formed in vivo from its precursor ß-
carotene, found in plants. Vitamin A is transported in
plasma as retinol, bound to retinol-binding protein (RBP),
a specific carrier protein synthesized in the liver. For ß-
carotene there is little specific information on its uptake or
its metabolism to vitamin A during the perinatal period.
However, it has been known for years that ß-carotene
can meet the fetal and newborn growth requirements for
vitamin A.

The mechanism and regulation of retinol transport from
the maternal circulation to the fetus through the human
placenta is not well described. In humans, significant cor-
relations between maternal and cord blood RBP concen-
trations have not been reported consistently.3,4 Cord blood
concentrations of vitamin A are generally lower in preterm
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than term infants.5 The ratio of maternal to fetal con-
centrations of plasma vitamin A in healthy pregnancies
is approximately 2:1.6–10 Fetal plasma vitamin A concen-
trations appear to be maintained within a normal range
despite variations in the maternal vitamin A status and
intake.6,11

Ingested carotene and dietary retinyl esters are converted
to free retinol in the proximal small intestine after the action
of hydrolases from the pancreas and intestinal brush bor-
der. These enzymes may have low activity in the prema-
ture infant in the early days of life. After solubilization with
bile salts into mixed micelles, retinol is absorbed into the
intestinal cells, re-esterified, and incorporated into chy-
lomicrons that are transported via lymph (thoracic duct)
into the circulation, as with all fat-soluble vitamins. Intra-
luminal bile acids, important for this process, are decreased
in premature infants and may lead to inadequate micelle
formation and affect retinol absorption.12

After absorption, chylomicrons, containing lipoprotein-
bound retinyl esters, are taken up by the liver, the main
storage organ for retinol (90% of body stores).2 The nor-
mal liver vitamin A concentration in healthy human adults
ranges from 100–300 µg g−1.13 Premature infants are poten-
tially born with low or marginal liver vitamin A stores.14,15

In one study of 25 preterm infants who died within the
first 24 hours of life, 37% had liver concentrations less than
20 µg g−1.14 Thus, the ability of many preterm infants to
offset an inadequate intake of vitamin A from liver stores
would be limited.

Following retinol hydrolysis in the liver, the subsequent
transport of retinol to other tissues for metabolism is
dependent on liver RBP synthesis and secretion.16 After
secretion of the RBP-retinol complex, RBP binds with
plasma transthyretin, reducing the chance for glomeru-
lar filtration and renal catabolism of RBP. The circulating
retinol-RBP-transthyretin complex is delivered to target tis-
sues. At the time of birth, plasma RBP concentration was
lower in a group of 39 preterm infants (gestational age 24–
36 weeks) compared with a group of 32 term infants (2.8 ±
1.2 µg dL−1 v. 3.6 ± 1.1 µg dL−1, mean ± SD, p < 0.001).17

In this same study, mean plasma vitamin A was also lower
in preterm compared with full term infants (16.0 ± 6.2 µg
dL−1 v. 23.9 ± 10.2 µg dL−1, mean ± SD, p < 0.001).

The vitamin A content of human milk varies somewhat,
depending on postpartum age and the volume of fat con-
tent of milk. Ninety per cent or more of the vitamin A in
human milk is in the form of retinyl esters contained in
milk fat globules.18 Vitamin A is higher in colostrum than in
mature human milk (1200–1800 µg L−1 v. 180–600 µg L−1)
(Table 14.1).19 The vitamin A content of preterm human
milk reported is quite variable, but generally is compar-

Table 14.1. Vitamin content of human milk per liter170

<28 days

(Early milk)

>28 days

(Mature milk)

Fat-soluble vitamins

Vitamin A (retinol ) µg L−1 1200–1800 300–600

Vitamin E mg L−1 8–12 2–4

Vitamin K µg L−1

Vitamin D µg L−1 0.33

Water-soluble vitamins

Thiamine (B1) µg L−1 20 220

Riboflavin (B2) µg L−1 400–600

Pyridoxine (B6) µg L−1 90–310

Cobalamin (B12) µg L−1 0.5–1.0

Folate µg L−1 80–140

Niacin mg L−1 0.5 1.8–6.0

Biotin µg L−1 5–9

Pantothenic acid mg L−1 2.0–2.5

Vitamin C mg L−1 100

able with that of mature milk, particularly after the first few
weeks of lactation.

Neonatal requirements
As noted, even term infants are relatively deficient in vita-
min A at the time of birth compared with older children.
Based on the vitamin A content of human milk, recom-
mended intake for term infants is 400–500 µg day−1 (Table
14.5). This intake is easily met by term infant formulas that
contain approximately 600 µg L−1.

Recommended supplements for the VLBWI are in the
200–450 µg kg−1 day−1 range, whether enteral or par-
enteral, with 450 µg kg−1 day−1 being preferable (Tables
14.5 and 14.6). Most infant formulas for the VLBWI will
easily supply this amount of intake as they contain about
3000 µg L−1 (Table 14.2). Even formulas for preterm infants
after discharge contain 1020 µg L−1. All of the commer-
cially available human milk fortifiers contain vitamin A
(Table 14.3).

The vitamin A content of a typical multivitamin oral sup-
plement used for preterm infants is 450 µg ml−1. Thus, the
recommended intake for the orally fed preterm infant can
be met with preterm infant formula, fortified human milk
or multivitamin preparations.

Using either of two standard multivitamin preparations
for total parenteral nutrition (TPN) solutions provides 690
µg of vitamin A for term infants (Table 14.4). However,
administration of vitamin A by this method is very inef-
ficient because of loss of vitamin A by photodegradation
and binding to intravenous tubing.21,22 Net losses by an in
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Table 14.3. Vitamins in human milk fortifiers for premature infant fed human milk – nutrients provided when added to 100 ml

of human milk

Enfamil Human Milk

Fortifier (4 pkt per 100 ml)

Similac Human Milk

Fortifier (4 pkt per 100 ml)

Similac Natural Care

Fortifier (Liquid, 100 ml)*

Fat soluble

Vitamin A µg 285 186 165

Vitamin D µg 3.75 3.0 3.0

Vitamin E mg 4.6 3.2 3.2

Vitamin K µg 4.4 8.3 10

Water soluble

Vitamin C (ascorbate) mg 12 25 30

Thiamin µg 150 233 203

Riboflavin µg 220 417 503

Pyridoxine µg 115 211 203

Niacin mg 3 3.57 4

Pantothenate mg 0.73 1.5 1.5

Biotin µg 2.7 2.6 3.0

Folate µg 25 23 30

Vitamin B12 µg 0.18 0.64 0.45

* Similac Natural Care is to be diluted 1:1 with human milk which will decrease concentrations by 50% in the feedings.

Table 14.4. TPN vitamin solutions

MVI Pediatric Infuvite

Vial #1

Vitamin Amount provided

per 5 ml

Amount provided

per 2 ml

Amount provided

per 4 ml

Amount provided

per 2 ml

Vitamin A (retinal) 690 µg 276 µg 690 µg 345 µg

Vitamin D 10 µg 4 µg 10 µg 5 µg

Vitamin E 7.0 mg 2.8 mg 7.0 mg 3.5 mg

Vitamin K1 200 µg 80 µg 200 µg 100 µg

Thiamine (vitamin B1) 1200 µg 480 µg 1200 µg 600 µg

Riboflavin (vitamin B2) 1400 µg 560 µg 1400 µg 700 µg

Pyridoxine (vitamin B6) 1000 µg 400 µg 1000 µg 500 µg

Niacinamide 17.0 mg 6.8 mg 17 mg 8.5 mg

Dexpanthenol 5 mg 2.0 mg 5 mg 2.5 mg

Ascorbic acid (vitamin C) 80 mg 32 mg 80 mg 40 mg

Vial #2

Amount provided

per 1 ml

Amount provided

per 0.5 ml

Folic acid 140 µg 56 µg 140 µg 70 µg

Biotin 20 µg 8 µg 20 µg 10 µg

Vitamin B12 1.0 µg 0.4 µg 1 µg 0.5 µg
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vitro study in this system estimated vitamin A losses
between 62% and 89%.23,24 M.V.I. Pediatric or Infuvit sup-
ply 275–345 µg to preterm infants on TPN. This will be
decreased to 200 µg if typical photodegradation occurs
(Tables 14.4 and 14.6).

For premature infants with significant lung disease, rec-
ommendations for a larger intake of vitamin A can be jus-
tified at this time from the available clinical trials.25 Thus,
a parenteral or enteral dose of 600–900 µg kg−1 day−1 has
been recommended, with 900 µg being preferred. However,
it should be noted that there is no satisfactory preparation
for administering this dose enterally at this time, and an
intramuscular injection is required.

High dose vitamin A supplementation for the
preterm infant
Experimental supplementation of premature infants with
450 µg kg−1 day−1 results in “normalization” of serum
retinol and RBP.26,27 One of the more controversial neona-
tal issues is whether or not this level of supplementation
or an even higher one may ameliorate bronchopulmonary
dysplasia.26–30 It is clear that intramuscular vitamin A is
more effective than the enteral route in premature infants
for delivering these large doses.31,32 Pertinent to the use
of vitamin A for the amelioration of bronchopulmonary
dysplasia in addition to its tissue healing effects, is that
retinol, retinyl palmitate, and retinoic acid are all potential
antioxidants.

Randomized trials using large doses of parenteral vita-
min A (≥ 450 µg kg−1 day−1) to prevent chronic lung dis-
ease, have recently been reviewed.25 To date, six random-
ized trials have been published,26,28,33–36 though one of
these35 has a sample size four times larger than all the oth-
ers combined and enrolled the smallest and most prema-
ture infants (birthweights 401–1000 g). Also, a total of 554
infants treated with vitamin A have been compared with
543 control infants in a recent meta-analysis.25

Overall, the results of these studies are mixed. No
study has found a significant effect on mortality, differ-
ences in days of assisted ventilation, or length of hospital
stay.26,28,33–36 The pooled data for all six studies showed a
trend towards reduction in oxygen use at one month in sur-
vivors that does not reach statistical significance (RR 0.93
[0.86, 1.01]).25 The study with largest number of infants
reported no significant difference in the combined out-
comes of death and oxygen use at 36 weeks (RR 0.89 [0.79,
1.0]).35 However, there was a significant reduction of oxy-
gen use in the vitamin A group at 36 weeks (RR 0.85 [0.73,
0.98]). The need for supplemental oxygen at 36 weeks post-
menstrual age declined from 62% in the unsupplemented
controls to 55% in the supplemented infants. Using these

data, it would require treatment of 14.5 infants with supple-
mental vitamin A to benefit one patient.35 Concern has also
been expressed for the invasiveness of repeated intramus-
cular injections of vitamin A in return for this very mod-
est benefit, though no side effects from the high dose vita-
min A supplements were reported from any of these stud-
ies. These included clinical monitoring of anterior fontanel
pressure and biochemical evidence of vitamin A toxicity.

Vitamin A deficiency/toxicity
Vitamin A deficiency is not common in infants in developed
countries in the absence of malabsorption, though it is not
uncommon in other parts of the world. It may be part of
generalized malnutrition. The first signs of deficiency in an
infant are xerosis of the cornea and conjunctivitis, followed
by keratomalacia, ulceration and ultimate destruction of
the eye.

The “adequate” concentration of serum vitamin A in
VLBWI is not known. Serum concentrations below 20.0 µg
dL−1 (0.70 µmol L−1) have been considered as deficient
in premature infants and concentrations below 10.0 µg
dL−1 (0.35 µmol L−1) as indicating severe deficiency with
depleted liver stores. Unfortunately, a single plasma retinol
value does not correlate well with liver stores until they
become very low [< 10.0 µg dL−1 (< 0.35 µmol L−1)] 15,37,38

or extremely low [< 5 µg dL−1 (< 0.17 µmol L−1)].39 Many
authors have noted this problem, but the use of a single
plasma retinol concentration continues in the evaluation
of premature infants.

In one study, a high percentage of preterm infants, up
to 77%, had plasma RBP below 3.0 µg dL−1, which may
be indicative of vitamin A deficiency.17 Both the plasma
RBP response27 and the relative rise in serum retinol
concentration40 following intramuscular vitamin A admin-
istration have been described as useful tests to assess func-
tional vitamin A status. This is a better method of con-
firming actual low vitamin A storage than random plasma
concentrations.40

In the very large study by Tyson, 25% of infants receiving
supplemental vitamin A (1500 µg three times per week) and
54% of controls (approximately 300 µg day−1) had vitamin
A concentrations below 20.0 µg dL−1 on day 28.35 Similar
percentages, 22% of those receiving supplemental vitamin
A and 45% of controls, had a relative dose response of >10%
following an intramuscular dose of 600 µg. From these data
it was suggested than an even higher dose of vitamin A
may be required to achieve vitamin A sufficiency in very
premature infants (birth weights <1000 g).

The studies reviewed above, with high dose vitamin
A supplements did not report any vitamin A toxicity as
noted.26,28,33–36 Dosages used in these studies were roughly
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twice the recommended RDA for premature infants.
Another report states that one oral dose of 15 000 µg given
to newborns was associated only with an asymptomatic
bulging anterior fontanel in 4–5% of the infants.41 How-
ever, clinical assessment of toxicity in preterm infants has
not been really studied, so guidelines in this area must be
made carefully.

It has been known for years that excess maternal vitamin
A may cause congenital anomalies in animal fetuses,42,43,44

and retinoic acid seems especially teratogenic.17 Women
who take more than 3000 µg of vitamin A per day as a sup-
plement have an increased frequency of birth defects. The
highest frequency of defects was related to high consump-
tion before the 7th week of gestation.45 The defects (mostly
craniofacial, cardiac, and thymic) resulted in a high mor-
tality rate.46–48

Laboratory assessment of vitamin A status
A number of methods can be used to measure plasma vita-
min A, the usual method for assessing vitamin A status.
Generally, plasma levels only decline after liver reserves
have been depleted. Levels less than 20 µg dL−1 are con-
sidered deficient and 10 µg dL−1 are associated with signs
of deficiency. A method of confirming actual low vitamin
A stores in the liver is the determination of the relative
dose response (RDR) following either oral or intramuscular
administration of vitamin A (change in serum retinol con-
centration divided by the pre-injections concentration).38

Vitamin E

The term vitamin E refers to eight naturally occurring com-
pounds. Though the biological activities of vitamin E iso-
mers vary considerably, they all show antioxidant capability
with the ability to protect cellular and subcellular mem-
branes from oxidative destruction initiated at the molec-
ular level by lipid peroxidation.49 To be effective, toco-
pherol must be localized in membrane sites exposed to free
radicals. The most abundant and active isomer is alpha-
tocopherol. On the basis of in vivo bioassays, the approx-
imate relative potencies of the other vitamin E isomers
compared with dl-α-tocopherol are β 40–50%, γ 10–30%, δ
about 1%. The original international standard of vitamin E,
synthesized from natural phytol and initially designated dl-
α-tocopherol acetate, is defined as having 1 IU mg−1. The
corresponding value for naturally occurring α-tocopherol
is 1.49 IU mg−1.

A relatively low concentration of vitamin E is found in
fetal tissues until body fat increases in late gestation. Total
body content of tocopherol in the human fetus increases
from about 1 mg at 5 months gestation to approximately

20 mg at term.50 Although pregnancy is associated with a
high maternal concentration of circulating vitamin E pro-
portional to rising plasma lipids, transplacental delivery
of tocopherols to the fetus is limited. Administering large
doses of vitamin E to women in the last weeks of preg-
nancy has little effect on cord vitamin E levels.51,52 The
ratio of maternal to fetal tocopherol concentration in blood
is approximately 4:1, with the former concentration avera-
ging 1.5 mg dl−1 and the latter 0.38 mg dl−1 in five studies.53

Similarly, neonatal tissues show a relative paucity of vita-
min E isomers. In premature neonates the low proportion
of adipose tissue further limits the total body vitamin E
content.

The absorption of tocopherols is variable depending
on total lipid absorption as with the other fat-soluble
vitamins.54 Bile salts and pancreatic enzymes are essen-
tial to the absorption process.55,56 In general the effi-
ciency of absorption decreases as larger amounts of toco-
pherol are consumed.57 Decreased absorption of fat, as
seen in the premature neonate, results in a parallel loss
of tocopherols.54 Factors important in the absorption of
vitamin E by the neonate include gestational age, the fat
component of the diet, and the preparation of vitamin E
given. Little is known about passage of vitamin E through
the absorptive cells of the mucosa as no intestinal transfer
proteins have been identified for tocopherol. After micelle
formation with bile salts, vitamin E is absorbed, incorpo-
rated into chylomicrons and transported with fat along with
the other fat-soluble vitamins via lymphatic vessels into the
venous system. The concentration of tocopherol in plasma
varies depending on the amount of associated lipoproteins.

Liver, adipose tissue, and skeletal muscle are the major
storage organs for the vitamin. At the cellular level, it
must be integrated into lipid droplets, cellular mem-
branes, and organelles to be effective. It is concen-
trated wherever there is abundant fatty acid, especially
in phospholipid membrane-containing structures (e.g.,
mitochondrial, microsomal, and plasma membranes). Fat
accumulates α-tocopherol and can sequester it.58 When
the intake of vitamin E is high, the liver is a major repos-
itory, but the tocopherol pool in adipose tissue is much
larger. Although adipose tissue is sometimes considered a
“store” of vitamin E, the tocopherol present in adipocytes
is not readily available to other tissues.59

In the liver, newly absorbed lipids are incorporated
into very low-density lipoproteins (VLDL), and VLDL par-
ticles secreted by the liver are preferentially enriched
with α-tocopherol. The liver is responsible for the con-
trol and release of α-tocopherol into human plasma60,61

via the hepatic cytosolic α-tocopherol transfer protein
(TTP).62 The gene for this protein has been localized to the
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8q13.1–13.3 region of chromosome 8.63,64 Human deficien-
cies of this protein have now been reported.65–68

There is a large inter-individual variation in the human
milk content of vitamin E (Table 14.1). Colostrum con-
tains relatively high concentrations of tocopherol isomers
averaging 8–12 mg L−1.69 After two weeks of lactation, the
vitamin E concentration of human milk declines. Mature
human milk contains all the expected isomers of toco-
pherol, but the isomers other than α-tocopherol account
for only about 2% of the vitamin E activity.70 Generally,
mature human milk contains 2–4 mg L−1 of α-tocopherol
(Table 14.1).69 The amount of vitamin E ingested daily
(approximately 2 mg of α-tocopherol equivalents in 750 ml
of mature milk) appears to be adequate to prevent antioxi-
dant deficiency in the term neonate. For the preterm infant,
however, with lower initial stores and reduced intesti-
nal absorption, human milk may not provide sufficient
vitamin E.

Neonatal requirements
Because the neonate, especially the premature neonate,
is born with low stores of α-tocopherol in addition to a
decreased blood concentration, early provision of vitamin
E is necessary to correct the depleted state and prevent
adverse consequences attributable to insufficient antioxi-
dants. In the term neonate with normal intestinal absorp-
tion, it has been calculated from data obtained in studies
of milk-fed neonates that 2 mg day−1 is sufficient to raise
blood and tissue levels. The amount is higher per kilogram
than the 10–15 mg recommended for older children and
adults.71 It is clear that normal blood and tissue concen-
trations of tocopherol can be achieved promptly in term
neonates fed the usual volume of either breast milk or com-
mercial formula. Commercial formulas for term infants
contain 1.3–2.5 mg L−1 (Table 14.2).

The situation is different for premature neonates. The
decreased intestinal absorption that has been demon-
strated makes it necessary to give larger amounts (i.e., 6–
12 mg kg−1 day−1) when vitamin E supplements are pro-
vided enterally.72 In studies of enteral nutrition, it has been
shown that a daily dose of 10–25 mg of water-miscible α-
tocopherol acetate given to 0.6- to 1.5-kg neonates may
be required to produce and maintain normal vitamin E
status.73–76 Even some premature neonates on this regimen
(10–25 mg day−1) may not maintain a plasma tocopherol
concentration above 0.5 mg dl−1, especially if they receive
iron-fortified formula. Data from studies of enterally fed
neonates are generally more difficult to interpret in relation
to the dose and time required to correct a low blood vita-
min E concentration. Special formulas for preterm infants
for use in the hospital contain 32 to 51 mg L−1 (Table 14.2).

Those for use after hospital discharge contain 27–30 mg
L−1. The commercially available human milk fortifiers all
contain vitamin E (Table 14.3).

In intravenously nourished neonates, 1 mg kg−1 day−1

eventually corrects the vitamin E deficiency state, but up
to 7–10 days may be required.77–79 Parenteral α-tocopherol
acetate at 3 mg kg−1 day−1 rapidly corrects low vitamin
E levels and abnormal peroxide hemolysis tests within 24
hours.80,81 Once a normal blood concentration of vitamin
E is achieved, 1–2 mg kg−1 day−1 can be given to main-
tain vitamin E sufficiency, but without continued provi-
sion of tocopherol in the parenterally fed infant, insuffi-
ciency quickly develops.81 Current multivitamin solutions
for pediatric TPN solutions provide 7 mg day−1 to term
infants when used as recommended (Table 14.6).

From studies of parenterally and enterally nourished
premature neonates, it is reasonable to conclude that
the immediate requirement of such neonates for “deliv-
erable or absorbable” vitamin E is 2–3 mg kg−1 day−1 and
that 1 mg kg−1 day−1 suffices once the initial deficiency
state is corrected and tissue stores are established. Using
one of two multivitamin solutions available for pediatric
TPN solutions, 2.8–3.5 mg of vitamin E (α-tocopherol)
are provided when used as recommended (Tables 14.4
and 14.6).

It is recommended that premature infants receive 2.8–
3.5 mg kg−1 day−1 vitamin E parenterally and 6–12 mg kg−1

day−1 enterally (Tables 14.5 and 14.6).82 These intakes are
approximated with the present formulas and multivitamin

Table 14.5. Dietary reference intakes for fat-soluble and

water-soluble vitamins

Term infant

per day71,172

Preterm infant

per 100 kcal83

Fat-soluble vitamins

Vitamin A (retinol) 400–500 µg 200–450 µg

Vitamin E 4–5 mg 6–12 mg

Vitamin K 2.0–2.5 µg 7–9 µg

Vitamin D 5 µg 5–10 µg

Water-soluble vitamins

Thiamine (B1) 200–300 µg 150–200 µg

Riboflavin (B2) 300–400 µg 200–300 µg

Pyridoxine (B6) 100–300 µg 125–175 µg

Cobalamin (B12) 0.4–0.5 µg 0.25 µg

Folate 65–80 µg 21–42 µg

Niacin 2–4 mg 3–4 mg

Biotin 5–6 µg 3–5 µg

Pantothenic acid 1.7–1.8 mg 1.0–1.5 mg

Vitamin C (Ascorbic acid) 40–50 mg 15–20 mg
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Table 14.6. Vitamin intakes for infants receiving total

parenteral nutrition∗

Term infant

per day*

Preterm infant

per day

Fat-soluble vitamins

Vitamin A (retinol) 690 µg 275–345 µg

Vitamin E 7 mg 2.8–3.5 mg

Vitamin K 200 µg 100 µg

Vitamin D 10 µg 4–5 µg

Water-soluble vitamins

Thiamine (B1) 1200 µg 480–600 µg

Riboflavin (B2) 1400 µg 560–700 µg

Pyridoxine (B6) 1000 µg 400–500 µg

Cobalamin (B12) 1 µg 0.4–0.5 µg

Folate 140 µg 56–70 µg

Niacin 17 mg 6.8–8.5 mg

Biotin 20 µg 8–10 µg

Pantothenic acid 5 mg 2–2.5 mg

Vitamin C (Ascorbic acid) 80 mg 32–40 mg

* Intake based on the currently available TPN vitamin solutions

(see Table 14.4). For term infants, 5 ml of MVI pediatric is recom-

mended. For preterm infants, 2 ml of MVI is recommended. For

Infuvite, 4 ml of Vial #1 and 1 ml Vital #2 is recommended for term

infants. For preterm infants receiving Infuvite, 2 ml of Vial #1 and

0.5 ml of Vial #2 is recommended.

preparations. The American Academy of Pediatrics Com-
mittee on Nutrition has recommended that formulas pro-
vide a minimum of 1 mg of vitamin E per gram of linoleic
acid and 0.7 mg per 100 kcal, though the special formulas
with iron for premature infants contain 4–6 mg per 100 kcal,
because of the higher requirement for vitamin E with these
formulas.83

Vitamin E deficiency in the neonate
Several adverse consequences potentially attributable to
vitamin E deficiency have been described in the medi-
cal literature in infants and children.84–96 Unfortunately,
controversy has surrounded almost all of the conditions
attributed to human vitamin E deficiency, though a defi-
ciency state in premature infants is the most convin-
cing. Recent studies have demonstrated that vitamin E
deficiency is common among premature neonates receiv-
ing intensive care.72,73,80,97,98 Some of these investiga-
tions have defined methods of correcting or preventing
vitamin E deficiency in the critically ill, low birth weight
neonate,74–76,81,99–101 but they have also identified toxicity
associated with excess doses of tocopherol preparations.102

The absorption of vitamin E in premature neonates has
been studied primarily by the technique of administer-
ing large single dosages and measuring the blood con-
centration sequentially. From these results, it appears that
neonates less than 32 weeks gestation have significant mal-
absorption of tocopherol compared with term neonates
and older children.103 Prematurely delivered neonates may
show evidence of vitamin E deficiency owing to several
factors, including limited tissue storage at birth, intestinal
malabsorption, and rapid growth rates that increase nutri-
tional requirements in general. Many premature neonates
may not be given enteral or even parenteral vitamin E
for several days because of severe respiratory disorders
requiring ventilatory assistance. Even when they are given
tocopherol supplements, premature neonates with respir-
atory distress syndrome may have a low blood tocopherol
concentration.72,80,97,103,104

Oski and Barness have incriminated tocopherol defi-
ciency as a responsible factor in hemolytic anemia of
prematurity.84 As described in detail elsewhere, the con-
clusions from hematological studies of vitamin E sup-
plementation in premature neonates differ depending
on other variables that influence vitamin E status and
requirements.98,105 Nevertheless, the careful investigations
of Gross and Melhorn indicated the following: (1) an abnor-
mal degree of hemolysis occurs in association with vitamin
E deficiency; (2) supplementation of premature neonates
with 25 mg of α-tocopherol acetate per day decreases the
hemolysis and leads to a modest but significant increase
in blood hemoglobin content; and (3) the hemolytic an-
emia associated with vitamin E deficiency is aggravated
by ingestion of iron in iron-fortified formulas.106 It has
been established that vitamin E deficiency under certain
nutritional dietary conditions contributes to accelerated
hemolysis and caused prolonged anemia in premature
neonates.

High dose vitamin E therapy in preterm infants/toxicity
A potential role of vitamin E supplementation in prevent-
ing or ameliorating retinopathy of prematurity was pro-
posed in 1949 by Owens and Owens and has remained
controversial.107 In its severe form, retinopathy of pre-
maturity causes retinal scarring, detachment and blind-
ness. Tocopherols are concentrated in the retinal tissue,
where lipid concentrations are high and clearly can inter-
rupt oxidation reactions that conceivably initiate the injury
process. A recent meta-analysis108 of six randomized con-
trolled trials with a total sample of 704 VLBW infants treated
with vitamin E and 714 VLBW controls,87,88,95,109–111 found
no difference in the overall incidence of ROP between the
two groups. However, there was a significant difference in
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the incidence of Grade III ROP between the two groups,
2.4% in the vitamin E v. 5.5% in the controls (pooled odds
ratio 0.44, 95% CI 0.21–0.81, p < 0.02). However, the total
number of infants with severe ROP was very small and the
authors recommended that further studies be done on the
smallest infants (birth weight below 1000 g). It must be con-
cluded that at present there is no clear benefit of giving large
doses of vitamin E for the intended purpose of preventing
severe retinal disease.

Bronchopulmonary dysplasia is another condition of
premature neonates that was reported to be preventable
by vitamin E therapy.86 Further investigation of the role
of vitamin E in bronchopulmonary dysplasia did not
lead to confirmation of the original data, by either the
same investigators94 or others.112,113 The rationale for this
proposed effect is again logical, as tocopherols prevent
oxidation-related injury of pulmonary membrane systems.
However, it cannot be claimed that vitamin E in large doses
prevents bronchopulmonary dysplasia in preterm infants.

There are also data supporting the suggestion that vita-
min E supplementation, if given in the first 12 hours
of life, can reduce the incidence of intraventricular
hemorrhage.92,93,114,115 The hypothesis is that the effect
is related to the vitamin’s ability to scavenge free radicals,
which then protects brain matrix capillary endothelial cells
from hypoxic-ischemic injury. However, vitamin E in large
doses cannot be recommended to prevent intraventricular
hemorrhage at this time. Further study is required.77

Serious toxicity has been associated with megavitamin
E supplements in premature neonates.102 As reviewed
elsewhere,98 the adverse effects may be attributable to the
vehicle used for megavitamin E supplementation rather
than the tocopherol preparation per se. Doses of vitamin
E exceeding 3.5 mg kg−1 day−1 by the parenteral route or
25 mg kg−1 day−1 by the enteral route should be regarded as
experimental and having potentially more risk than bene-
fit for premature neonates at this time. It must be empha-
sized there is no compelling evidence to treat the premature
infant with pharmacologic doses of vitamin E to prevent
any condition.

Laboratory assessment
Ninety per cent or more of the circulating vitamin E is nor-
mally α-tocopherol, and serum or plasma samples can be
measured. A concentration of at least 0.5 mg dL−1 indi-
cates adequate nutritional status.105 Most would agree that
vitamin E concentration in tissue is the most appropriate
parameter to measure to assess vitamin E status, though
this is not usually available in infants.

Adequate vitamin E concentration is dependent on
the concentration of plasma lipids. Tocopherol data have

been expressed as a function of lipid concentration in
many studies.116–118 These investigations have demon-
strated that, although children have significantly lower lev-
els of plasma vitamin E than adults, a tocopherol/total
lipid ratio of 0.6–0.8 mg g−1 indicates adequate nutritional
status.116,117 This ratio would be important to measure in
the very premature infant in whom marked changes in
lipid levels occur, ranging from very low at birth to high
during intravenous feedings of fatty acids. However, this
ratio requires measurement of cholesterol, triglycerides
and phospholipids, and requires considerable amounts of
blood for a very small premature infant. Part of the expla-
nation for low circulating tocopherol in premature infants
relates to decreased plasma lipids compared with the lipid
concentration in adults.

To characterize the apparent vitamin E deficiency of pre-
mature neonates, the hydrogen peroxide hemolysis test
has been recommended.97 However, a very recent study
in premature infants (mean 33 weeks gestation) compared
plasma and erythrocyte vitamin E levels, vitamin E to lipid
ratios, and two variations of the hydrogen peroxide hemo-
lysis test. The investigators concluded that there was no sat-
isfactory method for the clinical assessment of vitamin E
deficiency in the premature infant.119 It is important to dif-
ferentiate between tocopherol-sufficient and tocopherol-
deficient premature neonates, particularly as parenteral
vitamin E is being advocated in high doses for prophy-
laxis against neonatal disorders associated with oxygen
toxicity.

Vitamin K

Compared with the other fat-soluble vitamins, there is little
specific information regarding the infant requirements for
vitamin K. It is also the only vitamin routinely administered
in large quantities at the time of birth. Its concentration in
cord blood is not reliably detectable by present assay tech-
niques at any gestational age. The vitamin K concentration
of human milk is very low, and for the newborn breast-
feeding infant, a deficiency state has been described. Thus,
there is not a “gold standard” for assessing the nutritional
needs of this vitamin in infants. It is only recently that even
longitudinal serum levels have been determined in term
and preterm infants.

Vitamin K exists in two forms: (1) Vitamin K1 or phyllo-
quinone which is the plant form of the vitamin, and (2) vita-
min K2, a series of compounds with unsaturated side chains
of varying length, synthesized by bacteria and collectively
referred to as menaquinones. The vitamin functions post-
ribosomally as a cofactor in the metabolic conversion of
intracellular precursors of vitamin K-dependent proteins
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to active forms. The coagulation factors II (prothrombin),
VII, IX and X were the first of these proteins to be described.
Other vitamin K-dependent proteins in plasma include
proteins C, S, and Z. Vitamin K-dependent proteins have
been identified in nearly all tissues of the body. These
include osteocalcin or bone gla protein as well as matrix
gla protein of the skeleton, and kidney gla protein.120

All of the known vitamin K-dependent proteins have in
common gamma-carboxyglutamic acid (Gla), the unique
amino acid formed by the postribosomal action of vitamin
K-dependent carboxylase. These Gla residues are located
in the homologous amino-terminal domain with a high
degree of amino acid sequence identity seen in all vitamin
K-dependent proteins.121 They are required for the calcium
mediated interaction of these proteins and are the location
of specific calcium binding sites. An overview of the current
knowledge of vitamin K metabolism can be found in more
detail elsewhere.120,122

There is very little information on menaquinones in
the perinatal period. Most of the bacteria comprising the
normal intestinal flora of human milk fed infants do not
produce menaquinones, including Bifidobacterium, Lacto-
bacillus, and Clostridium species. Bacteria which produce
menaquinones include Bacteroides fragilis and Escherichia
coli which are more common in formula fed infants. Both
phylloquinone and menaquinone are actually more preva-
lent in the stools of formula-fed infants (all formulas in the
US are fortified with phylloquinone) compared with breast-
fed infants.123,124 In the newborn liver, unlike adults, phyl-
loquinone predominates over menaquinones (81 ± 73 v.
9 ± 2 pmol per g of liver).125 Menaquinones are not readily
available from the hepatic pool,126 compared with phyllo-
quinone. Little is known about their absorption from the
intestinal tract, plasma transport, or clearance from cir-
culation. Most of the gut bacterial pool of menaquinones,
located within bacterial membranes, is probably not avail-
able for absorption.

Vitamin K1 has been reported to be present in low
(<2 µg ml−1) to undetectable concentrations in cord
blood.124,127–129 Recent data have shown that out of 156
cord bloods in term infants, none had measurable vita-
min K.130 Thus, there is no correlation between maternal
and cord blood levels. From all of the available evidence it
appears that only very small quantities of vitamin K cross
the placenta from mother to fetus. Indeed, even maternal
pharmacological doses of vitamin K have unpredictable
effects on cord blood concentration.124,127–129

Vitamin K is absorbed from the intestine into the lym-
phatic system, requiring the presence of both bile salts and
pancreatic secretions.131 The lymphatic system is the major
route of intestinal transport of absorbed phylloquinone in

association with chylomicrons. Little is known of the exis-
tence of carrier proteins. In the neonate, 29% of an oral dose
of vitamin K1 is reportedly absorbed from the intestine.132

The importance of the enterohepatic circulation of vita-
min K in the human is unknown. Compared with other
fat-soluble vitamins, relatively small amounts of vitamin K
have been reported in the liver of the neonate. However,
vitamin K is found in relatively high concentrations in liver,
heart, and bone compared with other tissues.133,134 In adult
humans it has been demonstrated with labeled vitamin K1

that the total body pool of vitamin K is replaced approxi-
mately every 2.5 hours.135 There is no information in the
infant.

Vitamin K is found in the milk fat globules. Human milk
generally contains less than 10 µg L−1, and there is no sig-
nificant difference between mature milk and colostrum
(Table 14.1).19 However, human milk concentration is
affected by maternal supplements. A recent report found a
concentration 3.0 ± 2.3 µg L−1 (SD) in six mothers deliver-
ing between 26 and 30 weeks gestation.136 By supplement-
ing these mothers with 2.5 mg phylloquinone a day orally
for two weeks the vitamin K concentration of the milk was
increased to 64.2 ± 31.4 µg L−1 (SD).136 In term infants, sup-
plements of vitamin K to mothers will increase vitamin K
in both breast milk and infant serum.137

Neonatal requirements
Though the official DRI for infants is 2–2.5 µg day−1, it
seems prudent to continue 1 mg of phylloquinone intra-
muscularly at birth to all infants including the prema-
ture infant greater than 1000 g birth weight.20 For preterm
infants with birth weights<1000 g, 0.3 mg kg−1 intramuscu-
larly would be sufficient. This amount of vitamin K should
sustain the infant at least through the first 2 weeks of life.

Though human milk does not supply the DRI for vitamin
K of 2–2.5 µg day−1 for exclusively breast fed infants, these
infants generally do not show any signs of deficiency dur-
ing the first 3 months of life if they received prophylactic
vitamin K at birth.130 Formulas for term infants with added
vitamin K supply 7–9 µg kg−1 day−1 exceeding the RDA.

As all infant formulas for low birth weight infants contain
large amounts of vitamin K (65–100 µg L−1, Table 14.2), 150
ml kg−1 day−1 would supply 9.6–15.0 µg kg−1 day−1. For the
VLBWI on vitamin K supplemented formula, no additional
vitamin K is needed. The available human milk fortifiers for
the VLBWIs in the USA all contain vitamin K (Table 14.3).
Premature infants on formula or fortified human milk by
40 weeks post-conceptional age, have plasma vitamin K
concentrations and intakes comparable with those of term
infants on fortified formula.138
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For term infants on TPN solutions, M.V.I. Pediatrics or
Infuvite will supply 200 µg day−1 (Tables 14.4 and 14.6).
There would appear to be little justification for term infants
on TPN to receive these large amounts of vitamin K. Preterm
infants receiving 2 ml of M.V.I. Pediatric or Infuvite receive
80–100 µg day−1 in addition to the 10 µg kg−1 day−1 from
3 g kg−1 day−1 of Intralipid (20%) (Table 14.6). Intralipid
contains about 70 µg dL−1. Again these large doses do not
seem justified. A recent report found very high plasma
levels (124.4 ± 101.1 ng ml−1, adult normal <1 ng ml−1)
in preterm infants receiving TPN at 2 weeks of age.138

Presently, no available oral, liquid vitamin preparation con-
taining vitamin K is available for infants.

High dose vitamin K for infants/toxicity
A number of studies have tried to associate periventricular-
intraventricular hemorrhage PIVH in the VLBWI with vita-
min K deficiency.139–144 Maternal supplements of vitamin
K have been given as a result.145–147 However, given the very
low transfer rate of vitamin K across the placenta even when
given in large doses to the mother, and the mixed results of
these studies, one cannot conclude that PIVH in the pre-
mature infant is secondary to vitamin K deficiency at birth.
In fact, it is clear that many cases of PIVH occur in infants
3 or more days after receiving the customary prophylac-
tic dose of phylloquinone at birth, implying that vitamin
K does not prevent PIVH. To date, toxicity from vitamin
K has not been reported in the premature infant with the
presently available formulations.

Pharmacologic doses of the vitamin are used in the new-
born period for prevention of hemorrhagic disease. Histor-
ically, hyperbilirubinemia and kernicterus were reported
in premature infants in the 1960s prophylactically treated
with large quantities of a highly protein-bound form of the
vitamin (menadione), no longer in clinical use.148 In term
infants given 1 mg intramuscularly for newborn prophy-
laxis, there was an association reported with the onset of
childhood leukemia, but this initial report has not been
confirmed.149

Vitamin K deficiency
Vitamin K deficiency with hemorrhage in the newborn is
a worldwide problem, though it is not a major problem in
the USA where nearly all infants receive prophylactic vita-
min K at the time of birth. As formulas are all fortified with
vitamin K, it is largely a disease of breast-fed infants who
often have another disorder associated with malabsorption
such as biliary atresia or alpha-1-antitrypsin deficiency. In
the classic form of the disease, hemorrhage occurs between

days 2 and 10 of life, and intracranial hemorrhage is uncom-
mon. It is hallmarked by generalized ecchymosis or gas-
trointestinal bleeding. Bleeding from a circumcision site or
umbilical cord stump is also common. A second form of
the disease, late hemorrhagic disease, is less benign. Again,
this form occurs mostly in breast-feeding infants between
6 weeks and 6 months of life and is associated with intracra-
nial hemorrhage with devastating sequelae.150

Laboratory assessment of vitamin K status
In the neonate the concentrations of the vitamin K-
dependent clotting factors (factors II, VII, IX, and X) are
generally 25%–70% of normal adult concentrations, and
there is little difference at the time of birth between 30 and
40 weeks gestational age infants.151,152 Normal adult con-
centrations of these factors are not achieved until 6 months
of age, and if anything, premature infants show an acceler-
ated postnatal maturation towards adult levels compared
with term infants. The prothrombin time shows a wider
range and variability in the newborn at birth (11–16 sec-
onds) compared with the adult (11–14 seconds), and this
persists through the first 6 months of life. The activated par-
tial thromboplastin time shows a similar pattern compared
with adults through the first 6 months of life.151,152 Inter-
estingly enough, in the neonate injections of vitamin K1 do
not significantly alter these tests or the measurements of
the individual clotting factors.129,153 Thus, the differences
in coagulation between adults and newborns cannot totally
be ascribed to vitamin K “deficiency”. The coagulation dif-
ferences may be limited by the availability of precursor pro-
teins for the synthesis of vitamin K-dependent carboxylase
enzyme of the vitamin K cycle, rather than the availability
of vitamin K1.

Human vitamin K deficiency results in the secretion
of partially carboxylated prothrombin into the plasma,
referred to as abnormal prothrombin, or PIVKA-II (protein
induced by vitamin K absence or antagonism).154 PIVKA-II
is a heterogeneous molecule. It consists of a pool of partially
carboxylated prothrombin, as well as some completely
acarboxylated prothrombin.155 Detection rates of PIVKA-II
in cord blood have ranged from 10% to 30%.156–159 PIVKA-II
values in a large series of full-term newborn infants in the
USA at the time of birth have recently been reported. Of 148
cord bloods, 49/148 (33%) were positive for PIVKA-II (≥0.2
AU ml−1).130 Similarly, in another study of 13 premature
infants (27–36 weeks gestation) and 46 term infants (37–
41 weeks), there was no correlation between gestation age
and PIVKA-II values in cord blood.160 Thirty-one infants
(52%) had elevated PIVKA-II in cord blood. Finally, in a
recent report in premature infants (24–36 weeks gestation),
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PIVKA-II levels were elevated in cord blood in 19/69 sam-
ples (27.5%).138

The usefulness of this measurement for showing a sub-
clinical vitamin K deficiency is a point of controversy. A
number of studies have shown that prophylactic vitamin
K administered to the newborn results in near elimina-
tion of the positive PIVKA-II values that were present in
cord blood.161–164 Similarly, in preterm infants PIVK-II is
not detected at 2 and 6 weeks after birth with high intakes of
vitamin K.138 In a recent study of exclusively breast feeding
infants who received vitamin K prophylaxis at birth (either
orally or intramuscularly), there was no significant correla-
tion between measurable PIVKA-II levels and low plasma
vitamin K levels during the first 3 months of life.130

Water-soluble vitamins

Water soluble vitamins include vitamin C or ascorbic
acid and the B complex vitamins. As a group, these vita-
mins function physiologically as prosthetic groups for
enzymes involved in a broad variety of metabolic func-
tions, including amino acid metabolism, energy produc-
tion, and nucleic acid synthesis. With the exceptions of
folic acid and vitamin B12 which are stored in the liver,
these vitamins are not stored to any great extent. Thus, they
must be supplied at frequent intervals. Excesses are largely
excreted in the bile and urine. They are all inactivated by
heat and ionizing radiation. Unfortunately, determination
of appropriate enteral and parenteral vitamin intake based
on scientific data especially for preterm infants is lacking.
Even the amounts supplied in TPN solutions are dictated
not necessarily by the actual requirement, but by the con-
centrations available in multivitamin preparations (M.V.I.
Pediatrics and Infuvite) (Table 14.4). The full implications
of parenterally administered vitamins, particularly in large
quantities, are unknown. For term infants, the vitamin con-
tent of human milk is the intake standard. Maternal diet
may affect vitamin sufficiency in the fetus and breast-fed
infant. The gastrointestinal tract and liver modify the orally
ingested water-soluble vitamins.

Thiamine (vitamin B1)

Thiamine is absorbed in the proximal small intestine by
both active and passive mechanisms, the carrier mediated
process occurring in low concentrations (less than 2 µM)
and the passive process at higher concentrations.165,166

After absorption thiamine is converted in the liver to its
primary active cofactor, thiamine pyrophosphate (TPP),
necessary for three enzyme complexes essential for car-
bohydrate metabolism. These are pyruvate dehydrogenase

and alpha-ketoglutarate in the Krebs cycle, and transke-
tolase which is involved in the production of ribose for
the synthesis of RNA and also provides NADPH required
for fatty acid synthesis. Further phosphorylation of TPP
occurs in the CNS to form thiamine triphosphate (TTP),
thought to facilitate nerve conduction by its influence on
membrane sodium ion conductance.165,167,168 Thiamine
appears to readily cross the placenta, in that fetal con-
centrations are approximately 7 times those of maternal
plasma concentration.169 Human milk concentration of
thiamine increases from 20 µg L−1 in colostrum to 220 µg
L−1 in mature milk (Table 14.1). In well-nourished women,
the thiamine concentration in human milk is not affected
by diet.170

Neonatal requirements
The need for thiamine is directly related to the amount of
carbohydrate consumed. Thiamine deficiency in breast-
fed neonates of well-nourished mothers has not been
reported. The daily recommended intake (DRI) for term
infants is 200–300 µg day−1 (Table 14.5) which is based on
the amount in human milk (220 µg L−1) (Table 14.1).171,172

As standard infant formulas contain 75–100 µg per 100 kcal,
formula-fed infants will easily meet the DRI (Table 14.2).

For the premature infant, the recommended thiamine
intake is 150–200 µg per 100 kcal (Table 14.5).82,83,172

Preterm infant formula contains 200–250 µg per 100 kcal
so will meet even the highest of these recommendations
and this appears to be an adequate amount (Table 14.2).174

Commercially available human milk fortifiers provide an
equivalent amount of thiamine when used to fortify human
milk to 24 per cal per oz (Table 14.3). Human milk on the
other hand (220 µg L−1) may not meet the needs of the
premature infant especially where milk banking and/or
heat treatment is required. Preterm infants have increased
metabolic needs compared with the term infant.

The recommendations for thiamine intake for new-
born infants on parenteral nutrition are much less pre-
cise and there are very little data on which to base these
recommendations.82 Five ml of M.V.I. Pediatric or 4 ml of
Infuvite supplies 1200 µg day−1 which would seem to be
more than adequate for a term infant (Tables 14.4 and 14.6).
When given in the recommended amounts for preterm
infants, 2 ml provides 480–600 µg day−1 of thiamine to
a premature infant, again an intake which seems very
adequate.174

Deficiency/toxicity
Deficiency or toxicity of thiamine in the western world is
almost unheard of in the newborn infant. Deficiency has
been reported in those parts of the world where the diet
consists of un-enriched white rice or flour, but even in
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these countries, it is extremely rare in the newborn. An
infantile form of beriberi may occur in the first 4 months
of life in breast-fed infants whose mothers have a defi-
cient thiamine intake.175 Symptoms include weak swal-
lowing, nuchal rigidity, apnea, spasticity, ophthalmople-
gia, hypothermia, and coma. In adults, toxicity rarely has
included an anaphylactic reaction and large parenteral
doses have been associated with respiratory depression.

Laboratory assessment
The most reliable index of thiamine status is whole blood
thiamine level. The classic test for thiamine deficiency is
the erythrocyte transketolase assay, in which transketo-
lase is measured before and after addition of thiamine
pyrophosphate.176 However, this method does not detect
marginal or elevated concentrations of the vitamin which
may be a concern when assessing parenteral needs.

Riboflavin (vitamin B2)

Riboflavin and its coenzymes flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD) function as
electron donors and acceptors in oxidation-reduction sys-
tems. They are important for energy metabolism, glycogen
synthesis, erythrocyte production, and conversion of folate
to its active coenzyme. Absorption of riboflavin mostly
occurs in the proximal small intestine and is under very
tight control. Uptake occurs largely via a high-affinity, low-
capacity carrier which allows for efficient absorption at low
gut concentrations while preventing excessive absorption.
In the intestinal mucosa riboflavin is phosphorylated to
FMN. Further phosphorylation produces FAD. Riboflavin
is transported via serum albumin and stored primarily in
the liver and kidney in small quantities. It is eliminated pri-
marily by the kidneys.177 Riboflavin, FMN, and FAD appear
to cross the placenta from mother to infant against a con-
centration gradient but no detailed information is known
about this transport process.178

The concentration in human milk is 400–600 µg
L−1 (Table 14.1). It remains nearly constant throughout
lactation.170 It is subject to photodegradation. Standard
term formulas contain 150 µg per 100 kcal, while preterm
formulas contain 300–620 µg per 100 kcal (Table 14.2).
Commercially available human milk fortifiers provide 250–
500 µg per 100 kcal when used to fortify human milk to 24
cal per oz (Table 14.3).

Neonatal requirements
The DRI for enteral riboflavin in neonates is 300–400 µg
day−1 (Table 14.5) an amount not likely to be achieved
by breast-feeding infants if the human milk concentration
of riboflavin is 400–600 µg L−1.172 However, breast-feeding

infants do not show signs of riboflavin deficiency. Preterm
infants have higher intake requirements due to the need
for phototherapy and the exposure of stored milk to light.
The recommended enteral intake for preterm infants varies
from 200–300 µg per 100 kcal (Table 14.5).83,173

The recommended intake for parenteral nutrition for
term neonates is 1400 µg (Table 14.6), the amount supplied
by 5 ml of M.V.I. Pediatric or 4 ml of Infuvite (Table 14.4).82

Two ml of these vitamin solutions provide 560–700 µg to
the preterm infant (Table 14.6). A dose of 150 µg day−1 has
been suggested as appropriate,82 but this cannot be pro-
vided with presently available multivitamin solutions. High
blood levels of riboflavin have been reported in preterm
infants whether receiving formula or TPN, which quickly
normalize when riboflavin is removed from the diet.179

Deficiency/toxicity
Isolated riboflavin deficiency does not usually occur. Prin-
cipal manifestations are dermatologic and ophthalmo-
logic, including angular stomatitis, cheilosis, glossitis, seb-
orrhea, photophobia, and increased corneal vascularity.
Overt signs of deficiency are very rare in the developed
countries. Though there are no known toxic effects of this
vitamin, plasma levels in preterm infants receiving multi-
vitamins had serum levels 100 times the cord blood lev-
els, and in theory could cause urinary precipitation of
riboflavin and obstructive tubular damage.173 Some bio-
chemical deficiency (decreased erythrocyte glutathione
reductase activation coefficient) has been reported in
preterm infants receiving unsupplemented human milk
but this is of unknown clinical significance.180

Laboratory assessment
A classic screen for riboflavin deficiency can be obtained by
measuring erythrocyte glutathione reductase activity both
in the presence and absence of excess added active cofac-
tor FAD. An increase in activity of more than 20% indicates
riboflavin deficiency.181 A better measure of riboflavin sta-
tus (both deficiency and excess), is measuring riboflavin
and its cofactors FMN and FAD in plasma and red blood
cells, along with urinary riboflavin concentrations. How-
ever, even “normal” blood levels in infants have not been
established.174

Vitamin B6 (Pyridoxine)

Vitamin B6 refers to three naturally occurring pyridines –
pryridoxine (PN), pyridoxal (PL), and pyridoxamine (PM)
and their phosphorylated derivatives.182 The dephospho-
rylated forms are all absorbed passively in the proximal
jejunum, and transported to the liver where conversion to
the active forms occurs. Vitamin B6 serves as a cofactor in a



174 F. R. Greer

large number of reactions involved in the synthesis, inter-
conversion, and metabolism of amino acids. It is also neces-
sary for the synthesis of niacin, various neurotransmitters,
heme, and prostaglandins. It is stored in small amounts and
very sensitive to heat and photodegradation.

Vitamin B6 readily crosses the placenta from mother to
infant, though details of this transport are not known. There
is accumulation of vitamin B6 in the fetus with increasing
gestation and this is important for the breast-fed infant.183

Daily supplementation of the mother during pregnancy
with >2 mg of pyridoxine is associated with normal vita-
min status in infants through 4 months of age.183 In gen-
eral, because of the extra protein allowance for pregnancy,
a supplement of 0.6 mg per day is recommended during
pregnancy as well as lactation (DRI).172

The human milk concentration of vitamin B6 can be
related to maternal intake. In mothers not taking supple-
ments, the concentration is 70–150 µg L−1 (Table 14.1).170

Formulas for term infants contain 60 µg per 100 kcal
and formulas for preterm infants contain up to 2030 µg
L−1 (Table 14.2). Commercial human milk fortifiers add
1280 µg L−1 to human milk (Table 14.3).

Requirements
Requirements are directly proportional to protein intake
(Table 14.5). For term infants, the DRI for vitamin B6 should
be between 100–300 µg day−1.172 If the vitamin intake of
the mother is adequate during pregnancy and lactation,
then the breast-fed term infant needs no additional vitamin
B6. Preterm infants, however, need more vitamin B6 than
would normally be supplied by human milk. Though there
are little data on which to base the recommendations, re-
commended enteral intakes in preterm infants range from
125–175 µg per 100 kcal.83 Formula-fed infants, whether
preterm or term, receive adequate intakes via the appro-
priate formula, though some have suggested that the levels
in preterm formulas may be too high.174,184

Parenteral requirements for term infants on TPN are esti-
mated to be 1000 µg day−1 (Table 14.6). For preterm infants,
parenteral recommendations of 400–500 µg day−1 are eas-
ily met with presently available solutions (Tables 14.4 and
14.6). A dose of 300 µg kg−1 day−1 provides very high blood
levels of this vitamin, and some have raised concerns about
this level of intake.82,174

Deficiency and toxicity
Due to the availability of this vitamin, deficiency is quite
uncommon in infants. Symptoms of deficiency include
hypochromic microcytic anemia, vomiting, diarrhea, fail-
ure to thrive, irritability, and seizures. Several conditions
associated with abnormalities of vitamin B6 metabolism

that require pharmacologic doses (200–600 mg day−1)
of the vitamin have been described in infants.185–187

These include pyridoxine-dependent seizures, pyridoxine-
responsive hypochromic microcytic anemia, xanthurenic
aciduria, cysthathioninuria, and homocystinuria. Toxicity
even with these megadoses of the vitamin, has not been
reported in infants.

Laboratory assessment
High-performance liquid chromatography methods to
quantify all the vitamins in plasma and erythrocytes pro-
vide the most accurate and reliable measure of vitamin
B6 status.188 Measurement of pyridoxal phosphate (most
abundant blood isomer) has been proposed to assess the
vitamin B6 status in preterm infants.189 Because of the
requirement for the vitamin in the normal metabolism of
tryptophan, a measurement of certain urinary metabo-
lites has been used as a functional test for vitamin
deficiency.82

Vitamin B12 (Cobalamin)

Vitamin B12 is unique in a number of ways compared with
the other water-soluble vitamins. It is produced in nature by
bacteria and not contained in plants, leading to deficiency
in vegans, including those who are lactating. It occurs in
two forms: methylcobalamin and adenosylcobalamin.177

Methylcobalamin is the form found in body fluids inclu-
ding breast milk. It is a cytoplasmic cofactor which trans-
fers a methyl group from tetrahydrofolate to homocys-
teine for the synthesis of methionine. Vitamin B12 is ne-
cessary for the regeneration of tetrahydrofolate such that
in the deficiency state folate is trapped in its demethylated
form and is unavailable for pyrimidine synthesis. Thus, a
deficiency of Vit B12 is responsible for the cellular folate
deficiency.177 Adenosylcobalamin is present in the mito-
chondria of solid tissues and is involved in the forma-
tion of myelin sheaths in neural tissue.190 It participates
in the reduction of purine and pyrimidine ribonucleotides
to their corresponding deoxyribonucleotides necessary for
DNA synthesis.

The absorption and storage of vitamin B12 is also
unique.177 Upon ingestion the vitamin is released from food
at gastric pH and complexed with the salivary R binder.
Under the alkaline conditions of the jejunum, pancreatic
enzymes digest the R binder.191 Vitamin B12 is then bound
to intrinsic factor, which facilitates its calcium depen-
dent absorption across the ileal mucosa. Once absorption
occurs, the vitamin circulates bound to a specific fam-
ily of binding proteins, the transcobalamins. It is also the
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only water-soluble vitamin that is stored to any significant
degree in the body, and a very effective enterohepatic cir-
culation accounts for its very long half life. Little is known
about its transfer from the mother to the fetus across the
placenta, but this obviously occurs.

Reported values for human milk range from 0.16–0.97
µg L−1.170 An average value from the literature would be
0.7 µg L−1 (Table 14.1). The vitamin B12 content of human
milk decreases with increasing time of lactation and mater-
nal supplementation in a repleted state does not have much
effect on milk concentration. Standard formulas for term
infants have about 0.25 µg per 100 kcal and formulas for
preterm infants contain 2.0–4.5 µg L−1 (Table 14.2). Forti-
fication of human milk with human milk fortifiers (24 cal
per oz) for preterm infants will supply at least 2.5 µg L−1

(Table 14.3).

Requirements
Human milk and formula provide adequate vitamin B12

for the term infant. Exceptions would be human milk
from vegan mothers with inadequate intake of the vita-
min. The DRI of 0.4–0.5 µg day−1 provides a substantial
margin of sufficiency (Table 14.5).172 There is no informa-
tion available on what to base the recommendations for the
preterm infant. Hence, they are about the same as for a term
infant for enteral feeding. The parenteral requirements for
term neonates are 0.75–1.0 µg day−1 (0.1 µg per 100 kcal)
(Table 14.6).82 Preterm infants receiving 0.65 µg kg−1 day−1

(0.85 µg per 100 kcal) have elevated plasma levels.192,193

Though 0.3 µg kg−1 day−1 has been estimated to be ade-
quate for the preterm infant, standard TPN multivitamin
solutions will deliver 0.4–0.5 µg to a 1000 g infant (Tables
14.4 and 14.6).

Deficiency/toxicity
Deficiency is almost unheard of in infants except in those
situations where breast-feeding mothers are strict veg-
ans who take no vitamin supplements or have pernicious
anemia.194 The deficiency state results in ineffective DNA
synthesis which results in hypersegmented neutrophils
and megaloblastic anemia. Infants present with failure to
thrive and neurologic symptoms which include regression
of milestones and hypotonia.194 Toxicity has never been
described.

Laboratory assessment
Plasma vitamin B12 can be measured as a good indicator
of overall vitamin B12 status. The Schilling test, in which
radio-labeled vitamin B12 is given orally is also helpful in
evaluating deficiency.190

Folate

Folate refers to a family of compounds synthesized by
bacteria and plants, consisting of a pteroic acid moi-
ety conjugated to a variable number of 11 glutamic acid
residues.177 Folic acid refers to pteroylglutamic acid, the
monoglutamate, though most naturally occurring folates
exist as polyglutamates. It participates in the biosynthe-
sis of purines and pyrimidines, in the metabolism of some
amino acids and in the catabolism of histidine.195

The vitamin is primarily absorbed from the jejunum by
an active process. Homeostasis is regulated in part by a
very efficient enterohepatic circulation. It is not stored to
any significant degree. It accumulates in the fetus during
the third trimester of pregnancy, so that term infants have
higher levels and are at lower risk for the development of
deficiency than the preterm infant.196,197

The folate content of human milk is tightly regulated and
remains relatively constant even in mothers with marginal
status. Its concentration in human milk increases dur-
ing the first 3 months of lactation. The reported folate
concentration in human milk ranges from 80–140 µg L−1

(Table 14.1).170 Term infant formulas contain 15 µg per 100
kcal and preterm formulas contain 300 µg L−1 (Table 14.2).
Commercially available human milk fortifiers (24 cal per
oz) add 300 µg L−1 of folate (Table 14.3).

Requirements

The DRI for term infants is 65–80 µg day−1 (9 µg kg−1 day−1)
(Table 14.5).172 Four µg per 100 kcal results in normal red
blood cell morphology in full term infants.198 The folate
requirements of preterm infants remain undetermined,
though 21–42 µg per 100 kcal is recommended by the
AAP.171 At least two studies of high (65 µg day−1 –100 µg
day−1) v. low (3.5 µg day−1–15 µg day−1) failed to show
any advantage of the higher intake in preterm infants.199,200

Preterm infants fed human milk probably need a supple-
ment which can be provided by the human milk fortifier
(300 µg L−1) (Table 14.3).

Parenteral requirement for TPN therapy in term infants
is 140 µg day−1, the amount contained in 5 ml of M.V.I.
Pediatric (Table 14.6).82 There is little on which to base
a recommendation for preterm infants, but the standard
doses of TPN multivitamins will deliver 56–70 µg day−1.

Deficiency/toxicity

Folate deficiency is one of the most common vitamin defi-
ciencies reported during the perinatal period and sup-
plementation of pregnant women is known to reduce the
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incidence of neural tube defects in the fetus.195,201 Though
the deficiency is uncommon in infants from developed
countries, the deficiency state produces growth retarda-
tion, megaloblastic anemia, alterations in neurologic sta-
tus, and small intestinal morphology. Toxicity has not been
described, though hypersensitivity reactions have been
described in adults.

Laboratory assessment
Folate status is best assessed by measuring concentrations
of the vitamin in sera and erythrocytes.190

Niacin

Niacin is a term used to describe two equivalent com-
pounds, nicotinic acid and nicotinamide.177,190 Niacin is
converted in the liver to the active cofactors nicotinamide
adenine dinucleotide (NAD) and nictotinamide adenine
dinucleotide phosphate (NADP). These coenzymes are
essential in two-electron transfers and are involved in fat
synthesis, intracellular respiratory metabolism, and glyco-
lysis. Technically, niacin is not a vitamin as it is synthesized
in the body from excess dietary tryptophan. This process
is catalyzed by riboflavin and vitamin B6. Transport to tis-
sues occurs largely in red blood cells.190 There is no known
storage form of the vitamin.

Human milk contains 1.8–6.0 mg L−1 or 0.17–0.27 mg
per 100 kcal of niacin (Table 14.1).170 Perhaps more impor-
tantly, the breast milk concentration of tryptophan is 220
mg L−1 or about 3.8 niacin equivalents per liter (1 niacin
equivalent equals 60 mg tryptophan). Formulas for term
infants contain 1.1 mg per 100 kcal (Table 14.2). Those for
preterm infants contain 32–40 mg L−1, and breast milk for-
tifiers (24 cal per oz) add 32 mg L−1 (Table 14.3).

Requirements

Requirements are dependent on the dietary intake of tryp-
tophan as well as riboflavin and vitamin B6 status. There
are not good guidelines for precise dietary requirements
in infants. The DRI for term infants is 2–4 mg day−1

(Table 14.5).172 The recommended intake for preterm
infants is 3–4 mg per 100 kcal.171 Breast milk and formulas
obviously meet the dietary requirements (Tables 14.1 and
14.2).

The parenteral requirement of niacin in term infants is
met by the 17 mg in 5 ml of M.V.I. Pediatric (Tables 14.4 and
14.6).82 For a 1000 g preterm infant receiving 2 ml of M.V.I.
Pediatric or Infuvite, 6.8–8.5 mg is provided (Table 14.6).
The quantities of tryptophan in TPN solutions do not influ-
ence niacin requirements.

Deficiency/toxicity

Niacin deficiency, or pellagra, does not occur in neonates
in the developed world. There are also no described cases
of toxicity in the neonate.

Laboratory assessment

Niacin is converted to multiple metabolites in the liver. The
most commonly employed method of determining niacin
deficiency is the measurement of the liver metabolite N1-
methyl nicotinamide in the urine.202

Biotin

Biotin is important for mammalian enzymes involved in
carboxylation and carbon dioxide transfer reactions. It
plays an important role in the synthesis of amino acids
and fatty acids as well as being a cofactor in gluconeogen-
esis. Though little is known about its intestinal absorp-
tion in humans, it is thought to be passively absorbed
from the small intestine. It is transported bound to plasma
proteins. When biotin-containing enzymes are degraded,
the biotin can be recovered by the liver and plasma bio-
tinidase. This method of conservation makes deficiency
very uncommon.177,203

The biotin content of human milk is reported to be
5–9 µg L−1 (Table 14.1).170 Formulas for term infants con-
tain 2.2–4.5 µg per 100 kcal (Table 14.2). Formulas for
preterm infants contain a wide range, 32–300 µg L−1, while
breast milk fortifiers (24 cal per oz) for preterm infants add
26 µg L−1 to human milk (Table 14.3).

Requirements

There are very little data on which to base the DRI for
neonates. The current DRI for term infants is 5–6 µg day−1

(Table 14.5).172 Human milk and formula provide adequate
amounts of biotin. Parenteral administration of 20–90 µg
day−1 to term infants maintains normal plasma levels for
90 days.82 Premature infants receiving 12 µg kg−1 day−1

have elevated plasma biotin levels. Five ml of M.V.I. Pedi-
atric supplies 20 µg (Table 14.6);192 2 ml of M.V.I. Pediatric
would supply 8 µg to the 1000 g preterm infant; and 0.5 ml
of Infuvite supplies 10 µg (Table 14.6).

Deficiency/toxicity

Biotin deficiency has not been reported in breast-fed
or formula-fed infants, though several inborn errors of
metabolism affect the biotin-dependent enzymes which
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can be treated with large doses of biotin.204 Biotin defi-
ciency has been reported in parenterally fed infants receiv-
ing biotin deficient TPN solutions.205 These symptoms
include alopecia, exfoliative dermatitis, and conjunctivitis.
Toxicity has not been reported.

Laboratory assessment

Plasma levels can be measured by a number of methods to
assess biotin status.190

Pantothenic acid

Pantothenic acid, widely distributed in plant and animal
tissues, is an integral part of coenzyme A, which func-
tions in acyl group transfers in the synthesis of fatty acids,
pyruvate, and alpha-ketoglutarate, and other acetylation
reactions.190,206 It is typically ingested in the coenzyme A
form, undergoing intestinal hydrolysis prior to absorption.
It is transported in blood as pantothenic acid and then re-
synthesized to coenzyme A in target tissues. The plasma
concentration in neonatal cord blood is several-fold higher
than maternal blood, inferring active transport across the
placenta from mother to fetus.207

The concentration of pantothenic acid in human milk is
2.0–2.5 mg L−1 (Table 14.1). Supplementation affects milk
concentration only in malnourished mothers. Formulas
for term infants supply 0.4–0.5 mg per 100 kcal, while for-
mulas for preterm infants generally supply 10–15 mg L−1

(Table 14.2). Human milk fortifiers (24 cal per oz) add 11.3
mg L−1 (Table 14.3).

Requirements

The DRI for term infants is 1.7–1.8 mg day−1 (Table 14.5).172

Recommended enteral intake for preterm infants is 1–
1.5 mg per 100 kcal (Table 14.5). Parenteral requirements
for infants on TPN are met with 5 mg day−1 for term infants
and 2.0–2.5 mg day−1 for preterm infants, the amounts con-
tained in the recommended amounts of pediatric multi-
vitamins for TPN solutions (Table 14.6).82

Deficiency/toxicity

Neither isolated deficiency nor toxicity of pantothenic acid
have been reported in infants. Inborn errors of metabolism
have not been reported.

Laboratory assessment

Plasma levels using a number of techniques can be meas-
ured to assess status.82

Vitamin C (ascorbic acid)

L-ascorbic acid is the biologically active form of vitamin C. It
is an antioxidant and accelerates hydroxylation reactions in
many biosynthetic pathways.208 At the tissue level, a major
function is synthesis of collagen, proteoglycans, and other
organic constituents of the intercellular matrix in such
diverse tissues as tooth, bone, and capillary endothelium.
It is readily absorbed from the small intestine by an energy-
dependent process that is saturable and dose-dependent.
It is ubiquitously distributed throughout tissues.209 Fetal
blood levels are higher than maternal levels which implies
an active placental transport process as well.210 As glucose
competes with ascorbic acid for transport, maternal hyper-
glycemia may decrease the supply of ascorbic acid to the
developing fetus.

Human milk concentrations exceed plasma concentra-
tions. The vitamin C content of milk depends somewhat
on maternal intakes. It averages 100 mg L−1, depending on
maternal intake (Table 14.1).170 The vitamin C content of
formulas for term infants is 8–9 mg per 100 kcal (Table 14.2).
Formulas for preterm infants contain more: 160–300 mg
L−1 (Table 14.2). Human milk fortifiers (24 cal per oz) will
supply 166 mg L−1 of ascorbic acid (Table 14.3). Some have
suggested that for preterm infants, even greater amounts of
vitamin C should be added to preterm formulas or human
milk fortifiers based on serum concentrates of vitamin C,
which are low in some infants on these intakes.174

Requirements

The RDA for vitamin C for healthy term newborn infants
is 340–350 mg day−1 which is based on the vitamin C con-
tent of human milk (Table 14.5).172 To achieve this intake,
breast-fed infants would have to ingest about 500 ml of milk
per day. Between 15–20 mg per 100 kcal is also appropri-
ate for the preterm infant unless they are receiving a high
protein diet (see below) (Table 14.5). For full-term infants
on TPN, 80 mg day−1 will maintain normal plasma levels.82

This is the amount supplied by 5 ml of M.V.I. Pediatric or 4
ml of Infuvite (Table 14.4). Two ml of M.V.I. Pediatric or 0.5
ml of Infuvite will supply 32–40 mg to the 1000 g infant
which appears to be sufficient for the smaller preterm
infant (Table 14.6).

Deficiency/toxicity

Vitamin C deficiency results in scurvy. Historically this was
seen in both term and preterm infants fed pasteurized for-
mula or human milk without the addition of vitamin C,
as ascorbic acid is very sensitive to heat treatment.177,210
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Infantile scurvy is characterized by irritability and tender-
ness, swelling, and pseudoparalysis of the lower extremi-
ties. A scaly dermatitis, anorexia and failure to thrive have
also been reported. Hypertyrosinemia has been reported
in formula-fed premature infants resulting from a low vita-
min C intake relative to a high protein (5–6 g kg−1 day−1)
intake in the past.211 This was corrected with the addition of
larger amounts of vitamin C to formulas for preterm infants
as well as lowering protein intakes.212 No toxic effects of the
doses given to newborn infants have ever been reported.

Laboratory assessment

Both plasma and leukocyte concentrations can be assayed
to determine vitamin C status.208,210 Serum concentrations
less than 6 mg per 100 ml are indicative of deficiency,
though concentrations less than this are not uncommon
in preterm infants receiving recommended intakes.174
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153 Göbel, U., Sonnenschein-Kosenow, S., Petrich, C. et al. Vitamin

K deficiency in the newborn. Lancet 1977;2:187–8.

154 Von Kries, R., Greer, F. P., Suttie, J. W. Assessment of vitamin

K status of the newborn infant. J. Pediatr. Gastroenterol. Nutr.

1993;16:231–8.

155 Liska, D. J., Suttie, J. W. Location of gamma-carboxyglutamyl

residues in partially carboxylated prothrombin preparations.

Biochemistry 1988;27:8636–41.

156 Von Kries, R., Shearer, M. J., Widdershoven, J. et al. Des-

gamma-carboxyprothrombin (PIVKA-II) and plasma vita-

min K1 in newborns and their mothers. Thromb. Haemost.

1992;68:383–7.

157 Bovill, E. G., Soll, R. F., Lynch, M. et al. Vitamin K1 metabolism

and the production of descarboxyprothrombin and pro-

tein C in the term and premature neonate. Blood 1993;81:

77–83.

158 Motahara, K., Endo, F., Matsuda, I. Effect of vitamin K adminis-

tration on carboxyprothrombin (PIVKA-II) levels in newborns.

Lancet 1985;2:242–4.

159 Motohara, K., Takayi, S., Endo, F. et al. Oral supplementation of

vitamin K for pregnant women and effects on levels of plasma

vitamin K and PIVKA-II in the neonate. J. Pediatr. Gastroen-

terol. Nutr. 1990;11:32–6.

160 Greer, F. R., Costakos, D. T., Suttie, J. W. Determination of des-

gamma-carboxy-prothrombin (PIVKA II) in cord blood of var-

ious gestational ages with the STAGO antibody – a marker of

vitamin K deficiency? Pediatr. Res. 1999;45:283A.

161 Widdershoven, J., Lambert, W., Motohara, K. et al. Plasma

concentrations of vitamin K1 and PIVKA-II in bottle-fed and

breast-fed infants with and without vitamin K prophylaxis at

birth. Eur. J. Pediatr. 1988;148:139–42.

162 Cornelissen, E., Kollée, L., DeAbreu, R. et al. Effects of oral and

intramuscular vitamin K prophylaxis on vitamin K1, PIVKA-

II and clotting factors in breast-fed infants. Arch. Dis. Child.

1992;67:1250–4.

163 Cornelissen, E., Kollée L., DeAbreu, R. et al. Prevention of vita-

min K deficiency in infancy by weekly administration of vita-

min K. Acta Pediatr. 1983;82:656–9.

164 Cornelissen, E., Kollée, L., van Lith, T. et al. Evaluation of a

daily dose of 25 mg vitamin K1 to prevent vitamin K deficiency

in breast-fed infants. J. Pediatr. Gastroenterol. Nutr. 1993;16:

301–5.



Vitamins 183

165 Moran, J. R., Greene, H. L. The B vitamins and vitamin C in

human nutrition I. General considerations and “obligatory” B

vitamins. Am. J. Dis. Child. 1979;133:192–9.

166 Rindi, G., Ventura, U. Thiamine intestinal transport. Physiol.

Rev. 1972;52:821–7.

167 Gubler, C. J. Thiamine. In Machlin, L. J., ed. Handbook of Vita-

mins. New York City, NY: Marcel Dekker; 1991:233–82.

168 Davis, R. E., Icke, G. C. Clinical chemistry of thiamine. Adv.

Clin. Chem. 1983;23:93–140.

169 Link, G., Zempleni, J., Bitsch, I. The intrauterine turnover of

thiamin in preterm and full-term infants. Int. J. Vit. Nutr. Res.

1998;68:242–8.

170 Picciano, M. F. Breastfeeding 2001, Part I. Representative val-

ues for constituents of human milk. Pediatr. Clin. N. Am.

2001;48:263–4.

171 American Academy of Pediatrics. Vitamins. Pediatric Nutri-

tion Handbook. 5th Edn. AAP; 2003.

172 Food and Nutrition Board, Institute of Medicine. Dietary refer-

ence intakes for thiamin, riboflavin, niacin, vitamin B6, folate,

vitamin B12, pantothenic acid, biotin, and choline. Washing-

ton, DC: National Academy Press; 2000.

173 Greene, H. L., Porcelli, P., Adcock, E., Swift, L. Vitamins for

newborn infant formulas: a review of recommendations with

emphasis on data from low-birth-weight infants. Eur. J. Clin.

Nutr. 1992;46:S1–8.

174 Friel, J. K., Bessie, J. C., Belkhode, S. L. et al. Thiamine,

riboflavin, pyridoxine, and vitamin C status in premature

infants receiving parenteral and enteral nutrition. J. Parenter.

Gastroenterol. Nutr. 2001;33:64–9.

175 Rascoff, H. Beriberi heart in a 4 month old infant. J. Am. Med.

Assoc. 1942;120:1292–3.

176 Sauberlich, H. E. Biochemical alterations in thiamine

deficiency: their interpretation. Am. J. Clin. Nutr. 1967;20:

528–46.

177 Moran, J. R., Greene, H. L. Nutritional biochemistry of water-

soluble vitamins. In Grand, R. J., Sutphen, J. L., Dietz, W. H.

Jr, eds. Pediatric Nutrition, Theory and Practice. Boston, MA:

Butterworths; 1987:51–67.

178 Zempleni, J., Link, G., Bitsch, I. Intrauterine vitamin B2 uptake

of preterm and full-term infants. Pediatr. Res. 1995;38:585–91.

179 Porcelli, P. J., Rosser, M. L., DelPaggio, D. et al. Plasma and

urine riboflavin during riboflavin-free nutrition in very-low-

birth-weight infants. J. Parenter. Gastroenterol. Nutr. 2001;31:

142–8.

180 Lucas, A., Bates, C. J. Occurrence and significance of riboflavin

deficiency in preterm infants. Biol. Neonate. 1987;52:

113–18.

181 Ramos, J. L. A., Barretto, O. C., Nonoyama, K. Vitamin depen-

dent erythrocyte enzymes in newborns in relation to gesta-

tional age and birth weight. J. Perinat. Med. 1996;24:221–5.

182 Wilson, R. G., Davis, R. E. Clinical chemistry of vitamin B6.

Adv. Clin. Chem. 1983;23:1–68.

183 Contractor, S. F., Shane, B. Blood and urine levels of vitamin B6

in the mother and fetus before and after loading of the mother

with vitamin B6. Am. J. Obstet. Gynecol. 1970;107:635–40.

184 Porcelli, P. J., Adcock, E. W., DelPaggio, D. et al. Plasma

and urine riboflavin and pyridoxine concentrations in enter-

ally fed very-low-birth-weight-neonates. J. Parenter. Gastroen-

terol. Nutr. 1996;23:141–6.

185 Bessey, O. A., Adam, D. J. D., Hansen, A. E. Intake of vitamin

B6 and infantile convulsions: a first approximation of require-

ments of pyridoxine in infants. Pediatrics 1957;20:33–44.

186 Molony, C. J., Parmelee, A. H. Convulsions in young infants

as a result of pyridoxine (vitamin B6) deficiency. J. Am. Med.

Assoc. 1954;154:405–6.

187 Bartlett, K. Vitamin-responsive inborn errors of metabolism.

Adv. Clin. Chem. 1986;23:141–98.

188 Ubbink, J. B., Schnell, A. M. Assay of erythrocyte enzyme

activity levels involved in vitamin B6 metabolism by

high-performance liquid chromatography. J. Chromatogr.

1988;431:406–12.

189 Raiten, D. J., Reynolds, R. D., Andon, M. B. et al. Vitamin

B-6 metabolism in premature infants. Am. J. Clin. Nutr.

1991;53:78–83.

190 Brewster, M. A. Vitamins. In Kaplan, L., Pesce, A., eds. Clinical

Chemistry. St Louis, MO: C. V. Mosby Co; 1984:656–8.

191 Herbert, V. The 1986 Herman Award Lecture. Nutrition science

as a continually unfolding story: The folate and vitamin B-12

paradigm. Am. J. Clin. Nutr. 1987;46:387–402.

192 Moore, M. C., Greene, H. L., Phillips, B. et al. Evaluation of

a pediatric multiple vitamin preparation for total parenteral

nutrition in infants and children: I. Blood level of water-

soluble vitamins. Pediatrics 1986;77:530–8.

193 Monagle, P. T., Tauro, G. P. Infantile megaloblastosis sec-

ondary to maternal vitamin B12 deficiency. Clin. Lab. Haem.

1997;19:23–5.

194 Graham, S. M., Arvela, O. M., Wise, G. A. Long-term neurologic

consequences of nutritional vitamin B12 deficiency in infants.

J. Pediatr. 1992;121:710–4.

195 Davis, R. E. Clinical chemistry of folic acid. Adv. Clin. Chem.

1986;25:233–94.

196 Ek, J. Plasma and red cell folate values in newborn infants

and their mothers in relation to gestational age. J. Pediatr.

1980;97:288–92.

197 Hoffbrand, A. V. Folate deficiency in premature infants. Arch.

Dis. Child. 1970;45:441–4.

198 Ek, J. Folic acid and vitamin B12 requirements in premature

infants. In Tsang, R. C., ed. Vitamin and Mineral Require-

ments in Preterm Infants. New York, NY: Marcel Dekker; 1985:

23–38.

199 Stevens, D., Burman, D., Strelling, K., Morris, A. Folic acid

supplementation in low birth weight infants. Pediatrics

1979;64:333–5.

200 Ek, J., Behneke, L., Halvorsen, K. S., Magnus, E. Plasma

and red cell folate values and folate requirements in

formula-fed premature infants. Eur. J. Pediatr. 1984;142:

78–82.

201 Mulinare, J., Cordero, J. F., Erickson, J. D., Berry, R. J. Pericon-

ceptional use of multivitamins and the occurrence of neural

tube defects. J. Am. Med. Assoc. 1988;260:3141–5.



184 F. R. Greer

202 Sauberlich, H. E., Skala, J. H., Dowdy, R. P. Laboratory Tests

for the Assessment of Nutritional Status. Cleveland, OH: CRC

Press; 1974.

203 Roth, K. S. Biotin in clinical medicine – a review. Am. J. Clin.

Nutr. 1981;34:1967–74.

204 Wolf, B., Heard, G. S., Weissbecker, K. A. et al. Biotinidase

deficiency: initial clinical features and rapid diagnosis. Ann.

Neurol. 1985;18:614–17.

205 Mock, D. M., DeLorimer, A. A., Liebman, W. M. et al. Biotin

deficiency: an unusual complication of parenteral alimenta-

tion. N. Engl. J. Med. 1981;304;820–3.

206 Fox, H. M. Pantothenic acid. In Machlin, L. J., ed. Handbook

of Vitamins. New York, NY: Marcel Dekker; 1984:437–58.

207 Gross, S. J. Choline, pantothenic acid, and biotin. In Tsang,

R. C., ed. Vitamin and Mineral Requirements in Preterm

Infants. New York, NY: Marcel Dekker; 1985:191–201.

208 Olson, J. A., Hodges, R. E. Recommended dietary intakes (RDI)

of vitamin C in humans. Am. J. Clin. Nutr. 1987;45:693–703.

209 Kallner, A., Hartmann, D., Hornig, D. On the absorption of

ascorbic acid in man. Int. J. Vitam. Nutr. Res. 1977;47:383–8.

210 Ingalls, T. H. Ascorbic acid requirements in early infancy. N.

Engl. J. Med. 1938;218:872–5.

211 Irwin, M. I., Hutchins, B. K. A conspectus of research on vita-

min C requirements of man (2). J. Nutr. 1976;106:823–79.

212 Light, I. J., Berry, H. K., Sutherland, J. M. Aminoacidemia of

prematurity. Am. J. Dis. Child. 1966;112:229–36.



15

Normal bone and mineral physiology and metabolism

Oussama Itani1 and Reginald Tsang2

1Michigan State University and Kalamazoo Center for Medical Studies, and Borgess Medical Center, Kalamazoo, MI
2Department of Pediatrics, Children’s Hospital Medical Center, Cincinnati, OH

Introduction

Perinatal calcium (Ca), phosphorus (P), and magnesium
(Mg) metabolism involves an intricate and complex bio-
logical system of interrelated hormones and growth fac-
tors that regulate the concentrations of these minerals
in the tissues of the mother, fetus, and neonate. Mineral
metabolism depends on the availability of mineral sub-
strates and interactions with hormones and growth fac-
tors including parathyroid hormone (PTH), calcitonin (CT),
1,25 dihydroxyvitamin D (1,25(OH)2D), insulin-like growth
factors (IGFs) and possibly leptins. Understanding of
the perinatal physiology of these minerals is important in
the prevention and management of mineral disorders in the
neonate.1–6

In this chapter we review the perinatal physiology of Ca,
P, and Mg metabolism in the fetus and neonate and offer
a practical approach to the pathophysiology and manage-
ment of Ca, P, and Mg disorders. We also review the current
nutritional requirements of these minerals for enteral as
well as parenteral nutrition. Finally, we review normal bone
physiology, and discuss the pathophysiology, prevention,
and management of metabolic bone disease or rickets/
osteopenia of prematurity.

Mineral, vitamin D and bone physiology

Body mineral content

Calcium is the fifth most abundant inorganic element in
the human body. The adult human body contains about
1200 g of calcium (19 g of Ca per kg body weight). The total
body Ca content in a full-term newborn is approximately

28 g, almost all of which (99%) resides in bone (8 g of
Ca per kg body weight) where it serves structural and
metabolic functions. The remainder resides in body fluids
and serves a crucial role in a multitude of physiologic pro-
cesses involving muscular contraction, neurotransmission,
membrane transport, enzyme reactions, hormone secre-
tion, and blood coagulation.1,3–5,7–9

Total body phosphorus (P) in the term newborn infant
is 16 g (4.5 g of P per kg body weight), 80% of which is
concentrated in the hydroxyapatite microcrystalline lattice
of bone, 9% in the skeletal muscle and the remainder in
the viscera and extracellular fluid. Normally, calcium and
phosphorus are deposited in bone in a Ca/P ratio of 2:1.7,8

Most of the body’s Ca and P (80%) are acquired during the
last trimester of pregnancy at a rate of 150 mg Ca per kg
fetal weight day−1 (Figure 15.1) and 75 mg P per kg of fetal
weight day−1 (Figure 15.2).

Magnesium is the fourth most abundant cation and the
second most abundant intracellular cation (next to potas-
sium) within the body. Total body Mg content in the new-
born amounts to 0.8 g (0.22 g of Mg/kg body weight), most
of which (50 to 60%) is concentrated in bone tissue, not as
an integral component, but on the surface of the hydroxy-
apatite lattice, 30 to 40% in the intracellular space and 1%
in the extracellular fluid compartment. About 80% of Mg
is acquired during the last trimester of pregnancy at a rate
of 3 mg/kg of fetal weight/day (Figure 15.3).8 About 20%
of total body Mg is concentrated in muscle and another
20% is in the intracellular compartment of blood cells and
other body tissues. Changes in total body Mg content are
largely reflected in changes in skeletal Mg and to a lesser
extent in serum Mg concentrations. Magnesium has a sig-
nificant regulatory role in a multitude of biologic processes
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Figure 15.1. Calcium accretion in the human fetus during the latter half of gestation. In general, the rate of calcium accretion in the fetus

increases with gestation, most remarkably in the third trimester. Data adapted.9–11
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Figure 15.2. Phosphorus accretion in the human fetus during the latter half of gestation. In general, the rate of phosphorus accretion in

the fetus increases with gestation, most remarkably in the third trimester. Data adapted.10,11
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Figure 15.3. Magnesium accretion in the human fetus during the

latter half of gestation. Data adapted.10,11

involved in storage, transfer, and production of energy. Fur-
ther, Mg plays a significant role in calcium and bone hom-
eostasis. Mg cations may contribute to the control of the
onset of bone matrix and osteoid matrix vesicle-induced
mineralization.13,14

Serum mineral concentrations

Less than 1% of the total body content of each of cal-
cium, phosphorus, and magnesium is in the circula-
tion. In the circulation, calcium exists in three forms:
50% of total serum calcium is the biologically active ion-
ized calcium, 40% is protein-bound mainly to albumin,
and 10% is complexed to anions (phosphate, lactate,
citrate).4 Total serum calcium concentration is accurately
assayed by atomic absorption spectrophotometry. How-
ever, determination of serum ionized calcium (iCa) con-
centration is more desirable because it is a better phys-
iologic indicator of Ca homeostasis. Serum ionized cal-
cium concentrations in term 1-day-old infants range from
4.3 – 5.4 mg dL−1.15 In the term newborn, cord blood
total Ca concentration is 10.2 mg−1dL−1 and iCa concen-
tration is 5.8 mg dL−1. By 24–36 hours serum Ca decreases

to a nadir of 9 mg dL−1, and serum iCa drops to a nadir of
4.9 mg dL−1. Thereafter, a gradual rise in serum Ca and iCa
concentrations occurs and by one week of life reach rela-
tively stable values throughout life.16 In the preterm new-
born, mean cord serum iCa ranges from 5.74–5.86 mg dL−1.
After a drop during the first 24–36 hours of life, serum iCa
rises to stable values by the end of the first week of life.
Summer-born infants have lower serum total calcium than
winter-born infants.17 This may be due to a complex inter-
action of calciotropic hormones early in fetal life.

Serum phosphorus concentration is higher in children
than in adults. It is relatively low at birth; then it rises
shortly after birth to reach older newborn and infant val-
ues (8 mg dL−1) by 1 week of age. Then it decreases from
infancy (8 mg dL−1) to childhood and adulthood (3.0–
4.5 mg dL−1).18 Serum inorganic phosphorus exists in three
forms: 55% is ionized (free phosphate ions), 10% is protein-
bound, and 35% is complexed to sodium (Na), Ca, and Mg.

Total serum Mg concentration in infancy and early child-
hood is 1.5–2.8 mg dL−1.19 In the cord blood of term new-
borns, serum Mg concentration is 1.45–1.83 mg dL−1.20

Magnesium in the plasma exists in three forms: 55% is
ionized (free Mg ions), 30% is protein-bound, and 15%
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is complexed to anions (phosphate, oxalate).21 Ionized
Mg is the fraction that is important for biochemical
processes. Because Mg is predominantly an intracellular
cation, serum Mg concentrations as determined by atomic
absorption spectrophotometry may not reflect total body
Mg content. Mononuclear blood cell Mg might be a bet-
ter predictor of intracellular Mg and total body Mg status
than the concentration of Mg in plasma or erythrocytes.22

Normally, Mg exchange occurs between the extracellular
fluid compartment and bone in response to changes in
serum Mg concentration.23 About one third of bone Mg
content is on the surface of hydroxyapatite crystals and
may be freely available for exchange. Magnesium hom-
eostasis is only partly understood. It does not appear to be
primarily controlled through hormonal mechanisms, and
plasma concentrations seem to be predominantly under
renal control.24

Bone physiology

Bone structure
The skeletal system is a dynamic organ that serves two
interdependent roles: provision of support and mainten-
ance of mineral homeostasis.4,25 Both functions are suc-
cessfully achieved by continuous bone remodeling. Any
disturbances in the balance and nature of bone formation
and resorption produce a variety of bone diseases. Dense
cortical bone provides strength needed for structural sup-
port, and the spicules of trabecular bone provide a large
surface area for bone synthesis and resorption and pro-
vide a reservoir of minerals for the maintenance of mineral
homeostasis.

Bone contains three major types of mature cells, osteo-
blasts, osteocytes, and osteoclasts.25,26 Osteoblasts,27,28

found along surfaces of both cortical and trabecular bone,
synthesize bone matrix. The plasma membrane of the
osteoblast is very rich in alkaline phosphatase, the activity
of which is an index of bone formation. Osteoblasts have
receptors for PTH, 1,25(OH)2D and estrogen but not for
calcitonin. Stimulation by PTH, 1,25(OH)2D, growth hor-
mone, and estrogen cause osteoblasts to produce insulin-
like growth factor I (IGF-I), which has a significant role
in local bone regulation and modeling. IGF is an essen-
tial autocrine factor that increases the rate of cell division
and plays a critical role in normal postnatal skeletal growth.
Mutations in the growth hormone receptor results in Laron
dwarfism, which is characterized by very low serum IGF-I
concentrations.29,30

As osteoblasts become embedded in bone matrix, they
differentiate into mature osteocytes. Osteocytes synthe-
size small amounts of matrix continuously to maintain

bone integrity, and they are able to resorb bone (osteocytic
osteolysis) in exceptional circumstances when normal
mineral homeostasis is altered. Regulation of osteoblast
differentiation is mediated and orchestrated by local fac-
tors such as bone morphogenetic proteins (BMPs) and
hedgehogs and the transcription factor, core-binding fac-
tor alpha-1 (Cbfa1).31 BMPs are the most potent regulators
of osteoblast differentiation among the local factors. BMPs
induce the differentiation of mesenchymal cells toward
cells of the osteoblastic lineage and enhance the differen-
tiated function of the osteoblast. The activity of BMPs is
tempered by intracellular and extracellular antagonists.28

BMPs are important to up-regulate Cbfa1 expression. They
also interact with Sonic and Indian hedgehogs. Cbfa1, a
member of the runt domain gene family, plays a major
role in the processes of determination of osteoblast cell
lineage and maturation of osteoblasts, and is an essential
transcription factor for osteoblast differentiation and bone
formation.

Osteoclasts32,33 contain enzymes that demineralize and
digest bone matrix. Osteoclastic bone resorption occurs at
a special part of the osteoclast cell membrane, “the ruf-
fled border,” which comprises a sealed lysosomal compart-
ment. Because of their acidic pH, lysosomes dissolve bone
crystals, and their proteolytic enzymes digest bone matrix.
Although bone resorption is primarily affected by the osteo-
clast, other cells influenced by bone-resorbing hormones
can direct the osteoclasts. Both osteoblasts and osteoclasts
have receptors for bone-resorbing hormones and appear
to play a significant role in bone resorption.

Only a small portion of bone is cellular; calcified
matrix predominates. This matrix is primarily composed
of collagen fibers (mostly type I), a glycosaminoglycans-
containing ground substance, and noncollagenous pro-
teins. Type I collagen is the major collagen produced by
osteoblasts and represents more than 90% by weight of
the nonmineral component of bone. Osteocalcin is the
major component of bone’s noncollagen proteins (see
below). Although most bone proteins are synthesized by
osteoblasts, some proteins, such as alpha2-HS- glycopro-
tein, are produced by the liver and absorbed by bone
matrix. Spindle-shaped hydroxyapatite, Ca10(PO4)6(OH)2,
crystals are present in the ground substance and aligned on
and within collagen fibers. Glycosaminoglycans are highly
anionic complexes that may play a major role in the calci-
fication process and the fixation of hydroxyapatite crystals
to collagen fibers. Approximately one-fourth of the amino
acids present in collagen are either proline or hydroxypro-
line, neither of which is present to any great extent in other
tissues. When collagen is metabolized, hydroxyproline-
containing oligopeptides are excreted in the urine, and
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the amount present correlates with the amount of bone
turnover. The mineral elements of bone consist mostly of
crystals of calcium and phosphate arranged either amor-
phously or as hydroxyapatite. A wide range of other ele-
ments may be present, including sodium, magnesium,
copper, zinc, lead, and fluoride.

The growth plate is the final target organ for longitudi-
nal growth and results from chondrocyte proliferation and
differentiation. During the first year of life, longitudinal
growth rates are high, followed by a decade of modest longi-
tudinal growth. The age at onset of puberty and the growth
rate during the pubertal growth spurt (which occurs under
the influence of estrogens and GH) contribute to sex differ-
ence in final height between boys and girls. At the end of
puberty, growth plates fuse, thereby ceasing longitudinal
growth. Receptors for many hormones such as estrogen,
GH, and glucocorticoids are present in or on growth plate
chondrocytes, suggesting that these hormones may influ-
ence processes in the growth plate directly. Growth factors
and cytokines such as IGF-I, Indian hedgehog, PTH related
peptide (PTHrP), fibroblast growth factors, bone morpho-
genetic proteins, and vascular endothelial growth factor,
may have crucial regulatory roles of chondrocyte prolifer-
ation and differentiation.34

Both osteoblasts and osteoclasts have receptors for estro-
gen which is the key hormone for maintaining bone mass.35

Both sex steroids, estrogen and testosterone, are important
for developing peak bone mass, but estrogen deficiency
is the major determinant of age-related bone loss in both
sexes. Together with GH and IGF-I, sex steroids initiate a
3- to 4-year pubertal growth spurt that doubles skeletal
mass. Although estrogen is required for the attainment
of maximal peak bone mass in both sexes, the additional
action of testosterone on stimulating periosteal apposition
accounts for the larger size and thicker cortices of the adult
male skeleton.

Biomechanics and bone
Frost36 proposed the mechanostat/mechanical loading
model of postnatal bone formation, which states that the
primary factor in the development of bone strength is the
load (force) placed on the bone. The load causes a strain
on the bone, which is transmitted to the mechanostat as an
input signal. The mechanostat is a sensor within bone that
can evaluate the input of strain from a given load placed on
bone and then direct an appropriate output to the effector
cells, osteoblasts, and osteoclasts. Strain is the proportional
change in length caused by a load and can be from com-
pression, tension, or shearing loads.

The mechanostat functions as a feedback or regulatory
system to keep bone strength commensurate with the loads

placed on bone. The mechanostat processes the strain
input and compares it with preset, threshold levels of strain
for increasing bone strength or decreasing bone strength.
The mechanostat generates appropriate output signals to
effector cells to bring about the needed change in bone
strength to align the strain within given limits. Effector
cells are osteoblasts that produce bone and osteoclasts
that resorb bone. Excessive loads that exceed the thresh-
old for increasing bone strength trigger the mechanostat to
signal the effector cells to increase bone strength. If sig-
nificantly decreased loads that exceed the threshold for
decreasing bone strength are placed on a bone, then the
mechanostat signals the effector cells to decrease bone
strength. If the strain does not exceed either of these thresh-
olds, then the effector cells operate at a status quo, or
baseline, level of activity. Osteoblast and osteoclast activ-
ity can change bone strength through either altering bone
density or altering bone architecture through two dis-
tinctly different processes of bone physiology: bone model-
ing and bone remodeling. Both modeling and remodeling
are processes that respond to bone loading through the
mechanostat.36–38

Modeling is the process by which bone is sculpted to
the most advantageous geometry, both for bone strength
and for appropriate attachment of muscles and tendons.
As bone grows, some bone must be added to certain sur-
faces and some bone must be removed from other surfaces.
The bone achieves this result through formation drifts and
resorption drifts. Formation drifts influence osteoblasts to
build up some bone surfaces, whereas resorption drifts
influence osteoclasts to remove bone from some bone sur-
faces. Modeling results in changes of bone size or shape
or both and thus is a prominent process in bone develop-
ment during fetal life and in childhood. In bone model-
ing, osteoblasts and osteoclasts function independent of
each other, and each cell type responds to a certain pre-
set modeling threshold within the mechanostat. Modeling
almost always increases bone strength either by increas-
ing bone mass or by favorably altering bone architecture.
Remodeling is the process whereby fatigued bone is effi-
ciently removed and then replaced by new, intact bone by
the sequential activity of osteoclasts to resorb the fatigued
bone followed by osteoblasts to produce new bone. In bone
remodeling, osteoblasts and osteoclasts act cooperatively
in a coupled manner in a unit called a basic multicellular
unit. This coordinated activity is also realized when a cer-
tain preset threshold of strain is sensed by the mechanostat.

There are two types of bone loading. The first is asso-
ciated with the direct contact or impact of bone against
another object, such as the increased load that the leg bones
realize during running, or from the resistance that a bone
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might experience such as the extremities realize in swim-
ming. The second is associated with the active and pas-
sive load that the bone senses from the muscles attached
to it. The muscles that attach to a bone exert a small but
continuing load on the bone even when the muscle is
not actively moving the bone. The loading of the skele-
tal system from attached muscles is critical in maintain-
ing bone density. Weightlifters have greater bone density
than nonweightlifters.39 Children with chronic, neuromus-
cular diseases associated with muscle paralysis and mus-
cle weakness, have osteopenia and an increased risk for
fracture.40

Frost’s model of bone development the “Utah
paradigm,” includes nutritional, hormonal, cellular, bio-
chemical, and biomechanical factors.37 Through the
mechanostat regulatory activity, bone strives to have
optimal density. Rauch41,42 proposed a functional model
of bone development in which the genome only provides
positional information for the basic outline of the skeleton
as a cartilaginous template. Thereafter, bone cell action
is coordinated by the mechanical requirements of the
bone. When mechanical challenges exceed an acceptable
level (the mechanostat set point), bone tissue is added
at the location where it is mechanically necessary. The
main mechanical challenges during growth result from
increases in bone length and in muscle force. Hormones,
nutrition, and environmental factors exert an effect on
bone either directly by modifying the mechanostat system
or indirectly by influencing longitudinal bone growth
or muscle force. Predictions based on this model are in
accordance with observations on prenatal, early postnatal,
and pubertal bone development.

Bones are formed in two distinct steps.37 The first step is
the embryogenesis of the skeletal system. Between 5 and
12 weeks of gestation, multiple, specific genes direct con-
densations of mesenchyme to specific anatomic locations
that are destined to become the precursor tissues of bone
that will eventually chondrify and ossify.43 In a similar
period during the first trimester, other specific genes direct
ventral and dorsal condensations of somitic mesoderm to
become precursor tissues of skeletal muscle, and these will
eventually attach to their appropriate bones. By 16 weeks of
gestation, the anatomy, anatomical relationships, and bio-
logic machinery for adaptation of bones are in place. This
state of bone is called the baseline condition.

The second step of bone formation, beginning during
the midportion of the second trimester, is the state of
responsiveness of the skeletal system to genetically defined
bone proteins and humoral mediators, nutrient consider-
ations, and mechanical factors. Long bones grow both in
length and in diameter. Linear bone growth of the long

bones is determined primarily by specific genes through
enchondral ossification. However, long bones assume their
final, normal geometry, through the process of model-
ing, which uses osteoblasts to form bone and osteoclasts
to remove bone. Diametrical bone growth of long bones
occurs through modeling in which osteoclasts remove bone
from the endosteum and osteoblasts form bone along
the periosteum. Flat bones, such as the scapula, pelvis,
and skull, grow through intramembranous bone forma-
tion. Modeling that is responsive to bone loading occurs in
enchondral and intramembranous bone formation in both
the prenatal and postnatal periods. During the second and
third trimesters, bone modeling also responds to increasing
muscle forces. As the skeletal system ages, the adaptations
for any given bone, which include growth, modeling, and
remodeling, are added to the baseline conditions of the
bone.

At the same time that bone modeling begins, fetal
movement commences at approximately week 16 of ges-
tation. Bone modeling is strongly influenced by bone
loading, which in turn is determined primarily by fetal
movement. Bone strength, density, and architecture are
directly related to fetal movement. Diminished fetal move-
ment results in decreased bone strength of the fetus
and newborn through changes in bone density and bone
architecture. This paradigm is supported by the following
observations: (1) Infants with congenital neuromuscular
disease in which there is both decreased fetal movement
and decreased fetal muscle mass and function have osteo-
penia and decreased cortical bone thickness of long bones,
suggesting diminished subperiosteal bone formation in
infants with prenatal-onset neuromuscular disease.44,45

(2) In an experimental rat model, fetuses paralyzed during
the last trimester were found to have short umbilical cords
and osteopenia at birth.46 (3) Diminished fetal movement
and intrauterine confinement have been put forth as the
underlying basis of temporary brittle bone disease.38,47,48

This observation has led to the suggestion that prenatal
bone loading in the form of fetal movement can influence
postnatal bone strength during the first year of life and that
infants who had significantly decreased fetal movement
may be at risk for incurring fractures with physical forces
that might not ordinarily cause a fracture, especially in the
first 4 months of life.

The fetus has a functioning musculoskeletal system by
16 weeks of gestation. Genetic, hormonal, nutritional, and
biomechanical factors influence bone physiology after
16 weeks of gestation and into postnatal existence. Miller38

suggests that biomechanical factors have a critical role in
determining ultimate bone strength. The extent of in utero
bone loading will determine the ultimate skeletal strength
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of the fetus, especially during the last trimester, when there
is rapid bone growth and bone mineralization. Fetal move-
ment in the third trimester is the critical event that endows
the newborn infant with normal bone loading and, thus,
normal skeletal strength. The term infant who has an intact
neuromuscular system realizes the full influence of this
fetal movement on bone formation. The intrauterine load-
ing of the fetal musculoskeletal system through fetal move-
ment activates the mechanostat to increase bone strength
through the process of modeling. Fetal movement also pro-
motes muscle growth, which contributes to bone loading
and thus also influences bone modeling. Extreme prema-
turity deprives the infant of much of this musculoskeletal
bone loading in utero. After birth, the markedly preterm
infant is often hypotonic and has decreased movements
compared with the term infant.49 Decreased bone load-
ing in the VLBW, preterm infant theoretically will lead to a
lower input strain to the mechanostat. Postnatal modula-
tion of the mechanostat occurs to increase resorption and
decrease bone formation. The markedly preterm, VLBW
infant is, therefore, at a distinct biomechanical disadvan-
tage in bone formation by losing weeks of meaningful
intrauterine movement that promotes bone formation and
replacing this period with that of an earlier-than-expected
encounter with the extrauterine environment, which is
probably less favorable for bone formation.

The pathophysiology of rib fractures associated with
preterm birth is probably the same as that for long bone
fractures. Bone loading of ribs probably can occur from
the following: (1) fetal movement and kicking that likely
is transmitted along the skeleton to the ribs; (2) active or
passive breathing, which would provide some bone load-
ing through the ribs expanding in inspiration and con-
tracting in expiration; and (3) the muscles attached to the
ribs, which indirectly would get stronger with active breath-
ing but probably would not get stronger if breathing were
assisted by mechanical ventilation. Rodriguez et al. 44 found
that the periosteal diameter of the fifth rib in infants with
prenatal-onset neuromuscular disease was significantly
lower than that of control infants, which supports the con-
cept that prenatal bone loading does influence rib strength.

Factors affecting fetal and neonatal bone
mineral content
Changes in maternal bone during pregnancy may affect
fetal bone mineralization. The biphasic changes in mater-
nal bone histology (temporary loss of cancellous bone
in early pregnancy restored by term gestation) are con-
sistent with corresponding blood biochemistry changes;
increased bone resorption markers in the first trimester,
while bone formation markers are increased in the last

trimester. Postpartum bone mineral density (BMD) by
dual-energy x-ray absorptiometry (DEXA) is increased at
cortical bone and decreased at trabecular bone sites com-
pared with prepregnancy values. The mean reduction of
spine BMD is 3.5% from prepregnancy to immediate post-
partum. Neonatal bone mineral content (BMC) is different
by season of birth, low weight relative to gestation, and
having a diabetic mother. Lower total body BMC and high
bone resorption marker in winter v. summer-born new-
borns was related to low vitamin D, indicating alterations of
fetal bone metabolism by maternal D deficiency. Maternal
vitamin D deficiency may affect fetal bone mineralization.
Korean winter-born newborn infants have lower serum
25-hydroxyvitamin D (25-OHD), increased bone resorp-
tion as indicated by high serum C-propeptide of Type 1
collagen (ICTP) and lower total body BMC than summer-
born newborn infants.50,51 Infant total body BMC was pos-
itively correlated with cord serum 25-OHD and inversely
correlated with ICTP, which was also negatively correlated
with vitamin D status. This is in contrast to studies of
North American neonates, which showed lower BMC in
summer newborn infants compared with winter newborn
infants. The reason for conflicting BMC results might be
the markedly different maternal vitamin D status of the
North American and Korean women. Seasonal differences
in bone markers have also been reported in adult women by
Douglas.52 Serum osteocalcin concentrations were lower in
autumn than in spring while serum bone specific alkaline
phosphatase concentration was higher in autumn than in
spring.

There is evidence of decreased bone mineralization
in small-for-gestational age (SGA) infants manifested by
reduced BMC, cord serum osteocalcin and 1,25 (OH)
2D, but no alterations in indices of fetal bone collagen
metabolism. In theory, reduced utero-placental blood flow
in SGA infants may result in reduced transplacental min-
eral supply and reduced fetal bone formation.17 Bone min-
eral content is consistently increased with increasing body
weight and length in infants. Race and gender differences
in BMC appear in early life, but not at birth. Ethanol con-
sumption and smoking by the mother during pregnancy
affect fetal skeletal development.50,51

Regulation of postnatal longitudinal bone growth
Longitudinal bone growth is achieved by endochondral
ossification, a complex, multi-step process whereby the
cartilaginous template of the axial and appendicular skele-
ton is replaced by bone.53 This process is initiated when
chondrocytes at the epiphyseal growth plate are stimulated
to proliferate and then proceed through stages of matura-
tion and hypertrophy. In the region of cellular hypertrophy,
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the surrounding matrix and vascular tissue undergo calci-
fication. The hypertrophic chondrocytes degenerate and
give way to invading osteoblasts, and bone and bone mar-
row subsequently replace the calcified cartilage at the
metaphysis.

This growth plate activity is subject to complex and intri-
cate regulation by a number of factors, including genetic,
endocrine, paracrine, or autocrine origin. These stimuli
include various hormones such as growth hormone,54

thyroid hormones (T3),55 and parathyroid hormone/
parathyroid hormone related peptide (PTH/ PTHrP),56,57 as
well as several growth factors and cytokines, such as IGF-I,
basic fibroblast like growth factor, transforming growth fac-
tor Beta, and Indian hedgehog (Ihh). The two main stimula-
tory peptides contributing to longitudinal bone growth are
growth hormone and IGF-I. Growth hormone directly pro-
motes differentiation of chondrocyte progenitor cells, and
indirectly increases the responsiveness of proliferative cells
to the stimulatory effects of IGF-I. Ihh is a regulatory protein
secreted by chondrocytes and has a key role in embryonic
patterning. It promotes chondrocyte proliferation and acti-
vates a negative feedback loop mediated by PTHRrP.57 Ihh
and PTHrP target PTH/PTHrP receptor (PTHR/PTHrPR)
expressing growth plate chondrocytes in a negative feed-
back loop to regulate the coordinated progression of chon-
drocyte maturation and hypertrophy.58 Thyroxine plays a
role in chondrocyte maturation by inducing the synthesis
of Type-X collagen, an effect that is probably mediated by
bone morphogenetic protein-2.29 Mutations involving the
genes encoding fibroblast growth factor receptors may be
responsible for craniosynostosis syndromes.58

Bone mass
About 45% of the adult skeleton is built and enlarged
during adolescence.4,59 The concept of peak bone mass
has become crucial in understanding osteoporosis, espe-
cially postmenopausal osteoporosis.60 Peak bone mass is
determined by several factors including genetics, nutrition,
mechanics, and environment.61 The genetic effect on adult
bone mass may be mediated largely through effects on
bone formation rather than through effects on resorption.
There is a strong positive relationship between current and
past calcium intake and the peak bone mass achieved.62–65

Higher calcium intake during adolescence theoretically
may optimize, within genetic limits, peak bone mass. Phys-
ical activity,61 use of estrogenic oral contraceptives and
dietary calcium intake exert a positive effect on bone gain
in children and young adult women. Androgens and estro-
gen are important determinants of peak bone density in
young women. The optimal dietary calcium intake for bone
growth is a debatable issue. Calcium retention require-

ments for growth are as follows: an average of 100 mg day−1

must be retained during childhood, 220 mg day−1 during
adolescence, and probably 20 to 30 mg day−1 during early
adulthood from 20 to 30 years of age.62

Inherent to bone physiology is the process of “cou-
pling” of the processes of bone formation and resorption.25

Bone is a dynamic organ, which is constantly remodel-
ing. “Remodeling” continues throughout life and requires
a balance between bone formation and resorption. At any
time approximately 10% of bone mass participates in bone
remodeling. The processes of bone formation and resorp-
tion continue throughout life, but are more rapid during
periods of skeletal growth. Childhood and adolescence are
characterized by highly active bone remodeling. Infancy is
the period of life with the highest linear growth velocity. It is
associated with extensive bone remodeling. Growth is asso-
ciated with predominance of bone formation over bone
resorption, resulting in increased bone mass and bone
deposition. In young adults, the processes of bone resorp-
tion and formation are equal. With aging, bone resorp-
tion exceeds bone formation thereby predisposing to net
bone loss and osteoporosis. “Remodeling” determines the
size and shape of a particular bone, and involves simul-
taneous widening of long bone and development of the
medullary cavity by bone formation at the periosteal sur-
face and resorption at the endosteal surface, respectively.

Determinants of bone health
Growth in bone size and strength occurs during childhood,
but bone accumulation is not completed until the third
decade of life, after the cessation of linear growth. The bone
mass attained early in life is perhaps the most important
determinant of life-long skeletal health.4 Individuals with
the highest peak bone mass after adolescence have the
greatest protective advantage when the declines in bone
density associated with increasing age, illness, and dimin-
ished sex-steroid production take their toll. Bone mass may
be related not only to osteoporosis and fragility later in life
but also to fractures in childhood and adolescence. Genetic
factors exert a strong influence on peak bone mass, but
physiological, environmental, and lifestyle factors66 can
also play a significant role. Among these are adequate nutri-
tion and body weight, exposure to sex hormones at puberty,
and physical activity. Thus, maximizing bone mass early in
life presents a critical opportunity to reduce the impact of
bone loss related to aging. Childhood is also a critical time
for the development of lifestyle habits conducive to main-
taining good bone health throughout life.

Cigarette smoking, which usually starts in adolescence,
may have a deleterious effect on achieving bone mass as
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well as on the growing fetus.67,68 Good nutrition is essen-
tial for normal bone growth and health. Supplementation
of calcium and vitamin D may be necessary. Calcium is
most important for attaining peak bone mass and for pre-
venting and treating osteoporosis.69 Although the Institute
of Medicine recommends calcium intakes of 800 mg day−1

for children ages 3 to 8 and 1300 mg day−1 for children and
adolescents ages 9 to 17, only about 25% of boys and 10%
of girls ages 9 to 17 are estimated to meet these recom-
mendations. Factors contributing to low calcium intakes
are restriction of dairy products, insufficient fruit and veg-
etable consumption, and a high intake of low calcium bev-
erages such as sodas. Wyshak70,71 reported a positive rela-
tionship between cola beverage intake and bone fracture,
and a protective effect of high calcium intake against bone
fracture in adolescent boys and girls. For older adults, cal-
cium intake should be maintained at 1000 to 1500 mg day−1;
yet only about 50%–60% of this population meets this re-
commendation.

Vitamin D is required for optimal calcium absorption
and bone health. Most infants and young children in the
US have adequate vitamin D intake because of supplemen-
tation and fortification of milk. During adolescence, when
consumption of dairy products decreases, vitamin D intake
is less likely to be adequate, and this may adversely affect
calcium absorption. Vitamin D intake of 400–600 IU day−1

has been recommended for adults.
High dietary protein, caffeine, phosphorus, and sodium

can adversely affect calcium balance, but their effects
appear not to be important in individuals with adequate
calcium intakes. Exercise and physical activity early in life
contributes to higher peak bone mass.61 Evidence indicates
that resistance and high impact exercise are most benefi-
cial in promoting bone formation.72–74 There are few stud-
ies on the effects of exercise during the middle years of life
on BMD. Exercise during the later years, in the presence
of adequate calcium and vitamin D intake, probably has a
modest effect on slowing the decline in BMD.

Gonadal steroids secreted during puberty increase BMD
and peak bone mass.75 Osteoblasts have receptors for
estrogen.76 Gonadal steroids influence skeletal health
throughout life in both women and men.77 In adolescents
and young women, sustained production of estrogens is
essential for the maintenance of bone mass. Reduction in
estrogen production with menopause is the major cause of
loss of BMD during later life. Timing of menarche, absent or
infrequent menstrual cycles, and the timing of menopause
influence both the attainment of peak bone mass and the
preservation of BMD. Testosterone production in adoles-
cent boys and men is similarly important in achieving and
maintaining maximal bone mass. Estrogens have also been

implicated in the growth and maturation of the male skele-
ton. Delayed onset of puberty is a risk factor for diminished
bone mass in men, and hypogonadism in adult men results
in osteoporosis. From recent clinical as well as molecular
evidence there appears to be a synergistic anabolic effect of
calcitriol and estriol on osteoblasts.78 Combined treatment
with estrogen and 1,25-dihydroxyvitamin D3 increases
femoral neck bone mass density more than treatment with
estrogen alone in postmenopausal osteoporotic women.
The increase in cell viability of cultured human osteoblast-
like cells caused by treatment with estriol was significantly
augmented by combined treatment with calcitriol. Estriol
may up-regulate the cell viability of osteoblast cells, and
concomitant treatment of estriol and calcitriol further aug-
ments the cell viability associated with an estriol-induced
increase in calcitriol receptor mRNA expression in those
cells.78

Growth hormone and IGF-I, which are maximally
secreted during puberty, play a role in acquisition and
maintenance of bone mass and determination of body
composition into adulthood.54 Growth hormone defi-
ciency is associated with a decrease in BMD. Children and
youth with low body mass index (BMI) are likely to attain
lower-than-average peak bone mass. Although there is a
direct association between BMI and bone mass through-
out the adult years, it is not known whether the association
between body composition and bone mass is due to hor-
mones, nutritional factors, higher impact during weight-
bearing activities, or other factors. Observational studies
of fractures in older persons show an inverse relation-
ship between fracture rates and BMI. Metabolic acidosis
increases urine calcium excretion without increase in cal-
cium absorption, resulting in net loss of bone mineral den-
sity. The mechanism of bone demineralization is increased
production of prostaglandins.79

Assessment of bone mineral content and bone density

Several groups of children and adolescents may be at risk for
compromised bone health. Premature and low birth weight
infants have lower-than-expected bone mass in the first few
months of life, but long-term implications are unknown.
Bone growth is related to protein and energy supply neces-
sary for osteoid matrix synthesis. Growth in bone area may
reflect a difference in body weight gain. In contrast, bone
mineral content is considered as a measure of hydroxyap-
atite content, and gain in bone mineral content is a reflec-
tion of mineral accretion. In Pieltain’s validation study, cal-
cium to bone mineral content ratio was 46.5%. Whole body
calcium content was accurately measured by DEXA with
an error of estimation of only 4.4%. Using the same type
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of conversion equation, the whole body calcium content
estimated in preterm and term infants at birth was similar
to the intrauterine reference values.80

Earlier studies of bone mineralization used x-rays with
the main purpose to identify infants with rickets. How-
ever, with x-ray examination the BMC cannot be measured
and size correction is not possible. By use of single-photon
absorptiometry (SPA), it became possible to measure BMC,
but only in a small part of the skeleton. With the develop-
ment of dual energy X- ray absorptiometry (DEXA), it has
become possible to measure whole-body BMC with high
precision and minimal radiation dose.81–83 DEXA is cur-
rently the “gold standard” for determining BMC because of
its high precision and accuracy.

There are methodological differences between SPA and
DEXA. SPA measures cortical bone, thus excluding meta-
physeal areas, whereas DEXA measures cortical and trabec-
ular bones. The measurements with SPA are localized to a
small part of the skeleton, which represents less than 2% of
the total bone mass, and it has been shown in neonates that
data obtained from a small site of the skeleton do not ne-
cessarily correlate well with those obtained for the whole
body.84 Thus, results observed at a very small site of the
body should be considered with caution when compared
with results of whole body DEXA scan.

Total BMC values in healthy mature infants range from
60–70 g or 18–20 g kg−1.85,86 Bone mineralization in a pre-
mature infant after birth is different than that of intrauter-
ine life. Calcium retention from enteral feeding of unfor-
tified formula is limited to approximately 70–80 mg kg−1

day−1,87 while intrauterine calcium retention in the last
trimester is approximately 140 mg kg−1 day−1 as calculated
from carcass analysis.10 Bone strength is determined by
bone density and bone quality. Bone density is expressed
as grams of mineral per area or volume and in any given
adult is determined by peak bone mass and amount of bone
loss. Bone quality refers to architecture, turnover, damage
accumulation (e.g., microfractures) and mineralization. A
fracture occurs when a failure-inducing force (e.g., trauma)
is applied to bone. Osteopenia is a significant risk factor for
skeletal fracture. Bone loss in adults commonly occurs with
aging. An individual who does not reach an optimal peak
bone mass during childhood and adolescence may develop
osteoporosis without occurrence of accelerated bone loss.
Hence suboptimal bone growth in childhood and adoles-
cence is as important as bone loss to the development of
osteoporosis in adults.

Currently there is no accurate measure of overall bone
strength. Bone mineral density (BMD) accounts for approx-
imately 70% of bone strength. The World Health Organi-
zation (WHO) operationally defines osteoporosis as bone

density 2.5 standard deviations below the mean for young
white adult women. It is not clear how to apply this diag-
nostic criterion to men, children, and across ethnic groups.
There is also difficulty in accurate measurement and stan-
dardization between instruments and sites.

Postnatal development of bone mineral status during
infancy has been studied by Koo88 using DEXA scan. In a
cross-section observational study of total body bone min-
eral content (TB BMC) and density (TB BMD), Koo and
coworkers demonstrated that during infancy (up to 1 year
of life), average TB BMC increased by 389% and TB BMD
increased by 157%. In this study the best determinant of
bone mineral status is body weight, which accounted for
97% of TB BMC, 98% of TB area, and 86% of TB BMD vari-
ation. Postnatal age and body length jointly added only
1%, <1% and 2.5%, respectively, to the explained variation
of these DEXA measurements; race, gender, and season all
failed to reach statistical significance.

Principles of bone densitometry
Measurement of body composition including bone den-
sity has reached fundamental importance in the nutritional
management of preterm infants. Several techniques have
evolved for this purpose.89–93 Metabolic balance studies
and indirect calorimetry allowed the composition of weight
gain in preterm infants to be defined.94,95 However, these
techniques are complex and laborious. DEXA has emerged
as an accurate, precise, and reproducible technique for
measuring whole body composition in vivo in humans.
This valuable tool has made feasible the determination of
lean body mass, fat mass, bone area, and bone mineral
content.85,96–99 Reference values of body composition in
preterm and term infants at birth have been reported.97,100

DEXA is a safe and noninvasive method for measuring
bone mineral content and density. Using DEXA, Salle and
coworkers101 assessed BMC and BMD of the lumbar spine
(5 vertebrae) in newborns and infants (1–24 months of age).
A modified high-resolution program allows assessment of
BMC and BMD with a precision higher than 2.4% and 1.5%,
respectively. In newborns, BMC and BMD correlated posi-
tively with birth weight, body area, length, and gestational
age. In infants, both BMC and BMD correlated highly with
weight, age, length, and body area over 2 years.

DEXA scans are analyzed using infant whole body soft-
ware. Whole body composition data analysis provides
measurements of bone mineral density (g), bone area
(cm2), fat mass (g), and lean body mass (g), whereas the
software calculates body weight and BMC. Bone mine-
ral density, calculated as bone mineral content per unit
area of bone, is highly dependent on anthropometric vari-
ables. Molgaard and coworkers use BMC adjusted for bone
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area80,102 or BMDI [bone mineral content (mg)/(bone area
(cm2))1.7], which enables them to obtain a density index
independent of anthropometric variables. These measure-
ments have been made in preterm and term infants at
birth.100,103

Most studies that use total body DEXA in children rely on
areal bone mineral density (BMD = bone mineral content
[BMC]/bone area [BA]) and compare the output with age-
and sex-specific normative data. However, this approach is
prone to size-related misinterpretation. Hogler et al. stud-
ied the interrelations among BMC, body size (height), and
lean tissue mass (LTM). 104 LTM/height tended to be greater
in males than in females. Gender effect was still evident
as BMC/LTM ratio was greater in females than in males,
even after adjustment for age and height. Therefore these
researchers recommend that total body DEXA in children
should be interpreted in four steps: (1) BMD or BMC/age,
(2) height/age, (3) LTM/height, and (4) BMC/LTM ratio for
height.

Bone densitometry is based on the principle that if the
body is exposed to radiation, different tissues will absorb
the radiation to different extents. If the amount of radiation
the body (or part of the body is exposed to) is known
and the amount of radiation that has not been absorbed
is also known, then it should be possible to calculate the
amount of energy that has been absorbed by the body. As
bone and soft tissue absorb radiation to different degrees,
it is possible to calculate the amount of soft tissue and bone
tissue by exposing the body to two different levels of radi-
ation. When a DEXA is performed, the body is exposed to
two different energy levels (dual energy), the energy used is
derived from the conversion of ordinary electricity to a soft
x-ray energy (x-ray), and the amount of radiation absorbed
is calculated (absorption). The energy beamed at the part of
the body scanned can be either in the form of a very narrow
beam of energy (pencil-beam) which systematically scans
the part of the body, or in the form of a burst of energy which
reaches the part to be scanned at one point in time (fan-
beam). The pencil beam technique is more time consum-
ing because the entire part of the body is scanned one small
section at a time, whereas in the fan-beam technique the
exposure is only during a very brief period, similar to that in
ordinary x-rays. The dual energy can either be obtained by
alternating the strength of the energy at two different lev-
els, or by using alternating filters which block only one level
of energy at a time. Z scores are determined as (X − M)/S,
where X = individual anthropometric and DEXA values,
M = mean value of the reference according to gestational
age105 and body weight,100 and S = SD of the reference.
Koo106 has recently validated the use of pencil beam DEXA
and its ability to determine relative changes in bone mass

and body composition measurements over a much greater
range of body weight than previous reports, although its
use as a direct indicator of nutrient requirement may be
limited.

Newer measures of bone strength, such as ultrasound,
have been introduced for the diagnosis and monitoring of
osteoporosis107 and successfully adapted to assess bone
strength in premature infants.108–110 Bone strength is deter-
mined using quantitative ultrasound measurement of bone
speed of sound (SOS) at the middle left tibial shaft. The
instrument measures the speed of propagation of ultra-
sound waves (SOS, meters (second−1)) along a fixed longi-
tudinal distance of the cortical layer at the bone shaft. Tibial
SOS is a precise method of assessing bone status without
exposing the patient to sources of radiation. In contrast to
SPA and DEXA, which measure mainly quantitative aspects
of bone such as mineral density, this method additionally
measures other qualitative bone properties, such as cortical
thickness, elasticity, and microarchitecture, thus providing
a more complete picture of bone strength.111–114 Tibial SOS
significantly correlated with age, time since menopause in
women, height, and weight, as well as with BMD at the
radius, spine, and femur.

In VLBW infants tibial SOS correlates positively with
gestational age but inversely with postnatal age.116 They
have significant postnatal decrease in bone strength con-
comitant with biochemical evidence for new bone for-
mation (increase in bone-specific alkaline phosphatase
(BSAP) and a decrease in ICTP) during the first 8 postna-
tal weeks.115 However, changes in the biochemical bone
markers could not predict the changes in bone strength
as there was no correlation between levels of bone mark-
ers and bone SOS. The postnatal decrease in bone SOS
was attenuated by a 4-week exercise program consisting
of early range-of-motion intervention (extension and flex-
ion range of motion against passive resistance of the upper
and lower extremities).109 The same exercise program was
also associated with further increase in bone formation
postnatally as indicated by a further rise in bone forma-
tion markers (BSAP and C-terminal propeptide type 1 pro-
collagen – PICP) and decrease in bone resorption markers
(ICTP).116 Using quantitative ultrasound techniques at the
humerus, Rubinacci110 demonstrated that SOS correlated
positively with gestational age, length, and weight but neg-
atively with postconceptional age. The authors of this study
suggested that the latter part of pregnancy is characterized
with increasing fetal bone mineralization that is halted by
premature delivery.

In general, clinical trials of pharmacologic therapies have
utilized DEXA, rather than QUS, for entry criterion for stud-
ies, and there is uncertainty regarding whether the results
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of these trials can be generalized to patients identified by
QUS to have high risk of fracture. Several professional orga-
nizations have been working on establishing a standard of
comparability of different devices and sites for assessing
fracture risk. With this approach, measurements derived
from any device or site could be standardized to predict
hip fracture risk. However, the values obtained from dif-
ferent instruments cannot be used to predict comparable
levels in bone mass. Limitations in precision and low corre-
lation among different techniques will require appropriate
validation before this approach can be applied to different
skeletal sites and to different age groups.

Risk factors for bone disease in infants and children

The most important risk factor for suboptimal bone growth
and mineralization is deficient dietary mineral intake.
Hereditary and genetic causes of osteopenia and rickets
(such as osteogenesis imperfecta, osteopetrosis hypophos-
phatasia) are discussed elsewhere.4,117,118 A partial list of
diseases that may predispose to bone disease in children
and adults include hyperparathyroidism, rheumatologic
and connective tissue disorders, hypogonadism, paretic
and paralytic conditions, thyroid dysfunction, osteomala-
cia, diabetes mellitus, neoplastic disorders, malabsorption,
and malnutrition (Table 15.1).

Glucocorticoids119 are commonly used in the neonatal
intensive care unit (NICU) to improve pulmonary mechan-
ics in infants with chronic lung disease and in older children
for the treatment of childhood inflammatory diseases. The
bone effects of this treatment need to be considered when
steroid use is required chronically. The long-term effects
on bone health of intermittent courses of systemic steroids
or the chronic use of inhaled steroids, as are often used
in asthma, are not well described. Cystic fibrosis, celiac
disease, and inflammatory bowel disease (IBD) are associ-
ated with malabsorption and resultant osteopenia.120 The
osteoporosis of cystic fibrosis is also related to the fre-
quent need for corticosteroids as well as to other unde-
fined factors. Reduced bone mass and the increased risk
of fracture in gastrointestinal diseases have a multifac-
torial pathogenesis. Undoubtedly, genetics play an impor-
tant role, but other factors such as systemic inflamma-
tion, malnutrition, hypogonadism, glucocorticoid therapy
in IBD and other lifestyle factors, such as smoking or being
sedentary, may contribute to reduced bone mass. At a
molecular level the proinflammatory cytokines that con-
tribute to the intestinal immune response in IBD and prob-
ably also in coeliac disease are also known to enhance
bone resorption. The discovery of the role of the interac-
tion of the Receptor to Activated NFkappaB (RANK) with

Table 15.1. Risk factors for bone disease in infants

Dietary

Deficient mineral or Vitamin D intake

Malnutrition

Gastrointestinal

Malabsorption

Liver disease, cholestasis

Prolonged hyperalimentation

Genetic

Hereditary bone disease

Osteogenesis imperfecta

Skeletal dysplasia (e.g. achondroplasia)

Hypophosphatasia

Osteopetrosis

Endocrine

Parathyroid gland disorders

Thyroid gland dysfunction

Diabetes mellitus

Hypogonadism

Turner syndrome

Anorexia nervosa in older children

Adrenal gland dysfunction

Vitamin D-dependent rickets (Type I and II)

Growth hormone deficiency

Renal

Tubular disorders

Fanconi syndrome

Hypophosphatemic rickets

Chronic renal failure

Renal osteodystrophy and secondary hyperparathyroidism

Rheumatologic

Connective tissue disease

Drugs

Glucocorticoids

Anticonvulsants

Diuretics

Aluminum

Chemotherapy

Prostaglandins

Vitamin A and D toxicity

Mechanical

Immobilization and decreased mechanical load on bone

Neuromuscular disorders, hypotonia

Cerebral palsy

its ligand RANKL, in orchestrating the balance between
bone resorption and formation may link mucosal and sys-
temic inflammation with bone remodeling, since RANK-
RANKL is also involved in lymphopoiesis and T-cell apop-
tosis. Low circulating leptin in response to weight loss
in any gastrointestinal disease may be an important fac-
tor in reducing bone mass.120 Although hypogonadism is



Normal bone and mineral physiology and metabolism 197

an important feature of anorexia nervosa121 predisposing
to decreased bone density, profound undernutrition and
nutrition-related factors also play a critical role. This lat-
ter point is evidenced, in part, by the failure of estrogen
replacement to correct the bone loss.

Several medications affect bone metabolism.4 Cortico-
steroids are used to variable degrees in preterm infants
with chronic lung disease. Daily exogenous glucocor-
ticoids are capable of slowing growth in children, an
effect that is variably counterbalanced by growth hormone
treatment.122 The cause of this growth suppressing effect
is multifactorial,123 including a direct suppressive effect
on matrix production and synthesis of local growth fac-
tors, and antagonism of growth hormone action by down-
regulation of growth hormone receptor mRNA expression
and binding capacity with reduction in local production
of IGF-I.124 Dexamethasone decreased BMC in animals125

and human infants. Ward119 demonstrated lower bone
mineral content measured by DEXA at term-corrected age
in dexamethasone-treated infants with chronic lung dis-
ease compared with preterm and term reference infants.
Dexamethasone treatment markedly suppresses collagen
turnover (decreases PICP and ICTP) in preterm infants with
chronic lung disease.126,127

Other mechanisms by which steroids impair bone growth
and mineralization include: (1) Direct inhibition of the
osteoblasts and their precursors, leading to a reduction of
the rate of bone formation and decreased serum osteo-
calcin concentrations.128 (2) Reduced intestinal absorption
of calcium probably by interfering with the active trans-
cellular transport of calcium. (3) Reduced renal tubular
reabsorption of calcium resulting in hypercalciuria and
increased risk of nephrocalcinosis.129 (4) Reduced produc-
tion of estrogen and testosterone by inhibiting the pituitary
secretion of follicle-stimulating hormone and luteinizing
hormone and by direct inhibition of the granulosa cells
in the ovaries and testicles. (5) Reducing the production
of androstenedione and dehydroepiandrosterone by the
adrenal glands. (6) Inhibition of the actions of vitamin D
by altering the vitamin D receptors. (7) Possibly the inhibi-
tion of prostaglandins, interleukin-1, interleukin-6, growth
hormone, and insulin-like growth factor.

Furosemide and other loop diuretics increase renal cal-
cium loss and therefore induce a negative calcium bal-
ance. This is the opposite of thiazide diuretics, which
increase the renal retention of calcium and induce a pos-
itive calcium balance. Prolonged administration of hep-
arin has been associated with decreased bone density. The
rate of bone resorption is increased, while that of bone
formation is reduced. The incidence of heparin-induced
osteopenia is unknown. The mechanisms by which heparin

causes osteopenia include decreasing osteoblastic activ-
ity resulting in defective ossification, abnormal vitamin D
metabolism, and secondary hyperparathyroidism (PTH-
dependent increased bone resorption). Heparin directly
affects osteoclast development and activity. Heparin may
have a direct effect on stimulation of osteoblastic col-
lagenase synthesis linked to increased bone resorption.
Excessive thyroid supplementation increases the rate of
bone resorption. This is a consideration in infants treated
for congenital hypothyroidism or hypothyroxinemia of
prematurity.

Prolonged use of anticonvulsant therapy has been asso-
ciated with rachitic bone disease and proximal myopathy
in children.130,131 It is estimated that up to 30% of epileptic
children receiving phenobarbital and/or phenytoin may
develop rickets. Biochemically, these patients may have
low serum and urine calcium concentrations, low serum
P, and low serum 25-OHD concentrations. Serum alkaline
phosphatase, osteocalcin, and PTH concentrations are ele-
vated. Radiologically these patients may have rachitic bone
changes. Mechanistically, anticonvulsants increase hepatic
metabolism of vitamin D by increasing hydroxylation, glu-
curonidation, and excretion of the metabolites of vitamin
D and 25-OHD, therefore resulting in lower serum concen-
trations of vitamin D and 25-OHD. They inhibit calcitriol-
dependent active intestinal calcium transport, possibly by
blunting the response of target organ receptors to calcitriol.
High serum calcitriol concentrations may be encountered
in these patients, and are explained partly by target organ
resistance to calcitriol and a compensatory increased renal
synthesis of calcitriol. Effective therapy of this disease is
achievable by administration of supraphysiologic doses of
vitamin D compounds (Vitamin D, 25-OHD or calcitriol).

Excessive aluminum intake from parenteral hyperali-
mentation inhibits the rate of bone turnover (see below).
Lithium stimulates the production of parathyroid hor-
mone and increases the rate of bone resorption. Cyto-
toxic medications inhibit bone turnover and predispose
to bone resorption,132 probably through a direct effect on
the response of chondrocytes to changes in the growth
hormone–IGF-I axis. Methotrexate is a commonly used
antineoplastic agent particularly in childhood leukemias.
It decreases osteoblastic activity in animals, and increases
bone resorption in humans. Consequently prolonged use
of this agent may induce osteopenia. An excessive amount
of vitamin D increases the rate of bone resorption.

Biochemical measurements of bone turnover

Biochemical measurements of bone turnover (Table 15.2)
are helpful in the study of the pathophysiology of skeletal
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Table 15.2. Biochemical markers of bone turnover

Bone formation markers

Serum osteocalcin

Serum alkaline phosphatase (ALP), Bone specific ALP

Serum procollagen I extension peptides

Bone resorption markers

Urine hydroxyproline

Urine deoxypyridinoline

Urine pyridinoline

Type I collagen telopeptides (peptides containing crosslinks)

N-terminal telopeptide to helix in urine (NTX-I)

C-terminal telopeptide-1 to helix in serum (ICTP)

C-terminal telopeptide-2 in urine and serum (CTX)

Serum tartrate-resistant acid phosphatase

Hydroxylysine and its glycosides

metabolism and growth.4,133–138 However, interpretation of
their results is difficult because they depend on age, puber-
tal stage, growth velocity, mineral accrual, hormonal reg-
ulation, nutritional status, circadian variation, day-to-day
variation, method of expression of results of urinary mark-
ers, specificity for bone tissue, and sensitivity and speci-
ficity of assays. The accuracy of these markers for diagno-
sis and monitoring of bone disorders is inferior to bone
mineral density measurements. Therefore accuracy con-
cerns have hampered their widespread use. Furthermore,
there are no well-established neonatal or pediatric refer-
ence ranges for many of the markers. Measurement of these
markers in conjunction with clinical evaluation and radio-
logical findings may aid in the initial investigation of bone
disorders and possibly assist in monitoring therapy. Due
to their multiple limitations, bone metabolism markers
should not be relied on exclusively to make important clin-
ical decisions. Measurement of several indices at once, as
well as serial measurements, may help to overcome some of
these limitations. Table 15.2 summarizes several laboratory
assays for bone metabolism markers.

Markers of bone formation include osteocalcin, alka-
line phosphatase and its skeletal isoenzyme, and procolla-
gen I extension peptides. Bone resorption markers include
hydroxyproline, deoxypyridinoline, and pyridinoline; pep-
tides containing these cross links such as N-telopeptide
to helix in urine (NTX), C-terminal telopeptide-1 to helix
in serum (ICTP) and C-terminal telopeptide-2 in urine and
serum (CTX); tartrate-resistant acid phosphatase; hydroxy-
lysine and its glycosides.

Alkaline phosphatase (ALP) is synthesized and released
by intestinal, hepatic, osteoblast, placental, and splenic
cells. It is the most commonly used serum marker of

osteoblastic activity, and bone formation. However, it lacks
sensitivity and specificity, particularly in patients with
osteoporosis, where serum ALP is commonly normal. The
most common sources of elevated serum alkaline phos-
phatase concentration are the liver, the skeletal system, and
the placenta. Often total activity in the serum is measured,
which does not determine the source of the enzyme. Isoen-
zyme separation by heat denaturation or electrophoresis
can distinguish between bone and hepatic isoenzymes, but
this is a tedious process and may be associated with ana-
lytic difficulties. Serum ALP concentrations are affected by
age, sex, and hormonal factors. It is elevated in diseases
characterized by increased osteoblastic activity including
Paget’s disease, osteitis fibrosa cystica, and osteomalacia.

Osteocalcin is the major noncollagenous bone pro-
tein. It is a noncollagenous 49-amino acid protein syn-
thesized by osteoblasts and is a marker of bone for-
mation. It contains gammacarboxyglutamic acid, which
is a vitamin K-dependent calcium-binding amino acid.
Most of synthesized osteocalcin is incorporated in bone
where it constitutes 1% of the organic matrix of bone.
Minute amounts, however, circulate in blood and can be
measured by radioimmunoassay or immunoradiometric
assay.139 Osteocalcin in the circulation is derived from
new protein synthesis rather than from resorption of bone
matrix. Serum osteocalcin concentration is determined by
the amount of newly synthesized protein not incorporated
in bone, and released into the circulation. The role of osteo-
calcin in the skeletal system is not well understood. How-
ever, its presence in embryonic bone at a time of rapid
bone mineralization, its association with the hydroxyap-
atite crystal lattice and its chemoattractant property for
osteoclasts suggest that osteocalcin may have a role in bone
turnover.140 The synthesis of osteocalcin is stimulated by
1,25(OH)2D. Circulating osteocalcin concentration corre-
lates with osteoblastic activity. Serum osteocalcin concen-
tration parallels the growth velocity curve during childhood
and adolescence.141

Clinically, serum osteocalcin concentration is elevated
in bone diseases characterized by increased osteoblastic
activity including Paget’s disease, osteomalacia, osteitis
fibrosa, renal osteodystrophy, and it correlates with other
markers of bone formation (i.e., serum alkaline phos-
phatase, bone histomorphometry, calcium kinetic stud-
ies, x-ray, densitometry). Decreased serum concentrations
of PTH, thyroid hormone or growth hormone are associ-
ated with decrease in serum osteocalcin concentration,
while the reverse is true: thyrotoxicosis, acromegaly, and
hyperparathyroidism are associated with elevated serum
osteocalcin concentrations. Puberty is associated with a
rise in serum osteocalcin concentration, consistent with
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the increase in osteoblastic activity that accompanies the
pubertal growth spurt and gonadal hormone surges. Cir-
cadian variation in serum osteocalcin concentration (peak
levels at 4 am and nadir at 5 pm) as well as in serum markers
of bone formation and resorption have been reported but
the etiology and physiological implications of these obser-
vations are unknown.142 Physiologically, serum osteocalcin
is increased in children, particularly during the first year of
life and during puberty, and is related to physical growth
velocity. Serum osteocalcin levels parallel the height velo-
city curve, with higher values in childhood and during ado-
lescence. Osteocalcin is a highly specific, reliable and useful
marker for evaluation of the growth spurt and is not influ-
enced by nonosseous disorders.143

Procollagen I extension peptides:144,145 procollagen, a
precursor of collagen, undergoes cleavage to collagen and
extension proteins before collagen becomes incorporated
into bone matrix. These proteins serve as indicators of
osteoblastic activity. For instance, serum concentration of
Type I procollagen is elevated in Paget’s disease. However,
assay of procollagen propeptides as an indicator of bone
formation is less sensitive and specific than serum osteo-
calcin and bone isoenzyme of alkaline phosphatase.

Urine hydroxyproline is mainly used as an index of greatly
increased rate of bone resorption. However, it is not a spe-
cific test because sources of hydroxyproline include bone,
diet, connective tissues, serum proteins, and degradation
of propeptides from collagen biosynthesis. This test corre-
lates poorly with bone resorption as assessed by bone histo-
morphometric and calcium kinetic studies. Urine hydrox-
ylysine glycosides are released to a great extent from bone
and their concentration increases greatly during osteo-
porosis. However, this test has the same problem of non-
specificity as urine hydroxyproline.

Serum tartrate-resistant acid phosphatase (TRAP)146 is
the portion of serum acid phosphatase derived from osteo-
clasts. The isoform TRAP 5b is a good and specific marker
for osteoclastic bone resorption. Tissues other than bone
produce acid phosphatase (prostate, pancreas, and blood
cells). Bone acid phosphatase is differentiated from that
of other tissues by determining its mobility on acryl-
amide gel and the resistance of its activity to tartrate.
Elevated serum concentrations of tartrate-resistant acid
phosphatase occur with high bone turnover diseases such
as primary hyperparathyroidism and osteopetrosis. This
assay is not widely available and normative data are lacking.

Urine collagen pyridinoline cross-linking amino
acids147–149 are among the best available specific biomark-
ers of bone resorption. These compounds, which include
hydroxylysylpyridinoline and lysylpyridinoline, are
released upon degradation of mature collagen from

skeletal tissues. The hydroxypyridinium collagen cross-
links, pyridinoline and deoxypyridinoline are released
upon degradation of mature collagen. In urine these
compounds are either free (nonpeptide bound) (40%) or
peptide-bound (60%). Assays are available to measure type
I collagen telopeptides (with carboxy or amine terminals)
in urine and serum.

Urinary N-telopeptides150 are the peptide fragments of
the protein that link the collagen bundles in bones. These
fragments are liberated into the circulation as a result of the
breakdown of collagen in the bones, and they are excreted
unchanged in the urine. Urine levels of N-telopeptides
therefore reflect the degree of bone resorption. Because
there are diurnal variations in the degree of bone resorp-
tion, with the highest levels occurring during the night, the
N-telopeptides are best measured either in a 24-hour urine
sample or in the early morning sample. Pyridinium cross-
links and collagen telopeptides involving the cross-linking
site are the best indices of bone resorption. Demarini151

reported higher telopeptide of type I collagen (ICTP), nor-
mal cord blood propeptide of type I procollagen (PICP),
and lower bone mineral content in infants of diabetic
mothers (IDMs) at birth indicating increased bone resorp-
tion/modeling. Pratico152 measured serum (ICTP) concen-
tration from 1 (cord blood) to 90 days of life. During this
period serum ICTP concentration was about tenfold higher
than in adulthood. During the first 3 months of life serum
ICTP concentration shows a progressive increase from 0
to 7 days, remains unchanged until day 30, then decreases
until day 45, and maintains similar values from days 45–
90 of life. The trend of serum ICTP in the first week of
life may reflect increased bone resorption, probably to
maintain normocalcemia following delivery, then a gradual
decrease and reach of baseline equilibrium as bone forma-
tion increases.

Bone Sialoprotein (BSP) accounts for 5–10% of non-
collagenous bone matrix. It may play a role in cell-matrix
adhesion processes and organization of the extracellu-
lar matrix of mineralized tissues. In adults and children
serum BSP drops following bisphosphonate therapy, poss-
ibly reflecting decreasing bone resorption activity. The use-
fulness of this marker is still not well studied. BSP might be
a useful marker of noncollagenous organic bone matrix in
laboratory assessment of bone turnover, being inversely
related to BMD and showing significant correlations to
established markers of bone turnover like B-ALP and OC.

Changes of bone turnover during growth have been
described during infancy, prepubertal period, puberty, and
the postpubertal period. Pubertal changes of bone mark-
ers are described with special attention to gender differ-
ences and hormonal mechanisms of the growth spurt,
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which determine differences related to the pubertal stage.
From available data, biochemical markers of bone remod-
eling may be useful in the clinical investigation of bone
turnover in children in health and disease. However, their
use in everyday clinical practice is not advised at present.133

Although these markers have found significant utility in the
evaluation of adults with metabolic bone diseases, their
application in children has been limited due to great vari-
ability in normal ranges that reflect the changes in skele-
tal metabolism induced by age, growth rate, gender, and
pubertal state.134

Single measurements of bone markers cannot predict
bone density. Recently, van der Sluis153 provided reference
data of biochemical markers of bone turnover and vita-
min D metabolites for children and young adults, taking
into consideration the effects of gender and age: serum
calcium and vitamin D levels were independent of age.
The peak concentrations for collagen type I cross-linked
N-telopeptide, cross-linked telopeptide of type I colla-
gen, carboxy-terminal propeptide of type I procollagen, N-
terminal propeptide of type I procollagen, alkaline phos-
phatase, and osteocalcin were found during puberty, in girls
approximately 2.5 years earlier than in boys. Strong corre-
lations were found between the markers of bone turnover,
while no correlation was found among the markers of bone
turnover and bone mineral density measured by DEXA.

Koo154 studied molar ratios of peptide-bound and free
hydroxyproline : creatinine (OHPr : Cr) in urine over the
first year of life in VLBW infants, with or without radio-
graphically confirmed fractures and (or) rickets (F/R). The
urinary peptide-bound OHPr : Cr ratio varied widely and
was greatest at 3 months. The ratio decreased with increas-
ing postnatal age and was not statistically different between
infants with or without F/R. The urinary free OHPr : Cr ratio
also was greatest at age 3 months, rapidly decreasing after-
wards, and was not statistically different between infants
with or without F/R. The authors of this study suggest that,
in VLBW infants, bone turnover as indicated by the urin-
ary peptide-bound OHPr : Cr ratio is highest during early
infancy; however, it appears from the wide range of values
for this ratio that its use alone is not sufficient for detection
of F/R in VLBW infants. The rapid decrease in free OHPr : Cr
ratio is presumably related to the maturation of renal tubu-
lar function.

In a longitudinal study, Pittard155 measured BMC via
photon absorptiometry and serum osteocalcin and skele-
tal alkaline phosphatase (BALP) concentrations from birth
to 16 weeks in very low birth weight infants. All serum
values were measured in mothers at delivery. The results
of this study showed that (1) cord blood osteocalcin con-
centrations were significantly greater than corresponding

maternal concentrations, and by 1 week had significantly
increased from birth values; (2) the increase in serum
osteocalcin concentration, from birth to 1 week, was signi-
ficantly correlated with simultaneous increase in (OH) 2D
concentrations; (3) there was no correlation between the
change in BMC, over the first 4 mo of life and serum con-
centrations of OC and BALP; and (4) a significant negative
correlation between serum osteocalcin and BALP concen-
trations at week 4; and, although not significant, a negative
correlation from 1–16 weeks of age.

There is an inverse correlation between gestational age
and markers of bone turnover in cord blood or amni-
otic fluid.156–162 Ogueh157 measured umbilical cord con-
centrations of PICP and ICTP at the time of delivery from
healthy women at different gestations. They found a sig-
nificant inverse correlation between cord blood PICP or
ICTP concentration and gestational age; and between ICTP
and birth weight. Birth weight effect is a function of gesta-
tional age. These findings suggest that both bone formation
and resorption decrease with gestational age. Such changes
may be due to the shift from growth to maintenance of bone
during the last trimester.

Ogueh163 studied the effect of gestational diabetes on
maternal and fetal bone metabolism. Plasma PICP and
ICTP were obtained from mothers with or without ges-
tational diabetes and umbilical cord blood at the time
of delivery. Although there was a significant correlation
between 1 hour postprandial blood glucose and maternal
ICTP concentration, there was no significant difference in
maternal or fetal PICP and ICTP concentrations between
study and control groups. There was a significant corre-
lation between maternal and fetal ICTP, but not between
maternal and fetal PICP concentrations. From this study,
although maternal ICTP concentration was related to the
1 hour postprandial blood glucose level, gestational dia-
betes did not affect maternal or umbilical cord serum con-
centrations of markers of bone metabolism.

Harrast162 investigated the effects of gestational age on
markers of fetal bone turnover (PICP, ICTP) in the amniotic
fluid, and the relationship of bone mass at birth in small-
for-gestational-age (SGA) infants and infants of diabetic
mothers (IDMs). Biochemical markers of decreased bone
formation or increased bone resorption were examined.
Both PICP and ICTP concentrations in amniotic fluid were
inversely associated with gestational age. Amniotic fluid
concentrations of PICP increased exponentially in relation
to infant birthweight. SGA infants had lower amniotic fluid
PICP concentrations than controls. The presence of dia-
betes in the mother was not associated with alterations
in amniotic fluid PICP or ICTP concentrations. Although
maturational effects on clearance of bone markers from
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amniotic fluid cannot be excluded, these data are
consistent with a high turnover of bone matrix early in fetal
life, and a reduction in bone formation when fetal growth is
compromised.

Namgung164 measured markers of bone collagen type
I biosynthesis and degradation, PICP and ICTP, in SGA
infants. SGA infants have lower bone mineral content
(BMC), lower serum IGF-I and lower serum osteocal-
cin compared with appropriate-for-gestational-age (AGA)
infants. There were no differences between SGA and AGA
infants in serum PICP or ICTP concentrations. Serum ICTP
was correlated with osteocalcin and with PICP in SGA
infants but not in AGA infants. Thus, serum biochemical
indices of bone collagen type I biosynthesis and degrada-
tion in term SGA infants are similar to those in term AGA
infants. From these findings the authors suggest that the
reduced bone mineral content in SGA infants is predom-
inantly related to a lower supply of minerals rather than
defective regulation of bone collagen type I metabolism.

Yamaga165 reported an increase in bone resorption dur-
ing pregnancy and lactation by measuring pyridinoline
(Pyr) and deoxypyridinoline (D-Pyr), urinary excretions of
C-telopeptide (CTX) and cross-linked N-telopeptide (NTX)
of type I collagen. These markers significantly increased in
the third trimester of pregnancy and remained high dur-
ing the puerperium. The same researchers investigated
the relationship between maternal and neonatal bone
turnover markers,166 including bone formation markers
(intact osteocalcin, bone-specific alkaline phosphatase)
and bone resorption markers (C-telopeptide of type I col-
lagen; CTX) in maternal and umbilical cord venous blood.
The concentrations of all markers of bone turnover, inclu-
ding CTX, in cord serum were significantly higher than
those in maternal serum. There was no significant cor-
relation between maternal and cord serum levels for any
marker. These results indicate that fetal bone turnover
is markedly enhanced compared with maternal bone
turnover and is independent of maternal bone metabolism
in late pregnancy.

Yasumizu167 measured PICP, ICTP and osteocalcin
in mother-infant pairs and age-matched nonpregnant
women. Serum PICP and ICTP of term women at delivery
were significantly higher and serum osteocalcin was signifi-
cantly lower than in nonpregnant women. The ratio of PICP
to ICTP was essentially the same for term and nonpregnant
women. Serum PICP, ICTP, and osteocalcin were virtually
the same in the umbilical arteries and vein. PICP, ICTP, and
osteocalcin were much higher in fetal than maternal circu-
lation, and fetal bone marker concentrations did not cor-
relate with maternal concentrations, or with birth weight.
Thus, during pregnancy, either osteoclastic or osteoblastic

activity would appear to increase slightly, but the balance
between bone formation and resorption is maintained.
During fetal life, bone turnover may be greatly accelerated
and bone metabolism may occur independently of mater-
nal bone metabolism.

Mora159 studied bone markers to monitor bone turnover
rate during the perinatal period. They evaluated bone
turnover rate, assessed by the measurement of urinary
N-terminal telopeptide of type I collagen (NTX) concentra-
tions, at different gestational ages, and documented bone
turnover rate in the first days after birth in term and preterm
newborns and infants of diabetic mothers (IDMs). There
is a strong association between gestational age and NTX
concentrations at birth. NTX concentrations progressively
decrease after birth, reaching a nadir between weeks 38
and 42 of gestation. Preterm infants had NTX excretion
values at birth significantly higher than full term infants,
whereas NTX excretion rates of IDMs were not different.
The authors of this study suggest that gestational age seems
to be the major determinant of bone turnover in neonates;
NTX excretion rate is higher before term, slows in proxim-
ity of delivery, and increases significantly during the first
48 hours of life. Preterm infants have higher bone turnover
rate than full term infants. NTX excretion rate of IDMs was
comparable to those of the control subjects.

In a longitudinal study, Crofton investigated the relation-
ship of bone and collagen markers (bone-specific alkaline
phosphatase-ALP, C-terminal propeptide of type I colla-
gen – PICP, N-terminal propeptide of type III procolla-
gen – PNP, C-terminal telopeptide of type I collagen, urin-
ary pyridinoline – Pyd, and deoxypyridinoline – Dpd) to
growth and bone mineral content in preterm infants over
the first 10 weeks of life.168 Concentrations of all collagen
markers were 10-fold higher than in older children. Each
marker showed a distinctive pattern of postnatal change,
with early increases in PICP and PNP and decreases in
ICTP reflecting postnatal growth. Once markers reached a
plateau during weeks 4–10, type III procollagen (PNP) was
positively correlated, whereas urinary pyridinoline (Pyd)
and deoxypyridinoline (Dpd) were negatively correlated
with the rate of weight gain. Type III procollagen was also
positively correlated with overall linear growth. PICP was
strongly correlated with mean BMC and with total BMC
attained by 10 weeks of age. Bone ALP was positively cor-
related with the rate of bone mineral accretion. From this
study it appears that PNP, a marker of soft-tissue collagen
formation, is a good marker for overall ponderal and linear
growth in preterm infants, whereas the markers of collagen
breakdown, Pyd and Dpd, have inverse relationships with
weight gain. PICP and bone ALP seem to be good surrogate
markers for bone mineralization in preterm infants. These
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markers may provide information on whole-body turnover
of bone and collagen that is complementary to traditional
physical measures of growth and bone mineralization.

In osteogenesis imperfecta,169 markers of bone forma-
tion (PICP, osteocalcin and alkaline phosphatase) and
bone resorption [ICTP and hydroxypyridinium cross-links,
pyridinoline (Pyr) and deoxypyridinoline (Dpyr)] correlate
with the severity of the disease: bone resorption becomes
excessive in severe disease coupled with decreased bone
formation. Shiff170 measured circulating bone turnover
markers (osteocalcin, BSAP, PICP, and ICTP) in preterm
infants during the first 10 weeks of life. Markers of
osteoblastic activity increased markedly during the first
3 weeks of life, and then continued to increase gradually
until week 10 of life, indicating increased bone formation
in premature infants in the first 3 months of life. Circula-
ting ICTP levels increased in the first week of life and then
decreased gradually over the following 9 weeks. Serum con-
centrations of osteocalcin (in weeks 2–5 of life), PICP (weeks
3–5), and ICTP (weeks 2–3) were significantly higher in
VLBW (1000–1250 g) than ELBW (<1000 g) preterm infants.
Increased bone turnover in VLBW compared with ELBW
preterm infants may be due to higher morbidity in ELBW
preterm infants in the first few weeks of life.

Lapillonne171 and coworkers evaluated bone resorption
in infants by measuring urinary collagen type 1 cross-linked
N-telopeptide (NTX) excretion normalized to creatinine
(NTX/Cr) in a spot urine sample as a reflection of daily
NTX production in infants, and computed normative val-
ues for NTX excretion from birth to 1 year of age. Spot urine
NTX/Cr values significantly and linearly correlated with
daily NTX excretion. In healthy infants, NTX excretion is
low at birth, increases dramatically and significantly dur-
ing the first 10 days of life, remains significantly elevated
for approximately 3 months, and then decreases progres-
sively to return to values similar to that observed at birth
by 1 year of age. The normative data demonstrate signifi-
cant age-related variations in this marker, which probably
reflect adaptation to extrauterine life and accelerated bone
turnover in infancy, and which should be considered for
interpretation of this noninvasive bone resorption marker
in the clinical setting.

Leptin may play a role in fetal bone metabolism as
part of its effect on fetal growth and development.172

Hassink173 showed a positive correlation between umbil-
ical cord blood leptin concentration and newborn weight
and body mass index. Matsuda174 demonstrated that leptin
concentrations in preterm newborns were lower than those
in term newborns and tended to increase according to ges-
tational age and birth weight, especially from the late stage
of gestation. Leptin concentrations in pregnant women

increased from the first trimester and then remained
higher than those in non-pregnant women throughout
the remainder of pregnancy even after controlling for
body mass index. The leptin concentrations of newborns
declined rapidly and were extremely low by the day 6 of life.

Ogueh and coworkers175 investigated the relationship
between leptin and fetal bone metabolism. They meas-
ured fetal blood levels of leptin, PICP and ICTP from 18–
35 weeks’ gestation. There was a positive correlation
between leptin concentration and gestational age and a
negative correlation between both PICP and ICTP and ges-
tational age. Also, there was a negative correlation between
the concentrations of leptin and both PICP and ICTP. The
increase in leptin concentration with gestational age is
consistent with adipose tissue development and the sub-
sequent accumulation of fat mass. The negative correla-
tion between fetal leptin and ICTP suggests that leptin may
decrease bone resorption with the overall effect of increas-
ing bone mass.

Furmaga-Jablonski176 investigated the correlation
between serum concentrations of leptin, markers of
bone formation (osteocalcin and PICP) and selected
anthropometric traits in AGA newborns between 27 to
42 weeks’ gestation. These investigators found significant
correlations between leptin, osteocalcin, PICP and overall
physical growth in AGA newborns but no correlations
between serum leptin concentration and markers of bone
formation.

Maternal smoking during pregnancy and maternal obes-
ity may have a negative impact on fetal bone formation.
Hogler67 investigated the effect of maternal smoking and
weight gain on fetal bone turnover. The authors evaluated
the relationship of bone marker concentrations to mater-
nal and fetal variables as well as maternal smoking and
assessed the short-term change in bone markers during
the first days of life. Serum markers of bone formation
(osteocalcin and BSAP) and bone resorption (C-terminal
telopeptide of type I collagen) were measured in cord blood
and at discharge (median of day 3 of life) in healthy term
neonates. Concentrations of BSAP were significantly lower
in neonates of smokers compared with nonsmokers, both
at birth and at discharge. Both cord blood osteocalcin
and BSAP were negatively related to maternal weight and
maternal body mass index. Maternal smoking and preg-
nancy weight gain were significant predictors of cord BSAP.
C-terminal telopeptide of type I collagen and osteocalcin
increased significantly from birth to discharge, whereas
BSAP levels remained the same. The significant increase
of osteocalcin and C-terminal telopeptide of type I colla-
gen may result either from an increase in bone turnover or
altered renal clearance.
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Colak has also demonstrated negative effect of mater-
nal smoking on fetal bone metabolism.68 They measured
osteocalcin (OC), bone isoenzyme of alkaline phosphatase
(BALP), and procollagen type 1 C-terminal propeptide
(PICP) in maternal serum and umbilical cord blood. Infants
of smoker women have significantly lower umbilical cord
blood OC and BALP concentrations than infants of non-
smoking women. All bone markers except total ALP were
significantly higher in umbilical cord blood than mater-
nal blood. Smoking-induced altered fetal bone metabolism
may be due to chronic hypoxia resulting in the suppression
of bone matrix synthesis or placental synthesis as reflected
by low OC and BALP concentrations in umbilical cord blood
of infants of women who smoke.

Fares and coworkers evaluated the impact of puberty,
gender, and vitamin D status on biochemical markers
of bone remodeling.177 They measured serum osteocal-
cin (OC), bone alkaline phosphatase (BAP), C-terminal
telopeptide of type I collagen crosslinks (S-CTX), and
25-OHD. Adolescent boys achieve a higher peak bone mass
than girls and had higher concentrations of bone mark-
ers. In girls, all markers of bone turnover changed signi-
ficantly with pubertal stage, were maximal at midpuberty,
and decreased toward adult levels by Tanner stage V. Con-
versely in boys, these markers increased during early puber-
tal stages but had not normalized by Tanner stage V. Levels
of all biochemical markers were significantly higher in boys
compared with girls even after adjustment for age, body
weight, and Tanner stage. Adolescent girls with vitamin D
insufficiency had much higher serum levels of BAP and
S-CTX. However, gender remains the only consistent cor-
relate of all three markers of bone remodeling. Nutritional
status and leptin concentrations are involved in the regu-
lation of growth factors and biochemical markers of bone
formation. Bini178 investigated the relationship of leptin to
growth factors and biochemical markers of bone turnover
of prepubertal overweight children, specifically the rela-
tionships between circulating serum leptin concentration
and insulin-like growth factor I (IGF-I), insulin growth fac-
tor binding protein-3 (IGFBP-3) and biochemical markers
of bone turnover (OC, PICP and ICTP). Overweight children
had higher concentrations of leptin, IGF-I and IGFBP-3,
and lower OC concentrations. Weight reduction is asso-
ciated with a significant reduction of serum leptin and
IGFBP-3 concentrations and an increase in serum OC and
PICP, but not of ICTP concentration. Leptin, corrected by
BMI and sex, has a significant negative correlation with
PICP, IGF-I and height velocity but not with OC, ICTP, and
IGFBP-3.

Sorva179 investigated the relationship of serum colla-
gen markers and serum osteocalcin to pubertal growth in

healthy boys. The soft tissue marker, serum amino-terminal
propeptide of type III procollagen (PIIINP) increased when
boys reached Tanner stage G3, which may predict a nor-
mal pubertal growth spurt. Markers of bone collagen matrix
increased only at advanced pubertal stage indicating higher
bone turnover. Bone formation markers, carboxy-terminal
and amino-terminal propeptides of type I procollagen, and
degradation marker, ICTP carboxy-terminal telopeptide of
type I collagen were higher only at stage G4. Serum osteo-
calcin was higher only at Stage G4 associated with the
pubertal growth spurt. There is evidence of increased bone
turnover in pre-eclampsia as evidenced by increased con-
centrations of ICTP and PICP during the third trimester.180

However these markers did not correlate with body mass
index, blood pressure, serum uric acid levels, or platelet
count.

Hormonal regulation of bone remodeling

Bone mass is constantly regulated by a dynamic bal-
ance between bone formation and resorption. These
processes are under influence of systemic and local
regulators. Systemic regulators (Table 15.3) of bone hom-
eostasis include primarily the calciotropic hormones. Local
regulation (Table 15.4) of bone homeostasis involves
prostaglandins181 and growth factors such as insulin-
like growth factors I and II (IGF-I and II)182 which act
as autocrine or paracrine effectors of bone formation
by increasing osteoblastic proliferation and bone matrix
biosynthesis. IGF-I mediates the linear growth-promoting
actions of GH. IGF binding proteins play significant and
complex roles, primarily via modulation of IGF actions.183

Insulin is one of the most important systemic hormones
modulating normal skeletal growth. It does not regulate
bone resorption, but it causes a marked stimulation of bone

Table 15.3. Systemic regulation of bone remodeling*

Bone resorption Bone formation

PTH Increase Increase in low doses

Decrease in high doses

1,25(OH)2D Increase Increase in low doses

Decrease in high doses

Calcitonin Decrease Increase

Estrogen Decrease Increase

Growth hormone/IGF Increase Increase

Insulin/IGF No effect Increase

Thyroid hormone Increase Increase

Glucocorticoids Increase Decrease

*Adapted from data.408
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Table 15.4. Local regulation of bone remodeling*

Bone Bone

resorption formation

Growth factors

IGF-I – Increase

TGF-Beta – Increase

Fibroblast Growth Factor (FGF) – Increase

Platelet derived growth – Increase

factor (PDGF)

PTHrP Increase Increase

Cytokines that cause bone loss

Interleukin-1 Increase –

Interleukin-6 Increase –

Interleukin-11 Increase –

TNF alpha Increase –

Osteoclast Differentiation Increase –

Factor (ODF)

Cytokines that decrease bone loss

Interleukin-4 Decrease –

Interleukin-13 Decrease –

Interleukin-18 Decrease –

Osteoprotegerin Decrease –

BMP – Increase

Prostaglandin E2 Increase Increase

Vitamin A Increase –

Cathepsins Increase –

*Adapted from data.408 IGF-I, insulin-like growth factors I; PTHrP,

parathyroid related peptide.

matrix synthesis and cartilage formation.184–186 Insulin also
increases IGF-I production by the liver; it is well known
that IGF-I enhances bone collagen and matrix synthesis
and stimulates the replication of cells of the osteoblast
lineage.184

Parathyroid hormone and 1,25(OH)2D play an important
role in activating bone remodeling. The process requires
activation of existing osteoclasts and generation of new
osteoclasts from precursor cells. Osteoclast precursor cells
have receptors for both PTH and 1,25(OH)2D. Activation
of these receptors results in releasing hydrolytic enzymes
and lowering bone pH, thus dissolving bone mineral. PTH
stimulates the secretion of lysosomal enzymes, which dis-
solve the osteoid matrix. It also stimulates the release of
collagenase from osteoblasts. However, PTH has a bipha-
sic effect on bone homeostasis. On the one hand, inter-
mittent administration of PTH stimulates bone formation
possibly through production of IGF-I and IGF-II.187 On the
other hand continuous PTH administration has a catabolic
effect on bone and favors bone resorption.

Prostaglandins, particularly of the E series, are potent
local bone resorbing agents. TGF-beta appears to have
an essential role in normal postnatal growth and devel-
opment. It is secreted by chondrocytes and may have a
regulatory role in chondrocyte differentiation.29 Calcitriol
1,25(OH)2D also has a biphasic effect on bone: it increases
bone formation through the effect of IGF-I, but it also
increases the number and activity of osteoclasts, thus pro-
moting bone resorption. Growth hormone188 also has an
anabolic effect on bone metabolism. It increases bone for-
mation by increasing local concentrations of IGF-I.189

Estradiol and progesterone stimulate osteoblastic activ-
ity to increase bone formation,190 and estrogen has been
demonstrated to increase production of both IGF-I and
IGF-II. Several cytokines have osteoclast-activating effect
most likely mediated by osteoblasts. Cytokines which pro-
mote bone resorption include interleukin I, tumor necrosis
factors alpha and beta, and differentiation-inducing fac-
tor. Osteoclasts carry receptors for calcitonin. Calcitonin
directly inhibits bone resorption by binding specific recep-
tors on osteoclasts to inhibit osteoclast formation, motility,
and activity.25,191

Thyroid hormones have a biphasic effect on bone
homeostasis.193 In vitro studies demonstrate an increase
in bone mass because of an increase in osteoblastic activ-
ity with low doses of triiodothyronine (T3), and a decrease
in bone mass because of increased osteoclastic activity.192

Receptors for T3 have been identified on osteoblastic cell
lines. T3 increases bone turnover. In physiologic doses, it
increases osteoblastic activity reflected biochemically in a
rise in serum alkaline phosphatase and osteocalcin con-
centrations, and histologically in an increase in osteoid for-
mation and mineralization rate. However, excessive T3 as in
thyrotoxicosis has an additional effect of increasing osteo-
clastic activity and bone resorption resulting in an overall
decrease in bone mass.194 Thyrotoxicosis is a significant
risk factor for osteoporosis.

Vitamin A metabolites have a significant impact on bone
homeostasis. Vitamin A deficiency results in increased
bone mass; excessive vitamin A intake causes increased
bone resorption and decreased bone mass.195 The mech-
anism of vitamin A-induced bone resorption is by direct
stimulation of osteoclasts by vitamin A metabolites, retinol,
and retinoic acid, mediated by specific cytosolic receptors.

Recently cathepsins have been described to have a
major role in osteoclastic bone resorption.196 Cathepsin
K is essential for normal bone resorption; humans lack-
ing cathepsin K exhibit pycnodysostosis, which is char-
acterized by short stature and osteosclerosis. Cathepsin K
knockout mice develop osteopetrosis and display features
characteristic of pycnodysostosis, and osteoclasts isolated
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from these mice exhibit impaired bone resorption in vitro.
Bone resorption depends upon the synthesis of cathep-
sin K by osteoclasts and its secretion into the extracellu-
lar compartment at the attachment site between osteo-
clasts and the bone surface, wherein the organic matrix
is subsequently degraded by cathepsin K. Factors that
directly modulate osteoclastic bone resorption, including
cytokines (RANK ligand, tumor necrosis factor-alpha and
interferon gamma), hormones (retinoic acid and estrogen)
and nuclear transcriptional factors (c-jun and Mitf), also
regulate cathepsin K gene expression.

The osteoclast is a bone-degrading polykaryon that
derives from a monocyte/macrophage precursor. Osteo-
clast formation requires permissive concentrations of
macrophage-colony stimulating factor and is driven by
contact with mesenchymal cells in bone that bear
the TNF-family ligand RANKL.33 Osteoclast precursors
express RANK, and the interaction between RANKL and
RANK is the major determinant of osteoclast forma-
tion. PTH/PTHrP, glucocorticoids and 1,25(OH)2D, and
humoral factors, including TNF-alpha, interleukin-1, TGFs
and prostaglandins, influence osteoclast formation by
altering expression of these molecular factors. TNF-alpha,
IL-6, and IL-11 promote osteoclast formation by RANKL-
independent processes. RANKL-dependent/independent
osteoclast formation is likely to play an important role in
conditions where there is pathological bone resorption.
Osteoclast functional defects cause sclerotic bone disor-
ders, many of which have recently been identified as spe-
cific genetic defects. Osteoclasts express specialized pro-
teins including a vacuolar-type H+-ATPase that drives HCl
secretion for dissolution of bone mineral. One v-ATPase
component, the 116 kD V0 subunit, has several isoforms.
Only one isoform, TCIRG1, is upregulated in osteoclasts.
Defects in TCIRG1 are common causes of osteopetrosis.
HCl secretion is dependent on chloride channels; a chloride
channel homologue, CLCN7, is another common defect in
osteopetrosis. Humans who are deficient in carbonic anhy-
drase II or who have defects in phagocytosis also have vari-
able defects in bone remodeling. Organic bone matrix is
degraded by thiol proteinases, principally cathepsin K, and
abnormalities in cathepsin K cause another sclerotic bone
disorder, pycnodysostosis. Thus, bone turnover in normal
subjects depends on relative expression of key cytokines,
and defects in osteoclastic turnover usually reflect defects
in specific ion transporters or enzymes that play essential
roles in bone degradation.

Leptin is a hormone secreted by adipocytes that can reg-
ulate bone mass through a central, neuroendocrine sig-
naling pathway.197 Leptin is a powerful inhibitor of bone
formation in vivo. This antiosteogenic function involves

leptin binding to its receptors on ventromedial hypothala-
mic neurons, the autonomous nervous system and beta-
adrenergic receptors on osteoblasts. However, the mecha-
nisms whereby leptin controls the function of ventromedial
hypothalamic antiosteogenic neurons remain unclear.198

Chondrocytes possess leptin receptors, which mediate its
effect in enhancing chondrocyte proliferation and subse-
quent cell differentiation.199 Serum leptin concentration
is elevated in obesity and decreased in malnutrition and
malabsorption. Leptin may stimulate growth even in the
presence of caloric restriction independently of peripheral
IGF-I.200

The concept of peak bone mass has become crucial in
understanding bone disorders. It is generally defined as
the highest level of bone mass achieved in life as a result
of normal growth. Using DEXA techniques, Van der Sluis
et al.153 as well as others65 showed that peak bone mass
was virtually achieved by the end of the second decade.
Therefore, peak bone mass, which is attained in early adult-
hood, is an important determinant of postmenopausal
osteoporosis later in life. It is determined by a number
of factors including genetic, nutritional, mechanical, and
environmental factors.66 The relative contribution of each
of these determinants to peak bone mass is difficult to
assess. The genetic effect on adult bone mass may be medi-
ated largely through effects on bone formation rather than
through effects on resorption. About 45% of the adult skele-
ton is built and enlarged during adolescence. There is a
strong positive relationship between calcium intake and
peak bone mass achieved.201 Better calcium intake during
adolescence may optimize, within genetic limits, peak bone
mass.202 Physical activity, use of estrogenic oral contracep-
tives and dietary calcium intake exert a positive effect on
bone gain in young adult women.61 Androgens and estro-
gen are important determinants of peak bone density in
young women.203 Reduced dietary calcium intake results
in a drop in serum ionized calcium concentration, which
promptly stimulates PTH secretion to correct the perturbed
homeostasis. PTH in turn increases renal synthesis of cal-
citriol to increase renal calcium reabsorption and intestinal
calcium absorption, and also stimulates bone resorption
to release bone calcium into the circulation and normalize
serum ionized calcium. However, adaptation to subopti-
mal calcium intake is limited and if dietary calcium intake
is not improved secondary hyperparathyroidism and bone
disease result. The optimal dietary calcium intake for bone
growth is a debatable issue. Calcium retention require-
ments for growth are as follows: an average of 100 mg
day−1 must be retained during childhood, 220 mg day−1

during adolescence, and probably 20–30 mg day−1 during
early adulthood from ages 20 to 30 years. Environmental
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determinants of bone mass include smoking, alcohol, and
medications.66 Important increments in bone mass may
result from physical activity during childhood.61

Hormonal regulation of mineral metabolism

Parathyroid hormone

Parathyroid hormone (PTH) is an 84 amino acid polypep-
tide (molecular weight of 9500 daltons) synthesized in
the parathyroid glands, which develop early in gestation
from the third and fourth branchial pouches. Produc-
tion of PTH, demonstrated histologically by the presence
of electron-dense secretory granules, first appears at the
6–7 centimeter-long stage (6–10 g weight) of embryologic
development,204 and gradually increases during gestation.
In rats, the parathyroid glands are well differentiated by day
17 of gestation.205 Human fetal parathyroid glands elabor-
ate PTH as early as 10 weeks of gestation; immunoreactive-
PTH staining cells are demonstrated early in fetal devel-
opment using antibodies specific to the carboxyl terminal
PTH.206

The PTH gene is located on the short arm of chromo-
some 11. It codes for pre-pro-PTH, which undergoes two
enzymatic cleavages before it yields PTH. Calcium-sensing
receptors are membrane-bound G protein coupled recep-
tors in parathyroid cells, C cells of the thyroid gland and
kidney cells.207–209 Serum ionized calcium (iCa) concentra-
tion is the main determinant of PTH secretion: a drop in
serum iCa concentration is detected by calcium-sensing
receptors,210 which in turn stimulate PTH secretion. Con-
versely, a rise in serum iCa concentration is transduced
by calcium-sensing receptors to suppress PTH secretion.
However other ions and hormones influence PTH secre-
tion by the parathyroid glands: for instance, a rise in serum
1,25(OH)2D decreases PTH secretion. An acute drop in
serum Mg concentration stimulates PTH secretion but
to a much smaller extent (10-fold less) compared with
the effect of acute hypocalcemia.211 Chronic hypomagne-
semia impairs PTH secretion and causes blunting of PTH
action at target organs.212–216 Magnesium ions are essen-
tial for adenylate cyclase mediated secretion of secretory
granules from the parathyroid chief cells. Therefore, mag-
nesium deficiency may cause secondary hypocalcemia.
Hypermagnesemia also suppresses PTH secretion.217,218

Aluminum inhibits PTH secretion in vitro.219

Full biological activity resides in the amino-terminal 1–34
peptide; the middle and carboxy-terminal sequence (35–85
amino acids) are biologically inert although immunologi-
cally highly reactive. PTH regulates serum concentrations

of Ca and P by modulating the activity of specific cells
in bone and kidney, generating intracellular cyclic adeno-
sine monophosphate. Known actions of PTH include:
(1) stimulation of the release of calcium and phospho-
rus from bone into circulation. The most obvious histo-
logical action of PTH is an increase in osteoclast num-
ber and activity220,221 thus increasing osteoclastic bone
resorption. Although osteoclasts may carry receptors for
PTH, it is likely that osteoclastic bone resorption is affected
by a PTH–osteoblast–osteoclast interaction mechanism.
PTH has a synergistic effect with 1,25(OH)2D in stimula-
ting bone resorption. (2) Enhancement of fractional re-
absorption of calcium from the glomerular filtrate. (3) Stim-
ulation of renal 1-alpha hydroxylase activity to increase
1,25(OH)2D synthesis which leads to increased intestinal
Ca and P absorption. (4) Action on renal tubules to decrease
reabsorption of P resulting in significant phosphaturia and
an overall decrease in serum phosphorus concentration,
despite PTH-induced bone resorption and release of bone
phosphorus into the circulation. Parathyroid hormone has
dual effects on bone homeostasis: anabolic (increase bone
formation) and catabolic (increase bone resorption). Both
intermittent and continuous PTH administration increase
bone formation independent of its resorption effects. How-
ever, increase in bone mass and calcium accretion rate was
consistent with intermittent PTH administration (which
mimics the physiologic pulsatile secretion of PTH) but not
with continuous PTH administration.222

Parathyroid hormone-related peptide (PTHrP)

Parathyroid hormone-related peptide (PTHrP)223 was first
demonstrated with cytochemical bioassay and discovered
to have a major role in the etiology of hypercalcemia of
malignancy.224–226 Parathyroid hormone and PTHrP genes
are members of the same gene family; the amino terminal
of PTHrP has a sequence homology of eight amino acids
in the PTH amino terminal. It is also equipotent to that
of PTH when assessed by cytochemical bioassay and in
situ biochemistry.227 PTHrP is produced by normal ker-
atinocytes and has been demonstrated in in vivo histo-
chemical studies of the skin and detected in the medium of
keratinocytes cultured in vitro. Squamous cells, which ori-
ginate in keratinocytes, are a common source of PTHrP and
have a common association with hypercalcemia of malig-
nancy. From several studies it appears that this peptide may
have a significant physiological role. One of the major pro-
duction sites of PTHrP is lactating breast tissue. PTHrP is
present in large quantities in milk. The release of parathy-
roid hormone-like peptides has been detected in cultures
of fetal rat long bones.228
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In normal adults, plasma PTHrP concentrations by
radioimmunoassay ranged from less than 2 to 5 pmol
l−1. Infusion of PTHrP causes an elevation in serum
1,25(OH)2D concentration and an increase in bone for-
mation parameters. PTHrP activates the PTH recep-
tor and mimics the biological effects of PTH on
bone, kidney, and the gut.221 It stimulates osteoclas-
tic bone resorption and promotes renal tubular calcium
reabsorption.

PTHrP has a critical role in local osteolysis221 and
in the regulation of chondrocyte proliferation and
differentiation.229,230 Genetic manipulations of the PTHrP,
PTH, and the PTH/PTHrP receptor genes, respectively,
have demonstrated the critical role of these proteins in reg-
ulating both the switch between proliferation and differ-
entiation of chondrocytes, and their replacement by bone
cells.231 In cultures of fetal rat long bones, PTHrP causes
a rise in cAMP concentration and bone resorption, which
is qualitatively and quantitatively similar to that induced
by PTH. It is possible that PTH and PTHrP act on the
same receptor.232 In vivo rat experiments also demonstrate
PTHrP effects to be similar to PTH, namely increased bone
resorption and formation (by histomorphometric tech-
niques), and hypercalcemia and hypophosphatemia.233

Inactivation of PTHrP gene in mice leads to severe chon-
drodysplasia and premature epiphyseal closure, support-
ing the role of PTHrP in bone and cartilage develop-
ment. Karaplis234 demonstrated lethal skeletal dysplasia
from targeted disruption of the parathyroid hormone-
related peptide gene. Mutations in the PTH/PTHrP recep-
tor have been identified as the cause of Jansen metaphyseal
chondrodysplasia and Blomstrand’s lethal chondrodys-
plasia, dwarfing conditions associated with delays in
growth plate mineralization and hypercalcemia.231 There
is decreased expression of PTHrP in achondroplasia
and a potential salutary effect by addition of PTHrP or
IGF-1.235

PTHrP is produced in the fetal parathyroid glands and
placenta and may be responsible for stimulation of placen-
tal calcium transport. The midregion peptide of PTHrP is
essential to maintain the calcium gradient across the pla-
centa. PTHrP gene is expressed in the rat myometrium,
with a major peak in PTHrP mRNA expression occurring in
the 48 hours immediately preceding parturition.236 PTHrP
mRNA has been demonstrated in the myometrium by
in situ hybridization histochemistry. The rise in myome-
trial PTHrP mRNA in late gestation was dependent on
intrauterine occupancy; the myometrium of nongravid
uterine horns had greatly reduced or absent PTHrP mRNA.
It is possible that the expression of the PTHrP gene in the
myometrium is dependent on local factors. PTHrP has been

demonstrated in human fetal tissues, serum and amniotic
fluid.237,238

PTHrP has a role in the development of mammary
glands. It is expressed in lactating rat mammary glands
after suckling, possibly as a result of rises in serum pro-
lactin concentration rather than suckling per se.239 Thiede
and Rodan found PTHrP mRNA and PTH-like bioactiv-
ity in the breast tissue of lactating mice. Although sev-
eral studies demonstrated significant amounts of PTHrP
in breast milk,240–242 the precise role of PTHrP in breast
milk remains unclear. PTHrP may play a role in stimula-
ting calcium transport into breast milk, and it may enhance
intestinal calcium absorption in breastfeeding infants.240

Lactation is associated with a rapid, but reversible, reduc-
tion in bone mass due to accelerated bone resorption.243,244

Nursing women lose 6–8% of vertebral bone mass dur-
ing the first 6 postpartum months. This bone loss dur-
ing lactation is not dependent on either of the classical
calciotropic hormones, vitamin D and PTH.243–245 Regula-
tion of bone loss in this setting has remained enigmatic.
Sowers246 reported a negative correlation between bone
mass and PTHrP levels in lactating women. Several lines of
evidence have suggested that PTHrP might be a mediator
of increased bone resorption,246–251 yet not all data support
this hypothesis.252,253

Some authors suggest an endocrine role for PTHrP
during lactation. Concurrent with increases in systemic
PTHrP levels, hypoparathyroid patients have been shown
to require reductions in doses of calcium and vitamin D
during lactation.254,255 During lactation, large amounts of
calcium are transferred to milk by a poorly understood
mechanism. This demand results in negative calcium bal-
ance in lactating mothers and is associated with rapid bone
loss. VanHouten256 demonstrated that PTHrP production
and calcium transport in mammary epithelial cells are reg-
ulated by extracellular calcium acting through the calcium-
sensing receptor (CaR). The CaR becomes expressed on
mammary epithelial cells at the transition from pregnancy
to lactation. Increasing concentrations of calcium sup-
press PTHrP secretion by mammary epithelial cells in vitro,
whereas in vivo, systemic hypocalcemia increases PTHrP
production. Hypocalcemia also reduces overall milk pro-
duction and calcium content, presumably through other
mechanisms. Thus the lactating mammary gland can sense
calcium and adjusts its secretion of calcium and PTHrP in
response to changes in extracellular calcium concentra-
tion. Some researchers suggest the presence of a homeo-
static system that helps to match milk production to the
availability of calcium.

The mechanisms of bone loss during lactation are
only partly understood. Secretion of PTHrP by lactating
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mammary glands might regulate bone turnover during lac-
tation. VanHouten257 demonstrated in mice that removal
of PTHrP from the lactating mammary glands resulted in
reductions in levels of circulating PTHrP and 1,25 (OH)
2D and urinary cAMP. In addition, bone turnover was
reduced and bone loss during lactation was attenuated.
Thus it appears that during lactation mammary epithelial
cells produce circulating PTHrP that promotes bone loss
by increasing rates of bone resorption.

Calcitonin (CT)

Calcitonin is a 32-amino acid polypeptide with a molecular
weight of 3500 daltons. It is secreted by the parafollicular
C-cells of the thyroid gland which develop embryologically
from a neural crest origin.258 The calcitonin gene peptide
superfamily consists of calcitonin (CT), calcitonin gene-
related peptide (CGRP), and amylin. CT and CGRP derive
from the CT/CGRP gene, which is encoded on chromosome
11. Alternative splicing of the primary RNA transcript leads
to the translation of CGRP and CT peptides in a tissue-
specific manner.

Secretion of CT is affected by several factors. Serum Ca
concentration is the most important regulator of CT secre-
tion. Plasma CT concentration increases when serum ion-
ized Ca concentration rises, and declines when it falls.
Secretion of CT is also induced by gastrin, cholecystokinin,
and glucagon.258–260 The physiologic role of these secreta-
gogues in CT regulation is not clear. Vitamin D has a direct
regulatory (inhibitory) effect on CT gene expression and
CT secretion; receptors for 1,25(OH)2D have been demon-
strated on parafollicular C-cells.261 The CT receptor has
been cloned and is structurally similar to the PTH/PTHrP
and secretin receptors.221

The best recognized physiologic effect of CT is to coun-
teract the action of PTH at several organ sites in the
human body. At the bone level, receptors specific for
CT have been demonstrated on bone osteoclasts.262 CT
antagonizes PTH-mediated bone resorption by suppress-
ing osteoclastic activity.263,264 Consequently, CT decreases
the flux of Ca and P from bone into the circulation. CT is
the most potent peptide inhibitor of osteoclast-mediated
bone resorption. Therefore it may have a critical role in
protecting the skeleton during periods of “calcium stress”
such as growth, pregnancy, and lactation.191 At the kidney
level, CT may enhance Ca, Mg, and P excretion. CT also
acts on vitamin D metabolism; it enhances 1,25(OH)2D
production by proximal renal tubules.265,266 The overall
effects of CT are to decrease serum Ca and P concen-
trations.

Calcitonin gene-related peptide

Calcitonin gene-related peptide (CGRP) is another product
of the translation of the calcitonin gene.267 It is a 37 amino
acid peptide, which has little amino acid sequence homol-
ogy with calcitonin and is the most potent endogenous
vasodilatory peptide discovered so far. CGRP receptors are
widely distributed in the body. CGRP synthesis occurs in
neural tissues, where it is likely to have a role in neuro-
transmission. CGRP causes redistribution of blood flow
in humans. Using Doppler techniques, Jager268 demon-
strated that CGRP increases regional blood flow to the
brain and the skin at the expense of the gastrointestinal
tract. CGRP receptors have been identified in syncytiotro-
phoblast membranes of the human placenta,269 but the role
of CGRP in perinatal mineral homeostasis is not very well
understood.

In rats, CGRP lowers plasma calcium concentration and
inhibits bone resorption by isolated rat osteoclasts. Bevis270

demonstrated that rat CGRP elevates plasma calcium con-
centration in the chick. In another study, they found that
human CGRP (alpha) and PTH produce a concentration-
dependent elevation of plasma calcium concentrations.
However, the two peptides did not follow precisely the
same time course. Whereas at 15 minutes CGRP produced
hypocalcemia, at 30 minutes both CGRP and PTH produced
hypercalcemia. Bevis and coworkers suggested that CGRP
initially interacts with the calcitonin receptor to produce
early hypocalcemia due to a calcitonin-like effect, followed
by delayed hypercalcemia possibly because of a regulatory
effect of CGRP on endogenous circulating calcitonin.

Vitamin D metabolism

The human body obtains vitamin D from two major
sources: (a) endogenous from the skin where vitamin D
synthesis occurs under the effect of ultraviolet light, and
(b) exogenous from dietary vitamin D2 (derived from plant
sterols) and D3 (from animal or synthetic origin). Vita-
mins D2 and D3 are virtually equipotent in humans and
can be included under the general name vitamin D. When
present in the diet, fat-soluble vitamin D is efficiently
absorbed with neutral lipids in the small intestine and
transferred to the lymphatic system in chylomicrons. When
formed in the skin, cholecalciferol is transported in blood,
bound by an alpha2-globulin, to the liver to undergo fur-
ther metabolism.271–273 Normally, in adults at least 90% of
vitamin D requirement is provided by endogenous photo-
synthesis in the skin,274 which amounts to 2.5–10 ug day−1

(100–400 I.U. day−1).275
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The synthesis of vitamin D comprises a sequence of bio-
chemical reactions in several organs that start with choles-
terol and end up with the formation of 1,25(OH)2D, the
most active vitamin D metabolite. Under the effect of small
intestinal mucosal dehydrogenase, dietary cholesterol is
converted into 7-dehydrocholesterol, which is then trans-
ported to the Malpighian layer of the skin.276 Ultraviolet
light (of wavelengths 290–320 nm) penetrates the skin to
break the C9–C10 bond of 7-dehydrocholesterol (Provita-
min D3) to form pre-vitamin D3. Pre-vitamin D3 undergoes
several reactions: it may be photoisomerized to lumisterol
and tachysterol or converted by a temperature-dependent
isomerization to cholecalciferol (vitamin D3). Cholecalcif-
erol is then released in the circulation where it is bound to
vitamin D binding protein and transported to the liver. Less
than 1% of vitamin D is free and the rest is bound. Vitamin
D is cleared rapidly from the blood and lymphatics in the
liver, where it undergoes a first hydroxylation at the carbon
in position 25 to yield 25-hydroxyvitamin D, the main cir-
culating form of vitamin D (25-OHD),277 which is released
into the circulation once again before reaching the kidney.
Under normal circumstances, circulating concentrations
of 25-OHD can be regarded as a good index of overall vita-
min D status (sufficiency or insufficiency). In the mitochon-
dria of the proximal nephrons, 25-OHD undergoes 1-alpha-
hydroxylation (by a complex cytochrome P mitochon-
drial enzyme system) to produce 1,25(OH)2D, the most
important and biologically active metabolite, that plays
a major role in maintaining appropriate blood calcium
and phosphorus concentrations,278 or 24-hydroxylation to
form 24,25-dihydroxyvitaminD [24,25(OH)2D]. The role of
24,25(OH)2D in mineral and vitamin D homeostasis is
not very well known, but there is evidence that it may
have an important role in normal intramembranous bone
formation.279 Reduced serum 24,25(OH)2D concentrations
are correlated with histological evidence of bone loss in
diabetic rats.280 The activity of renal 1-alpha hydroxylase
is stimulated by PTH,281 IGF-I,282 and hypophosphatemia,
by periods of high calcium demand such as growth,283,284

pregnancy, or low calcium intake,281,284,285 and may be
inhibited by calcitonin, 1,25(OH)2D, and other vitamin D
metabolites.286

Decreased circulating concentrations of calcium
increase serum parathyroid hormone (PTH) synthesis
and secretion, which in turn stimulates the renal hydrox-
ylation of 25-OHD to 1,25 (OH)2D. High concentrations
of 1,25(OH)2D may inhibit the hydroxylation of 25-
hydroxyvitamin D and the secretion of PTH. 1,25(OH)2D
promotes the active intestinal absorption of calcium and
phosphorus and enhances PTH effects on the nephron
to promote renal tubular Ca reabsorption; the combined

action of 1,25(OH)2D and PTH is to stimulate calcium
mobilization from bones.271–273 Chronic hypomagnesemia
may suppress PTH secretion and induce end-organ resis-
tance to the effect of PTH, in particular renal resistance
with secondary drop in renal synthesis of 1,25(OH)2D.287

Magnesium supplementation restores parathyroid and
calcitriol responses to low calcium diet.288

Calcitriol [1,25(OH)2D] is the major active vitamin D
metabolite. It acts on several organ systems where specific
vitamin D receptors are located: gut, bone, kidney, parathy-
roid glands, and immune system.289 It increases calcium
and phosphorus absorption from the small intestine290 and
the kidney tubules, mobilizes Ca and P from bone, and
induces a specific calcium-binding protein in the
intestines, calbindin D. Calcitriol may have a synergistic
effect with PTH in stimulating osteoclastic bone resorption.
Calcitriol also has an anabolic effect on bone. It stimulates
osteoblastic activity and bone formation, directly through
its effects on osteoblasts, and possibly indirectly through
its stimulation of prostaglandin E2 secretion.291

Calcitriol has a regulatory effect on PTH and CT gene
transcription: it decreases PTH mRNA and CT mRNA con-
centrations in vitro and in vivo in rats. In humans with
secondary hyperparathyroidism, intravenous 1,25(OH)2D
administration leads to a marked reduction in serum
PTH concentration.292 Oral administration of calcitriol to
children with hypophosphatemic rickets and secondary
hyperparathyroidism also has an inhibitory effect on PTH
secretion.293 Calcitriol upregulates its own receptor in the
parathyroid glands: in vivo and in vitro 1,25(OH)2D admin-
istration increases the concentration of vitamin D receptor
mRNA in the parathyroid gland.289

Perinatal mineral and vitamin D homeostasis

Maternal physiology
Pregnancy is associated with a number of physiological
adaptations that provide an optimal milieu for fetal growth
and preservation of maternal homeostasis.294,295 The extra-
cellular fluid compartment expands, and renal blood flow
and glomerular filtration rate increase. Serum total Ca con-
centration decreases gradually throughout pregnancy par-
allel to serum albumin concentration, reaching a nadir
by the mid-third of gestation and rising slightly there-
after. In contrast, serum ionized Ca remains constant or
drops slightly after 30 weeks gestation and postpartum.
Martinez296 demonstrated lower serum ionized Ca concen-
trations in the second and third trimesters of pregnancy,
and at delivery. Serum P concentration also declines dur-
ing pregnancy and parallels that of serum Ca.
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Studies applying radioimmunoassays (targeting the
amino terminal) demonstrated that serum PTH concen-
tration may rise during pregnancy and a state of “physi-
ological hyperparathyroidism” appears to set in,297 poss-
ibly a response to compensate for the increasing transfer
of Ca from the mother to the fetus across the placenta.
However, such RIAs are insensitive and often detect inac-
tive PTH fragments, so that the correlation between PTH
immunoreactivity and bioactivity is poor. Newer studies
using immunoradiometric assay (IRMA) of the intact PTH
molecule reported a gestational drop,298 no change,299 or
a rise in serum PTH concentration. In a longitudinal study
from Denmark, serum PTH rose significantly from 13 to
36 weeks gestation and continued for 12 months postpar-
tum. In other studies, serum PTH declined toward mid-
pregnancy and increased thereafter.300

Gallacher299 demonstrated that serum PTHrP and alka-
line phosphatase concentrations rose during pregnancy.
Serum osteocalcin and PTH concentrations remained
unchanged during pregnancy but rose significantly post-
partum. Martinez300 investigated perinatal calciotropic
hormones in normal as well as diabetic pregnancies. In nor-
mal pregnant women serum PTH concentrations increased
during the third trimester and total calcitriol increased at
delivery. Serum osteocalcin concentrations decreased in
the second trimester but returned to normal values dur-
ing the third trimester. In contrast, in diabetic women
serum PTH concentration remained constant throughout
pregnancy, serum calcitriol concentration increased to a
smaller extent, serum osteocalcin concentrations in the
second and third trimester were lower. Infants of diabetic
mothers showed lower PTH and osteocalcin concentra-
tions than infants of normal pregnant women, whereas
their serum calcitriol concentrations were similar. From
these data it appears that diabetes mellitus decreases bone
turnover during pregnancy in the mother and during the
neonatal period in their offspring.

Serum CT does not change significantly during preg-
nancy but serum CGRP concentration shows a significant
increase during pregnancy and a fall to preconceptional
values after delivery.301 Halhali302 demonstrated signifi-
cantly lower circulating PTHrP and CGRP concentrations
in women with preeclampsia, which may contribute to
the development and maintenance of hypertension dur-
ing pregnancy. Magnesium sulfate treatment resulted in a
significant increase in maternal circulating CGRP but not
PTHrP concentrations.

Maternal serum 25-OHD concentration is little affected
during pregnancy. It is mainly influenced by ultraviolet light
exposure and dietary vitamin D intake. Serum vitamin D
binding protein concentration doubles during pregnancy.

Nevertheless, toward the end of human pregnancy, there
is an increase in the amount of free 1,25(OH)2D. At term,
concentrations of free 1,25(OH)2D in plasma of mother
and fetus are correlated.303 Serum concentration of cal-
citriol is high early in pregnancy and rises steadily with
advancing gestation.304–306 This is explained partly because
of a rise in vitamin D binding-protein concentration and
possibly from rises in serum PTH concentration, and is
thought to increase the synthesis of intestinal calcium
binding proteins and intestinal absorption of calcium and
phosphorus, to meet the mineral requirements of the
developing fetus. Further, placental tissues are capable of
1-alpha-hydroxylation of 25-OHD and may significantly
contribute to the rise in serum 1,25(OH)2D concentra-
tion during pregnancy.307–309 This mechanism is supported
by the fact that patients with pseudohypoparathyroidism
who previously required vitamin D therapy were able
to maintain normal serum 1,25(OH)2D and Ca con-
centrations during pregnancy even without vitamin D
therapy.

Although most studies have found that serum con-
centrations of calcitriol are not increased in lactating
women310–314 there appears to be a small trend of increasing
calcitriol concentrations over the course of lactation.315–317

In Kalkwarf’s study,316 serum calcitriol concentrations
increased over the course of lactation, were 16% greater
in lactating than in nonlactating postpartum women by 6
months postpartum, and did not correlate with bone den-
sity changes in lactating women.318 Kalkwarf et al.319 found
that the increase in calcitriol after weaning was associated
with increased intestinal calcium absorption. The first 3–6
mo of lactation are, or can be, associated with increased
renal conservation of calcium, phosphorus, and magne-
sium but not with increased intestinal absorption of these
minerals.321

Early in pregnancy serum osteocalcin concentration is
low and declines further towards mid-pregnancy.322,323

Then it increases in late pregnancy. Serum osteocalcin con-
centration declined from the first trimester until term and
acutely increased in the puerperium.324 Rodin323 demon-
strated a significant rise in serum bone alkaline phos-
phatase during the third trimester suggesting increased
bone turnover. Osteocalcin values declined in the second
trimester, but returned to nonpregnant levels late in the
third trimester. Osteocalcin does not cross the placenta.295

In Cole’s study322 no significant correlations were found
between maternal osteocalcin concentrations and serum
phosphorus, alkaline phosphatase, or iPTH, but signifi-
cant negative correlations were found between osteocalcin
and total calcium and total protein. Serum osteocalcin and
ICTP concentrations are elevated in pregnant women with
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pre-eclampsia suggesting alterations in bone metabolism
with pre-eclampsia.325

In a longitudinal study Naylor326 evaluated changes in
bone mineral density (BMD) and bone turnover during
pregnancy and postpartum. They measured total-body
BMD and biochemical markers of bone resorption (urinary
pyridinium crosslinks and telopeptides of type I collagen)
and bone formation (serum bone alkaline phosphatase,
propeptides of type I procollagen (PINP) and osteocalcin),
as well as maternal serum PTH, IGF-I, and human pla-
cental lactogen. Postpartum, BMD increased in the arms
and legs but decreased in the pelvis and spine compared
with prepregnancy values. All biochemical markers, with
the exception of osteocalcin concentration, increased dur-
ing pregnancy. The change in IGF-I at 36 weeks was related
to the change in biochemical markers. These findings indi-
cate that pregnancy is a high-bone-turnover state, that IGF-
I levels may be an important determinant of bone turnover
during pregnancy, and that elevated bone turnover may
explain trabecular bone loss during pregnancy.

Maternal serum osteocalcin concentrations increased
sharply after delivery,295,322 yet serum iPTH concentra-
tions remained normal. There was no correlation between
serum osteocalcin and calcium or iPTH concentrations in
lactating women. These changes are compatible with a
sequence in which bone turnover is reduced during early
pregnancy, rebounds in the third trimester, and increases in
postpartum lactating women to meet calcium needs of the
fetus during the third trimester and the nursing infant.322

Salle295 suggests that low osteocalcin concentrations dur-
ing pregnancy may be due to placental trapping as there
is evidence of high osteocalcin content measured in the
placenta.

In another longitudinal study,327 serum 1,25(OH)2D con-
centration was high early in pregnancy and increased with
advancing gestation. Parathyroid hormone and osteocalcin
levels were low in early pregnancy. They declined toward
the middle of pregnancy, but increased in late pregnancy.
In contrast to Cole’s study, the serum osteocalcin level cor-
related with the parathyroid hormone level at the end of the
pregnancy. Serum PTHrP concentration remains constant
during pregnancy.328

More329 evaluated bone turnover during pregnancy and 1
year postpartum. Bone turnover markers (PICP, OC, BSAP,
urine deoxypyridinoline) increased during pregnancy and
failed to reach baseline level even 12 months postpartum.
There was a significant increase in PTH concentrations
at 12 months postpartum although they remained within
normal range. Urinary calcium/creatinine and serum cal-
cium, phosphate and 25-OHD concentrations remained
constant. From these findings the authors concluded that

the calcium needed for infant growth during pregnancy and
lactation may be drawn at least in part from the maternal
skeleton.

The synthesis of osteocalcin by osteoblasts is stimulated
by the action of 1,25(OH)2D, and serum osteocalcin lev-
els are also related to the levels of parathyroid hormone.
During early and mid pregnancy, the stimulatory effect of
1,25(OH)2D on the synthesis of osteocalcin may be over-
ridden by the inhibitory effect of declining parathyroid hor-
mone levels. The increase in osteocalcin level in late preg-
nancy may be a consequence of increasing levels of both
parathyroid hormone and 1,25(OH)2D. PTH may influ-
ence the synthesis of osteocalcin indirectly by increasing
osteoclast-mediated bone resorption. 1,25(OH)2D directly
increases the synthesis of osteocalcin.

Pregnancy is stressful to maternal bone because it con-
sumes a significant part of maternal mineral stores. Signifi-
cant calcium transfer from mother to fetus or infant occurs
during pregnancy and lactation. During pregnancy, intesti-
nal calcium absorption increases to meet much of the fetal
calcium needs. Maternal bone loss also may occur in the
last months of pregnancy, a time when the fetal skeleton is
rapidly mineralizing. As much as 10 g of net bone loss may
occur during normal pregnancy. However, it is regained by
the end of lactation.

Lactating women secrete approximately 250 mg of cal-
cium in breast milk each day with some women having
losses as much as 450 mg day−1.320 Maternal calcium need
for breast milk production is met through increased renal
calcium conservation and, to a greater extent, by mobi-
lization of calcium from the maternal skeleton. Women
experience a transient loss of approx 3%–9% of their bone
density during lactation, which is regained after weaning
12–18 months postpartum. In contrast, non-lactating post-
partum women have little change in their bone density dur-
ing this same period.

The rate and extent of recovery are influenced by the
duration of lactation and postpartum amenorrhea and
differ by skeletal site studied. Additional calcium intake
does not prevent bone loss during lactation or enhance
the recovery after weaning. The recovery of bone is com-
plete for most women and occurs even with shortly spaced
pregnancies. Lactation-induced bone loss appears to be
obligatory and under hormonal regulation, as it occurs
even when calcium intake is high. Bone mineral is recov-
ered after lactation ceases or menses resumes. Current
data point to estrogen and PTHrP as regulating bone
mobilization during lactation. The typical calcium regu-
latory hormones, parathyroid hormone, calcitriol, and cal-
citonin, do not appear to stimulate bone resorption dur-
ing lactation. Restoration of ovarian hormone production
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and decreased production of PTHrP are likely to result in
the recovery of bone mineral after lactation has ceased.
Epidemiological studies have found that pregnancy and
lactation are not associated with an increased risk of osteo-
porotic fractures.318 In most recent studies serum PTH con-
centrations were moderately suppressed during lactation,
especially early lactation, or unchanged;253,313,315,330 and
there was no correlation between serum PTH and bone
changes during lactation.246,316 Further, there is an increas-
ing awareness of the clinical benefits of optimal calcium
and magnesium homeostasis in the perinatal period. Cal-
cium supplementation during pregnancy has been associ-
ated with lower incidence of prematurity and pregnancy-
induced hypertension (PIH), possibly due to a relaxing
effect of calcium on vascular smooth muscle fibers.331 Trials
of magnesium supplementation during pregnancy showed
decreased incidence of PIH and prematurity.332 Recently,
Koo et al. demonstrated that maternal calcium supple-
mentation of up to 2 g day−1 during the second and third
trimesters can increase fetal bone mineralization in women
with low dietary calcium intake. However, calcium sup-
plementation in pregnant women with adequate dietary
calcium intake is unlikely to result in major improvement
in fetal bone mineralization.333 Changes in bone turnover,
and consequent bone loss and recovery during lactation
and the postweaning period, are likely modulated by vary-
ing estrogen levels during these periods. Bone loss most
likely occurs in the beginning of the postpartum period.

Holmberg-Marttila334 measured serum biochemical
markers of bone formation (bone-specific ALP, PICP,
osteocalcin), of bone resorption (ICTP), and serum female
sex hormones (estradiol, luteinizing hormone, and follicle-
stimulating hormone) in healthy mothers postpartum and
for 1 year after resumption of menses. During postpartum
amenorrhea bone mineral density decreased significantly,
but subsequently recovered. Bone turnover marker con-
centrations were elevated at parturition and still at the
end of postpartum amenorrhea. Subsequent to parturition
bone resorption marker concentration showed a decreas-
ing trend while bone formation marker concentrations
continued increasing over the first few months postpar-
tum. Both lactation and hormonal status modulated bone
turnover marker levels.

Fetal physiology
Fetal mineral homeostasis is closely linked to that of the
mother. In the pregnant woman and the fetus there is an
intimate and delicate relationship amongst the calciotropic
hormones PTH, CT, calcitriol, and possibly PTHrP and
the minerals Ca, P, and Mg. Any perturbation of maternal
homeostatic mineral balance may affect that of the fetus

and may have metabolic sequelae on the fetus, manifest-
ing in the neonatal period and infancy. The fetus relies
on maternal resources to acquire minerals and vitamin
D metabolites that are indispensable for optimal fetal
mineral and bone homeostasis. In the rat, radiocalcium
studies demonstrated that up to 92% of fetal calcium is
acquired from maternal diet. In human pregnancy, stable
calcium isotope studies demonstrated doubling of intesti-
nal absorption from the end of the second trimester to
term. Little transfer of minerals occurs during early ges-
tation in rats and humans. Fetal acquisition of these min-
erals increases exponentially during gestation, and most
remarkably during the third trimester. There is enough evi-
dence showing that minerals, primarily Ca, P,335,336 and Mg,
are actively transported across the placenta from maternal
to fetal circulation against a concentration gradient.

In humans cord blood Ca concentration at birth
exceeds the corresponding maternal blood Ca concentra-
tion throughout the third trimester of pregnancy.328,337,338

Serum total calcium concentration in the fetus as esti-
mated by cord blood analysis is 5.5 mg dL−1 in the second
trimester and approaches 11 mg dL−1 by the end of the third
trimester.294 It is possible that the rising fetal serum Ca con-
centration during pregnancy, in parallel with fetal Ca accre-
tion, will facilitate deposition of Ca into rapidly growing
and ossifying bone.338 This is supported by finding higher
serum osteocalcin and urine pyridinoline in the newborn
than the mother.338 The recent findings of higher serum
calcium and osteocalcin but lower serum PTH concentra-
tions in cord blood than in maternal circulation at delivery,
and higher urine pyridinoline concentrations in the new-
born than in the mother are consistent with increased fetal
bone turnover in the last trimester. Atalas337 also demon-
strated higher osteocalcin concentration in cord blood than
maternal blood at delivery.

Seki328 demonstrated higher serum total and ionic cal-
cium and PTHrP and lower PTH concentrations in cord
blood compared with maternal blood. Higher PTHrP con-
centration in umbilical arterial blood than in umbilical
venous blood is consistent with fetal production of PTHrP
which stimulates placental calcium transfer from mother
to fetus in animals and probably humans. Cord blood P337

and Mg concentrations at birth are higher than correspond-
ing maternal blood concentrations. In contrast to serum
Ca concentration which increases with increasing gesta-
tional age, cord blood serum P concentration decreases
from about 14 mg dL−1 in the second trimester to about
6 mg dL−1 at term.294 Yet, total body P content increases
directly with increasing gestational age.

The chemical analysis of dead fetuses at different ges-
tational ages for Ca, Mg, and P7 made possible a rough
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estimation of the fetal mineral accretion rate during
pregnancy. The fetal accretion rate for these minerals
increases exponentially during the last trimester of preg-
nancy (24–38 weeks). The peak mineral accretion rate is
reached at 34–36 weeks’ gestation and amounts to 117 mg
of Ca, 74 mg of P, and 2.7 mg of Mg per kg fetal weight day−1.
In fact, more than two-thirds of fetal body calcium content
is acquired during the third trimester of gestation at a rate
of up to 150 mg kg−1 day−1.12

In cord blood, the concentrations of Ca, Ca++, P, Mg,
CT and iPRL are all higher, and the concentrations of PTH
lower than in the maternal blood. There is a significant pos-
itive correlation between cord Ca++ and maternal Ca or
Ca++, and a significant negative correlation between Ca++

and iPRL in cord blood, which may be consistent with an
inhibitory effect of relative hypercalcemia on PRL secretion
in the fetus.339 The placenta plays a major role in regulating
the active transfer of minerals from mother to fetus. Cal-
cium transport across the placenta to the fetus may involve
an ATPase-dependent active transport mechanism.340,341

Receptors for calcitriol342 and PTH343 have been demon-
strated on placental cells. Calcium binding proteins (CaBP)
may play a significant role in perinatal mineral homeosta-
sis. These proteins are primarily synthesized by calcium
transporting tissues such as intestine, kidney, and placenta.
They have been isolated from mouse and mammalian kid-
neys, mammalian placenta344 and yolk sac, rat uterus and
growth cartilage and osteoblasts, brain, pancreas, lung, and
avian eggshell gland of the egg-laying hen. Major subclasses
of calbindins are calbindin D9k in mammals and calbindin
D28k in avian and other species. Synthesis of intestinal
and renal calbindins is vitamin D dependent and calbindin
concentrations rise in response to rising blood concen-
tration of 1,25(OH)2D in pregnancy. The concentration of
these peptides is tightly regulated by vitamin D status: vita-
min D deficiency reduces their concentrations while vita-
min D supplementation increases their concentrations. A
high-calcium diet suppresses PTH and 1,25(OH)2D syn-
thesis and intestinal CaBP concentrations and calcium
absorption. In rat and mice, intestinal CaBP concentration
increases progressively with advancing gestation, reaching
a peak concentration in late gestation at a time when cal-
cium transfer to the fetus and fetal bone mineralization are
at their highest rate. Peak intestinal CaBP concentrations
parallel those of maternal plasma 1,25(OH)2D concentra-
tions and maternal intestinal calcium absorption.

Placental calcium binding protein (CaBP) is similar
but not identical to intestinal calcium binding protein.344

Placental CaBP concentration increases with gestation in
parallel with the increasing transplacental calcium trans-
fer to the fetus.345 Theoretically, in analogy with intesti-

nal CaBP, placental CaBP which is also 1,25(OH)2D-
dependent345–347 may play a role in the regulation of
transplacental calcium transfer to the fetus, particularly
because its concentration increases late in gestation in par-
allel with 1,25(OH)2D.

Fetal bone physiology is not completely understood.
Most of the body minerals are stored in bone, which serves
both as a mechanical support organ and as a metabolic
reservoir for these minerals. Osteocalcin is a major com-
ponent of the noncollagenous bone proteins and a sensi-
tive indicator of osteoblastic activity. Immunocytochem-
ical localization of osteocalcin in human fetal bones has
been demonstrated as early as 12 weeks of development.348

These studies demonstrate that osteocalcin is most actively
synthesized by osteoblasts early in fetal life, and then is
deposited on collagen fibers of the osteoid and bone matrix
by 17 weeks of gestation. Localization of calbindins in bone
and cartilage may potentially mean they have a significant
role in bone formation and ossification. Calbindins have
been immunocytochemically localized to chondrocytes of
the growth plate in rats and chick, and rat and human
osteoblasts. Calbindin D9k has been localized in the cyto-
plasm of maturing rat chondrocytes, and in the extracellu-
lar lateral edges of longitudinal septa, where mineralization
of cartilage is initiated and where matrix vesicles are pref-
erentially located. From these studies it is suggested that
calbindins may be involved in cartilage ossification. From
several immunocytochemical studies it appears that cal-
bindins play a role in the movement of intracellular calcium
in the chondrocyte and in the movement of calcium toward
extracellular sites of calcification in the growth plate.

Perinatal placental physiology
The placenta transfers calcium ions from mother to fetus
against a concentration gradient resulting in relative fetal
hypercalcemia, and higher cord blood calcium concen-
tration than in maternal blood.349,350 In the rat, calcium
fluxes are bi-directional and passive transfer accounts for
the majority of placental calcium movement; however,
an additional active component results in a net calcium
movement favoring calcium deposition in the fetus. It is
unclear whether bi-directional fluxes of calcium across
the placenta exist in the human, or whether transport
is entirely unidirectional from mother to fetus. Evidence
supports an active energy-dependent process of transpla-
cental Ca transfer to the fetus.351,352 An intrinsic placen-
tal calcium binding protein (CaBP, calbindin) has been
demonstrated in animals.353,354 Calbindin synthesis is vita-
min D-dependent: these proteins are present only in the
presence of specific receptors for 1,25(OH)2D, which have
been demonstrated in human placenta355 and human
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fetal gut.356 Calcium-dependent adenosine triphosphatase
systems have been demonstrated in animal as well as in
human placental tissue357–359 and calcium ions have been
localized in placental plasma membrane vesicles and mito-
chondria within the fetal capillary endothelium. It is likely
that calbindin may play a significant role in the active
transplacental transport of calcium to the fetus. Phospho-
rus and magnesium are also actively transported across the
placenta to the fetus although the exact molecular mecha-
nisms involved are unclear.349,350,360

The plasma Ca concentration of the fetus is maintained
higher than maternal levels by active placental transport.
Ca, Mg, and PO4 accumulation by the fetus is mainly asso-
ciated with skeletal growth. The fetal parathyroid glands
are essential for maintenance of elevated plasma Ca,
which is necessary for the stimulation of fetal osteoblasts
and mineralization of cartilage and osteoid. Theoretically,
since PTH does not cross the placenta,361–363 the relative
fetal hypercalcemia should suppress the fetal parathyroid
glands. Paradoxically, fetal PTH secretion is not suppressed.
Cord blood PTH concentrations are lower than,364–367 or
similar to368–370 maternal values in paired maternal sam-
ples. The inconsistency in PTH assay results stems from
the use of different PTH antisera; assays may detect the
amino- or carboxy-terminal or midmolecule of the PTH
molecule. A possible explanation for the nonsuppressible
PTH secretion, despite relative fetal hypercalcemia, is that
the negative feedback system regulating PTH secretion by
calcium concentration operates with a higher “set-point”
in the fetus in such a way that suppression of PTH secretion
in the fetus requires higher serum calcium concentrations
than after birth. Although serum PTH concentrations by
radioimmunoassay are often lower in the fetus than in the
mother, PTH-like bioactivity, measured by a sensitive cyto-
chemical assay, is higher in the fetus than in the mother.371

It is possible that PTH or PTH-related peptide (PTHrP)
may have a significant role in placental transport of
calcium.372,373 Receptors for PTH have been demonstrated
in human placenta.343 Transcription and splicing of the
PTHrP gene give rise to three peptides consisting of
139, 141, and 173 amino acids respectively. The amino-
terminal 13 amino acids of each of these peptides are
70% homologous with the corresponding region of PTH.
Unlike PTH, of which synthesis in normal subjects is
restricted to the parathyroid glands, PTHrP messenger RNA
is widely distributed in normal tissues, including the skin,
thyroid, bone marrow, hypothalamus, pituitary, parathy-
roid, adrenal cortex, adrenal medulla, and stomach.374 In
thyroparathyroidectomized (with thyroxine replacement)
pregnant sheep, fetal parathyroidectomy results in acute
drop in fetal serum calcium concentration and a rever-

sal of the maternal fetal calcium gradient; the lambs are
born rachitic.375 Interestingly, parathyroid extracts but not
immunoreactive PTH infusions normalize the maternal
fetal calcium gradient. From these experiments it was sug-
gested that PTHrP might have a putative role in maintain-
ing the transplacental maternal fetal calcium gradient.376

It is interesting to note that PTHrP (1–34) is ineffective in
increasing calcium transport across the sheep placenta,
whereas PTHrP (1–84), PTHrP (1–108), and PTHrP (1–141)
are effective, suggesting that specific receptors for PTHrP
bind to the protein at a site distal to amino acid 34.377

MacIsaac et al. 378 demonstrated that fetal thyroparathy-
roidectomy results in decreased placental Ca transfer.
Extracts of fetal parathyroid glands and purified PTHrP, as
well as recombinant PTHrP (1–84, 1–108 and 1–141), stim-
ulate Ca and Mg but not P transport across the placenta of
thyroparathyroidectomized fetuses. Parathyroid hormone
(PTH) and the N-terminal region of PTHrP do not stimulate
placental Ca and Mg transport. The authors of these stud-
ies concluded that a mid-molecule region of PTHrP may be
required to stimulate placental Ca transfer and contribute
to the regulation of fetal Ca homeostasis.

Both PTH and PTHrP may have a significant role in
promoting normal fetal bone mineralization.379,380 PTH-
deficient fetal mice have diminished cartilage matrix min-
eralization and reduced metaphyseal osteoblasts and tra-
becular bone, whereas mice lacking PTHrP died at birth
with dyschondroplasia. From fetal mice experiments380,381

it appears that (1) both PTH and PTHrP have a significant
role in fetal blood calcium homeostasis; (2) PTHrP may play
a more dominant role than PTH in regulation of placental
calcium transfer, and differentiation of the cartilaginous
growth plate into endochondral bone; (3) PTH may play a
more dominant role than PTHrP in regulating fetal blood
calcium; (4) blood calcium and PTH levels are rate-limiting
determinants of skeletal mineral accretion; and (5) PTH is
essential for skeletal mineralization. Fetal mice deficient in
both PTH and PTHrP have severe growth restriction, limb
shortening, greater reduction of fetal blood calcium, and
reduced mineralization.

In the human fetus, the thyroid C-cells appear to be
well developed by 14 weeks of gestation.382 However, the
role of CT in fetal mineral and bone homeostasis is not
very well understood. Maternal serum calcitonin concen-
tration may be elevated or unchanged during pregnancy.
Calcitonin does not cross the placenta,383 and, as with
PTH, fetal CT function may be autonomous from that of
the mother. Fetal production of CT is indirectly inferred
from the observations that cord blood CT concentrations
are significantly higher than corresponding maternal val-
ues in all trimesters,383–389 and that arterial cord blood CT
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is higher than venous cord blood concentration.383 The
human fetal thyroid contains a larger number of C-cells
than the adult thyroid.390 Immunocytochemical evidence
for CT in the thyroid gland has been demonstrated and con-
firmed by direct radioimmunoassay in human391 fetuses.
Because cord blood CT concentrations are elevated at birth
in term and preterm infants392 and presumably during the
last trimester of gestation, it is speculated that elevated fetal
blood CT concentration may play a significant role in pro-
moting fetal bone mineralization.393 In rats, thyroidectomy
of the pregnant rat results in lower bone density. Calcitonin
possibly plays a role in protecting bone mineralization in
the mother as well as in the fetus.

The role of vitamin D metabolites in fetal mineral hom-
eostasis is not completely understood.294,295 There is evi-
dence that vitamin D metabolites are necessary for optimal
fetal and maternal bone mineralization. The fetus is entirely
dependent on the mother for its supply of 25(OH)2D, which
is believed to cross the placenta.295 Serum concentrations
of 25(OH)2D are a rate-limiting factor in the synthesis of
1,25(OH)2D by the kidneys as well as by decidual cells of
the placenta to permit increased calcium absorption dur-
ing pregnancy. Vitamin D deficiency results in osteomala-
cia and rickets in the mother and the infant respectively
and can be prevented by dietary vitamin D supplementa-
tion. The fetus is totally dependent on maternal supplies of
vitamin D. In humans, a supplement of 400 IU of vitamin D
per day results in normal serum vitamin D concentration
in the pregnant woman.394

Normally, the human newborn has undetectable plasma
vitamin D concentration. Placental transfer of radiola-
belled vitamin D has been assessed in the rat and the
sheep.395,396 These studies demonstrated limited placen-
tal transfer of vitamin D from maternal to fetal circulation:
less than 10% of vitamin D activity was present in rat fetus
in the form of unchanged vitamin D (5% in the sheep). The
major vitamin D metabolite that crosses the placenta is 25-
OHD in all species studied.395,397,398

Maternal serum 25-OHD concentration is mainly influ-
enced by dietary vitamin D intake and ultraviolet light
exposure. Serum concentration of calcitriol rises steadily
in pregnancy, and is thought to increase the synthesis of
intestinal calcium binding proteins and intestinal absorp-
tion of calcium and phosphorus, to meet the mineral req-
uirements of the developing fetus. Fetal or cord plasma
25-OHD concentrations are lower than, and correlate
positively with corresponding maternal plasma concentra-
tion,360,387,388,399 supporting the thesis that fetal and neona-
tal plasma 25-OHD concentrations are dependent on
maternal 25-OHD status. Although pregnancy in animals
(sheep, rats, rabbits) is associated with a drop in plasma

25-OHD concentrations, presumably because of increased
utilization of 25-OHD for synthesis of 1,25(OH)2D, this
effect is not apparent in human pregnancy.

In animals and humans, cord plasma 24,25(OH)2D
concentrations are lower than corresponding maternal
values.387,388,400 It is not known whether the origin of
fetal 24,25(OH)2D is from endogenous fetal synthesis, or
from maternal origin. Fetoplacental tissues have the enzy-
matic system to synthesize 24,25(OH)2D in vitro,395,398,401

and there is evidence that fetoplacental synthesis of this
compound may occur in vivo, at least in rats. Salle
found that placental vein 25-hydroxyvitamin D and 24,25-
dihydroxyvitamin D concentrations correlate significantly
with those found in the maternal circulation, implying that
these two secosteroids diffuse easily across the placental
barrier and that the vitamin D metabolite pool of the fetus
depends entirely on that of the mother.295 However, the role
of this metabolite in human fetal mineral and bone hom-
eostasis is not known.

The role of 1,25(OH)2D in the fetal handling of cal-
cium and other minerals is at present controversial.
Maternal serum calcitriol concentrations are elevated dur-
ing pregnancy possibly to increase maternal intestinal
absorption of calcium to meet the requirements during
pregnancy for fetal bone mineralization. There is no gen-
eral agreement regarding transplacental passage of mater-
nal 1,25(OH)2D.387,403 In a longitudinal study of perina-
tal vitamin D homeostasis404 four common vitamin D
metabolites – 25-OHD, 1,25(OH)2D, 24,25(OH)2D, and
25,26(OH)2D – were determined simultaneously in moth-
ers and infants from delivery to several months postpar-
tum. At delivery, total vitamin D metabolites in maternal
and fetal plasma were closely correlated, maternal con-
centrations being higher. Free (nonprotein bound) vitamin
D metabolite concentrations were higher in fetal than in
maternal plasma, except for free 1,25(OH)2D concentra-
tions which were equal. Therefore transplacental maternal
fetal transfer of 25-OHD, 24,25(OH)2D, and 25,26(OH)2D
may be effected by an active transport system and that
of 1,25(OH)2D by a passive transport system. With phar-
macologic administration of 1,25(OH)2D in the mother for
treatment of hypoparathyroidism, transplacental transfer
of 1,25(OH)2D may occur.295

Longitudinal study of calcium homeostasis and bone
metabolism during pregnancy, lactation, and postwean-
ing was done by Cross and coworkers.405 Maternal
fractional intestinal calcium absorption and concentra-
tions of 1,25(OH)2D were higher in the second and third
trimesters. Total urinary calcium was higher during preg-
nancy and lower postweaning. Parathyroid hormone (PTH)
concentrations were higher only postweaning. Markers
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of bone turnover increased in the third trimester and
during lactation for serum tartrate resistant acid phos-
phatase, bone specific alkaline phosphatase, and urinary
deoxypyridinoline. Serum procollagen I carboxypeptides
increased only in the third trimester. Bone mineral density
by single-photon absorptiometry did not differ by period.
Absorption and urinary excretion of calcium increased dur-
ing pregnancy, whereas bone turnover increased during
late pregnancy and lactation, and renal changes consistent
with an increase in PTH were seen postweaning.

In a longitudinal study406 of calcium homeostasis dur-
ing pregnancy and lactation and after the resumption of
menses, Ritchie et al. concluded that fetal calcium demand
is met by increased maternal intestinal absorption during
pregnancy, and calcium supply for lactation was provided
by postpartum maternal renal calcium conservation and
an increase in maternal bone turnover resulting in reduced
bone density, that was recovered 5 months after lactation
was discontinued. Similarly, O’Brien et al. demonstrated
that intestinal calcium absorption in adolescents was sig-
nificantly higher during the third trimester of pregnancy
than in the early postpartum period, and higher calcium
intakes during pregnancy appeared to be protective against
loss of trabecular bone at the lumbar spine.407
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Disorders of mineral homeostasis

Fetal mineral homeostasis is closely linked to that of the
mother. In the pregnant woman and the fetus there is an
intimate and delicate relationship amongst the calciotropic
hormones, growth factors, and the minerals Ca, P, and Mg.
Any perturbation of maternal or placental homeostatic
mineral balance may affect that of the fetus and may have
metabolic sequelae in the fetus manifesting in the neonatal
period and infancy.

Disorders of calcium homeostasis

A wide variety of factors can cause significant disturbances
in calcium and bone homeostasis in the fetus and neonate.

Maternal hypocalcemia

Maternal hypocalcemia results in fetal hypocalcemia,
which stimulates the fetal parathyroid glands to synthesize
and secrete more parathyroid hormone (PTH to achieve
normocalcemia. PTH does not appear to cross the placenta
in either direction. Causes of maternal hypocalcemia are
listed in Table 16.1. Impaired secretion of PTH because of
hypoparathyroidism or magnesium depletion and resis-
tance to PTH because of mutant receptors, as in pseu-
dohypoparathyroidism, result in maternal hypocalcemia.
Hypocalcemia may also be a manifesting feature of abnor-
mal vitamin D deficiency; in particular, maternal vitamin D
deficiency may be caused by insufficient sunlight exposure,
inadequate dietary intake, or malabsorption. Maternal liver
disease may be associated with defective 25-hydroxylase

activity resulting in low serum 25-hydroxyvitamin D (25-
OHD) concentration, hypocalcemia, and rickets.

Defective 1 alpha-hydroxylase activity may be caused
by renal or parathyroid gland diseases. Renal hypophos-
phatemic rickets is a familial disorder characterized by
decreased reabsorption of phosphate in the proximal renal
tubules resulting in hypophosphatemia and rickets. It often
has an X-linked dominant mode of inheritance. Serum Ca
concentration is either normal or low. Serum PTH concen-
tration is either normal or elevated. Serum 1.25 dihydroxy-
vitamin D(1,25(OH)2D) concentration may be normal or
low.

Chronic renal failure is associated with hyperphos-
phatemia, hypocalcemia, and depressed 1 alpha-
hydroxylase activity with low serum 1,25(OH)2D which
results in secondary hyperparathyroidism. Vitamin D-
dependent rickets type I is a familial disorder with an
autosomal recessive inheritance pattern. It is charac-
terized by depressed renal 1 alpha-hydroxylase activity,
hypocalcemia, low serum 1,25(OH)2D concentration, and
elevated serum PTH concentration. Vitamin D-dependent
rickets type II is a rare disease characterized by defective
target organ response to 1,25(OH)2D which is attributed to
a defect in the cellular and nuclear uptake of 1,25(OH)2D.
Receptors for 1,25(OH)2D are either absent or defective
and bind abnormally to DNA molecules because of
the expression of a point mutation in the gene coding
for these receptors. Patients with this disease have ele-
vated serum 1,25(OH)2D concentration and associated
alopecia which may occur early in the neonatal period
and precede any biochemical abnormalities.1 Maternal
hypoparathyroidism is associated with defective renal
1 alpha-hydroxylase activity, hypocalcemia, and low
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Table 16.1. Causes of maternal hypocalcemia

Abnormal parathyroid gland function

Impaired secretion of PTH

Absent glands

Magnesium deficiency

Resistance to PTH action

Magnesium deficiency

Pseudohypoparathyroidism

Abnormal vitamin D metabolism

Vitamin D deficiency

Inadequate sunshine exposure or vitamin D intake

Intestinal malabsorption

Reduced 25-hydroxylase activity

Hepatic disease

Reduced 1 alpha-hydroxylase activity

Hyperphosphatemia

Renal disease

Chronic renal failure

Hypophosphatemic rickets

Vitamin D-dependent Rickets type I

Parathyroid gland-related

Hypoparathyroidism

Pseudohypoparathyroidism

Reduced response to 1,25 dihydroxyvitamin D

Vitamin D-dependent rickets Type II

Miscellaneous

Tumor-induced osteomalacia

Anticonvulsant therapy

Acute pancreatitis

Phosphate therapy

Chemotherapy and tumor lysis syndrome

serum 1,25(OH)2D concentration but the impact on the
fetus may be a transient hyperparathyroidism state with
hypercalcemia.

Neonatal hypocalcemia

Neonatal hypocalcemia is defined by serum total calcium
concentration below 7 mg dL−1 (1.75 mmol dL−1) for
preterm and below 8 mg dL−1 (2 mmol dL−1) for term
infants as determined by atomic absorptiometry or serum
ionized Ca concentration below 3.0–4.4 mg dL−1 (0.75–
1.1 mmol L−1).2 Serum ionized Ca concentration as deter-
mined by ion-selective electrodes is a better indicator of
physiologic calcium activity than total serum calcium con-
centration measurement.

Causes of hypocalcemia are listed in Table 16.2. Neona-
tal hypocalcemia is classified as early and late, based
on the time of its occurrence after birth. Neonates with
hypocalcemia may be asymptomatic or may display

Table 16.2. Causes of neonatal hypocalcemia.

Early neonatal hypocalcemia
Prematurity
Birth asphyxia
Infant of diabetic mothers
Hypoparathyroidism secondary to maternal

hyperparathyroidism
Phototherapy
Gestational exposure to anticonvulsants
Congenital rickets and abnormal maternal-fetal vitamin D

metabolism
Late neonatal hypocalcemia

Excessive phosphorus intake
Cow milk formulas
High P-containing cereals
High P-containing enemas
Phosphate therapy

Decreased dietary calcium intake
Excessive calcium losses

Renal: diuretics
Intestinal: malabsorption

Maternal factors
Decreased vitamin D intake
Decreased sunlight exposure
Advanced age and parity
Low socioeconomic status

Hypoparathyroidism
Congenital/Primary

Sporadic
Hereditary

Acquired/secondary
Maternal hyperparathyroidism
Maternal insulin-dependent diabetes mellitus
Acute hypermagnesemia
Chronic hypomagnesemia

Abnormal vitamin D metabolism
Vitamin D deficiency

Inadequate sunshine exposure or vitamin D intake
Intestinal malabsorption

Reduced 25-hydroxylase activity:
Hepatic disease

Reduced 1 alpha hydroxylase activity
Hyperphosphatemia
Renal disease

Chronic renal failure
Hypophosphatemic rickets
Vitamin D-dependent rickets type I

Parathyroid gland-related
Hypoparathyroidism
Pseudohypoparathyroidism

Reduced response to 1,25 dihydroxyvitamin D
Vitamin D-dependent rickets Type II

Miscellaneous
Exchange transfusion with citrate-containing blood
Tumor-induced osteomalacia
Acute pancreatitis
Tumor lysis syndrome
Osteopetrosis
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signs of exaggerated neuromuscular excitability (muscu-
lar twitches, jitteriness, positive Chvostek’s and Trousseau’s
signs) or even seizures in severe cases. Early neonatal
hypocalcemia occurs in the first few days of life. Its cause
is uncertain. It is considered as an exaggeration of the
physiologic drop in serum Ca concentration that usually
occurs after birth and reaches a nadir by 24–48 hours
of life. Early reports provided data consistent with tran-
sient neonatal hypoparathyroidism but reports of bio-
assayed PTH appear to indicate a significant rise of circu-
lating PTH concentration in response to hypocalcemia in
preterm infants.3 Prematurity is the most common cause
of early neonatal hypocalcemia,415 which occurs in 30–90%
of preterm neonates.4,5 The incidence of early hypocal-
cemia is inversely related to gestational age and birth
weight.4,6

Hypercalcitoninemia was suggested to have a significant
role in the development of early neonatal hypocalcemia.7–9

However, from later studies, there is no correlation between
neonatal serum Ca or the postnatal fall in serum Ca con-
centration and serum CT concentration in normal term
infants and in infants of diabetic mothers.4,10 In a case-
control study of hypocalcemia, Mimouni found that risk
factors for neonatal hypocalcemia include a low gesta-
tional age, low 5-minutes Apgar score, and white race.11 The
reason for increased risk for hypocalcemia among white
infants compared with black infants is only speculative: (a)
black infants have lower serum phosphorus concentrations
which could lead to a higher serum calcium concentration,
to maintain constant Ca × P product and (b) black infants
may have increased bone mass contributing to the calcium
pool. Asphyxia neonatorum is a risk factor for early neona-
tal hypocalcemia, which occurs in 30% of neonates who
had an Apgar score below 5 at 1 minute of age.12

Mothers with insulin-dependent diabetes mellitus have
excessive urinary magnesium losses especially if eu-
glycemia is not maintained. Consequently these mothers
– and theoretically their fetuses – may be magnesium-
depleted. Hypomagnesemia impairs PTH secretion13 and
may explain the transient neonatal hypoparathyroidism
and hypocalcemia that may develop in about 50% of infants
of diabetic mothers.14–16 Hypocalcemia in infants of dia-
betic mothers appears during the very early hours of life
and changes little after 24 hours of life. This hypocalcemia
tends to be more severe than the early neonatal hypocal-
cemia observed in preterm infants and tends to persist
longer.17 Infants of diabetic mothers (IDM) have low bone
mineral context (BMC) at birth,18 which correlates inversely
with poor control of diabetes in the mother, specifically
first trimester maternal mean capillary blood glucose con-
centration, implying that factors early in pregnancy might

have an effect on fetal BMC. The low BMC in IDM may
be related to the decreased transplacental mineral trans-
fer. Cord serum C-propeptide of type 1 collagen (ICTP)
concentrations were higher in IDM than in control sub-
jects, implying increased intrauterine bone resorption.19

In contrast to Mimouni’s finding of decreased BMC in IDM
measured by single photon absorptiometry (SPA),18 Lapil-
lonne demonstrated higher bone mass in infants of diabetic
mothers at birth using dual-energy x-ray absorptiometry
(DEXA) scans.20 The difference in these findings could be
due to methodological differences between SPA and DEXA,
different patient populations and different management of
maternal diabetes. Because infants of diabetic mothers are
hyperinsulinemic, especially the large-for-gestational-age
(LGA) infants, any increase in fetal mineralization might
be explained by the anabolic effect of insulin and insulin-
like growth factor I (IGF-I) on bone formation. One author
suggested the increased bone mass of these infants might
be responsible for their increased calcium needs and sub-
sequently for the neonatal hypocalcemia.21 Early neona-
tal hypocalcemia that occurs in babies with intrauter-
ine growth retardation (IUGR) is caused by prematurity
or asphyxia and not IUGR itself.22,23 Using DEXA scans,
Lapillonne24 showed that the total body fat, the lean mass,
and the BMC of small-for-gestational-age (SGA) infants
were decreased significantly in comparison with those
of appropriate-for-gestational-age (AGA) infants with the
same gestational age but was not significantly different
from those observed in AGA infants of the same birth
weight.

Early neonatal hypocalcemia has been reported in
neonates under phototherapy.25 Although the mecha-
nism is not clear, it is possibly related to a distur-
bance in melatonin release.26,27 The mechanism of early
neonatal hypocalcemia in infants born to mothers with
gestational anticonvulsant treatment may be related
to phenobarbital or phenytoin-induction of the hep-
atic microsomal P450 oxidase activity which enhances
metabolism of 25-OHD.28–30 Decreased calcium intake,31

transient neonatal hypoparathyroidism,5,32 and abnormal
vitamin D metabolism33–36 are associated with early neona-
tal hypocalcemia. Neonatal hypocalcemia and congenital
rickets have been described in infants born to mothers
with abnormal vitamin D homeostasis: vitamin D defi-
ciency osteomalacia may result from inadequate mater-
nal dietary intake and sunlight exposure,37–44 or intestinal
malabsorption.45 There is often an association of hypocal-
cemia with increased maternal parity and lower socio-
economic status. Maternal chronic renal failure has been
associated with neonatal hypocalcemia and congenital
rickets.46–49 Repeated administration of phosphate rectal
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enemas during pregnancy has been reported to cause
congenital rickets and neonatal hypocalcemia50 prob-
ably because of significant maternal hyperphosphatemia
resulting in significant maternal and neonatal hypocal-
cemia and compensatory neonatal secondary hyper-
parathyroidism.

Maternal hyperparathyroidism and hypercalcemia may
cause fetal hypercalcemia and suppression of the fetal
parathyroid glands resulting in transient neonatal, or con-
genital, hypoparathyroidism with or without rickets.51–53

Impaired secretion of PTH because of hypoparathyroidism
or magnesium depletion results in hypocalcemia. At least
50% of infants born to hyperparathyroid mothers present
with hypocalcemic tetany. However, the fact that some
of these hypocalcemic infants had normal or elevated
serum PTH concentrations,54,55 suggests that other factors
may be involved in the pathogenesis of hypocalcemia in
these infants. Speculative explanations involve hypomag-
nesemia, defective calcitriol synthesis, or end-organ resis-
tance to PTH.

Hypocalcemia may be a manifesting feature of abnor-
mal vitamin D metabolism. Vitamin D deficiency may
be caused by insufficient sunlight exposure, inadequate
dietary intake, or malabsorption. Defective 25-hydroxylase
activity may be associated with liver disease and may
result in hypocalcemia, low serum 25-OHD concentra-
tion, and rickets.56–58 Defective 1 alpha-hydroxylase activ-
ity may be caused by renal or parathyroid gland diseases.
Renal hypophosphatemic rickets is a familial disorder
characterized by decreased reabsorption of phosphate
in the proximal renal tubules resulting in hypophos-
phatemia and rickets. It has an X-linked dominant mode
of inheritance. Serum Ca concentration is either nor-
mal or low. Serum PTH concentration is either normal
or increased. Serum 1,25(OH)2D concentration may be
normal or low. Chronic renal failure is associated with
hyperphosphatemia, hypocalcemia and depressed 1 alpha
hydroxylase activity with low serum 1,25(OH)2D which
results in secondary hyperparathyroidism.59,60 Vitamin D-
dependent rickets type I is a familial disorder with auto-
somal recessive inheritance pattern. It is characterized
by depressed renal 1 alpha-hydroxylase activity, hypocal-
cemia, low serum 1,25(OH)2D concentration, and elevated
serum PTH concentration.61,62 Vitamin D-dependent rick-
ets type II is a rare disease characterized by defective tar-
get organ response to 1,25(OH)2D which is attributed to a
defect in the cellular and nuclear uptake of 1,25(OH)2D.63

Receptors for 1,25(OH)2D are either absent or defec-
tive and bind abnormally to DNA (deoxyribonucleic acid)
molecules because of the expression of a point mutation in
the gene coding for these receptors.64 Patients with this

disease have hypocalcemia, elevated serum 1,25(OH)2D
concentration and associated alopecia.

Primary hypoparathyroidism may present as neonatal
hypocalcemia and may be sporadic or familial. Primary
hypoparathyroidism is a chronic disease that requires sup-
plementation with calcium and vitamin D metabolites
to maintain eucalcemia and prevent osteopenia. Abnor-
malities in the gene coding for calcium sensing receptor
have been linked to some cases of familial and sporadic
symptomatic hypoparathyroidism.65,66 Hypocalcemia and
functional hypoparathyroidism may occur in critically ill
children,67 and ionized hypocalcemia may indicate greater
severity of illness and higher mortality rate. The mecha-
nism of hypocalcemia in sick children is poorly understood,
but the finding of elevated serum calcitonin concentrations
and an inverse correlation between serum CT and ionized
calcium concentrations in these ill children, suggests that
hypercalcitoninemia may play a significant role in the
pathogenesis of hypocalcemia in these patients.68 Tumors
of mesenchymal origin (e.g., sarcomas, hemangiomas,
giant cell tumors of bone, carcinoma of the breast)69 and the
epidermal nevus syndrome70–72 may cause osteomalacia
and hypocalcemia, which resolve after tumor ablation.73

Most patients have marked hypophosphatemia because of
excessive renal phosphate wasting and reduced proximal
renal tubular reabsorption. The pathogenesis of the dis-
ease is attributed to the production of a phosphaturic sub-
stance by tumor cells that reduces renal tubular phosphate
reabsorption and results in phosphate depletion. Rarely,
vitamin D-resistant rickets has been observed in associ-
ation with this syndrome.74 Resistance to vitamin D results
in decreased calcium absorption from the intestines and
the kidney, which explains the associated hypocalcemia in
these babies.

Late-onset hypocalcemia often presents as tetany by the
end of the first week of life. The most common cause is
excessive phosphorus intake from cow’s milk formula,75

phosphate-rich cereals76 or phosphate-containing ene-
mas. Hypocalcemia has also been described in a few infants
born to hypercalcemic mothers with familial hypocal-
ciuric hypercalcemia. The mechanism of hypocalcemia
in these infants is possibly related to fetal parathyroid
suppression by long-lasting maternal hypercalcemia.77,78

Abnormal maternal vitamin D metabolism from subopti-
mal exposure to sunlight or dietary intake associated with
advanced maternal age, multiparity and lower socioeco-
nomic status, predisposes to late neonatal hypocalcemia.

Malignant infantile osteopetrosis,79–81 a rare autoso-
mal recessive disorder of osteoclastic function, is char-
acterized by decreased resorption of calcified cartilage,
abnormal mineralization of newly formed chondroid and
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osteoid tissues and persistent hypocalcemia requiring high
dose calcium, phosphorus and 25-OHD supplements. It is
believed to arise due to the failure of osteoclasts to resorb
immature bone. This leads to abnormal bone marrow cav-
ity formation and, clinically, to the signs and symptoms
of bone marrow failure. Impaired bone remodeling asso-
ciated with dysregulated activity of osteoclasts for such a
condition may typically result in bony narrowing of the cra-
nial nerve foramina, which typically results in cranial nerve
(especially optic nerve) compression. Abnormal remodel-
ing of primary woven bone to lamellar bone results in “brit-
tle” bone that is prone to fracture. Thus, fractures, visual
impairment, and bone marrow failure are the classical fea-
tures of this disease.

Other risk factors include intestinal malabsorption
of calcium,82,83 hypomagnesemia,15 and hypopara-
thyroidism.32,64,84 Exchange transfusion with blood
containing the anticoagulants citrate-dextrose or citrate-
phosphate-dextrose can result in lower ionized serum
calcium concentration because of Ca chelation by
citrate.85–88 Late-onset hypocalcemia has been reported in
babies born to mothers who had excessive calcium carbon-
ate consumption during pregnancy. Presumably excessive
maternal calcium intake resulted in fetal hypercalcemia
suppressing the fetal parathyroid glands and thus causing
transient hypoparathyroidism after birth.89 Hypocalcemia
may also complicate the course of acute pancreatitis,
phosphate therapy, or chemotherapy. Late hypocalcemia
has been described in infants born to mothers with
gestational exposure to anticonvulsant therapy.29,30 The
mechanism may be related to the effect of phenobarbital
or phenytoin in enhancing accelerated metabolism of
25-OHD by hepatic microsomal P450 oxidase activity.28

Rarely neonatal lupus erythematosus has been asso-
ciated with transient late-onset hypocalcemia and
seizures.90

Identification of neonatal hypocalcemia depends on its
time of onset, clinical signs in the neonate, and maternal
and family history. Early-onset neonatal hypocalcemia is
usually asymptomatic and is detected only by biochem-
ical measurements, particularly in very low birth weight
(VLBW) (<1.5 kg) premature infants. It is a common prac-
tice to check serum Ca concentration in preterm newborns
by 24 hours of life; in VLBW infants it may be necessary
to check values at 12 hours of age. In contrast, late-onset
neonatal hypocalcemia manifests clinically with neuro-
muscular twitching, seizures, laryngospasms, high-pitched
cry, and positive Chvostek’s and Trousseau’s signs. A fam-
ily history of metabolic Ca disorders (DiGeorge syndrome
in a sibling) or maternal history of vitamin D deficiency,
hyperparathyroidism, or drug ingestion is valuable in the

“work-up” of a hypocalcemic neonate. The circumstances
of birth and delivery should be investigated for any coinci-
dent asphyctic/hypoxic insult.

Serum biochemical studies are helpful in the diagnosis
of neonatal hypocalcemia; these include a serum total Ca,
ionized Ca (a better physiologic indicator of Ca status), P,
Mg, and 25-OHD. Hyperphosphatemia (>8 mg dL−1) may
be a clue to high dietary phosphate intake (cow’s milk for-
mula, cereal) or hypoparathyroidism. Hypomagnesemia
(serum Mg <1.5 mg dL−1) may be the etiologic factor for
hypocalcemia in infants of diabetic mothers. Low serum 25-
OHD (<10 ng mL−1) points to vitamin D deficiency. Find-
ings such as biochemical evidence of hypoparathyroidism
with absence of the thymus on chest x-ray, cell-mediated
immune defects, mucocutaneous candidiasis, and aortic
arch anomalies are highly suggestive of DiGeorge syn-
drome. Measurements of corrected QT intervals on electro-
cardiograms may be of assistance in assessing the course
of the hypocalcemia, but a prolonged QT interval is not ne-
cessarily indicative of a low serum ionized Ca. Early neona-
tal hypocalcemia can be prevented in neonates at risk by
oral31 and parenteral91 Ca supplementation (75 mg ele-
mental Ca kg day−1). In some experimental trials, 34,35,92–94

prevention of neonatal hypocalcemia was achieved in large
preterm infants with short-term use of moderately high
doses of 1,25(OH)2D, the active metabolite of vitamin D
(approximately 0.5 mcg kg−1day−1 for 2 days).35 However,
VLBW neonates were responsive only at extremely high
doses of 1,25(OH) 2D (4 mcg kg−1 day−1).94

Treatment of diagnosed hypocalcemia may be achieved
by administration of oral or continuous intravenous Ca
salts–usually Ca gluconate 10% solution; however, it is
unclear whether asymptomatic hypocalcemia should be
treated. Because Ca ions have a crucial physiologic role in
the initiation of intracellular enzymatic processes, hypocal-
cemia, though asymptomatic, theoretically may have detri-
mental effects on cellular physiology. Administration of
elemental Ca (as 10% Ca gluconate solution) at a dose of
75 mg kg−1 day−1 for 2 days usually achieves normocal-
cemia (ideally 8 to 10.5 mg dL−1). Alternatively, Ca supple-
mentation may be administered at gradually decreasing
doses to allow a more physiologic Ca adaptation by the
infant. For example, the first day’s dose could be 75 mg
kg−1day−1, followed by 38 mg kg−1day−1 the next day and
then 20 mg kg−1day−1.

Hypertonic Ca gluconate oral solutions, such as Neo-
Calglucon (Sandoz Pharmaceuticals), have been associated
with increased incidence of necrotizing enterocolitis95 and
should therefore be avoided. A daily oral dose of 10% Ca glu-
conate solution (for intravenous use) given in 4- to 6-hour
intervals is well tolerated by low-birth-weight neonates
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with no significant side effects. Intravenous Ca gluconate
administration is also an effective means to achieve nor-
mocalcemia. Continuous infusions are preferable to inter-
mittent pulse infusions because the latter are associated
with calciuria. Continuous infusions should be adminis-
tered under strict cardiac monitoring because of the risk
of bradycardia and even cardiac arrest associated with
an accidental increase in the rate of the infusion. Inter-
mittent intravenous boluses of 10% Ca gluconate should
be given at a rate not exceeding 2 mL kg−110 min−1 and
under simultaneous cardiac monitoring. In infants requir-
ing alkali therapy, sodium bicarbonate therapy should not
be given through the same intravenous line as Ca gluconate
because of the risk of precipitate formation. Extravasa-
tion of Ca gluconate into cutaneous and subcutaneous tis-
sues may be associated with skin burns and sloughing and
therefore should be watched for and avoided by ensuring
a patent intravenous line. Intra-arterial infusion of Ca salts
is contraindicated because of the risk of necrosis of tissues
supplied by the artery infused. Necrosis of intestinal tis-
sue may occur following infusion of Ca salts into a mesen-
teric artery.96 Hypocalcemia secondary to administration
of high-phosphate milk formula is best treated by provision
of a low-phosphate formula (such as PM60/40). Refractory
hypocalcemia suggests the possibility of Mg deficiency or
hypoparathyroidism. Alkalosis-related low serum concen-
trations of ionized Ca are best managed by avoiding excess
alkali administration and hyperventilation of infants on
respirators.

Maternal hypercalcemia

Maternal hypercalcemia causes an increase in transpla-
cental calcium transfer from mother to fetus resulting in
fetal hypercalcemia, which suppresses the fetal parathy-
roid glands resulting in neonatal hypocalcemia, once the
fetus is delivered and the excessive maternal calcium sup-
ply is abruptly halted at birth.

Causes of maternal hypercalcemia are listed in Table 16.3.
Primary hyperparathyroidism is a major cause of hyper-
calcemia. In 80%–85% of cases it is caused by parathy-
roid adenoma; in 15%–20% it results from parathyroid
hyperplasia; and rarely, in 3%, it is caused by parathy-
roid carcinoma.97 Hyperthyroidism is associated with
increased bone turnover and hypercalcemia.98 Hyper-
calcemia may occur in patients with untreated hypo-
adrenalism (Addison’s disease). It is attributed to dimin-
ished renal excretion of calcium and volume depletion99

or reduced secretion of corticosteroids.100 Hypercal-
cemia and hyperparathyroidism are sometimes asso-
ciated with pheochromocytoma or multiple endocrine

Table 16.3. Causes of maternal hypercalcemia

Endocrine

Familial hypocalciuric hypercalcemia

Hyperparathyroidism

Congenital hyperparathyroidism

Congenital hyperthyroidism

Pheochromocytoma

Abnormal vitamin D metabolism

Granulomatous diseases (tuberculosis, sarcoidosis)

Eosinophilic granuloma

Infantile familial hypercalcemia, Williams syndrome

Adrenal insufficiency

Bartter’s syndrome

Hypophosphatasia

VIPoma syndrome

Drugs

Hypervitaminosis A or D

Lithium toxicity

Aluminum toxicity

Excessive calcium intake

Thiazides

Milk alkali syndrome

Oncogenous

Humoral hypercalcemia of malignancy

Lymphoma

Multiple myeloma

Miscellaneous

Immobilization

neoplasia type II syndrome.101 Familial hyperparathy-
roidism encompasses a spectrum of disorders inclu-
ding multiple endocrine neoplasia types 1 (MEN1) and
2A, hyperparathyroidism-jaw tumor syndrome (HPT-JT),
familial hypocalciuric hypercalcemia (FHH), and famil-
ial isolated hyperparathyroidism (FIHP).102 FHH is inher-
ited in an autosomal dominant manner with 100% pene-
trance. It has been linked to mutations involving the gene
encoding the calcium-sensing receptor103 or autoantibod-
ies directed to the calcium-sensing receptor.104 Pancre-
atic VIPoma tumors secrete vasoactive intestinal peptide
(VIP), which causes severe diarrhea. About 50% of the cases
have hypercalcemia, possibly because of VIP-induced bone
resorption.105

Hypercalcemia may be caused by drugs. Thiazides act
directly to increase calcium release from the skeleton
and promote renal tubular reabsorption of calcium.106,107

Chronic lithium intake may cause hyperparathyroidism
and mild hypercalcemia and hypermagnesemia.108 Milk-
alkali syndrome and hypercalcemia may be caused by
excessive intake of calcium and phosphate in the form
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of milk and absorbable alkali, sodium carbonate, sodium
bicarbonate, or calcium carbonate, usually for the treat-
ment of peptic ulcer disease.109 Bone resorption and
hypercalcemia may be caused by vitamin D or vitamin A
intoxication.

Hypercalcemia may be a feature of granulomatous dis-
eases such as tuberculosis110 and sarcoidosis111 which
are associated with abnormal vitamin D metabolism and
increased circulating concentrations of 1,25(OH)2D in
blood. Hypercalcemia may be associated with malig-
nant tumors. The mechanism of hypercalcemia in malig-
nancy may be due to production of parathyroid hor-
mone related peptide (PTHrP) (humoral hypercalcemia
of malignancy),112 1,25(OH)2D in lymphoma,113 lympho-
toxin in multiple myeloma114 or other substances that
cause bone resorption. Immobilization causes bone de-
mineralization, osteoporosis, and secondary hypercal-
cemia because of increased bone resorption. Lactation
causes a transient increase in bone resorption and sec-
ondary hypercalcemia, reversed by weaning.115,116 Rarely,
severe axial osteopenia with vertebral fractures can occur.
Metabolic changes include elevated PTHrP with sup-
pressed serum concentrations of PTH and calcitriol.117 Ele-
vated PTH activity may play a role in the recovery of bone
mass after weaning by maintaining renal calcium conser-
vation and by an anabolic action on bone.118

Neonatal hypercalcemia

Neonatal hypercalcemia is defined by a total serum Ca con-
centration >11 mg dL−1 or serum ionized Ca concentration
>5.8 mg dL−1 as determined by the Radiometer ionized Ca
electrode. Hypercalcemia may present early in the neonatal
period or weeks or months later. Several factors can result in
neonatal hypercalcemia including maternal, hereditary, or
dietary factors (Table 16.4). Hypercalcemia in the neonate
can be the result of prolonged maternal hypocalcemia from
a multitude of causes (Table 16.1). Maternal hypoparathy-
roidism is most commonly postoperative due to inad-
vertent parathyroidectomy at thyroid surgery; less com-
monly it may be idiopathic or due to pseudohypoparathy-
roidism. Mechanistically, maternal hypocalcemia results in
a decrease in placental calcium supply to the fetus despite
a physiologically intact active transport system for cal-
cium. As a result, fetal hypocalcemia stimulates the fetal
parathyroid glands to normalize fetal serum Ca concentra-
tion. Consequently, a variable degree of congenital tran-
sient hyperparathyroidism results.119–125 Infants with tran-
sient secondary hyperparathyroidism are described to have
a spectrum of manifestations that depend on the severity
of the maternal homeostatic disturbance: at one end of the

Table 16.4. Causes of neonatal hypercalcemia

Endocrine

Hyperparathyroidism

Congenital hyperparathyroidism

Transient hyperparathyroidism secondary to maternal

hypoparathyroidism

Congenital hypothyroidism

Pheochromocytoma

Abnormal vitamin D metabolism

Granulomatous diseases (tuberculosis, sarcoidosis)

Eosinophilic granuloma

Infantile hypercalcemia

Subcutaneous fat necrosis

Adrenal insufficiency

VIPoma syndrome

Renal

Familial hypocalciuric hypercalcemia

Thiazides

Bartter’s syndrome

Milk alkali syndrome

Bone Resorption

Hypophosphatasia

Hyperthyroidism

Aluminum toxicity

Oncogenous

Congenital nephroblastoma

Miscellaneous

Hypervitaminosis A or D

Lithium toxicity

Excessive calcium intake

Phosphorus deficiency syndrome

spectrum are normal infants; at the other end are infants
with severe hyperparathyroidism with elevated cord blood
PTH concentration, severe congenital bone demineraliza-
tion and intrauterine fractures with clinical and radiolog-
ical bowing of the long bones. Fortunately, the manifesta-
tions of secondary hyperparathyroidism improve rapidly
after birth, once these infants are provided with adequate
amounts of Ca, P, and vitamin D.

Primary neonatal hyperparathyroidism is an important
cause of hypercalcemia, which may occur sporadically or
have a familial basis. This entity may be inherited in an
autosomal dominant126 or recessive manner.127 Neonates
with congenital hyperparathyroidism may present soon
after birth with respiratory distress, hypotonia, feeding
difficulties, and bone deformities. Laboratory findings
include hypercalcemia, hypophosphatemia, and elevated
alkaline phosphatase and plasma parathyroid hormone
concentrations. X-rays may show gross demineralization
with metaphyseal fractures, erosions, and subperiosteal
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reaction along the bones, which usually resolve following
parathyroidectomy and subsequent maintenance therapy
with 1-alpha-hydroxycholecalciferol.128

Neonatal hyperparathyroidism may be associated with
familial hypocalciuric hypercalcemia (FHH),129 which is
inherited in an autosomal dominant manner with high
penetrance at all ages.130–132 Genetic analysis of families
with FHH has shown that some cases of neonatal severe
hyperparathyroidism may be the expression of a homozy-
gous form of FHH.133–135 FHH is characterized by a variable
degree of hypercalcemia associated with decreased renal
clearance of calcium. Clinically, the spectrum of the disease
ranges from the asymptomatic heterozygous person (het-
erozygous calcium receptor gene mutation),136 with mild
hypercalcemia detected by blood testing, to the homozy-
gous (homozygous calcium receptor gene mutation)137

subject with neonatal hyperparathyroidism and severe
life-threatening hypercalcemia.138 In several families of
patients with neonatal hyperparathyroidism, other fam-
ily members have FHH.131,139 Also several patients who
underwent parathyroidectomy in infancy were diagnosed
with FHH later in life.129,140,141 Recently, a self-limited form
of neonatal hyperparathyroidism and hypercalcemia has
been reported in a family of three siblings, in association
with hypercalciuria, and renal tubular acidosis.142

Infants with congenital agoitrous hypothyroidism have
also been described to be hypercalcemic. These infants
possibly have congenital absence or dysfunction of the
parafollicular calcitonin-producing C-cells; therefore they
cannot mount a CT response to a Ca load.143–145 Adults
with congenital hypothyroidism have also been reported
to have calcitonin deficiency.146 They also were found to
have reduced bone density,146 which could be attributed to
deficiency in both thyroid hormone and calcitonin.

Excessive maternal ingestion of vitamin D147 or vitamin
A148 metabolites may result in bone resorption, and mater-
nal and neonatal hypercalcemia. The same outcome may
occur in infants of mothers who have prolonged hyper-
calcemia because of thyrotoxicosis149 or chronic thiazides
therapy.150 It is possible that the fetal parathyroid gland
threshold for PTH secretion becomes higher, or the glands
themselves become “tolerant” to chronic maternal and
fetal hypercalcemia.

Neonatal hypercalcemia and phosphorus deficiency
syndrome have been reported in preterm infants fed
human milk.151,152 These infants become phosphorus-
depleted because of insufficient dietary phosphate intake
from human milk to keep up with mineral requirements for
optimal bone mineralization. Secondarily they have sub-
optimal bone mineralization and hypercalcemia because
calcium is not well incorporated into new bone hydroxy-

apatite crystals. Neonatal hypercalcemia is a basic feature
of the severe infantile form of hypophosphatasia,153 a rare
disorder characterized by severe bone demineralization
most pronounced at growth plates, low serum alkaline
phosphatase concentrations, and elevated urine phospho-
ethanolamine concentrations.153,154 The severe form of the
disease is inherited in an autosomal recessive manner.
Because of alkaline phosphatase deficiency, bone mineral-
ization is severely depressed and most of the body’s calcium
is transferred to the circulation resulting in severe hyper-
calcemia, hypercalciuria, and nephrocalcinosis. Severely
affected infants may die in utero or shortly after birth
because of impaired skeletal support of the thorax and
skull.

A subgroup of Bartter’s syndrome,155,156 which is an auto-
somal recessive disorder characterized by hypokalemic
metabolic alkalosis, hyperreninemia and hyperaldostero-
nism, may be associated with infantile hypercalcemia157,158

and prostaglandin-mediated hypercalciuria, the hyper-
prostaglandin E syndrome (HPS).158 Molecular genetics
has facilitated antenatal diagnosis of HPS by demon-
strating mutations in the furosemide-sensitive Na-K-2Cl
cotransporter or in the renal potassium channel enco-
ding gene ROMK.159–161 The mechanism of hypercal-
cemia in these infants is attributed to increased intestinal
Ca absorption enhanced by elevated serum 1,25(OH)2D
concentration, serum 25-OHD concentration being nor-
mal. It is thought that increased 1,25(OH)2D synthe-
sis is mediated by prostaglandin E2 which has been
demonstrated to stimulate renal 1-alpha hydroxylase activ-
ity in vivo in thyroparathyroidectomized rats162 and in
vitro in chick163 and rat164 kidney cells. In patients with
this syndrome, serum 1,25(OH)2D concentrations cor-
relate significantly with urinary PGE2 concentrations.
Therapy with prostaglandin synthesis inhibitors such as
indomethacin lowers serum calcitriol concentration, urin-
ary PGE2 and calcium concentration, and improves the
associated nephrocalcinosis.157,165

From recent evidence,166 children with neonatal Bart-
ter syndrome (NBS), who have hypercalciuria, nephro-
calcinosis, and osteopenia, have increased circulating
angiotensin II. Also a complex of basic-fibroblast growth
factor (b-FGF) and a naturally occurring glycosaminogly-
can has been identified in the serum and urine of these
patients. This complex increases bone resorption in a bone
disc bioassay system. Angiotensin II increases the syn-
thesis of b-FGF by cultured endothelial cells and signifi-
cantly decreased calcium uptake into bone discs. Adding
b-FGF monoclonal antibody or indomethacin neutralized
this effect. This decrease in calcium uptake in the bone disc
bioassay system can be abrogated by antibody to b-FGF or
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prostaglandin synthetase inhibition. The authors suggest
that in children with NBS, elevated levels of angiotensin
II stimulate local skeletal b-FGF synthesis, with a resultant
increase in bone resorption via a prostaglandin-dependent
pathway.

Idiopathic hypercalcemia may occur in infancy.167 The
basic defect in this disease is still obscure. A subgroup of
infants with idiopathic hypercalcemia have the “Williams
Syndrome” which is characterized by elfin facies, short
stature, mild mental retardation, hyperacusis, and con-
genital heart disease (commonly supravalvular aortic
stenosis).168 The hypercalcemia in these infants is asso-
ciated with hypersensitivity to the effect of vitamin D
metabolites manifesting as increased intestinal absorp-
tion of calcium. Defects in vitamin D169–172 or calcitonin173

metabolism have been suggested.
Newborns, especially large infants, who had difficult

vaginal deliveries may develop subcutaneous fat necro-
sis over areas subjected to increased pressure such as
the shoulders, back, upper arms, and outer thighs.174

The condition is associated with indurated, erythema-
tous or purple-erythematous nodules and plaques in
the skin. Histology of affected skin shows granuloma-
tous necrosis in the subcutaneous layer with radial crys-
tals in lipocytes and giant cells.175 Light microscopy
may reveal adipocyte necrosis, lymphohistiocytic infil-
tration, and needle-shaped clefts within adipocytes and
macrophages. Ultrastructurally, there may be aggrega-
tions of electron-lucent spaces in the form of spin-
dles and needles arranged in parallel within altered
adipocytes; macrophages surround these cells or their
fragments and invade fat lobules.176 Affected infants may
develop transient hypercalcemia days or weeks later,
probably because of calcium mobilization from necrotic
tissues.177,178 Although Veldhuis reported normal vitamin
D concentrations, other authors suggested extrarenal pro-
duction of calcitriol by macrophages within the inflamma-
tory reaction to fat necrosis.174,179–181 Although the nat-
ural history of this condition is spontaneous resolution
of panniculitis,182,183 close monitoring is required because
severe life-threatening hypercalcemia requiring aggres-
sive treatment has been reported. Prolonged hypercal-
cemia may also be complicated by nephrocalcinosis and
nephrolithiasis.184 Cold panniculitis has been reported fol-
lowing surface cooling to alleviate the sequelae of hypoxic
ischemic encephalopathy,185 following hypothermic car-
diac surgery,186,187 and following prolonged exposure to
cold weather.188 Rarely the condition may be complicated
by calcifications in the liver, the inferior vena cava, and
the atrial septum of the heart.189 Treatment of hypercal-
cemia may include hydration with isotonic saline solu-

tion followed by diuresis with furosemide, corticosteroids,
calcitonin, low calcium and vitamin D diet190 or even oral
bisphosphonates.191–193

Infants with miliary tuberculosis may develop hyper-
calcemia possibly because of extrarenal production of
calcitriol.194 Rarely, hypercalcemia may be an associated
feature of congenital renal tumors, particularly mesoblas-
tic nephroma.195–199 The cause of hypercalcemia in these
neoplasms is due to the production of ectopic PTH200

or prostaglandin E by tumor cells.201,202 In most cases,
extirpation of the tumor corrects the hypercalcemia and
recurrence is rare. Signs and symptoms of hypercalcemia
in the neonatal period are generally nonspecific and
may include lethargy, poor feeding, vomiting, irritability,
polyuria, dehydration, constipation, and failure to thrive.
Hypertension, nephrocalcinosis, and corneal and con-
junctival calcifications are rarely noted in neonates. The
presence of “elfin facies” and congenital heart disease
suggest the diagnosis of Williams syndrome. Family his-
tory for hereditary disorders of Ca and P is important
in the diagnosis of hypercalcemia in the neonatal period
(e.g., familial hyperparathyroidism, familial hypocalciuric
hypercalcemia, hypophosphatasia). Maternal dietary and
drug history is also helpful in the work-up of neonatal
hypercalcemia (excessive vitamin A and D intake).

Biochemical studies should include serum Ca (total and
ionized); P; alkaline phosphatase and calciotropic hor-
mones; and urinary Ca, P, and cyclic adenosine monophos-
phate (cAMP) concentrations. Renal wasting with hyper-
calcemia and elevated urine cAMP concentration may be
a clue to the possibility of hyperparathyroidism. Radio-
logical examination of the hands and wrists reveal-
ing subperiosteal resorption, in addition to hypercal-
cemia and hypophosphatemia, suggest the diagnosis of
hyperparathyroidism.Therapy of neonatal hypercalcemia
depends on the underlying cause. Excessive maternal
ingestion of vitamins A and D should be discontinued, and
vitamin D and Ca should be reduced in the diet. Hyper-
calcemia related to human milk feeding of preterm infants
indicates a deficiency of P, and supplementation with P is
required. However, in this instance there is usually con-
comitant Ca deficiency; therefore, the appropriate treat-
ment is supplementation with both P and Ca.

Severe hypercalcemia results in major polyuric water loss
and requires prompt repletion of extracellular fluids. Vol-
ume expansion is achieved by 10–20 ml kg−1 body weight
of 0.9% normal saline solution, followed by administra-
tion of a calciuretic diuretic (furosemide, 1–2 mg kg−1 per
dose) to increase the clearance of Ca in urine. Sodium ethy-
lene diamine tetra acetic acid (EDTA) may be adminis-
tered parenterally in severe cases to chelate Ca and increase
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its urinary excretion. Calcitonin has been used in severe
cases, but is not usually recommended because of lim-
ited experience in neonates and development of anti-
bodies to nonhuman calcitonin preparations. In chronic
hypercalcemia, prednisone (2 mg kg−1day−1) may be used
to decrease intestinal absorption of Ca, and bisphospho-
nates have been used successfully in cases of subcutaneous
fat necrosis.Virtually all cases of primary hyperparathy-
roidism require subtotal or total parathyroidectomy, since
the hypercalcemia may become life threatening and does
not respond to medical management.140 Finally, as men-
tioned earlier, indomethacin therapy decreases the hyper-
calciuria and nephrocalcinosis in a number of patients.157

Disorders of phosphate homeostasis

Neonatal hypophosphatemia

Moderate hypophosphatemia is defined as a serum phos-
phorus concentration between 2.5 and 1 mg dL−1 in adults,
and is usually asymptomatic. Severe hypophosphatemia
is defined as serum inorganic phosphorus concentration
below 1.0 mg dL−1. In children, serum phosphorus con-
centrations below 4 mg dL−1 are often considered abnor-
mal. Hypophosphatemia may be caused by (1) decreased
intestinal absorption of phosphate, (2) increased urine
losses of phosphate, and an endogenous shift of inorganic
phosphorus from extracellular to intracellular fluid com-
partments. Causes of hypophosphatemia are listed in Table
16.5.

Hypophosphatemia occurs in low birth weight babies
who were fed human milk exclusively203,204 and is an
early sign of impending rickets or osteopenia. Phytates
in soy formulas may complex with minerals and decrease
intestinal absorption of Ca and P.205 Soy formulas should
be avoided in preterm infants less than 1800 g in birth
weight. Preterm infants who weighed from 1500–1800
g and were fed methionine-supplemented soy protein-
based formulas demonstrated significantly less weight
gain, less length gain, and lower serum albumin levels
than that achieved with cow milk-based formulas. In stud-
ies of preterm infants, serum phosphorus concentration
was lower in preterm infants fed soy protein-based for-
mula and serum alkaline phosphatase concentration was
higher.206,207 The incidence of osteopenia of prematurity
was increased in low birth weight infants receiving soy
protein-based formulas.208,209 Even with supplemental cal-
cium and vitamin D, radiographic evidence of increased
osteopenia was present in 32% of preterm infants fed
soy protein-based formula.209 Researchers reported lower
BMC determined by SPA in infants fed old formulations of

Table 16.5. Causes of hypophosphatemia

Endocrine

Hyperparathyroidism

Abnormal vitamin D metabolism

Vitamin D deficiency

Vitamin D resistant rickets type I

Vitamin D resistant rickets type II

Renal Losses

Tubular disorders

Primary

Fanconi syndrome

Renal tubular acidosis

Hypophosphatemia

Familial

Non-familial

Secondary

Diuretics

Volume expanders

Hypercalciuria

Glucosuria

Hypomagnesemia

Gastrointestinal

Decreased dietary intake

Decreased absorption

Malabsorption

Antacids

Others

Mesenchymal tumors

Metabolic acidosis

Respiratory alkalosis

Thermal burns

Gram-negative sepsis

soy formulas compared with infants fed cow milk-based
formulas.210,211 However, newer soy formulas have higher
Ca and P content and bioavailability, and infants fed these
modified soy formulas had no difference in bone min-
eral content compared with infants fed cow-milk based
formulas.212

Studies in term infants documented normal growth and
development in neonates fed methionine-supplemented
isolated soy protein-based formulas.213–215 Average energy
intakes in infants receiving soy protein formulas were
equivalent to those achieved with cow milk formula.
The serum albumin concentration, as a marker of nutri-
tional adequacy, was normal, and bone mineralization also
was equivalent to that documented with cow milk-based
formula.210,211,216–218 Hypophosphatemia and rickets may
be associated with X-linked recessive nephrolithiasis,
which is a rare hereditary form of progressive renal failure
characterized by proximal renal tubular dysfunction and
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low molecular weight proteinuria, hypercalciuria with
nephrocalcinosis and nephrolithiasis.219 The syndrome
may be due to a mutation involving CLCN5 gene, which
maps to chromosome Xp11.22 and encodes a puta-
tive chloride channel expressed throughout the renal
tubule. Mutations in the CLCN5 gene have been detected
in Dent’s disease and its phenotypic variants (X-linked
recessive nephrolithiasis, X-linked recessive hypophos-
phatemic rickets, and idiopathic low-molecular-weight
proteinuria of Japanese children). Dent’s disease is a tubu-
lar disorder characterized by low-molecular-weight pro-
teinuria, and nephrolithiasis associated with nephrocal-
cinosis and hypercalciuria.220 Excessive renal losses of
phosphate, phosphate depletion and rickets occur in Fan-
coni Syndrome and X-linked hypophosphatemic rickets.
Hypophosphatemia may be a manifestation of familial
benign hypercalcemia, or hypocalciuric hypercalcemia,
which is a dominantly inherited disorder of calcium and
magnesium metabolism, characterized by lifelong hyper-
calcemia and hypermagnesemia (both of variable degree),
that usually is not associated with any symptoms, physical
signs, reduced vitality, or ill health.221

Prolonged administration of aluminum-containing
antacids, which reduce gastrointestinal phosphate absorp-
tion, has been associated with phosphate depletion
and infantile rickets.222 Phosphate-chelating antacids
sequester phosphate in the gut lumen and markedly
decrease intestinal absorption. Phosphate depletion may
be associated with distal renal tubular acidosis. Hypophos-
phatemic rickets has been described in association with
mesenchymal tumors, and epidermal nevus syndrome.
Biochemically, most patients present with significant
hypophosphatemia due to renal phosphate wasting, nor-
mal serum calcium, elevated serum alkaline phosphatase,
and low serum calcitriol concentrations. The pathogen-
esis of rickets in these tumors is attributed to the produc-
tion of phosphaturic factors by tumor cells resulting in
total body phosphate depletion. Surgical excision of these
tumors reverses the biochemical and radiological rachitic
changes.

Neonatal hyperphosphatemia

Hyperphosphatemia is most often the result of decreased
renal excretion of phosphate anions as encountered in
acute or chronic renal failure, particularly when glomeru-
lar filtration rate is reduced to less than 25% of nor-
mal (Table 16.6). Hyperphosphatemia could also be the
result of increased body phosphate load from phosphate-
containing laxatives and enemas, blood transfusions,
hyperalimentation, and is also a major component of

Table 16.6. Causes of hyperphosphatemia

Endocrine

Hypoparathyroidism

Idiopathic

Transient

Pseudohypoparathyroidism

Hyperthyroidism

Growth hormone excess

Vitamin D toxicity

Renal

Renal failure

Volume depletion

Increased load

Enteral

Cow milk feeding

Rectal enemas

Parenteral

Hyperalimentation

Blood transfusion

Tumor lysis syndrome

Rhabdomyolysis

Malignant hyperthermia

the tumor lysis syndrome secondary to cell lysis by cyto-
toxic therapy, and tissue injuries (hyperthermia, hypoxia
or crush injuries) resulting in rhabdomyolysis and hemo-
lysis. Increased renal tubular reabsorption of phosphate is
responsible for hyperphosphatemia seen in hypoparathy-
roidism, hyperthyroidism, hypogonadism and growth hor-
mone excess.

Neonatal hypoparathyroidism presents with hypocal-
cemia and hyperphosphatemia and decreased serum
PTH concentrations.223 Hyperphosphatemia may occur
in infants of diabetic mothers due to transient neona-
tal hypoparathyroidism.224 Neonatal pseudohypoparathy-
roidism causes hypocalcemia and hyperphosphatemia but
serum PTH concentrations are elevated.225,226 This condi-
tion may be transient and resolve within the first 6 months
of life.227 Transient neonatal pseudohypoparathyroidism
and hyperphosphatemia has also been reported in babies
born to mothers with hyperparathyroidism.54 Neonatal
and infantile hyperphosphatemia228 with severe hypocal-
cemia and seizures229 has been reported following admin-
istration of phosphate-containing enemas.

Disorders of magnesium homeostasis

The importance of optimal Mg homeostasis in the perinatal
period is increasingly recognized. Pregnancy is associated
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Table 16.7. Causes of maternal hypomagnesemia

Decreased intake

Enteral or parenteral

Malnutrition

Alcoholism

Gastrointestinal disease

Chronic diarrhea

Chronic ulcerative colitis

Crohn’s disease

Laxative abuse

Villous adenoma

Malabsorption

Short bowel syndrome

Gluten enteropathy

Tropical sprue

Familial magnesium malabsorption

Renal disorders

Renal tubular acidosis

Acute tubular acidosis (diuretic phase)

Chronic pyelonephritis

Chronic glomerulonephritis

Familial and sporadic magnesium loss

Diuretics (furosemide, thiazides, ethacrynic acid)

Antibiotics (gentamicin, tobramicin, amphotericin)

Cyclosporin

Endocrine disorders

Hyperaldosteronism

Hyperthyroidism

Hypercalcemia

Hyperparathyroidism

Uncontrolled diabetes mellitus

with increased renal excretion of magnesium, and a drop in
serum Mg concentration, which may become more exag-
gerated if maternal dietary Mg intake is insufficient for
optimal Mg homeostasis and fetal requirements. There are
apparent benefits of maternal magnesium supplementa-
tion in reducing the incidence of preterm labor,230 and
allowing greater fetal growth. In one study,231 a maternal
Mg intake of 300 mg day−1 was associated with optimal
birth weight, length, and head circumference.

Neonatal hypomagnesemia

Neonatal hypomagnesemia is defined as serum Mg con-
centration <1.5mg dL−1. However, tissue Mg deficiency
may coexist with normal serum Mg concentrations.232

Hypomagnesemia may cause hypocalcemia through sev-
eral mechanisms: (1) decreased Mg-dependent adenylate
cyclase-mediated secretion of PTH, (2) end-organ resis-
tance to PTH, (3) decreased intestinal Ca absorption, or (4)

Table 16.8. Causes of neonatal hypomagnesemia

Endocrine disorders

Transient neonatal hypoparathyroidism

Maternal hyperparathyroidism

Maternal insulin-dependent diabetes mellitus

Neonatal hypoparathyroidism

Persistent neonatal hypoparathyroidism

Congenital hypoplasia/aplasia of the parathyroid glands

DiGeorge syndrome

Hyperaldosteronism

Hypercalcemia and hypervitaminosis D

Hyperphosphatemia

Gastrointestinal

Decreased enteral Mg intake

Decreased intestinal absorption:

Primary magnesium malabsorption

Short bowel syndrome

Enteropathy

Increased intestinal losses

Chronic diarrhea

Fistulas, enterostomies

Hepatobiliary disease

Neonatal hepatitis

Congenital biliary atresia

Renal losses

Decreased renal tubular reabsorption

Congenital

Renal tubular acidosis

Gitelman syndrome

Acquired

Acute tubular necrosis

Diuretics (furosemide, thiazides)

Antibiotics (gentamicin, amphotericin)

Miscellaneous

Birth asphyxia

Low Mg content in parenteral hyperalimentation

Intrauterine growth retardation

Exchange transfusion

Zellweger syndrome

decreased heteroionic exchange of Ca for Mg at the bone
surface.233,234

Hypomagnesemia is most commonly due to depletion
of maternal body Mg stores, which leads to decreased
transplacental Mg supply to the fetus. Causes of mater-
nal hypomagnesemia are listed in Table 16.7. Etiologic fac-
tors in congenital hypomagnesemia are listed in Table 16.8
and include endocrine, familial, and hereditary disorders.
Mothers with intestinal malabsorption were described
in the literature to give birth to infants who develop
hypomagnesemia.235 Maternal hypomagnesemia may be
caused by reduced Mg intake as in malnutrition or



Disorders of mineral, vitamin D and bone homeostasis 241

alcoholism, or increased intestinal Mg losses as in chronic
diarrhea and malabsorption because of ulcerative col-
itis, Crohn’s disease, celiac sprue, or gluten enteropa-
thy. Maternal hypomagnesemia may result from exces-
sive renal Mg losses because of acute tubular necro-
sis or chronic renal disease as in renal tubular acidosis,
chronic pyelonephritis, or glomerulonephritis, or the use
of nephrotoxic drugs (Foscarnet, Cisplatin, Cyclosporin),
diuretics and antibiotics (Amphotericin, aminoglyco-
sides). As described earlier, mothers with uncontrolled
diabetes mellitus are often hypomagnesemic,236 pre-
sumably because of hyperglycemia-induced hypermag-
nesuria (osmotic diuresis)237 and deficient insulin-
dependent cellular uptake of Mg.238 Infants of dia-
betic mothers (IDM) may be secondarily magnesium-
depleted and may develop hypomagnesemia, hypocal-
cemia, and hypoparathyroidism.15,16 However, adminis-
tration of intramuscular MgSO4 to IDMs with cord mag-
nesium <1.8 mg dL−1 does not reduce the incidence
of hypocalcemia in infants of well-controlled diabetic
mothers.239 As described earlier, Mg is an intracellular
cation and serum Mg concentration may not reflect total
body Mg content. Therefore, tissue Mg deficiency may
coexist with normomagnesemia.232 Magnesium deficiency
appears to have a significant impact on mineral hom-
eostasis in insulin-dependent diabetes mellitus: it is asso-
ciated with lower serum concentrations for calcium, PTH,
calcitriol, and osteocalcin. Magnesium supplementation
resulted in normalization of these biochemical perturba-
tions in diabetic children.240,241

Familial hypomagnesemia is characterized by primary
intestinal malabsorption or decreased renal tubular re-
absorption of Mg. It is usually recognized in the neonatal
period and predominantly occurs in males.242–248 Shalev249

reviewed the clinical presentation and long-term outcome
of patients with autosomal recessive primary familial hypo-
magnesemia. The most common presenting events were
generalized hypomagnesemic-hypocalcemic seizures at
4–5 weeks of age in 67%. The majority of infants who were
treated soon after diagnosis with high dose enteral magne-
sium developed normally. Delay in establishing a diagnosis
could lead to a convulsive disorder with permanent neu-
rological impairment. The primary defect in renal tubular
reabsorption of Mg may occur as an isolated or familial
disease.250–253

The combination of hypomagnesemia and hypocalci-
uria is the phenotypic signature of two distinct genetic
renal tubular transport disorders: Gitelman’s syndrome
(GS) and autosomal dominant isolated renal magnesium
wasting.254 The defective proteins involved in both dis-
eases are located within the distal convoluted tubule, which

plays an important role in active magnesium reabsorption
in the nephron. In contrast to GS, autosomal dominant
renal hypomagnesemia with hypocalciuria is not associ-
ated with hypokalemia and metabolic alkalosis. Gitelman
syndrome (hypomagnesemia accompanied by hypocalci-
uria, hypokalemia and metabolic alkalosis) is an autoso-
mal recessive familial disorder characterized by excessive
renal magnesium and potassium losses requiring long-
term supplementation,252,255 hypocalciuria, and a defect
in the gene encoding for the thiazide-sensitive sodium
ion/chloride ion cotransporter.

The genetic basis and cellular defects of a number of
primary magnesium wasting diseases have been eluci-
dated over the past decade. Cole256 reviewed the correlates
of the clinical pathophysiology with the primary defect
and secondary changes in cellular electrolyte transport.
He described the following disorders: (1) hypomagnesemia
with secondary hypocalcemia, an early onset, autosomal-
recessive disease segregating with chromosome 9q12–
22.2; (2) autosomal-dominant hypomagnesemia caused
by isolated renal magnesium wasting, mapped to chro-
mosome 11q23; (3) hypomagnesemia with hypercalciuria
and nephrocalcinosis, a recessive condition caused by
a mutation of the claudin 16 gene (3q27) coding for a
tight junctional protein that regulates paracellular Mg(2+)
transport in the loop of Henle; (4) autosomal-dominant
hypoparathyroidism, a variably hypomagnesemic disor-
der caused by inactivating mutations of the extracellular
Ca(2+)/Mg(2+)-sensing receptor, CASR: gene, at 3q13.3–21;
and (5) Gitelman syndrome, a recessive form of hypomag-
nesemia caused by mutations in the distal tubular NaCl
cotransporter gene, SLC12A3, at 16q13. The basis for renal
magnesium wasting in this disease is not known. Hypo-
magnesemia may cause hypocalcemia either by decreased
Mg- dependent adenylate cyclase-mediated secretion of
PTH, or end-organ resistance to PTH, or by decreased het-
eroionic exchange of Ca for Mg at the bone surface.234,257

Secondary hypocalcemia responds to magnesium supple-
mentation.

Benigno258 has reviewed the cardinal characteristics
of primary hypomagnesaemia–hypercalciuria–nephro-
calcinosis, which include renal magnesium wasting,
marked hypercalciuria, renal stones, nephrocalcinosis, a
tendency towards chronic renal insufficiency and some-
times even ocular abnormalities or hearing impairment.258

This entity is inherited in an autosomal recessive mode. The
molecular genetics of hereditary renal magnesium wasting
has been reviewed by Konrad.259,260

Hypercalcemia of any cause (hyperparathyroidism,
vitamin D intoxication),261 hypercalciuria and hypo-
phosphatemia262 may cause excessive Mg losses in urine
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and hypomagnesemia. Renal tubulopathy and excessive
Mg losses may be associated with administration of
aminoglycosides263 and amphotericin.264 Also, the use of
diuretics causes renal Ca and Mg wasting265–267 potentially
resulting in negative magnesium balance and secondary
hyperparathyroidism.268 The polyuric phase of acute renal
failure or acute tubular necrosis is associated with hyper-
magnesemia, and may result in hypomagnesemia and
other electrolyte disturbances.261 Maternal hypomagnese-
mia is associated with preeclampsia.269 Because most
fetal Mg accretion occurs in the third trimester, preterm
infants are at risk of developing hypomagnesemia if not
supplied with enough Mg in their diet. GA infants fre-
quently develop hypomagnesemia.23,270 A proportion of
these infants are born to hypomagnesemic preeclamptic
mothers who may have placental insufficiency. Hyperal-
dosteronism is associated with excessive losses of magnes-
ium in urine and feces and may result in hypomagnesemia
and negative magnesium balance.

Maternal hyperparathyroidism and hyperthyroidism
may be associated with negative Mg balance in the
mother and fetus because of excessive maternal Mg losses
in urine. Maternal hyperparathyroidism predisposes to
transient neonatal hypoparathyroidism54,271 manifesting
as hypocalcemia and hypomagnesemia.236,272 Neonatal
hypoparathyroidism may be associated with neonatal
hypomagnesemia.15 Possible mechanisms involved are:
decreased PTH-induced Mg release from bone, increased
renal tubular Mg loss, and hyperphosphatemia.273,274 Per-
sistent congenital hypoparathyroidism may occur as an
isolated or familial X-linked recessive or autosomal dom-
inant entity as part of the DiGeorge syndrome (thymic
aplasia and T-lymphocyte immunodeficiency, and aor-
tic arch anomalies), as part of Zellweger syndrome (cere-
brohepatorenal syndrome), or as an autoimmune disor-
der with mucocutaneous candidiasis. Neonatal cholesta-
sis due to congenital biliary atresia or severe neonatal
hepatitis may cause excessive intestinal Mg losses and
magnesium depletion.275 It is possible that decreased
metabolism of aldosterone because of hepatocellular dam-
age results in secondary hyperaldosteronism, which causes
hypermagnesuria.276 Excessive Mg losses and hypomag-
nesemia may occur in infants with short bowel syndrome
following intestinal resection.277–279

Hypomagnesemia has been described in newborns with
birth asphyxia but the pathogenesis is not clear.15 Increased
dietary phosphorus intake increases fecal losses of magnes-
ium, and therefore decreases net absorption and reten-
tion of magnesium in VLBW infants.280 Hypokalemia may
be associated with hypomagnesemia because of increased
potassium losses in the loop of Henle and cortical collecting

tubules.281 Hypomagnesemia may be asymptomatic or
may present with intractable convulsions and coma.
Because less than 1% of total body Mg is present in the blood
and the remaining 99% is found intracellularly, serum Mg
concentrations may not reflect tissue Mg deficiency.

Awareness of predisposing factors offers the best clinical
clue to the diagnosis of hypomagnesemia, especially when
the clinician is faced with a case of “intractable hypocal-
cemia.” In fact, most cases of hypomagnesemia in the lit-
erature are first misdiagnosed as cases of hypoparathy-
roidism. Clinical signs of hypomagnesemia manifest with
serum Mg concentrations less than 1.2 mg dL−1 15 and
are similar to those of hypocalcemia: tremors, irritabil-
ity, hyperreflexia (with or without positive Chvostek and
Trousseau signs), possibly muscle fasciculations and in
severe cases, tetany and seizures. Often, biochemical test-
ing reveals hypomagnesemia, secondary hypocalcemia,
and possibly hypoparathyroidism.

The management of hypomagnesemia depends on the
primary cause. Supplementation of Mg may be needed for
prolonged periods in infants with congenital and heredi-
tary, renal and hepatobiliary Mg-losing disorders. Infants
with primary intestinal Mg malabsorption and those with
intestinal resections and short gut syndrome require life-
long supply of high doses of Mg in their diet to prevent
hypomagnesemia. Diet intake control, such as avoiding
cow milk formulas in early infancy and adjusting Mg con-
centration in parenteral nutrition solutions, may prevent
the occurrence of hypomagnesemia. Asymptomatic hypo-
magnesemia can be corrected with a 50% MgSO4 solution
given as an intramuscular injection of 0.2 g/kg body weight
every 8–12 hours until serum Mg concentration is normal.
In symptomatic infants, MgSO4 solution is diluted to 5% or
10% solution and given as a slow intravenous infusion over
10 minutes under continuous cardiopulmonary monitor-
ing because of the risk of sinoatrial or atrioventricular heart
block, respiratory depression, and systemic hypotension.

Neonatal hypermagnesemia

Neonatal hypermagnesemia is defined by a serum Mg
concentration above 2.5 mg dL−1.15 The most com-
mon cause of neonatal hypermagnesemia is mater-
nal hypermagnesemia secondary to therapeutic mag-
nesium sulfate administration for preeclampsia and
preterm labor (Table 16.9).15 Theoretically, high mater-
nal serum Mg concentration may lead to transplacen-
tal Mg transfer to the fetus that exceeds the physio-
logic rate of Mg transport, resulting in fetal and neona-
tal hypermagnesemia. Administration of magnesium-
containing enemas15 or magnesium-containing antacids
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Table 16.9. Causes of neonatal hypermagnesemia

Increased intake

Hyperalimentation

Maternal hypermagnesemia from MgSO4 therapy

Preeclampsia

Tocolysis

Mg-containing enemas

Mg-containing antacids

Decreased renal excretion

Oliguric renal failure

Asphyxia neonatorum

Prematurity

causes hypermagnesemia.282 Reduced renal function
and glomerular filtration due to prematurity,283 birth
asphyxia284 or oliguric renal failure impairs Mg excretion
and may result in elevated serum Mg concentrations.

Iatrogenic hypermagnesemia has been reported in
neonates as a result of malfunction of an automated
parenteral solution-mixing device285 or from administra-
tion of an oral magnesium hydroxide laxative.286 Use of
magnesium sulfate infusions to prevent or alleviate the
neurological sequelae of severe birth asphyxia is asso-
ciated with hypermagnesemia.287 Neonatal hypermag-
nesemia has been reported in severe primary hyper-
parathyroidism following parathyroidectomy and hetero-
topic autotransplantation.288 Postoperatively, the infant
had modest hypercalcemia, normal serum immunoreac-
tive parathyroid hormone levels, hypermagnesemia, and
relative hypocalciuria. The parents had familial hypocal-
ciuric hypercalcemia. Rarely familial hypocalciuric hyper-
calcemia may be associated with hypermagnesemia.221

The main effects of hypermagnesemia are on the neu-
romuscular and cardiovascular systems. Excess Mg blocks
transmission at the neuromuscular junction and the motor
end plate, and antagonizes the effects of calcium. Therefore
hypermagnesemia decreases skeletal and smooth muscle
tone, resulting in variable degrees of hypotonia, vasodilata-
tion, and hypotension.

Apgar scores, though lower in hypermagnesemic
newborns, do not correlate with absolute serum Mg
concentrations.289 A significant correlation exists between
neonatal neuromuscular depression and the duration of
maternal therapy with Mg sulfate.289 Elevated serum Mg
concentrations suppress the parathyroid gland, resulting in
low serum PTH concentrations.290,291 However, serum Mg
concentrations do not necessarily correlate with the clinical
picture and may be of little diagnostic value.292 Serum Ca
concentrations may be normal or elevated in infants with

hypermagnesemia289 possibly due to heteroionic exchange
of Ca for Mg at the blood–bone interface.293

Because of depressed muscular tone, hypermagnesemic
neonates may present with meconium-plug syndrome.294

In preterm newborns, immature renal function and
delayed renal excretion of Mg predispose to more pro-
nounced and prolonged hypermagnesemia. Severe hyper-
magnesemia causes parasympathetic blockade – including
cutaneous flushing, hypotension, prolonged QT-interval,
delayed intraventricular conduction, respiratory depres-
sion, neuromuscular blockade, and coma – and clini-
cally mimics a central brainstem herniation syndrome.
Hypotension, electrocardiographic changes, and evidence
of sedation appear at serum magnesium concentrations
of 3–8 mEq L−1. Variable electrocardiographic changes
(increased atrioventricular and ventricular conduction
times) may be seen with serum Mg concentrations above
6 mg dL−1. Disappearance of deep tendon reflexes, respir-
atory depression, weakness, and coma are reported at mag-
nesium levels of 5–15 mEq L−1; cardiac arrest is reported
at serum magnesium levels of 20–30 mEq L−1. Congenital
bone demineralization and rickets have been described in
reports of infants born to mothers who were treated with
magnesium sulfate for preterm labor for a long period (up
to 4 weeks).295–297 Presumably, excess Mg enters the skele-
ton and displaces Ca into the circulation, thus distorting
the mineral proportion (Ca, P, Mg) of the crystal lattice and
resulting in bone demineralization.

Generally the treatment for neonatal mild hypermagnes-
emia consists of supportive care because it usually resolves
spontaneously with adequate hydration as renal output
increases significantly over the first few days of life. In
infants who have severe hypermagnesemia presenting with
significant hypotonia or EKG abnormalities, treatment with
fluid resuscitation, diuresis, and calcium may be consid-
ered. Calcium ions counteract the effects of magnesium
ions at the motor end plate and therefore might decrease
the severity of hypotonia, and it will enhance renal excre-
tion of magnesium ions. We recommend the use of 10%
Ca gluconate infusions (0.2 to 0.3 ml kg−1 body weight)
to counteract the inhibitory effect of Mg cations on neu-
romuscular excitability.298 Loop diuretics (furosemide or
ethacrinic acid) that increase Mg excretion may be given
following adequate hydration. In cases of severe neuro-
muscular depression, hypotension and respiratory failure,
maintenance of cardiopulmonary support (assisted venti-
lation, vasopressors) is of prime importance. Double vol-
ume “exchange” blood transfusions with citrated blood
chelates Mg and helps decrease serum Mg concentra-
tions in cases of life-threatening hypermagnesemia.283 In
patients with severe renal failure and markedly decreased
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urine output, severe hypermagnesemia should be treated
with dialysis.

Disorders of vitamin D homeostasis

Vitamin D deficiency

Vitamin D deficiency in the pregnant woman may have
drastic sequelae on bone mineralization of the fetus and
newborn. Low dietary vitamin D intake, as in exclusively
vegetarian women, and insufficient exposure to sunlight
predispose to vitamin D deficiency manifesting as low
serum concentration of 25-OHD and calcium, with or with-
out rickets in the mother and the baby.299–302 Congenital
rickets, though rare, has been described in infants of moth-
ers with severe vitamin D deficiency, severe intestinal mal-
absorption, or malnutrition. Vitamin D supplementation
during pregnancy improves fetal skeleton growth in the
rat.38–40,45

Vitamin D toxicity

Excessive dietary intake of vitamin D metabolites has been
reported to cause hypercalcemia in both the mother and
the newborn. Vitamin D and 25-OHD have a long half-
life in the circulation. Transplacental transfer of excessive
amounts of vitamin D or 25-OHD from mother to fetus may
be responsible for prolonged hypercalcemia in the neonate.
Hypervitaminosis D may result from drinking milk that
is incorrectly and excessively fortified with vitamin D.303

Infant formulas may be overfortified with vitamin D and
theoretically might cause vitamin D toxicity.304

Rabbits fed a high vitamin D-containing diet develop soft
tissue calcifications of arteries and kidneys.305 In pregnant
rabbits, excessive vitamin D administration resulted in off-
spring with supravalvular aortic stenosis and craniofacial
and dental anomalies.306 It is unclear how these findings
may relate to the idiopathic hypercalcemia syndrome of
infancy, in which hypersensitivity to vitamin D has been
implicated and which includes craniofacial anomalies and
supravalvular aortic stenosis.

Disorders of bone metabolism

Bone disease occurs when the balance between bone for-
mation and resorption is perturbed. We have reviewed
these disorders elsewhere.307,308 Osteomalacia and rickets
are primarily due to defective bone mineralization. Bone
tissue is deficient in minerals, although the bone mass may
be normal, decreased, or increased. The term rickets refers
to changes in growing children at the cartilaginous growth

plate (which is ossified in adults). The presence of the epi-
physeal plate distinguishes rachitism of infancy and child-
hood from osteomalacia of adulthood. Rickets remains
one of the most common bone disorders in infancy and
childhood. A plethora of causative factors contribute to its
pathogenesis. Osteomalacia refers to lack of bone calcifi-
cation. While adults can have osteomalacia, both osteo-
malacia and rickets may coexist in children. A comprehen-
sive list of causes of osteomalacia and rickets is reviewed
elsewhere. In this section we limit the discussion to some
disorders pertaining to neonates, infants, and children.

Vitamin D deficiency rickets308,309

Vitamin D deficiency rickets is “classical rickets” described
since antiquity. The incidence of the disease has dropped
markedly and generally, it is now rare in developed coun-
tries because basic food staples like milk and infant for-
mulas are fortified with vitamin D. However, the disease
is still encountered in less developed countries because
of poverty, which entails insufficient sunshine exposure
and dietary vitamin D intake. It is also encountered in
exclusively human milk-fed infants and strict vegetarian
adults even in developed countries who have limited sun-
shine exposure and who do not ingest milk and therefore
have very limited sources of vitamin D. Pathophysiolo-
gically, vitamin D deficiency may be caused primarily by
decreased sunshine exposure, compounded by decreased
dietary vitamin D intake, or decreased intestinal absorption
of vitamin D. It is debatable whether dark-skinned people
have higher risk of vitamin D deficiency. The presence of
a seemingly higher rate of rickets in dark-skinned infants
in developed countries could relate directly to poor expo-
sure to sunshine. Vitamin D is a fat-soluble vitamin and
its intestinal absorption may be impaired by any intesti-
nal disease process involving fat malabsorption. Increased
intake of vegetables may decrease vitamin D availability
to the body because they are poor sources of vitamin D
and contain phytates and fiber, which bind dietary vitamin
D and impair its intestinal absorption. The resulting vita-
min D deficiency will result in decreased intestinal absorp-
tion of calcium and phosphorus and hypocalcemia. Con-
sequently, the drop in serum calcium concentration will
stimulate the parathyroid glands to synthesize and secrete
PTH to normalize serum calcium concentration, therefore
resulting in secondary hyperparathyroidism, which will
demineralize bone unless the primary deficit of vitamin
D is corrected.

Histopathologically, vitamin D deficiency rickets is char-
acterized by excess osteoid formation with irregular bone-
osteoid interface and marked decrease in bone cell activity.
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Poor bone mineralization is reflected in the absence of the
granular layer normally seen at bone-osteoid margin, and
in disorganized epiphyseal overgrowth. Secondary hyper-
parathyroidism may be responsible for associated subpe-
riosteal marrow fibrosis. Biochemically, the progression
of vitamin D deficiency rickets occurs in three stages: (1)
stage 1 is characterized by a drop in serum calcium con-
centration with normal serum phosphorus concentration;
(2) stage 2 is characterized by a rise in serum PTH con-
centration in response to hypocalcemia, normocalcemia,
hypophosphatemia secondary to PTH-induced hyper-
phosphaturia, aminoaciduria, and early rachitic bone dis-
ease on x-rays; (3) stage 3 is characterized by hypocalcemia
despite elevated serum PTH concentration, more severe
hypophosphatemia, hyperphosphaturia, aminoaciduria,
and rachitic bone disease, and elevated serum alkaline
phosphatase concentration. Although the mineralization
defect is a generalized process, clinical rachitic bone dis-
ease is most prominent in rapidly growing bones such as
costochondral junctions and long bone epiphyses. Rick-
ets is most devastating during periods of life characterized
by highest growth velocity in lifetime, namely infancy and
childhood.

Clinically, the earliest rachitic features in infancy may be
hypocalcemic tetany or seizures, particularly in vitamin D-
unsupplemented, exclusively human milk-fed infants and
infants with congenital rickets born to vitamin D-deficient
osteomalacic mothers. Acute infections may precipitate
hypocalcemic tetany possibly by mobilizing bone phos-
phate into the circulation and therefore decreasing serum
calcium concentration. Rachitic bone changes evolve with
the duration of the disease. In the first 6 months of life,
craniotabes is the most common sign observed. Also,
delayed closure of the posterior fontanelle, large anterior
fontanelle, and bossing of frontal and parietal bones are
often present. In the second part of infancy, epiphyseal
changes are more florid. Epiphyseal widening occurs at the
wrists, knees, ankles, and costochondral junctions (rachitic
rosary). “Rachitic lungs” indicate rib cage weakening with
secondary defective pulmonary ventilation. This feature
occurs in the very young child, particularly among preterm
infants. Harrison’s sulcus is formed along the line of attach-
ment of the diaphragm to the ribs, and a pectus carinatum
(pigeon breast-like thoracic cage) may result from persis-
tent sternal protrusion. Beyond infancy, increased weight
bearing aggravates rachitic changes particularly in verte-
bral, pelvic, and lower limb bones resulting in spinal and
pelvic deformities causing a waddling gait, and bowed legs
or knock knees. Delayed teeth eruption, enamel hypopla-
sia, and dental caries may occur. Muscular weakness and
hypotonia frequently involve proximal muscle groups in
rickets, and contribute to waddling gait, protuberance of

the abdomen, and inefficient lung ventilation in rachitic
children. The muscular weakness is thought to be caused
by decreased calcium uptake by myocytes. In developed
countries, clinical diagnosis depends on the astute clini-
cian encountering a dark-skinned infant who has been on
prolonged breastfeeding and a questionable history of sun
exposure without vitamin D supplementation.

Radiological signs correspond to clinical findings (Fig-
ure 16.1). The wrist and the knee are most useful in demon-
strating even the earliest signs of rickets. Characteristic
changes include diffuse decrease in bone density, pale and
irregular ossification centers, bowing of long bones, cup-
ping, fraying, widening of epiphyseal cartilage, decreased
bone mineralization, and pathologic fractures with poor
callus formation. Bone age may be delayed. In developed
countries the diagnosis is often made incidentally when
an x-ray of the infant is done for other reasons such as a
possible chest infection.

Treatment of the disease is vitamin D. Prevention has
been achieved in developed countries by vitamin D enrich-
ment of common foods such as milk. Because human
milk has low vitamin D content, human milk-fed infants
who are sunshine-deprived may develop the disease if
not supplemented with vitamin D.310 We have found that
human milk-fed infants require at least 30 minutes/week
of sunlight (face and hands uncovered) to maintain serum
25-OHD within normal range (>11 ng ml−1).311 Standard
formula-fed infants receive sufficient supplements of vita-
min D in formula to prevent rickets. Intermittent high dose
vitamin D prophylaxis against rickets (Stoss therapy) is
used in less developed countries to ensure compliance.
However, this regimen carries the risk of overdosage and
hypercalcemia.312

Hepatic rickets

Hepatobiliary disease predisposes to rickets presumably
because of decreased 25-hydroxylase activity, vitamin D
malabsorption, and decreased enterohepatic circulation
of 25-OHD. Malabsorption of vitamin D is probably of
major impact in the pathogenesis of hepatic rickets.308

Biochemically, serum 25-OHD and 1,25(OH)2D concentra-
tions are low. Clinically, signs of rickets are superimposed
on the primary hepatic disease. Infants with hepatitis and
infants who required prolonged parenteral hyperalimen-
tation may develop a variable degree of hepatic dysfunc-
tion and secondary rachitism.

Vitamin D-dependent rickets

Vitamin D-dependent rickets-I (VDDR-I) is inherited in
an autosomal recessive pattern. The basic pathology in
this disease is decreased renal 1-alpha-hydroxylase enzyme
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Figure 16.1. Florid rickets. Cupping and fraying of the

metaphysic; increased distance between the distal radius

metaphysic and its indistinct growth centers under mineralized

cortices; fracture in proximal radius (dark arrow).

activity, which is necessary for the conversion of 25-OHD
into calcitriol. Biochemically the disease is characterized
by very low serum calcitriol concentrations in the face
of normal serum 25-OHD concentration. Clinically, the
disease presents before 2 years of age, most often in the
first 6 months of life. A sporadic form of the disease has
been described less often, and its onset is in late child-
hood and adolescence. Successful therapy of VDDR-I can

be achieved with high doses of vitamin D or physiologic
doses of calcitriol.

VDDR-II is usually inherited in an autosomal reces-
sive pattern, with clustering of affected patients in the
Mediterranean region. The hallmark of the disease is an
end organ resistance to the effect of 1,25(OH)2D because of
a defective calcitriol-receptor effector system, and mecha-
nistically should be called calcitriol (1,25(OH)2D)-resistant
rickets. Malloy et al. demonstrated a point mutation within
the steroid-binding domain of the vitamin D receptor in
seven Mediterranean families with the disease.313,314 Clin-
ically, the disease manifests as rickets and osteomalacia
most commonly before 2 years of life. At least two-thirds
of these patients have alopecia, and some have ectodermal
anomalies: milia, epidermal cysts, and oligodontia. Occa-
sionally, the disease may be associated with impetigo her-
petiformis and ichthyosis.315 Biochemically, these patients
have low serum calcium and phosphorus concentrations,
normal serum 25-OHD concentration, and elevated serum
1,25(OH)2D and PTH concentrations. Understanding the
pathogenesis of this disease at the subcellular level reveals
intracellular defects in the calcitriol receptor-effector sys-
tem and permits classification into categories: (1) Hormone
binding negative: this is the most common defect. It is
characterized by a defect in hormone binding domain: cal-
citriol concentration is elevated but does not evoke a bio-
chemical response. (2) Defect in hormone binding capa-
city: while hormone-binding affinity is normal, there is a
reduced number of hormone binding sites (10% of normal).
(3) Defect in hormone binding affinity: while the number of
binding sites is normal (normal capacity), hormone bind-
ing affinity is reduced 20- to 30-fold. (4) Defective nuclear
localization: in this form, calcitriol does not localize to the
cell nucleus. (5) Decreased affinity of hormone-receptor
complex to DNA. Intracellular defect categories 1, 2 and
5 do not respond to therapy with high vitamin D doses. In
contrast, intracellular defects type 3 and 4 can be cured with
high vitamin D doses. Prenatal diagnosis of this disease is
now feasible and is indicated in high-risk families.316

Calcium deficiency rickets

The role of optimal dietary calcium intake in bone hom-
eostasis has been stressed. Insufficient mineral intake pre-
disposes children and young infants to rickets, particularly
during rapid growth periods of infancy and childhood. Clin-
ical evidence supports the theory that suboptimal calcium
intake in childhood results in a lower peak bone mass, thus
predisposing to adult osteoporosis. In rats, calcium depri-
vation may induce vitamin D deficiency and secondary
hyperparathyroidism.317
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In preterm infants optimal mineral retention for bone
mineralization cannot be achieved with unfortified human
milk or standard cow milk formulas. Before this fact
was known a significant number of preterm infants had
rachitic bone disease, which now appears to be ameli-
orated by fortification of preterm formulas and human
milk fed to preterm infants. Increased calcium loss in
urine is described with the use of loop diuretics (such as
furosemide), and parenteral hyperalimentation, which the-
oretically aggravates osteopenia of prematurity.318

Calcium deficiency rickets has been reported in infants
and toddlers fed low calcium diets319 and in older black
children from Africa.320,321 These children are described
to have suboptimal calcium intake in their diet. Petti-
for found significant correlations between dietary calcium
intake in these children and serum calcium and alkaline
phosphatase concentrations, and urinary calcium excre-
tion. Clinically, affected children have rachitic features with
knock-knees, bowed legs, or wind-swept deformities (com-
bined genu valgus and genu varus), but no muscular weak-
ness. Radiological features correspond to clinical findings
of rachitic changes. Osteopenia is described with or without
features of secondary hyperparathyroidism (loss of lamina
dura around teeth, but no subperiosteal cortical erosions in
phalanges). Bone histology reveals features of osteomala-
cia and secondary hyperparathyroidism. Biochemical fea-
tures of calciopenic rickets (hypocalcemia and hypocalci-
uria, normal serum 25-OHD, elevated serum alkaline phos-
phatase, elevated serum calcitriol and PTH concentrations)
resolve after dietary calcium supplementation (1000 mg of
elemental calcium day−1).321

Children who are on strict vegetarian or high cereal diets
are at risk of developing rickets. Some of these children have
clinical and biochemical features of vitamin D deficiency,
attributed to vitamin D binding by dietary phytates in the
intestinal lumen. Impaired bone mineralization associated
with the use of soy formulas has been attributed to several
factors including (1) low methionine content, (2) the pres-
ence of phytates which chelate minerals in intestinal lumen
and decrease retention of calcium and phosphorus, and (3)
the absence of lactose which facilitates intestinal absorp-
tion of calcium.

Renal hypophosphatemic rickets
(“Vitamin D resistant” rickets)

Renal hypophosphatemic rickets322,323 is a familial disor-
der inherited in an autosomal or X-linked dominant fash-
ion. The most frequent type is the X-linked dominant pat-
tern and affects males. Outside the neonatal period, it is
the most common form of rickets in childhood in the USA.

The disease is characterized by severe hypophosphatemia,
decreased maximal tubular reabsorption of phosphate
per volume of glomerular filtrate (TmP/GFR) and rickets.
Pathophysiologically, the disease is caused by a congen-
ital defect in phosphate reabsorption in proximal renal
tubules, resulting in massive phosphaturia and hypophos-
phatemia. The defective gene responsible for this disease
has been mapped to the short arm of the human X chromo-
some. Biochemically, serum phosphorus concentration is
markedly decreased, while serum calcium concentration
may be normal or decreased. Serum PTH concentration
is either normal or increased and serum 1,25(OH)2D con-
centration is either normal or low. Clinically, rickets may
manifest within a few months of life and is characterized
by short stature, genu valgum, and coxa vara. It may also
be associated with craniosynostosis, dental and periodon-
tal abscesses, and intracerebral calcifications. Radiologi-
cally, two patterns of bone changes are described in this
disease: Type A is characterized by bowing and prominent
medial epiphyseal plate widening, especially in the lower
limbs (mainly in the knees); type B is characterized by short
bones and cortical thickening, and involvement of all limbs.
In contrast to vitamin D deficiency rickets, craniotabes,
rachitic rosary, amionoaciduria, secondary hyperparathy-
roidism and pelvic deformities are not features of familial
hypophosphatemic rickets. Heterozygous females seem to
have a milder disease presumably because of the normal
allele on the unaffected X chromosome and random inac-
tivation of the mutant X chromosome.

Treatment of this disease is a lifelong process. Best results
are achieved by a combination of phosphate supplementa-
tion (40 mg kg−1day−1 in five divided doses) and calcitriol
(1,25(OH)2D). The goal of treatment is radiological heal-
ing of rachitic changes, and normophosphatemia with-
out hypercalciuria. We recommend to start with an initial
dose of 15 to 20 ng kg−1 day−1 (in two divided doses) and
increase it to 30 to 60 ng kg−1 day−1 over several months to
achieve normophosphatemia, and radiological healing of
bone changes without hypercalciuria.324,325 Calcitriol daily
dosage is monitored by keeping the urine calcium to crea-
tinine mg/mg ratio less than 0.2–0.3.326

Parenteral hyperalimentation induced osteopenia

Long-term parenteral alimentation (TPN) has been asso-
ciated with osteopenia and bone demineralization.327 The
main feature seen in this metabolic bone disease is hyper-
calciuria (Table 16.10). Several factors have been impli-
cated in the etiology of hypercalciuria including cyclic
infusion of TPN solutions,328 sulfur-containing acidic
amino acids,329–334 hypertonic dextrose infusions which
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Table 16.10. Factors aggravating hypercalciuria in patients

receiving TPN

Cyclic infusion of TPN solutions

Sulfur-containing acidic amino acids

Hypertonic dextrose infusions

Acidosis

Low phosphate in infused solutions

Aluminum contamination of TPN solutions

result in hyperinsulinemia and decreased tubular resorp-
tion of calcium, acidosis, and low phosphate in infused
solutions.327 Hypercalciuria may be ameliorated by phos-
phate supplementation.328

Aluminum-containing parenteral hyperalimentation
solutions are responsible for causing a peculiar metabolic
bone disease characterized by reduced bone formation.
The degree of aluminum accumulation in bone correlates
with decreased bone formation. Aluminum inhibits PTH
secretion, and serum PTH concentration may be within
normal limits. Also, aluminum directly impairs osteoblas-
tic bone formation and mineralization processes. Histo-
logically, the disease is characterized by osteomalacia with
excess osteoid (unmineralized bone) and widened osteoid
seams. Aluminum deposits are prominent within the min-
eralization front, where calcification of newly formed
osteoid occurs.

Metabolic bone disease of prematurity (MBDP) or
rickets/osteopenia of prematurity

The physical density of long bones such as the femoral dia-
physis decreases by about 30% during the first six months of
life. This is mostly due to an increase in marrow cavity size,
which is faster than the increase in the cross sectional area
of the bone cortex.335 These postnatal adaptations of the
skeletal system to extrauterine conditions also occur in pre-
mature infants, with the difference that they happen earlier
than in term babies. The reasons for the postnatal adapta-
tions of the skeleton are not entirely clear. However, the
skeleton is exposed to different conditions before and after
birth. In utero, regular mechanical stimulation by fetal kicks
against the uterine wall represent an intrauterine form
of resistance training. In the extrauterine life, the infant’s
movements occur with less resistance, thus putting smaller
loads on the skeleton. Postnatally, the placental supply of
estrogen and other hormones that stimulate bone forma-
tion has been cut off. Some authors question the validity
of the aim to achieve intrauterine mineral accretion rates,

and suggest that the skeleton of these infants will adapt
to the mechanical requirements, whether intrauterine cal-
cium accretion rates are achieved or not.335 An adequate
supply of substrate (including minerals) is a prerequisite for
the synthesis of bone tissue as well as to maintain the bal-
ance between bone formation and resorption. Bone forma-
tion may manifest in increase in bone length and increase
in cross sectional bone strength (increase in bone width
and cortical thickness, etc). Nutritional and mechanical
factors have complementary roles in bone development.
Thus, when the mechanical challenge posed by muscles is
lacking, less new bone is added despite adequate supply
of minerals and other substrates. We therefore emphasize
that normal bone development requires the intricate inter-
play of several factors including the availability of optimal
amount of minerals for deposition in the osteoid matrix as
well as mechanical factors that are crucial for normal bone
development.

Osteomalacia/rickets is a disorder of bone mineral-
ization – that is, the incorporation of mineral into the
organic bone matrix. In preterm infants, osteomala-
cia/rickets is generally due to a deficient supply or uptake
of mineral.336–338 When premature babies are fed human
milk, the supply of both calcium and phosphorus is low,
but the critical factor leading to osteomalacia/rickets is the
lack of phosphorus.339 Serum phosphate levels decrease
and there is not enough substrate for incorporation into
the organic bone matrix.

Osteopenia refers to a decreased amount of bone tis-
sue, which manifests as decreased thickness or number of
trabeculae and/or decreased thickness of the bone cortex.
Osteopenia is caused by either insufficient deposition or
increased resorption of organic bone matrix. In contrast
with osteomalacia, the incorporation of calcium and phos-
phate into organic bone matrix is not affected. Osteo-
penia results from diminished synthesis and/or increased
resorption of organic bone matrix. This can be caused by
severe systemic disease, a drug side effect – for example,
corticosteroids – or lack of mechanical stimulation (“dis-
use osteoporosis”). Evidence suggests that skeletal devel-
opment may be driven by functional requirements.338 This
means that bone strength increases when and where it is
required to maintain bone stability. Under physiological
conditions, the largest challenges to bone stability result
from muscle contraction and not just from passive gravity.
Therefore, the stability of a bone must be adapted to local
muscle force.

The importance of muscle–bone interaction is partic-
ularly obvious in newborns with muscular hypotonia of
intrauterine onset, who often have fractures at birth.340,341

Rodriguez investigated the effects of immobilization on
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fetal bone development through postmortem study of
radiographs in newborns with congenital neuromuscular
diseases (CNMD) of intrauterine onset. From their study
they suggest that intrauterine immobilization induces a
decrease in mechanical usage of bone, mainly influencing
bone modeling and probably bone remodeling resulting in
osteopenia and mechanical defects that predispose them
to fractures.340,341 They later demonstrated an impairment
of the membranous (periosteal) ossification of long bones
produced by immobilization and/or decrease of muscu-
lar strength.342 However, lack of mechanical stimulation is
not limited to these rare cases, but may be an important
problem in neonatology.

Metabolic bone disease of prematurity (rickets or
osteopenia of prematurity) is a disease of growing bone
occurring primarily in preterm infants and is character-
ized by suboptimal mineralization of bone matrix result-
ing in fragile skeletal support and increased incidence of
bone fracture with little mechanical stress. The incidence
of this disease varies from 30%–70%. It is inversely related
to the gestational age with highest incidence occurring in
the VLBW infants (at least 30% in infants less than 1500 g
birth weight).343–348 In Callenbach’s review a higher propor-
tion of these infants were black, born in the spring, had a
greater initial weight loss, and had a longer hospitalization.
Some of these infants were fed soy formula, supplemented
with calcium and vitamin D but not phosphorus. Soy iso-
late formula, as well as human milk does not provide suf-
ficient calcium and phosphorus to keep pace with rates of
intrauterine accretion. Steichen349 and coworkers demon-
strated lower bone mineral content using single photon
absorptiometry in infants fed soy formula over the first
year of life. The disease is even more aggravated in infants
with chronic lung disease and significantly increased work
of breathing and energy expenditure, with limited intake
of minerals and exaggerated urinary mineral losses from
chronic diuretic therapy.350 Despite increasing awareness
and institution of preventive measures by increasing min-
eral intake of preterm infants over the past 2 decades, there
are no recent systematic studies of the incidence of the
disease in infants who presumably received mineral sup-
plementation that mimics intrauterine mineral supply.

The etiology of rickets of prematurity is multifactorial.
Several pathophysiological explanations for this disease
have been proposed. The major cause of metabolic bone
disease in premature infants (MBDP) is insufficient intake
of minerals (primarily calcium and phosphorus) short of
the recommended intake for normal bone mineralization,
remodeling, and growth. This results in deficient crystal-
lization of Ca and phosphate in newly formed osteoid
matrix. Human milk contains only approximately 25% of

the amount of calcium and phosphorus needed for nor-
mal bone mineralization during postnatal growth of pre-
mature infants in the period equal to the third trimester,
even when the infants are fed 200 ml kg−1 day−1.351–353 Even
with a maximum oral intake of 200ml kg−1 day−1 and sup-
plementation/fortification with calcium and phosphate, it
is almost impossible to match the rate of intrauterine accre-
tion of these two minerals in the third trimester (for Ca it is
about 3.5 mmol kg−1 day−1 and for P it is about 2.7 mmol
kg−1 day−1).

Phosphorus deficiency rickets has been described in
preterm infants fed human milk, which does not sup-
ply the minimum daily requirement of phosphorus for
rapidly growing bones. Biochemically, these infants have
low serum phosphate concentration, normal or elevated
serum calcium concentration, increased tubular reabsorp-
tion of phosphorus, and elevated serum calcitriol concen-
trations. Clinically most patients are detected within the
first 6 months of life with florid rachitic bone disease. Sub-
optimal caloric intake may additionally affect bone growth
and modeling resulting in osteopenia in addition to rick-
ets/osteomalacia.

From additional evidence it appears that increased bone
resorption may also be a significant contributing factor to
the pathogenesis of MBDP.354,355 This is supported by the
findings that urinary excretion of bone resorption mark-
ers like hydroxyproline, type 1 collagen telopeptide, and
calcium and phosphorus is 3–4 times higher in preterm
in comparison to term infants. Beyers et al.354 noted that
preterm infants at expected full-term age had significantly
greater urine excretion of calcium (2.9x), phosphate (4.3x),
and hydroxyproline (3.7x) compared with normal term
infants. Serum alkaline phosphatase was twice as great (411
UL−1 v. 206 UL−1) in preterm infants at expected full-term
age compared with normal term infants. Moreover, radio-
logical evaluation showed increased endosteal resorption
in the preterm infants. Mora et al.355 found that preterm
infants (average gestational age of 33 weeks) had signifi-
cantly higher blood levels of type 1 collagen telopeptide
than term infants when both groups were studied at 4
weeks of age. Using osteocalcin and procollagen type 1
carboxyterminal propeptide as indices of bone formation,
these investigators found lower concentrations of bone
formation markers in the preterm infants than the term
infants.

Miller proposed that biomechanical factors contribute
significantly to the pathogenesis of MBDP. Increased bone
resorption may be aggravated by a lesser degree of mechan-
ical load on preterm bone following birth.356 The effects of
intrauterine kicking and bouncing have been stressed as
important mechanical stimuli for bone formation in the
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last few weeks of pregnancy. Infants with this disease usu-
ally have normal serum vitamin D metabolites346,347 and
supplemental vitamin D administration does not improve
the biochemical and radiological changes of this disease.

A significantly lower BMC in premature infants at term
compared with term infants has been described in sev-
eral studies.357–360 The BMC was found to be around 50%
lower at term in premature infants with birth gestational
age < 32 weeks. The reduced rate of bone mineralization
in premature infants may lead to complications, inclu-
ding risk of fractures346,347 and high incidence of myopia
because of the head flattening caused by osteopenia.361

Other complications of the disease include defects in decid-
uous dentition.362 The disease is aggravated by parenteral
solution-induced cholestasis,363 hypersulfatemia, and alu-
minum contamination of parenteral solutions.364

Aluminum (Al) impairment of bone matrix formation
and mineralization may be mediated by its direct effect on
bone cells or indirectly by its effect on parathyroid hormone
and calcium metabolism.364–366 Its toxic effects are propor-
tional to the tissue Al load. Al contamination of nutrients
depends on the amount of Al present naturally in chemicals
or from the manufacturing process. Intravenous calcium,
phosphorus, and albumin solutions have high Al (> 500
µg L−1), whereas crystalline amino acid, sterile water, and
dextrose water have low Al (< 50 µg L−1) content. Enteral
nutrients including human and whole cow milk have low
Al, whereas highly processed infant formulas with mul-
tiple additives, such as soy formula, preterm infant for-
mula, and formulas for specific disorders are heavily con-
taminated with Al. Healthy adults are in zero balance for
Al. The intestinal mucosa of the gastrointestinal tract pre-
vents the absorption of greater than 95% of dietary Al, and
the kidney is the dominant organ for Al excretion. How-
ever, even with normal renal function, only 30%–60% of an
Al load from parenteral nutrition is excreted in the urine,
resulting in tissue accumulation of Al. The risk for Al tox-
icity is greatest in infants with chronic renal insufficiency,
recipients of long-term parenteral nutrition, i.e., bypass-
ing the gut barrier to Al loading, and preterm infants with
decreased intestinal mucosal integrity. The rapid growth
of the infant would theoretically potentiate Al toxicity in
all infants, although the critical level of Al loading causing
bone disorders is not known. To minimize tissue burden,
Al content of infant nutrients should be similar to “back-
ground” levels, i.e., similar to whole milk (< 50 µg L−1).The
spectrum of the disease ranges from subclinical mild bone
demineralization that resolves over several months360,367 to
overt rickets and nontraumatic fractures.368 Approximately
10% of VLBW, preterm infants incur fractures within the
first several months of life. The mean age of diagnosis of

fractures in one series of preterm infants with fractures was
76 days, and the types of fractures included long bone, rib,
and metaphyseal fractures.369

Measurements of BMC are usually based on single pho-
ton absorptiometry applied to the forearm. This method
has the limitation of measuring only a small part of the
skeleton, and correction for body size, which is necessary to
assess bone mineralization, is not used. Radiological exam-
ination of the skeleton has also been used, and a scale for
grading the severity of metabolic bone disease has been
developed.370 A BMC < 50 % of the normal level is usu-
ally the detection limit for changes on radiographs, which
significantly limits this method.

Probably, the most common clinical presentation of rick-
ets of prematurity is subclinical rickets detected inciden-
tally on radiological examination. The full-blown clinical
picture of rickets comprises craniotabes, widening of cos-
tochondral junctions of the ribs (rachitic rosary) with or
without respiratory distress (Figure 16.1), 371 and widening
of the wrists and ankles. Preterm infants may present with
skeletal fractures, usually of long bones and ribs. The most
common age of presentation is between 2–4 months of life
with a range from 4–20 weeks of postnatal life.

Biochemical changes of rickets are variable and depend
on the severity of the disease, and compensatory mecha-
nisms of the body: serum calcium concentration is com-
monly normal but may be low or even elevated; serum
phosphorus concentration is often low but may be nor-
mal. The entity “phosphorus deficiency syndrome” is well
described by Rowe and is a major cause of poor bone miner-
alization, hypercalciuria and calcium deficiency, and sec-
ondary rickets; serum 25-OHD concentration may be nor-
mal, low, or elevated; serum PTH may be normal or ele-
vated if secondary hyperparathyroidism occurs as a com-
pensatory mechanism to correct for hypocalcemia; serum
1,25(OH)2D concentration is typically elevated indicating
renal compensatory activity to counteract the effects of
mineral deficiency by decreasing excretion of calcium and
phosphorus.346,347 Serum alkaline phosphatase concentra-
tion is elevated, but is not specific for bone, because the
enzyme is also produced in the liver. Bone specific alkaline
phosphatase isoenzyme assay may be more reliable for fol-
low up.

Kovar372 used serum alkaline phosphatase in screening
for rickets of prematurity and suggested a cut-off level
of alkaline phosphatase activity above 5 times the upper
limit of the normal adult reference rate (>1200 IU L−1)
as an indication of rickets. In another radiographic study
Koo et al.346,347 found a significant association between
serum phosphate and bone mineralization. Though some
photon absorptiometry studies373,374 report an association
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between serum alkaline phosphatase or serum phosphate
and BMC, others do not.357,375 Ryan et al. found an asso-
ciation between serum alkaline phosphatase and phos-
phate and BMC, but the prediction of BMC was poor
because the biochemical variables could only explain 7%
of the variation in BMC. Abrams et al. found a significant
positive association at 16 and 25 weeks of age between
serum alkaline phosphatase and BMC measured by single
photon absorptiometry (SPA), also when bone width was
corrected for.

Lucas et al.376 reported that a peak value of serum alkaline
phosphatase >1200 IU L−1 was associated with reduced
linear growth in the neonatal period and reduced height
achievement at 18 months of age. They suggested that this
may be due to metabolic bone disease, but did not meas-
ure BMC. Later Faerk377 compared infants with high serum
alkaline phosphatase (mean value >1200 U l−1) with those
with low values (mean value <600 U L−1), and found no
difference in BMC at term. They have also found a sig-
nificant association between growth velocity and serum
phosphate.378 As serum phosphate is closely and nega-
tively associated with serum alkaline phosphatase, it is
likely that serum alkaline phosphatase is negatively asso-
ciated with growth velocity, although this may not be
due to a mineralization deficit, but rather to phosphorus
deficiency.

Gross379 found significantly lower serum phosphate
and higher serum alkaline phosphatase concentrations
in infants fed human milk alone compared with infants
fed human milk supplemented with formula. MacMahon
et al.380 reported a significant association between high
serum alkaline phosphatase concentration, low BMC
assessed from radiographs, low serum phosphate concen-
tration, and rickets. Two regional DEXA studies380 report
no association while others report an association between
serum alkaline phosphatase and BMC or serum phos-
phate. Comparison of these studies is difficult because of
inconsistency in the measurements of biochemical vari-
ables and BMC. Recently Faerk et al.377 compared size-
corrected BMC measured by DEXA with biochemical indi-
cators of bone mineralization in premature infants. They
found that serum alkaline phosphatase concentration was
significantly and negatively associated with serum phos-
phate concentration in preterm infants.377 Bone mineral
content was not associated with mean or peak serum alka-
line phosphatase, or mean serum phosphate concentra-
tions at term.

The source of serum phosphate is a combination of
phosphate coming out of bone due to bone resorption
and dietary phosphate. Therefore, a high serum phosphate
may indicate increased bone resorption leading to reduced

BMC, and a low serum phosphate may be a marker of less
bone resorption and thereby a normal BMC. In older chil-
dren with rickets, bone resorption is associated with sig-
nificant serum elevations of ICTP and osteocalcin381 and
serum ICTP concentration correlated with alkaline phos-
phate activity.

Prevention and therapy

Metabolic bone disease in the preterm infant has received
increasing emphasis.337,382 The increasing survival of
extremely premature infants is associated with a rise in
the number of subjects at high risk for rickets of prema-
turity, at least in the subclinical form. Ideally, these infants
should receive sufficient amounts of minerals to meet the
intrauterine mineral accretion rate required for adequate
bone mineralization. Human milk and standard human-
ized cow milk formulas do not provide optimal Ca and
P concentrations (Table 16.11) to meet the requirements
of preterm infants. Formulas designed for preterm infants
have a higher content of minerals to insure that dietary
mineral intake can theoretically achieve fetal accretion rate.
During the third trimester, daily net accretions for Ca and
P range between 120 and 140 mg kg−1 and 60 to 75 mg
kg−1, respectively. Assuming that the intestinal absorptions
for Ca and P in the preterm infant are 65% and 85%,10

a daily intake of elemental Ca and P of 215 mg kg−1 and
90 mg kg−1, respectively might be expected to provide suf-
ficient mineral intake to meet intrauterine accretion rate
in the preterm infant. The exclusive feeding of unfortified
human milk in premature infants has been associated with
poorer rates of growth and nutritional deficits during and
beyond the period of hospitalization.383–390 As a common
goal for nutritional support is to meet the intrauterine rates
of growth and nutrient retention, nutrient supplementa-
tion is necessary to optimize the use of human milk in the
feeding of premature infants.391

The ideal Ca and P content of milk formulas to pre-
vent rickets of prematurity is not known, especially in
VLBW infants. However, with few exceptions379,392 most
studies demonstrated improvement in bone mineraliza-
tion and biochemical measurements of rickets by Ca and
P fortification of human milk or cow milk formulas fed to
preterm infants.391,393–399 Treatment with a formula supple-
mented with additional Ca and P, results in rapid improve-
ment in bone mineralization with a concomitant decrease
of 1,25(OH)2D to normal values, whereas 25-OHD values
increase and parathyroid hormone values decrease.347,400

MacMahon demonstrated that an increased mineral con-
tent in parenteral nutrition solutions reduces the severity
of metabolic bone disease.401
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Table 16.11. Calcium (Ca), Phosphorus (P), and magnesium (Mg) contents of Infant

Formulas (units/100 kcal)∗

Ca (mg) Ca:P Mg(mg) P(mg)

Human milk 38.89 2:1 4.86 19.44

Routine cow’s milk formulas

Enfamil (Mead Johnson) 69.00 1.5:1 7.80 47.00

PM 60/40 (Ross) 56.00 2:1 6.00 28.00

SMA (Wyeth) 63.00 1.5:1 7.00 42.00

Similac (Ross) 75.00 1.3:1 6.00 58.00

Preterm infant formulas

Enfamil Premature (Mead Johnson) 117.00 2:1 4.90 59.00

Similac Special Care (Ross) 180.00 2:1 12.00 90.00

SMA Preemie (Wyeth) 90.00 1.8:1 8.60 50.00

Similac LBW (Ross) 90.00 1.3:1 10.00 70.00

Soy protein formulas

ProSobee (Mead Johnson) 94.00 1.3:1 10.90 74.00

Isomil (Ross) 105.00 1.4:1 7.50 75.00

Isomil SF (Ross) 105.00 1.4:1 7.50 75.00

Nursoy (Wyeth) 90.00 1.4:1 10.00 63.00

Soyalac (Loma Linda) 94.00 1.7:1 12.00 55.00

i-Soyalac (Loma Linda) 102.00 1.4:1 11.00 71.00

*Adapted from data.469

The use of multinutrient fortifiers for human milk-
fed premature infants has increased in neonatal cen-
ters. Mineral supplementation of unfortified human milk
throughout hospitalization may improve linear growth
and bone mineralization during and beyond the neonatal
period.391,402–404 Supplementation with both Ca and P also
results in a normalization of biochemical indices of min-
eral status: serum Ca, P, and alkaline phosphatase activity;
urinary excretion of Ca and P,389,405 and bone density.406

Steichen399 demonstrated that infants fed high-mineral
concentration formula (120 mg calcium and 63 mg phos-
phate per 100 ml) achieved a BMC measured by SPA
equal to the intrauterine levels. Infants fed the experi-
mental high-mineral formula were already within the low
normal intrauterine range at the start of the study (2
weeks) and increased their BMC by 58% to the aver-
age range during the following 10 weeks (Figures 16.2,
16.3). Modanlou393 demonstrated that infants receiving
fortified preterm human milk showed growth, biochem-
ical status, and mineral status similar to those receiving
high-caloric-density formula, but infants receiving forti-
fied preterm human milk grew significantly faster, had
higher serum protein, and tended to have better mineral
status (higher serum calcium, lower alkaline phosphatase,
and higher serum phosphorus, none individually signifi-
cant) than infants receiving preterm human milk alone.
Gross379 showed no significant effect of early maternal

milk supplementation with formula on bone mineraliza-
tion by 44 weeks postconceptional age. Venkataraman394

demonstrated that mineral supplementation of human
milk resulted in higher bone mineral content. Holland et
al.397 found a significant effect of phosphorus supplemen-
tation on reducing the occurrence of rickets measured by
x-ray in premature infants with birth weight <1250 g at 5
weeks of age. Lapillonne398 demonstrated that mineral sup-
plementation of human milk as well as feeding preterm
formula result in better mineral retention and improved
bone mineral content that is no different than that of term
human infants by 6 months of age.

In striking contrast to previous reports, a recent Danish
study392 which examined the effect of different mineral
supplements on bone mineral content at term in premature
infants, found that when feeding 200 ml kg−1day−1, mineral
supplementation of human milk or use of preterm formula
did not significantly improve bone mineralization outcome
at term. In this study infants received phosphate supple-
mentation of human milk as recommended by the Euro-
pean Society of Pediatric Gastroenterology and Nutrition407

or fortified supplementation with protein, calcium, and
phosphorus or preterm formula as recommended by the
American Academy of Pediatrics.408 Interestingly neither
phosphate, fortifier nor preterm formula supplementation
had any significant effect on bone mineral content meas-
ured by DEXA scan at term compared with infants fed
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Figure 16.2. Postnatal bone mineral content (BMC) of infants

born between 28 and 32 weeks gestation receiving experimental

feeding (Ca and P fortified routine formula), compared with the

intrauterine bone mineralization curve (IUBMC), and to

postnatal BMC of infants born between 28 and 32 weeks gestation

receiving routine formula (68 Kcal/100 ml). BMC in the

experimental group is not different from the IUBMC and is

significantly greater than MBC in the routine feeding group at 2, 4,

and 12 weeks of postnatal age, respectively.

their own mother’s milk only. Infants fed preterm formula
had a significantly higher weight at term compared with
infants fed their own mother’s milk only, but did not differ
significantly in length or head circumference. The amount
of supplemented phosphorus was significantly associated
with weight at term. The lack of effect of mineral supple-
mentation with either phosphate or a fortifier with both cal-
cium and phosphate is surprising in comparison to many
previously published results, and even more surprising is
the finding that feeding with preterm formula does not
significantly improve bone mineralization compared with
feeding with their own mother’s milk. The high volume of
intake (200 ml kg−1day−1) increases mineral intake which
may partly explain why infants fed their own mother’s milk
only were able to almost achieve the same BMC, length, and
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Figure 16.3. Postnatal bone mineral content (BMC) of infants

born between 33 and 35 weeks gestation receiving experimental

Ca and P fortified formula compared with the intrauterine bone

mineralization curve (IUMBC) and to the postnatal BMC of

routine formula-fed infants born between 33 and 35 weeks

gestational age. BMC in the experimental group is not different

from the IUMBC and is significantly greater than BMC in the

routine feeding group at 4 and 6 weeks postnatal age.

head circumference as infants fed fortified human milk or
preterm formula. It is not clear whether decreased intesti-
nal mineral absorption or technical variation was respon-
sible for the lack of detection of improved mineralization
with mineral supplementation in this study.

Poor calcium absorption from certain cow milk-based
formulas409 could be due to the position of fatty acids in
triacylglycerols.410,411 In human milk, the most common
fatty acid, palmitic acid, is placed in the sn-2 position,
whereas in formulas, palmitic acid is often placed in the
sn-1 or sn-3 position. Lipases hydrolyze the fatty acids
in sn-1 and sn-3 positions and leave the fatty acid in the
sn-2 position as monoacylglycerol. Palmitic acid in mono-
acylglycerol is well absorbed, whereas free palmitic acid
is poorly absorbed and forms insoluble calcium soaps.
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A significantly higher calcium and fat excretion in stools
have been found in formula-fed infants compared with
human milk-fed infants.412,413 Koo et al.414 recently demon-
strated reduced bone mineralization in infants fed palm
olein-containing formulas.

Treatment with furosemide contributes significantly to
excessive urinary calcium losses and to the develop-
ment of metabolic bone disease. Rowe415 demonstrated
that mineral supplementation of formula fed to infants
receiving furosemide may promote bone mineralization
and prevent the occurrence of secondary hyperparathy-
roidism. Treatment with high-dose dexamethasone for
bronchopulmonary dysplasia in VLBW infants was asso-
ciated with rapid and marked decrease in bone forma-
tion marker (PICP, BALP) concentrations, poor weight
gain and lower extremity shrinkage.416 The authors of this
study report resolution of these biochemical changes dur-
ing steroid weaning. The importance of physical activ-
ity in bone metabolism has become recognized.417 Stud-
ies using SPA,418 DEXA419 and ultrasound techniques420

have demonstrated that physical activity promotes bet-
ter bone formation and density provided that a sufficient
and balanced supply of energy, proteins, vitamins, calcium,
phosphorus, and other essential nutrients for normal bone
development are available.

Koo et al.346,347 reported prospective longitudinal stud-
ies of the clinical course of fractures and rickets in VLBW
infants during the first year of life: radiographic evidence
of healing and remodeling occurred concurrently with
increased enteral intake and physical growth, regardless of
whether specific orthopedic treatment was initiated. Skele-
tal maturation as indicated by the development of ossifica-
tion centers at the wrists was directly related to weight gain,
and was similar to term infants by 1 year. No infant had
skeletal deformities on follow-up examination. Therefore
most VLBW infants with the disease can be managed “con-
servatively,” with emphasis on nutritional intake to achieve
weight gain. Fewtrell et al.421 have reported on long-term
follow-up of preterm children. They are shorter, lighter, and
have lower bone mass than their peers at age 8–12 years.

Recommended enteral and parenteral mineral
and vitamin D requirements

Determination of optimal nutrient requirement is based
on several criteria including mineral balance studies that
assess mineral accretion, biochemical indicators of bone
and mineral homeostasis, and assessment of bone mineral
content and density. Mineral as well as vitamin D deficien-
cies have been described earlier.

Parenteral nutrition

The indications, techniques, and complications of par-
enteral hyperalimentation are discussed elsewhere. This
section is devoted to mineral components of currently
utilized parenteral solutions in infants. The most current
recommendations for mineral and vitamin D intake for
infants are based on the results of metabolic studies in term
and preterm infants, the goal sought being optimal bone
and mineral homeostasis as indicated by normal serum
minerals and vitamin D metabolites and relatively nor-
mal bone density. Currently, most parenteral solutions can
provide minerals to meet 60%–70% of intrauterine min-
eral requirements. Tables 16.12 and 16.13 include recom-
mended enteral and parenteral mineral intake for optimal
bone and mineral homeostasis.

Parenteral mineral-containing solutions for LBW infants
should be started soon after birth422 to prevent excessive
mineral loss and promote earlier resumption of postna-
tal growth. For the initiation of parenteral nutrition and
during short-term therapy for less than 2 weeks’ duration,
LBW infants should receive parenteral nutrition solutions
at rates of approximately 120–130 ml kg−1 day−1, contain-
ing minerals at the following concentrations: Ca 15 mM, P
15 mM and Mg 2.5 mM. For optimal growth and nutrient
utilization, however, LBW infants maintained on parenteral
nutrition at rates of 120–130 ml kg−1 day−1 for 2 or more
weeks should receive mineral concentrations of Ca 20 mM,
P 20 mM, and Mg 2.5 mM.

When parenteral solutions were first utilized, a major
problem was calcium and phosphate salts (mono and
dibasic potassium phosphate) precipitation and there-
fore inability to deliver sufficient amounts of minerals
to patients. Several remedies came about as a result of
continuous research in this field.423 The solubility of cal-
cium and phosphate salts has been enhanced by several
techniques including using appropriate Ca:P ratios424 and
optimal amounts of minerals, using organic calcium salts
(calcium gluconate or gluceptate) and organic phosphate
salts (sodium glycerophosphate or glucose monophos-
phate), decreasing the pH of the solution by using sulfur-
containing acidic amino acids (L-cysteine hydrochloride),
and mixing phosphate salts before addition of calcium
salts.

Alternate day infusion of calcium and phosphate in
VLBW infants is associated with excessive wasting of the
infused minerals,425 which increases the risk for nephro-
calcinosis and nephrolithiasis.426 Better mineral retention
is achieved when calcium and phosphate are administered
together rather than in separate solutions.427 Hanning
et al.428 reported on the efficacy of the more soluble
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Table 16.12. Mineral and vitamin D requirements for parenteral nutrition solutions∗

CA P MG VITD CA/P ratio

(mg kg−1day−1) (IU kg−1day−1) By weight

Term 60 45 7 40–160 1.3:1–1.7:1

(mmol kg−1day−1) (mcg per day) Molar

1.25–1.5 1.25–1.5 0.3 1.0–4.0 1:1–1.3:1

(mg kg−1day−1) (IU kg−1day−1) By weight

Preterm 60–90 47–70 4.3–7.2 40–160 1.3:1–1.7:1

(mmol kg−1day−1) (mcg day−1) Molar

1.5–2.25 1.5–2.25 0.18–0.3 1.0–4.0 1:1–1.3:1

Note: Ca and P concentrations are based on fluid intake of 120–150 ml kg−1day−1.

Precipitation may occur with concentrations above 60 mg dL−1 of calcium and 45 mg dL−1 of phosphate.

1.0 mmol of phosphate = 96 mg.

1 mEq of elemental calcium = 20 mg.

1 mcg of Vitamin D = 40 IU.

*Adapted from data.466–468

Table 16.13. Mineral and vitamin D requirements for enteral nutrition∗

CA P MG VITD CA/P ratio

(mg kg−1day−1) (IUday−1) By weight

Term 60 45 7 150–400 2:1

(mmol kg−1day−1) (µg day−1) Molar

1.5–1.5 1.25–1.5 0.3 3.75–10 1:1

(mg kg−1day−1) (IUday−1) By weight

Preterm 120–200 70–120 7.2–9.6 150–400 2:1

(mmol kg−1day−1) (µg day−1) Molar

3.0–5.0 2.0–3.5 0.3–0.4 3.75–10 1:1

∗Adapted from data.466–468

calcium glycerophosphate in permitting larger mineral
intake. Monobasic potassium phosphate salt improves the
solubility of calcium and phosphorus in amino acid plus
dextrose solutions, compared with mixtures of monobasic
plus dibasic salts, and results in better retention of Ca and
P.429

The use of parenteral solutions containing 60 mg dL−1

of calcium and 46mg dL−1 of phosphorus (a Ca:P ratio
of 1.3:1 to 1.7:1 by weight and 1:1 molar ratio) has been
associated with stable bone and mineral homeostasis and
good mineral retention rates (88%–91% for Ca, 89%–97%
for P) without increasing hypercalciuria.430,431 For preterm

infants requiring PN, the use of PN solutions with a Ca con-
tent of 1.25–1.5 mmol dL−1 (50–60 mg dL−1), a P content of
1.29–1.45 mmol dL−1 (40–45 mg dL−1), and a Mg content of
0.2–0.3 mmol dL−1 (5–7 mg dL−1) is supported by studies of
mineral homeostasis with serial chemical and calciotropic
hormone measurements, standard balance studies, and
improved radiographic indices of bone mineralization.432

Based on the timing of development of fractures and
rickets, changes in BMC, and skeletal growth data, the
increased Ca and P intake should continue for at least
3 months after birth or until reaching a body weight of
about 3.5 kg. In addition, nonnutritional factors may have
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the potential to increase mineral loss and disturb mineral
homeostasis; chronic diuretic therapy increases mineral
loss, and aluminum contamination of nutrients theoreti-
cally may compound any skeletal disorder. Thus, attention
to the level of mineral intake and factors important in min-
eral loss and mineral metabolism should optimize mineral
retention in small preterm infants.

Addition of the amino acid cysteine to parenteral solu-
tions has been associated with greater solubility and con-
centrations of Ca and P and therefore greater delivery of
minerals to patients. Tables 16.12 and 16.13 include re-
commended mineral intake for optimal bone and mineral
homeostasis. In our practice we usually start with 70%–
80% of our total goal of mineral delivery, and increase the
amount of mineral delivered by 10% every day over 2–3 days
to reach 100% of our goal. The rate of incremental increase
is dictated by serum calcium and phosphorus concentra-
tions which we advise to monitor daily or every other day
for the first week and then weekly thereafter once these
parameters are stable.

Prestridge et al.433 demonstrated that increasing par-
enteral nutrition solution concentration of minerals from
1.25 mmol calcium and 1.5 mmol phosphorus per deciliter
to 1.7 mmol calcium and 2.0 mmol phosphorus per deciliter
over 3 weeks resulted in greater retention of these min-
erals during parenteral nutrition therapy and in greater
bone mineral content after therapy. Serum calcium, mag-
nesium, parathyroid hormone, 25-OHD, and osteocalcin
concentrations did not change yet serum phosphorus con-
centration was significantly higher. Balance studies done
by Schanler et al.434 show that although urinary Ca, P,
and Mg excretion increased after parenteral nutrition ther-
apy was begun, net nutrient retention increased signifi-
cantly above baseline for all nutrients. Average weekly
nutrient retention was significantly below intrauterine esti-
mates of nutrient accretion for Ca and P; and significantly
exceeded those for Mg. Postnatal therapy with dexa-
methasone increased P excretion and decreased P reten-
tion. Therefore, positive mineral balance may be achieved
early in the neonatal period. The magnitude of this effect
may remain uniform during parenteral nutrition. Adjust-
ments in parenteral nutrient intake are needed to provide
nutrient intakes sufficient to support postnatal retention
at rates similar to those of intrauterine accretion. Com-
plications of TPN include disturbances in serum calcium,
phosphorus, and magnesium and metabolic bone disease.
However, with our current recommendations the incidence
of these complications has been reduced markedly. One
complication often cited is biliary sludge, which is best
prevented and treated by initiation of trophic feedings and
establishing enteral feedings.

The role of aluminum contamination of PN components
and the potential role of aluminum in TPN-induced hep-
atocellular injury and cholestasis as well as in metabolic
bone disease has been reviewed.435,436 Aluminum remains a
significant contaminant of total parenteral nutrition (TPN)
solutions and may be elevated in bone, urine, and plasma
of infants receiving TPN. Aluminum accumulation in tis-
sues of uremic patients and adult TPN patients has been
associated with low-turnover bone disease. Almost all com-
ponents of PN solutions are contaminated with aluminum
to a variable degree including vitamins and mineral solu-
tions, amino acids, and to a lesser degree dextrose solutions
and lipid emulsions. Though the degree of aluminum con-
tamination of PN solutions has decreased over time, con-
tamination still significantly exceeds levels that are safe for
human neonates.437 Currently, there is no evidence to indi-
cate a safe level of aluminum exposure in neonates. The
American Society of Clinical Nutrition/American Society of
Enteral and Parenteral Nutrition Joint Commission recom-
mends aluminum exposure in PN not to exceed 2 µg kg−1

day−1.438 The research of Klein439 in animals demonstrates
increased serum bile acids and alkaline phosphatase, and
decreased bile flow that correlates inversely with increas-
ing aluminum load and duration of exposure. Premature
infants whose serum aluminum concentration exceeded 10
µg L−1,440 demonstrated a significantly negative correlation
between serum aluminum concentration and gestational
age. Altogether, infants with high aluminum levels showed
significantly more complications, especially bronchopul-
monary dysplasia, necrotizing enterocolitis, cholestasis,
and osteopenia.

Parenteral nutrition may be complicated by increased
calcium and phosphorus urinary losses which are thought
to be aggravated by excessive mineral load, excessive
amino acid intake, increased sodium intake with resul-
tant extracellular fluid expansion, increased vitamin D
intake, increased glucose load, metabolic acidosis, and
diuretic therapy. Hypercalciuria may be due to acidic sul-
fate solutions.441 Research studies in the field of parenteral
nutrition have been instrumental in demonstrating that
vitamin D deficiency is rare in infants and children main-
tained on parenteral nutrition, and plays no role in the
induction of metabolic bone disease or rickets of prema-
turity, which in fact is due primarily to decreased min-
eral retention secondary to inappropriate mineral ratio,
and suboptimal delivery of minerals to patients with rapid
growth rate. Investigators demonstrated normal mineral
and vitamin D status in infants receiving 30–400 IU kg−1

day−1 of vitamin D in amino acid dextrose solution or 160–
400 IU kg−1 day−1 in lipid emulsion. A low dose of vitamin
D of 25 IU dL−1 of parenteral solution can maintain normal
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vitamin D status for as long as 6 months as indicated by
normal serum 25-OHD concentrations, serum calcium,
magnesium, phosphorus, alkaline phosphatase, creatinine
(Cr), and vitamin D-binding protein concentrations or
urinary Ca : Cr and Mg : Cr ratios.

Enteral nutrition

Balance studies demonstrated that variability in nutrient
intake (mg kg−1 day−1) accounted for 96% and 57% of the
variability in phosphorus absorption and retention (mg
kg−1 day−1). Intake, birth weight, gestation, postnatal age,
balance weight, and type of formula fed also accounted for a
substantial part of the variability in calcium absorption and
retention.442 Using a 72-h balance technique, Bronner443

evaluated the effect of calcium and vitamin D supple-
mentation on net calcium absorption in low-birth-weight
preterm infants. Net calcium absorption averaged 58% with
an intake of 80 mg Ca kg−1 day−1. Calcium absorption did
not differ significantly, with neither vitamin D supplemen-
tation, nor supplementation with vitamin D and calcium,
affecting per cent absorption significantly. Net calcium
absorption was a linear function of calcium intake (40–130
mg Ca kg−1 day−1), and vitamin D supplementation did
not increase net calcium absorption. From these findings
it appears that in preterm LBW infants, calcium absorption
proceeds by a nonsaturable route, with the transcellular,
vitamin D-regulated mechanism not yet expressed. There-
fore in preterm infants fed human milk with mineral for-
tifier or preterm formula, calcium retention of 45–60 mg
kg−1 day−1 can be achieved.443,444 Human milk and stan-
dard cow milk formulas do not provide sufficient amount
of minerals for optimal bone mineralization in preterm
infants. Balance studies445 demonstrated that although cal-
cium and phosphorus intakes from standard cow milk for-
mulas were higher than from human milk, retention of cal-
cium and phosphorus in preterm infants fed either human
milk or standard formula did not meet intrauterine reten-
tion rates, and hypophosphatemia developed in infants
who received their mothers’ milk.

Although the use of high mineral formula has been shown
to increase bone mineral accretion and reduce the risk of
osteopenia in preterm infants,446–449 it has not eliminated
it. Human milk-fed infants have lower bone accretion than
formula-fed infants. The inclusion of palm olein oil in infant
formula may reduce bone mineral accretion.450 Bone accre-
tion is not influenced by the timing of the introduction of
weaning foods, despite higher serum PTH concentrations
among infants who receive solids earlier.450

Pieltain451 demonstrated that preterm formula-fed (PTF)
infants showed a greater weight gain, fat mass deposition,
bone mineral content gain, and increase in bone area com-
pared with the fortified human milk-fed (FHM) infants.
Growth and weight gain composition of the preterm infant
during the first weeks of life differ from that of the fetus
in utero. From birth to the time of discharge body weight
and body-length growth deviate from intrauterine refer-
ence values452 in the FHM infants and in the PTF infants.
These findings are consistent with other studies453,454 and
may imply that there would be a long-term reduction in lin-
ear growth in these infants.455,456 The difference in accre-
tion of bone mineral content between the PTF and FHM
fed infants disappeared when the data were adjusted for
the weight gain difference, suggesting that the effect was
largely caused by differences in bone matrix growth rate
between the two groups.

Cooke457 examined the effect of high protein and min-
eral intake on whole body composition in preterm infants
after hospital discharge, using DEXA measurements over
the first year of life. During the study, weight gain, and lean
mass gain were greater in infants provided with higher pro-
tein and mineral intake. At 12 months, they also had greater
weight, lean mass, fat mass, and bone mineral mass but not
per cent fat mass or bone mineral density. In this study,
increased weight gain primarily reflected an increase in
lean mass. For infants requiring enternal nutrition (EN), an
intake of approximately 4 mmol (200 mg) of Ca, 3.2 mmol
(100 mg) of P, and 0.33 mmol (8 mg) of mg kg−1 day−1 based
on an average retention rate of 64% for Ca, 71% for P, and
50% for Mg should be sufficient to meet the requirements
of preterm infants in early infancy. This level of intake is
supported by data from balance studies using standard and
stable isotope techniques, changes in bone mineral content
(BMC) measurements, and calciotropic hormone data.432

For human milk-fed LBW infants, as soon as enteral feed-
ing is initiated in the first week of life, Ca and P should
be supplied as fortifiers. Ca 2–3 mmol kg−1 day−1 and P
1.5–2.0 mmol kg−1 day−1 should be provided in addition to
human milk. Magnesium supplementation of human milk
is unnecessary. These recommendations assume that the
intake of human milk is approximately 200 ml kg−1day−1

and will decrease as more bioavailable mineral salts are
found. For LBW infants fed commercial formula, the intake
of Ca should be greater than 3.5 mmol kg−1 day−1, P 2.5
mmol kg−1 day−1 and Mg 0.2 mmol kg−1 day−1. These re-
commendations assume reported bioavailability of min-
eral salts. If more bioavailable sources are found, these rec-
ommendations will decrease.

Hillman et al.458 studied the influence of variable pro-
tein intake on renal excretion of calcium and amino acids
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and on bone mineralization in preterm infants. Urinary cal-
cium corrected for creatinine decreased as protein content
increased. The authors suggested the high mineral content
of premature formulas results in a higher growth rate and
may increase protein requirements. Failure to meet protein
requirements may result in underutilization of absorbed
calcium and increased renal excretion of calcium. There-
fore in preterm infants, higher protein intake probably sup-
ports rather than jeopardizes bone mineral accretion, and
reduces rather than increases calciuria.

Giles et al.459 demonstrated that increasing the calcium
and phosphorus content of formulas for VLBW infants to
the level required to decrease the incidence of rickets had
a negative impact on magnesium balance. Using formulas
variously supplemented with these minerals, they meas-
ured absorption and retention in two groups of preterm
infants: (1) VLBW infants, less than 1500 g and at less
than 32 weeks of gestational age, with 3-day mineral bal-
ances begun at days 10, 20, 30, and 40; (2) low birth weight
infants appropriately grown and at 32–34 weeks of gesta-
tional age, with a single 3-day balance begun at day 10.
Magnesium did not affect calcium balance in VLBW or
LBW infants but promoted phosphorus retention in VLBW
infants from day 20 onward. Absorption and retention of
magnesium increased with postnatal age in VLBW infants,
but this effect was obvious only when calcium or phos-
phorus intakes were low or when magnesium intake was
high. Calcium and phosphorus supplementation further
reduced magnesium absorption and retention in VLBW
infants to the extent that they were in negative balance
throughout the study; however, magnesium supplementa-
tion improved absorption and retention in VLBW infants.
The LBW infants absorbed and retained more magnesium
than VLBW infants at the same postnatal age whether or not
magnesium was supplemented. Magnesium deficits occur
at currently recommended intakes of 10 mg kg−1day−1 for
VLBW infants with calcium and phosphorus intakes that
allow retentions equivalent to in utero accretions; however,
with magnesium intakes approaching 20 mg kg−1day−1,
appropriate retention can be achieved.

Lapillonne460 performed mineral metabolic balance
studies in VLBW infants fed either pooled pasteurized
human milk supplemented with calcium, phosphorus, and
magnesium, or a preterm formula. Despite similar Ca, P,
and Mg intake (100 mg kg−1day−1, 72 mg kg−1day−1 and
8 mg kg−1day−1, respectively), calcium and phosphorus
retention was higher in infants fed fortified human milk
than in those receiving a preterm formula (65 ± 14 and 62
±9 mg kg−1day−1 v. 55±12 and 47±7 mg kg−1day−1 respec-
tively). Magnesium retention was similar in the two groups
and averaged 3 mg kg−1day−1. Assessment of the whole

body bone mineral content by DEXA at 3 and 6 months of
age revealed low whole body BMCt at 3 months of age (the-
oretical term) compared with normal full-term newborns
at birth. However this difference disappears at 6 months of
age.

Koo et al.461 randomized VLBW infants fed high-calcium
and high-phosphorus infant formulas to one of three lev-
els of vitamin D intake to approximate 200, 400, and 800
IU day−1 (with actual mean daily vitamin D intakes of 161,
361, and 766 IU, respectively). The study demonstrated that
for VLBW infants fed high-calcium and high-phosphorus
(10.74 and 6.93 mmol MJ−1; 180 and 90 mg per 100 kcal,
respectively) milk, an average daily vitamin D intake as low
as 160 IU was sufficient to maintain normal and stable vita-
min D status and normal physical growth, biochemical and
hormonal indexes of bone mineral metabolism, and skele-
tal radiographs compared with infants receiving about 400
or 800 IU of vitamin D per day.

During the latter half of an infant’s first year, adequate
mineral and vitamin D intakes may be important not only
for the prevention of rickets but also for the attainment of
optimal adult peak bone mass. Ingestion of 400 IU vitamin
D per day, either as a supplement or contained in formula
or table milk, will result in normal serum concentrations
of vitamin D,25-hydroxyvitamin D, and 1,25(OH)2D.462

Human milk from a vitamin D-sufficient mother provides a
marginal amount, less than 100 IUL−1day−1 of total vitamin
D activity from the vitamin D and 25-OHD in milk. Infants
exclusively fed human milk of vitamin D-deficient moth-
ers, who do not receive adequate exposure to sunlight or
additional vitamin D, are at significant risk for vitamin D-
deficiency rickets. The low concentration of phosphorus
in human milk is adequate for vitamin D-sufficient term
infants but probably compounds any vitamin D deficiency
when it occurs. Intake of phosphorus from formula or table
milk is more than adequate, and the addition of baby foods
increases this mineral’s intake to generous levels. Calcium
is well absorbed in human milk-fed term infants if vita-
min D is sufficient. Hillman et al.462 studied BMC and min-
eral homeostasis in term infants fed human milk (300 mg
L−1 calcium), standard cow milk formula (440 mg L−1 cal-
cium), or a soybean formula (600 mg L−1 calcium). All three
types of feedings provided comparable bone mineraliza-
tion and normal indicators of mineral homeostasis. Mean
calcium retentions at 6 months, 9 months, and 12 months
in all three groups were between 138 and 205 mg day−1,
substantially more than the 130 mg day−1 estimated to be
needed from body composition data. Estimates for phos-
phorus were similarly generous.

Bone mineralization is an intricate and tightly regulated
process. Calcium, magnesium, and phosphorus are the



Disorders of mineral, vitamin D and bone homeostasis 259

main minerals and play a principal role in skeletal mineral-
ization. The large differences in Ca:P ratio between differ-
ent formulas and between formulas and human milk sug-
gest that within limits most healthy full-term infants can
adjust to a wide range of Ca:P ratio in their diet. The differ-
ences in serum levels of minerals and of mineral-regulating
hormones are rarely clinically significant and most prob-
ably reflect continued compensatory mechanisms acti-
vated in response to dietary differences to maintain these
levels within clinically normal ranges. Thus in most cases,
these compensatory mechanisms appear sufficient to
reverse both short-term and long-term consequences and
to prevent clinical disease. In the case of neonatal tetany,
the compensatory mechanisms are overwhelmed, result-
ing in clinical signs and disease.

Vitamin D plays an essential role in bone mineraliza-
tion. There are significant differences in vitamin D status
in breast-fed infants with and without vitamin D supple-
mentation and in infants fed various “humanized” formu-
las, whether cow milk-based or soy protein-based.463 The
major variables affecting bone mineralization are Ca:P ratio
and mineral-regulating hormones. However, factors such
as season, geography (i.e., sun exposure), race, and sex may
have a significant long-term influence on bone mineraliza-
tion and mineral metabolism. Some biological differences
such as differences in serum vitamin D metabolite level
may directly affect Ca:P absorption and retention and thus
bone mineralization and growth. In a pilot study of preterm
infants, retention of Ca and P was not improved by estradiol
and progesterone to maintain intrauterine plasma concen-
trations of estradiol and progesterone,464 although these
preterm infants showed trends to higher bone mineral
accumulation.465
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Introduction

A trace element, by definition, contributes less than 0.01%
to the total body weight. It is a term that, by common usage,
applies to those elements that are consistently present in
human tissues and have one or more definite, probable, or
possible physiologic roles. The total body content of trace
elements is small, but concentrations in individual tissues
can range up to many parts per thousand. For example, the
high iron concentration in erythrocytes results frequently,
but mistakenly, in categorizing it as a major mineral. Trace
elements that have a known or probable/possible role in
human nutrition are listed in Table 17.1. This list may vary
a little according to the author, reflecting the extent of cur-
rent uncertainty, and it may not yet be complete. Since the
publication of the last edition of this book, there has been
progress, in some instances remarkable progress, in our
understanding of the biology and clinical importance of
those minerals that had already attracted clinical interest,
while relatively little or no progress has been made with
those of marginal or uncertain clinical relevance. Iron, zinc,
and iodine and, to a lesser extent at this time, selenium and
copper are the minerals that merit most attention in this
chapter.

Though the trace elements are present in the human
body in such small quantities, they are analogous to their
organic counterparts, the vitamins, in that they have mul-
tiple, indispensable roles in a variety of important meta-
bolic pathways. The activity of many enzymes is known to
be dependent on one or another trace element, as is the
integrity or biological activity of other proteins of cardi-
nal importance in intermediary metabolism. The struc-
ture as well as the function of subcellular organelles is also

dependent on optimal quantities of trace elements. Sev-
eral of the trace elements have key roles in redox reactions
and cell signaling is among other recognized roles. Several
of these minerals have regulatory roles in gene expression.
All of these biological functions are, of course, specific for
individual elements.

Both deficiencies and excesses of the trace elements
are causes of morbidity and mortality. The dose–response
curve depicted in Figure 17.1 is applicable to all nutrients
but has perhaps found special application with the trace
elements because of long-recognized toxicity of overdoses
of some of the essential trace elements, notably iron and
copper, as well as the toxicity of non-essential elements
such as mercury and aluminum. With the exception of iron,
nutritional deficiencies of the trace elements in the gen-
eral population of North America are quite subtle and fre-
quently undetected. Trace element fortification of an ever-
increasing number of products and the widespread use of
mineral supplements has resulted in notably high intakes
by many people at all stages of the life cycle, but marginal or
low intakes for specific minerals still occur in North Amer-
ica. On a global basis, trace element deficiencies continue
to be a major contributor to morbidity and mortality, espe-
cially in young children. Indeed, our awareness of the extent
of this public health problem is currently increasing as the
role of zinc deficiency in childhood morbidity and mortality
is documented and the occurrence of selenium deficiency
is also recognized while efforts to contain iron and iodine
deficiency continue.

While the low birth weight infant (LBWI) will be the prin-
cipal focus of this chapter, even the term infant merits
special consideration with respect to trace element nutri-
tion. Breast milk or/and neonatal stores usually assure
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Table 17.1. Trace elements of biologic interest

Importance Element

Identified human deficiencies Iron, iodine, zinc, copper, selenium

Limited evidence for human deficiencies Chromium, molybdenum, manganese

Pharmacologic value Fluorine

Other trace elements of known biological importance in the human Cobalt

Other trace elements of established biological importance in other mammalian species Nickel, arsenic, vanadium, boron, silicon

Other trace elements of possible biologic importance in mammals Beryllium, tin, cadmium, lead

Examples of trace elements of toxic importance only Aluminum, mercury

Table 17.2. Overview of trace element homeostasis*

Intestine

Element Fractional absorption Endogenous excretion Storage Liver biliary excretion Kidney excretion in urine

Iron + + + + + +
Iodine + + + + +
Zinc + + + + + +
Copper + + + + +
Selenium + + +
Manganese + + + + + +
Chromium ? +
Molybdenum +

* Plus signs indicate the relative importance on a scale of least (+) to most (+ + + +). No plus sign indicates no importance.

Optimal

MarginalMarginal

F
u

n
ct
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n

100%

ToxicityDeficiency

DeathDeath

Concentration or intake of nutrient

Figure 17.1. Dependence of biological function on tissue

concentration of a nutrient (Used by permission .98).

adequate supply of bioavailable trace elements until 4–
6 months of postnatal life. Subsequently, the provision
of iron-fortified infant cereal may avert the risk of iron-
deficiency in infants not receiving iron fortified formula,
but the older exclusively breast-fed infant is at risk from
suboptimal intake of zinc.1 Meats, good sources of bioavail-
able iron and zinc, are to be encouraged as early com-
plementary foods. The formula-fed term infant receives
generous supplies of key trace minerals, though further
research is warranted to refine these intakes. In addition to
nutritional deficiencies, morbidity from genetic defects in

trace element metabolism first becomes evident in infancy.
Notable examples are acrodermatitis enteropathica2 and
Menke’s Steely Hair Syndrome.3 Other genetic defects,
not specifically of trace element metabolism, may lead to
clinically significant trace mineral deficiencies. Examples
are malabsorption of zinc in cystic fibrosis4 and exces-
sive urine losses of zinc in biliary atresia.5 Other genetic
defects, notably hemachromatosis and hepatolenticular
degeneration, both of which result in trace mineral toxi-
city, do not become clinically evident until later in devel-
opment, though perinatal hemochromatosis has been
described.6

It is helpful to have a working knowledge of trace ele-
ment homeostasis, which varies widely for different min-
erals (Table 17.2). For some elements the gastrointestinal
tract has the major or only role. For others excretion via
the kidneys has the key role. Two minerals, copper and
manganese, are excreted primarily via the bile and can
accumulate in toxic excess with biliary obstruction.7 One
important cause of the latter, especially in the LBWI, is
intravenous nutrition and the parenteral supply of these
elements requires reduction in these circumstances.

The LBWI requires generous exogenous sources of trace
minerals for two reasons. First, neonatal stores are low.
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In addition to iron and copper, it is now known that this
applies also to zinc.8 Second, the relatively rapid growth of
the LBWI, once this has started, increases the demand for
trace elements. Other factors may also be invoked, inclu-
ding, possibly, immaturity of homeostatic mechanisms.8

Therapeutic modalities, notably the use of erythropoietin,
can also increase requirements, in this case of iron.9

Iron

Biological role

The most prominent role of iron is in oxygen trans-
port, principally in hemoglobin. The iron is present in
a porphyrin-heme complex and an adjacent histidine
residue of the globin maintains the iron in the ferrous state,
which facilitates a reversible association between iron and
oxygen. Among the other known iron-proteins, cytochrome
a, b, and c and cytochrome oxidase are the most prominent.
These enzymes are essential for electron transport and have
a central role in cellular energetics.10

Metabolism

Whole body iron homeostasis is dependent on regulation
of absorption in the upper small intestine and normally
there is very little excretion of this mineral.11 Absorption
of inorganic iron is limited not only by regulatory mecha-
nisms but also by dietary factors that limit bioavailability.
The high bioavailability of iron from human milk is of lim-
ited practical significance because of the very low iron con-
centrations. Factors associated with improved absorption
of iron are the ferrous state and ascorbate. Dietary factors
that contribute to the very high incidence of iron deficiency
in older infants and young children in developing countries
include low intakes of meat and high levels of dietary phy-
tate from cereal grains.

The 28- and 40-week fetus contain 64 and 94 µg iron per
gram of fat-free tissue respectively.12 Almost 80% of the iron
in the term neonate is present in hemoglobin. The phys-
iological depression of erythropoiesis for approximately 2
months postnatally, together with progressive expansion of
blood volume, results in about a 30% decline in hemoglobin
concentration. The degradation of hemoglobin releases
iron which is used by other tissues, including the brain,
and, to some extent, initially increases stores resulting in
serum ferritin levels at 1 month as high as 400 µg L−1.13 The
acquisition of iron in utero is sufficient to meet the needs
of the term breast-fed infant until at least 4 months post-
natally, despite the very low levels of iron in human milk.

The special circumstances of the premature infant will be
considered below under “requirements.”

Deficiency

Early postnatal anemia is more pronounced in preterm
than in the term infant. In contrast to the third-trimester
fetus in utero, erythropoiesis decreases abruptly after birth
in the premature infant, and the hemoglobin concentration
declines at a rate of approximately 1 g dL−1 week−1.14 Dur-
ing the first 1–3 months of postnatal life, the extent of the
early “anemia of prematurity” depends on the gestational
age. This early decline is not affected by the administration
of exogenous iron unless given in conjunction with erythro-
poietin. After 1–3 months, postnatal erythropoiesis com-
mences and total body hemoglobin increases. Because of a
rapidly expanding blood volume, this may not be reflected
in an immediate increase in circulating hemoglobin con-
centrations. If adequate iron is not given postnatally, late
anemia of prematurity will start to develop sometime after
2 months of postnatal life. Iron depletion will be reflected by
a decrease in serum ferritin and disappearance of stainable
iron from the bone marrow. Red cell protoporphyrin con-
centrations increase and mean cell volume will decrease.
This will be followed by a decline in hemoglobin concen-
tration.

Effects of iron deficiency are not limited to those of iron-
deficiency anemia.15 The long-term cognitive sequelae and
shorter-term motor sequelae of iron deficiency are partic-
ularly notable.16 These effects occur regardless of poten-
tially confounding variables such as socio-economic status.
Adverse effects on brain function occur before the devel-
opment of anemia, which is a relatively late development
in the progression of iron deficiency. There are variable
reports on the reversibility of the neurocognitive sequelae
of iron deficiency in the infant and toddler.17,18

The role of iron in resistance to infection is complex. On
the one hand, free iron is essential for the multiplication
of all bacteria and excess iron is thought to enhance the
risk of gram-negative septicemia. On the other hand, iron
is necessary for the normal development and functional
integrity of the immune system. Other functional deficits
resulting from iron deficiency include decreased exercise
tolerance. Anorexia and failure to thrive are other possible
complications of iron deficiency.

Toxicity

Iron is a strong oxidant and is very toxic in excess. Acute
iron overload can cause fatal damage to the liver and other
organs. The premature infant is at especially high risk from
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excess iron because of low serum iron-binding capacity
and immaturity of anti-oxidant defenses.19 Research that
has linked the iron status of LBWI to retinopathy of prema-
turity or to bronchopulmonary dysplasia has been either
negative or inconclusive. Concerns have related primar-
ily to iron administered in packed red cell infusions. The
preterm infant is capable of loading iron into ferritin when
it is delivered more slowly as is the case with ingested
iron. However, the possibility of damage from oxidative
stress resulting from excessive intake of iron emphasizes
the need for caution in providing excessive quantities of this
mineral.8

Another putative concern of excess iron is the recog-
nized interactions with other minerals, most notably zinc,20

though a negative effect of iron on zinc bioavailability has
been most convincingly demonstrated only when both are
given simultaneously as inorganic supplements. Additional
research is necessary to ensure that current recommenda-
tions for iron in preterm formulas do not have any negative
effect on zinc bioavailability.

Iron requirements

Factors to be considered in determining iron requirements
and the risk of iron deficiency in LBWI include:
1. Body weight: the quantity of body iron in the fetus is pos-

itively correlated with body weight. Because of the accu-
mulation of adipose tissue, the quantity of iron per kg
body weight remains fairly constant at 70–80 mg iron per
kg body weight, despite the increase in concentration of
iron in fat-free tissues as the third trimester progresses.

2. Gestational age: during the last trimester the fetus accu-
mulates 1.7–2.0 mg iron per day.

3. Initial hemoglobin: the bulk of the fetal iron (approx-
imately 80%) is present as hemoglobin. One gram of
hemoglobin contains 3.4 mg Fe. Iron stores in the liver
and spleen at birth amount to only approximately 10 mg
kg−1. The remaining body iron (7 mg kg−1), is in the tis-
sues. The initial hemoglobin value is lower in preterm
infants, e.g., 9–11 g dL−1 at 30–34 weeks gestation.

4. High rate of postnatal growth and of expansion of blood
volume leading to higher requirements.

5. Postnatal blood loss, especially that resulting from the
need for repetitive laboratory assays.

6. Treatment with rhEpo which stimulates early erythro-
poiesis.

7. Infections. Even a mild infection can increase iron
requirements.

Other factors tend to mitigate the extent of iron deficiency,
i.e.,

8. Relatively high absorption of iron from formulas.21 This
may be related to either immature regulatory mecha-
nisms in the gut or/and upregulation of absorption due
to lower body iron.

9. A high incidence of exposure to iron-containing blood
products which is, however, very variable. Packed RBCs
usually have a hematocrit of 70% and a hemoglobin con-
centration of 25 g per 100ml. With a conversion factor
of 3.4 mg elemental iron per g hemoglobin, 85 mg iron
will be administered per 100 ml packed RBCs. A typical
transfusion of 10–15 ml kg−1 provides 8–13 mg iron per
kg body weight.

Premature infants weighing 1000 to 2000g require 2–3 mg
supplemental Fe per kg body weight by approximately 2
weeks postnatal age. This iron may be administered either
as ferrous sulfate or given in an iron-fortified formula. This
level of iron intake should be continued for 12–15 months. If
the birth weight is less than 1000 g, this supplement should
be increased to 3 to 4 mg Fe kg−1 day−1. Higher medicinal
doses of iron (6 mg or more per day) are required with rhEpo
therapy.

Recent recommendations for preterm infant formulas
are a minimum of 1.7 mg Fe L−1 and a maximum of 3.0 mg
Fe L−1.8

Iron requirements for the intravenously fed premature
infant have been calculated at 200 µg Fe kg−1 day−1.
Because of the uncertainties related to administration of
parenteral iron it is not recommended to normally start
adding iron to intravenous infusates before 2 months post-
natal age.

Zinc

Biological roles

The ubiquity of zinc in biology, the crucial roles of
this micronutrient in cellular growth and differentiation
and the wealth of data from animal models attesting to
the extraordinary importance of zinc in pre- and post-
natal growth and development all serve to emphasize the
extraordinary importance of this mineral to the LBWI.22

Zinc has been favored in evolution for its exceptional
ability to form strong but flexible and rapidly exchang-
ing ligands with organic molecules,23 especially proteins
and nucleic acids. Zinc is also relatively safe, not hav-
ing the oxidant properties of iron or copper, and can be
transported and incorporated into biological systems rel-
atively simply and safely. Zinc proteins account for 3%
of the human genome that has been identified.24 Promi-
nent among the zinc proteins are proteins with the zinc
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Figure 17.2. “Zinc fingers” binding to DNA.

finger motif (Figure 17.2), including those that are tran-
scription proteins and those that serve at hormone recep-
tor sites. Many enzymes are zinc metalloenzymes, with
a zinc atom at the catalytic site, and others sometimes
present with a structural role. Zinc has many other struc-
tural roles, for example, in biological membranes. Among
other prominent recognized roles of zinc are those in gene
expression25 and those in signal transduction. In the brain,
zinc is required for glutaminergic synaptic conduction.26

All cells, tissues, and organs depend extensively on zinc for
a wide range of biological roles, some quite generalized to
most or all cells, others specific for specific tissues. Some
of these have a specific role in early development of the
conceptus.27

Metabolism

Physiologic quantities of zinc are absorbed primarily by
a saturable transport mechanism.28 Specific zinc trans-
porters have been identified both at the brush border
membrane29 and at the basolateral membrane of entero-
cytes in the small intestine.30 These can be upregulated
in response to high zinc intakes, but the fraction of zinc
absorbed varies inversely with the quantity of bioavailable
zinc ingested. The intestinal tract, including the pancreas,
is also the major site for secretion and subsequent partial
excretion of endogenous zinc.31 It appears that regulation
of the quantity of endogenous zinc excreted via the intes-
tine has the major role in the maintenance of whole body
zinc homeostasis. The urine is a minor, though not entirely
insignificant route of excretion of endogenous zinc. On a
body weight basis, urine zinc excretion rates are unusually
high (averaging about 35 µg Zn kg−1 day−1) during the first
5 weeks of postnatal life.32 These rates then decline quite
rapidly to the adult range of ≤10 µg per kg body weight

day−1. Integumental losses in the preterm infant are prob-
ably negligible.

The concentration of zinc in the fetal liver from 20 to
40 week’s gestation ranges from ∼100–300 g Zn per g wet
weight, with a small decline as gestational age advances.33

At term, hepatic zinc accounts for 20% of total term neona-
tal zinc compared with 2% in the adult.8 These higher levels
are associated with a larger fraction of hepatic zinc attached
to metallothionein,34 which probably serves as a readily
available store in early postnatal life. The large percentage
of body zinc is found in bone and muscle and most of this,
at least in the adult, exchanges with zinc in plasma only
slowly.35 Though zinc concentrations vary to some extent
between tissues and organs, unlike iron and iodide, zinc
is not concentrated primarily in any one organ. Moreover,
within individual cells zinc is present in all organelles. Thus
it is a trace element in every sense of the word.

The premature infant absorbs approximately 25% of
zinc from fortified formulas or fortified breast milk.36 This
is similar to the efficiency of absorption from high zinc
intakes expected at any age. The size of the exchange-
able zinc pool (EZP: the combined pools of zinc that
exchange with zinc in plasma within 3 days) is positively
correlated with net absorption which is consistent with
the conclusion that zinc stores can be at least partially
maintained/replenished in the very low birth weight infant
(VLBWI) by good absorption of exogenous zinc postnatally.
The EZP in VLBWI is relatively high, accounting for 50% or
more of total body zinc. While some of this is attributable
to labile hepatic neonatal stores, it is unclear whether a
substantial amount of bone and/or muscle zinc is readily
exchangeable in this population.

Zinc deficiency

Globally, zinc deficiency is widespread in infants and young
children in developing countries, being a major cause
of morbidity and mortality and of impaired growth.37,38

It has been calculated recently that administration of
adequate zinc is fourth among relatively simple puta-
tive preventive measures of any kind for reducing under
5-year childhood mortality.39 Used as a preventive or
treatment, intervention has been calculated to have the
potential to achieve a reduction in deaths of 350 000 and
400 000 per year respectively. This reduction in mortality
would be achieved principally by a reduction in deaths
from diarrhea and from pneumonia and an even greater
reduction in childhood morbidity would be achieved.
The defects in zinc-dependent host-defense mecha-
nisms that underlie the high prevalence and severity of
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zinc-responsive/preventable diarrhea and pneumonia
include, but are not limited to, defects in both T-cell and
B-cell function.40

There are special reasons for the high risk of zinc defi-
ciency in the developing world, notably the poor intake
of bioavailable zinc from transitional and later diets and
excessive losses in diarrheal fluids. However, growth-
limiting zinc deficiency, apparently of dietary origin has
been quite extensively documented in infants and young
children in North America within recent years,41 studies
that have been included in a recent meta-analysis of effects
of zinc supplementation on physical growth worldwide.42

Though data are still quite limited, brain growth and func-
tion can also be affected adversely by zinc deficiency in
infants and young children, including cognitive and motor
development.43,44 Both physical growth and brain func-
tion have been demonstrated to improve in premature
infants in North America when provided with additional
zinc through the first year of postnatal life.45 Special ben-
efits from postnatal zinc supplementation starting quite
early in infancy have been documented in those delivered
small-for-gestational-age (SGA).46,47 SGA infants in North
America have been shown recently to have low zinc mass
in the EZP even on a body weight basis, suggesting greater
than typical needs for exogenous zinc in the young SGA
infant.48

Severe zinc deficiency has been identified in term and/or
premature infants in three main circumstances. These are:
1. Acquired severe deficiency states. Most, but not all of

these, cases have been attributable at least in part to
intravenous feeding without adequate addition of zinc
to the infusate.49 This problem has not been reported
recently following the standard provision of adequate
quantities of zinc in the infusates.

2. The rare, autosomal recessive inherited disorder, acro-
dermatitis enteropathica. A defect in one of the zinc
transporters has been reported in this disorder50 result-
ing in an impairment of the normal carrier-mediated
intestinal absorption of zinc. It usually presents clini-
cally by 2–3 months of age in the formula-fed infant, but
clinical manifestations may be delayed until after wean-
ing if the infant is breast-fed.

3. Failure of the mammary gland to secrete normal quan-
tities of zinc into the milk even when the mother’s zinc
nutritional status is apparently normal. There have now
been several case reports of this circumstance, which
is analogous to the lethal milk mutation in mice which
results from a defective zinc transporter in the mam-
mary gland.51 In the majority of reports the symptomatic
infant has been born prematurely. An infant born at
term and breast-fed for 6 months by one of the subjects

remained asymptomatic, whereas a premature infant
fed by the same mother developed severe symptomatic
zinc deficiency by 2–3 months postnatal age.51,52

The hallmark of severe zinc deficiency states is the skin
rash with its characteristic acro-orificial distribution. The
dermatitis also involves flexures and friction areas and may
become more generalized. In premature infants, charac-
teristic changes in the anterior neck fold may occur at
an early stage, with a poorly marginated erythema in the
depth of the fold which becomes well demarcated and scal-
ing within 5 days.49 Exematoid, psoriaform, vesiculobul-
lous, and pustular lesions may be present. Mucous mem-
branes are characteristically involved at an early stage with
dermatitis, glossitis, and conjunctivitis. Histologically, the
early lesions are characterized by loss of the granular layer
of the epidermis and replacement of this layer by clear
cells and focal parakeratosis. If untreated, the epidermis
becomes increasingly psoriaform and the parakeratosis
becomes more and more confluent. Pallor of the upper
part of the epidermis, attributable to the formation of bal-
loon cells with pyknotic nuclei, is the single most typical
histologic finding.

Alopecia becomes prominent in poorly treated acroder-
matitis enteropathica. The majority of patients exhibit diar-
rhea. Characteristically, there is cessation of weight gain
with onset of the rash. If untreated, failure to thrive will be
progressive. Depressed mood is a consistent and notable
feature of severe zinc deficiency. Premature infants exhibit
excessive crying and difficulty in consolation. Susceptibil-
ity to bacterial and candida infections is evident with evi-
dence of impaired lymphocyte, especially T-cell function.
Leukocyte function is also zinc-dependent and has been
found to be impaired in acrodermatitis enteropathica. In
the pre-zinc era, acrodermatitis enteropathica typically had
a downhill course, with a fatal outcome in later infancy or
early childhood.

The severe acute presentation of zinc deficiency is clin-
ically quite dramatic. In contrast, “milder” degrees of zinc
deficiency are clinically nonspecific and cannot be diag-
nosed by clinical exam. Recent experience in the develop-
ing world, however, has demonstrated that these “milder”
presentations can be fatal in conjunction with inadequately
treated infections of the respiratory and gastrointestinal
systems.

Diagnosis of zinc deficiency

Diagnosis of the severe acute zinc deficiency syndromes
is based on clinical exam supported by the finding of a
very low plasma zinc concentration, i.e., less than 55 µg
dL−1. In the milder cases of zinc deficiency, plasma zinc
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may be in a normal range or only slightly depressed (<70
µg dL−1). Appropriate suspicion of the diagnosis is then
based on a combination of clinical findings, e.g., unex-
plained slowing of physical growth, and likely clinical and,
especially, nutritional circumstances. Plasma zinc concen-
trations are unusually high during the first week or two of
postnatal life in the premature infant, averaging 100–110 µg
Zn dL−1. Subsequently, these fall quite rapidly to adult lev-
els or often considerably lower.53 The extent of this decline
varies with the type of feeding and may be related primar-
ily to variations in zinc nutritional status rather than to
temporary physiologic changes or to low levels of serum
albumin. In our own experience, there appears to be little
effect of changes in serum albumin on plasma zinc until
albumin levels fall to 3 g dL−1, below which plasma zinc
may drop about 10 µg dL−1 for every 1 g dL−1 decline in
serum albumin.5 Another factor that may have an impor-
tant effect on circulating zinc concentrations in this pop-
ulation is bone reabsorption. Plasma zinc concentrations
have been found to be higher in premature infants with
osteopenia and bone fractures than in infants matched for
postconceptional age who have no evidence of rickets.54

Zinc concentrations in erythrocytes are unusually low in
early postnatal life because the great majority of erythro-
cyte zinc is accounted for by the zinc present in carbonic
anhydrase. Erythrocyte carbonic anhydrase activity is espe-
cially low in the premature infant.55

Zinc requirements

Based on a factorial approach, dietary zinc requirements
have recently been calculated to be 2.0, 1.7, and 1.3
mg kg−1 day−1 for very young but growing infants with
weights of less than 1000 g, 1000–2000 g, and 2000–3500 g
respectively.8 These calculations assume that the VLBWI
and LBWI have no need to accumulate the same stores
of zinc that are accumulated by the fetus during the third
trimester; they also assume that the stores that have been
accumulated in the second trimester and up until deliv-
ery in the third trimester are available for utilization dur-
ing the first 2 postnatal months. They were based on 30%
absorption, which it now appears is too high.36 Using a fig-
ure of 25%,36 these figures need revision to 2.4, 2.0, and 1.6
mg Zn kg−1 day−1. The calculations for retention required
have been based on remarkably high data for fetal accu-
mulation rates for zinc that have never been subjected to
formal peer review or independently verified. Nor is this
type of analysis likely to be repeated. Another substantial
uncertainty is the minimal loss of endogenous zinc via the
intestine. Further research is required to determine if the
relatively high losses reported recently36 result from regu-

latory mechanisms to maintain homeostasis when intake
and the quantity absorbed are both higher than needed or
from lack of regulation in the VLBWI leading to excessive
losses.

Factorial calculations for the intravenously fed infant are
a little simpler.56 Fecal losses average 25 µg Zn kg−1 day−1

in the intravenously fed infant,57 though it is possible that,
as in the adult, gastrointestinal losses may be much higher
in the presence of abnormal gastrointestinal fluid losses.
Urine zinc losses have been found to vary very substan-
tially depending on the commercial source of amino acids
used in the infusate. Such losses make a very substantial
difference to estimated requirements, and these are diffi-
cult to account for until more complete data on the effect
of different amino acids infusates are available. The recom-
mended figure of 400 µg Zn per kg body weight56 provides
some margin for excessive urine zinc losses. The results
of studies based on balance data and on plasma zinc data
give some support to this factorial calculation. Thus, pre-
mature infants were found to retain 240 µg Zn kg−1 day−1

when given 450 µg Zn kg−1 day−1 intravenously.57 Low-
birth-weight premature infants were also found to have a
decrease in plasma zinc with intakes of 200 µg kg−1 day−1

of zinc, but this was not observed with intravenous intakes
of 400 µg kg−1 day−1.58

Treatment of zinc deficiency

A standard recommendation for treatment of suspected
mild zinc deficiency is 1–2 mg kg−1 day−1 of zinc. One mil-
ligram of the zinc ion (Zn++) is equivalent to 4.5 mg zinc sul-
fate (ZnS04). In cases of severe zinc deficiency attributable
to a defect in mammary zinc secretion, human milk can
be supplemented with 2–4 mg kg−1 day−1 of zinc. Increase
this dose if necessary. Skin rash should resolve in 2–3 days.
Zinc supplements can be discontinued when other zinc-
containing foods are introduced into the diet. However, in
the treatment of classic acrodermatitis enteropathica, per-
manent zinc therapy is necessary to achieve and maintain
a complete clinical remission. Doses of 20–30 mg zinc per
day are likely to be needed in infants with acrodermatitis
enteropathica.

Toxicity

Zinc does interfere with copper absorption at the level of
the intestinal mucosal cell.59 The quantities of zinc used
in the treatment of severe zinc deficiency states may be
sufficient to at least mildly impair copper status.60 Moni-
toring of serum copper or ceruloplasmin concentrations is
recommended.
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Selenium

Biologic role

Selenium is an essential component of glutathione perox-
idase (GSHPx), which catalyzes the reduction of hydrogen
peroxide to water by the addition of reducing equivalents
derived from glutathione.61 This enzyme is also capable of
catalyzing the reduction of a wide range of lipid hydroper-
oxides to the corresponding hydroxy acids. This becomes
important when peroxides of unsaturated fatty acids are
released from the cell membrane by the action of phos-
pholipase A2. In the absence of dietary selenium when
GSHPx levels are low, accumulation of fatty acid perox-
ide will lead to the formation of fatty acid peroxyl radicals
or oxy radicals under the catalytic activity of iron. Thus
selenium is an important nutrient in the body’s defenses
against free radicals.62 Four types of GSHPx have been
identified. Thioredoxin reductase and three iodothyronine
deiodinases are among the other selenoproteins that have
been identified.63

Selenium metabolism/homeostasis

Fractional absorption of dietary selenium is relatively high,
averaging about 60%.64 From some foods, for example,
human milk, absorption is as high as 80%. Absorption and
bioavailability depend on the chemical form. For exam-
ple, when selenium is added as a supplement to formula,
bioavailability is greatest from selenite and least favorable
from selenomethionine and selenocysteine;65 in contrast,
in the postabsorptive state, absorption of selenomethio-
nine is greater. Distribution of selenomethionine within
the body is different, with a considerably greater percent-
age being taken up by skeletal muscle. As the biologic signi-
ficance of this difference in distribution is poorly under-
stood, it is advisable to use the selenite or selenate form
both enterally and intravenously.63 Homeostasis of selen-
ium metabolism is controlled by the kidney. Urine selen-
ium excretion reflects recent selenium intake. Highest body
selenium concentrations are found in liver, tooth enamel,
and nails, but the majority of selenium is in skeletal mus-
cle. The total adult body content of selenium in North
America is about 15 mg, but in New Zealand, where selen-
ium intakes are lower, body content is only about 6 mg.

Selenium deficiency

Selenium deficiency is now recognized as the major etio-
logic factor in Keshan disease, an often fatal dilated
(congestive) cardiomyopathy, affecting children and young

women in a large geographic area from the northeast
toward the southwest of China.66 Histologically, there are
focal areas of myocyte loss and fibrous replacement scat-
tered throughout the ventricular sub-epicardium. The inci-
dence and severity of Keshan disease have been dra-
matically reduced following public health measures to
provide selenium supplementation in the affected geo-
graphic areas.67 A few similar case reports concern patients
maintained on long-term intravenous nutrition in North
America.68 Skeletal myopathies have also been attributable
to selenium deficiency in these circumstances.69 Milder
cases of selenium deficiency have been reported recently in
parenterally fed infants and children.70 Clinical manifesta-
tions were a macrocytosis and loss of hair pigment. Selen-
ium deficiency may also have been an important cause of
morbidity in some infants suffering from protein energy
malnutrition.71

In the quite recent past, selenium intakes of formula-fed
infants have been notably lower than those of breast-fed
infants. These low levels have been associated with low
serum selenium levels, but have not had any detectable
clinical consequences. In contrast, low selenium intake in
preterm infants was linked to hemolytic anemia a quarter of
a century ago.72 Selenium concentrations in serum and ery-
throcytes from cord blood of preterm infants do not differ
from those of infants born at term. However, in VLBWI,
selenium concentrations dropped very rapidly within
72 hours of delivery.73 Particularly, low plasma selenium
concentrations, which persist for many weeks, have been
found in premature infants who develop bronchopul-
monary dysplasia. As a component of GSHPx, selenium
functions as an antioxidant63 and thus could be protec-
tive from the high level of oxidative stress to which low
birth weight infants are exposed. In a prospective study in
New Zealand, where selenium intakes are low, the extent of
the decline in plasma selenium of preterm infants postna-
tally was associated with the extent of respiratory morbidity
and those with oxygen dependency at 28 days had signifi-
cantly lower selenium levels.74 However, it remains uncer-
tain to what extent selenium deficiency may contribute
to the onset or severity of the disease processes resulting
from oxygen damage in the very low birth weight prema-
ture infant. Nor is it known if suboptimal selenium intake
may impair thyroid function in preterm infants secondary
to impaired conversion of thyroxin to tri-iodothyronine.

Diagnosis

Whole blood, erythrocyte, and plasma (serum) selenium
concentrations are depressed in selenium deficiency states.
Activity of GSHPx in erythrocytes and serum is also
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reduced. These laboratory parameters of selenium status
vary widely according to age and geographical location (i.e.,
geochemical environments). Though average adult blood
selenium levels in North America vary by 100% between
populations with “medium” and “high” selenium exposure,
whole blood GSHPx activity is the same because selenium
intake is adequate to assure maximal activity of this enzyme
in all subjects. On the other hand, GSHPx activity is lower
in New Zealand, where it is positively correlated with blood
selenium.75 Plasma selenium in cord blood averages 40–50
ng mL−1 (0.5–0.63 µM). In breast-fed infants, or in infants
fed a formula containing a similar quantity of selenium
(i.e., about 20 µg L−1) in North America, levels increase
to an average of 75–100 mg mL−1 by 6–12 months.64,76

However, in some countries, selenium intake and selenium
levels are much lower77 and GSHPx activity correlates with
plasma selenium levels.78 Many plasma selenium levels
below 40 ng mL−1 and even below 10 ng mL−1 have been
documented in subjects who have had no overt signs
of selenium deficiency. However, selenium levels below
40 ng mL−1 and especially below 10 ng mL−1 have also been
associated with clinical evidence of selenium deficiency.

Toxicity

Although excess selenium can cause serious economic
consequences in agriculture, chronic toxicity of selenium
does not appear to be a major problem in humans. Loss
of hair, brittleness of fingernails, garlic odor, a high inci-
dence of dental caries, increased fatigue, and irritability
were reported to be signs of selenosis in an early survey
of South Dakota in which urinary selenium excretion was
elevated.

Requirements

Selenium requirements have been especially difficult to
define in adults because of the outstanding extent to
which long-term adaptation can take place to low selenium
intakes. Thus, adults in New Zealand, though exhibiting
lower blood selenium levels, have no recognized ill-effects
from selenium intakes that are extremely low by standards
in most parts of the world, including North America. It
has been calculated that North Americans require about
70 µg Se day−1, whereas only 20 µg Se day−1 is needed to
maintain balance in young New Zealand women. How-
ever, from studies in China including measurements of
glutathione peroxidase activity, it has been concluded that
the minimal requirement for adults is 50 µg Se day−1.79 In
infants, requirements have been calculated at 2.5–3.0 µg−1

Se kg day−1. The minimum concentration recommended
for preterm formulas is 1.8 mg per 100 kcal.8

Because of the high absorption of selenium, estimates
for intravenous requirements are only a little lower than
those for oral requirements. Recommendations for infants
fed intravenously are 2 µg Se kg−1 day−1. If renal function
is impaired, it may be judicious to lower this level. Selenate
is probably the chemical form of choice for intravenous
administration.

Copper

Biologic role

Copper has a major role in aerobic metabolism as an essen-
tial component of cytochrome oxidase, the terminal oxi-
dase in the electron transport chain which plays a cru-
cial role in the electron shuttle of aerobic metabolism.
Cytochrome oxidase catalyzes the oxidation of reduced
cytochrome C by molecular oxygen, which is itself reduced
to water. This enzyme is thus necessary for the production
of most of the energy of metabolism. Copper-containing
monoamine oxidases, including lysyl oxidase, are neces-
sary for the cross-linking of collagen and elastin. Lysyl
oxidase catalyzes the oxidative deamination of epsilon
amino groups of lysine, a necessary step in the synthe-
sis of desmosine. Dopamine beta hydroxylase is another
copper-containing enzyme necessary for the synthesis of
catecholamines. Tyrosinase, which catalyzes the first two
steps in the oxidation of tyrosine to melanin, is another
example of an oxidative cuproenzyme. Both mitochondrial
and cytosolic superoxide dismutase enzymes contain cop-
per. These enzymes catalyze the dismutation of superox-
ide free radical ions with the formation of molecular oxy-
gen and hydrogen peroxide. Thus, while the cupric ion
and some copper enzymes are pro-oxidant, others are very
important physiologic antioxidants.

Because it is so highly reactive, copper must be trans-
ported through the circulation tightly bound to cerulo-
plasmin, a glycoprotein that contains six copper atoms per
molecule (0.32% copper).80 Ceruloplasmin also appears to
have several other roles including ferroxidase activity. In
this capacity, ceruloplasmin and another copper enzyme,
ferroxidase 2, catalyzes the oxidation of stored ferrous iron
to ferric iron, a step that is necessary before binding to
transferrin for transport to the bone marrow.

Absorption, metabolism and excretion of copper

In the adult, approximately one-third of ingested copper is
absorbed in the stomach and small intestine.81 Percentage
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absorption is inversely related to the quantity ingested
and is increased in copper deficiency states. Fractional
absorption also depends on the chemical form and on
other dietary constituents. Ascorbic acid inhibits copper
absorption, probably by reducing cupric ions to cuprous
ions. Copper absorption is enhanced by fructose. Zinc, iron,
and cadmium can interfere with copper absorption at the
level of the intestinal mucosa. Absorbed copper is trans-
ported in the portal circulation attached to albumin and
is taken up by the hepatocytes, in which it may be tem-
porarily stored attached to metallothionein. Large hepatic
stores of copper are accumulated by the fetus during the
third trimester.82 Within the hepatocytes, copper is used
for the synthesis of cuprous proteins, especially cerulo-
plasmin, which is released 3 days later into the systemic
circulation. Because of its chemical reactivity, it appears
that copper must be transported in the circulation tightly
bound to this cuproprotein. The rate of ceruloplasmin syn-
thesis is low in the term neonate, gradually increasing to
an adult level by about 3 months of age. Circulating levels
of ceruloplasmin, and hence of plasma copper, are corre-
spondingly low. Synthesis of ceruloplasmin in the prema-
ture infant is exceptionally low and increases only slowly
so that at 40 weeks postconception, circulating levels of
copper and ceruloplasmin are similar to those at deliv-
ery in the term infant. In order for copper to be released
when ceruloplasmin attaches to its peripheral receptor
sites, cupric ions must be reduced to cuprous ions, pri-
marily by ascorbic acid. This may be the reason why the
bone lesions of scurvy are so similar to those of copper
deficiency. The term neonate contains about 17 mg copper,
of which one-half to two-thirds is in the liver.83 Neonatal
hepatic copper concentrations are of the order of ∼200–
400 µg Cu per g dry weight or 10–20 times that of the
adult liver. Two-thirds of the neonatal hepatic copper is
in a special storage form attached to metallothionein.83

During the third trimester, the fetus accumulates 50 µg
Cu per kg body weight day−1. Two-thirds of this copper
is located in the liver. The major route of excretion of
endogenous copper is the bile. Copper is complexed in
a form that renders it unavailable for reabsorption. Cop-
per excretion in urine of the premature infant is less than
5 µg Cu kg−1 day−1.

Copper deficiency

The premature infant is at risk from copper deficiency
because of the limited hepatic copper stores. Clinical mani-
festations of copper deficiency may be evident by 2–3
months following delivery.84,85 The risk of copper defi-
ciency in premature infants in North America appears to

have been greatly diminished by steps to provide adequate
copper supplements in formulas consumed by premature
infants. Several case reports have cited clinical copper defi-
ciency in infants fed intravenously without the addition of
copper to the infusate.86 Chronic diarrhea or fat malab-
sorption aggravates the risk of copper deficiency.

The principal features of copper deficiency are a
hypochromic anemia that is unresponsive to iron ther-
apy, neutropenia, and osteoporosis. The bone marrow
exhibits megaloblastic changes and vacuolization of the
erythroid series. Iron deposits may be seen by electron
microscopy in mitochondria and in some of the cyto-
plasmic vacuoles in red blood cell precursors. Iron stores
in the intestinal mucosa, reticuloendothelial system, and
liver are increased. The anemia is initially hypoferremic,
but later becomes hyperferremic because of a decreased
uptake of transferrin-bound iron by the developing ery-
throcytes. Anemia is attributed in part to lack of copper-
containing ferroxidases, including ceruloplasmin. There
is maturation arrest of the granulocytic series. The third
major feature of copper deficiency is the bone lesions87

attributed to a lack of copper-containing amine oxidases
necessary for the cross-linking of bone collagen. Early radi-
ologic findings are osteoporosis and retarded bone age.
Findings in the established case are increased density of the
provisional bone of calcification and cupping, with sickle-
shaped spurs in the metaphyseal region. Other features
include periosteal layering and sub-metaphyseal and rib
fractures. Reported clinical findings of copper deficiency in
premature infants also include pallor, decreased pigmen-
tation of skin and hair, prominent superficial veins, skin
lesions similar to those of seborrheic dermatitis, failure to
thrive, diarrhea, and hepatosplenomegaly. Features sug-
gestive of central nervous system involvement are hypo-
tonia, a lack of interest in outside surroundings, psy-
chomotor retardation, lack of visual responses, and apneic
episodes.

In Menke’s Steely Hair Syndrome, there is an inherited
defect in the intracellular transport of copper, affecting
most if not all tissues apart from the liver.3 This results in
a profound copper deficiency disorder that cannot be cor-
rected by the parenteral administration of copper. These
infants, typically delivered prematurely, have severe and
progressive neurologic disease, which becomes clinically
apparent by about the second month of postnatal life.
Both the neurologic disease and hypothermia have been
attributed to decreased activity of cytochrome oxidase. A
variety of defects of connective tissue are also apparent,
including aneurysms of the aorta and bladder diverticular.
For unexplained reasons, anemia and neutropenia are not
characteristic features.
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Diagnosis

The differential diagnosis of copper deficiency includes
findings of scurvy, rickets, and nonaccidental trauma.
With more advanced skeletal changes, copper deficiency
can be differentiated from rickets by the increased den-
sity of the provisional zone of calcification and the
absence of metaphyseal fraying. Differentiation of the
metaphyseal fractures of copper deficiency from those of
nonaccidental trauma includes the symmetric nature of
the fractures of copper deficiency and other radiologic
signs.

Laboratory confirmation of suspected copper deficiency
in the premature infant is problematic. Erythrocyte super-
oxide dismutase activity remains a research tool at this time.
Plasma copper concentrations are normally very low in the
premature infant, averaging about ∼35 µg dL−1 prior to
35 weeks’ postconception, 40–45 µg dL−1 for 35–38 weeks;
50–59 µg dL−1 from 39–42 weeks; 65 µg dL−1 at 43–44
weeks, and 75 µg dL−1 at 45 weeks. Levels that are even
lower than these may be seen in association with copper
deficiency.80

Copper requirements

Calculations of copper requirements in early postnatal life
are complicated by inadequate understanding of the rate
of release and efficiency of utilization of neonatal hepatic
copper stores.89 These stores are effective in protecting the
term infant from copper deficiency for several months even
when intake is very low. The lower the gestational age at
delivery, the smaller are the hepatic stores. However, even
at 26–28 week’s gestation 2 mg of hepatic storage copper is
probably present, and the very premature infant does not
appear to be at any risk of copper deficiency until 2 months
of postnatal age. Because of the more limited copper stores
in the premature infant and because of evidence of poor
absorption (10%–15%) of copper from formulas, it is re-
commended that the premature infant receive 100–120 µg
Cu kg−1 day−1. The premature infant fed with own mother’s
milk will probably ingest only 30–40 µg Cu kg−1 day−1.
However, because of superior absorption, this is quite
adequate.

Calculations of intravenous copper requirements for the
premature infant are given in Table 17.3.56 The major uncer-
tainty is again the amount of copper supplied from hep-
atic stores. In practice, however, 20 µg kg−1 day−1 appears
to be quite adequate, and should be reduced or withheld
in the presence of cholestatic disease. Once again, the
cupric ion is a highly reactive pro-oxidant which, when
given in the intravenous infusate, is introduced into the

Table 17.3. Estimate of intravenous copper requirement for

premature infants (µg Cu kg−1 day−1)

Copper accumulation by fetus in uteroa 60

Copper stored in livera 40

Therefore requirements for growtha 20

Urine losses = 5

Fecal losses = 10b

Total endogenous lossesc 15

Physiological requirement (20 + 15)c 35

Assumed minimal supply from fetal hepatic storesd 15

a During third trimester.
b Higher in cases of biliary drainages or jejunostomy.
c Estimated, for example, as follows: 26-week fetal liver contains

3 mg copper; assumed that two-thirds is storage copper which

is released over 2-month period and that there is 5% utilization of

released copper. This particular example would provide 17 µg Cu−1

day−1.
d Intravenous Cu requirement.

systemic circulation without being tightly bound to ceru-
loplasmin. Hence, there should be considerable caution
with the administration of intravenous copper. Nutritional
copper deficiency in premature infants can be treated with
200–600 µg Cu day−1 provided as a 1% solution of copper
sulfate.

Copper toxicity

Acute ingestion of quantities of copper that are 1000 times
the daily requirement can have a fatal outcome. Copper
intoxication has occurred from consumption of contam-
inated drinking water with a copper concentration of 2–
8 mg L−1. Contamination of cow’s milk with copper from
brass containers has been cited as the major environmen-
tal factor in the cause of Indian childhood cirrhosis. It has
been calculated that cow’s milk stored in brass utensils
would supply approximately 400 µg kg−1 day−1 of cop-
per to an infant. This disease may be an example of a
genetic–nutrient interaction. Acute copper poisoning has
toxic effects on the liver, kidneys, heart, and central ner-
vous system, and causes intravascular hemolysis. These
changes may all be attributable to oxidative damage from
the free cupric ion. Chronic copper toxicity may cause
cirrhosis.

Formulas providing 300 µg Cu per 100 kcal have been fed
to premature infants without evidence of adverse effects.
However, it is advisable to restrict the copper content of
formulas to no more than 200 µg per 100 kcal.8 In practice,
this is considerably more than is ever needed.
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Table 17.4. Features in neurologic and hypothyroid cretinism

Feature Neurologic cretin Hypothyroid cretin

Mental retardation Present, often severe Present, often severe

Deaf-mutism Usually present Absent

Cerebral diplegia Often present Absent

Stature Usually normal, occasionally slight growth

retardation

Severe growth retardation

General features No physical signs of hypothyroidism Coarse dry skin, protuberant abdomen with umbilical

hernia; large tongue

Reflexes Excessively brisk Delayed relaxation

Electrocardiogram Normal Small voltage QRS complexes and other abnormalities

of hypothyroidism

X-ray limbs Normal Epiphyseal dysgenesis

Effect of thyroid hormones No effect Improvement

Iodide

Biologic role

The only clearly demonstrated role for iodine is as a com-
ponent of the thyroid hormones. Iodide may have a direct
role in early fetal development; however, effects thought
to be attributable to iodide may be attributable to mater-
nal thyroid hormones.90 The physiologic effects of the thy-
roid hormones are primarily due to T3. Most of the T3 that
appears in plasma is derived from peripheral deiodination
of T4.

Iodine metabolism

Iodine is rapidly reduced to iodide in the gut, and at
least 50% of iodide is absorbed in the upper small bowel.
Absorbed iodide is cleared from the plasma primarily by the
thyroid gland and the kidney. In the thyroid gland, iodide
is oxidized and is attached to tyrosyl residues of thyroglob-
ulin. Monoiodotyrosine and diiodotyrosine are converted
to iodothyronine through another oxidative step. The thy-
roid gland normally stores enough hormones to last sev-
eral months. In conditions of iodide deficiency, secretion
of thyrotropic hormone (TSH) by the pituitary is increased.
This promotes iodide uptake by the thyroid and may lead
to hyperplasia and hypertrophy of the gland. Shortly after
birth, circulating levels of TSH temporarily increase and, in
response, levels of T4 and T3 also increase. Levels of T4 and
T3 are lower in the cord blood of the premature infant, and
these postnatal changes are of smaller magnitude. Levels
remain in the hypothyroid range in the first weeks of post-
natal life and then increase, corresponding to increased
synthesis of thyroid-binding globulin. Iodide is excreted
via the kidneys.

Iodide deficiency

Maternal iodine deficiency during pregnancy can have a
spectrum of adverse effects on fetal development that can
be prevented by treating maternal iodine deficiency prior
to pregnancy. Endemic goiter occurs in the offspring when
maternal iodine intake is <20 µg day−1. Some cases of
endemic goiter have evidence of classic endemic cretinism.
Maternal iodine excretion (intake) is <15 µg day−1 for this
to occur. There are two well-defined clinical presentations
of endemic cretinism, neurological and hypothyroid or
myxedematous (Table 17.4). The myxedematous form is
typically seen in Zaire and used to be seen in various Euro-
pean countries. Some cases in China are of this type.91 In a
number of other geographic areas, deaf-mutism and cere-
bral diplegia occur as characteristic manifestations of the
neurologic form. Milder impairment of brain development,
especially motor function, is much more common in areas
of endemic goiter than is frank endemic cretinism. The
pathogenesis of the neurologic disorder remains unclear,
and the possibility of a direct effect of iodine deficiency on
the fetus during the third trimester has been considered.
Endemic cretinism no longer exists in North America, but
on a global basis is still a major public health problem. It
occurs especially in isolated mountainous regions where
the iodine has been leached from the soil. China, Indone-
sia, the Indian subcontinent, and certain South American
countries are prominent among those that have still not
developed adequate preventive programs.

Neonatal hypothyroidism

In regions of endemic goiter, milder degrees of iodine defi-
ciency in utero and after delivery may have detrimental
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effects on growth and intellectual development. Levels of
T3 and T4 are lower in young infants from endemic goiter
areas than from nonendemic goiter areas even when there
is no evidence of goiter. Levels in the preterm infant are
lower than those of the term infant, both in endemic goiter
and nonendemic goiter areas.

Neonatal primary hypothyroidism can sometimes be
transient. This condition appears to be extremely rare in
North America but is a good deal more common in sev-
eral European countries where iodide intakes are not as
high as those in North America. The majority of the iso-
lated case reports in North America have been secondary
to the administration of maternal antithyroid drugs or
of iodine medications. Maternal iodine overload is a re-
cognized cause of neonatal hypothyroidism. Temporary
neonatal hypothyroidism occurs most commonly in pre-
mature infants, especially those who are acutely ill with
the respiratory distress syndrome. In European studies,
serum levels of TSH and of thyroid hormone were normal
in core blood. Hormonal levels dropped quickly after birth,
however, together with markedly elevated TSH concentra-
tions. This appears to be a multifactorial syndrome result-
ing both from immaturity of the newborn thyroid gland
and from external factors including iodine deficiency or
iodine excess. It is recommended that if this condition is
diagnosed it should be treated promptly with iodide and
T3 therapy. In Germany, it has been reported that T4 and
T3 administration on admission to the neonatal intensive
care unit significantly lowered mortality rates.92 This was
thought to result from accelerated production of surfactant
in the lungs.

Requirements

Oral requirements of iodide in the infant, including the
premature infant, are no more than 2–4 µg iodide day−1.
Both human milk and cow’s milk in North America contain
very substantial quantities of iodide, and neither breast-
fed nor formula-fed premature infants are at risk from
iodide deficiency. When hypothyroidism occurs it is due to
a metabolic abnormality in the thyroid gland rather than to
iodine deficiency. Hence, while thyroid replacement ther-
apy may be required in some neonates, iodine supplements
are not indicated.

In general, it appears that the intravenously fed infant
acquires sufficient iodide accidentally from dressings, anti-
septic lotions used on the skin, and so forth. However, bio-
chemical evidence of iodide deficiency has been reported
in an infant on long-term parenteral nutrition, and it is
advisable to supplement the intravenous infusate with 1–2
µg iodide per kg body weight day−1.

Toxicity

Though iodide intakes of up to 1000 µg day−1 in children
have been found to be devoid of harmful effects, there
has been recent concern about the potential dangers of
excess iodide. It appears that 4% of individuals are partic-
ularly sensitive to iodide excess, which can cause hypothy-
roidism.

Fluoride

Fluoride is of established value in the prevention of dental
caries and may also have a beneficial effect on the skeletal
system. No specific recommendations for fluoride supple-
mentation have been made for premature infants. How-
ever, prematurity is associated with an increased incidence
of dental caries, and there appears to be particular reason
for ensuring adequate fluoride supplementation in prema-
ture infants. It is not clear to what extent, if any, that flu-
oride will exert a beneficial effect on nonerupted teeth, or
what, if any, benefits can be conferred by systemic fluoride
as opposed to the local effect in the oral cavity. However,
it is prudent to provide 0.1 mg fluoride per kg body weight
day−1 up to a maximum of 0.25 mg fluoride day−1 to prema-
ture infants,93 other than those who are fed with formula
that has been made up with water in a fluoridated area.
Infant formulas and packaged water marketed for making
up powdered formula provide less than 0.3 mg fluoride
L−1.

Manganese

Physiologic role

Mitochondrial superoxide dismutase and pyruvate car-
boxylase are manganese metalloenzymes. Manganese
is required for the synthesis of mucopolysaccharides
through the manganese-dependent enzymes polymerase
and galactotransferrase. Manganese deficiency in various
animal species leads to impaired skeletal development
and ataxia. The latter is due to defective formation of the
otoliths in fetal life. Abnormalities in carbohydrate and liver
metabolism have also been documented.

Metabolism

Adults absorb only about 3% of an ingested dose of iso-
topically labeled MnCl2 and this low level does not change
when the quantity of carrier is altered. Ten days later 1.5% of
the ingested dose is retained by adults, but newborns retain
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8% and premature infants 16%.94 Manganese absorption is
especially high in very early postnatal life in the mouse, and
little manganese is excreted at that stage.95 Dietary man-
ganese absorption does depend on the level of manganese
intake and also on the type of diet. When various milks and
infant formulas are fed to adults, the percentage absorption
ranged from 1% when given with soy formula up to 9% with
human milk. Absorption from cow’s milk and from human-
ized cow’s milk formulas ranged from 3–6% but dropped
to 1.5% with iron-fortified formulas.96 Much higher per-
centage absorption of manganese from milks and formulas
has been observed in rat pups with manganese retention
from human milk exceeding 80%. Comparable data for the
human infant are lacking.

Manganese is excreted almost entirely through the bile.
When manganese intake is increased, there is a decrease in
the percentage absorption and an increase in biliary excre-
tion. Intestinal mucosa and the liver together provide effec-
tive homeostatic control of manganese status in normal
circumstances, although it is not clear that this pertains to
premature infants.

Manganese deficiency

Human manganese deficiency has not been described con-
vincingly apart from a case of one volunteer on an experi-
mental synthetic diet from which manganese was inad-
vertently omitted. Features attributed to manganese defi-
ciency in this case were hypercholesterolemia, depressed
levels of clotting proteins in the plasma, weight loss, and
slow growth of hair and nails. The lack of evidence of man-
ganese deficiency in circumstances in which many other
trace elements have been identified, especially intravenous
nutrition, may be attributable to the widespread use of
manganese supplements from an early stage in the history
of synthetic diets and formulas. No established laboratory
criteria are available for the assessment of manganese sta-
tus. Low serum manganese levels have been reported in
some diabetic and epileptic children, and a negative man-
ganese balance has been observed in children with pancre-
atic insufficiency. The clinical significance of these obser-
vations is obscure.

Manganese requirements

Manganese intake of the fully breast-fed infant is approx-
imately 0.5 µg Mn kg−1 day−1.97 Because of differences in
fractional absorption it is likely that the manganese require-
ments of the formula-fed infant are an order of magni-
tude higher than this. Many formulas provide even more
manganese, and this applies especially to soy formulas

with which a higher concentration of manganese is nat-
urally associated. Soy formulas are likely to provide approx-
imately 50 µg Mn kg−1 day−1. Though no toxic effects have
been observed on these higher intakes, no careful exam-
ination of the safety of such intakes in premature infants has
been reported. In view of the evidence for a higher fractional
absorption in premature infants and the indications from
an animal model that excretion may be very limited, con-
siderable care is recommended in providing manganese to
VLBW premature infants. Pending further information, a
maximum figure of 50 µg kg−1 day−1 from a soy formula
and 10 µg kg−1 day−1 from a cow’s milk-based formula is
suggested.

A supplement sufficient to provide 1 µg Mn kg−1 day−1

intravenously appears to be adequate for patients fed par-
enterally. Larger quantities than this are discouraged in the
premature infant. In parenterally fed patients who develop
cholestatic liver disease marked hypermanganesemia has
been documented.7 In the face of cholestatic liver disease,
suspension of intravenous manganese supplement is re-
commended. The background manganese contamination
in the infusate is sufficient to maintain serum manganese
concentrations over a period of many months.

Chromium

Trace quantities of chromium in rat diets were found in
the 1960s to be necessary for normal glucose tolerance.
The results of subsequent research were consistent with the
hypothesis that chromium acted as a cofactor for insulin
while facilitating the initial attachment of insulin to periph-
eral receptors. However, chromium has not been detected
in these receptors.

The results of several studies in the 1960s and 1970s sug-
gested that human chromium deficiency may be a cause
of impaired glucose tolerance, especially in the elderly and
in patients on prolonged parenteral nutrition. Chromium
deficiency was also reported in infants with protein energy
malnutrition. In general, more recent studies have failed
to confirm earlier observations, and the importance of
chromium in human nutrition remains uncertain.

Results of earlier tissue analyses indicated that tissue
chromium concentrations are relatively high in the term
neonate and decrease progressively during the life cycle.
Relatively low chromium concentrations were observed in
the plasma and hair of infants born prematurely and those
with intrauterine growth retardation. More recent advances
in analytical techniques for the measurement of chromium
in biologic samples have led to major revisions in normal
values for tissue chromium concentrations. Unfortunately,
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no data are available for the premature infant or on changes
in tissue chromium concentrations through the life cycle
using modem analytic methodology.

There have been two careful studies of zinc concentra-
tions in human milk with modem analytic techniques. The
concentration averaged 0.3 µg Cr L−1, and the range is quite
small. Thus the chromium intake of the breast-fed infant is
approximately 0.05 µg Cr kg−1 day−1. In reaching tentative
estimates of chromium requirements of the formula-fed
infant, it is advisable to assume that absorption is consid-
erably less than from human milk. Thus, the recommended
intake is 2.5 µg Cr kg−1 day−1.

Molybdenum

Molybdenum (Mo) enzymes that have been identified in
the human are xanthine oxidase, which is involved in
purine metabolism, and sulfite oxidase. One case of human
molybdenum deficiency has been described in an adult
on long-term total parenteral nutrition. Features included
tachycardia, tachypnea, vomiting, and central scotomas,
with rapid progression to coma. There was intolerance
to infused amino acids, and methionine levels were ele-
vated. Serum uric acid and urine excretion of sulphate were
decreased. The clinical and biochemical response to 2.5 µg
Mo kg−1 day−1 in the infusate was excellent.

The concentration of molybdenum in human milk is
about 2 µg L−1. Thus the infant receiving human milk has
an intake of approximately 0.3 µg Mo kg−1 day−1. This level
of intake is probably adequate for the premature infant as
well as the term infant. However, data on tissue concentra-
tion and fetal accumulation are inadequate. Intravenously,
an intake of 0.25 µg Mo kg−1 day−1 is probably adequate.
Intravenous molybdenum supplements are recommended
only with long-term intravenous nutrition.
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Overview

Iron is a ubiquitous element required by virtually all cells for
normal growth and metabolism. Rapidly growing and dif-
ferentiating cells have particularly high iron requirements.1

Since preterm and term human infants have high growth
rates (on a per-weight basis), it is not surprising that these
infants also have high iron needs. Term infants typically
acquire adequate iron stores during the last trimester of
gestation, but preterm infants are relatively compromised
in this respect.2 This fact, combined with their higher post-
natal growth rates in the first year, renders preterm infants
at higher risk than their term counterparts for iron defi-
ciency and iron-deficiency anemia.3,4 This increased risk
could theoretically be avoided by administering large doses
of iron to the preterm infant, were it not for the concern of
iron toxicity; iron plays an important catalytic role in the
Fenton reaction, which creates radical oxygen species that
peroxidate the lipids in cell membranes. The concern is
relevant particularly in the premature infant whose plasma
total iron-binding capacity (TIBC) is low and whose antiox-
idant defense system is immature.5,6 Thus, iron can be con-
sidered a highly necessary element with a narrow therapeu-
tic window where both deficiency and overload contribute
to significant morbidity.

Iron balance in the fetus and neonate

Iron is classically seen as an integral part of the hemoglobin
molecule, and iron deficiency is thus frequently assumed
to be synonymous with anemia. Although most of the
total body iron is found in the red blood cell mass,2 iron-

containing proteins are found throughout the body and
are involved in processes as basic as cellular prolifera-
tion, mitochondrial electron transport/oxidative phospho-
rylation, detoxification, neurotransmitter synthesis and
muscle oxygen transport. The total iron load of the
third trimester fetus and the neonate is approximately
75 mg per kg of body weight distributed through three
compartments.2 The red cell mass contains 75% of this
endowment in the form of hemoglobin. Another 15% is
found in storage pools, primarily bound to ferritin in the
liver and spleen. Humans are born with relatively large
iron stores, and cord serum ferritin concentrations are
high (>60 ng ml−1).7 The final 10% represents non-heme,
non-storage-tissue iron. Although this is the smallest pool,
depletion of tissue iron is responsible for many of the
symptoms of iron deficiency.8 It is a classic misconception
that the symptoms of iron deficiency are due solely to an-
emia. During periods when iron supply does not meet iron
demand, an interorgan redistribution occurs. Iron is pri-
oritized to the red cells first (at the expense of the storage
pool), and then to the non-heme-tissue pool.9 Within the
latter, the skeletal muscle compartment is compromised
before the heart and brain.

Iron status at birth is a function of fetal iron accretion
and birth events. Common factors that can alter neonatal
iron status are listed in Table 18.1.

On a worldwide scale, maternal iron deficiency is the
most common cause of compromised fetal and neonatal
iron status. Up to 30% of pregnancies in developing coun-
tries are complicated by iron deficiency to a degree that will
affect fetal iron status at birth. The newborn’s low iron status
can be further complicated by a postnatal diet that is low in
iron, such as the use of low-iron formula or breast milk from
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Table 18.1. Factors altering neonatal iron status

Event Cause Effect

Fetal events

Maternal iron deficiency

(maternal Hgb < 8.5 g/dl)

Decreased maternal iron supply; affects up

to 30% of pregnancies in developing

countries

Reduced total body iron

Placental insufficiency (IUGR) Reduced placental iron transport; affects

up to 10% of pregnancies; 50% of infants

affected

Reduced total body iron; shift of iron from

storage and tissues into red cells; can

cause brain iron deficiency

Maternal glucose intolerance

(Type I or gestational)

Increased fetal iron demand and decreased

placental iron transport capacity; affects

up to 10% of pregnancies; 40%–65% of

infants affected

Close to normal total body iron; shift of

iron from storage and tissues into red

cells; can cause brain iron deficiency

Maternal cigarette smoking Chronic fetal hypoxia Reduced fetal iron stores with shift of iron

into expanded red cell mass

Congenital hemochromatosis Unknown, but likely genetic defect of

proteins involving placental iron

transport

Fetal iron overload with severe cardiac and

hepatic dysfunction

Perinatal events

Premature birth Lack of fetal iron accretion in third

trimester

Normal total body iron for size; decreased

total iron endowment for first postnatal

year’s growth

Delayed cord clamping Increased delivery of placental blood (up

to 20 cc per kg body weight)

Increased total body iron – all in red cell

mass initially; risk of polycythemia;

positive effect on hemoglobin

concentration at 2 months

Fetal-maternal/placental

hemorrhage/ cord accident

Acute loss of hemoglobin iron Decreased total body iron – all in red cell

mass initially; probably earlier

mobilization of iron stores postnatally

Perinatal infection Sequestration of iron Elevated cord ferritin concentration

an iron-deficient mother. Intrauterine growth retardation
is also common in developing countries, and complicates
up to 10% of pregnancies in developed countries. Mater-
nal malnutrition is the most common cause in developing
countries; maternal hypertension during gestation is the
most common cause in developed countries. In the latter
case, mothers are usually iron sufficient, but maternal–fetal
iron delivery is apparently restricted by the diseased pla-
centa. Approximately 50% of infants demonstrate low cord
serum ferritin concentrations (<60 ng ml−1).10 Their total
body iron is likely to be low, although some loss of storage
iron can be accounted for in the elevated hemoglobin con-
centration of these infants who were chronically hypoxic
during fetal life. Infants with severe intrauterine growth
retardation (IUGR) can be iron deficient, up to a 33% loss of
brain iron.11 Infants born to mothers who smoked during
pregnancy are born with low iron stores.12 The mechanism
is likely related to a redistribution of iron from the storage
pool to the red cell mass. The effect does not appear to be

as severe as that found with maternal hypertension and
IUGR.

Diabetes during gestation induces a complex pathol-
ogy that results in neonatal liver, heart, and brain iron
deficiency.13 The severity of the iron imbalance is inversely
related to maternal glycemic control.14 The effects are seen
in Type I and gestational diabetes since both can be compli-
cated by maternal hyperglycemia that results in fetal hyper-
glycemia, islet cell hyperplasia and hyperinsulinemia. Fetal
hyperglycemia and hyperinsulinemia increase fetal oxygen
consumption by approximately 30% in a relatively oxygen-
limited environment.15,16 The subsequent state of chronic
intrauterine hypoxia results in release of fetal erythropoi-
etin and expansion of the hemoglobin mass by 30%.17,18

Each gram of newly synthesized hemoglobin requires an
additional 3.47 mg of elemental iron, which can initially
be supplied by mobilization of fetal iron stores. The pla-
centa is responsive to the apparent loss of storage iron and
responds by increasing transferrin receptor expression on
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its apical (maternal-facing) surface.19 However, the affin-
ity of the receptor for maternal transferrin is decreased,
possibly due to hyperglycosylation of the oligosaccharides
found in the binding domain.20 The net result is an insuf-
ficient compensatory attempt to increase placental iron
transport19 and a subsequent channeling of available fetal
iron to the red cells and away from the liver, heart, and
brain.13 Up to 65% of infants of diabetic mothers (IDM) are
affected, and approximately 25% are at risk for brain and
heart iron deficiency.10,14 The most severe cases demon-
strate a 40% loss of brain iron and a 55% loss of heart
iron.13 The potential physiologic consequences are dis-
cussed below.

Iron can also be acutely lost through hemorrhage. Blood
can be lost to the placenta (e.g., fetal–placental hemorrhage
or holding the infant above the perineum prior to cord
clamping) or externally (e.g., cord accident). The result is a
loss of total body iron. Without replacement, iron stores will
be mobilized earlier to support the subsequent reticulocy-
tosis. Tissue iron status will be largely unaffected because of
the relatively large iron stores, but infants with significant
iron loss through hemorrhage at birth may be at increased
risk for iron deficiency after 6 months of age.

Total body iron overload is an unusual event in the
fetal/neonatal period. Congenital hemochromatosis is an
exceedingly rare disease, most likely of genetic origin,
that results in massive iron overload of the fetal organs.21

Infants usually die of heart and liver failure secondary
to iron overload in the neonatal period, although aggres-
sive chelation has reportedly been successful. It has been
postulated that the pathophysiology involves abnormal-
ities of regulation of iron transport proteins in the pla-
centa, although no candidate molecule has been identified.
The mutation is not the same as that found in hereditary
hemochromatosis.22

Neonatal iron status also can be augmented by delayed
cord clamping.23 Holding the infant below the perineum
prior to clamping increases placental–fetal transfusion and
may approach a volume of 70 mL of blood. The effect of
delayed cord clamping on long-term iron status is unclear.
One study reports an increase in hemoglobin concentra-
tion of 0.7 g dL−1 at 2 months of age, following delayed
cord clamping with the infant held at the level of the
perineum.23 The advantage of this increase in iron status
must be weighed against the risks of polycythemia and its
attendant hyperviscosity in the neonatal period.

Postnatal iron balance

Postnatal iron balance in the term infant is largely deter-
mined by the growth rate of the infant and by the expansion

Table 18.2. Postnatal factors that result in positive or

negative iron balance in preterm infants

Factors contributing to negative iron balance

Low neonatal iron stores

High growth rate

Uncompensated phlebotomy

Restrictive transfusion policy

Recombinant erythropoietin therapy

Low iron delivery

Factors contributing to positive iron balance or iron overload

Multiple red cell transfusions

High-dose iron therapy (intravenous or enteral)

of the red cell mass associated with this growth. Initially,
the term infant is well protected from iron deficiency by
a higher hemoglobin concentration than is necessary for
extrauterine life, and by relatively high iron stores. These
factors endow the term infant with enough iron for the
first 4 postnatal months. However, if not provided with a
source of dietary iron, the term infant will deplete avail-
able iron stores by that age and will be at risk for subse-
quent iron deficiency.24 Most term infants are healthy and
thus are not excessively phlebotomized or transfused. Their
greatest risk for subsequent iron deficiency relates to low
dietary iron intake or excessive gastrointestinal iron loss
(e.g., due to parasitic diseases). Although all infant formula
in the USA provides sufficient iron to support the typical
term infant, the rate of iron deficiency in formula-fed term
infants remains around 8%.25

In contrast to the term infant, the preterm infant is at
high risk for negative iron balance and subsequent iron
deficiency, and also at risk for iron overload. The increased
risk of abnormal iron balance relates closely to the degree of
illness encountered in the newborn period. Table 18.2 lists
the postnatal factors that alter iron balance in the preterm
infant.

The fetus maintains a constant 75 mg of iron per kg body
weight. Therefore, premature delivery followed by a lack
of iron intake matching intrauterine accretion rates will
result in a negative iron balance. The majority of the term
infant’s birth weight is achieved after 28 weeks gestation as
the fetus goes from a mean weight of 1 kg to a weight of 3
kg. The blood volume and the need for iron to support red
cell hemoglobin synthesis expand proportionately. Prema-
ture birth arrests this process. Initially, while the prema-
ture infant is in a catabolic transitional phase and is not
growing, there is no need for supplemental iron. As the
infant ventures further through the “premie grower” phase,
however, maintaining iron sufficiency becomes more
important, though the timing of this transition and the
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consequent age at which supplementation should begin
has not been precisely determined.26

The process toward negative iron balance in the prema-
ture neonate will be hastened by uncompensated phle-
botomy, restrictive transfusion policies intended to limit
blood donor exposure, and the use of recombinant human
erythropoietin to stimulate erythropoiesis. The preterm
infant is expected to undergo a process termed “the an-
emia of prematurity,” which initially was described as an
exaggeration of the “physiologic anemia” observed in term
infants.27 There are, however, likely substantive differences
between the two processes. Because there is little need
for the preterm infant to maintain as high a hemoglobin
concentration in the “normoxic” ex utero environment as
in the “hypoxic” in utero environment, a decline in the
hemoglobin concentration during the first 2 months of
postnatal life is expected. The severe nadir and the poor
growth often associated with the lower end of the range of
hemoglobin concentration at this age (e.g., 6 to 8 g dL−1)
suggest that this process is not “physiologic.” On the other
hand, whether this early anemia has a component of iron
deficiency remains debatable. Some studies have shown
that this anemia is not responsive to iron therapy shortly
after birth,28 while others have documented elevated Zn
protoporphyrin levels consistent with a deficiency of avail-
able iron for hemoglobin synthesis.29 In any case, com-
pared with less restrictive policies, restrictive transfusion
policies result in a lower total body iron pool since red cells
contain a large amount of iron. While the use of recombi-
nant human erythropoietin has no impact on total body
iron, it does result in a shift of iron into the red cells at the
expense of storage and potentially non-heme tissue pools.
Whether aggressive erythropoiesis during a major growth
phase in a relatively iron-restricted environment results in
tissue-level iron deficiency remains to be determined. The
current recommendations to increase the amount of sup-
plemental iron during treatment with erythropoietin seems
prudent.30

As discussed below, the timing and route of iron sup-
plementation may contribute to negative or positive iron
balance. The American Academy of Pediatrics (AAP) and
multiple other organizations currently recommend that
premature infants receive 2–4 mg of elemental iron per
kg body weight enterally each day beginning between 2
weeks and 2 months of postnatal age.27,31 Both later onset
of supplementation and smaller doses of iron result in a
higher risk of subsequent iron deficiency.3,4 Parenteral iron
appears to be more bioavailable for erythropoeisis than
enteral iron.32

Premature infants also are at risk for iron overload, as
evidenced by several studies that demonstrated high fer-

ritin levels (>500 ng mL−1) at the end of the neonatal
intensive care unit (NICU) hospitalization.33–35 Not surpris-
ingly, these infants tend to have had very unstable hos-
pital courses, requiring multiple red blood cell transfu-
sions. Both the number of red cell transfusions and the
serum ferritin concentration have been correlated with an
increased incidence of chronic diseases associated with
oxidant injury, including retinopathy of prematurity (ROP)
and bronchopulmonary dysplasia (BPD).33–35 The causal
relationship to iron itself, however, has been more difficult
to determine because these are often high-risk infants who
have been mechanically ventilated longer, who have been
exposed to more oxygen, and who have had more septic
episodes than the lower-risk premature infant with normal
ferritin levels.

Besides the cumulative risk of multiple red cell transfu-
sions on iron status over the entire hospitalization, prema-
ture infants are also at risk for potential iron toxicity early
in their neonatal course because their antioxidant systems
remain immature. Vitamin E concentrations are low, and
the ability to absorb this fat-soluble vitamin from the intes-
tine is poor until close to 34 weeks gestation.36 The vitamin
C system, vital for scavenging free radicals, is immature
until 2 weeks of postnatal age.37 Premature infants can be
deficient in superoxide dismutase.38 An early oxidant chal-
lenge, such as a serum iron concentration greater than the
total iron-binding capacity, may result in tissue damage due
to unquenched free radicals. This would most likely occur
in the setting of intravenous iron therapy or in hemolysis
after red cell transfusions. Because of these risks, the AAP
and other organizations do not recommend dosing with
iron prior to 2 weeks of postnatal age.31

Potential consequences of early iron deficiency

The term newborn infant is not likely to present with clas-
sic iron-deficiency anemia unless born to an extremely
iron-deficient mother. Most anemia in the newborn is
due to intrauterine hemolysis or acute blood loss at birth,
and therefore does not result in loss of storage and non-
heme iron. In many intrauterine conditions that cause
tissue-level iron deficiency (e.g., intrauterine growth retar-
dation and diabetes during pregnancy), the hemoglobin
will be normal or elevated. Non-heme tissue iron deficiency
should be suspected when the newborn serum ferritin con-
centration is less than 30 ng mL−1, even if the hemoglobin
concentration is normal.39

The immediate consequences of early iron deficiency
in the term infant may not be inherently obvious. How-
ever, many of the symptoms of iron deficiency are due
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to loss of non-heme tissues such as the heart, and brain.
A review of the symptomatology common to IUGR and
IDM infants reveals the possibility of a contributing role
for tissue-level iron deficiency. These infants tend to be
more medically fragile and to not tolerate illnesses such
as respiratory distress. Perinatal iron deficiency decreases
cytochrome c concentrations in skeletal muscle, heart, and
brain.40,41 This finding may in part explain the symptoms
of metabolic “crippling” apparent in these patients, includ-
ing their higher rates of cardiac dysfunction and lethargy.
The immediate consequences of anemia (and perhaps co-
incident iron deficiency) in the premature infant are poor
growth, lethargy, and myopathy.

The long-term consequences of early iron deficiency
relate primarily to neurodevelopment and the risk of later-
onset iron-deficiency anemia. Iron-containing enzymes
are central to myelination,42 neurotransmitter synthesis,43

cell proliferation44 and neuronal energetics.45 Postnatal
iron deficiency as early as 6 months of age has an adverse
effect on the central nervous system (CNS).46 Arguably, the
faster-growing and more immature brain of the preterm
and term infant is at even greater risk. The greatest con-
cern is that early iron deficiency affects cognition not
only during the period of iron deficiency, but up to 10
years after iron repletion.47 Animal models strongly sup-
port an important role for iron in the developing brain.
A recent study in humans confirmed that term infants
born with ferritin concentrations in the lowest quartile
are at a higher risk for neurocognitive sequelae at school
age than are infants born with ferritins in the middle
quartiles.48

Gestational iron deficiency in animal models
results in hypomyelination,42 alterations in dopamine
metabolism,43 and selective areas of decreased neuronal
metabolism.45 It is interesting to note that IDMs have
abnormal cognitive functioning at birth while they are iron
deficient,49 persistence of these abnormalities once iron
status has been restored,50,51 and compromised cognitive
outcomes at school age.52 Although both diabetes during
pregnancy and intrauterine growth restriction are char-
acterized by multiple neurocognitive risks (e.g., hypoxia,
hypoglycemia), one cannot discount the potential role
of iron deficiency in inducing long-lasting structural and
metabolic defects in important cognitive structures such
as the hippocampus and the striatum. Given the concerns
surrounding the potential contribution of iron deficiency
to the anemia of prematurity and the role of iron in brain
development, it is surprising that no studies to date have
addressed the relationship between neurodevelopmental
status and long-term outcome of premature infants with
abnormal iron indices.

As discussed earlier, premature infants are at increased
risk for iron deficiency at an earlier age than term infants,
particularly if iron supplementation is delayed until 2
months of postnatal age, or if the daily dose of iron is less
than 2 mg kg−1 of body weight.3,4 There are few data on the
long-term hematologic outcomes of term infants born with
low iron status. A small follow-up study of infants born with
abnormally low ferritins demonstrated that the infants had
normal iron status at 9 months but that their iron stores
were still significantly lower than control.53 Whether this
confers a risk for iron deficiency in the second year of life
remains to be determined.

Potential consequences of early iron overload

The neonate in general and the preterm infant in partic-
ular is at high risk for the toxic sequelae of iron overload.
Although the setting in which iron overload occurs is usu-
ally not a “nutritional” issue in the classic sense, the involve-
ment of iron in chemical reactions that generate potentially
deleterious oxygen free-radical species is worth consider-
ing in this chapter. Studies in human adults and in neonatal
animal models demonstrate that free (non-protein bound)
iron has a central role in free radical generation through
the Fenton reaction (shown below). The Fenton reaction
equation:

2O−
2 + 2H+ → H2O2 + O2

Fe2+ + H2O2 → Fe3+ + OH− + OH

The Fenton reaction is most likely to occur in two clin-
ical situations: tissue reperfusion after hypoxic–ischemic
injury54,55 and rapid introduction of iron into the serum
resulting in saturation of iron-binding capacity. The latter
is most likely to happen with parenteral iron therapy or with
hemolysis following red blood cell transfusion. High doses
of oral iron may result also in transient increases in free
iron, although this appears to be a rare event, and at this
point the physiologic significance is still a matter of active
research.33 The fetus and preterm neonate are at particu-
larly high risk because of the factors listed in Table 18.3. The
risk of free radical injury appears to remain high, at least
through the first postnatal week.34 This may be related in
part to lack of maturation of the vitamin C system until after
2 weeks of age.37

The role of free iron in the pathogenesis of specific neona-
tal diseases is, based on animal models, biologically plau-
sible. For example, Palmer et al. demonstrated significant
iron deposition in multiple brain structures over a 3-week
period following hypoxia–ischemia in the neonatal rat.56
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Table 18.3. Predisposing fetal and neonatal factors for

toxicity from iron overload

High incidence of pre-, peri- and postnatal hypoxic–ischemic

events with reperfusion

Immature antioxidant systems (e.g., vitamin E, selenium,

superoxide dismutase)

Low serum levels of iron-binding proteins (e.g., transferrin)

Increased sensitivity of rapidly growing tissues to free radicals

The effects were preventable or lessened by pre-treatment
with the iron chelator, desferroxiamine.57 Reactive oxy-
gen species, whose production is stimulated by free iron,
are responsible for activating tissue cytokines, initiating
arachidonic acid cascades, damaging mitochondrial DNA
and promoting apoptotic events.50,59,60 Proposed target
organs that have been studied include the intestine,61

the lung,62 the red blood cells,63 the retina,64 and the
brain.56

The evidence in human neonates is more indirect and
remains difficult to quantify. Reviews by Perrone et al.65 and
by Jansson6 summarize the role of iron in free radical injury,
especially as it relates to developing brain structures. Bracci
et al. have shown clear evidence of free-iron-induced stress
to neonatal red blood cell membranes.63 Others have epi-
demiologically linked the risk of neonatal diseases thought
to be mediated by oxidant stress to the number of red blood
cell transfusions (and, by analogy, exposure to iron). The
risk of BPD in preterm infants has been associated with
the number of blood transfusions and to free-iron levels,35

although lipid peroxidation has not been demonstrated.
Similarly, it has been noted that infants with severe ROP
also have high ferritin concentrations.36 It remains unclear
whether this association is due to free iron toxicity or to the
fact that sicker, more premature infants are more likely to
get retinopathy and to receive more transfusions. Further-
more, elevated ferritin concentrations are a sign of inflam-
mation, a likely contributory factor to both ROP and BPD. In
summary, studies in immature animals demonstrate plau-
sible biological mechanisms for iron toxicity in developing
organ systems. Further research in neonatal humans will
be needed.

Iron requirements

Term infants require approximately 1 mg kg−1 of elemental
iron daily if they are formula-fed.66 Infants consuming their
mother’s milk receive far less than this amount, but the iron
is more bioavailable.67 Absorption rates of iron from human

milk average 50%, compared with 7–12% from infant for-
mula.

At this time, treatment with iron beyond the normal re-
commended amounts does not appear warranted for term
infants born with low iron stores. A small follow-up study of
term and near-term infants born with low iron stores from
various causes revealed that none had iron deficiency (fer-
ritin <10 ng mL−1) or iron-deficiency anemia (hemoglobin
<10.5 g dL−1) at 9 months of age. The infants were fed pre-
dominantly breast milk and most were given vitamins with
iron,54 but did not receive additional iron supplementation.
Nevertheless, the ferritin concentrations of this group were
significantly lower than those of a group of control infants
born with normal iron stores. Therefore, these infants can
be considered at increased risk for iron deficiency in their
second postnatal year.

Preterm infants require substantially more iron on a per
kg body weight basis than term infants. The AAP recom-
mends 2–4 mg kg−1 of enteral iron daily, depending on the
degree of prematurity, beginning between 2 weeks and 2
months after birth.31 Premature infants should be main-
tained on these higher doses after discharge from the hos-
pital. Infants treated with rhEpo will require more iron in
order to spare their meager iron stores.30 Enteral doses of 6
mg kg−1 day−1 appear adequate to sustain modest erythro-
poiesis in these infants.30

Intravenous iron should be used very cautiously because
of the risk of overwhelming the TIBC. Since human infants
are born with enough iron stores to meet their demands for
the first 2 months, delaying iron delivery until the infant is
able to tolerate enteral iron may be prudent. If prolonged
parenteral nutrition is anticipated, parenteral iron can be
utilized at 100–200 µg kg−1 day−1.27
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43 Nelson, C., Erikson, K., Piñero, J., Beard, J. L. In vivo dopamine

metabolism is altered in iron-deficient anemic rats. J. Nutr.

1997;127:2282–8.

44 Thelander, L. Ribonucleotide reductase. In Ponka, P., Schul-

man, H. M., Woodworth, R. C., eds. Iron Transport and Storage.

Boca Raton, FL: CRC Press; 1990:193–200.

45 de Ungria, M., Rao, R., Wobken, J. D. et al. Perinatal

iron deficiency decreases cytochrome c oxidase activity in

selected regions of neonatal rat brain. Pediatr. Res. 2000;48:

169–76.

46 Roncagliolo, M., Garrido, M., Walter, T., Peirano, P., Lozoff, B.

Evidence of altered central nervous system development in

infants with iron deficiency anemia at 6 mo: delayed mat-

uration of auditory brainstem responses. Am. J. Clin. Nutr.

1998;68:683–90.

47 Algarin, C., Peirano, P., Garrido, M., Pizarro, F., Lozoff, B. Iron

deficiency anemia in infancy: long-lasting effects on audi-

tory and visual system functioning. Pediatr. Res. 2003;53:217–

23.

48 Tamura, T., Goldberg, R. L., Hou, J. et al. Cord serum ferritin

concentrations and mental and psychomotor development of

children at five years of age. J. Pediatr. 2002;140:165–70.

49 deRegnier, R. A., Nelson, C. A., Thomas, K., Wewerka, S.,

Georgieff, M. K. Neurophysiologic evaluation of auditory

recognition memory in healthy newborn infants and infants

of diabetic mothers. J. Pediatr. 2000;137:777–84.

50 Nelson, C. A., Wewerka, S., Thomas, K. M. et al. Neurocogni-

tive sequelae of infants of diabetic mothers. Behav. Neurosci.

2000;114:950–6.

51 Nelson, C. A., Wewerka, S., Borscheid, A. J., deRegnier, R.-

A., Georgieff, M. K. Electrophysiologic evidence of impaired

cross-modal recognition memory in 8-month-old infants of

diabetic mothers. J. Pediatr. 2003;142:575–82.

52 Rizzo, T. A., Metzger, B. E., Dooley, S. L. & Cho, N. H. Early mal-

nutrition and child neurobehavioral development: insights

from the study of children of diabetic mothers. Child Dev.

1997;68:26–38.

53 Georgieff, M. K., Wewerka, S. W., Nelson, C. A., deRegnier, R.-A.

Iron status at 9 months of infants with low iron stores at birth.

J. Pediatr. 2002;141:405–9.

54 Liu, P. K. Ischemia-reperfusion-related repair deficit after

oxidative stress: implications of faulty transcripts in neuronal

sensitivity after brain injury. J. Biomed. Sci. 2003;10:4–13.

55 Buonocoare, G., Perrone, S., Longini, M. et al. Oxidative stress

in preterm babies at birth and on the seventh day of life. Pedi-

atr. Res. 2003;52:46–9.

56 Palmer, C., Menzies, S. L., Roberts, R. L., Pavlick, G., Connor,

J. R. Changes in iron histochemistry after hypoxic-ischemic

brain injury in the neonatal rat. J. Neurosci. Res. 1999;56:60–

71.

57 Palmer, C., Roberts, R. L., Bero, C. Deferoxamine posttreat-

ment reduces ischemic brain injury in neonatal rats. Stroke

1994;25:1039–45.

58 Hagberg, H., Gilland, E., Bona, E. et al. Enhanced expression

of interleukin (IL)-1 and IL-6 messenger RNA and bioactive

protein after hypoxia-ischemia in neonatal rats. Pediatr. Res.

1996;40:603–9.

59 Mishra, O. P., Delivoria-Papadopoulos, M. Cellular mecha-

nisms of hypoxic injury in the developing brain. Brain Res.

Bull. 1998;25:766–70.

60 Akhtar, W., Ashraf, Q. M., Zanelli, S. A., Mishra, O. P., Delivoria-

Papadopoulos, M. Effect of graded hypoxia on cerebral cor-

tical genomic DNA fragmentation in newborn piglets. Biol.

Neonate 2001;79:187–93.

61 Hsueh, W., Caplan, M. S., Qu, X. W. et al. Neonatal necrotizing

enterocolitis: clinical considerations and pathogenetic con-

cepts. Pediatr. Dev. Pathol. 2003;6:6–23.

62 Saugstad, O. D. Bronchopulmonary dysplasia-oxidative stress

and anti-oxidants. Semin. Neonatol. 2003;8:39–49.

63 Bracci, R., Perrone, S., Buonocore, G. Oxidant injury in neona-

tal erythrocytes during the perinatal period. Acta Paediatr.

Suppl. 2002;438:S130–4.

64 Hirano, K., Morinobu, T., Kim, H. et al. Blood transfu-

sion increases radical promoting non-transferrin bound iron

in preterm infants. Arch. Dis. Child. Fetal Neonatal Edn

2001;84:F188–93.

65 Perrone, S., Bracci, R., Buonocore, G. New biomarkers of fetal-

neonatal hypoxic stress. Acta Paediatr. Suppl. 2002: 438:S135–

8.

66 American Academy of Pediatrics. Iron fortification of infant

formulas. Pediatrics 1999;104:119–23.

67 Fomon, S. J., Ziegler, E. E., Nelson, S. E. Erythrocyte incorpora-

tion of ingested 58Fe by 56 day old breast-fed and formula-fed

infants. Pediatr. Res. 1993;33:573–6.



19

Conditionally essential nutrients: choline, inositol, taurine,
arginine, glutamine, and nucleotides
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Introduction

The term “conditionally essential” has been used to
describe the role of choline, inositol, taurine, arginine, glu-
tamine, and nucleotides in human nutrition. The biochem-
ical pathways to synthesize these nutrients are present,
and their absence from the diet does not lead to a clas-
sical clinical deficiency syndrome. However, under certain
conditions, the biosynthetic capacity may be below func-
tional metabolic demands. The conditions under which
these nutrients may become essential include prematur-
ity, certain disease states, periods of limited nutrient
intake or rapid growth, and the presence of regulatory or
developmental factors that interfere with full expression
of the endogenous synthetic capacity. Under these condi-
tions, dietary intake of the nutrient may optimize tissue
function.1

Several of the conditionally essential nutrients are
present in significantly higher quantities in human milk
versus infant formulas, and several are added to term
and/or preterm formulas. On-going research will help to
clarify their roles in neonatal nutrition and metabolism.

Choline

Choline was classified in 1998 as an essential nutrient for
humans by the Food and Nutrition Board of the Institute of
Medicine of the National Academy of Sciences. The Board
recognized that fetal development and infancy constitute
periods of increased demand for choline.2 The classifica-
tion of choline as an essential nutrient will likely stimulate

renewed interest and research in its role in the developing
infant.

Choline has a variety of biological functions. It is a
precursor for the neurotransmitter acetylcholine, and for
two signaling lipids, platelet-activating factor and sphin-
gosylphosphorylcholine. Choline can be enzymatically oxi-
dized to betaine, a source of labile methyl groups used in the
resynthesis of methionine from homocysteine, thus provi-
ding methionine for protein synthesis and transmethy-
lation reactions. Choline is also the precursor of phos-
phatidylcholine and sphingomyelin, phospholipids that
serve as components of biological membranes.2,3

During development, large amounts of choline are deliv-
ered to the fetus via placental transport systems that pump
it against a concentration gradient. Plasma concentrations
are 6- to 7-fold higher in the fetus and neonate than in
the adult, with levels decreasing during the first weeks of
life. The high neonatal levels presumably ensure enhanced
availability of choline to tissues.2–4

The mammary gland actively synthesizes choline, and
concentrations in milk can be as high as sixty times those
found in maternal plasma. Choline and choline ester
concentrations are highest in colostrum and transitional
milk (150 µmol/dl) and are lower in mature milk (75–110
µmol/dl). An infant consuming 150 ml/kg per day of human
milk ingests a level of choline that is 2–3 times that ingested
by the adult human. Cow’s milk-based infant formulas
contain 40–150 µmol/dl, depending on the protein source,
and soy formulas contain about 120 µmol/dl. Relative
concentrations of free choline and choline-containing
compounds differ between human milk and formulas, with
unesterified choline concentrations in mature milk being
significantly lower than bovine milk or infant formulas.3,5
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Zeisel4 speculates that these differences may affect the rel-
ative balance of choline used by tissues, and recommends
that they be considered when modifications are made to
infant formulas.

Amino acid–glucose solutions used in parenteral nutri-
tion contain no choline, while intravenous lipid emulsions
contain 1.2% egg phospholipid, providing 117 mg choline
per dL. Malnourished patients and those receiving choline-
free parenteral nutrition solutions have decreased plasma
and erythrocyte choline concentrations, they lose less
betaine in urine, and they may develop liver dysfunction.6–8

Chronic ingestion of a choline-deficient diet results in
fatty infiltration of the liver and hepatic dysfunction,9

and choline deficient animals are more likely to develop
liver cancers.10 The cholinergic-dependent aspects of these
effects are reversible by the addition of choline to the
diet, or by the use of intravenous lipids with choline
containing soy or egg phospholipid. The likely mech-
anism for the hepatocyte lipid accumulation is defi-
cient liver phospholipid synthesis, which is necessary for
lipoprotein assembly and extrusion of very low density
lipoprotein from hepatocytes.6 There is also a relation-
ship between choline and carnitine metabolism. Rats fed
choline-free diets have reduced tissue levels of carni-
tine, which has been attributed to a deficiency of avail-
able methyl groups required for carnitine synthesis.11

Dodson and Sachan12 demonstrated that supplementary
choline reduced urinary carnitine excretion in human
subjects.

There is increasing evidence that choline plays a role
in early brain development. The capacity of the brain to
extract choline from blood is greatest during the neonatal
period, and choline concentrations in neonatal rat brain
are 2-fold higher than adult brain. Provision of supplemen-
tal choline during the perinatal period further increases
levels of choline and choline metabolites in the brains
of offspring.4 There appear to be two sensitive pre- and
postnatal periods in the rat during which supplementation
with choline results in significant long-lasting facilitation
of spatial memory. These periods correlate with formation
of cholinergic neurons (neurogenesis; prenatal) and with
formation of nerve-nerve connections (synaptogenesis;
postnatal).4 Meck and Williams13,14 reported that offspring
of dams that received choline supplementation during
pregnancy were more adept at tasks that measured spatial
and temporal memory and attention, while those of dams
fed no choline had impairments in attentional and cer-
tain memory tasks. The effects persisted beyond 2 years of
age, when a rat is developmentally old. These data suggest
that choline’s effects on brain organization and function
are permanent.15

Choline availability during brain development alters the
timing of mitosis, apoptosis and early commitment to neu-
ronal differentiation by progenitor cells in the brain sep-
tum and hippocampus – two brain regions known to be
associated with learning and memory.16,17 Other studies
suggested that supplemental choline influences neuronal
transmembrane signaling, accelerates the synthesis and
release of acetylcholine by neurons, and mediates changes
in brain levels of choline metabolites such as betaine and
phosphocholine.2,4,5

Although the functional effects of choline supplementa-
tion on the central nervous system in humans are unknown,
oral administration of either free choline or phosphatidyl-
choline (lecithin) may have application in human disease,
particularly those involving brain functions that involve
cholinergic neurons.18–20 Choline and lecithin have been
studied as potential memory enhancers in patients with
Alzheimer disease, however, the results have been disap-
pointing. It was suggested that the choice of patient groups
may be a factor, since investigations have primarily been
made in subjects with chronic, degenerative nervous sys-
tem diseases.19

The European Society for Pediatric Gastroenterology and
Nutrition and the American Academy of Pediatrics Com-
mittee on Nutrition have made no specific recommenda-
tions for choline. The Life Sciences Research Office (LSRO)
of the American Society for Nutritional Sciences recom-
mended a minimum content of 7 mg per 100 kcal for both
term and preterm formulas, and a maximum content of 30
and 23 mg per 100 kcal for term and preterm infant for-
mulas, respectively.21,22 The maximum level of 23 mg per
100 kcal for preterm formula is closer to the upper level of
choline reported in human milk.21

Inositol

Inositol is a six-carbon sugar alcohol present in biological
systems primarily as myo-inositol. Inositol and phospho-
inositides mediate transmembrane signaling, activate cell
surface enzymes and receptors, serve as growth factors for
human cell lines, are lipotropic factors that promote lipid
synthesis, and they serve as a source of arachidonic acid for
the synthesis of eicosanoids.23–25 Inositols are readily syn-
thesized by many tissues including the brain, testis, liver
and kidney, with the kidney serving as the main site of
biosynthesis. Serum inositol levels are dependent on the
balance between biosynthesis, intake, renal clearance, and
catabolism.26,27 Despite the capacity for endogenous syn-
thesis, tissue concentrations are sensitive to fluctuations in
dietary intake.26,28
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No human deficiency syndrome has been described
for inositol, and inositol is not listed as an essential
nutrient for humans. However, it was recognized over
40 years ago that inositol can prevent hepatic or intesti-
nal fat accumulation in several adult animal species fed
inositol-depleted diets. Rats fed inositol-deficient diets also
develop markedly elevated triacyglycerol and esterified
cholesterol levels.23,26,29 The fatty liver and intestine are
thought to be due to limited lipoprotein secretion induced
by low liver phosphoinositides, promotion of the expres-
sion of a fatty acid synthetic enzyme, or mobilization of
fatty acids from adipose tissue.26,30 These effects were not
observed in neonatal animals fed inositol depleted diets,
suggesting that newborn animals may be able to main-
tain proper cellular and organ function in spite of a dietary
deficiency.29

Several clinical conditions, including diabetes melli-
tus and renal failure, are associated with impaired inosi-
tol metabolism.23,31,32 Inositol administration reverses the
altered growth, renal and nerve function, and the lower
inositide synthesis seen in diabetic animals.33,34 More
recently, van Straaten and Copp determined that inos-
itol supplementation prevented folic-acid-resistant neu-
ral tube defects in a rodent model, which may be due to
increased action of protein kinase C.35

Human milk inositol levels range from 1500 to over 4000
µM/l, with higher levels in colostrum.28,36 Most infant
formulas contain <400 µM/l, and total parenteral solu-
tions contain <100 µM/l.36 Consequently, human milk-fed
infants have higher serum inositol levels than formula-fed
and parenterally fed infants.28,36 Levels in human milk-
fed preterm infants have been reported to increase up to
3 weeks after birth and then decline, or to decrease from
birth onward. Levels decline more rapidly in formula-fed
and parenterally fed infants.28,36–39 However, Carver et al.40

reported that feeding formula with high levels of inosi-
tol did not prevent the postnatal decline in serum levels.
Inositol levels declined in preterm infants despite feed-
ings with formula containing 1110 µM/l, a level nearly six
times higher than most preterm formulas and closer to
reported human milk levels. The number of days of par-
enteral nutrition was the most important determinant of
inositol levels at the time of achieving full enteral feed-
ings, with lower levels associated with prolonged parenteral
nutrition.

Although the role of dietary inositol in infant develop-
ment is unclear, studies indicate that provision of supple-
mental inositol may be beneficial for infants born prema-
turely. Serum inositol levels are high during neonatal life
and decline to adult levels by approximately 8 weeks of
age.27 Levels in fetal and preterm infant blood are signi-

ficantly higher than in term infant blood. 27,36,41 Preterm
infant cord blood levels are reported to be more than twice
those of term infants, and three times higher than mater-
nal levels.27,36,40,41 The relatively high levels in early life
may be due to low renal catabolism and a high rate of
synthesis.27 Hallman et al.38 suggested that low serum inos-
itol in some preterm infants is a consequence of negative
inositol balance which results from low inositol feedings or
renal “wastage” of inositol.

A potential benefit of inositol supplementation on
surfactant production and lung development has been
reported in both animals and preterm infants.42 Serum
myo-inositol levels influence the metabolism of lung sur-
factant in the newborn, which may relate to inositol’s
role in potentiating the glucocorticoid-induced accel-
eration of the differentiation of lung surfactant.41,43

Hallman et al. reported that preterm infants supplemented
with inositol had an increased saturated phosphatidyl-
choline/sphingomyelin ratio in tracheal aspirates38 and
required less mechanical ventilation.44 In a subsequent
study39 preterm infants with respiratory distress who were
supplemented with intravenous inositol had increased sur-
vival without bronchopulmonary dysplasia.

While the role of inositol in development of the retina is
unknown, two studies suggest that inositol supplementa-
tion may protect against the development of retinopathy
of prematurity. In the study of Hallman et al.,39 preterm
infants supplemented with intravenous inositol had a
lower incidence of retinopathy of prematurity. Friedman
et al.37 fed low birth weight (LBW) infants feedings con-
taining one of three different inositol concentrations: 2500,
710, or 242 µM/l. Infants who received the high inos-
itol formula and who had higher serum inositol con-
centrations had a significantly lower incidence of severe
retinopathy.

Howlett and Ohlsson42 conducted a meta-analysis of
the studies of inositol supplementation for the preven-
tion of respiratory distress syndrome in preterm infants
(Table 19.1). They concluded that inositol supplementa-
tion resulted in statistically significant and clinically impor-
tant reductions in important short-term adverse neonatal
outcomes, and suggested that a multi-center randomized
clinical trial of appropriate size is justified to confirm these
findings.

The relatively high inositol levels in cord blood and in
preterm infants suggest that inositol plays an important
role in prenatal and neonatal development. The LSRO re-
commended a minimum content of inositol in term infant
formulas of 4 mg per 100 kcal, and a maximum content
of 40 and 44 mg per 100 kcal for term and preterm infant
formulas, respectively.21,22
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Table 19.1. A summary of results from three randomized clinical trials of inositol supplementation in preterm infants42

Relative risk (95% C. I.) Risk difference (95% C. I.)

Bronchopulmonary dysplasia at 28 days 0.68 (0.45, 1.02) −0.085 (−0.172, 0.003)

Retinopathy of prematurity, stage 4 0.09 (0.01, 0.67) −0.078 (−0.128, −0.027)

Intraventricular hemorrhage, grade III or VI 0.55 (0.32, 0.95) −0.090 (−0.170, −0.010)

Death 0.48 (0.28, 0.80) −1.31 (−0.218, −0.043)

⇓
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Figure 19.1. An abbreviated schematic of taurine biosynthesis.

Taurine

Taurine is a β-amino sulfonic acid that is formed endogen-
ously from cysteine in many mammalian tissues. It is not a
component of structural proteins, but is the most predom-
inant intracellular free amino acid in mammals. A num-
ber of functions have been identified for taurine, inclu-
ding detoxification of retinol, iron, and xenobiotics,
calcium transport, and osmotic regulation in the brain and
kidney. Taurine also serves as a bile acid conjugate, and
it plays a critical role in visual development.21,45 It is syn-
thesized de novo from methionine (Figure 19.1), however,
under certain conditions the biosynthetic capacity may not
be sufficient to meet physiologic needs.

Human milk taurine levels range from 34 to 80 mg/l,
while cow’s milk levels are about 1.25 mg/l. As a result, tau-

rine concentrations are very low in formula based on cow’s
milk proteins, especially casein. Taurine bile acid conju-
gates predominate in the serum and urine of breast-fed
infants,46,47 and plasma and urinary levels of taurine are
higher in preterm and term infants fed human milk ver-
sus infant formulas with low taurine levels.48,45 Rassin et
al. reported that in preterm infants fed unsupplemented
cow’s milk formula, taurine was the only plasma amino acid
that was present at lower concentrations than in infants fed
human milk.49 The low taurine levels may be due, in part,
to low activity of cystathionase, the enzyme that catalyzes
the formation of cysteine from methionine. Cystathionase
activity is low in humans, and may be absent in term and
preterm infant liver.50 Children who receive taurine-free
TPN are reported to have normal plasma levels of methio-
nine and cysteine, but low levels of taurine, suggesting low
activity of cysteine sulfinic acid decarboxylase, the enzyme
that catalyzes the synthesis of taurine from cysteine.51

Taurine is a dietary requirement for cats due to low
biosynthetic activity of cysteine sulfinic decarboxylase,
and cats fed taurine-free diets develop a dilated car-
diomyopathy and retinal degeneration.45 Neuringer and
colleagues52,53 demonstrated loss of visual acuity and mor-
phological changes in the photoreceptors of rhesus mon-
keys fed taurine-free formula from birth to 3 months of
age. Additional studies demonstrated that infant monkeys
are dependent on dietary taurine to maintain normal reti-
nal structure until at least 6 months of age.54,55 Infants,
children, and adults develop reduced plasma taurine lev-
els when maintained on TPN solutions devoid of taurine.
Retinal and electroretinogram abnormalities have been
reported in children maintained on these solutions for
extended periods of time.56,57 The low taurine levels are
normalized by adding taurine to the TPN solution.51,56,58,59

The low plasma taurine levels that develop in preterm
infants maintained on taurine-free TPN may relate
to renal immaturity. Helms et al.60 reported that the
fractional excretion of taurine was inversely propor-
tional to birth weight in preterm infants receiving TPN.
Zelikovic et al.61 reported that LBW infants maintained on
taurine-free parenteral nutrition had low plasma taurine
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levels and markedly increased mean fractional excretion
of taurine compared with healthy, term infants fed human
milk or taurine-supplemented formula. Levels increased
to normal once oral feeding was started. The authors con-
cluded that the limited ability of the immature kidney to
adapt to low taurine intake by increasing tubular reabsorp-
tion may result in depleted taurine body pools during the
first weeks of life in preterm infants. The taurine reabsorp-
tion adaptive response has been localized to the renal prox-
imal tubule brush border membrane, and the molecular
signals for the renal conservation of taurine have recently
been identified.62

Taurine is found in high concentrations in the brain,
where it plays a role in osmoregulation. Levels are signifi-
cantly higher in neonatal versus adult neural tissues.21,45,63

In vitro studies have demonstrated that taurine enhances
neuron extension, proliferation, and survival.64 Tyson et
al.65 reported that preterm infants who were supplemented
with taurine had more mature auditory evoked responses,
however, results from this study have been criticized as
being inconclusive.45 Chesney et al.45 suggested that, due
to taurine’s osmoregulatory role in the brain and to limited
renal taurine conservation, immature infants deprived of
taurine may be unable to respond well to hyper- or hypo-
osmolar stress without large changes in neuronal volume.
They further suggested that the high brain levels of taurine
at birth may be a protective feature or compensation for
renal immaturity.

Dietary taurine levels affect bile acid synthesis. Taurine-
conjugated bile acids favor the formation of mixed micelles,
and they promote cholesterol and fatty acid absorption.
Taurine deficiency may contribute to the development of
cholestasis by increasing levels of the less soluble glycine
conjugates of bile acids.66,67 Okamoto et al.68 reported
that total duodenal bile salt concentration correlated pos-
itively with taurine status in preterm infants, and that
infants fed taurine-supplemented formula had lower duo-
denal cholesterol concentrations, suggesting increased
conversion to bile acids. Wasserhess et al.69 reported that
preterm infants fed taurine-supplemented formula had
lower rates of cholesterol synthesis, and higher bile acid
excretion and fatty acid absorption. The lower incidence
of cholestasis seen in neonates today is likely due, in
part, to the addition of taurine to most pediatric TPN
solutions.21,45

Other reported effects of taurine supplementation
include prevention of hyperaminoacidemia in term infants
fed high-protein cow’s milk formula,70 and better vitamin
D absorption in preterm infants.71 Taurine may also influ-
ence immune responsiveness. Taurine protects lympho-
cytes against oxidant-induced injury, and it is reported to

be effective in ameliorating endothelial cell cytotoxicity and
defective phagocyte and proinflammatory cell microbici-
dal capacity.72

The FDA approved the addition of taurine to infant for-
mulas in 1984, and it is now added to most infant formulas
and to pediatric parenteral nutrition solutions. The Expert
Panel of the LSRO found no compelling evidence to man-
date the addition of taurine to formulas for term infants,
but did recommend a maximum content of 12 mg per 100
kcal for term formulas, a value similar to the upper limit
reported for human milk.22 The LSRO considered taurine
to be conditionally essential for preterm infants, and re-
commended minimum and maximum levels of 5 mg per
100 kcal and 12 mg per 100 kcal, respectively, for preterm
infant formulas.21

Arginine

Recent studies have demonstrated the vital and versatile
roles that arginine plays in nutrition and metabolism. Argi-
nine serves as a precursor for the synthesis of nitric oxide
(NO), ornithine, urea, polyamines, proline, creatine, glu-
tamine and glutamate. It plays important roles in gastro-
intestinal, immune, pulmonary, liver, renal, cardiovascular
and reproductive function.21,73

Preterm infants appear to have higher dietary require-
ments for arginine than term infants.21 In early life, arginine
plays a role in priming the urea cycle and in the activation
of carbamoyl phosphate synthetase (Figure 19.2). In 1972,

CO2 NH3

Arginine

Arginino-
succinate

Urea

Ornithine

Citrulline Aspartate

Carbamoyl
phosphate

Figure 19.2. Urea cycle showing arginine. Reprinted with

permission.1
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Heird et al.74 reported that hyperammonemia in preterm
infants receiving TPN could be effectively treated by intra-
venous administration of L-arginine, suggesting that this
condition resulted from hypoarginemia rather than from
an insufficiency of urea cycle enzymes. Current hyperali-
mentation solutions may have inadequate levels of arginine
for preterm infants.73,75

Plasma levels of arginine reportedly do not vary between
breast versus formula-fed infants born at term.21 Among
preterm infants, however, plasma levels of arginine are
significantly lower in infants fed preterm formula versus
expressed breast milk.76,77 Brooke et al. reported that no
other amino acid was significantly lower in the plasma of
formula- versus breast-fed infants.76

Much of the interest in arginine relates to its role
as a precursor to NO. NO, an intracellular signal that
leads to smooth muscle relaxation, is synthesized from L-
arginine by NO synthases. In the intestine, NO is an anti-
inflammatory chemical mediator and vasodilator that is
involved in the maintenance of mucosal integrity, intestinal
barrier function, intestinal blood flow regulation, and
the inhibition of platelet and leukocyte adhesion dur-
ing inflammation or injury.73,78,79 In animal models of
necrotizing enterocolitis (NEC), inhibition of NO synthe-
sis increases intestinal damage, while exogenous sources
of NO attenuate injury.80–82

Decreased blood levels of arginine may relate to the
development of NEC in preterm infants. Zamora et al.83

reported that plasma arginine levels were significantly
lower at the time of diagnosis in infants with NEC compared
with control infants. Plasma ammonia concentrations were
elevated, and they decreased with postnatal age and with
increasing plasma arginine concentrations. Becker et al.84

reported that preterm infants with NEC have selective
amino acid deficiencies, including arginine, that may pre-
dispose to the illness. More recently, Amin et al.85 reported
that arginine supplementation decreased the incidence of
NEC. In a randomized, double-blind study, 152 preterm
infants were assigned to receive either supplemental argi-
nine or placebo with their oral feeds/parenteral nutrition
during the first 28 days of life. NEC developed in 6.7% of
the infants in the supplemented group, versus 27.3% in
the unsupplemented group (p < 0.001). Plasma arginine
concentrations were lower in both groups at the time of
diagnosis of NEC. The authors speculated that low levels of
de novo arginine synthesis in immature bowel tissues may
lead to a relative arginine deficiency and low tissue levels of
NO, and that the resulting vasoconstriction and ischemia-
reperfusion injury may predispose to the development of
NEC. They further commented that the low plasma arginine

concentrations may result from an increased metabolic
demand for arginine in an effort to maintain gastrointesti-
nal blood flow. While much of the protective effect of argi-
nine supplementation is likely mediated through its effects
on NO production, Neu86 remarked that arginine is also
the precursor for other amino acids that play important
roles in intestinal metabolism, including glutamine and
glutamate.

Arginine may also protect against the development of
neonatal pulmonary disease. Zamora et al.87 reported that
plasma arginine was decreased on the third day of life in
preterm infants with respiratory distress. There was an
inverse correlation between the oxygenation index and
arginine concentration, suggesting that arginine was con-
sumed by the production of large amounts of NO in the pul-
monary vasculature. Alternatively, the authors speculated
that there was a relative lack of arginine that interfered with
NO production, thus contributing to increased severity
of respiratory distress syndrome. Castillo et al.88 reported
an association between whole body arginine metabolism
and NO synthesis in newborns with persistent pulmonary
hypertension.

Other reported effects of dietary arginine include preven-
tion of maternal hypoxia-induced fetal growth restriction in
the rat89 and reversal of fetal growth restriction induced by
inhibition of NO synthesis.90 Arginine has also been iden-
tified as an “immunonutrient.” Enteral arginine adminis-
tration is reported to upregulate immune function, reduce
the incidence of postoperative infection, and to enhance
wound healing in children.91,92 Arginine may also have
antiatherogenic effects, which may be mediated through
NO effects on vascular tone, or through NO-independent
effects.93,94 Studies in adults have demonstrated that L-
arginine administration under pathologic conditions can
reverse or attenuate vasoconstriction.95,96

While relative arginine deficiency may play a role in the
etiology of certain neonatal diseases, the administration of
excessive levels of arginine can have adverse effects, which
may relate to an increase in inducible NO synthase.97 In
addition, hyperargininemia caused by congenital hepatic
arginase deficiency is associated with growth failure and
neurological abnormalities.21

The LSRO recommended 86 mg/kg per day as a level
of arginine intake that can help to prevent the hyperam-
monemia associated with arginine deficiency in preterm
infants. The committee recommended a minimum level
for preterm formula of 72 mg per 100 kcal, and a maximum
level of 104 mg per 100 kcal.21 The LSRO made no spe-
cific recommendations for arginine levels in term infant
formulas.22
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Glutamine

Glutamine is the most abundant amino acid in the body,
accounting for about 20% of free amino acids and about
60% of skeletal muscle. Glutamine plays many diverse roles.
It is a major fuel for the enterocyte, a substrate for purine
and pyrimidine nucleotide synthesis, a regulator of protein
synthesis, and it also plays a role in immune responsive-
ness and the development and maintenance of the intesti-
nal mucosal system.98–100 Under most circumstances, glu-
tamine is synthesized in sufficient amounts to meet the
needs of the growing infant. However, glutamine may be
important under conditions of physiologic stress, inclu-
ding low energy and protein reserves, and treatment with
catabolic glucocorticoids.101 These conditions may be
particularly relevant for preterm infants who frequently
receive TPN but minimal enteral nutrition in the first
few weeks of life. Human milk and infant formulas con-
tain glutamine; however, parenteral nutrition solutions do
not.

Glutamine supplementation may be beneficial in the
prevention of infection and sepsis. Severe infection causes
marked derangements in the flow of glutamine among
organs, and the intracellular glutamine pool becomes
depleted. Cells of the immune system are major glutamine
consumers during inflammation, when cell proliferation
is increased. Under these conditions, glutamine availabil-
ity may become rate limiting for key cell functions such
as phagocytosis and antibody production.102 Several stud-
ies in critically ill adults have reported that glutamine
supplementation was associated with decreased hospital
acquired sepsis, decreased hospital costs, and decreased
mortality.103–106

Glutamine’s beneficial effects on sepsis prevention may
relate, in part, to effects on the gastrointestinal tract.
Studies in humans have demonstrated that parenteral
and enteral administration of glutamine can increase the
growth and absorptive capacity of intestinal mucosa fol-
lowing malnutrition, improve gastrointestinal recovery fol-
lowing starvation-induced atrophy, enhance the structure
and function of transplanted small intestine, reduce bac-
terial translocation, and increase protein synthesis in the
intestinal mucosa.104,106–108 The precise mechanisms by
which glutamine exerts its beneficial effects on the gas-
trointestinal system have not been determined. However,
glutamine plays a regulatory role in intestinal metabolism,
and it serves as a precursor to substances that play an
important role in intestinal growth and maturation. For
example, the amide nitrogen of glutamine is required for
the synthesis of purine and pyrimidine nucleotides, which

are utilized by the rapidly proliferating cells of the neona-
tal intestine.101,109 He et al.110 demonstrated that glutamine
and nucleotides may act synergistically in intestinal epithe-
lial proliferation and differentiation. The amide nitrogen of
glutamine is also critical for the synthesis of hexosamines,
which are components of glycoproteins and amino sugars
that play a role in maintenance of absorptive and gut bar-
rier functions.109 In vitro and animal studies have demon-
strated that glutamine deprivation can alter the luminal
mucus gel, break down small intestinal inter-epithelial
junctional integrity, increase bacterial translocation, and
cause sloughing of microvilli.109,111 These findings may
relate to the low serum levels of glutamine reported in
infants who develop NEC.84

Several studies in preterm infants have demonstrated
beneficial effects of glutamine administration. Lacey et
al.112 reported that infants with birth weights < 800 g
who received glutamine-supplemented versus standard
TPN required fewer days of hyperalimentation, had shorter
length of time to full feeds, and required less time on
the ventilator. Neu et al.113 reported that very low birth
weight infants (VLBW) fed glutamine-supplemented versus
non-supplemented formula had significantly lower rates
of hospital-acquired sepsis, and better tolerance to enteral
feedings. Glutamine supplementation was also associated
with a blunting of the rise in HLA-DR+ and CD16+ lympho-
cytes, which the authors speculated may relate to decreased
stimulation of the immune response secondary to less
bacterial translocation. A subsequent publication demon-
strated that the enteral glutamine supplementation was
associated with decreased hospital costs.114 Des Roberts
et al.115 reported that intravenous glutamine had an acute
protein-sparing effect in VLBW, as demonstrated by sup-
pressed leucine oxidation and protein breakdown. Others
have investigated whether glutamine might reverse the
catabolic effects of glucocorticoids, however, the results
have been varied.109

Two large multi-center studies of glutamine supplemen-
tation in preterm infants have recently been completed.
In a study conducted by the NICHD Neonatal Research
Network, preterm infants with birth weights 401–1000 g
were randomized to receive either TPN or an isonitrogen-
ous solution with 20% glutamine. Data for 1352 patients
revealed no effect upon survival rates, the incidence of late-
onset sepsis or NEC, mortality rates, days to full enteral
feeds, or length of hospital stay.116 Vaughn et al.117 ran-
domized 649 VLBWI to receive enteral glutamine sup-
plementation or water placebo for 28 days. There was
no difference in the number of infants who developed
proven or suspected sepsis, however, a secondary outcome
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Table 19.2. Reported effects of dietary nucleotides in humans

and in animals

Human Animal

Promotion of small intestinal growth +
Increased small intestinal disaccharidase

activity

+

Protection against diarrheal disease + +
Effects on intestinal blood flow +
Effects on stool flora +/−
Enhanced cellular immunity + +
Effects on blood lipids +/− +/−

analysis showed that fewer infants treated with glutamine
had gastrointestinal dysfunction or severe neurological
sequelae.

The LSRO did not make specific recommendations
regarding the addition of glutamine to term or preterm
infant formulas. Interest in the role of glutamine in intesti-
nal growth and maturation, and its potential role in
decreasing the incidence of sepsis continues.

Nucleotides

Nucleotides (NT) and their related metabolic products
play key roles in many biological processes. They serve
as nucleic acid precursors, physiological mediators, com-
ponents of coenzymes, and sources of cellular energy. NT
consist of a nitrogenous base, a pentose sugar and one or
more phosphate groups. The purine and pyrimidine bases
can be synthesized de novo, or they can be salvaged during
metabolism. However, these are metabolically costly pro-
cesses, and utilization of dietary NT is more efficient.1,118,119

The results of studies in human infants and in animals
support their role as conditionally essential nutrients
(Table 19.2).

NT are a component of the nonprotein nitrogen fraction
of milk. NT levels are low in cow’s milk and in unsupple-
mented cow’s milk-based formulas.120 A wide range of NT
concentrations, from 3 to over 7 mg/dl, has been reported
for human milk.121–123 Human milk contains polymeric
NT, monomeric NT, nucleosides, and NT adducts, which
account for 48%, 36%, 8%, and 9%, respectively, of the
amount potentially available.122 The metabolic fate of these
compounds in the breast-fed infant is unknown; however,
investigations in animals suggest that nucleosides are the
primary form by which NT are absorbed. The relative quan-
tities of the individual NT vary in human milk, although

cytidine is usually reported to be present in the highest
concentrations.121,122

Dietary NT are degraded in the intestine, and most
are absorbed into the enterocyte where they are rapidly
degraded, and the catabolic products are excreted in the
urine and intestine. However, studies in animals have
demonstrated that a portion of dietary NT are incorpor-
ated into tissue pools, primarily within the small intestine,
liver, and skeletal muscle. As the level of dietary nucleic
acids increases, the amount of dietary NT that are utilized
increases.118,119

Dietary NT are reported to play a role in growth and
differentiation of gastrointestinal tissues.121,124 In animal
studies, dietary NT supplementation was associated with
increased mucosal protein, DNA, villus height, and disac-
charidase activities,125 and increased small bowel weight
and protein synthesis.126 In animal models of bowel injury,
dietary NT supplementation increased tissue DNA con-
tent and disaccharidase activities, promoted small bowel
ulcer healing, and inhibited endotoxin-induced bacterial
translocation in mice fed a protein-free diet.121 LeLeiko et
al.127 reported that feeding NT-free diets to rats was associ-
ated with altered gene expression of intestinal enzymes,
and with significant decreases in total RNA and pro-
tein in the gastrointestinal tissues. In vitro, exogenous
NT increased the normal growth and maturation of ente-
rocytes, and reduced their dependence on exogenous
glutamine.128 Tanaka et al.129 suggested that AMP may play
an important role in cellular turnover in the developing
human small intestine.

Dietary NT also affect gastrointestinal function in infants.
In three studies, infants fed NT-supplemented formula
had a significantly lower incidence of diarrhea compared
with infants fed unsupplemented formula.130–132 There are
contradictory reports regarding dietary NT effects on the
microbial pattern in stool.133,134 Superior mesenteric artery
blood flow velocity was reported to be significantly higher
in term135,136 and preterm137 infants following a feeding
with NT-supplemented versus unsupplemented formula.
While the significance of these findings is unclear, dietary
NT effects on the gastrointestinal tract may relate to alter-
ations in intestinal blood flow.

Dietary NT are also reported to affect immune respon-
siveness. Feeding NT-supplemented versus NT-free diet
to rodents was associated with increases in the follow-
ing immune responses: graft versus host disease mortal-
ity, delayed cutaneous hypersensitivity, alloantigen and
mitogen-induced lymphoproliferation, natural killer cell
activity, resistance to microbial challenge, macrophage
phagocytic capacity, spleen cell production of interleukin-
2, peripheral blood total leukocyte counts, and neutrophil
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numbers following infection.119,121 Dietary NT may up-
regulate the Th1 response in systemic immunity, which
could enhance tolerance to antigen challenge.138,139

Dietary NT affect immune responsiveness in infants.
Pickering et al.131 reported that term infants fed NT-
supplemented versus unsupplemented formula had sig-
nificantly higher antibody responses following vaccina-
tion with Haemophilus influenzae type b. Increased levels
of natural killer cell activity,140 higher serum concentra-
tions of IgG antibody to β-lactoglobulin141 and higher
plasma levels of IgM and IgA142 were reported in infants
fed NT-supplemented versus unsupplemented formula.
Although the mechanism of dietary NT effects on immu-
nity is unknown, dietary NT effects on peripheral immunity
may be mediated, in part, through effects on gut-associated
lymphoid tissues.121

Other reported effects of dietary NT supplementation
of infant formula include increased catch-up growth in
small-for-gestational-age (SGA) infants,143 and modu-
lation of lipoprotein and fatty acid metabolism.144,145

The effects on lipid metabolism have been refuted by
other investigators.146,147 In rodents, dietary nucleotide
supplementation affected hepatic composition and
histology.118,126

NT are added to most formulas for term infants, however,
they are not added to preterm formulas marketed in the
US. The LSRO made no recommendations regarding min-
imal levels of NT for term22 or preterm formulas.21 They
recommended a maximum level of 16 mg per 100 kcal of
NT and NT precursors, and recommended that levels not
exceed 20% of the total nonprotein nitrogen.21 Continued
research on dietary NT, including long-term, large-scale
clinical trials, was strongly encouraged.22
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Intravenous feeding
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Total parenteral nutrition as practiced today was not a part
of modern medicine until the late 1960s. Having demon-
strated that normal growth of puppies could be achieved
solely with parenterally administered nutrients,1 Dudrick
et al. adapted the technique used in animals for clinical
use.2 Shortly thereafter, Wilmore and Dudrick3 described
use of this new technique in treatment of an infant who had
virtually no remaining small intestine and, therefore, was
totally dependent upon parenterally delivered nutrients.
Although the infant eventually succumbed, normal growth
and development was maintained for several months solely
with parenterally delivered nutrients.

This successful attempt to deliver sufficient nutrients
parenterally was preceded by centuries of unsuccessful
attempts beginning shortly after description of the circula-
tory system in the early seventeenth century and the real-
ization that ingested nutrients reached the circulation.4,5

These attempts included infusion of wine, ale, olive oil, and
milk. As easily predicted today, most were disasters. How-
ever, two of three patients who received milk infusions for
treatment of cholera in the early 1800s survived but whether
this was because of, or despite, the milk infusions is not
clear. Since the practice was not continued, the latter seems
more likely.

By the late 1800s the potentially deleterious effects of
catabolism and starvation were recognized, rekindling
interest in ability to provide nutrients parenterally. This
resulted in development of products that could be deliv-
ered parenterally and, by the early 1940s, glucose and pro-
tein hydrolysates that could be delivered safely by the par-
enteral route were available.5

The first report of successful use of parenteral nutrition in
the clinical management of a pediatric patient appeared in

1944.6 The patient, a 5-month-old male with severe maras-
mus secondary to Hirschsprung’s disease, received alter-
nate peripheral vein infusions of a mixture of 50% glu-
cose and 10% casein hydrolysate and a noncommercial
homogenate of olive oil and lecithin providing 130 kCal
kg−1 day−1 and a total volume of 150 ml kg−1 day−1. The
infusions were stopped after 5 days because of inability to
maintain venous access. At the end of this period, according
to the authors, “. . . the fat pads of the cheeks had returned,
the ribs were less prominent, and the general nutritional
status was much improved.”6 The eventual fate of the child
is unknown.

Inability to maintain venous access for more than a few
days plagued attempts to administer nutrients parenter-
ally for the next 25 years. For a brief period, there was some
enthusiasm for the use of ethanol and various polyalco-
hols (e.g., sorbitol, xylitol) as alternative parenteral energy
sources. Although peripheral vein infusion of a mixture of
protein hydrolysate, glucose, and ethanol along with elec-
trolytes, minerals, and vitamins was shown to result in
weight gain and general improvement in nutritional and
clinical status,7 maintenance of the infusion required con-
siderable effort and, eventually, could not be continued.
In addition, the amount of ethanol tolerated by individual
infants was both variable and unpredictable. Infusion of
large volumes of less concentrated mixtures of glucose and
protein hydrolysate, even with administration of diuretics
to prevent fluid overload, also enjoyed a brief period of
popularity but was soon abandoned because of the severe
plasma electrolyte and acid base disturbances that fre-
quently ensued. The availability in the 1960s of a cottonseed
oil emulsion as a concentrated energy source helped some-
what but the emulsion was unstable and was associated
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with so many problems that it was withdrawn within a
decade of its introduction.

The technique described by Wilmore and Dudrick in
19683 overcame the problem of maintaining venous access
by infusing the hypertonic nutrient infusate via a catheter
inserted into the superior vena cava. The rapid flow in
this vessel immediately diluted the hypertonic mixture of
glucose, protein hydrolysate, minerals, electrolytes, and
vitamins. Since acceptable lipid emulsions still were not
available, periodic plasma infusions were given to provide
essential fatty acids and trace minerals. It soon became
apparent, however, that these were not adequate.

By the early 1970s, the technique was being used exten-
sively in infants and children with congenital or acquired
surgically correctable lesions of the gastrointestinal tract8,9

and in infants with intractable diarrhea.9,10 Use of the
technique in nutritional management of low birth weight
infants (LBWI) soon followed.9,11,12 Currently, more than
1% of all infants born in the USA (i.e., those who weigh less
than 1500 g at birth) receive parenterally delivered nutri-
ents as their major source of nutrition for the first sev-
eral days to weeks of life. Between August 1994 and August
1995, for example, parenteral nutrition infusates provided
more than 75% of the total fluid volume of infants weighing
between 500–700 g at birth for ∼21 days; even those weigh-
ing between 1200 and 1500 g at birth received at least 75%
of total fluid volume as a parenteral nutrition infusate for
∼5 days.13

Since the endogenous nutrient stores of LBWI are limited
and their rate of ongoing energy expenditure is relatively
high, these infants are at great risk for rapid development of
malnutrition or actual starvation.14 The available endogen-
ous nutrient stores of the 1000 g infant, for example, are
not sufficient to support survival without exogenous nutri-
ents for more than about 5 days. However, the extent to
which the increasing use of parenteral nutrition in LBWI
over the past 2 decades has contributed to the concurrent
dramatic improvement in survival of these infants is not
clear.15 During this time, there also have been improve-
ments in other aspects of neonatal care and, in the absence
of controlled studies, it is impossible to distinguish between
the contribution of the ability to provide nutrients exogen-
ously v. improvements in other aspects of care. Nonethe-
less, parenteral delivery of nutrients obviously is a firmly
established part of the care of LBWI, particularly VLBWI.

Despite the widespread use of parenteral nutrition in
VLBWI, a number of aspects of the technique remain poorly
understood and limit use of the technique in additional
infants who might benefit from better nutritional manage-
ment. This chapter is intended to enhance understanding
of all aspects of parenteral nutrition. Practical aspects of

the therapy that may enhance its efficacy and safety as well
as a variety of unsolved problems are discussed.

Techniques of parenteral nutrition therapy

The basic concept of parenteral nutrition therapy as
described by Wilmore and Dudrick in 19683 was infusion of
the necessarily hypertonic nutrient solution at a constant
rate into a vessel with rapid blood flow. In their original
patient, the solution was infused through an indwelling
catheter placed through a surgical cutdown in the exter-
nal jugular vein. The distal tip of the catheter ended in
the superior vena cava just above the right atrium and the
proximal portion was tunneled subcutaneously to exit on
the anterior chest where it was covered by an occlusive
dressing. Channeling of the catheter to a point distant from
the phlebotomy site was thought to protect the catheter
from both inadvertent dislodgement and contamination
by microorganisms. It also makes maintenance and care of
the catheter exit site easier.

The inferior vena cava also is a large vessel with rapid
flow and catheters placed in this vessel just below the right
atrium appear to be equally effective.16 In theory, however,
introduction of a catheter through a cutdown in the groin
area may increase the risk of infection and for this reason,
inferior vena cava catheters have never been as popular
as superior vena cava catheters. On the other hand, such
catheters, tunneled subcutaneously to an exit site on the
abdominal wall or the thigh, may represent no greater risk
with respect to infection than the usual superior vena cava
catheters. Unfortunately, no firm data are available to sub-
stantiate this possibility.

Because polyvinyl catheters have a tendency to become
very rigid once they have been in place for a short period
of time, silastic catheters which remain soft and pliable for
some time are preferred. Catheters with a polyvinyl cuff on
the portion that is tunneled subcutaneously are often used.
The cuff promotes fibroblast proliferation which helps
secure the catheter in place, thereby increasing the life of
a single catheter. Such catheters are particularly useful for
home parenteral nutrition.

Radiographic confirmation of correct catheter position
prior to infusing the nutrient mixture is mandatory. Oth-
erwise, the hypertonic nutrient infusate may be infused
into an undesired site. Regular and meticulous care of
the central vein catheter also is essential for prolonged,
safe, complication-free use. Attention to this detail seems
to be particularly important in preventing infection. The
usual recommendation is that the occlusive dressing at the
catheter exit site be changed at least every other day. Each
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time, the skin area should be cleaned with a defatting as
well as an antiseptic agent and an antiseptic ointment as
well as a fresh occlusive dressing should be applied. Use of
the catheter for purposes other than delivery of the nutri-
ent infusate, particularly for blood transfusions and blood
sampling, should be discouraged. With meticulous care, a
single catheter can be used safely for months.

Although the complications of central vein delivery of
concentrated nutrient mixtures (see below) can be reduced
to an acceptable level, doing so requires considerable effort,
personnel, and expense. Thus, parenteral nutrition regi-
mens that can be infused by peripheral vein have largely
replaced regimens that must be delivered by central vein
catheters, particularly for LBWI. Of necessity, the glucose
concentration of such regimens cannot be much greater
than 10%; thus, the nutrient intake that can be delivered by
peripheral vein without excessive fluid intake is somewhat
limited. Use of parenteral lipid emulsions helps compen-
sate for this drawback but, if fluid intake is limited to a total
volume of 150 ml kg−1 day−1 and intravenous lipid intake is
limited to 3 g kg−1 day−1, the maximum energy intake that
can be delivered is approximately 80 kCal kg−1 day−1. Obvi-
ously, the growth achievable with such an intake is less than
that achievable with conventional central vein regimens
that can easily deliver up to 50% more energy. However,
as discussed below, the additional weight gain achievable
with the higher energy intake is likely to be primarily fat.
Thus, since peripheral vein regimens can supply the same
intake of amino acids as central vein regimens, they are
beneficial for most infants.

Currently, use of small silastic or polyurethane catheters
inserted into the superior vena cava through a needle
placed percutaneously into a peripheral vein17 is quite pop-
ular. To date, the advantages and disadvantages of this tech-
nique v. those of conventional central and/or peripheral
vein techniques of nutrient delivery have not been evalu-
ated extensively. Available data suggest that these catheters
may not remain functional as long as central catheters
placed in the conventional manner18 but that they can be
used for a much longer period than can a single peripheral
vein site.19 Moreover, they appear to be as safe as conven-
tional central vein catheters.20 Since they allow infusion of a
more concentrated nutrient infusate, they permit delivery
of more nutrients without excessive fluid intake.

Evidence that delivery of parenteral nutrients by periph-
eral vein is easier and less time-consuming than success-
ful delivery by central vein is not available. The super-
vision required for successful peripheral vein delivery is
somewhat less than that required for successful central
vein delivery. However, since a single infusion site rarely

lasts for more than 24 hours, considerable time and effort
are required to maintain peripheral vein infusions. Finally,
although the complications associated with the two routes
of delivery differ in nature and severity, the number of com-
plications per day of therapy does not appear to differ.21

Thus, it seems reasonable to base the choice of delivery
route for parenteral nutrients on an individual patient’s
clinical condition and nutritional needs rather than on the
perceived ease or difficulty of a particular technique.

Indications for parenteral nutrition

Any infant who is unable to tolerate sufficient enteral feed-
ings for a significant period of time is a candidate for
parenterally delivered nutrients. However, there is consid-
erable disagreement about the definition of “significant
period of time” and the indications for central v. peripheral
vein delivery. A reasonable approach is to gauge the extent
to which an infant’s endogenous nutrient stores are likely
to be eroded if nutrient intake is inadequate. A large infant
who is intolerant of enteral feedings for only a few days is
unlikely to experience serious erosion of endogenous nutri-
ent stores whereas a small infant, particularly one with pre-
existing nutritional depletion, may experience consider-
able further depletion of already limited endogenous stores
with even a few days of inadequate nutrient intake.

Since peripheral vein parenteral nutrition regimens can
maintain existing body composition, this route of delivery
is a reasonable choice for a normally nourished infant who
is likely to tolerate an adequate enteral regimen within a
week to 10 days. On the other hand, central vein delivery
using a catheter placed either conventionally or percuta-
neously is a more reasonable choice for an infant who is
unlikely to tolerate enteral feedings right away. This dis-
tinction is based largely on the practical consideration of
the difficulty in maintaining peripheral vein infusions for
more than about a week.

Infants rarely require parenteral nutrients as their sole
source of nutrition for more than 2–3 weeks. While it was
formerly thought that a period of complete “bowel rest” was
an important contributor to the success of parenteral nutri-
tion, this concept no longer seems valid. Rather, delivery of
at least some nutrients by the enteral route appears to be
desirable. Most VLBWI now receive parenteral nutrients as
well as about 1 mL kg−1 h−1 of breast milk or formula for the
first 10–14 days of life. This enteral intake contributes min-
imally to nutrient needs but has been shown to have favor-
able effects, including earlier achievement of full enteral
feeding.22–24
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Table 20.1. Composition of a nutrient infusate suitable for

central vein infusion and peripheral vein infusion

Central vein Peripheral vein

(Amount/ (Amount/

Component (kg d−1)) (kg d−1))

Crystalline amino acids (g) 3–4 2.5–3.0

Glucose (g) 20–30 15

Lipid emulsion (g) 0.5–3.0 0.5–3.0

Sodium (mEq) 3–4 3–4

Potassiuma (mEq) 2–4 2–4

Calcium (mg) 40–80 40–80

Magnesium (mEq) 0.25 0.25

Chloride (mEq) 3–4 3–4

Phosphorusa (mMoles) 1.4 1.4

Zinc (µg) 200 200–400

Copper (µg) 20

Ironb

Other trace mineralsc

Vitamins

(MVIR-Pediatric)d

Total Volume (ml) 120–130 150

a Hyperphosphatemia frequently develops if phosphorus intake

exceeds 1.4 mMoles/(kg d−1), the amount given with a daily potas-

sium intake of 2 mEq kg−1 as a mixture of KH2PO4 and K2HPO4; if

a potassium intake of more than 2 mEq kg−1day−1 is required, the

additional potassium should be given as KCl.
b Iron Dextran (ImferonR, Fisons Corp., Bedford, MA) can be added

to the infusate of patients requiring prolonged parenteral nutri-

tion therapy; but the dose should be limited to 0.1 mg/(kg day−1).

Alternatively, the indicated intramuscular dose can be used inter-

mittently, either as the sole source of iron or as an additional dose.
c See text and Table 20.4.
d MVIR-Pediatric (Armour Pharmaceutical Co., Chicago, IL) is a

lyopholized product. When reconstituted, as directed, 5 ml added

to the daily nutrient infusate provides 80 mg vitamin C, 700 µg vita-

min A, 10 µg vitamin D, 1.3 mg thiamine, 1.4 mg riboflavin, 1.0 mg

pyridoxine, 17 mg niacin, 5 mg pantothenic acid, 7 mg vitamin E, 20

µg biotin, 140 µg folic acid, 1 µg vitamin B12, and 200 µg vitamin K1.

Infusate composition and delivery

The parenteral nutrition infusate, whether delivered by
central or peripheral vein, should include a nitrogen source
as well as adequate energy, electrolytes, minerals, and vita-
mins. Suitable peripheral and central vein infusates for
most pediatric patients are shown in Table 20.1. One of sev-
eral crystalline amino acid mixtures (Table 20.2) is usually
used as the nitrogen source. The amount of amino acids

provided ranges from less than 2.0 to 4 g kg−1 day−1; an
intake of 2.5–3.0 g kg−1 day−1 results in nitrogen retention
comparable to that observed in enterally fed, normal term
infants but a higher intake is required to achieve a rate of
nitrogen retention equal to the intrauterine rate, the usual
minimal recommendation for LBWI.

Glucose is the major energy source of most parenteral
nutrition regimens. An intake greater than 10 g kg−1 day−1,
about 40 kcal kg−1 day−1, rarely is tolerated by any infant
on the first day of therapy and VLBWI often tolerate even
less. However, intake usually can be increased by 2–5 g kg−1

day−1 until the desired intake is achieved. Since any patient
who receives a fat-free parenteral nutrition regimen will
develop essential fatty acid deficiency within a relatively
short period (preterm and nutritionally depleted infants
do so within days, particularly if growth is rapid),25,26 a
sufficient amount of a parenteral lipid emulsion to pre-
vent this deficiency (i.e., 0.5–1.0 g kg−1 day−1) is indicated.
The maximum intake usually recommended for the LBWI is
3 g kg−1day−1 27 but some routinely provide at least 4 g kg−1

day−1.
Convenient additive preparations of electrolytes, min-

erals, and vitamins have been available for some time.
Since the requirements for these nutrients vary consider-
ably among infants, the amounts shown in Table 20.1 can-
not be interpreted as absolute requirements. The amount of
calcium suggested almost certainly is inadequate for opti-
mal skeletal mineralization but inclusion of more calcium
without decreasing the amount of phosphate (and risking
development of hypophosphatemia) is likely to result in
precipitation of calcium phosphate. The amounts of vita-
mins listed in Table 20.1 are particularly tenuous but can
be provided conveniently using currently available prod-
ucts. Since zinc deficiency develops relatively quickly, this
mineral should be added to the infusate of any infant likely
to require parenteral nutrients exclusively for up to a week.
Inclusion of other essential trace minerals (e.g., copper,28

chromium,29 selenium,30 and molybdenum31) should be
considered if exclusive or near-exclusive parenteral nutri-
tion is required for more than a week.

The most recent recommendations for parenteral vita-
min and trace mineral intakes (no longer quite so recent)
are summarized in Tables 20.3 and 20.4.

The nutrient infusate should be delivered at a con-
stant rate using one of several available constant infu-
sion pumps. Use of a 0.22 µ-membrane filter between
the catheter and the administration tubing is considered
unnecessary by some but failure to do so increases the like-
lihood of infusing particulate matter or any contaminating
organisms.
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Table 20.2. Composition of available parenteral amino acid mixtures (mMoles per 2.5g)

Amino acid Aminosyn

(Abbott)

Aminosyn-PF

(Abbott)

FreAmineIII (B.

Braun)

Neopham

(Cutter)

Travasol

(Travenol)

TrophAmine

(B. Braun)

Threonine 1.090 1.080 0.840 1.160 0.910 0.883

Valine 1.710 1.390 1.420 1.180 0.980 1.675

Leucine 1.795 2.267 1.730 2.050 1.180 2.671

Isoleucine 1.375 1.458 1.325 0.930 0.910 1.567

Lysine 1.235 1.156 1.740 1.475 0.790 1.396

Methionine 0.670 0.300 0.890 0.335 0.970 0.571

Cysteine 0 0 0.050 0.410 0 0.050

Histidine 0.485 0.510 0.455 0.520 0.705 0.771

Phenylalanine 0.665 0.650 0.855 0.630 0.935 0.729

Tyrosine 0.120 0.088 0 0.110 0.055 0.333a

Tryptophan 0.195 0.220 0.185 0.265 0.220 0.246

Arginine 1.410 1.760 1.361 0.910 1.490 1.742

Serine 1.000 1.181 1.400 1.395 0 0.904

Proline 1.870 1.789 2.430 1.875 0.945 1.492

Glycine 4.265 1.280 4.667 1.075 6.910 1.200

Alanine 3.595 1.966 1.985 2.720 5.820 1.517

Aspartate 0 1.000 0 1.190 0 0.608

Glutamate 0 1.411 0 1.860 0 0.854

Taurine 0 0.171 0 0 0 0.057

a Mixture of L-tyrosine and N-acetyl-L-tyrosine.

Many patients tolerate the same infusate for the total
duration of parenteral nutrition. Others, however, require
frequent adjustment of the intake of one or more nutrients.
For this reason, ability to change the composition of the
infusate in response to clinical and chemical monitoring or
to increase the volume in response to diarrheal and other
ongoing losses is important.

Rationale for recommended parenteral
nutrient intakes

The parenteral requirements for various nutrients depend
upon the endpoints to be achieved with the parenteral
nutrition regimen and any peculiarities of metabolism
of specific nutrients incident to route of administration.
The requirements for normal growth, and certainly those
for normal growth plus catch-up growth, are considerably
greater than the requirements for merely preserving exist-
ing body composition but the specific requirements for
achieving either goal have not been studied extensively;
further, these are likely to vary considerably from infant
to infant. Very little information is available concerning
any special requirements imposed by parenteral v. enteral
delivery of nutrients.

Amino acids

According to Zlotkin et al.,32 the parenteral amino acid
intake required to reproduce the intrauterine rate of nitro-
gen accretion (i.e., ∼300 mg kg−1 day−1) is approximately
3 g kg−1 day−1, provided energy intake is at least 80 kCal
kg−1 day−1. This combination of amino acid and energy
intakes also supports the intrauterine rate of weight gain
(i.e., approximately 15 g kg−1 day−1). An even higher rate of
nitrogen retention, but not weight gain, was achieved with
an amino acid intake of 4 g kg−1 day−1 and the same energy
intake. The rates of both nitrogen retention and weight gain
of infants who received amino acid intakes of 3 and 4 g kg−1

day−1 with an energy intake of 50 kCal kg−1 day−1 v. 80 kCal
kg−1 day−1 were lower than intrauterine rates.

About 20 years ago, Anderson et al.33 reported that LBWI
who received a parenteral regimen providing 60 kCal kg−1

day−1 and an amino acid intake of 2.5 g kg−1 day−1 during
the first week of life were in positive nitrogen balance (178
mg kg−1 day−1) whereas control infants who received the
same energy intake with no amino acids were in negative
balance (−132 mg kg−1 day−1).

Similar findings have been reported over the past decade
in smaller, sicker, more immature infants.34–39 These also
show that infants who receive no amino acid intake during
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Table 20.3. Suggested parenteral intakes of vitamins49

Vitamin

Preterm infants

(Amount

(kg day−1))a

Term infants and

children

(Amount day−1)b

Vitamin A (µg) 280 700

Vitamin E (mg) 2.8 7

Vitamin K (µg) 80 200

Vitamin D (µg) 4 10

Ascorbic acid (mg) 25 80

Thiamin (mg) 0.48 1.2

Riboflavin (mg) 0.56 1.4

Pyridoxine (mg) 0.4 1.0

Niacin (mg) 6.8 17

Pantothenate (mg) 2.0 5

Biotin (µg) 8.0 20

Folate (µg) 56 140

Vitamin B12 (µg) 0.4 1.0

a Total daily dose should not exceed that recommended for term

infants and children. A dose of 2 ml of reconstituted MVIR-

Pediatric provides the recommended amount (kg day−1) of all

vitamins except ascorbic acid.
b These amounts are provided by 5 ml of reconstituted MVIR-

Pediatric (Armour Pharmaceutical Co.).

Table 20.4. Recommended parenteral intakes of trace

mineralsa49

Trace Mineral

Preterm Infants

(µg/kg day−1)

Term infants

(µg/kg day−1)

Zinc 400 250b

Copper 20 20

Selenium 2.0 2.0

Chromium 0.20 0.20

Manganese 1.0 1.0

Molybdenum 0.25 0.25

Iodide 1.0 1.0

a If parenteral nutrients are used as a supplement for tolerated

enteral feedings or as the sole source of nutrients for <4 weeks,

only zinc is needed.
b 100 mg (kg−1 day−1) for infants >3 mo of age.

the first week of life are in negative nitrogen balance
(130–180 mg kg−1 day−1). Since these nitrogen losses
undoubtedly reflect tissue breakdown, infants who receive
no nitrogen intake for the first few days of life lose from
0.8–1.1 g kg−1 day−1 of endogenous protein, or about 1% of
total endogenous protein stores per day. This can be pre-
vented by providing an amino acid intake slightly in excess

of endogenous protein losses (e.g., 1–1.5 g kg−1 day−1) but
a higher intake is necessary to achieve a significantly pos-
itive nitrogen balance. These recent studies in small, sick
LBWI show that a parenteral amino acid intake of 2–2.5
g kg−1 day−1 with an energy intake as low as 35–50 kCal
kg−1 day−1 consistently results in positive nitrogen reten-
tion without significant metabolic abnormalities.38,39 How-
ever, nitrogen retention is only approximately a third of the
intrauterine rate of accretion.

The quality of the parenteral amino acid intake has not
been studied extensively but obviously is important. Duffy
et al.40 found that infants who received a regimen contain-
ing a crystalline amino acid mixture retained a greater per-
centage of the nitrogen intake than those who received a
regimen containing casein hydrolysate. In addition, pro-
tein synthesis accounted for a greater percentage of the
total nitrogen flux of those who received the crystalline
amino acid regimen. Helms et al.41 observed that infants
who received a regimen containing a parenteral amino acid
mixture designed for infants retained 78% of the amino
acid intake whereas infants who received an isocaloric
and isonitrogenous regimen containing an older parenteral
amino acid mixture designed for adults retained only 66%
of intake.

Neither of these studies provides insight into the rea-
son one regimen was utilized better than the other. The
more efficiently utilized regimen studied by Helms et al.41

contained more cyst(e)ine and tyrosine.42 Thus, since both
are considered indispensable amino acids for the infant,
the investigators suggested that provision of more optimal
intakes of these two amino acids improved nitrogen reten-
tion. This is a logical suggestion although perhaps not a
valid explanation. For example, the less efficiently utilized
nitrogen source studied by Duffy et al.40 provided more
cysteine and tyrosine than the more efficiently utilized
source.

Cysteine and tyrosine are insoluble and cysteine is unsta-
ble in aqueous solution; hence, no currently available par-
enteral amino acid mixture contains appreciable amounts
of either amino acid. Consequently, plasma cysteine and
tyrosine concentrations of infants receiving cysteine- and
tyrosine-free amino acid mixtures are quite low.43 More-
over, greater intakes of the precursors, methionine and
phenylalanine, do not result in greater plasma concentra-
tions, respectively, of cysteine and tyrosine although they
do result in higher plasma concentrations of the precur-
sors.43–45

Hepatic activity of cystathionase, which is required
for endogenous conversion of methionine to cysteine, is
absent or low throughout gestation and for some time
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postnatally.46,47 This developmental deficit, although not
apparent in all nonhepatic tissues,47 is an acceptable
explanation for the low plasma cysteine concentration of
infants receiving cysteine-free parenteral nutrition regi-
mens. Since there appears to be no developmental delay
in the hepatic activity of phenylalanine hydroxylase which
converts phenylalanine to tyrosine,48 the low plasma tyro-
sine concentration of infants receiving tyrosine-free par-
enteral nutrition regimens is not explicable on this basis.
Moreover, plasma cysteine and tyrosine concentrations
also are low in adults receiving conventional parenteral
nutrition.49

Cysteine hydrochloride is soluble and also is reasonably
stable in aqueous solution for up to 48 hours; thus, it is
possible to supplement parenteral nutrition infusates with
cysteine hydrochloride, as was done in the study of Helms
et al.41 However, trials of cysteine supplementation50,51

have not shown a beneficial effect of parenteral cysteine
intake on nitrogen retention, perhaps because the tyrosine
content of the control regimens of these studies also was
low and any beneficial effect of cysteine intake on nitrogen
retention was masked by concurrent tyrosine deficiency.

Some of the newer parenteral amino acid mixtures
contain N-acetyl-L-tyrosine (Table 20.2), which is solu-
ble but the absolute efficacy of this tyrosine derivative is
questionable.42,52 Although infants receiving a parenteral
amino acid mixture containing this soluble tyrosine salt
have higher plasma tyrosine concentrations than infants
receiving mixtures without it,42 N-acetyl-L-tyrosine also
was present in plasma and urinary excretion of N-acetyl-
L-tyrosine was considerable. A recent study suggests that a
dipeptide (i.e., glycyltyrosine) is a more efficacious source
of tyrosine.53 If so, it should be possible to define the need
for both tyrosine and cysteine in infants requiring par-
enteral nutrition.

Glutamine, one of the most abundant amino acids in
plasma as well as in human milk, is an effective energy
source for cells with rapid turnover.54 Further, in small
studies in both infants and adults, supplementation of par-
enteral nutrition infusates with this amino acid has been
associated with lower rates of sepsis and mortality.55 Thus,
it is thought by many to be a conditionally essential amino
acid. However, like cysteine, it is unstable in aqueous solu-
tion and, therefore, is not a component of any parenteral
amino acid mixture. Hence, until recently there were very
little firm data concerning the importance of including glu-
tamine in parenteral nutrition regimens, particularly those
for VLBWI.

A large randomized placebo-controlled trial of par-
enteral glutamine supplementation of VLBWI was recently
completed.56,57 This trial showed that glutamine supple-

mentation (20% of total amino acid intake) was safe but
was not accompanied by clinical benefits. Specifically, rates
of death, late-onset sepsis, and necrotizing enterocolitis
(NEC) did not differ between supplemented and placebo
groups. Further, the times required to achieve full enteral
feedings and to regain birthweight as well as length of hos-
pital stay were identical in the two groups. Thus, it appears
that the absence of glutamine in parenteral amino acid mix-
tures is not a major concern.

Energy

Theoretically, if amino acid intake is adequate, an energy
intake approximating resting energy expenditure is suf-
ficient for maintenance (i.e., prevention of weight loss)
but not for supporting weight gain. However, because of
genetic differences as well as differences in other factors
affecting energy expenditure, the resting energy require-
ment varies considerably from infant to infant. Thus, the
total energy intake necessary to produce a specific rate
of weight gain will be greater in infants with higher rest-
ing energy expenditures. For example, the resting energy
expenditure of infants with bronchopulmonary dysplasia
is 10–30% greater than that of infants without bronchopul-
monary dysplasia.58 Hence, for the same rate of weight gain,
infants with bronchopulmonary dysplasia require a greater
energy intake than infants without this condition. Whether
the same is true for infants with other chronic or acute clin-
ical conditions is not clear.

As discussed above, LBWI who receive an energy intake
of 80 kCal kg−1 day−1 with a concomitant amino acid
intake of 3 g kg−1day−1 gain weight at a rate approximating
the intrauterine rate.32 Theoretically, those who receive a
greater energy intake will experience an even greater rate
of weight gain. However, this greater rate of weight gain
most likely will represent primarily deposition of additional
adipose tissue. Hence, if the rate of weight gain of a LBWI
receiving 80 kCal kg−1 day−1 is at or near the intrauterine
rate, it is unlikely that a greater energy intake will be partic-
ularly desirable unless it is accompanied by a greater amino
acid intake thereby supporting greater rates of deposition
of both protein and adipose tissue.

The relationship between energy intake and nitrogen uti-
lization also must be considered. The usual concept, devel-
oped primarily in animals and adults, is that an increase in
energy intake increases utilization of any single adequate
protein intake.59 One of the few such studies of this issue in
parenterally nourished LBWI is that of Zlotkin et al.32 doc-
umenting greater retention of amino acid intakes of both
3 and 4 g kg−1 day−1 with a concomitant energy intake of
80 v. 50 kCal kg−1 day−1. In another such study, Pineault



Intravenous feeding 319

et al.60 observed only a small additional effect of an energy
intake of 80 v. 60 kCal kg−1 day−1 on nitrogen retention of
LBWI receiving an amino acid intake of 2.7 g kg−1 day−1.
These two sets of data suggest that an energy intake greater
than 60 kCal kg−1 day−1 will not appreciably enhance reten-
tion of an amino acid intake of 2.7 g kg−1 day−1 but that an
energy intake greater than 50 kCal kg−1 day−1 will enhance
retention of the slightly greater amino acid intake of 3 g
kg−1 day−1.

The distribution of energy intake between glucose and
lipid also may be important with respect to amino acid uti-
lization. In general, the nitrogen sparing effect of carbohy-
drate in the absence of nitrogen intake is not shared by fat,
but the effect of parenterally administered glucose v. lipid
on utilization of concomitantly administered amino acids
is less well understood. In infants, Pineault et al.,60 study-
ing the effects of parenteral lipid intakes of 3 v. 1 g kg−1

day−1 at total energy intakes of 60 and 80 kCal kg−1 day−1,
found that the higher carbohydrate regimens, regardless
of total energy intake, resulted in somewhat lower plasma
concentrations of most amino acids. This suggests that the
amino acid intake was used more efficiently by infants who
received the greater carbohydrate intakes; however, the
rates of nitrogen retention with the two regimens at each
energy intake did not differ significantly. Another study
shows no effect of the quality of energy intake on nitro-
gen utilization and suggests that inclusion of lipid, in fact,
may be preferable.61

The foregoing data suggest that utilization of the amino
acid content of a parenteral nutrition infusate with an
amino acid : energy ratio similar to the lower energy
infusates studied by Pineault et al.60 i.e., 4.5 g amino acid
per 100 kCal will be acceptable, although perhaps not max-
imal. While not tested extensively in clinical studies, this
suggestion is not refuted by the available data. In practical
terms, it implies that an infant who can tolerate an energy
intake of only 30 kCal kg−1 day−1 should easily utilize an
amino acid intake of 1.35 g kg−1 day−1. Since the nitrogen
content of this intake is somewhat greater than expected
urinary nitrogen losses, it should result in nitrogen equil-
ibrium, perhaps a minimally positive nitrogen balance.
This does not mean necessarily that an infant who is receiv-
ing only 30 kCal kg−1 day−1 will not tolerate a somewhat
greater amino acid intake; in fact, an amino acid intake of
2–2.5 g kg−1 day−1 appears to be utilized quite well at a
concomitant energy intake of 30–35 kCal kg−1 day−1.38,39

Nor does it mean that an amino acid intake as low as 1.35
g kg−1 day−1 will not be utilized somewhat more efficiently
at an energy intake above 30 kCal kg−1 day−1 but, at this low
amino acid intake, an increase in energy intake is not likely
to be nearly as effective in promoting nitrogen retention as

Table 20.5. Composition (amount/liter) of representative

parenteral lipid emulsions

Component

Soybean oil

emulsiona

Soybean/Safflower

oil emulsionb

Soybean oil (g) 100c 50c

Safflower oil (g) – 50c

Egg yolk phospholipid (g) 12 up to 12

Glycerol (g) 22.5 25

Fatty acids (% of total)

16:0 10 8.8

18:0 3.5 3.4

18:1 26 17.7

18:2 50 65.8

18:3 9 4.2

Particle size (microns) 0.5 0.4

a IntralipidR, Kabi-Vitrum, Sweden.
b Liposyn IIR, Abbott Laboratories, N. Chicago, IL.
c 20% emulsions also are available; these contain twice as much of

the oils but roughly the same amounts of all other ingredients.

an increase in amino acid intake or an increase in amino
acid and energy intakes.

Although gradually increasing amino acid intake over the
first several days of parenteral nutrition is often advocated,
there is no evidence that this increases tolerance of amino
acids. Rather, this practice seems to be a “holdover” from
the early days of parenteral nutrition when full strength
parenteral infusates were diluted (e.g., to one-fourth or half
strength) to prevent hyperglycemia.

Parenteral lipid intakes

Parenteral lipid emulsions containing either soybean oil or
a mixture of safflower and soybean oils are currently avail-
able in the USA (Table 20.5). The emulsifying agent of both
is egg yolk phospholipid and the emulsion particles of both
are roughly the size of chylomicrons or VLDL. After infu-
sion, the triglyceride portion of these particles is hydrolyzed
by endothelial lipoprotein lipase and the released free fatty
acids and glycerol are metabolized by the usual pathways.62

The ability to hydrolyze the infused emulsion particles
increases with increasing gestational age and, at any ges-
tational age, the capacity for hydrolysis is greater in the
infant whose size is appropriate v. small-for-gestational-
age (SGA).63 A number of clinical conditions (e.g., infection,
surgical stress, malnutrition) adversely affect the hydro-
lysis step62 but less information is available concerning
the factors that affect metabolism of free fatty acids and
glycerol.
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If the lipid emulsion is infused at a rate equal to or less
than the rate of hydrolysis, a dramatic change in plasma
triglyceride concentration reflecting accumulation of the
infused triglyceride emulsion is unlikely. However, if the
rate of infusion exceeds the rate of hydrolysis, plasma
triglyceride concentration will rise resulting in the known
adverse effects of elevated triglyceride concentrations on
pulmonary diffusion64,65 and polymorphonuclear leuko-
cyte function.66,67 If, instead, the rate of hydrolysis exceeds
the rate at which the released free fatty acids are oxi-
dized, the plasma concentration of free fatty acids will
increase. Since free fatty acids displace bound bilirubin
from albumin,68 this possibility is of some concern in
infants with hyperbilirubinemia. Unfortunately, the con-
centration of free fatty acids likely to result in displacement
of albumin-bound bilirubin in vivo is not known.62 Limit-
ing the amount of parenteral lipid emulsion to 0.5–1.0 g
kg−1 day−1 in infants with a serum bilirubin concentration
in excess of 8–10 mg dL−1, as is common practice, should
circumvent this potential problem.

It has been suggested that low plasma carnitine concen-
trations, commonly observed in infants and adults receiv-
ing carnitine-free parenteral nutrition regimens,69,70 may
inhibit fatty acid oxidation. However, most trials of carni-
tine supplementation have shown little, if any, effect of
supplemental carnitine on fatty acid oxidation.71,72 One
exception is a study in which carnitine supplementation
following a prolonged period of carnitine-free parenteral
nutrition improved fatty acid oxidation.73 It seems wise,
therefore, to provide modest amounts of carnitine in order
to prevent deficiency. Large amounts have been associated
with adverse effects74 and should be avoided.

The amount of soybean oil emulsion necessary to prevent
linoleic acid deficiency is approximately 0.5 g kg−1 day−1,
a dose that is likely to be tolerated by all infants. Since the
linoleic acid content of safflower oil is approximately 50%
higher than that of soybean oil, an even smaller dose of
the safflower plus soybean oil emulsion should provide the
linoleic acid requirement. A previously available emulsion
of safflower oil, which contained little or no α-linolenic
acid, was associated with α-linolenic acid deficiency75,76

but, so far as is known, both types of emulsions currently
available in the USA contain an adequate amount of α-
linolenic acid (see below).

A prudent approach for use of the currently available
lipid emulsions in LBWI is to limit intake initially to 0.5–
1.0 g kg−1 day−1, particularly in infants who are likely to
experience difficulties hydrolyzing the emulsions and in
those with hyperbilirubinemia. Subsequently, as tolerance
of the emulsion is demonstrated and/or hyperbilirubin-
emia resolves, the amount can be increased. This approach

is common in clinical practice but it appears to be based
on the false assumption that slow introduction of the lipid
emulsion increases the recipient infant’s ability to utilize
the infused lipid. Rather, as shown some time ago by Brans
et al.,77 plasma triglyceride and free fatty acid concentra-
tions of LBWI receiving parenteral lipid emulsions, regard-
less of the method or duration of lipid infusion, are a func-
tion of the amount of emulsion administered and the time
over which it is administered. In this study, plasma trigly-
ceride and free fatty acid concentrations remained at
acceptable levels so long as the dose of emulsion did not
exceed 2–3 g kg−1 day−1.

Although there appears to be little physiological reason
to gradually increase the dose of lipid emulsion over several
days to induce tolerance, gradual introduction is more pru-
dent in the smaller infant, the SGA infant or the infant who
is infected or experiencing other complications associated
with delayed triglyceride hydrolysis. In such infants, grad-
ual increases permit assessment of lipid tolerance before
the next increase in dose.

Parenteral intakes of other nutrients

The electrolyte content of parenteral nutrition regimens
has always been the same as that of maintenance parenteral
fluid regimens (i.e., approximately 3 mMoles kg−1 day−1 of
sodium and chloride and approximately 2 mMoles kg−1

day−1 of potassium) and these intakes seem to be appro-
priate for most stable, growing infants. Very small LBWI,
however, may require lesser or greater intakes of sodium
to maintain a normal plasma sodium concentration and
nutritionally depleted infants may require greater potas-
sium intakes as well as greater intakes of other intracellu-
lar nutrients (e.g., phosphorus and magnesium) to main-
tain normal plasma concentrations of these nutrients. In
all infants, frequent monitoring of plasma electrolyte con-
centrations and appropriate reformulation of the nutrient
infusate in order to maintain normal plasma electrolyte
concentrations is recommended, particularly during the
first few days of parenteral nutrition.

The recommended parenteral intakes of phosphorus,
i.e., 1.4–2.0 mMoles kg−1 day−1, and magnesium, i.e., 3–6
mg kg−1 day−1, were established largely by trials of various
intakes. These intakes, too, appear to maintain “normal”
plasma phosphorus and magnesium concentrations in
most infants. However, frequent monitoring of the plasma
concentration of both and appropriate reformulation of the
infusate, if indicated, are recommended.

Because of the insolubility of calcium phosphate, most
commonly used parenteral nutrition regimens, although
they maintain “normal” plasma concentrations of calcium
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and phosphorus, do not provide an adequate calcium
intake. Hence, osteopenia, rickets, and collapsed verte-
bra have been reported in both LBW and term infants
receiving parenteral nutrition as their sole source of nutri-
ent intake for prolonged periods.78,79 The fetus deposits
∼100 mg (2.5 mMoles kg−1 day−1) of calcium80 during
the last trimester of gestation but, until recently, it was
impossible to provide more than half this amount, i.e.,
40–60 mg (1–1.5 mMoles kg−1 day−1) parenterally unless
the phosphorus intake was lowered sufficiently to result in
hypophosphatemia.

The lower pH of infusates containing some of the avail-
able parenteral amino acid mixtures and of infusates con-
taining cysteine-HCl permits administration of more cal-
cium without sacrificing phosphorus intake. Koo et al.81

studied the effects of regimens containing 25 IU dL−1 of
vitamin D and either 0.5 or 1.5–2.0 mMoles dL−1 of both
calcium and phosphorus. Serum 1,25-dihydroxy-D con-
centrations of the high calcium/phosphorus group were
stable and within the normal range; tubular reabsorption
of phosphorus also was stable and consistently less than
90%. Serum 1,25-dihydroxy-D concentrations of the low
calcium/phosphorus group, on the other hand, were high
and tubular reabsorption of phosphorus was consistently
greater than 90%. Thus, it appears that delivery of cal-
cium and phosphorus intakes approaching those required
to achieve intrauterine accretion rates exerts less stress on
calcium and phosphorus homeostatic mechanisms than
delivery of smaller intakes. A recent study82 suggests that
higher parenteral calcium and phosphorus intakes also
result in more optimal skeletal mineralization although,
interestingly, serum alkaline phosphatase activity of the
two groups did not differ.

Calcium phosphate, unlike most salts, is more soluble
at low v. high temperatures. This raises serious concerns
about the overall safety of the frequently advocated “three-
in-one” or “complete” parenteral nutrition infusates i.e.,
infusates containing glucose, amino acids, and the lipid
emulsion along with electrolytes, minerals, and vitamins
in the same bottle or bag. Since these infusates must be
administered without an in-line filter, or with a larger pore
filter than usually used, and since the presence of the lipid
in the infusate obscures any precipitate of calcium phos-
phate that may occur either upon removal of the infusate
from refrigeration and warming prior to administration or
during the time of infusion, their use in LBWI seems unwise.
This is particularly true while attempting to maximize cal-
cium and phosphate intakes.

Vitamin mixtures for parenteral use have been available
since the early days of parenteral nutrition and have been
used to formulate parenteral nutrition infusates. Hence, the

amounts provided, to a large extent, have been determined
by the preparations available.

During the early years of parenteral nutrition, it was
thought that frequent plasma and/or blood transfusions
provided needed trace minerals. However, reports of zinc83

and copper deficiencies,28 even in infants who had received
these transfusions, quickly demonstrated the inadequacy
of this approach and led to the availability of zinc and
copper additives. Today, additives of all trace minerals for
which a deficiency has been demonstrated are available.

Little definitive information is available concerning the
parenteral requirements of either trace minerals or vita-
mins. Research concerning the parenteral requirements of
these nutrients by infants has been and is still hindered by
the difficulties both of measuring plasma concentrations of
the nutrients using small volumes of plasma and of inter-
preting the physiological significance of plasma concentra-
tions. Accurate studies of the retention of these nutrients
also are notoriously difficult. The current recommenda-
tions for parenteral vitamin and trace mineral intakes
(Tables 20.3 and 20.4), although not revised recently, are
based on the most reliable information available, much of
it theoretical rather than based on data from randomized
trials of various intakes.84 Nonetheless, the recommended
intakes appear to prevent deficiencies and also appear to
be safe.

Strategies for improving tolerance of parenterally
delivered nutrients

Many LBWI, particularly smaller infants and infants with a
variety of medical problems are unable to tolerate appre-
ciable amounts of many nutrients. However, even during
the first several days of life, most will tolerate an amino acid
intake of at least 2 g kg−1 day−1, a glucose intake of 5–10 g
kg−1 day−1 and a lipid intake of 1 g kg−1 day−1. While this
intake may be less than required for positive energy bal-
ance, it almost certainly will result in nitrogen equilibrium
and, probably, nitrogen retention. A 5–10% glucose and
electrolyte infusion, on the other hand, will definitely result
in negative nitrogen balance equivalent to a daily loss of
about 1% of endogenous protein stores.33–39 Equally impor-
tant, neither marked hyperaminoacidemia nor azotemia is
likely with the suggested regimen containing amino acids.

According to Collins et al.,85 the glucose intolerance
of most VLBWI can be alleviated by careful intravenous
administration of insulin, thus permitting delivery of con-
siderably greater intakes of glucose. Moreover, in these
investigator’s hands, insulin administration did not result
in hypoglycemia or other problems. Understandably, even
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though use of insulin may be safe, the advisability of using it
routinely to circumvent what can best be described as phys-
iological insulin resistance rather than insulin deficiency
has been questioned. Moreover, a recent study in VLBWI
showed that euglycemic hyperinsulinemia was accompa-
nied by a 3-fold increase in plasma lactate concentration
and metabolic acidosis.86

Infusion of 20% v. 10% lipid emulsions lessens the
likelihood of hyperlipidemia.87 The mechanism appears
to be related, at least in part, to the lower phospho-
lipid/triglyceride ratio of the 20% v. the 10% emulsion and,
hence, less inhibition of lipoprotein lipase activity sec-
ondary to infused phospholipid.88 Although not available
in the USA, emulsions containing medium chain trigly-
cerides are being used with increasing frequency in other
parts of the world. Since the triglycerides of these emulsions
are hydrolyzed more rapidly by lipoprotein lipase89 and
the medium chain fatty acids released are oxidized more
rapidly,90 they may permit safe administration of larger par-
enteral doses of lipid than is possible with conventional
emulsions.

For most LBWI, it is relatively easy, using some combina-
tion of the strategies discussed above, to achieve reason-
able intakes of most nutrients within the first 24 hours of
life. This undoubtedly is preferable to the common practice
of ignoring nutritional needs for the first several days after
birth.

Complications of parenteral nutrition

The complications of total parenteral nutrition are usu-
ally classified into two general categories – those related to
the technique (infusion-related complications) and those
related to composition of the infusate (metabolic compli-
cations).

The major infusion-related complication with cen-
tral vein delivery is infection. Although many of the
infusate components support growth of various micro-
organisms,91,92 a contaminated infusate rarely is the under-
lying cause of infection. Rather, most infections appear to
result either from improper care of the catheter, particu-
larly failure to follow meticulously the requirement for fre-
quent changes of the exit site dressing or frequent use of
the catheter for purposes other than delivery of the nutrient
infusate. Other complications related to this infusion tech-
nique include malposition or dislodgment of the catheter
and thrombosis, including superior (or inferior) vena cava
thrombosis. Malposition of the catheter can be avoided by
radiographic confirmation of the location of the catheter
tip prior to infusion of the hypertonic nutrient infusate

and reconfirmation as indicated thereafter. The other com-
plications in this category cannot be completely avoided;
however, careful attention to all procedures involving the
catheter will reduce them to an acceptable level.

Infusion-related complications associated with periph-
eral vein delivery of nutrients include thrombophlebitis as
well as skin and subcutaneous sloughs secondary to infil-
tration of the hypertonic infusate. Infection appears to be
much less common with peripheral than with central vein
delivery, probably because infusion sites must be changed
so frequently.

The metabolic complications of parenteral nutrition
include those related to the patient’s limited metabolic tol-
erance of the various components of the infusate, those
related to the infusate per se, and those related to the fact
that nutrients are administered by vein rather than by the
gastrointestinal tract. These are summarized in Table 20.6.

The metabolic complications related to the patient’s
metabolic tolerance of the infusate components are likely
to be less with the less-concentrated peripheral vein regi-
mens. Certainly, glucose intolerance is less frequent with
peripheral vein delivery which limits glucose intake to
about 15 g kg−1 day−1. Electrolyte and mineral disorders
usually result from provision of either too much or too little
of the particular nutrient although electrolyte disorders
also can result from osmotic diuresis secondary to hyper-
glycemia.

Since the infusates delivered by central vein and periph-
eral vein are qualitatively similar, the metabolic complica-
tions related to the infusate are similar with the two routes
of delivery. One concern in this category is the fact that
none of the currently available amino acid mixtures results
in a completely normal plasma amino acid pattern.43 In
part, this concern is based on the long-recognized coexis-
tence of elevated plasma concentrations of specific amino
acids in patients with inborn errors of metabolism (e.g.,
hyperphenylalaninemia in patients with phenylketonuria)
and mental retardation. However, in patients receiving par-
enteral nutrition, the plasma concentration of many amino
acids is low rather than high, suggesting that the intake of
these amino acids may be inadequate. As discussed above,
plasma concentrations of the conditionally indispensable
amino acids cysteine and tyrosine are often quite low,
presumably because these amino acids, which are either
unstable or insoluble in aqueous solution, are not present
in appreciable amounts in available parenteral amino acid
mixtures.

The low plasma concentrations of these amino acids are
of concern because they may limit utilization of all amino
acids for protein synthesis. Another theoretical concern is
the relationship between plasma concentrations of specific
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Table 20.6. Metabolic complications of parenteral nutrition and their most common cause

Disorder Most common cause

Disorders related to metabolic capacity of patient

Hyperglycemia Excessive intake (either excessive concentration or

excessive infusion rate, e.g., pump dysfunction); change

in metabolic state (e.g., infection)

Hypoglycemia Sudden cessation of infusion

Azotemia Excessive nitrogen intake

Electrolyte, mineral (major and trace) and vitamin

disorders

Excessive or inadequate intake

Disorders related to infusate composition

Abnormal plasma aminograms Amino acid pattern of nitrogen source

Hypercholesterolemia/phospholipidemia Characteristics of lipid emulsion

Abnormal fatty acid pattern Characteristics of lipid emulsion or its route of metabolism

Hepatic disorders Unknown

amino acids and concentrations of various neurotransmit-
ters within the central nervous system (CNS), e.g., plasma
tryptophan concentration and CNS serotonin; plasma tyro-
sine concentration and CNS catecholamines; plasma con-
centrations of amino acids that may function as neuro-
transmitters and CNS concentration of that amino acid.
Unfortunately, this latter area has not been studied suffi-
ciently to warrant major concern or to allay fears.

Many of the metabolic problems related to use of avail-
able parenteral lipid emulsions are better understood than
those related to available parenteral amino acid mixtures.62

Perhaps the most pressing concern is related to the fatty
acid pattern of these emulsions. Although both emulsions
available in the USA contain adequate amounts of linoleic
and α-linolenic acids, the parent fatty acids, respectively, of
the n-6 and n-3 fatty acids, they do not contain the longer-
chain, more unsaturated fatty acids of either series (Table
20.5) and the plasma concentrations of these long-chain,
polyunsaturated fatty acids are low.93 Since infants, inclu-
ding preterm infants, can convert the parent fatty acids to
the longer-chain, polyunsaturated fatty acids,94–97 the rea-
sons for this are not obvious.

Appreciable amounts of long-chain, polyunsaturated ω-
3 and ω-6 fatty acids accumulate in the developing cen-
tral nervous system during development,98,99 particularly
docosahexaenoic (22:6 ω-3) and arachidonic acid (20:4 ω-
6). Thus, the possibility that adequate amounts of the par-
ent fatty acids are not converted to the longer-chain, more
unsaturated derivatives gives rise to concern regarding the
fatty acid pattern of tissue lipids. Indeed, the long-chain,
polyunsaturated fatty acid contents of both the liver and
brain of infants who succumb after receiving only par-
enteral nutrition are low compared with that of normal

infants.99 Whether such an abnormal pattern is associated
with functional abnormalities remains unknown. However,
some recent studies in enterally fed infants suggest that
neurodevelopmental indices and visual acuity are lower in
infants fed formulas containing only the parent fatty acids
than in infants fed the same formula supplemented with
long-chain, polyunsaturated fatty acids.100

Some of the elongated, desaturated derivatives of linoleic
and α-linolenic acid are precursors of various eicosanoid
series. Thus, if these precursors cannot be formed or are
formed in inappropriate ratios to each other, infants receiv-
ing available lipid emulsions may develop derangements
in eicosanoid metabolism secondary to specific long-
chain, polyunsaturated fatty acid deficiencies. Indeed, the
arachidonic acid content of serum lipids decreases in
infants receiving the available soybean oil emulsion and,
in these infants, urinary excretion of a stable metabolite
of prostaglandin E, which is synthesized from arachidonic
acid, is very low.101 Although these abnormalities have not
been associated with clinical abnormalities, they are dis-
turbing. To date, however, they have received little atten-
tion. Emulsions containing fish oil which is rich in long
chain polyunsaturated ω-3 fatty acids, although not avail-
able in the USA, are available in other countries. To date,
published experience with these emulsions is inadequate
to permit a thorough evaluation of either their safety or
their efficacy in infants.

The final subcategory of metabolic problems resulting
from parenteral nutrition is related to the fact that the
gastrointestinal tract is bypassed. Since the one unques-
tioned clinical indication for use of parenteral nutrition
is to maintain or restore the nutritional status of patients
with deranged gastrointestinal function, there has been
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considerable interest in the consequences of this therapy
with respect to gastrointestinal function. In normal ani-
mals, parenteral nutrition, like starvation, results in an
appreciable decrease in enteric mucosal mass.102,103 It has
been suggested that this interferes with the normal bar-
rier function and allows translocation of bacteria from the
lumen to the blood stream.104 If so, this could contribute to
the high rate of infection in infants requiring prolonged par-
enteral nutrition. It also has been suggested that bypassing
the gastrointestinal tract diminishes release of the various
enteric hormones.105

The effect of parenteral nutrition on mucosal enzyme
activities is unclear. Some studies suggest that the specific
activity of some disaccharidases decreases relative to that of
control animals106 while others show no difference in spe-
cific activity of these enzymes between control animals and
animals receiving parenteral nutrition.107 These discrep-
ancies may be related to the nature of the diet consumed
by the control animals of the different studies. Interest-
ingly, while many animal studies have shown a decrease
in mucosal mass as well as mucosal protein and DNA con-
tent with parenteral nutrition, none of the available clinical
studies of the effects of parenteral nutrition on intestinal
tract structure and function demonstrate morphological
involution.108,109 However, disaccharidase activities, which
usually are low when parenteral nutrition begins, are not
fully restored until enteral intake is reinstituted.109

One of the more illuminating studies of this issue, at
least in piglets, was published recently by Burrin et al.110 In
this study, groups of 3-week-old piglets were maintained
on either enteral or parenteral nutrients for 6 days. The
following day, all animals were given an enteral feeding
followed by continuous intraduodenal infusion of formula
and measurement of net portal absorption of various nutri-
ents. At the end of the study, the animals were killed and
the small intestine was removed for weighing and deter-
mination of protein and DNA concentrations as well as
the activity of various enzymes. Intestinal weight and DNA
content as well as the specific activity of several digestive
enzymes, including lactase, were about 50% lower in the
group that had received only parenteral nutrients for 6 days
prior to study. Lactose digestion, hexose transport and net
portal balance of several amino acids also were lower in
this group. Thus, this study documents both structural and
functional effects of parenteral v. enteral nutrition on the
small intestine. However, the question of how long these
changes persist remains unanswered.

Many infants maintained solely on parenteral nutri-
tion develop typical clinical and histological findings of
cholestasis.111 Whether this results from a toxic effect of
some component of the parenteral nutrition infusate or

simply from bypassing the gastrointestinal tract is not clear.
A number of studies, none rigorously controlled, suggest a
variety of etiologies. Some suggest that the cholestasis is
related to parenteral amino acid intake.112,113 In an uncon-
trolled study, infants receiving one of the pediatric par-
enteral amino acid mixtures had a lower-than-expected
incidence of cholestasis.42 However, a randomized con-
trolled study with this mixture v. another pediatric amino
acid mixture showed no difference in incidence of cholesta-
sis between the two groups.114 A randomized trial of the
effects of the same amount of amino acids with or without
taurine revealed no effects of taurine on liver function dur-
ing the first 10 days of life;115 however, none of the infants in
either group developed hepatic dysfunction. Other trials116

suggest that cholestasis can be reduced by minimal enteral
feeding; thus, since the release of a number of gastrointesti-
nal hormones appears to be delayed by exclusive parenteral
nutrition,105 it might be particularly informative to deter-
mine if parenteral nutrition affects the release of cholecys-
tokinin, which stimulates contraction of the gall bladder,
and if development of cholestasis is related to the pattern
of cholecystokinin release.

Owens et al.117 recently addressed the question of the
amount of enteral feeding necessary to maintain intestinal
mass and motility of newborn puppies. While as little as
10% of total nutrient requirements by the enteral route had
positive effects on motility, at least 40% of total nutrient
requirements by the enteral route was required to main-
tain enteric mass. This implies that the positive effects of
minimal enteral feeding, which usually provides only about
15% of nutrient requirements, are related to maintenance
of the enteric humoral system.

Minimizing the complications of
parenteral nutrition

Many of the complications of parenteral nutrition can
be minimized by a monitoring system that permits early
detection of both infusion-related and metabolic compli-
cations. It also is important to monitor the actual intake of
specific nutrients as well as the clinical results of the intake
carefully if the full potential of the technique is to be real-
ized. Adequate clinical monitoring to prevent infiltration of
infusates delivered by peripheral vein and to assure long-
term function of the central vein catheters usually requires
considerable time as well as personnel who are familiar
with the intricacies of the intravenous infusion apparatus,
including the many varieties of constant infusion pumps
that are an absolute necessity both for central vein and
peripheral vein delivery.
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Table 20.7. Suggested monitoring schedule during parenteral nutrition

Suggested frequency (per week)a

Variables to be monitored Initial period Later period

Growth variables

Weight 7 7

Length 1 1

Head circumference 1 1

Metabolic variables

Blood or plasma

Electrolytes 2–4 1

Ca, Mg, P 2 1

Acid Base Status 2 1

Urea Nitrogen 2 1

Albumin 1 1

Liver Function Studies 1 1

Lipidsb

Hemoglobin 2 1

Urine Glucose 2–6/day 2/day

Prevention and detection of infection

Clinical observations (activity, temperature) Daily Daily

White Blood Cell count and differential As indicated As indicated

Cultures As indicated As indicated

a “Initial period” refers to the time before full intake is achieved as well as any period during which metabolic

instability is present or suspected (i.e., postoperative period, presence of infection). “Later period” refers to

the time during which the patient is in a metabolic steady state.
b See text.

A suggested schedule for chemical monitoring is shown
in Table 20.7. This schedule allows detection of metabolic
complications in sufficient time for correction by alter-
ing the infusate. It differs somewhat from other suggested
schedules. Instead of routinely monitoring blood glucose
concentration, as often suggested, checking the urine reg-
ularly for the presence of glucose (at least three times
daily during the first few days when the glucose con-
tent of the infusates is being increased) and determin-
ing blood glucose concentrations only when glucosuria
is present should be adequate. The suggested monitoring
schedule also omits determinations of plasma osmolality
which, in the absence of hyperglycemia, can be estimated
sufficiently accurately as twice the plasma sodium con-
centration. In addition, routine monitoring of the plasma
amino acid pattern, which is predictable from the pattern
of the mixture of amino acids used,43 is omitted as is rou-
tine monitoring of the leukocyte count and routine blood
cultures.

The monitoring required to ensure safe and efficacious
use of intravenous fat emulsions is somewhat problem-
atic. The common clinical practice of periodic visual or
nephelometric inspection of the plasma for presence of

lipemia is not reliable for detecting elevated plasma con-
centrations of both triglycerides and free fatty acids.118

However, since microtechniques for measuring plasma
triglyceride and free fatty acid concentrations are not
routinely available, such monitoring often is not practi-
cal. A reasonable compromise is to inspect the plasma
frequently, either visually or by nephelometry, and deter-
mine actual triglyceride and free fatty acid concentra-
tions weekly. More frequent monitoring is necessary dur-
ing the first few days of parenteral nutrition and when the
patient develops a clinical condition likely to interfere with
triglyceride hydrolysis. Other serum lipid abnormalities
associated with use of parenteral lipid emulsions (hyper-
cholesterolemia, hyperphospholipidemia, deranged free
fatty acid patterns of serum and tissue lipids) are pre-
dictable and/or of uncertain clinical relevance; thus, mon-
itoring to detect these is not necessary. Samples for visual
or nephelometric inspection as well as those for measuring
triglyceride and free amino acid concentrations should be
obtained during infusion of the lipid emulsion rather than
2–4 hours after stopping the infusion as is sometimes sug-
gested. The latter practice helps assure normal values even
though the concentration of triglyceride and/or free fatty
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acids may have been elevated during the previous 20–22
hours of infusion.

Other considerations

Some of the questions most commonly asked concerning
parenteral nutrition include: When should the therapy be
started? How long should it be continued? When should
enterally delivered nutrients be introduced? Unfortunately,
there are few definitive data concerning any of these ques-
tions. Thus, it is not surprising that some nurseries rou-
tinely start parenteral nutrition soon after birth and con-
tinue this form of nutritional management exclusively or
as the major source of nutrition support for several days
to weeks while others start parenteral nutrition much later,
with or without enterally delivered nutrients, and discon-
tinue it as soon as possible.

The question of when to start parenteral nutrients is
reasonably easy to address. As discussed above, preterm
infants who receive only glucose lose at least 1% of
endogenous nitrogen stores daily whereas those who
receive an isocaloric infusate providing at least 1.5 g kg−1

day−1 of amino acids are in nitrogen equilibrium or slightly
positive balance. Moreover, higher intakes are unlikely to
result in marked hyperaminoacidemia or azotemia. Thus,
for preterm infants, it is difficult to argue against a policy of
starting a parenteral nutrition regimen containing amino
acids as soon after birth as feasible, preferably within the
first 24 hours.

Because of the concern that lack of enteral nutri-
ents depresses secretion of gastrointestinal hormones and
might impair intestinal tract development (see above),
the practice of minimal enteral feeding, i.e., infusion of
∼1 ml kg−1 h−1 of human milk or a standard preterm infant
formula (about 16% of total nutrient requirement) during
the early days to weeks of life, when the bulk of nutrient
intake is supplied by parenteral nutrients, has become quite
popular. Indeed, this practice appears to result in earlier
tolerance of full enteral intakes and a lower incidence of
cholestasis without a higher incidence of NEC.119 Whether
a slow increase in volume instead of maintaining the same
small volume for 10–14 days would be equally or even more
efficacious has not been addressed.

Currently, it is impossible to recommend a single strategy
for use of parenteral nutrition in LBW neonates. On the one
hand, the concern that early enteral feeding may contribute
to development of NEC cannot be totally discounted. On
the other, the concern that prolonged use of exclusive par-
enteral feeding may contribute to development of the trou-
bling problem of cholestasis also is valid. Perhaps the most

appropriate strategy is to individualize the early nutritional
management of each infant. Those with a number of pre-
disposing factors for development of NEC might receive
parenteral nutrients primarily until some of these factors
resolve while those deemed to be less likely to develop NEC
might be started on enteral feedings much earlier. Although
many nurseries have standard policies for increasing the
volume of enteral intake of all infants, this aspect of feeding
also is one that might best be determined on an individual
basis.

Regardless of the method chosen for early nutritional
management, there inevitably is a period during which
infants receive a combination of parenterally and enterally
delivered nutrients. During this period, careful monitoring
of the intake of each major nutrient received by each route
is crucial if nutrient imbalances are to be avoided. Differ-
ences in likely retention of nutrients delivered parenterally
v. enterally also must be considered.

When to stop parenteral nutrition also is frequently
debated. Usually this is done when sufficient enteral intake
to supply fluid requirements (>100 ml kg−1 day−1) is toler-
ated. Although this practice may result in nutrient intake
being less than optimal for a few days, it seems accept-
able, particularly if nutrient intake prior to this time was
reasonable.

There is a major void in knowledge concerning the advan-
tages, disadvantages, and costs of the various ways par-
enteral nutrition is managed at individual institutions.
Currently, these range from strict control, i.e., only a few
individuals supervise the parenteral nutrition program for
all patients, to virtually no control, i.e., any physician is
allowed to order any regimen desired for any patient, with
or without an assessment of the patient’s need for par-
enteral nutrition and with or without requirements for
monitoring either the efficacy or the safety of the partic-
ular regimen ordered. A system in which one of a few stan-
dard parenteral nutrition infusates can be ordered by any
physician represents a common intermediate system for
management of parenteral feeding.

In the one randomized controlled study addressing
this issue,120 neonates requiring parenteral feeding were
assigned alternately to receive either a standardized for-
mulation or an individualized formulation monitored by
a clinical pharmacist. The group assigned to the individ-
ualized formulation with pharmacist monitoring received
higher intakes of amino acids (2.2 v. 1.9 g kg−1 day−1), lipid
(2 v. 1.5 g kg−1 day−1) and total energy (63 v. 53 kCal kg−1

day−1); this group also had a greater rate of weight gain
(11.8 v. 4.9 g day−1). The total cost of the individualized sys-
tem was approximately 40% greater but the cost per gram
of weight gain was approximately 40% less. Moreover, this
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cost analysis included neither the cost of wasted solutions,
which was greater for the standardized group, nor the cost
of nursing time, which also was greater for the standardized
group. The results of this study confirm earlier impressions
that a centralized system of managing parenteral nutrition
is most likely to maximize benefits and minimize risks of the
technique.9 Nonetheless, more such studies are needed.

In fact, randomized, controlled studies assessing every
aspect of parenteral nutrition are needed. Without the
information that such studies can provide, decisions con-
cerning many aspects of the therapy (e.g., catheter A v.
catheter B; pump A v. pump B; amino acid mixture A v.
amino acid mixture B; Policy A v. Policy B, etc.) will con-
tinue to be made, frequently by administrators rather than
health professionals, on the basis of cost or some other fac-
tor rather than on the basis of efficacy or safety. Obviously,
this situation must change before the technique of par-
enteral nutrition can be improved beyond its current sta-
tus. It no longer is sufficient to view the technique simply as
one that permits provision of nutrients to infants who can-
not be fed; rather, it must be viewed as a method of nutri-
ent delivery that permits better nutritional management
than was possible 35 years ago but one that, undoubtedly,
can be improved further. Additional data from carefully
conducted, randomized trials are crucial for these badly
needed further improvements.
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Introduction

The amino acid requirements of neonates continue to be
an area of investigation despite numerous studies, due to
the complexity of determining these requirements within
the ever-changing biochemical environment of the devel-
oping infant. In the following discussion some of the issues
related to digestibility and absorption, special aspects of
development as they impact on requirements – including
amino acid metabolism and infant responses to amino acid
variations in the diet – will be addressed.

Protein is often assessed for its function in infant nutri-
tion based on its role in supporting growth. However, pro-
tein is responsible for supplying some 20 individual amino
acids with a variety of specific functions, as well as serving
as precursors for a number of biologically active proteins
(for example enzymes, cytokines, and immunoglobulins)
that have more complex roles than to merely supply the
amino acid building blocks for the body’s proteins.1 The
major conundrum in determining protein requirements
for infants is that human milk proteins are fundamen-
tally different than the proteins supplied in various substi-
tution formulas. Human milk is perfectly satisfactory
nutrition for the healthy term infant (and is also usu-
ally satisfactory for preterm infants when supplemented
with additional nutrients to support the greater require-
ments of these infants). Thus, the determination of infant
protein requirements is often an exercise in comparing
human milk protein nutriture to various possible substi-
tutes (adapted cow milk or soy proteins, usually). Human
milk is a dynamic form of nutrition that changes during
lactation (protein declines and the content of bioactive

components change) and also includes greater propor-
tions of nonprotein nitrogen constituents than do available
substitutes.

Protein digestibility and absorption

The indices of protein digestibility have been compre-
hensively reviewed,2 including discussions of the weak-
nesses of the various methods. The basic measure of protein
quality for use in infant formulas is the protein efficiency
ratio or PER. This method is based upon comparing the
effects of proteins to be studied to a control protein, usu-
ally casein, upon the growth of weanling rats.3 A True Pro-
tein Digestibility Index, also determined in rats, was pro-
posed to better account for fecal excretion of nitrogen.4 A
protein digestibility-corrected amino acid score has been
proposed to take into account the limiting essential amino
acid in a given protein.5,6 This latter method permits the
use of human milk protein as a reference protein.

The net conclusion of applying these various methods
to protein products commonly used in infants was that
they are highly bioavailable,6,7 as are those proteins in
human milk. Thus, either cow-milk protein-based or soy-
milk protein-based formulas supply proteins that the infant
may utilize efficiently for growth. This latter statement does
need to be qualified with the fact that a variety of treatments
that are used during the preparation of substitute formu-
las may change this bioavailability. Formula constituents
are heated, spray-dried, electrophoresed, acid extracted
and stored, all factors that may and do change composi-
tion. Even the physical form of the formula (powder versus

Neonatal Nutrition and Metabolism. Second Edition, ed. P. Thureen and W. Hay. Published by Cambridge University Press.
C© Cambridge University Press 2006.
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liquid) may influence digestibility due to differences in
preparation methodologies.8

Both human milk and currently available formulas are
efficiently digested and absorbed by the infant. The effi-
ciency by which human milk proteins, which are present
in lower concentrations (compared with formulas), sup-
port growth may reflect the presence of other factors that
promote nutrient absorption.9

The above evaluations of protein digestibility lead to
the conclusion that human milk is the preferred reference
for feeding healthy term infants, however as human milk
contains less protein than infant formulas and changes in
content occur during lactation, perhaps formulas should
contain less protein than they do currently. Human milk
appears to progress from a high of 1.6 g of protein dL−1 dur-
ing early lactation to a low of 0.7 g dL−1 by 6 months.10 Most
infant formulas contain 1.5 g of protein dL−1 (matching
human milk only during early lactation). This difference has
been the impetus for considering the use of “step-down”
formulas with lower protein content for older infants. Such
preparations appear to adequately support growth and bio-
chemical development.11

Amino acid requirements

Amino acid requirements have generally been presented in
terms of “essential” or “indispensable” amino acids. This
subgroup of amino acids has been defined by growth and
nitrogen-balance studies, but in infants has been modified
by the addition of a number of amino acids that have been
called “semi-essential” or “conditionally essential” based
upon the special biochemical developmental state of such
infants.12 The application of newer methodologies, such
as stable isotope studies, has contributed to the modifi-
cation of the classical list of essential amino acids. When
the “quality” of proteins is discussed, it is really their abil-
ity to deliver an optimal mixture of amino acids to the
baby that is being presented. Such an optimal mixture
would appear to include all the amino acids (“indispens-
able” and “dispensable”). Indeed, it has been noted that
in 1954 eight amino acids were classified as indispensable
and twelve as dispensable, while by 1994 nine were con-
sidered indispensable, seven conditionally indispensable,
and only five as dispensable.13 It seems only a matter of
time until all are considered indispensable to the infant
(Table 21.1).

In this vein, it is clear that it would not be acceptable to
feed a protein that only contained essential amino acids
(if such could be constructed). Indeed, even total par-
enteral nutrition mixtures made up of individual amino

Table 21.1. Amino acid content of human milk

Clinically Not yet

indispensable Conditionally defined as

amino acids indispensable indispensable

Valine Arginine Alanine

Isoleucine Cysteine Asparagine

Leucine Glutamine Aspartate

Lysine Glycine Glutamate

Methionine Histidine Serine

Phenylalanine Proline

Threonine Taurine*

Tryptophan Tyrosine

* Not a protein constituent.

acids, include most of the dispensable amino acids and
only exclude amino acids due to issues of stability, solubil-
ity, or proposed toxicity.14 Given this situation it would seem
that the most appropriate amino acid requirements would
be those patterned on the overall content of human milk
proteins (begging the issue of the potential use of bioactive
proteins for nutritional support).

Several investigations have presented the amino acid
content of human milk proteins (Table 21.2), and these
data may serve as a sound basis for modifying the pro-
tein content of substitute feedings. An examination of the
variability of these data indicates a quite consistent deliv-
ery of amino acids, including their amounts relative to
one another (Table 21.3). The consistency of these data
is remarkable given that they were reported by 15 differ-
ent investigators over a 47-year period using a variety of
different methodologies. Data are also presented relative
to the content of histidine (Table 21.3), one of the least
variable amino acids in content in human milk. Thus, one
can appreciate that the pattern from report to report stays
remarkably consistent. Human milk substitute amino acid
composition is invariably different, reflecting differences in
the fundamental amino acid composition of the proteins
used in these preparations (Table 21.4). Methionine is typ-
ically high and cysteine low in these preparations. Phenyl-
alanine tends to be high in casein-predominant formulas
while threonine tends to be high in whey-predominant for-
mulas (Table 21.4).

It should be noted that the glutamine content of human
milk and formulas is rarely given; it is generally converted
to glutamate in the process of hydrolysis. Formula prepara-
tion may well convert glutamine to glutamate, thus it is pos-
sible that human milk-fed infants receive more glutamine
relative to glutamate than do formula-fed infants. This dif-
ference may have implications for the development of the
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Table 21.2. Human milk amino acid content

Amino acid N Mean

Standard

deviation Minimum Maximum

Coefficient of

variation

Isoleucine 20 54.62 8.17 41.00 77.50 14.96

Leucine 20 98.78 8.41 75.80 116.10 8.52

Valine 20 53.80 8.78 41.10 72.50 16.33

Methionine 19 13.69 3.07 9.40 22.00 22.42

Cystine 14 20.59 4.61 10.10 26.00 23.38

Phenylalanine 19 37.03 6.16 29.50 52.80 16.65

Tyrosine 17 40.35 9.27 28.50 61.50 22.98

Threonine 20 44.75 4.22 38.00 55.60 9.44

Tryptophan 15 16.93 3.19 11.90 22.00 18.89

Lysine 20 69.16 9.72 55.40 98.00 14.06

Glutamate 17 172.28 21.13 128.80 198.50 12.26

Aspartate 17 88.67 6.74 79.00 102.90 7.60

Serine 17 46.88 9.98 38.80 79.90 21.30

Glycine 17 23.11 2.73 19.40 30.60 11.83

Alanine 15 37.88 3.60 31.60 45.00 9.52

Proline 17 81.68 12.89 61.30 100.20 15.78

Arginine 19 39.26 7.17 29.00 59.70 18.25

Histidine 20 22.35 2.77 17.80 28.00 12.42

Amino acids are presented in mg g−1 of protein.11,17,52–67

Table 21.3. Human milk amino acid composition expressed relative to histidine content

Amino acid N Mean

Standard

deviation Minimum Maximum

Coefficient of

variation

Isoleucine 20 2.47 0.42 1.77 3.49 17.29

Leucine 20 4.46 0.51 3.51 5.44 11.54

Valine 20 2.42 0.35 1.76 3.06 14.82

Methionine 19 0.62 0.13 0.42 0.93 21.93

Cysteine 15 1.56 0.20 1.07 2.01 13.33

Phenylalanine 19 1.67 0.20 1.21 2.08 12.15

Tyrosine 18 3.43 0.50 2.70 4.49 14.55

Threonine 20 2.02 0.22 1.49 2.41 11.09

Tryptophan 15 0.76 0.12 0.42 0.92 16.70

Lysine 20 3.13 0.54 2.09 4.10 17.23

Glutamate 17 7.77 0.86 5.79 9.28 11.11

Aspartate 17 4.01 0.40 3.10 4.77 10.10

Serine 17 2.11 0.42 1.47 3.46 20.15

Glycine 17 1.04 0.10 0.92 1.32 9.75

Alanine 15 1.66 0.14 1.45 1.99 8.92

Proline 17 3.66 0.37 2.80 4.13 10.11

Arginine 19 1.78 0.29 1.26 2.58 16.70

Histidine 20 1.00 0.00 1.00 1.00 0.00

Amino acids concentrations were calculated relative to the histidine content of each published data set.11,17,52–67
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Table 21.4. Amino acid composition of selected human milk substitutes

Casein predominant Whey predominant Soy

Amino acid mg g−1 Relative to histidine mg g−1 Relative to histidine mg g−1 Relative to histidine

Isoleucine 49 2.33 54 2.70 49 1.88

Leucine 94 4.48 101 5.05 82 3.15

Valine 54 2.57 56 2.80 50 1.92

Methionine 28* 1.33 25* 1.25 13 0.50

Cysteine 9* 0.43 17 0.85 13* 0.50

Phenylalanine 49* 2.33 33 1.65 52* 2.00

Tyrosine 44 2.10 34 1.70 38 1.46

Threonine 43 2.05 60* 3.00 38 1.46

Tryptophan 13 0.62 12 0.60 13 0.50

Lysine 71 3.38 81 4.05 63 2.42

Glutamate 206* 9.81 187 9.35 191 7.35

Aspartate 77 3.67 98 4.90 116* 4.46

Serine 55 2.62 55 2.75 52 2.00

Glycine 19 0.90 19 0.95 42 1.62

Alanine 32 1.52 43 2.15 43 1.65

Proline 97* 4.62 78 3.90 51* 1.96

Arginine 31 1.48 30 1.50 76* 2.92

Histidine 21 1.00 20 1.00 26 1.00

Compiled from various sources of composition of commercial products. The asterisks indicate a deviation from human milk content

that may influence infant status.

intestine, as glutamine appears to have an important role
in this process.15

Role of amino acid metabolism

Many of the issues related to the development of amino
acid metabolism were described in detail in the previous
edition of this book.12 The special metabolism of the devel-
oping infant has been a major stimulus to our understand-
ing of neonatal amino acid requirements. The list of amino
acids in Table 21.1, and especially the growing list of “condi-
tionally indispensable” amino acids speaks to our growing
appreciation of neonatal metabolism.

The pathways that seem especially important during
early development involve the urea cycle (especially argi-
nine), the aromatic amino acids (phenylalanine and tyro-
sine), and the sulfur-containing amino acids (methionine,
cysteine, and taurine). In addition, there appear to be spe-
cial methodologic issues related to determining the nutri-
tion and metabolism of cysteine16 and tryptophan.17

Infants depend upon arginine availability for pro-
tection against hyperammonemia,18 especially if fed
parenterally.19 This dependence appears due to the

slow maturation of the enzyme argininosuccinate
synthetase.20,21

The phenylalanine metabolic pathway has hepatic
enzyme activities considerably lower in the fetus than in
the adult.22,23 The phenylalanine to tyrosine (catalyzed by
phenylalanine hydroxylase) conversion appears to be more
robust than the catabolism of tyrosine.24 Thus, the occur-
rence of a buildup of tyrosine in the blood of infants fed pro-
teins enriched in aromatic amino acids occurs.25 However,
in parenterally fed infants there appears to be a paradoxi-
cal failure to maintain tyrosine concentrations26 in spite of
the apparent availability of sufficient enzyme activity and
precursor phenylalanine. This paradoxical response occurs
despite stable isotope evidence that phenylalanine is con-
verted to tyrosine in these infants.27 These latter investiga-
tors have suggested that the apparent low concentrations
of plasma tyrosine may be explained by the activation of
alternative metabolic pathways of phenylalanine in par-
enterally fed infants.

The sulfur amino acid pathway first became of major
interest when it was demonstrated that human fetal liver
lacked the protein cystathionase, responsible for catalyzing
cysteine synthesis.28,29 This finding has led to numerous
attempts to define cysteine requirements in both preterm
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and term infants. These investigations have been compli-
cated by the difficulty in accurately determining cysteine.
It exists as the disulfide cystine, as the sulfhydryl cysteine,
and as a disulfide bound to plasma proteins.16 There is also
some portion of the molecule bound as a disulfide to other
sulfhydryls such as homocysteine and glutathione. These
various forms of cysteine will change with storage, espe-
cially if samples are not kept frozen and are in the presence
of plasma proteins.16 Most published investigations (with a
few exceptions such as Picone et al., and Malloy et al.)11,17,30

have only measured the disulfide form, cysteine, as this
form of the compound can be determined readily by auto-
mated amino acid analysis.

As cysteine is also a component of the intracellular
antioxidant glutathione, there has been interest in its
role in protecting the neonate against oxidative stress.
Glutathione is dependent upon cysteine availability for
synthesis,31 and so nutritional regimens, such as total par-
enteral nutrition, which do not readily supply cysteine (due
to its lack of stability and to the insolubility of its disulfide
form in parenteral nutrition solutions) may place infants at
risk for insults from oxidative stress.

The sulfur amino acid pathway also supplies the amino
acid taurine, which is not readily synthesized by humans.32

This amino acid is not normally present in protein and
has to be added to infant formulas as a supplement (it
is present in human milk). While taurine has been impli-
cated in visual and brain development,33,34 its most docu-
mented role in human nutrition is as a bile acid conju-
gator. When present in infant feeding regimens the tau-
rine conjugates of bile salts predominate, and when not
present, as in unsupplemented formulas, the glycine con-
jugate predominates.35 This finding may be one explana-
tion for the improved absorption of nutrients in human
milk compared with formula-fed infants.

Infant responses

The gross endpoints for adequate absorption and digestion
of proteins by the infant have always been growth and nitro-
gen balance. However, these endpoints give little informa-
tion about the true quality of the proteins being fed. While
stable isotope studies have held great promise for deter-
mining amino acid requirements, they have often appeared
to generate more controversy than answers.36 Thus, if for-
mulas and human milk support adequate growth and nitro-
gen balance the only other consistent measure of the qual-
ity of such nutrition has been plasma amino acid patterns.

By 72 hours of life the plasma amino acid patterns of
healthy term infants reflect the type of feeding (human milk
or formulas with differing protein composition) that they

have received.37 The norm for such patterns is that of the
healthy breastfed term infant. Suggestions that cord blood
concentrations might be an appropriate goal can be dis-
abused just by examining the dramatic changes that occur
in the concentrations of amino acids such as threonine and
lysine immediately after birth. Also, the relative amounts of
glutamate to glutamine (shifts from high to low) change and
may reflect the more anerobic milieu of the fetus compared
with the newborn infant.37

The fact that bovine casein proteins stimulate increased
aromatic amino acid concentrations25 has been well docu-
mented. In addition, Kashyap et al.38 have shown that most
plasma amino acids reflect the amount of protein intake.
As most infant formulas provide greater concentrations of
protein than human milk, it is clear why most formula-
fed infants have greater plasma amino acid concentrations
than infants fed human milk. The consequences of these
differing amino acid concentrations are not fully under-
stood, but as amino acids serve as both neurotransmitters
and neurotransmitter precursors, it is quite possible that
the development of the brain is influenced.39 Indeed, the
amount of protein in infant formulas appears to be associ-
ated with behavioral responses in preterm infants.40

Clinical perspectives on infant enteral feeding

These findings regarding amino acid absorption have sup-
ported general clinical practice regarding infant feeding.
The superiority of human milk feeding has been conclu-
sively demonstrated in the term infant.41,42 If human milk
is not available, or is contraindicated, satisfactory com-
mercial formulas have been developed with cow milk as
the protein source. Most formulas commonly used in the
USA, including Enfamil (Mead Johnson, Evansville, IN) and
generic store brands (formerly Wyeth’s, Radnor, PA SMA)
have a 60:40 whey-casein ratio. Improved Similac (Ross
Laboratories, Columbus, OH) has a 50:50 whey-casein
ratio.43 However, no study has demonstrated that whey
predominant formulas are nutritionally advantageous to
casein-predominant formulas in the term infant.42,44

Thus, for the term infant, the clinician should advise
breast-feeding unless contraindicated, and may recom-
mend commercial formulas based upon individual pref-
erences. The contraindications to breast-feeding include
maternal use of specific medications, maternal her-
petic breast lesions, maternal infection with HIV (in the
USA), HTLV-I, HTLV-II, or active tuberculosis, or infant
galactosemia.42,43,45–51

Enteral feeding of the preterm infant is far more prob-
lematic. Ideally, breast milk should be fed, but it is not
completely adequate for the special nutritional needs of
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Table 21.5. Serum protein and albumin concentrations in term and preterm infants

Week 1 Week 4 Week 8

Total protein (g dL−1, mean ± SD) Term 5.58 ± 0.4 5.41 ± 0.32 5.64 ± 0.24

Preterm 4.80 ± 0.1 4.5 ± 0.1 4.2 ± 0.1

Albumin (g dL−1, mean ± SD) Term 3.54 ± 0.29 3.82 ± 0.24 4.09 ± 0.24

Preterm 3.1 ± 0.1 2.9 ± 0.1 3.0 ± 0.1

All infants were fed breast milk. Term infants were demand-fed, and preterm infants (28–36 weeks at the time of recruit-

ment) were fed 170 ml kg−1day−1. Data were obtained from the same laboratory. Term data from Järvenpää et al.59,60

Preterm data from Räihä et al.63

the preterm infant less than 34 weeks’ gestation. For-
tified human milk or a 24-calorie per ounce, calcium-
enriched, whey-predominant preterm formula is the pre-
ferred feeding.42 This enteral feeding is often supplemented
initially with parenteral nutrition due to the immaturity of
the preterm gut.

There is a surprising lack of evidence that this standard
approach is satisfactory, and some indirect evidence that
it is not very effective, particularly with regard to the pro-
tein status of the infant. Measurements of serum albumin
of term infants, but not those of preterms, increase in the
first 2 months of life (Table 21.5). Measurements of total
protein are stable in term babies, but decline in preterms,
even in those who are apparently healthy (Table 21.5). Clin-
ical experience demonstrates that the rates of weight gain of
preterms are slower after birth than in utero, particularly in
the last trimester. Unfortunately, other than weight gain, no
simple ways to monitor nutritional status have been devel-
oped for standardized use. Preterm infants remain smaller
compared with their term-born peers for years into child-
hood, an effect which increases with decreasing gestational
age at birth. Most preterm babies at hospital discharge are
smaller, more edematous, and appear to have less “baby
fat” than term newborns, despite the fact that they are at
term postconceptual age.

The reasons for these disparities have not been
addressed. One possible contributing factor is the high
caloric concentrations of glucose and fat, with relatively low
protein content, used in parenteral nutrition. Parenteral
nutrition has customarily been tailored to simulate the
nutrient needs of the term infant or adult and to avoid
metabolic abnormalities such as hyperglycemia, hyperam-
monemia, and uremia. In contrast, the placental transfer
of nutrients to the fetus consists mostly of glucose and
protein.

In summary, despite considerable advances in both
enteral and parenteral nutrition, the preterm baby at term
postconceptual age often weighs less and may look mal-

nourished compared with the term newborn. The long-
term effects of these frequently observed, but poorly docu-
mented, differences are unknown. Further studies are
needed to improve the nutritional assessment and protein
status of the preterm infant.

Conclusion

There are a variety of methods for determining digestibility
of proteins for use in infant nutrition. Most of these meth-
ods are based upon animal (rat) models. Infant require-
ments for amino acids have gradually been determined to
include almost all the amino acids, and nobody really pro-
motes feeding proteins that only include “essential” amino
acids. Infants have immature metabolic pathways that fur-
ther emphasize their special amino acid requirements.
Infants respond to their protein nutrition with changes in
their plasma milieu that are specific to the proteins being
fed. The net result of all these observations is that human
milk provides the optimal protein nutrition for the healthy
term neonate (and with some modifications for the preterm
infant). Alterations in the amino acid milieu of the infant
may have implications for the brain development of the
infant39 in much the same way that it has been proposed
that long chain polyunsaturated fatty acids (docosahex-
aenoic and arachidonic acids) may be responsible for the
cognitive advantages that have been noted in human milk-
fed compared with formula-fed infants.
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59 Järvenpää A.-L., Räihä, N. C. R., Rassin, D. K., Gaull, G. E.

Milk protein quantity and quality in the term infant. I.

Metabolic responses and effects on growth. Pediatrics 1982;70:

214–20.
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Enteral carbohydrate assimilation
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Introduction

Glucose is an important, if not the sole, source of energy
metabolism in the fed state for brain and other nervous tis-
sue, red blood cells, renal medulla, and retina.1–4 Assimila-
tion of diet-derived glucose is necessary to provide glucose
per se for these tissues, to serve as a source of nonpro-
tein energy, and to stimulate normal rates of insulin secre-
tion required to adequately suppress protein degradation
and excessive lipolysis, and to stimulate protein synthesis.
Carbohydrate contributes approximately 40% of the energy
intake in infants ingesting human milk or cow milk-based
formulas, and lactose provides perhaps the sole source of
diet-derived glucose in human milk5,6 and about 50% of
the diet-derived glucose in preterm formulas.

Dietary carbohydrate is assimilated via the intestine and
colon in humans of all ages, but in the preterm newborn
or young infant with defective function of the small intes-
tine, bacterial fermentation of dietary carbohydrate is an
especially quantitatively important metabolic pathway for
enteral carbohydrate assimilation. This process may have
both beneficial and adverse effects on the infant.7 Fig-
ure 22.1 summarizes carbohydrate assimilation by the gut.
Lactose, like other dietary sugars fed to newborn infants
(such as glucose polymer), is digested in the small intes-
tine but also may undergo some fermentation in the colon.
Glucose and galactose, derived from lactose digestion,
are absorbed in the small intestine, enter the portal vein,
and then undergo uptake by the liver, where galactose is
almost quantitatively removed by the combined processes
of conversion to glucose or incorporation into glycogen.
Human milk oligosaccharides are depicted in Figure 22.1
because human milk is an important source of nutrition for

both preterm and term infants. As discussed below, these
oligosaccharides are almost entirely fermented in the colon
(in a similar fashion as a fraction of dietary starch and some
chemical forms of fiber in older infants and children). Short
chain fatty acids (SCFA) produced via bacterial fermenta-
tion are almost entirely absorbed in the colon and then are
metabolized by the colonic mucosa to a lesser (e.g., acetic
acid) or greater extent (e.g., butyric acid). SCFA then enter
the liver where further metabolism occurs.

Besides its overall role as a source of glucose and
energy, carbohydrate may have a number of impor-
tant biological effects of possible clinical significance:
function of the intestine and colon via the stimulatory
effects of SCFA on cell proliferation and ion absorption;8,9

insulin secretion with its associated effects on urinary
sodium excretion (inhibits natriuresis) and metabolism
and growth;10–16 peripheral deiodination of thyroxine
to triiodothyronine;17–19 metabolic response to growth
hormone;20 calcium absorption;21–28 respiratory quotient
(RQ, the relative proportion of CO2 generated per mole of
ATP produced or oxygen consumed).29

Glucose metabolism

Glucose metabolism will be discussed in much more detail
elsewhere in this book and has been reviewed by the
author elsewhere.5 However, certain principles of glucose
metabolism are relevant to further consideration of the bio-
logical relevance of bacterial fermentation of carbohydrate
since SCFA, such as acetate or butyrate, probably cannot
be converted, in a net sense, to glucose, although there
is some evidence of a biochemical pathway for this.30,31
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Figure 22.1. Graphemic summary of carbohydrate assimilation by the gut.

It has been estimated that the neonatal brain consumes
about 11.5 g glucose kg−1 day−1.32,33 In human milk and
preterm infant formulas, there is approximately 9–11 g car-
bohydrate per 100 kcal. At an energy intake of 120 kcal kg−1

day−1, this “requirement” for glucose would be minimally
satisfied by 100% absorption of the glucose or galactose
derived from lactose or from the glucose polymers present
in infant formulas,5,32 but if a substantial fraction of dietary
carbohydrate were fermented in the colon to SCFA, there
could be effects on the fuel consumption of the brain.
Apart from ketone metabolism by the brain, some of the
potential deficit in the “glucose requirement” of the brain
could be met by endogenous glucose production, which
has been estimated to range from about 7 g kg−1 day−1 in
term infants to 11–13 g kg−1 day−1 in preterm infants.5,32–44

However, while temporarily stored glycogen can provide
this endogenous glucose, under chronic conditions of both
marginal metabolizable glucose intake (i.e., defective car-
bohydrate digestion in the intestine) and incomplete adap-
tation to starvation, these body glucose needs would be

met by gluconeogenesis from amino acids, with its atten-
dant effects on protein accretion. Therefore, in theory, brain
glucose metabolism, protein accretion, and growth could
be affected in those infants who manifest defective diges-
tion of lactose.45–47 Thus, an understanding of how enteral
carbohydrates are assimilated by the gut is important not
only to the “health” of the intestine and colon7,9 but also to
the overall nutritional status and wellbeing of the infant.

Carbohydrates in human milk and preterm
infant formulas

In human milk, lactose is probably the sole carbohydrate
providing metabolizable glucose, but recent studies sug-
gest that human milk also contains oligosaccharides that
are formed from the addition of monosaccharides (such
as fucose and galactose) to lactose.48,49 The concentration
of these oligosaccharides ranges from about 2.0 g dL−1 in
colostrum to 1.6 g dL−1 at 90 days of age.32,49 The lactose
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content of mature human milk has been reported as 6.8 g
dL−1 or 9.1 g per 100 kcal (0.022 g kJ−1)50 and 7.4 g dL−1.51

The calculated values for carbohydrate concentration of
preterm milk are 6.99 g dL−1 after a 26–31 week gestation
and 6.24 g dL−1 after 32–36 weeks’ gestation.52 Lactose con-
centration in term human milk is about 7.37 g dL−1.51 Term
formulas may contain 100% of the carbohydrate as lactose
or none. In most preterm infant formulas, lactose and glu-
cose polymers each constitute approximately 50% of the
carbohydrate content, and the total carbohydrate concen-
tration is about 8.7 g dL−1 in the concentrated form of the
formulas (i.e., 0.8 kcal mL−1). The glucose polymers of these
formulas are mostly medium length (approximately five
glucose units) and are prepared from partially hydrolyzed
cornstarch.53

Fetal development of carbohydrate digestion
and absorption

Lactose is hydrolyzed in the small intestine by β-
galactosidase (lactase) present on the brush border at the
villus tip. Sucrase-isomaltase, present both at the midvil-
lus zone and at its tip, hydrolyses sucrose and maltose
(disaccharide of two glucose molecules released during
glucose polymer digestion).8 Starch or glucose polymers
can be digested by salivary and pancreatic amylase, α-
amylase present in human milk, and by intestinal mucosal
hydrolases.8 Intestinal sucrase-isomaltase and maltase
activities rise slowly from 10–26 weeks, and then rise more
rapidly; by 34 weeks, the activities are 70% those of term
infants.54 Intestinal lactase is detectable as early as 12 weeks
but accumulates more slowly so that by 34 weeks, the activ-
ities are only 30% those of term infants, and by 35–38 weeks,
70% those of term infants.54 The presence of amylase in fetal
pancreas is controversial.8,55–57

There are not much data on monosaccharide absorption
in the fetus.8 In the human fetus, glucose transport is more
developed in the jejunum than in the ileum, and it appears
that the capacity for jejunum transport of glucose is present
at 10 weeks and increases substantially from 10 weeks to
16–19 weeks. The time when glucose transport reaches
“term” levels is not clear.8,58,59

Post-natal development of capacity to digest and
absorb carbohydrates

Digestion of starch and glucose oligosaccharides

As noted above, human milk contains oligosacchar-
ides.32,49 Hydrogen is produced by gut bacteria during
fermentation of carbohydrate; this hydrogen is partially

absorbed and excreted in the breath and has been used
as an index of how much carbohydrate is fermented in
the colon.7,45 Comparisons have been made of breath H2

concentration during feeding with human milk oligosac-
charides and lactulose (a disaccharide of galactose and
fructose that cannot be digested by mammalian enzymes
and is quantitatively fermented). Based on these studies, it
appears that these oligosaccharides also are quantitatively
fermented and not digested in the small intestine.6 These
results might explain why human milk-fed term infants
manifest elevated breath H2 concentrations.60

Starch is not often fed to newborn infants, except in situ-
ations where cornstarch is used to maintain blood glucose
concentrations in infants with glucose-6-phosphatase defi-
ciency or fatty acid oxidation disorders or where cereal is
used to thicken formulas of infants with gastroesophageal
reflux. However, polymers of glucose are often fed to new-
born term and preterm infants as constituents of com-
mercial formulas. The number of glucose molecules in
such polymers is variable but usually about 6–10. Pan-
creatic amylase does not appear to contribute substan-
tially to starch or glucose polymer digestion in newborn
infants. Rather, glucose polymer digestion is effected by
salivary amylase and mucosal glucoamylases and sucrase-
α-dextrinase (sucrase-isomaltase).8,53,61–63 The blood glu-
cose and insulin responses of preterm infants fed test
doses of glucose polymers were similar to those of term
infants.53 Using a duodenum/proximal jejunum perfusion
technique, Shulman et al.64 compared the absorption of
lactose and glucose polymers in preterm infants. Disap-
pearance of glucose polymers from the lumen (presumably
absorption) correlated with postnatal age.

Clinical responses to lactose in preterm infants: growth
and feeding tolerance

As indicated above, there is evidence for low lactase activity
in the fetus and, by implication, in preterm infants.54,65–67

Certain types of data, reviewed below, favor the concept
that postnatally, preterm infants acquire a relatively effi-
cient capacity to hydrolyze lactose in the small intestine
(e.g., ≥ 80% digested at that site) at an apparently ear-
lier developmental stage than in utero. Preterm infants
(< 32 weeks’ gestation) ingesting human milk or for-
mulas containing lactose as the sole carbohydrate do
seem to thrive, excrete in the feces only minimal energy
derived from lactose, and generally do not exhibit osmotic
diarrhea.64,68,69 In several small studies comparing formu-
las that were 100% lactose to 50% lactose/50% glucose poly-
mer, we did observe slight differences, albeit statistically
nonsignificant, in the ratio between rate of weight gain
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and energy intake (apparently lower in the 100% lactose
group).47

One study has suggested that elimination of lactose from
formula ameliorates feeding intolerance.46 These inves-
tigators carried out a prospective, randomized double-
masked controlled trial in 306 preterm infants. This trial
was a comparison of two whey-predominant, cow-protein
formulas that differed in the type of carbohydrate. The
carbohydrate in the control formula was 41% lactose and
59% corn syrup solids whereas the carbohydrate in the
experimental formula (“low lactose formula”) was 35.1%
maltose, 64% corn syrup solids, and less than 1% lac-
tose. The infants were studied on one of these formulas
for an average of 4 weeks (J. W. Hansen, Personal Com-
munication). The intention-to-treat groups and treatment-
received groups were distinguished by the fact that despite
assignment to one of the two formulas, the former also
received some human milk feeding or only human milk. In
both the intention-to-treat and treatment-received groups,
markedly reducing (effectively eliminating) the lactose
from the formula resulted in trends of increased weight
gain and formula intake and a reduction in the average
gastric residuals (mL day−1) as well as the number of days
to reach full enteral feedings (“115 kcal kg−1 day−1”), but
none of these individual outcome variables were statisti-
cally significant between formula groups. However, using
the multivariate, rank sum test to analyze all these outcome
variables (as well as some additional variables), there was a
statistically significant improvement in “feeding outcome”
in the infants receiving the low lactose formula. Shulman
et al.70 also found that the time to full enteral feedings was
inversely correlated with lactase activity measured using
an indirect method. We have speculated71 that impaired
motility in the esophagus, stomach, and small intestine
(and impaired tolerance of ingested volume of feedings) in
preterm infants might be mediated by the hormone, pep-
tide YY (PYY) secreted by cells in the distal ileum and colon
in response to undigested sugar, SCFA, fat, and protein.72–75

It is difficult to balance the clinical significance of the
multivariate statistic reported by Griffin and Hansen46

against the many years of successful feeding of preterm
infants using human milk or cow-milk formulas containing
lactose.

Lactose digestion and fermentation

Controversy exists in the literature over the extent to which
lactose fed to preterm infants is hydrolyzed to glucose and
galactose (digestion) or is fermented. Data on lactose diges-
tion in the preterm infant is derived from studies based on
measurements of blood glucose concentration (“tolerance

tests”), breath H2 concentration, studies of the disappear-
ance of perfused lactose from the small intestinal lumen,
measurements of the relative rates of appearance of glucose
and lactose-derived glucose into the peripheral circula-
tion (stable isotope studies), and assessment of the relative
amount of lactulose v. lactose in the urine. Lactose toler-
ance tests in preterm infants indicate that blood glucose
concentration rises equally after meals containing lactose,
glucose, and glucose polymers.76–78 While it is impossible
to determine without a tracer to what extent compensatory
increased hepatic output can maintain blood glucose con-
centration during such tolerance tests, the results do sug-
gest that glucose is either absorbed or produced in response
to the lactose-containing meal. On the other hand, one
study comparing “added lactose” to “added sucrose” for-
mulas did show a relative increase in the incidence of
diarrhea and metabolic acidosis during the first week of
life with the former type of formula.79 Moreover, stud-
ies of breath H2 concentration support the view that lac-
tose is not efficiently hydrolyzed in the small intestine in
the preterm infant and instead reaches the colon where it
undergoes extensive fermentation.68,80,81 Breath H2 con-
centration also correlates with lactose intake in preterm
infants.68,81 These findings are consistent with the hypoth-
esis that a significant proportion of dietary lactose reaches
the colon in the preterm infant.63,68,81 The broad range of
estimates of the percent of dietary lactose not hydrolyzed
and reaching the colon, 66–100% (assuming adult colon
absorption rates of H2)81 or 12–19% (based on actual meas-
urements of absorption in six infants)82 lead one to ques-
tion the biological relevance of high breath H2 concentra-
tion in preterm infants as an index of the capacity for lactose
hydrolysis.

Intestinal perfusion with unlabeled lactose allows one
to estimate “absorption” in the classical sense: disap-
pearance from the lumen. Using this technique, Shulman
et al.64 found that absorption of lactose was less efficient
than absorption of glucose polymers. However, fetal lac-
tase activity, although fairly uniformly distributed along the
small intestine, is lower in the duodenum where these per-
fusion studies were carried out.65,66 Moreover these stud-
ies are indirect and measure what is left in the intestine.
If there were any small intestinal fermentation of lactose,
lactose disappearances would not equate exactly to diges-
tion. In preterm infants who develop necrotizing ente-
rocolitis, H2 is found within the intestinal wall, imply-
ing that fermentation can occur in the small intestinal
lumen.9

We have developed a stable isotope method that can
assess directly the relative appearance rate into the
lumen of labeled glucose from lactose and glucose tracers
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respectively.83 Thus, this method allows for the first time
a direct measurement of lactose digestion. In the initial
application of the method,83 we reported the fraction of
lactose digested in five preterm infants. In four of five
infants, lactose digestion was approximately 100% and was
80% in one infant. However, in all infants interval meas-
urements of breath H2 concentration suggested signifi-
cant carbohydrate fermentation in the colon which raised
the question about whether glucose and/or galactose
malabsorption was the explanation for the fermentation
activity. In a larger study of infants >32 weeks postcon-
ceptional age,45 we found that lactose digestion aver-
aged 73%. In four infants, less than 80% of lactose was
digested.

Lactulose quantitatively reaches the colon, where a small
percentage is absorbed intact and excreted in the urine.84

The excretion of this compound in the urine is thought
to be a marker for the nonspecific absorption of carbohy-
drate in the colon. Lactose reaching the colon also may be
absorbed intact.85,86 Thus, measurements of the ratio of
urine lactose to lactulose in preterm infants fed both su-
gars in a constant ratio are thought to provide insight into
how much lactose escapes intestinal digestion; such stud-
ies suggest that intestinal lactase activity is adequate to fully
digest dietary lactose shortly after birth.84

Intestinal absorption of monosaccharides

Glucose absorption capacity in preterm infants is about
three-fourths that in term infants and seems to increase
during the first 3 weeks of life but then declines some-
what after that.8,59 Glucose and galactose derived from
lactose and glucose derived from sucrose or glucose poly-
mer are absorbed via the same specific transporter. The
absorption of glucose by preterm infants has been exam-
ined using a perfusion technique.87 There was a positive
correlation between the maximum rate of absorption and
both the gestational age at birth and the postnatal age of
the infants at the time of study. The rate of glucose absorp-
tion was not correlated with the mL kg−1 day−1 of the feed-
ing that the infants were receiving. However, interestingly,
at the same glucose infusion rate, glucose absorption was
greater when the concentration of glucose in the infusate
was lower.87 This observation would seem to have relevance
to the debate that clinicians have had for years over whether
formula tolerance is better when the formulas are given as
higher volume, lower strength feedings or as lower volume,
full strength feedings. This study also suggested that intra-
partum steroids given to the mother appeared to enhance
glucose absorption.

Special aspects of dietary carbohydrate
assimilation: calcium absorption, colonic
fermentation, and role of galactose

Calcium absorption

Data from studies in rats, which cannot digest lactose,
suggest that lactose promotes calcium absorption.25 The
promoting effect of sugars on calcium absorption in the
jejunum may be related to the process of sugar absorp-
tion and thus water absorption, resulting in an increase
in calcium concentration at the site of its absorption.26

In lactose-tolerant normal healthy adults, lactose, when
administered as an aqueous solution, has been found to
have a positive effect25 or no effect on calcium absorption88

(determined, respectively, using a dual radiolabeled cal-
cium technique or a stable strontium loading test). How-
ever, in healthy, young adults, characterized as lactase
deficient based on breath H2 testing, the administra-
tion of lactose in an aqueous solution reduced calcium
absorption,25 whereas lactose administered as a milk for-
mula increased calcium absorption in similar subjects.24

As with data from studies in adults, the data in term
human newborns also are conflicting with respect to the
effect of lactose on calcium absorption. In term infants fed
soy formula and studied during the first few months of life,
Ziegler and Fomon21 found that lactose promoted calcium
absorption. However, the mean calcium intake was signifi-
cantly higher and fecal excretion of calcium only “some-
what less” (61 ± 30 v. 66 ± 25 mg kg−1 day−1, mean ±
SD) in the infants fed formula containing lactose than in
the infants fed formula containing sucrose and cornstarch
hydrolysate. Moya et al.27 also showed improvement (20%)
in fractional calcium absorption in term infants when lac-
tose, as opposed to glucose polymers, was the source of car-
bohydrate in a cow-milk formula. In a similar, later study
designed apparently to evaluate a new lactose-free formula,
Moya et al.89 did not observe a significant effect of lactose
on calcium absorption. Although in this later study, cal-
cium retention was actually greater on the lactose-free for-
mula, this difference was ascribed by the authors to the
higher calcium concentration of the lactose-free formula
(and thus higher calcium intake). Based on stable calcium
isotope studies, calcium absorption was higher in preterm
infants fed glucose polymers than with a similar amount
of lactose.28 Calcium absorption correlated positively with
water and carbohydrate absorption, but the authors did
not indicate whether lactose impaired calcium absorption
in those infants who may have had relatively more effi-
cient lactose absorption (i.e., equivalent to glucose polymer
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absorption). In this study, the authors used a catheter
perfusion technique and only measured calcium absorp-
tion in the proximal intestine; the absorption in the distal
gut was not quantified. During fetal life, lactase activity is
higher in the jejunum than in the duodenum.65,66 More-
over, lactose affects calcium absorption by the non vita-
min D-dependent, paracellular uptake process, which is
thought to be facilitated by unhydrolyzed lactose and to
occur throughout the small intestine, especially distal to
the duodenum.88 Wirth et al.22 found no effect on mineral
absorption of increasing the lactose content of a “standard”
preterm infant formula (from 50% to 100%).

Possible clinical significance of carbohydrate
fermentation

As noted above, all dietary carbohydrate is not digested
in the small intestine and thus is fermented in the colon,
where some of the constituent energy can be retrieved or
“salvaged” via the avid absorption of SCFA.7 The absorption
of SCFA appears to be necessary for normal absorption of
sodium and water by the colon, and the removal of unab-
sorbed carbohydrates by fermentation also decreases the
osmolarity in the colon lumen, which then facilitates net
water absorption.90 Among the SCFA produced during fer-
mentation are acetate, propionate, and butyrate. The latter
two are removed almost quantitatively from the circulation
via combined, sequential uptake by the colon and liver.91–94

SCFA in the colon have trophic effects on the small intes-
tine via an apparent neural pathway.95 Butyric acid has a
potential special role in the colon as a preferential sub-
strate for colonocytes.96 In adults, diversion of the fecal
stream from a segment of colon markedly reduces fermen-
tation and thus SCFA production in the segment, which
tends to undergo a process of chronic, intractable inflam-
mation and mucosal atrophy. This condition in humans
can be treated with instillation of SCFA into the diverted
segment.97 Obviously, one could argue that lactose mal-
absorption or the ingestion of nondigestible oligosac-
charides in human milk serves a beneficial, “fiber-like”
function for preterm infants undergoing rapid intestinal
and colonic development. However, butyric acid also has
pro-inflammatory effects when rapidly infused into the
rumen,98 and high luminal concentrations of acetate can
lead to local irritant effects and even ulceration of the
colon.99 It has been suggested that butyric acid may be a fac-
tor in the etiology of necrotizing enterocolitis.100,101 Further
concern about the possibility that fermentation of carbohy-
drate could be linked etiologically to necrotizing enterocol-
itis comes from studies suggesting that rapid feeding and

elevation of breath H2 may be a risk factor for necrotizing
enterocolitis.9 Indeed, pneumatosis intestinalis is funda-
mentally a condition in which H2 cannot escape the intesti-
nal mucosa because of intestinal ischemia.9 The presence
of H2 in the small intestinal bowel wall implies that fermen-
tation is occurring in the small intestine, possibly because
of motility defects that also could relate to ischemia or
inflammation per se. This raises the suspicion that fermen-
tation does not cause necrotizing enterocolitis primarily
but that ischemia in the small intestine or colon may be
correlated with fermentation activity. Human milk feeding
to term neonates tends to stimulate colonization of the gut
with bifidobacteria species and suppresses colonization by
clostridia, one of the proposed causes for both experimen-
tal necrotizing enterocolitis and increased butyric acid pro-
duction rates.100,102 Thus, it is possible that feeding human
milk, with its high lactose concentration compared with
preterm infant formulas, represents a special case where
lactose malabsorption could play a lesser role in causing
gut toxicity or inflammation. This also would be consistent
with the notion that human milk, which contains mostly
lactose as the carbohydrate source, lessens, not increases,
the risk of necrotizing enterocolitis.103

Galactose

Galactose represents 50% of the monosaccharide present
in lactose and thus is an important energy source in milk
and an important metabolite of small intestinal digestion
of lactose. Except for the inborn error, galactosemia, lit-
tle research emphasis has been given to this important
nutrient.104 One can speculate that galactose may have
an essential role in the synthesis of glycoproteins.104 After
digestion of lactose by lactase, glucose and galactose are
readily absorbed by the same carrier mechanism.105 The
fate of galactose in the enterocyte is not entirely under-
stood, but it is assumed that more than 90% of the absorbed
glucose and galactose reach the portal vein.105 The sys-
temic concentration of galactose in normal infants is gen-
erally quite low (< 30 mg L−1), and the liver removes most
of the dietary galactose on first pass principally by con-
verting it to glucose or glycogen.105–109 Galactose may not
directly stimulate insulin secretion, but through conver-
sion to glucose and via stimulation of the secretion of gas-
tric inhibitory peptide by enterally administered galactose,
feeding this sugar may ultimately result in some insulin
secretion, although the response may be slightly less than
that for glucose.105,106,110,111 Experimental galactose feed-
ing, compared with glucose, seems to result in a preferential
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utilization of galactose for glycogen synthesis.105,108–111

Also, a 50% substitution of galactose for glucose in a par-
enteral infusion in preterm infants resulted in a lower
blood glucose concentration, the elimination of glucosuria,
and prompted an increase in the carbohydrate infusion
rate.105,112 Thus, it is possible that galactose administration
as a component of lactose could have theoretical, com-
parative advantages, relative to glucose polymer feeding
in terms of suppression of hepatic output of glucose, con-
trol of hyperglycemia, and increased glycogen synthesis.
However, it is unclear whether less insulin secretion would
necessarily be advantageous (and it is not clear that this
would be a definite outcome).
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Fats are vital for normal growth and development, and are
the main energy source of the newborn infant. In addition
to providing 40%–50% of the total calories in human milk or
formula, fats are an integral part of all cell membranes, pro-
vide fatty acids necessary for brain development, and are
the sole vehicle for fat-soluble vitamins and hormones in
milk.1 Furthermore, these energy-rich lipids can be stored
in the body in nearly unlimited amounts, in contrast to the
limited storage capacity for carbohydrates and proteins.
Before birth, glucose is the major energy source for the
fetus, with the fetal requirement for fatty acids supplied
mainly as free fatty acids from the maternal circulation.
After birth, fat is supplied chiefly in the form of milk or
formula triglycerides.2

Lipids are nonpolar or amphipathic substances that are
insoluble in aqueous media (Figure 23.1). Absorption of
fat permits the efficient assimilation of a great number
of hydrophobic (fat-soluble) chemicals, some beneficial
(such as the fat-soluble vitamins) and some detrimental
(such as hydrophobic xenobiotics, drugs, and food addi-
tives).3

Major lipids in infant nutrition

The major lipid classes are glycerides, phospholipids,
sterols (cholesterol), and free fatty acids (Figure 23.1).

Glycerides are nonphosphorus-containing lipids that
result from the esterification of glycerol and fatty acids (Fig-
ure 23.1). Triglycerides (neutral fat) are the most abundant
lipids in animal tissue and serve as an important energy
source. In triglycerides all three of the carbon molecules
of glycerol are esterified with fatty acids. Monoglycerides

and diglycerides are compounds resulting from ester links
between glycerol and one or two fatty acids, respectively.

Phospholipids, phosphorus-containing lipid com-
pounds, may be subdivided into three classes: deriva-
tives of glycerol-3-phosphate (phosphatidyl choline,
phosphatidyl ethanolamine, phosphatidyl serine, and
phosphatidyl inositol), sphingosine, and the glycolipids.
Phospholipids are found as structural components of
all biologic membranes. They are important in oxidative
phosphorylation, in transport across cell membranes,
in electron transport reactions and intracellular signal-
ing. They are also the main components of pulmonary
surfactant.

Sterols are alcohols with the cyclopentanoperhy-
drophenanthrene skeletal structure. The principal sterol is
cholesterol, the parent compound of the steroids, including
the adrenocortical, ovarian, and testicular hormones. The
bile acids, degradative products of cholesterol, are impor-
tant in gastrointestinal absorptive processes.

Fatty acids of animal origin are usually unbranched,
monocarboxylic acids containing an even number of car-
bon atoms, varying from 2 to 24 in chain length. The fatty
acid chains may be either saturated or unsaturated (Table
23.1). Most biologically important fatty acids are esterified
with glycerol; a small portion is linked with other com-
pounds or is free. The functions of the lipid classes dis-
cussed are summarized in Table 23.2.

Fat composition of human milk

Mature human milk has a 2.5%–4.5% fat content. The fat
in milk is contained within membrane-enclosed milk fat

Neonatal Nutrition and Metabolism. Second Edition, ed. P. Thureen and W. Hay. Published by Cambridge University Press.
C© Cambridge University Press 2006.
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Table 23.1. Structure of fatty acids11

Descriptive

name

Systematic

name

Carbon

atoms

Double

bonds

Position of double

bonds

Fatty acid

class

Acetic – 2 0 – –

Butyric – 4 0 – –

Caproic Hexanoic 6 0 – –

Caprylic Octanoic 8 0 – –

Capric Decanoic 10 0 – –

Lauric Dodecanoic 12 0 – –

Myristic Tetradecanoic 14 0 – –

Palmitic Hexadecanoic 16 0 – –

Palmitoleic Hexadecaenoic 16 1 9 n-7

Stearic Octadecanoic 18 0 – –

Oleic Octadecaenoic 18 1 9 n-9

Linoleic Octadecadienoic 18 2 9, 12 n-6

Linolenic Octadecatrienoic 18 3 9, 12, 15 n-3

Linolenic Octadecatrienoic 18 3 6, 9, 12 n-6

Homolinolenic Eicosatrienoic 20 3 8, 11, 14 n-6

Arachidonic Eicosatetraenoic 20 4 5, 8, 11, 14 n-6

EPA Eicosapentaenoic 20 5 5, 8, 11, 14, 17 n-3

DHA Docosahexaenoic 22 6 4, 7, 10, 12, 19, 21 n-3
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Figure 23.1. Principal dietary lipid components.94
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Table 23.2. Function of lipids in mammals1

Lipid class Function

Glycerides Fatty acid storage, metabolic

intermediates

Phospholipids

sterols

Membrane structure, lung

surfactant

Cholesterol Membrane and lipoprotein

structure

Precursors of steroid hormones

Degradation products are bile salts

important in fat digestion and

absorption

Cholesteryl ester Storage and transport

Fatty acids Major energy source

Components of most lipids

Precursors of prostaglandins

Essential for normal brain and

retina development

Table 23.3. Composition of human milk fat4a

Glycerides 3.0–4.5 g−1 dL

Triglycerides 98.7%b Major component of

the core of milk fat globules

Monoglycerides 0

Diglycerides 0.01%

Free fatty acids 0.08%

Cholesterol 10–15 mg−1 dL. Major

component of milk fat

globules

Phospholipids 10–15 mg−1 dL. Major

component of milk fat

globules

Sphingomyelin 37%b

Phosphatidylcholine 28%

Phosphatidylserine 9%

Phosphatidylinositol 6%

Phosphatidylethanolamine 19%

a Mature milk from mothers of term infants.
b Percent in lipid class.

globules.4 The core of the globules consists of triglycerides
(98%–99% of total milk fat); the globule membrane is com-
posed mainly of phospholipids, cholesterol, and proteins
(Table 23.3). The packaging of triglyceride within the core of
the globules permits the dispersion of these nonpolar lipids
in the aqueous environment of milk and also protects them
from hydrolysis by milk lipases.5,6

Milk fat content and composition change during
lactation.7 These changes are most pronounced during

early lactation (colostrum), and again during weaning.
Mature milk, however, maintains a constant fat compo-
sition.

Total fat content increases gradually from colostrum
(2.0%) to mature milk (3.5%–4.5%).7 Cholesterol content
is highest in colostrum and decreases to lower levels in
mature milk, it is distributed as 87% free cholesterol and
13% cholesteryl ester (see Table 23.3). Phospholipids show
a similar decrease from high levels in colostrum to lower
levels in mature milk. The decline in phospholipid and
cholesterol levels agrees well with an increase in the fat
globule size, and thus, a decrease in the amount of mem-
brane lipids (containing about 60% of milk phospholipid
and 85% of milk cholesterol).8

Over 98% of the fat in human milk is present in 11 major
fatty acids from C10:0 to C22:6n3 (Table 23.4). Saturated
fatty acids constitute 42%, and unsaturated fatty acids
57% of total lipid in human milk. Essential fatty acid con-
tents are higher in colostrum than in mature milk.7 Long-
chain polyunsaturated fatty acids derived from linoleic acid
(20:2n6, 20:3, 20:4, 22:5n6) and from linolenic acid (20:5,
22:5n3, 22:6n3) show a similar decrease throughout lacta-
tion (Table 23.5). The level of these fatty acids is significantly
higher in colostrum and milk of mothers of preterm infants
than mothers of full-term infants.7,9

Differences between human milk and formula fat

The major differences between the fat in human milk and in
infant formulas are absence of long-chain polyenoic fatty
acids greater than C18 in formulas and the presence of only
traces of cholesterol as compared with an average amount
of 10–16 mg dL−1 cholesterol in human milk. Because of
possible benefits to growth and visual and cognitive func-
tion, arachidonic acid (AA, C20:4n6) and docosahexaenoic
acid (DHA, C22:6n3) are now added to term and preterm
formulas in many countries.10

Although milk AA concentrations are relatively constant
and do not seem to vary widely with maternal nutrition,
milk DHA levels show great variety among populations,
being lowest in countries with a relatively high meat intake
(i.e., USA), and highest where most animal foods are pro-
vided as fish (Far East, Nigeria, Canadian Inuits) (Table
23.6).11

While formulas deliver a constant amount of fat to the
infant during each feed, there are marked variations in fat
content of human milk, fat concentrations being lowest in
fore milk and gradually increasing to highest levels in hind
milk. In addition, fat content rises during the day, early
morning milk having the lowest fat content.
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Table 23.4. Fatty acid composition (%) of human milk7

Fatty

acid Structure

VPT

26–30 weeks

PT

31–36 weeks

T

37–40 weeks

Capric 10:0 1.37+0.17 1.27+0.18 0.97+0.28

Lauric 12:0 7.47+0.72 6.55+0.77 4.46+1.17

Myristic 14:0 8.41+0.83 7.55+0.89 5.68+1.36

15:0 0.23+0.04 0.27+0.05 0.31+0.07

Palmitic 16:0 20.13+1.40 23.16+1.49 22.20+2.28

Palmitoleic 16:1 2.56+1.40 2.92+0.26 3.83+0.39

17:0 0.34+0.22 0.60+0.24 0.49+0.36

Stearic 18:0 7.24+1.13 7.25+1.21 7.68+1.85

Oleic 18:1 33.41+1.67 33.74+1.79 35.51+2.73

Linoleic 18:2 15.75+1.22 13.83+1.20 15.58+1.99

Linolenic 18:3 0.76+0.13 0.76+0.14 1.03+0.21

20:0 0.17+0.07 0.09+0.08 0.32+0.11

20:2 0.35+0.13 0.33+0.13 0.18+0.20

Homolinolenic 20:3 0.51+0.09 0.43+0.10 0.53+0.15

Arachidonic 20:4 0.55+0.18 0.58+0.19 0.60+0.29

20:5 0.04+0.05

21:0 0.05+0.07 0.07+0.08 0.17+0.12

22:4 0.13+0.10 0.24+0.11 0.07+0.16

22:5n6 0.11+0.05 0.04+0.05 0.03+0.08

EPA 22:5n3 0.42+0.09 0.12+0.10 0.11+0.15

DHA 22:6n3 0.24+0.09 0.21+0.09 0.23+0.14

VPT, very preterm; PT, preterm; T, term; milk was collected at 6 weeks of lactation. Data are means

+ SEM.

Table 23.5. Effect of length of lactation on DHA and AA in human milk11

Lactation

Bitmam

(1983)

Boersma

(1991)

Spear

(1992)

Spear

(1992)

Luukkainen

(1994)

Henderson

(1996)

Docosahexaenoic acid

Colostrum 0.31 1.10 0.34 0.32 0.44

1–3 weeks 0.88 0.20 0.38

1–3 months 0.18 0.56 0.15 0.25 0.20

6 months 0.18 0.08

12 months 0.08

Arachidonic acid

Colostrum 0.78 1.60 0.84 1.20 0.60

1–3 weeks 0.84 0.76 0.46

1–3 months 0.57 0.54 0.52 0.40 0.54

6 months 0.28 0.43

12 months 0.39

Data are percent of milk fatty acids. The number of subjects in each study varied from 2–31.

Table references can be located in the source reference.11
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Table 23.6. DHA and AA in mature human milk: geographic

variations11

Country Authors

Year of

publica-

tion DHA% AA%

USA Putnam et al. 1982 0.10 0.60

Dodson et al. 1992 0.16 0.53

Bitman et al. 1983 0.18 0.57

Tomarelli 1988 0.25 0.46

Jackson et al. 1994 0.21 0.71

Hungary Sas et al. 1986 0.10 0.50

Germany Koletzko et al. 1988 0.22 0.36

Harzer et al. 1983 0.16 0.39

Sweden Jansson et al. 1981 0.30 0.40

England Hall 1979 0.29 0.19

Sanders et al. 1978 0.59 0.54

Spain Villacampa et al. 1982 0.30 0.57

de la Presa-Owens

et al.

1996 0.34 0.50

de Lucchi et al. 1988 0.40 0 80

South Africa van der

Westhuyzen et al.

1988 0.20 0.60

Tanzania Muskiet et al. 1987 0.27 0.60

Gambia Prentiss et al. 1989 0.39 0.31

Nigeria Koletzko et al. 1991 0.93 0.82

St. Lucia Boersma et al. 1991 0.56 0.58

China Kneebone et al. 1985 0.71 0.64

Malaysia Kneebone et al. 1985 0.90 0.47

India Kneebone et al. 1985 0.90 0.57

Canada Inuit Innis et al. 1988 1.40 0.60

Three–forty subjects per study. Milk collected 0.5–8 months after

delivery.

Data are percent of total milk fatty acids. DHA, docosahexaenoic

acid; AA, arachidonic acid.

Table references can be located in the source reference.11

Minerals, trace elements, and enzymes associated with the
cream fraction of milk have similar diurnal variations.

In contrast to the changes in fat concentration, the fat
composition of mature human milk is remarkably con-
stant. Only drastic changes in the diet, such as consump-
tion of excessively large amounts of polyunsaturated fats,
or carbohydrates, or severe limitations of total food intake,
result in the increase of linoleic acid, medium-chain fatty
acids, and palmitic acid, respectively.12 Recent studies show
that the amounts of trans fatty acids (geometric isomers
of cis fatty acids, formed during partial hydrogenation of
fat) rises markedly in milk of women who consume large
amounts of hydrogenated fats.13,14 The greatest increase
in milk trans fatty acids occurred in women who were

Table 23.7. Factors that affect milk fat content and

composition24

Variable Change

Gestation LC-PUFA higher in preterma and transitional

milk

Lactation Phospholipid, cholesterol higher in colostrum

(preterm > term) LC-PUFA decrease during

lactation (3 mo–1 y) in term milk, but remain

constant in preterm milk for 6 months

Parity P10 +: lower endogenous synthesis of FA

(C6–C16)

Volume Low milk fat concentration associated with

high volume

Feed Fat: fore < mid < hind milk

Diet

High CHO

intake

Increase in endogenous synthesis of FA(C6–C16)

Low caloric

intake

Increase in palmitic acid (C16)

High

margarine

Increase in trans FA

Pregnancy

weight gain

Positively associated with milk fat content

a Preterm, term refer to milk or colostrum of women who delivered

prematurely or at term. LC-PUFA, long chain polyunsaturated fatty

acids; FA, fatty acids; CHO, carbohydrate.

losing weight and consuming hydrogenated fat.14 From
these data it appears that trans fatty acids from the
diet and from the mother’s fat depots contribute to milk
trans fatty acids. Parity has been reported to affect mam-
mary gland de novo synthesis of medium chain fatty
acids (Table 23.7).15

Milk fat composition is also markedly affected by mater-
nal diseases16 such as cystic fibrosis,17 diabetes18 and
hyperlipemia.19

Fat digestion

More than 95% of dietary fat (including that in human milk
and infant formula) is triglyceride (Figure 23.1, Table 23.3).
For efficient fat digestion, the infant depends on mech-
anisms that are different from the adult. Fat absorption,
however, seems to be very efficient even in premature
infants. Because much progress has been made recently
in our understanding of the enzymes responsible for fat
digestion20 in the newborn,21,22 this aspect will be dis-
cussed in greater detail than the topic of fat absorption.
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Table 23.8. Lipases in the newborn and their contribution to fat digestion24

Lipase Site of action Cofactors Substrate Contribution

Gastric lipase Stomach None Triglyceride Moderate to higha

Pancreas

Colipase-dependent lipase (CDL) Intestine

duodenum

Colipase Bile

salts

Triglyceride

phospholipids Low

Carboxylester lipase (CEL) Intestine

duodenum

Bile salts Triglyceride, other

esters

Unknown to highb

Pancreatic lipase related proteins (PLRP1

and PRLP2)

Intestine

?

Phospholipids,

triglyceride Unknown

Milk bile salt dependent lipase (BSDL) Intestine Bile salts Triglyceride >

other esters

Moderate to highc

a Activity level depends on species; b High in rat, shark (activity in humans unknown); c Moderate in human and carnivores,

high in ferrets.

Luminal phase

Fat digestion requires adequate lipase activity and bile salt
concentrations, the former for the breakdown of trigly-
cerides and the latter for emulsification of fat prior to and
during lipolysis.3 The significant lipases for fat digestion are
listed in Table 23.8. Fat digestion begins in the stomach with
the action of lingual or gastric lipase.21,23 Further digestion
takes place in the small intestine through the action of pan-
creatic lipase and, in the breast-fed infant, of milk bile salt
dependent lipase (BSDL) (Table 23.8).24

The stomach

Initial hydrolysis of fat in the stomach leads to the formation
of partial glycerides and free fatty acids.25 This critical step
is necessary for efficient fat absorption in the adult with
adequate pancreatic function.25 In the newborn and espe-
cially the preterm infant, pancreatic lipase and intraduo-
denal bile acid concentrations (the major components of
intestinal fat digestion) are low.26 Therefore, efficient fat
absorption in the newborn depends on alternate mecha-
nisms for the digestion of dietary fat.

Of special importance is intragastric lipolysis in which
lingual and gastric lipases compensate for low pancreatic
lipase (Table 23.8). In addition, the products of intragas-
tric lipolysis (fatty acids and monoglycerides) compensate
for low bile salt concentrations by emulsifying the lipid
mixture.27

The digestion of fat starts in the stomach. It is catalyzed
by three enzymes of similar structure and characteristics,
but depending upon the species of different origin.21,25

The enzymes originate either in the lingual serous glands

(lingual lipase), the glossoepiglottic area (pre-gastric
esterase), or the gastric mucosa (gastric lipase).

Rat lingual lipase28 and human gastric lipase,29 have been
cloned and expressed in Escherichia coli or yeast. They are
glycoproteins of an approximate molecular weight of 52
kD and consist of 377 and 379 kD amino acid residues
and an un-glycosylated molecular weight of 42.56 kD and
43.16 kD for lingual and gastric lipase, respectively.28,29

The amino acid sequence of the two enzymes has an
overall homology of 78%.30,31 De-glycosylation does not
reduce catalytic activity; however, the terminal tetrapep-
tide, in particular lysine-4, is essential for enzyme binding
to the lipid-water interface.32 Rabbit and human gastric
lipases have been crystallized recently.30 Low pH opti-
mum (2.5–6.5), absence of requirements for specific cofac-
tors or bile salts, and stability to pepsin enables these
enzymes to act in the stomach, and in certain diseases
associated with pancreatic insufficiency (cystic fibrosis
and chronic alcoholism)21,23,25,32,33 also in the intestine
(Table 23.8).

Substrate selectivity is relevant to specific aspects of
neonatal digestion. Fatty acid and site selectivity (that is,
position of the fatty acid on the triglyceride molecule)
of gastric lipase result in release of the fatty acids at the
Sn3 position.34 Long-chain polyunsaturated fatty acids of
milk are located mainly at this position and are efficiently
released by gastric lipase. Similar location of medium-
chain fatty acids (MCFA) in milk fat leads also to their prefer-
ential release in the stomach34 an observation that started
the erroneous belief that gastric lipase is specific for MCFA.
This site specificity indicates that fatty acids essential for
infant development such as LC-PUFA, necessary for brain
and retinal development (DHA, C22:6n3) and infant growth
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(AA, C20:4n6) as well as MCFA, an easily available energy
source, are preferentially released.

In vitro studies that simulate the gastric milieu have
shown strong product inhibition that limits lipolysis to
10–20%,21,25,35,36 however, in vivo studies that have actu-
ally measured the extent of lipolysis show that this process
is extensive.35–38

The extent of gastric digestion of fat has been stud-
ied most extensively with mother’s milk as the substrate.
Depending upon species, fat digestion in the stomach can
account for 25%–60% of total lipid digestion.37–39 In the
infant, although gastric function and expression of gastric
lipase are unaffected by diet, the extent of fat digestion is
significantly greater in preterm infants fed mother’s milk
(25%) than formula (14%).40 This difference is probably due
to the structural differences in substrate presentation, that
is, triglyceride within the milk fat globules or within for-
mula fat particles. Indeed, recent studies show that during
the hydrolysis of lipid emulsions by purified human gastric
lipase, free fatty acid-rich clusters are formed at the surface
of the lipid droplets.35 Colocalization of gastric lipase with
free fatty acids within these clusters indicates that the lipase
is bound to fatty acids and perhaps trapped within these
fatty acid-rich particles that are generated during lipolysis
at the droplet interface, thereby preventing further hydro-
lysis of the substrate.37

The accessibility of triglyceride, the main energy source
of the newborn, to the other lipases that affect lipid diges-
tion, has been examined. Earlier in vitro studies have
shown that pancreatic colipase-dependent lipase cannot
penetrate into milk fat globules and therefore is unable
to hydrolyze the core triglyceride.38,39 These studies have
also shown that gastric lipase38 and lingual lipase39 can
hydrolyze the triglyceride within milk fat globules. Access
to the core triglyceride is probably facilitated by the
hydrophobic nature of lingual and gastric lipases, as well
as by the fact that these enzymes do not hydrolyze the
acyl bond of phospholipids,21,25 or cholesteryl ester25 major
components of the milk fat globule membrane.41

More recently, it became apparent that the milk bile
salt-dependent lipase is also unable to penetrate into
milk fat globules and that its activity in the hydrolysis of
milk fat depends upon initial partial hydrolysis by gas-
tric lipase.34,42 One can conclude that the phospholipid-
protein membrane of milk fat globules is not an obsta-
cle to the action of pre-duodenal lipases. Phospholipids
are a major barrier to triglyceride hydrolysis by milk bile
salt-dependent lipases,42 and a mixture of proteins and
phospholipids prevents triglyceride hydrolysis by pancre-
atic colipase-dependent lipase.38,43,44 Indeed, the hydro-
lysis of milk fat globule triglyceride by either of these

enzymes depends upon the initial predigestion by gastric
lipase.34,38,39

Recent electron microscopy studies of milk fat globules
at the end of 50 minutes of gastric digestion in infants show
that the globules maintain their initial shape, and that the
products of lipolysis are contained within the particles.40

Similar milk fat globule-contained lipolysis products were
previously reported during in vitro incubation of milk fat
globules with lingual lipase and visualization by phase con-
trast or freeze-etching techniques.45 The free fatty acids and
monoglycerides produced are more polar than the glob-
ule core triglyceride and migrate to the polar membrane.
At this site, they might destabilize the membrane, which
facilitates its breakdown in the intestine and subsequent
action by pancreatic and milk lipases. Breaking of the milk
fat globule membrane is also aided by bile salts, even at very
low concentrations.46 Thus, contrary to the minimal con-
tribution of the stomach to protein digestion, the stomach
is essential to fat digestion not only because (depending on
the species) 30%–60% of milk fat is digested at this site in the
newborn, but also because partial hydrolysis in the stom-
ach is a prerequisite for the subsequent intestinal digestion
of fat. Furthermore, recent studies show that lipase activity
and output in preterm infants is equal to that of healthy
adults kept on a high fat diet (23 ± 5 v. 23 ± 3 U kg−1 body
weight, respectively) and is higher than in adults consu-
ming a low fat diet (5.2 ± 1.3 U kg−1).47 The regulation of
gastric lipase expression by dietary fat47 combined with
the high fat consumption in infancy might explain the high
gastric lipase activity even in very preterm infants. Gas-
tric lipolysis might also be of considerable importance dur-
ing the transition from total parenteral nutrition (TPN) to
gavage feeding because, contrary to intestinal and pan-
creatic digestive enzymes whose activity decreases during
TPN,48,49 gastric lipase activity is unaffected by mode of
feeding.50

The ontogeny of gastric lipase has been studied by
quantifying enzyme activity in gastric aspirates taken at
birth in infants of gestational age 25–40 weeks51 and more
recently in gastric explants from 10–20 weeks gestation
fetuses.52

In gastric aspirates, lipase activity is high already at 25
weeks gestation; activity remains constant up to 34 weeks,
when it increases about 40% above the prior level and
decreases again slightly before term delivery.51 In fetal gas-
tric explants, lipase expression is evident at 10–13 weeks
gestation and the adult distribution (that is, mainly in the
body, with only traces of activity in the antrum) is estab-
lished at 15 weeks’ gestation. Contrary to pepsin, the secre-
tion mechanism of lipase seems well developed at this
time.52
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Table 23.9. Function of preduodenal lipolysis in infants23

Gastric lipolysis of milk fat is extensive, i.e. 30%–60%

Penetration into milk fat globules and initial lipolysis is a

prerequisite for hydrolysis by pancreatic lipase and milk bile

salt-dependent lipase

Long-chain polyunsaturated fatty acids located at the sn-3

position of milk triglyceride are preferentially released in the

stomach

Medium-chained fatty acids released in the stomach are

absorbed through the gastric mucosa

Gastric lipase activity, contrary to that of pancreatic lipase, is fully

retained during prolonged total parenteral nutrition

Gastric lipolysis is a significant compensatory mechanism for low

pancreatic and hepatic function

There are marked differences in the ontogeny of the two
main enzymes secreted by the gastric mucosa. Although
in the human pepsin and gastric lipase are located at the
same site, in the chief cells of the gastric mucosa,53 the
enzymes do not develop in parallel fashion. Thus, whereas
pepsin activity and output are much lower in infants40 than
in adults,47 gastric lipase activity and output are equal in
infants and adults.40,47

A recent survey of the ontogeny of pepsin and lipase in the
ferret, a species very similar to the human in its digestion
of fat (gastric lipase is the principal preduodenal lipase,27

pancreatic lipase activity is low in the newborn, and milk
bile salt dependent lipase (BSDL) is high in the jill’s (female
ferret) milk),54,55 shows a similar nonparallel development
of gastric proteolytic and lipolytic enzymes. Indeed, in the
newborn pepsin amounts to only 0.3% of adult activity, as
compared with 20% for gastric lipase.56 Furthermore, at the
end of the nursing period (4 weeks of age) pepsin amounts
to only 30% of adult activity, whereas lipase is at a level
higher than in the adult (153%).56 A similar picture is seen
in the human, where at 4 weeks of age pepsin amounts
to only 18% of adult activity, but lipase activity is equal
to the adult. The function of gastric lipolysis in infants is
summarized in Table 23.9.

The intestine

Several lipases can participate in the intestinal digestion
of dietary fat: pancreatic colipase-dependent lipase (CDL),
carboxyl ester lipase (CEL), and in the breast-fed infant,
milk BSDL. The latter two lipases are identical and are
expressed in the pancreas (CEL) and in the mammary gland
(BSDL). We will describe briefly the characteristics of CDL
and will discuss BSDL (identical to CEL) in greater detail
(Table 23.8).

Numerous investigators have reported the very slow
development of CDL in the newborn,57,58 and have sug-
gested that the efficient digestion of fat is probably accom-
plished by other lipases.25 The “classical” CDL has a molec-
ular weight of 48 kD, is glycosylated, has a serine at the
catalytic site, and has a signal peptide that comprises the
first 16 amino acids.59 The preferred substrates of CDL are
emulsions of triglycerides or insoluble micelles.59,60 Water-
soluble esters are hydrolyzed at much lower rates. Colipase-
dependent lipase is inhibited by bile salts in concentra-
tions found in the duodenum. This inhibition is reversed
by pancreatic colipase, a 10-kD, 86-amino acid protein that
is secreted as procolipase and is activated to colipase by
trypsin through the cleavage of a pentapeptide activation
peptide.61 Pancreatic lipase (which has no activation pep-
tide) activity might be regulated by the balance between
colipase and procolipase.59 The three-dimensional struc-
ture of pancreatic lipase has been determined and shows
the presence of two domains: an amino terminal domain
(residues 1–335) containing the active site, and a carboxyl-
terminal domain (336–449).62 Procolipase binds to the C-
terminal domain of the lipase.62 Lipase activity is regulated
by a “lid,” a surface helix covering the catalytic triad that
moves, and thereby changes the hydrophobicity around the
active site. This explains the interfacial activation of pan-
creatic lipase: that is, the increase in activity in the pres-
ence of a water-lipid interface. Site-specific mutagenesis
has recently been used to clarify further the function of
colipase. These studies have established that colipase has
a function in lipolysis in addition to anchoring lipase to
an interface: namely, to stabilize the lid domain of lipases
in the open conformation, thereby facilitating lipolysis.63

Pancreatic lipase has lower activity on triglycerides con-
taining LC-PUFA probably because of the proximity of the
double bond to the carboxyl end of the fatty acid,64,65 but
is still able to hydrolyze menhaden oil, rich in LC-PUFA.66

There is a six-fold difference between the best (oleic acid)
and worst (docosahexaenoic acid) substrates.

Lower lipase activity, as compared with trypsin activity
in small-for-gestational age (SGA) than in appropriate-for-
gestational age (AGA) premature infants,62 suggests that
pancreatic lipase might be more susceptible to nutrient
deprivation in utero than are proteolytic enzymes.

In contrast to gastric and lingual lipase, expression of
pancreatic lipase and phospholipase A2 is not detected in
the early stages of gestation. Enzyme activity is < 0.02%
of the adult level at 20 weeks and 20% at birth, in associ-
ation with a low level of lipase mRNA.70 The reason for this
low level of pancreatic lipase at birth is not known. One
possibility is that, at this age, pancreatic acinar cells may
lack the receptors for ligands that affect lipase synthesis.71
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Figure 23.2. Developmental patterns of pancreatic lipase (A),

PLRP1 (B), PLRP2 (C), and colipase (D) mRNA in the rat. Data are

average of 2–3 separate determinations.70

For example, in infants <1 month old, the pancreas does
not respond to secretin,72 a hormone that stimulates lipase
synthesis.

Another lipase, the carboxylester lipase (CEL), a 100kD
glycoprotein, amounts to 4% of total protein in adult pan-
creatic juice.73 As indicated above, this lipase is identical to
the milk BSDL.

In contrast to pancreatic lipase, CEL develops early and
the CEL gene is detected as early as 6 weeks of gestation
in the human fetus,74 however, little is known about the
contribution of CEL to digestion in the newborn. It is pro-
posed that its main function might be the hydrolysis of
fat-soluble vitamins and cholesterol esters75 and possibly
of triglycerides in the newborn.

CEL is well represented among other species: it is the only
pancreatic lipase in the shark76 and is the main pancreatic
lipase in the suckling rat,77 before the development of CDL.

The pancreas also secretes a group of pancreatic lipase-
related proteins (PLRP1 and PLRP2),78 whose characteris-
tics differ from those of CDL by exhibiting high phospholi-
pase activity, absence of interfacial activation and absence
of colipase effect in maintaining activity at high bile salt
concentrations.78 These pancreatic lipase-related proteins
are under investigation in the human,78 as well as in sev-
eral animal species.79–81 There is high homology between
PLRP1 and PLRP2 and still remarkable but somewhat lower
homology between these pancreatic proteins and CDL.
Because of their high phospholipase activity and inhibi-
tion by bile salts (that cannot be overcome by colipase),
it has recently been suggested that they function mainly
as phospholipases.81 The potential role of these additional
members of the lipase gene family, especially PLRP1, which
is present in high amounts only during the suckling period,
in neonatal fat digestion is currently unknown.

Although the similarities between these proteins and
CDL (25% and 68% amino acid identity with CDL) suggest
that the three proteins are related, the differences prove that
the proteins are encoded by different genes of the growing
lipase gene family.81 There are differences among PLRPs
of different species.81 Thus, the inactivation by bile salts
and procolipase dependence of rat PLRP2 are in contrast
to the properties reported for human and mouse PLRP2.81

Rat PLRP1 has little activity against triolein, and could
act on other substrates, possibly phospholipids, choles-
terol esters, or vitamin esters.82 Mutations in the 178–181
domain have recently been shown to convert PLRP1 to an
active form, possibly through conformational changes in
the lid domain resulting in access of fat to the active site
of the enzyme.71 There are also marked developmental
differences between PLRP1 and PLRP2 (Figure 23.2). Rat
PLRP1 and PLRP2 mRNA is abundant before birth, con-
trary to rat CDL mRNA. Pancreatic lipase-related protein
1 mRNA, however, remains high until weaning, whereas
PLRP2 mRNA decreases sharply after birth.82 Payne et al.
suggest that the genes for the rat PLRPs are under differ-
ent regulatory controls during development than is the
rat CDL gene. Procolipase mRNA differs from that of CDL
mRNA; the former is present during fetal and neonatal
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development contrary to the absence of the latter until the
weaning period (Figure 23.2).82 PLRP1 and 2 may be impor-
tant in the digestion of colostrum and milk in the absence
of CDL.82 Whereas a substrate has not yet been identified
for PLRP1, the activity of PLRP1 against triglycerides, phos-
pholipids, and galactolipids suggests that it could be impor-
tant in the hydrolysis of milk fat globules, which contain
a phospholipid-rich membrane in addition to the trigly-
ceride core.82 The tight association of PLRP2 and the pan-
creatic zymogen granule,83 suggests it may also be active in
the release of zymogen granule contents.

There is indirect evidence that the milk bile salt-
dependent lipase (BSDL) improves fat absorption in the
newborn,84,85 and a greater body of evidence gathered
from in vitro studies that the enzyme remains active
in the infant’s gastrointestinal tract85–88 and, therefore,
might contribute significantly to fat digestion. Milk lipoly-
tic activity was discovered early89 and has been extensively
studied.88,90

Great progress has been made recently in our under-
standing of this enzyme’s origin, structure, enzymology,
species distribution, and possible function. The enzyme is
identical to carboxylester hydrolase, a pancreatic enzyme
of wide species distribution that is involved in the intesti-
nal absorption of dietary cholesteryl esters and fat-soluble
vitamins.91,19 In human and carnivore species this enzyme
is also expressed in the mammary gland.54,55 The BSDL
cDNA sequence has been cloned from several species,90

human, rat, cow, rabbit, salmon, and mouse. In all species
except mouse and human the BSDL cDNA has been cloned
from pancreas only. The enzyme has recently been cloned
from ferret lactating mammary gland.93 The characteriza-
tion of this enzyme as distinct from lipoprotein lipase (an
enzyme present in the milk of many species, but with no
function in the process of fat digestion),94 first in human95

and then in gorilla96 milk, led to the assumption that this
enzyme is a “newcomer” present only in the milk of high
primates.97

In mature human milk BSDL activity is higher than in
colostrum,98 and is present in prepartum mammary secre-
tions collected during the last 2 months of pregnancy as
well.99 Other milk enzymes, including lipoprotein lipase,
appear first only during the colostral phase.99

There is good evidence that BSDL may be a constitutive
enzyme of the mammary gland because it is independent
of milk volume, activity being similar before the onset of
lactation99 and during weaning. This assumption is also
supported by the high concentration of this lipase protein
(1% of total milk protein) in human and carnivore milk.54,100

Although activity varies among women, it seems to remain
constant within each woman,98 a characteristic shared

with the other milk digestive enzyme, amylase.101 During
the first 3 months of lactation, activity levels are similar
irrespective of length of gestation,98 although it has been
reported that in the initial colostrum stage lipase activity is
higher in the milk of mothers of premature infants.102

Recent studies have elucidated the gene organization
and expression of BSDL.90,93 The amino acid sequence of
the N-terminal domain is highly conserved among species
and the C-terminal tail of 11 amino acid residues is also well
conserved. There is, however, great variability for repeated
sequence units of 11 amino acids rich in proline, glutamic
acid, serine, and threonine, from none in salmon to 39 in
gorilla. While these repeats do not affect BSDL activity, they
are responsible for the marked differences in molecular
weight among species.54,90

Enzyme characteristics are identical in milk from moth-
ers of preterm and full-term infants.103 Activity in milk
is constant and does not change diurnally or within a
feeding.54 Bile salt-dependent lipase activity is also remark-
ably stable during prolonged storage (1–2 years) at either
−20 ◦C or −70 ◦C105 and during short-term storage (at
least 24 hours) at higher temperatures (15–38 ◦C).106

Thus, banked human milk stored frozen maintains its fat-
digesting capacity for long periods, as does the milk of
working women or of mothers of sick or LBW infants who
might have to keep the milk at suboptimal conditions for
short periods after collection and during transport.

Bile salt-dependent lipase acts at a pH optimum of 7.5–
9.0 and has an absolute dependence on primary bile salts.98

Thus, the enzyme’s action is limited to the intestine, where
it continues the digestive process started in the stomach by
gastric lipase. Indeed, as discussed earlier in this chapter,
partial digestion by gastric lipase is a prerequisite for the
subsequent hydrolysis of milk fat by BSDL.34,35

Bile salt-dependent lipase has no positional or fatty
acid specificity and, therefore, can catalyze the com-
plete hydrolysis of milk triglyceride. This is an important
aspect of this enzyme’s function, because neither gas-
tric nor pancreatic lipase completely hydrolyzes trigly-
cerides; the former produces mainly diglycerides, and the
latter monoglycerides.24 It is of great physiologic impor-
tance that BSDL hydrolyzes diglyceride (the product of gas-
tric lipolysis) at higher rates than triglyceride,107 whereas
monoglyceride (the product of intestinal lipolysis by pan-
creatic lipase) hydrolysis does not require the presence
of bile salts.108 The lipolysis product of BSDL, free fatty
acids, is more readily absorbed than monoglycerides24 at
the low-bile salt concentrations found in the newborn.109

Indeed, fat absorption in breast-fed, contrary to formula-
fed infants, is not correlated with bile salt levels.109 The low
substrate specificity of milk lipase is probably the reason
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for hydrolysis of retinyl palmitate.110 Recent studies indi-
cate an even broader spectrum for BSDL.71 Amidase activity
against lipoyl 4-amidobenzoate is not bile salt dependent,
but is enhanced by some (trihydroxy) bile salts. Ceramidase
activity, as well as hydrolysis of galactolipids, has also been
reported.

The high extent of intragastric lipolysis indicates that
the combined action of gastric lipase and BSDL could
accomplish the process of milk fat digestion in the pres-
ence of very little or even in the absence of pancreatic
lipase.23,25 There may be distinct advantages for the new-
born in having digestion at this stage depend mainly on
gastric and milk lipases. Pancreatic lipase release of LC-
PUFA, especially docosahexaenoic acid (22:6n3), is inef-
ficient because of the proximity of the double bond to the
carboxyl group, which interferes with the hydrolytic activity
of this enzyme.64–66 As discussed previously, gastric lipase
readily releases these fatty acids from milk lipids,34,35 as
does BSDL.111 The sequential release of fatty acids from
milk triglyceride as well as the complete hydrolysis of the
triglyceride molecule, catalyzed only by BSDL, probably
explain the excellent fat absorption in breast-fed preterm
infants (Table 23.9).44

Data are conflicting with regard to the effect of mater-
nal nutrition on the activity of BSDL. Although an earlier
study reported similar activity levels in the milk of well-
nourished and undernourished women,112 two later stud-
ies indicate that the milk of malnourished women has lower
digestive lipase levels113,114 which decrease by 80–90% dur-
ing the first 4 months of lactation,114 contrary to the con-
stant activity levels in the milk of well-nourished women,114

even after prolonged lactation.22 This low lipase activity
could adversely affect infants in undernourished areas or
during periods of malnutrition. Not only would mother’s
milk provide insufficient digestive lipase, which might be
needed even more than during normal conditions because
of the malnutrition-induced decrease in pancreatic diges-
tive function, but it could also affect the infant’s resistance
to infection, since free fatty acids and monoglycerides (the
products of fat digestion) have anti-infective properties.115

Fat absorption

Fat absorption seems to be well developed in the newborn20

since premature infants fed human milk or formula absorb
95 and 93% of dietary fat, respectively.44 The topic of fat
absorption is actively investigated, and although there are
still many questions, recent research has added much to our
understanding of this complex function.116–120 The main
steps involved are: solubilization of fat during digestion by
bile salts, uptake of the free fatty acids through the brush

border membrane (BBM), transport within the enterocyte,
re-esterification into triglyceride or phospholipid, incor-
poration into chylomicrons and release from the entero-
cyte through the lymphatics into the circulation. Short and
some medium chain fatty acids are taken up as free fatty
acids (bound to albumin) into the liver through the portal
vein.

Bile acids are synthesized from cholesterol in the liver
and secreted within bile into the intestine. In the termi-
nal ileum, the luminal bile acids are actively reabsorbed by
enterocytes and are returned to the liver via the portal cir-
culation. This process, known as the enterohepatic circula-
tion, is the major factor in the maintenance of the bile acid
pool.121 Both components of this mechanism, synthesis in
the liver25 and uptake in the ileum122 are not well developed
at birth, especially in premature infants. Furthermore, the
Na+ dependent ileal BBM bile acid transport,123 appears
only during weaning in the rat ileum and is absent during
the period of high fat intake associated with suckling.124

In the adult, micellar solubilization of LCFA by bile salt
increases their luminal concentration 100–1000-fold.116

FA uptake at the brush border membrane

The unstirred water-layer in the immediate proximity of
the brush border membrane (BBM) has a lower pH than the
intestinal lumen.116,119,120 This acid microclimate, specific
to enterocytes, is the result of trapping of hydrogen ions in
the glycoprotein network of mucus and BBM glycocalyx,
and the presence of Na+/H+ exchangers in the BBM. This
acidic environment reduces FA solubility in micelles caus-
ing their release at the BBM. The efficiency of FA uptake by
the enterocytes is dependent upon this acid microclimate.
Indeed, inactivation of the Na+/H+ exchanger by amyl-
oride markedly decreases oleic acid uptake by rat jejunal
sheets or rabbit BBM vesicles.125 The LCFA cross the entero-
cyte membrane by two mechanisms, passive diffusion and
protein-mediated transport.118,119,126,127 While the quan-
titative aspects of these two mechanisms are not known,
the high capacity, low-affinity of the former ensure that FA
uptake is not rate limiting for intestinal fat absorption.119

Four membrane lipid binding proteins (LPB) provide a low-
capacity, high-affinity fatty acid uptake mechanism, prob-
ably most important when intestinal lipid levels are low.119

The main characteristics of the four plasma membrane
LPBs are listed in Table 23.10.

Transport of FA within the enterocyte is facilitated by
two 14–15 kDa cytosolic fatty acid binding proteins I-
FABP and L-FABP found in the intestine only, or in both
liver and intestine, respectively.128,129 Their expression in
the intestine and physiologic characteristics are listed in



Enteral lipid digestion and absorption 361

Table 23.10. Plasma membrane lipid-binding proteins (LBP) expressed in the small intestine

LBP Structure Tissue expression Ligand(s) Biochemical characteristics

FABPpm/AspAT

fatty acid-binding

protein

43-kDa peripheral

protein, associated with

plasma membrane

Small intestine, adipose

tissue, muscles, liver,

placenta

LCFA, LPC, CS Plasma membrane isoform of the

mitochondrial aspartate

aminotransferase (AspAT)

Caveolin-l 22-kDa integral plasma

membrane protein

Small intestine, adipose

tissue, heart

LCFA,CS Marker of caveolae. Putative

interaction with various signaling

molecules

FAT/CD 36 Fatty

acid Translocase

53- to 88-kDa

transmembrane protein

Small intestine, adipose

tissue, skeletal muscle,

heart

LCFA Highly glycosylated, found caveolae,

putative palmitoylation,

homo/heterodimerization, and

association with Src-kinases

FATP1 Fatty acid

transport protein

63-kDa multimembrane-

spanning protein

Small intestine, adipose

tissue, skeletal muscle,

heart

LCFA Acts in coordination with ACS,

contains a sequence of ATP binding

LCFA, long-chain fatty acids; LPC, lysophosphatidyl-choline; CS, cholesterol; ACS, acyl-CoA synthetase.

Cited with permission from Besnard, P. and Niot, I., Ref. 119.

Figure 23.3. Their main functions are desorption of LCFA
from the plasma membrane, facilitation of intracellu-
lar diffusion, FA targeting to the TG synthesis pathway
(I-FABP) or the phospholipid pathway (L-FABP), and pro-
tection against the cytotoxic effects of free fatty acids.119

Polymorphism in the I-FABP gene such as one base sub-
stitution causing substitution of Ala54 by Thr54 leads to a
2-fold higher affinity for LCFA (112) and greater TG synthe-
sis that result in higher plasma TG levels, insulin resistance,
and an increase in body mass index.119,130

Re-esterification of FA and release of
TG-rich lipoproteins

The first step in the cellular metabolism of LCFA is their
activation to acyl-CoA by acyl-CoA synthetase (ACS).131

ACS are expressed in many organ cells, but little is known
about their regulation.119 Acyl CoAs are transported by a
specific 100 kDa, 86 amino acid binding protein (ACBP),
with FA-binding affinity proportional to FA chain length,
C14–22, but unrelated to number of double bonds.119,132,133

This protein, which is highly conserved in nature, is prob-
ably involved in the control of lipid metabolism.119,132 Re-
esterification takes place in the endoplasmic reticulum to
triglyceride, phospholipid or cholesterylester. The newly
synthesized triglyceride is transferred to the cysternae of
the endoplasmic reticulum by the microsomal triglyceride
transfer protein (MTP)134 for incorporation into chylomi-
crons (Figure 23.4).

MTP, a heterodimer, consisting of a 55 kDa multifunc-
tional protein domain and a 97 kDa protein domain which
provides the lipid transfer activity of the heterodimer, plays

a critical role in the assembly and secretion of apo B-
containing lipoproteins (chylomicrons and VLDL). Muta-
tions in the gene encoding for the 97 kDa unit lead
to absence of functional MTP in the duodenum and
abetalipoproteinemia.135 Indeed, bulk transfer of trigly-
ceride into the lumen of the endoplasmic reticulum is
impaired in MTP knock-out mice.136

Transport of TG-rich particles out of the endoplasmic
reticulum to the Golgi apparatus and interstitium is facili-
tated by acquisition of apo B.137 Chylomicrons are released
through the basolateral enterocyte membrane into the
lacteals and from there into the blood. Apoprotein 48 mRNA
appears at 10 weeks gestation and reaches a level of 80% by
the end of the second trimester of gestation.138

In the enterocyte, there are two major mechanisms of
fatty acids re-esterification, both of which ultimately yield
chylomicrons, the monoglyceride and the phosphatidic
acid pathway. The former is of primary importance in
dietary fat absorption, while the latter gives rise to either
triglyceride or phospholipid. The monoglyceride pathway,
associated primarily with the smooth endoplasmic retic-
ulum is the major mechanism for postprandial trigly-
ceride synthesis within the enterocyte.139 The phospha-
tidic acid pathway, on the other hand, is active when
2-monoglyceride is unavailable, i.e., during fasting, and
is confirmed largely to the rough endoplasmic reticulum
membranes.

While as much as 70% of absorbed fat is transported to
the blood through the lymph, short and medium chain
fatty acids are absorbed mainly through the portal vein,
unless they are esterified at the Sn2 position of the glyc-
erol molecule.140 C4 and C6 fatty acids are not absorbed



362 M. Hamosh

2

1.5

1

0.5

0

m
R

N
A

 /1
B

S
 r

R
N

A

1 2 3 4 5 6 7 8 9 10

duodenum jejunum ileum

Intestinal segments

2

1.5

1

0.5

m
R

N
A

 /1
8S

 r
R

N
A

1 2 3 4 5 6 7 8 9 10

duodenum jejunum ileum

Intestinal segments

2
high affinity
low affinity

16:0 18:0 18:1,n-9 18:2,n-6 18:3,n-3 20:4,n-6

L-FABP

I-FABP
500

400

300

200

100

0

(K
d
: n

m
o

l/L
)

D
is

so
ci

at
io

n
 c

o
n

st
an

t

Long-chain fatty acids

High-affinity binding sites

FABP

Characteristics

I-FABP

Small intestine

L-FABP

Liver and small intestineLocalization

Intestinal mRNA
distribution

Number of binding sites

Binding affinity

Binding specificity

Main regulators

LCFA

Fibrates

LCFA,
Heme, bile acids, acyl CoA,

eicosanoids, carcinogens, xenobiotics

LCFA, fibrates, retinoic acid

1

0

Figure 23.3. Main differences in the distribution, regulation, and binding characteristics of the two fatty acid binding proteins (FABP)

expressed in the small intestine. I-FABP: intestinal fatty acid binding protein; L-FABP: liver fatty acid binding protein; LCFA: long chain

fatty acids.119 Cited with permission from Besnard, P. and Niot, I., Ref. 119.

through the lymphatic route, whereas C8, 10, and 12 were
recovered in lymph triglycerides in 20%, 60%, and 100%
yield, respectively.141

The possibility of TG hydrolysis within the enterocyte
before transport out of the cell has been suggested142

because TG particles accumulated in the intestine dur-
ing fat absorption appeared to be too large for secretion
as chylomicrons. The recent reports of lipases within liver

microsomal membranes143 and Caco-2 cells144 suggests
that such restructuring of triglyceride might occur in the
intestine.145

The topic of chylomicron assembly has been reviewed
recently.146 Apo B-48 synthesized in the intestine is smaller
(48%) than apo B-100 synthesized in the liver. Very low
density lipoproteins (VLDL) contain one molecule of apo
B-100, whereas chylomicrons (large particles 1–6 mm in
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diameter) may contain two or more apo B-48 molecules.145

Intestinal VLDL structure and composition is identical to
that of chylomicrons, except that they are smaller. VLDL
and chylomicrons acquire additional apoproteins (AI, CII,
CIII0, CIII3, A-IV, and E) from plasma lipoproteins. Apo B
is nontransferable. Apo B-48, a translational product of the
apo B gene is essential for the assembly of chylomicrons.
Its synthesis is regulated by biliary lipids and not dietary
triglyceride, whereas synthesis rate correlates with micro-
somal triglyceride content.145 During active TG absorption,
the enterocyte increases the size, but not the number of
chylomicrons.147
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Introduction

As the field of neonatal intensive care began to emerge
in the mid-1960s, efforts were made to save prematurely
born babies that were previously thought to be nonviable.
Many of these infants were considered to be “too unsta-
ble” to feed. They were provided neither enteral feedings
nor intravenous glucose, essentially being starved for sev-
eral days after birth.1,2 Some investigators recognized that
this caused catabolism with subsequent endogenous tissue
breakdown and introduced the practice of providing intra-
venous glucose to sick premature infants, which unsurpris-
ingly reduced catabolism and improved survival.3 Although
we have made progress in the past 40 years, the practice of
withholding enteral support to sick infants remains preva-
lent. The provision of parenteral support with lipids, amino
acids, vitamins, minerals, and trace elements likewise, is
frequently delayed and/or interrupted for poorly substan-
tiated reasons. As a result, most of these infants experience
a significant delay in the growth they would have attained
in utero (Figure 24.1).4 Although many of these individuals
catch up in somatic growth to their nonpremature peers
over a period of years, it should be recognized that opti-
mum nutrition for the rapidly developing neonate should
be aimed at goals beyond simply improved weight gain.
The short- and long-term effects of undernutrition during a
critical window of susceptibility to several illnesses, as well
as the potential for poor neurodevelopment, should not
be underestimated.5,6 Furthermore, poor nutrition during
these critical periods could result in chronic health prob-
lems, many of which may be more devastating than those
seen with in utero growth retardation.7

What is the reason behind our slow progress in provi-
ding nutritional support to critically ill very low birth weight
(VLBW) infants? In the 1970s, along with the aggressive sup-
port measures provided to increase survival in premature
infants, previously rare diseases began to emerge. The most
prominent of these, which led to the practice of withholding
enteral nutrition, is necrotizing enterocolitis (NEC). Prior
to the development of modern neonatology, this disease
was quite rare. Currently, NEC is the most common serious
gastrointestinal problem in the neonate and affects approx-
imately 5%–10% of VLBW neonates.8 Because enteral feed-
ing has been associated with the pathogenesis of NEC, the
avoidance of gastrointestinal feedings for prolonged peri-
ods, occasionally several weeks after birth, became a preva-
lent practice. Table 24.1 lists some common “excuses” often
given to not provide nutrients by the enteral route because
they could predispose to NEC. Although these are all based
on credible theoretical considerations, prevention of NEC
by avoiding the enteral route completely based on these
factors is supported by neither epidemiological nor experi-
mental studies.

On the other hand, over the past two decades, evi-
dence has emerged in animal models and humans
that a lack of nutrients in the intestinal lumen results
in detrimental effects. These include mucosal atrophy,
digestive-absorptive dysfunction, immune deficits, and
exacerbation of inflammatory responses that may result
in pathology to organs outside the gastrointestinal tract.
In addition to their requirement for growth, most of these
infants are critically ill. They are at high risk for lung
damage, sepsis, neurological injury, and several other
pathologic entities associated with inflammation. The

Neonatal Nutrition and Metabolism. Second Edition, ed. P. Thureen and W. Hay. Published by Cambridge University Press.
C© Cambridge University Press 2006.

369



370 J. Neu and H. Bernstein

Figure 24.1. Growth deficits in low birthweight infants.4

Table 24.1. Excuses to withhold enteral

“feedings”

Low Apgar scores

Umbilical catheters

Apnea and bradycardia

Mechanical ventilation

CPAP

Vasoactive drugs

CPAP, continuous positive airway pres-

sure.

underdeveloped gastrointestinal tract lies at the crux of
these problems because it is the major immune organ of
the body. Thus the amount and composition of what is
provided enterally to these infants may fit a model beyond
that of mere provision of nutrients but also the inclusion of
immuno- and/or pharmaconutrients.

This chapter will focus on potential problems associated
with inappropriate use or lack of use of the enteral route for
nutrition. The response of the intestine to enteral nutrients
in terms of human milk/commercially available formu-
las, intestinal trophic hormone production, immunonutri-
ents, intestinal growth, adaptation to stress, and mucosal
immunity will be discussed. We will also discuss rational
approaches to minimal enteral nutrition for the critically
ill VLBW infant (VLBWI).

Problems associated with aggressive
enteral feeding

Transition from intrauterine to extrauterine
enteral nutrition

Not providing enteral nutrition to VLBWI is nonphysiologic
when one considers that the fetus swallows about 150 ml
kg−1 day−1 of amniotic fluid during the last trimester of
fetal development. This amniotic fluid provides about 0.5 g
kg−1 day−1 of protein, 0.3 g kg−1 day−1 of carbohydrate
and 0.03 g kg−1 day−1 of lipid.9 This occurs without the
development of NEC in utero. Thus, the presentation of
relatively high volumes of physiologic iso-osmolar fluid is
nonharmful to the fetal gastrointestinal tract. If similar vol-
umes of full strength human milk or formula could be safely
fed to VLBWI shortly after birth, a majority of the infant’s
nutritional needs could rapidly be met using this route.
However, two major variables between intra- and extra-
uterine life that result in differences in intestinal damage
susceptibility are the absence of microbial colonization in
the fetus and the concentration and composition of the
fluid entering the gastrointestinal tract in prenatal versus
postnatal life. In the postnatal environment, the interac-
tion of relatively large volumes of concentrated feedings to
an immature intestine in a host who is highly stressed is
poorly tolerated. An intestine with poor motility receiving
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high volumes of food that it is not mature enough to ade-
quately digest and absorb, which is also colonized with
pathogenic microorganisms indigenous to neonatal inten-
sive care units, is highly prone to bacterial overgrowth and
the NEC-inciting inflammatory cascade. These pathogenic
mechanisms are discussed in detail elsewhere.10

Fear of NEC and feeding intolerance

As previously mentioned, the fear of NEC is the most
prevalent reason provided to withhold enteral feedings
in neonates. Although NEC occasionally occurs in infants
who have never been fed, it most frequently occurs in
premature infants whose enteral intakes are being aggres-
sively increased.10 Despite one study that suggests sick
VLBWI can tolerate greater quantities,11 other studies sug-
gest that the advancement of enteral feedings at rates
greater than 20 kcal kg−1day−1 are associated with an
increase in the incidence of NEC.12,13

Although not quite as dramatic as, but often seen as a
precursor to NEC that precludes enteral feedings is “feed-
ing intolerance,” a term that has no uniform definition. The
manifestations of feeding intolerance vary and are based on
pre-feed gastric residual volumes, their color, and associ-
ated clinical manifestations including abdominal disten-
sion, emesis, the presence of blood in the stool, and apnea
and bradycardia. Using the criteria established by Bell
et al.,14 these are similar manifestations to those described
for “Stage I NEC,” a term that has led to considerable con-
fusion because of its lack of specificity. These signs and
symptoms are most commonly due to immaturity of gas-
tric emptying and gastrointestinal motility. Whether these
are predictive of serious disease, such as Stage II or III NEC,
a delayed ability to achieve full enteral alimentation, or
merely a physiologic expectation when feeding VLBWI are
issues that still need to be addressed.

Problems associated with the lack
of enteral feeding

Several of the problems associated with a lack of nutrients
in the lumen of the GI tract are seen in Figure 24.2. Here we
will describe these in greater detail.

Loss of mucosal mass

Several studies in animals have demonstrated that lack of
enteral feedings and TPN is associated with mucosal atro-
phy of the gastrointestinal mucosa. Potential dangers of

Figure 24.2. Results of no food in gastrointestinal tract.

avoidance of all enteral feedings began to emerge with
the early studies of Widdowson,15,16 who demonstrated in
piglets that early enteral feeding was associated with a huge
increase in intestinal mucosal mass and that lack of feed-
ing resulted in lack of mucosal growth. Subsequent stud-
ies in other species have supported this finding.17,18 How
much enteral feeding is necessary to significantly increase
mucosal mass in humans is not known. A study by Burrin et
al.19 examined this question by using a term neonatal piglet
model provided with both enteral and parenteral nutrition.
These results suggested that an enteral intake of at least 40%
of total nutrient intake (based on total needs) is required to
increase intestinal mucosal mass. A similar study done in
dog pups that were fed through both the enteral and par-
enteral routes showed that giving 10% of nutrition in the
form of enteral feeds increased intestinal motility. However,
enteral feeding volumes of greater than 30% of fluid intake
(based on total needs) were required to stimulate mucosal
growth.20 Since these studies were done in term, relatively
nonstressed animals, it is difficult to extrapolate whether
similar quantities of nutrients are required for mucosal
growth in human neonates, but it is likely these percentages
would represent a minimum needed for mucosal growth
in highly stressed, VLBWI. Nevertheless, it is clear that very
small quantities of enteral nutrients (in both animal models
and human neonates) can induce other significant physi-
ologic effects.

Effect on gastrointestinal hormone secretion

Several studies in term and preterm neonates demon-
strated that gastrointestinal hormone increases do not
occur if enteral feeding is withheld.21–24 One study by Lucas
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et al.23 showed that as little as 12 ml kg−1 over 6 days pro-
duced significant increases in enteroglucagon, gastrin, and
gastric inhibitory polypeptide (GIP) concentrations. Surges
in motilin with enteral feedings may improve feeding tol-
erance by stimulating the appearance of migrating motor
complexes and enhancing the flow of nutrients through
the intestine.25 It may also decrease bacterial overgrowth
and stasis in the intestine that may contribute to intestinal
pathology.9

TPN and sepsis

The intestine comprises the largest surface area of the body
and is also the largest immune organ of the body. One layer
of epithelial cells that is lined by a thin layer of mucous
is all that separates the internal milieu of the body from
huge quantities of microbes. Although the vast majority of
microorganisms are located in the colon and distal small
intestine in the healthy individual, there are factors that
can increase the bacterial load as well as the type of bact-
eria in the colon and more proximal small intestine. These
include poor motility, the use of pharmacologic agents that
inhibit the killing of microorganisms by acid26 in the upper
GI tract and the lack of food-dependent motility-inducing
hormonal surges.21–23

Total parenteral nutrition is associated with a signifi-
cant increase in neonatal hospital-acquired sepsis.27 Many
investigators have studied potential mechanisms underly-
ing the septic complications associated with TPN and lack
of enteral stimulation. One hypothesis involves bacterial
translocation where lack of intraluminal stimulation leads
to a loss of integrity of intestinal mucosal defenses, which
in turn allows bacterial translocation from the intestinal
lumen into the gut lymphatic and blood stream to seed
distant sites.28 Most of this work has been done in rats
where a lack of enteral feeding produces a rapid atrophy
in the proximal gut mucosa to approximately 50%–60% of
normal. Several studies suggest that enteral feedings, espe-
cially in the very critically ill patient with severe burns,29

trauma,30 and VLBWI31 are associated with a lower inci-
dence of sepsis. However, the lack of direct evidence linking
extra-intestinal infections to luminal bacteria in the human
GI tract makes hospital-acquired sepsis due to intestinal
bacterial translocation controversial.32 Other mechanisms
such as an increased propensity to inflammation in an
immature intestine that is exacerbated by TPN are also
likely to play a role.

Effect on intestinal inflammation

The intestinal immune/inflammatory response also
appears to be affected significantly by nutrients in the

GALT
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Figure 24.3. The relationship of enteral nutrients to the mucosal

immune system. GALT, gut-associated lymphoid tissue;

MAdCAM-1, mucosal addressin adhesion molecule-1; PP, Peyer’s

patches; MLN, mesenteric lymph nodes.

gastrointestinal tract. Figure 24.3 shows a diagram of
the gut-associated lymphoid tissue (GALT), which is a
major component of the mucosal immune system.33 The
afferent limb of this system consists of Peyer’s patches
(PP) and mesenteric lymph nodes. Intraluminal antigen
is taken up by M cells overlying the PP, processed by
antigen-presenting cells that then interact with naı̈ve T
and B-lymphocytes which enter the PP via interaction
with mucosal addressin adhesion molecule-1 (MAdCAM-
1). These sensitized cells are distributed via the thoracic
duct drainage and the vascular system to various submu-
cosal locations where they contribute to the efferent limb
of the GALT. The lamina propria is one effector site where
such activated T and B-lymphocytes accumulate and pro-
duce IgA after conversion of the B cells to plasma cells. This
IgA, after transport into the lumen by the overlying epithe-
lial cells, prevents adherence of bacteria, viruses, and other
toxic molecules to the mucosal surface.

It is known that continued intraluminal antigenic stim-
ulation maintains an immunologic barrier to microbial
invasion. In the mouse, lack of enteral feeding for 72
hours quickly leads to a dramatic reduction in PP, lam-
ina propria, and intraepithelial lymphocytes.34 A mech-
anism thought to be responsible for this change relates
to MAdCAM-1, which directs unsensitized lymphocytes to
the Peyer’s patches and sensitized lymphocytes to the lam-
ina propria.35 Within hours of parenteral nutrition alone,
PP MAdCAM-1 expression drops but recovers rapidly with
enteral refeeding.36

Lack of enteral feeding also alters the balance of cytokines
controlling lymphocyte maturation. The CD4 : CD8 ratio
decreases with a consequent decrease in IL-4 and IL-10.
Both IL-4 and IL-10 upregulate IgA production.37 Studies
using mouse models have consistently shown decreases in
both intestinal and nasotracheal IgA levels within 3 days
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of “gut starvation” with TPN.34,38 Mice intranasally immu-
nized against Pseudomonas accumulate antigenic-specific
IgA in their respiratory tracts. When immunized animals
are challenged with a bacterial load 5 days after initiating
a parenteral diet, their mortality rate is over 70% higher
than chow-fed animals, comparable to the mortality rate
of nonimmunized animals, reflecting a loss in established
antibacterial immunity39 with a lack of enteral feeding.

Effect on vascular inflammatory responses

The alterations in the mucosa-associated immune sys-
tem associated with lack of enteral nutrition may also
contribute to noninfectious mediated multiple organ fail-
ure by augmenting inflammatory responses to subsequent
stresses. The vascular bed of the GI tract has the capacity
to prime polymorphonuclear neutrophils (PMN), which,
once activated, respond to subsequent insults by caus-
ing further tissue destruction, which may extend beyond
the GI tract. This has been especially well documented in
the lungs.40 PMNs are involved in the acute, nonspecific
inflammatory response where they adhere to the capillary
endothelium, migrate across the endothelial wall and can
cause destruction of both invasive microbes and body tis-
sues by releasing destructive enzymes and toxic oxygen rad-
icals. Such tissue destruction can contribute to eventual
multiple organ failure.

Lack of enteral feeding and TPN induces priming of
PMNs by recruiting PMNs to the GI tract. As previously
mentioned, the expression of IL-4 and IL-10 are reduced
by TPN.41,42 These are important inhibitors of intracellu-
lar adhesion molecule-1 (ICAM-1) expression. ICAM-1 on
endothelial cells binds to the CD11/18 integrins on PMNs.
TPN also increases expression of P-selectin in the GI tract
and E-selectin in the lungs.43 These adhesion molecules
expressed on the surface of endothelial cells trigger leuko-
cyte rolling along the endothelium of post capillary venules
as a precursor to adhesion through CD11/18-ICAM-1 inter-
action. TPN increases the expression of P-selectin in the GI
tract and E-selectin in the lungs.44 Myeloperoxidase (MPO)
becomes elevated because of the accumulation of PMNs
associated with increased adhesion molecule expression.45

Reinstitution of an oral diet returns MPO and ICAM-1 levels
back to normal within 4 days.

Thus, even though mucosal atrophy with TPN and lack
of enteral feedings has not been clearly demonstrated
in humans, enteral feeding initiates intestinal hormonal
release, which provides physiologic benefits. The capabil-
ity of enteral nutrients to upregulate IgA production and
downregulate the intestinal inflammatory response may
play a major role in protection of not only the intestine, but

Table 24.2. Results from studies of minimal enteral nutrition

Improved feeding tolerance and growth

Less need for phototherapy

Decreased cholestasis

Decreased osteopenia

Gastrointestinal trophic hormone surges

Improved motility

No increase in complications (e.g. necrotizing enterocolitis)

is likely to also benefit other organs such as the lung and
brain.

Minimal enteral nutrition

Definition and purpose

As previously mentioned, with the advent of neonatal TPN
and problems associated with aggressive enteral feeding,
neonatologists began to withhold all enteral feedings dur-
ing the time the infants were critically ill. In the early 1980s
studies by Lucas and colleagues suggested that very small
amounts of enteral feedings in premature infants could
provide benefits. These were termed “minimal enteral
feedings.”21–23 Since these early trials, several additional
studies of minimal enteral nutrition have been completed
in VLBWI.24,46–51 Overall, these have shown benefit with-
out adverse consequences (Table 24.2). One problem in
interpretation and application of these studies to clinical
care in the neonatal intensive care unit is that most used
somewhat different techniques of “minimal enteral feed-
ings.” Intakes ranged from approximately 1–20 kcal kg−1

day−1 starting from day 1–7 of life. In order to translate these
studies to clinical care, we first need to consider a general
definition of minimal enteral nutrition. Studies in both ani-
mals and humans suggest that enteral intakes of less than
about 20–30 kcal kg−1 day−1 elicit beneficial changes in the
GI tract without providing optimal overall nutrition. The
parenteral route provides the remainder of the nutritional
needs. Hence, we will define minimal enteral nutrition as
relatively small amounts of enteral intakes, usually < 25 ml
kg−1 day−1 (<20 kcal kg−1 day−1 in the neonate), of human
milk or formula, which are not intended to be the primary
source of nutrition. They are intended to provide the pre-
viously described beneficial physiologic effects that can be
derived by having small volumes of food in the intestinal
tract.

The use of minimal enteral nutrition should at least
partially alleviate the anxiety clinicians have in providing
enteral nutrients to critically ill patients. Minimal enteral
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nutrition provides a safe means to stimulate and maintain
digestive-absorptive, immunologic, and neuroendocrine
functions of the GI tract, while allowing the parenteral
route to provide the major overall route of nutritional
support.

Methods of minimal enteral nutrition delivery

Suggested approach

Figure 24.4 shows a generalized schema that provides
guidelines for minimal enteral feedings in VLBWI. These
guidelines are presented in an attempt to correlate minimal
enteral nutrition with physiologic development of the GI
tract and to aid in the standardization of feeding methods.
One needs to remember that no single method of minimal
enteral nutrition delivery has been found to be the most
efficacious.

Because of individual characteristics of each patient, spe-
cific feeding protocols or guidelines cannot be used for all
infants. How quickly should we advance enteral feedings?
Clinical judgment based on available scientific data and
experience presently appears to be the best criteria upon

which we should base our feeding practices. Note that none
of the “excuses” in Table 24.1 preclude minimal enteral
nutrition in this scheme. There is also no evidence support-
ing withholding minimal enteral nutrition if the infant has a
patent ductus arteriosus or is receiving indomethacin. Most
of the available studies utilized minimal enteral feedings for
5–10 days before initiating more aggressive advancement.

The choice of minimal enteral feeding composition is pri-
marily between expressed breast milk and formula. Breast
milk compared with formula appears to be advantageous
for protection against infection, the development of aller-
gies, and NEC.52,53 Dilute formula or breast milk does not
stimulate GI motor activity as well as full-strength formula
or breast milk.25

Whether bolus or continuous feeds are advantageous
remains controversial. In a study of 171 infants < 30 weeks’
gestation, infants randomized to bolus feeding (over 20
minutes) had less feeding intolerance than those on contin-
uous feedings.51 Another study suggested that intermittent
“slow bolus” administration produces a better duodenal
motility pattern than “rapid bolus” feedings given over 15
minutes.54 Nevertheless, most “minimal enteral feeding”
regimens involve such small volumes that the bolus versus
continuous feeding argument is moot.

Figure 24.4. Guidelines for minimal enteral nutrition. NEC, necrotizing enterocolitis. NPO, nothing per os (nil by mouth).
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Summary

Early minimal enteral nutrition refers to a small enteral
intake of < 25 ml kg−1 day−1 (providing about 20 kcal kg−1

day−1), either in the form of breast milk or preterm formula,
started within the first few days after birth. This has been
found to induce trophic hormone release, induce anti-
inflammatory changes, promote immunity, and increase
intestinal motility. Although many of the studies are lim-
ited, these suggest that minimal enteral nutrition is safe and
provides several additional benefits including a reduction
in the incidence of late-onset sepsis by reducing the period
spent receiving parenteral nutrition and therefore the use
of IV lines. Minimal enteral nutrition also prevents the col-
onization of harmful bacteria and allows normal flora to
colonize the gut and in this way helps to develop the innate
immune system of the GI tract. Although it provides ben-
efits, minimal enteral nutrition combined with parenteral
nutrition still does not meet all the requirements of the crit-
ically ill VLBW infants. Much still needs to be learned about
adjunctive therapies that provide certain individual nutri-
ents or other factors that can be used to prevent both long-
and short-term morbidity during the period of time when
the infant cannot receive full enteral nutrition.
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Introduction

The secretion of milk depends on the cellular coordination
of a host of synthetic and secretory processes that com-
bine to produce a fluid rich in lipid, carbohydrate, pro-
teins, minerals, vitamins, growth factors, and protective
substances. In humans, this fluid is capable of providing
the full-term human infant all the nutrients required for the
first 4–5 months of life as well as offering significant protec-
tion against infectious disease.1,2 Milk delivery to the infant
depends on two separate processes, milk secretion and milk
ejection. Milk is secreted more or less continuously by spe-
cialized epithelial cells that line the lumina of the breast
alveoli (or acini). Prolactin, secreted by the anterior pitu-
itary, is the major hormone that regulates the synthesis and
secretion of milk products by mammary alveolar cells.3 The
alveoli are surrounded by myoepithelial cells that contract
in response to oxytocin to force the milk out of the alveoli
into the milk ducts and thence to the nipple. This process,
called the “let-down reflex,” is brought about by episodic
secretion of oxytocin secreted from the posterior pituitary.
To make clear how these processes work, in this article
the anatomy of the secretory apparatus will be described,
followed by a brief description of human milk composi-
tion and a discussion of the mechanisms and regulation
of both secretion and let-down. We will then summarize
the initiation of lactation, a process that requires a series
of carefully programmed functional changes in the breast
that take place during the first week postpartum and trans-
form a prepared, but nonsecretory gland, into a fully func-
tioning organ. Most lactation problems arise during this
period. Additional information on the hormonal regula-
tion of mammary development and lactation can be found

in an excellent on-line chapter by Wysolmerski and Van
Houten.4 The protective elements of human milk are well
summarized in the chapter by Schanler in this volume.5

The anatomy of the breast

The lobes of the breast, shown in historic nineteenth cen-
tury images by the renowned British surgeon, Sir Astley
Cooper, in Figure 25.1. are formed from a tubulo-alveolar
parenchyma embedded in a connective and adipose tissue
stroma. Unlike many mammals, in which a single collect-
ing duct brings the milk to the nipple, in humans 10–15
branching ducts each lead to a tree-like pattern of sec-
ondary ducts that extend to the edges of a specialized fat
pad on the anterior wall of the thorax. These lobules com-
prise a duct with a small number of branching ductules ter-
minating in acini that will become the milk secreting unit
(Figures 25.1B and 25.1C). The stylized diagram of the milk
secreting unit is shown in Figure 25.1C. The epithelial cell
layer responsible for milk secretion is shown surrounded by
supporting structures that include the contractile myoepi-
thelial cells responsible for milk ejection and a connective
tissue stroma composed of connective tissue, a large bed of
adipocytes, and a copious blood supply. Plasma cells that
collect in the interstitial space during lactation are respon-
sible for the secretion of immunoglobulins into milk.

Milk composition

Milk is a complex fluid composed of several phases that
can be separated by centrifugation.7 With short-term
low-speed centrifugation, membrane-bound globules (the
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Figure 25.1. The anatomy of the milk-secreting organ. A.

Wax-injected breast shows lobes with ducts terminating at the

nipple.91 B. Single lobe of a wax injected breast from a pregnant

woman showing acinar clusters, the site of milk secretion, and the

ducts leading to the nipple. Milk must be ejected from the acini to

the collecting duct to arrive at the nipple for the suckling infant.91

C. Diagram of the alveolus (a) showing the duct (d), the

myoepithelial cells that contract to expel milk and the

surrounding adipocytes and blood supply. D. Cartoon of a

mammary alveolar cell showing the five pathways (I–V) for the

secretion of milk components. Tj, tight junctions; GJ, gap

junctions; D, desmosome; ME, myoepithelial cell process; RER,

rough endoplasmic reticulum; SV, secretory vesicle containing

casein micells; CLD, cytoplasmic lipid droplet; N, nucleus; MFG,

milk fat droplet in the lumen of the gland. Redrawn with

permission.92

milk fat globules) containing the milk lipids rise to the
surface where they form the “cream” layer overlying the
skim milk. In human and cow’s milk the fat accounts for
about 4% of milk volume8 and also contains such milk com-
ponents as cholesterol, phospholipids, steroid hormones,
etc. Cellular components, mostly sloughed epithelial cells,
macrophages, neutrophils, and lymphocytes account for a
very small fraction of the total milk volume. Casein micelles
form a separate phase that can be pelleted by high speed
centrifugation or acidification. The aqueous fraction of
milk, often called whey, is a true solution that contains all
the milk sugar as well as the major milk proteins lactoferrin,
α-lactalbumin, and secretory immunoglobulin A (sIgA), the
monovalent ions sodium, potassium, and chloride, citrate,
calcium, free phosphate and most of the water-soluble
minor components of milk. The casein fraction from cow’s
milk, usually obtained by rennin precipitation, is used in
cheese-making while the whey finds a multiplicity of uses,
most notably as the base for infant formula.

Table 25.1. Comparison of the macronutrient contents of

human and bovine milk89

Component Human milk Bovine milk

Carbohydrates

Lactose 7.3 g/dL−1 4.0 g/dL−1

Oligosaccharides 1.2 g/dL−1 0.1 g/dL−1

Proteins

Caseins 0.2 g/dL−1 2.6 g/dL−1

α-lactalbumin 0.2 g/dL−1 0.2 g/dL−1

Lactoferrin 0.2 g/dL−1 trace

Secretory IgA 0.2 g/dL−1 trace

β-lactoglobulin 0 0.5 g/dL−1

Milk lipids

Triglycerides 4.0% 4.0%

Phospholipids 0.04% 0.04%

Minerals and other ionic

constituents

Sodium 5.0 mM 15 mM

Potassium 15.0 mM 43 mM

Chloride 15.0 mM 24 mM

Calcium 7.5 mM 30 mM

Magnesium 1.4 mM 5 mM

Phosphate 1.8 mM 11 mM

Bicarbonate 6.0 mM 5 mM

The composition of mature human milk is fairly con-
stant, varying only slightly for most components with stage
of lactation and, for some constituents such as fatty acids,
somewhat more with diet.9 A few milk components such
as the B vitamins10 and selenium11 are profoundly affected
by diet. In general, sufficient milk of adequate composi-
tion is available to the infant even in periods of inadequate
food intake by the mother. In species where lactation uses
substantial body reserves, such as rodents and dairy cows,
dietary restriction does alter milk production, so that, in
this respect, these species are not good models for human
lactation.

The major macronutrients in milk are the sugar, lactose –
a disaccharide unique to milk, milk fat – mainly in the
form of triglyceride, proteins including casein, lactoferrin,
secretory immunoglobulin A (sIgA), α-lactalbumin, and
many others present at lower concentration, and minerals
including sodium, potassium, chloride, calcium, and mag-
nesium. The secretion mechanisms for most of these com-
ponents are well understood. The function and secre-
tion mechanism of many minor components including
enzymes, vitamins, oligosaccharides, trace elements, and
growth factors are less well-understood. The concentra-
tions of the major components of human milk are com-
pared with bovine milk in Table 25.1.



Milk secretion and composition 379

Cellular mechanisms for milk synthesis and
secretion

Solutes enter milk through both transcellular and paracel-
lular routes that can be divided into five general pathways
as shown in the cartoon of a lactating mammary alveolar
cell in Figure 25.1D. Most of the components of the aqueous
fraction of milk including casein, α-lactalbumin, lactofer-
rin, lactose, oligosaccharides, citrate, phosphate, and cal-
cium are secreted via an exocytotic pathway (pathway I)
similar to exocytotic secretory pathways found in other
types of cells.12,13 Lipids are secreted by a pathway unique to
the mammary epithelium (Pathway II).14 Fat droplets con-
sisting largely of triglycerides surrounded by coat proteins
are synthesized in the mammary alveolar cell and trans-
ported to the apical pole of the cell where they are secreted
as membrane enveloped structures called milk fat globules
(MFG). The transcytotic pathway (pathway III) transports
a wide range of macromolecular substances derived from
serum or stromal cells, including serum proteins such as
immunoglobulins and albumin,6,15 protein hormones such
as insulin and prolactin,15,16 and stromal derived agents
such as IgA, cytokines, and lipoprotein lipase.16 In addi-
tion, various membrane transport pathways (pathway IV)
exist for the transfer of ions and small molecules, such as
glucose and amino acids, and water.18 Finally, a paracellular
pathway (V) provides a direct route for entry of serum and
interstitial substances into milk.19 Transport through these
pathways is affected by the functional state of the mam-
mary gland and regulated by direct and indirect actions of
hormones and growth factors. The compounds secreted by
these various pathways as well as certain aspects of their
secretion are summarized next.

Exocytosis

Pathway I (Figure 25.1D), like the exocytotic pathway in all
cells, ultimately begins in the nucleus with the synthesis
of mRNA molecules specific for milk proteins. The mature
mRNA serve as templates for protein synthesis. The protein
molecules are transported into the endoplasmic reticulum
where they are folded and transported through the Golgi
system to take part in secretory vesicle formation. Secretory
vesicles move continuously to the apical membrane where
they discharge their contents into the alveolar lumen by
exocytosis.

A number of specialized reactions take place in the Golgi
compartment utilizing proteins synthesized as described
above. An important reaction is the synthesis of lactose.20

The enzymeβ-galactosidase withα-lactalbumin acting as a

cofactor adds glucose to UDP-galactose both of which have
entered from the cytoplasm using specific transporters.21,22

As lactose accumulates, water is drawn into the Golgi vesi-
cles, which take on the swollen appearance characteristic
of the lactating mammary cell. Casein micelle formation
begins in the terminal Golgi with condensation of casein
molecules, which are simultaneously phosphorylated.23

Addition of calcium, possibly in the secretory vesicle, leads
to maturation of the casein micelles into particles suffi-
ciently dense to be seen in the electron microscope. This
particle thus delivers an efficient package of protein, cal-
cium, and phosphate that provides the nutrients neces-
sary for bone growth, among other things. The difference
in casein content between human and bovine milk, 0.2 v.
2.6 g dL−1 undoubtedly reflects the different needs of the
relatively slow-growing human infant compared with the
rapidly growing calf.

Lipid synthesis and secretion

Milk lipid is an important source of both calories and essen-
tial fatty acids to the newborn.14,24 It is synthesized and
secreted by a unique process that puts the lactating mam-
mary gland among the most active triglyceride synthesizing
organs. The fatty acids for triglyceride synthesis are syn-
thesized within the gland from glucose or derived from
plasma triglycerides or nonesterified fatty acids (NEFA)
(Figure 25.2). For endogenous fatty acid synthesis glu-
cose enters the mammary alveolar cell via a glucose trans-
porter. It passes through the glycolytic chain to be con-
verted through a number of steps to malonyl CoA which is
then utilized by fatty acid synthase to produce fatty acids.25

The chain length of the fatty acids in the mammary gland
is controlled by a special enzyme, thioesterase II, which
terminates fatty acid synthesis at 12, 14, or 16 carbons to
produce medium chain saturated triglycerides.26,27 Plasma
triglycerides in the form of chylomicrons or very low density
lipoproteins (VLDL) are broken down by lipoprotein lipase
in the capillary to glycerol and fatty acids for transport into
the cell. In the fasting state the concentration of nonesteri-
fied fatty acids (NEFA) rises considerably allowing transfer
of lipid from body stores through the plasma bound to albu-
min and thence to the alveolar cell.24 These substrate trans-
fers have been best studied in the lactating goat28 although
studies in women using stable isotopes are also available.29

Once available in the mammary alveolar cells fatty acids
are activated by combination with Coenzyme A and joined
with glycerol-3-phosphate to form triglycerides.

In the fully lactating woman secreting 800 ml of milk con-
taining 4% fat per day, the mammary gland synthesizes
about 32 g of triglyceride daily or nearly 6 kg, 10% of the
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Figure 25.2. Lipid synthesis in the mammary epithelial cell. Fatty

acids (FA), held by fatty acid binding protein (FABP), combine

with glycerol-3-phosphate in the endoplasmic reticulum (ER) to

form the triglycerides that make up the cytoplasmic lipid droplets

(CLD). These droplets move to the apical membrane of the cell

where they are engulfed in plasma membrane and budded into

the lumen as the milk fat globule (MFG). Fatty acids are either

synthesized in the alveolar cell from glucose or taken up from the

plasma. Free fatty acids arrive in the capillary lumen bound to

albumin and can be taken up directly into the cell. Triglycerides

arrive either in the form of chylomicra (CM) from the intestine or

VLDL from the liver. They are hydrolyzed by lipoprotein lipase

bound to the capillary wall and the resulting fatty acids and

glycerol are taken up to be re-esterified in the cell. Modified with

permission.24

weight of the woman, in a typical 6-month lactation. There
is a considerable diversity in the fatty acid composition
of milk triglycerides (Table 25.2), for which a number of
factors are responsible. The proportion of medium chain
(C8–14) fatty acids is defined both by species and diet, with
humans having 15% – 35%.8,24 Medium chain fatty acids are
synthesized only in the mammary gland using glucose (or
acetate in ruminants) as substrate. Synthesis of this class
of fatty acids varies with the lipid content of the diet.30 For
example, the milks of Nigerian women who have a high car-
bohydrate diet contain significantly more lauric and myris-
tic acid. In Western women up to 85% of the fatty acids in
milk are derived from dietary lipid or fat depots.31,32 While
long chain fatty acids (C16 and above) can be synthesized in
the mammary gland, they also enter the alveolar cell from
the plasma and can be derived either from the diet in the fed
state or lipid stores in the fasting state. In ruminants33 and
mice,34 and presumably humans, the mammary alveolar
cell contains a 9 desaturase that converts 18:0 (stearic acid)
and other unsaturated fatty acids to 18:1 (oleic acid) and

other mono-unsaturated fatty acids. Polyunsaturated fatty
acids (PUFA) and the long chain polyunsaturated fatty acids
(LC-PUFA), thought to be extremely important in neural
development in the neonate,35,36 are found at relatively
high concentrations in human milk (Table 25.2; compare
human and cow’s milk). Although human mammary cells
possess the elongases and desaturases necessary for the
synthesis of LC-PUFA,37 it is not clear how much is syn-
thesized in the mammary epithelium and how much in
the liver. These fatty acids can also originate in the diet as
shown by a comparison of the T-3 fatty acids in the milks
of Western women and Nigerian women in Table 25.2. The
latter have a diet high in fish oils, an important source of
T-3 fatty acids.

The mechanism for fat secretion by the mammary gland
is not duplicated in any other organ.14 Triglycerides coa-
lesce into cytoplasmic lipid droplets (CLD) that travel to
the apex of the cell where they bulge against the mem-
brane and are finally budded off as membrane bound lipid
droplets known as milk fat globules (MFG).

Transport of small molecules across the apical
membrane

In contrast to the other pathways for milk secretion, the
pathways for the direct transport of substances across
the apical membrane of the mammary alveolar cell are
poorly understood (Pathway III, Figure 25.2).18 Linzell and
Peaker12 devised a clever technique to determine what
molecules could utilize this pathway, infusing isotopes of
small molecules up the teat of a goat and calculating how
much of the substance left the milk and entered the blood.
They found that sodium, potassium, chloride, and certain
monosaccharides as well as water directly permeated this
membrane but calcium, phosphate, and citrate did not.
Although the mechanisms are not understood it is clear
that apical membrane transport pathways are limited to a
modest number of small molecules that also include glu-
cose and possibly amino acids.

Transcytosis of interstitial molecules

Intact proteins in the interstitial space can cross the mam-
mary epithelium in two possible ways: by transcytosis and
through the paracellular pathway. Since the paracellular
pathway is closed during lactation, plasma proteins must
enter milk via transcytosis (Pathway IV, Figure 25.3).15 The
best-studied molecule in this regard is immunoglobulin A
(IgA).6 IgA is synthesized by plasma cells in the interstitial
spaces of the mammary gland or elsewhere in the body. It
has been shown to bind to receptors on the basal surface
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Table 25.2. Major fatty acids of human and bovine milks (wt%)

Human milk

Fatty acid western dieta low fat dietb Bovine milk

Saturated fatty acids

Intermediate and medium chain (formed in mammary gland)

8:0 Octanoic acid 0.46 – 1.3

10:0 Decanoic acid 1.03 0.54 2.7

12:0 Lauric acid 4.40 8.34 3.0

14:0 Myristic acid 6.27 9.57 10.6

Long chain

16:0 Palmitic acid 22.00 23.35 28.2

18:0 Stearic acid 8.06 10.15 12.6

Mono-unsaturated fatty acids (MUFA)

16:1 n-7 (cis) Palmitoleic acid 3.29 0.91 1.6

18:1 n-9 (cis) Oleic acid 31.30 18.52 21.4

Polyunsaturated fatty acids (PUFA) (essential fatty acids)

18:2 n-6 Linoleic acid 10.76 11.06 2.9

18:3 n-3 Linolenic acid 0.81 1.41 0.3

Long chain PUFA (n-6)

18:3 n-6 -linolenic acid 0.16 0.12 2.9

20:2 n-6 0.34 0.26 0.03

20:3 n-6 Dihomo--Linolenic acid 0.26 0.49 0.10

20:4 n-6 Arachidonic acid 0.36 0.82 0.2

Long chain PUFA (n-3)

20:5 n-3 Eicosapentaenoic acid 0.04 0.48 0.08

22:5 n-3 0.17 0.39 NA

22:6 n-3 Docosahexaenoic acid 0.22 0.93 0.09

a Data from ref.90

b Data from Nigerian women who also had a diet high in fish, as reflected in the n-3 LC-PUFA.

of the mammary alveolar cell; the entire IgA-receptor com-
plex is endocytosed and transferred to the apical mem-
brane where the extracellular portion of the receptor is
cleaved and secreted together with the IgA. The cleaved
receptor portion is known as the secretory component and
the secreted product is thus secretory IgA or sIgA. The many
proteins, hormones, and growth factors that find their way
into milk from the plasma are also thought to be secreted by
a similar, but much less well-studied, mechanism. Among
these molecules are serum albumin, insulin, prolactin,
IGF-1, and probably any molecule that enters the inter-
stitial space.

The role of the paracellular pathway in milk secretion

Pathway V (Figure 25.1D) involves passage of substances
between epithelial cells, rather than through them, and for
this reason is designated the paracellular pathway. During

full lactation the passage of even small molecular weight
substances between alveolar cells is impeded by a gasket-
like structure called the tight junction that joins the epithe-
lial cells tightly, one to another.38 Although immune cells
apparently can pass between epithelial cells to reach the
milk,39 the junctions seal tightly behind them leaving no
permanent gap. During pregnancy, with mastitis and after
involution the tight junctions become leaky and allow com-
ponents of the interstitial space to pass unimpeded into
the milk. At the same time milk components can enter the
plasma. This leakiness is useful during pregnancy since the
products of prepartum secretion are allowed to leave the
gland. During mastitis inflammatory cells can enter the
alveolar space to attack pathogens. Opening of the junc-
tions during involution may reflect loss of epithelial cells.
When the junctions are open the mammary secretion has
a high concentration of sodium and chloride, a fact that
is sometimes useful in diagnosing breast-feeding prob-
lems.40
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Figure 25.3. Milk ejection is a conditioned neuroendocrine reflex. Sucking sends an afferent impulse to the central nervous system that

stimulates neurons in the hypothalamus whose axon processes course to the posterior pituitary. Oxytocin is coordinately released by

these neurons into the blood stream where it travels to the myoepithelial cells that surround the mammary alveolus. Contraction of these

cells leads to milk expulsion. Inset: A mammary alveolus from a goat, stained to show the basket-work of myoepithelial cells that contract

to force out the milk.57 AP, anterior pituitary; PP, posterior pituitary.

The regulation of milk synthesis, secretion,
and ejection

Milk is synthesized and secreted continuously into the alve-
olar lumen where it is stored until milk removal from the
breast is initiated. This means that two levels of regulation
must exist: regulation of the rate of synthesis and secre-
tion and regulation of milk ejection. Although both pro-
cesses ultimately depend on sucking by the infant or other
stimulation of the nipple, the mechanisms involved, both
central and local, are very different. Prolactin mediates the
central nervous system regulation of milk synthesis and
secretion, but its influence is greatly modified by local fac-
tors that depend on milk removal from the breast. Oxy-
tocin, the stimulus for the let-down reflex on the other
hand, is the effector in a neuroendocrine reflex, activa-
ting contraction of the myoepithelial cells that surround
the alveoli and ducts. When these cells contract, milk is
forced out of the alveoli to the nipple, becoming available
to the suckling infant. If the letdown reflex is inhibited, milk
cannot be removed from the breast and local mechanisms
lead to inhibition of milk synthesis and secretion, as will be
explained in more detail below.

Milk volume production in lactating women

A meta-analysis of the mean volume of milk secreted
by women exclusively breast-feeding a single infant at 6
months postpartum was remarkably constant at about
800 mL day−1 in populations throughout the world.7 How-
ever, this figure in no way represents the maximal capacity
of the breast to secrete milk. Mothers of twins, and occa-
sionally even triplets, are able to produce volumes of milk
sufficient for complete nutrition of their multiple infants.41

Studies of wet nurses, completed in the 1930s, show that at
least some women are capable of producing up to 3.5 liters
of milk per day.42 Women with very low body fat secrete
milk with a lower lipid content resulting in a decrease in
caloric density of up to 15%.43 Surprisingly, milk volume is
increased 5%–15% in such women so that caloric intake by
their infants remains constant. It is thought that the mech-
anism involves increased sucking by the infant resulting in
increased emptying of the breast, which, in turn, brings
about increased milk production. On the other hand, if
infants are supplemented with foods other than breast-
milk, milk secretion is proportionately reduced. For exam-
ple, in countries like Peru and the Gambia where infants
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are customarily supplemented with small amounts of food
at mealtimes, but given several breast-feeds a day, the daily
milk production remains at about 600 mL day−1 for 12
months or longer.44–46 These observations all illustrate the
important principle that the volume of milk secretion in
lactating women is regulated by infant demand.

Prolactin secretion in lactating women

Prolactin is secreted episodically with peaks of up to 75
minutes in duration that occur 7–20 times a day.47 For
this reason, accurate measurement requires frequent sam-
pling intervals, as close as 15–20 minutes. The prolactin
peaks appear to be superimposed upon a continuous back-
ground level of secretion whose magnitude depends on the
physiological condition.48 During pregnancy serum pro-
lactin levels increase steadily from about 10 ng mL−1 in the
prepregnant state to about 200 ng mL−1 at term.49 After
parturition the basal prolactin levels decrease, returning
to prepregnancy values at 2–3 weeks in the woman who is
not breast-feeding.50 In the lactating woman suckling usu-
ally leads to a rapid rise in prolactin secretion.51 The rise
is greatest in the immediate postpartum period increas-
ing as much as 150 ng mL−1 above the basal level; the
rise is much less apparent after 6 months, amounting to
only 5–10 ng mL−1. The prolactin rise induced by suck-
ling is dependent on activity of the afferent innervation of
the nipple as demonstrated by the fact that it is inhibited
by application of Xylocaine or surgical intervention.52 The
prolactin rise was doubled when two infants were put to the
breast simultaneously,52 suggesting that prolactin release
is directly related to the intensity of nipple stimulation.

Despite the fact that plasma prolactin is related to the
suckling stimulus, it is unlikely that plasma prolactin con-
centration directly controls the volume of milk produced.
Although prolactin levels are consistently above basal val-
ues for the duration of lactation,53 they are not proportional
to milk volume secretion. Thus, while prolactin is necessary
for milk synthesis and secretion and probably for alveo-
lar cell survival, plasma prolactin concentrations do not
directly regulate milk synthesis and secretion. This func-
tion is thought to reside in local regulatory mechanisms.

Local regulation of milk volume production

Two local mechanisms have been implicated in the regula-
tion of milk volume production. Peaker and Wilde54 have
summarized the extensive evidence for the existence of a
feedback inhibitor of lactation in milk (FIL). This factor is
thought to build up as milk accumulates in the lumen of

the mammary gland and inhibits milk secretion. The other
candidate for local regulation is stretching of the alveoli.
Indirect evidence suggests that stretch of mammary alve-
olar cells alters their capacity to secrete milk.55,56 Under-
standing this regulation may be very important in help-
ing women to increase their milk supply, particularly in
the postpartum period and, therefore, increased research
is badly needed.

Oxytocin and milk ejection

Milk removal from the breast is accomplished by the let-
down reflex, a coordinated contraction of myoepithelial
cells whose processes form a basket-like network around
the alveoli where milk is stored (Figure 25.3, inset).57 When
the infant is suckled, afferent impulses from sensory stimu-
lation of nerve terminals in the areolus travel to the central
nervous system where they promote the release of oxytocin
from the posterior pituitary. This neuroendocrine reflex can
be conditioned, and in the woman oxytocin release is often
associated with such stimuli as the sight or sound, or even
the thought, of the infant. The oxytocin is carried through
the blood-stream to the mammary gland, where it inter-
acts with specific receptors on myoepithelial cells, initi-
ating their contraction and expelling milk from the alveoli
into the ducts and sub-areolar sinuses. The passage of milk
through the ducts is facilitated by longitudinally arranged
myoepithelial cell processes whose contraction shortens
and widens the ducts, allowing free flow of milk to the nip-
ple. To reiterate, this process is essential to milk removal
from the lactating breast.

During correct suckling the nipple and much of the areola
are drawn well into the mouth so that a long teat reaching
nearly to the infant’s soft palate is formed.58 The terminal
ducts extend into this teat where milk is removed, not so
much by suction, as by the stripping motion of the tongue
again the hard palate. This motion carries milk through the
teat into the baby’s mouth. The large ducts continue to fill
as the continued action of oxytocin forces milk from the
alveoli into the ducts.

Newton and Newton showed in 1948 that psychological
stress or pain decreased milk output.59 Recently the basis
for this finding was shown by Aono and colleagues60 to
be inhibition of oxytocin release. In relaxed, undisturbed
women suckling their infants oxytocin release begins with
the onset of suckling, or even prior to suckling,53 when the
infant cries or becomes restless. When the suckling women
were asked to carry out difficult mental calculations while
nursing the infant or fed traffic noise through earphones
the number of oxytocin pulses was significantly reduced.
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The prolactin response to suckling was not impaired by the
psychological stress.

Ethyl alcohol is a potent inhibitor of oxytocin release.
Chronic ethanol ingestion by lactating rats led to both a
decrease in milk production and a change in milk compo-
sition, with decreased lactose and increased lipid content.61

An elegant, early study in women in which intramam-
mary pressure was measured in response to suckling by the
infant demonstrated that ethanol inhibited milk ejection in
a dose-dependent manner.62 In this study Cobo found that
doses of alcohol up to 0.45 g kg−1, doses that produce a
blood level less than 0.1%, had no effect on intramammary
pressure.

Initiation of lactation

The initiation of lactation or lactogenesis has two stages:
1. Secretory differentiation. This phase, sometimes called

lactogenesis 1, takes place in the last half of pregnancy
when the breast develops the capacity to secrete milk
components. Secretion is held in check by the high cir-
culating concentrations of progesterone. Regulation of
this stage is complex and poorly understood. The inter-
ested reader is referred to a recent review on the subject.3

2. Secretory activation, the onset of copious milk secre-
tion. This phase, sometimes called lactogenesis 2, nor-
mally takes place during the first 5 days postpartum. It is
characterized by a substantial increase in milk volume
starting on day 2 or 3 after parturition and is accompa-
nied by a set of carefully programmed changes in milk
composition that lead, after 4 days, to a mammary secre-
tion product with a composition close to that of mature
milk.63

Milk transfer to the infant during secretory activation

Figure 25.4 A shows the individual rates of milk trans-
fer to the infant during the first 8 days postpartum in 11
multiparous middle-class Caucasian women who weighed
their infants before and after every feed.64 Although there
is considerable variation between individuals the gen-
eral pattern emerges when the average milk transfer is
plotted (Figure 25.4B). Milk transfer, originally between 0
and 200 mL per day, began to increase about 36 hours
postpartum, continued dramatically upward for about 48
hours and then leveled off after about 4 days at volumes
between 400 and 800 mL per day. By 1 month postpartum
mean infant intake was 770 mL (range 495–1144). A sim-
ilar pattern has been observed in other careful studies of
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Figure 25.4. Initiation of lactation. A. Eleven multiparous women

weighed their infants before and after every feed for 7–8 days

postpartum. Milk output was averaged by 0.5 day intervals for the

first 3 days and then daily for the remainder of the experiment. All

women had successfully breast-fed at least one previous infant.

Note the extensive variation in the volumes of milk produced. All

these women breast-fed successfully for at least 6 months.

B. Mean output in the women shown in A.64 Graphs used with

permission.93

disease-free women delivering term infants by the vaginal
route.64–66

Changes in milk composition

Figure 25.5 shows the changes in the concentrations of cer-
tain milk components over the same time interval. Sodium
and chloride concentrations begin to decline immediately
after birth accompanied by an increase in the lactose con-
centration (Figure 25.2A). These modifications were largely
complete by 72 hours postpartum and are consistent with
changes seen by others.67,68 They preceded the onset of the
increase in milk volume by at least 24 hours and can be
explained by closure of the tight junctions that block the
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Figure 25.5. Changes in milk composition during the first week

postpartum. A. Time course of changes in the lactose, chloride,

and sodium concentrations contrasted with the mean milk

volume transfer to the infant.88 Changes in these milk

components begin immediately postpartum and are complete at

least 24 hours prior to the achievement of a steady state in milk

volume. As described in the text, the decrease in sodium and

chloride and increase in lactose concentration reflect closure of

the tight junctions between the mammary epithelial cells.

B. Changes in the concentration of secretory IgA and lactoferrin

during the onset of lactation in women.69 Figure modified with

permission.94

paracellular pathway. With closure of the tight junctions,
lactose, made by the epithelial cells, can no longer pass
between the epithelial cells into the plasma, and sodium
and chloride can no longer pass from the interstitial space
into the lumen of the mammary alveolus and must be
secreted by the cellular route (Figure 25.1D).

The next changes to occur are increases in the concentra-
tions of sIgA and lactoferrin.69 These two important protec-
tive proteins remain high for the first 48 hours after birth,
the two together comprising as much as 10% by weight of
the milk (Figure 25.5B). Their concentrations fall rapidly
after day 2, both as a consequence of dilution as milk vol-
ume secretion increases and of an actual decrease in the
rate of secretion, particularly of immunoglobulins (inset).
By 8 days postpartum these protective proteins together
make up less than 1% of the total weight of the milk;
however, the secretion rate is still substantial, amount-
ing to 2–3 g day−1 for each protein. Concentrations of

oligosaccharides in milk are also high in the early secre-
tion product of the mammary gland – about 20 g L−1 or 2%
of milk weight on day 4,70 falling significantly to a level of
about 14 g L−1 on day 30. These complex sugars are also
considered to have substantial protective effect against a
variety of infections.71

Finally, at about 36 hours postpartum milk secretion
began in earnest in these multiparous women who initi-
ated breast feeding on the first day after birth and a 10-fold
increase in volume from about 50 mL day−1 to 500–600
mL day−1 occurred over the subsequent 36 hours (Figure
25.4). This volume increase is perceived by the parturient
woman as the “coming in” of the milk and reflects a mas-
sive increase in the rates of synthesis and/or secretion of
almost all the components of mature milk including but not
limited to lactose, protein (mainly casein),72 lipid, calcium,
sodium, magnesium, citrate, glucose, and free phosphate.

In a recent study by Chen et al.,72 milk volumes of prim-
iparous women delivering both vaginally and by Cesarean
section were determined only on day 5, the onset of casein
secretion was determined by daily measurements, and the
time at which milk was observed to “come in” was also
noted. In these women milk volumes on day 5 were signifi-
cantly greater in multiparous women and signs of copious
milk secretion appeared somewhat earlier.

Hormonal requirements

With respect to the breast the hormones of pregnancy have
a dual job: to maintain and promote the pregnancy and pro-
duce a developed mammary epithelium that is poised to
secrete milk, but does not do so. From animal studies it has
now become clear that both progesterone73 and prolactin74

(or possibly its congener, placental lactogen) are involved in
alveolar development. Further, it has been clear for nearly
three decades that the major inhibitor of milk production
during pregnancy is progesterone.75 A developed mam-
mary epithelium, the continuing presence of levels of pro-
lactin near 200 ng mL−1 and a fall in progesterone are
necessary for the onset of copious milk secretion follow-
ing parturition. In humans, removal of the placenta, the
source of progesterone during pregnancy in this species,
has long been known to be necessary for the initiation
of milk secretion.76 Further, retained placental fragments
with the potential to secrete progesterone were reported
to delay milk secretion in humans.77 The conundrum that
progesterone does not inhibit established lactation was
solved when Haslam and Shyamala showed that proges-
terone receptors are lost in lactating mammary tissues.78

Bromocriptine and other analogs of dopamine, drugs that
effectively prevent prolactin secretion, inhibit secretory
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activation when given in appropriate doses (reviewed
elsewhere79).

In all in vitro mammary systems, insulin and corticoids,
in addition to prolactin, are necessary to maintain synthe-
sis of milk components.80 Further, cortisol replacement is
required for maintenance of milk production in adrenalec-
tomized animals.81,82 An early notion that a surge of glu-
cocorticoids is the initiator of lactogenesis is likely to be
incorrect since the rise in cortisol seen in unanesthetized
women associated with the stress of labor is over by the time
that milk volume begins to increase to any extent. Further
increased cortisol, particularly in cord blood, was associ-
ated with a delay in lactogenic markers.72 Because lacto-
genesis proceeds at parturition in severely diabetic rats,83

a role for insulin in lactogenesis as opposed to metabolic
adjustments during lactation seems improbable.

In summary, the most reasonable interpretation of the
data available from both animal and human studies is that
the hormonal trigger for lactogenesis is a fall in proges-
terone in the presence of maintained prolactin. Postpar-
tum prolactin levels are similar in both breast-feeding and
nonbreast-feeding women so that the basic process occurs
whether breast-feeding is initiated or not. The caveat is, of
course, that the mammary epithelium must be sufficiently
prepared by the hormones of pregnancy to respond with
milk synthesis.

Delays in secretory activation

A delay in the onset of milk secretion is a problem for the
initiation of breast feeding in a significant fraction of par-
turient women. The timing of secretory activation has been
determined carefully from milk volume or composition in a
few studies of middle-class women of Caucasian descent.3

Most of the data are in reasonable accord but some do
suggest that either parity or previous lactation experience
may influence the timing of secretory activation. A num-
ber of pathological conditions have been reported to delay
secretory activation in women including Cesarean section,
diabetes, obesity,84 and stress during parturition.72 The
role of Cesarian section is controversial, no effect having
been found in a large study from the laboratory of Peter
Hartmann;67 a small effect, statistically significant, was
found in a more recent study where breast fullness and the
appearance of casein in the secretion were measured.72

Women with poorly controlled diabetes, studied in both
the USA85 and Australia,66 often had a delay in secretory
activation. In a recent, well-controlled study, stress dur-
ing parturition, accompanied by an increase in cord blood
glucose, had the same result and milk production on day 5
postpartum was significantly decreased. Another apparent

cause of delayed milk secretion, obesity, has only come to
our attention recently. In studies reviewed by Rasmussen84

women with a high prepartum body mass index had more
difficulty initiating lactation.

Delays in secretory activation have been classified as
preglandular, glandular, and postglandular.40 The delays
described above would be classified as preglandular, as
they are a result of some aberrant physiological situation
in the mother. Glandular delay might result from insuffi-
cient mammary tissue due to a genetic defect or possibly
breast surgery.86 Such problems may or may not be per-
manent. Postglandular delay would result from insufficient
milk removal, either by an infant with a weak suck or inap-
propriate latch-on or, in the case of the mother of a pre-
mature infant, from too few pumping regimens per day.
In most cases, except permanent damage to the pituitary
gland or vastly deficient mammary tissue, the situation can
often be remedied by more frequent milk removal either by
the infant or an effective breast pump or judicious use of
both.87
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Introduction

Both governmental and medical professional organiza-
tions have strongly recommended breastfeeding for all
infants.1–3 Human milk is recommended as the exclusive
nutrient source for feeding full-term infants for approxi-
mately the first 6 months after birth and should be contin-
ued, with the addition of solid foods, for at least 12 months,
and thereafter for as long as mutually desired.1 The re-
commendation for human milk feeding arises because of
its acknowledged benefits with respect to infant nutrition,
gastrointestinal function, host defense, and psychological
wellbeing. It is important to note that favorable outcomes
of breastfeeding are reported both for infants and mothers.
The unique species-specificity of human milk should be
considered in any discussion of the merits of breastfeed-
ing. The incidence of breastfeeding in the USA increased
during the 1970s and peaked in the mid-1980s. Nation-
wide figures for 1983 indicated that 62% of women chose to
breastfeed their newborns.4 Recent data suggest that rates
of initiation and maintenance of breastfeeding are contin-
uing to increase at a rate of 2% per year.5,6 To meet the
challenge imposed by this increased awareness, physicians
desire to expand their knowledge to understand the rea-
sons why breastfeeding is so vital to health and wellbeing.7

This chapter describes the rationale behind the current re-
commendations for breastfeeding, including the effects of
breastfeeding on infants, mothers, and society.

Milk composition

The milk produced in the first few days is colostrum, a rel-
atively denser milk characterized by high concentrations

of protein and antibodies. The transition to mature milk
occurs around days 3 to 5, with mature milk appearing by
about day 10. Key to understanding how breastfeeding ben-
efits infants and mothers is an appreciation for the qual-
ity and quantity of nutritional and non-nutritional com-
ponents in the milk. Many of the components in human
milk have dual roles, one as a nutrient source or to facili-
tate nutrient absorption, and the other as an enhancer of
host defense or gastrointestinal function.

Nutritional aspects

The nutrient composition of human milk is remarkable for
its variability, as the content of some nutrients change dur-
ing lactation, throughout the day, or differ among women,
while the contents of other nutrients remain relatively
constant through lactation.8 The variability in component
composition probably adapts the nutrient composition to
specifically meet the needs of the infant, while the lack
of monotonous diet possibly stimulates sensory develop-
ment, allowing better acceptance of new flavors and foods.9

Protein (nitrogen)

In the first 2–4 weeks after birth, the total nitrogen con-
tent of milk from mothers who deliver premature infants
is greater than milk obtained from women delivering full-
term infants.10–13 Usually beyond 4 weeks of lactation, the
total nitrogen content in both milks declines to levels that
are similar and remain relatively unchanged thereafter.12,13

Despite a decline in content, protein status of breastfed
term infants is normal at 1 year of age.14
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Approximately 20% of the total nitrogen is in the form of
nonprotein nitrogen-containing compounds, such as free
amino acids and urea, in contrast to commercial formula
which has < 5% nonprotein nitrogen.15,16 There is debate
as to how much of these nonprotein nitrogen-containing
compounds contribute to nitrogen utilization.17,18 The rate
of absorption of nonprotein nitrogen, determined by stable
isotope methods, has been estimated at 13%–43%.17,18

There are two fractions of protein defined by their sol-
ubility in acid: whey and casein. Approximately 70% of
the proteins in human milk are in the soluble whey frac-
tion and 30% in the insoluble casein fraction, which dif-
fers from that in commercial formula derived from bovine
milk (18% whey, 82% casein).16 It is speculated that because
the whey proteins remain in solution after acid precipita-
tion, they are more easily digested and are associated with
more rapid gastric emptying.19 The whey protein fraction
provides lower concentrations of phenylalanine, tyrosine,
and methionine and higher concentrations of taurine than
the casein fraction of milk and these amino acid patterns
are reflected in blood concentrations.20–23 This pattern of
amino acids in the plasma of breastfed infants is used as
a reference in infant nutrition.24 As such, potentially toxic
imbalances in the levels of various amino acids are avoided.

The type of proteins contained in the whey fraction dif-
fers between human and bovine milks. The major human
whey protein is α-lactalbumin, a protein involved in the
mammary gland synthesis of lactose and a nutritional pro-
tein for the infant. Lactoferrin, lysozyme, and secretory
immunoglobulin A (sIgA) are specific human whey pro-
teins involved in host defense.25–27 Because these host
defense proteins resist proteolytic digestion, they are capa-
ble of a first line of defense by lining the gastrointestinal
tract. The three host defense proteins essentially are absent
in bovine milk. The major whey protein in bovine milk is
β-lactoglobulin.16

Lipid

Human milk lipid represents approximately 50% of the
calories in the milk, and is unique in that the lipid sys-
tem is structured to facilitate superior fat digestion and
absorption.28 The lipid system is comprised of an orga-
nized milk fat globule, a pattern of fatty acids which are
characteristically distributed on the triglyceride molecule,
and bile salt-stimulated lipase.29,30 As the lipase is heat-
labile, it is important to recognize that the superior fat
absorption from human milk is reported only when unpro-
cessed milk is fed.31 The fatty acid pattern consists of a
high proportion of long-chain fatty acids: palmitic (16:0),
oleic (18:1), and the essential fatty acids, linoleic (18:2ω6),

and linolenic (18:3ω3). The lipid is structured in the form
of triglycerides which uniquely have the major fatty acid,
palmitic (16:0), esterified at the 2-position of the molecule.
Upon intestinal hydrolysis, 2-monoglycerides are formed
which are better absorbed than the free palmitic acid. Not
only is fat absorption enhanced, but because free palmitic
acid is not available to bind minerals, mineral absorption
also is enhanced. To match the overall fat absorption from
human milk, commercial formula has a greater quantity of
passively absorbed medium chain-length fatty acids than
human milk.

Of the macronutrients in human milk, fat is the most
variable in content.32 The milk fat content rises slightly
throughout lactation, changes over the course of one day,
increases within-feed, and varies from mother to mother.8

Some investigators comment that the variability in fat con-
tent is related to the degree of breast emptying.33 The
interindividual variation in milk fat content tracks through
lactation. The total fat content of human milk is not affected
by maternal diet; it may be affected by maternal body
composition.34,35

The lipid system in human milk also is unique in its con-
tent of very long-chain fatty acid derivatives of linoleic and
linolenic acids. Arachidonic acid (20:4ω6) and docosahex-
aenoic acid (22:6ω3), derivatives of the essential fatty acids
are found in human but not bovine milk.36 Arachidonic and
docosahexaenoic acids functionally have been associated
with cognition, growth, and vision.37

Carbohydrate

The carbohydrate composition of human milk is important
as a nutritional source of lactose, the major carbohydrate
in milk, and for the presence of oligosaccharides. Although
studies in full-term infants demonstrate a small propor-
tion of unabsorbed lactose in the feces, the presence of
lactose is assumed to be a normal physiological effect of
feeding human milk.38,39 A softer stool consistency, non-
pathogenic bacterial fecal flora, and improved absorption
of minerals have been attributed to the lactose in human
milk.40 Oligosaccharides are carbohydrate polymers and
glycoproteins that are important in the host defense of
the infant because their structure mimics specific bacterial
antigen receptors.41 By preventing bacterial attachment to
the host mucosa, oligosaccharides serve a protective role
in the infant.42

Mineral and trace elements

The concentration of calcium and phosphorus in human
milk is significantly lower than in commercial formula,
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and relatively constant through lactation. The macromin-
erals in human milk are more bioavailable than those in
commercial formula because of the manner in which they
are packaged. In human milk, the minerals are bound to
digestible proteins and also present in complexed and ion-
ized states which are readily bioavailable.43 Thus, despite
differences in mineral intake, bone mineral content of
breastfed infants is similar to that of infants fed commercial
formula.44

The concentrations of iron, zinc, and copper decline
through lactation but appear adequate to meet the infant’s
nutritional needs through 6 months.45,46 To prevent defi-
ciencies, iron and micronutrient-containing complemen-
tary foods should be introduced beyond 6 months of
breastfeeding.47

Vitamins

Maternal vitamin status may affect the content of vitamins
in the milk. Maternal deficiency may result in low concen-
trations in milk that increase in response to dietary supple-
mentation. This is more common for water-soluble than
fat-soluble vitamins. Vegan mothers may be deficient in
the water-soluble vitamin B12. Infants of vegan mothers
should receive a vitamin supplement. Vitamin K deficiency
may be a concern in the breastfed infant. Bacterial flora are
responsible for providing adequate vitamin K. The intesti-
nal flora of the breastfed infant make less menaquinone
and the content of vitamin K in human milk is low. There-
fore, to meet vitamin K needs, a single dose of vitamin K is
given at birth.48 The content of vitamin D in human milk is
low. Adequate sunlight exposure is needed to maintain vita-
min D sufficiency. Life-style changes and concern about the
risk of skin cancer have been associated with decreased
unprotected sunlight exposure. Vitamin D deficiency has
been reported in breastfed infants who have dark skin pig-
mentation and/or inadequate exposure to sunlight. Sup-
plementation of all infants with vitamin D (200 IU day−1)
is indicated.

Non-nutritional factors

Nucleotides
Nucleotides represent 2%–5% of the nonprotein nitrogen in
human milk.49 Although they can be synthesized endogen-
ously, it appears that exogenous nucleotides may have a
role in a variety of metabolic functions, including effects
on immune, gastrointestinal, and hepatic systems, and
in lipid metabolism.49,50 In addition, the growth of non-
pathogenic bifidobacteria in stool is enhanced by exogen-
ous nucleotides.49

Components affecting gastrointestinal function

Hormones (e.g., cortisol, somatomedin-C, insulin-like
growth factors, insulin, thyroid hormone) and growth fac-
tors (e.g., epidermal growth factor, nerve growth factor)
and gastrointestinal mediators (e.g., neurotensin, motilin)
are present in human milk that may affect gastrointestinal
function. Epidermal growth factor (EGF) is a polypeptide
that stimulates DNA synthesis, protein synthesis, and cellu-
lar proliferation in intestinal cells.51 EGF resists proteolytic
digestion, is found in the intestinal lumen in suckling ani-
mals, and has been associated in experimental models with
protection from necrotizing enterocolitis.52 Nerve growth
factor may play a role in the innervation of the intestinal
tract. The hormonal components in milk may affect intesti-
nal growth and mucosal function. Free amino acids such
as taurine may be trophic for intestinal growth, and glu-
tamine may be a fuel for the small intestine.51 As a con-
sequence of the total available human milk components,
the gastrointestinal tract is protected against invasive
disease.53,54

Components affecting host defense

A variety of heterogeneous agents that possess antimicro-
bial activity are found in human milk.25,27,42,55 Many of
these agents persist through lactation and are resistant to
the digestive enzymes in the infant’s gastrointestinal tract.
The antimicrobial activities generally are found at mucosal
surfaces, such as the gastrointestinal, respiratory, and urin-
ary tracts.

Specific factors such as lactoferrin, lysozyme, and sIgA
comprise the whey fraction of human milk protein, gen-
erally resist proteolytic degradation, and line mucosal
surfaces preventing microbial attachment and inhibit-
ing microbial activity.25–27,56 Lactoferrin has antimicrobial
activity when not conjugated to iron (apolactoferrin). It
may function with other host defense proteins to effect
microbial killing. Lysozyme is active against bacteria by
cleaving cell walls. SIgA is synthesized by plasma cells
against specific antigens. The enteromammary and bron-
chomammary immune systems summarize the important
part of the protective nature of human milk.57,58 In these
systems the mother produces sIgA antibody when exposed
either via her respiratory or gastrointestinal tract to for-
eign antigens. The plasma cells traverse the lymphatic sys-
tem and are secreted at mucosal surfaces, including the
mammary gland. Ingestion of milk, therefore, provides the
infant with passive sIgA antibody against the offending
antigen. The systems are active in infants against a vari-
ety of antigens.25,57,58
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The products of lipid hydrolysis, free fatty acids, and
monoglycerides, may exhibit antimicrobial activity against
a variety of pathogens.59 These lipid end products may pre-
vent attachment and infection with viruses and protozoa,
such as Giardia. The activity of human milk bile salt stimu-
lated lipase also may affect host defense. Polyunsaturated
fatty acids modulate inflammatory reactions and may pro-
tect the gastrointestinal tract.60

Oligosaccharides and glucoproteins affect intestinal bac-
terial flora to facilitate the growth of bifidobacteria and
Lactobacillus species.61 These agents also mimic bacterial
epithelial receptors in the respiratory tract and in doing
so, prevent attachment of pathogenic agents to epithelial
lining of mucosal surfaces. There are a variety of oligosac-
charides and glycoproteins that act as receptor analogs for
multiple antimicrobial agents.41,42

There are specific enzymes in human milk, such
as platelet activating factor (PAF)-acetylhydrolase. This
enzyme degrades PAF, a potent mediator in the intestinal
injury induced during necrotizing enterocolitis (NEC).62

The cytokine, interleukin-10, also functions as an anti-
inflammatory mediator and may have a role in protecting
the infant from NEC.63,64

There are white cells (90% of which are neutrophils
and macrophages) in human milk that contribute to the
antimicrobial activity through phagocytosis and intracel-
lular killing.26 The lymphocytes in human milk may con-
tribute to cytokine production (T-cells) or IgA production
(B-cells).26,55

Benefits of breastfeeding for the infant

Body composition

Clinicians agree that the growth of the breastfed infant
is the model on which infant growth is based. However,
when plotted on standard US growth charts, the rates of
weight gain of breastfed infants appear lower than those
fed commercial formula.65 More recent US growth charts,
comprised of a heterogeneous population with limited
exclusive breastfeeding, reflect a slight decline in rate of
weight gain after 6 months. The divergence is viewed more
as a concern with representation of the growth chart rather
than a concern with nutrient adequacy.66–68

Although lower concentrations of calcium and phospho-
rus are observed in human milk compared with commer-
cial formula, measures of bone mineralization are similar
between human milk or commercial formula fed full-term
infants during the first year of life.43,69 Long-term bone
mass also is affected by breastfeeding. Children at 8 y have

significantly greater bone mass if they breastfed compared
with those not breastfed, and the effect is greater if they
breastfed for more than 3 months.73 Several studies have
linked long-term obesity reduction with the duration of
breastfeeding in infancy.70–72 Children who were breastfed
had nearly one-half the prevalence of obesity than children
fed commercial formula, and the prevalence of obesity was
related positively to the dose of human milk received by the
infant.74

Gastrointestinal function

Gastric emptying is faster following the feeding of human
milk than with commercial formula.19,75 The clinical
impression is that large gastric residual volumes are
reported less frequently in premature infants fed human
milk. Many factors in human milk may stimulate gastro-
intestinal growth and motility, and enhance maturity of the
gastrointestinal tract. In studies of early trophic feeding in
premature infants, those infants fed human milk had sig-
nificantly greater intestinal lactase activity than infants fed
preterm formula.76 Further studies indicate that feeding
of human milk favors a decrease in intestinal permeability
early in life compared with preterm formula.77

Morbidity and mortality

There are numerous studies conducted in developing
countries that delineate the protective effects of breast-
feeding. In developing areas, the incidence of gastroen-
teritis and respiratory disease and overall morbidity and
mortality are lower in breastfed infants than infants fed
milk substitutes.78–80 In developed countries, such as in the
USA, breastfed infants have lower rates of diarrhea, lower
respiratory tract illness, acute and recurrent otitis media,
and urinary tract infection.81–83 Not only is the attack rate
lower, but the duration and severity of illness appear to be
shortened in the breastfed infant.84

In developed countries, even in higher socioeco-
nomic groups, a reduction is found in the incidence of
gastroenteritis.78,85 The incidence of diarrheal disease in
infants breastfed for 12 months is one-half that of com-
mercial formula-fed infants.84 When adjusting for poten-
tial confounding variables, such as sibling number and day-
care attendance, the differences remain significant. Infants
who breastfed for at least 13 weeks have a significantly
lower incidence of gastroenteritis (vomiting or diarrhea as
a discrete illness lasting 48 hours or more) to 1 year of
age than commercial formula-fed infants.86 These obser-
vations remain significant after adjustment for social class,
maternal age, and smoking.
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The incidence of otitis media and recurrent otitis media
are reduced in infants breastfed for 4 or more months.87,88

This protective effect is observed after adjustment for con-
founding variables, such as family history of allergy, family
size, use of day care, and smoking. Not only is otitis media
reduced in infants breastfed for 1 year, but the duration
of each episode is reduced significantly compared with
infants fed commercial formula.84 Respiratory illnesses
are reduced in frequency and/or in duration in breast-
fed infants.85,86,89,90 The incidence of wheezing is less and
overall lower respiratory tract infection is decreased.85,90

Studies of upper respiratory infections in former prema-
ture infants during their first year report a lower incidence
of disease if, after discharge, they receive any human milk
compared with commercial formula.91

A case-controlled study reported that the incidence of
urinary tract infection was reduced in breastfed infants
when compared with commercial formula-fed infants
matched for hospitalization, age, gender, social class, birth
order, and smoking status of the mother.92 A mechanism
for this protection has been suggested based on the known
urinary excretion of oligosaccharides, lactoferrin, and sIgA
in breastfed infants.93 Urinary oligosaccharides reduce
bacterial adhesion to urinary epithelial cells.94

The incidence of sepsis is reduced in premature infants
receiving human milk.95–98 Premature infants fed human
milk have a lower incidence of NEC if they receive human
milk compared with receiving commercial formula.96,98–100

The lower incidence of NEC is observed even if the supply
of mother’s milk is low and commercial formula is used as
a supplement. Thus, partial as well as exclusive feeding of
mother’s milk appears to protect the premature infant from
NEC. Although the mechanism for the protection from NEC
is unclear, one study observed that the feeding of an IgA–
IgG preparation was associated with a decreased incidence
of NEC.101 Additional studies suggest that factors in human
milk, such as PAF-acetylhydrolase, polyunsaturated fatty
acids, and interleukin-10, also might explain the associ-
ation between human milk feeding and protection from
NEC.62–64,102,103 These data suggest that by lining the gas-
trointestinal tract with human milk host defense factors,
the infant may be protected.53

Chronic disease in pediatrics

Perhaps the most intriguing data are those suggesting
that specific chronic pediatric disorders have a lower inci-
dence in children who were breastfed as infants. There are
associations between the duration of breastfeeding and
a reduction in incidence of Crohn’s disease, lymphoma,
specific genotypes of type I juvenile diabetes mellitus,

and certain allergic conditions.104–107 There are conflict-
ing data regarding the protection against allergy afforded
by breastfeeding.108 In some reports, maternal diet may
not have excluded potentially offending antigens. Breast-
feeding appears to be protective against food allergies.27,42

Atopic dermatitis may be lessened in infants whose moth-
ers’ follow a restricted diet. A lower incidence of atopic con-
ditions is reported in breastfed infants with a family history
of atopy.109 Children from atopic as well as nonatopic fami-
lies had a lower incidence of asthma if they breastfed exclu-
sively for more than 3 months.110

There appears to be a relationship between breastfeeding
and the development of type I insulin dependent diabetes
mellitus (IDDM).106 IDDM is more likely when breastfeed-
ing duration is less than 3 months and bovine milk proteins
are introduced before 4 months of age.106 Elevated concen-
trations of specific IgG antibody to bovine serum albumin
that cross reacts with β-cell-specific surface protein have
been identified in children with IDDM.111 It is estimated
that up to 30% of type I IDDM could be prevented by remov-
ing bovine milk from the diet for the first 3 months.106

Blood cholesterol and lipoprotein concentrations appear
to be strong risk factors for adult coronary artery dis-
ease. Breastfeeding is associated with increased choles-
terol and low density lipoprotein concentrations in infancy,
but lower blood concentrations in adolescence and adult
life.112

Neurobehavioral aspects

Maternal–infant bonding is enhanced during breastfeed-
ing. Several studies have linked improved cognitive and
motor development later in childhood and adolescence to
breastfeeding, and observed that the benefit to develop-
ment is associated with the duration of breastfeeding.113,114

Even when adjusted for socioeconomic status and parent
education, at 3, 4, and 5 years there were significant incre-
ments in a limited set of cognitive test scores that paral-
leled the duration of breastfeeding.115 Improved long-term
cognitive development in premature infants also has been
correlated with the receipt of human milk during their
hospitalization.116–119 An interesting observation in chil-
dren with phenylketonuria is that those breastfed prior to
the confirmed diagnosis had better intellectual outcomes
than those who were fed commercial formula.120

A series of studies have indicated that human milk-fed
full-term and premature infants have improved visual func-
tion related to the content of docosahexaenoic acid com-
pared with infants not receiving this fatty acid.121,122 Pre-
mature infants also have less severe retinopathy of prema-
turity if fed human milk than commercial formula.123 This
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association may relate to the substantial antioxidant capac-
ity of human milk compared with commercial formula.124

Auditory-evoked responses also mature faster in breastfed
premature infants.125

Thus, small but statistically significant, neurodevelop-
mental advantages in children who were formerly fed
human milk have been demonstrated. Long-term advan-
tage is more consistently demonstrated for cognitive than
for motor skills. Although results of the studies cannot be
assumed to be representative of all infants, there is some
evidence of a dose-response.

Benefits of breastfeeding to the mother

Recovery from childbirth is accelerated by the oxytocin’s
action on uterine involution.126 Maternal cardiovascular
function is affected positively to protect breastfeeding.127

Although breastfeeding should not be considered an
entirely reliable means of contraception, breastfeeding
prolongs the period of postpartum anovulation.128 Fre-
quency, intensity, and timing of feeds affect the endocrino-
logic responses that modulate ovulatory status.129

Prolonged breastfeeding may confer some advantage in
terms of weight loss.130 Bone demineralization occurs dur-
ing lactation, with a compensatory remineralization after
weaning.131,132 Lactation has been shown to confer a pro-
tective effect against osteoporosis and bone fracture in later
life,133 but this has not been confirmed in all studies.134

A protective effect of breastfeeding against breast cancer
has been found in a number of studies.135–138 The effects
were even greater in premenopausal women who had a
cumulative total of 24 months of breastfeeding or who were
20 years or younger when they first lactated.

Contraindications to breastfeeding

A beneficial aspect of breastfeeding is that relatively few
true contraindications exist.139 Infants with galactosemia
cannot ingest lactose-containing milk. Therefore, as the
principal carbohydrate in human milk is lactose, infants
with galactosemia should not breastfeed. Infants with other
inborn errors of metabolism may ingest some human milk,
but this recommendation would depend upon the desired
protein intake and other factors. Women in the USA who
are infected with human immunodeficiency virus (HIV)
and those with human T-cell lymphotropic virus should
not breastfeed. Women with HIV also should be coun-
seled about the risks to the infant of breastfeeding. Glo-
bally, the health risks of not breastfeeding must be balanced

with the risk of HIV acquisition. Indeed, some studies sug-
gest that exclusive breastfeeding may decrease maternal
to child transmission of HIV compared with mixed feed-
ings. Women with miliary tuberculosis should not breast-
feed until they are no longer contagious, approximately 2
weeks. When herpetic lesions are localized to the breast,
women should not breastfeed. But women with vaginal
herpes should be allowed to breastfeed. Women with vari-
cella lesions on the breast should provide expressed milk
to their infant until their lesions are crusted over, and the
infant should receive varicella immune globulin. Women
with breast cancer should not delay treatment so they can
breastfeed. Depending upon the therapy, women receiving
antimetabolite chemotherapy should not breastfeed. Most
other medications are compatible with breastfeeding or a
substitute medication may exist. Women ingesting drugs
of abuse need counseling and should not breastfeed until
they are free of the abused drugs.140

Economic impact of breastfeeding

The economic advantages of breastfeeding can be tangi-
bly calculated at the personal and national levels.141 The
obvious personal advantage is in the savings accrued by
not buying commercial formula, a figure conservatively
estimated to be about $1000 per year. Thus, the increased
rates of illness in non-breastfed infants translate into sig-
nificantly increased costs to medical insurers, employers,
government, and even to those uninsured.

From the perspective of the national economy, the
expected savings for infants in the US’ WIC Program who
were breastfed exclusively for 6 months were estimated
to be over $950 million annually in 1997 compared with
not breastfeeding for 6 months.142 These savings would
come from a combined reduction in household expen-
diture on commercial formula, as well as reductions in
expenditures for healthcare. In light of these data, the major
gains in breastfeeding prevalence among WIC participants
have contributed to the resurgence in breastfeeding in the
USA in the last decade. The costs of not breastfeeding also
have been computed from a health maintenance organiza-
tion population. Compared with never breastfeeding, those
infants who breastfed for 3 months or more had fewer
medical office visits, medications, procedures, and hos-
pitalizations, saving $331 per single infant in short-term
acute medical care costs only. In the managed care setting,
it has been estimated that full breastfeeding is associated
with a 20% reduction in total medical expenses compared
with never breastfeeding.143 Not included in these cost esti-
mates are the fewer absences from work of families who
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are breastfeeding their infants. Furthermore, the cost sav-
ings from reducing the incidence of chronic diseases in
childhood and reducing the incidence of premenopausal
breast cancer in women would be substantial. Thus, the
economic incentives for a society to breastfeed are strong
and should be promoted. Some corporations have recog-
nized the significant cost savings from prolonging breast-
feeding rates and have instituted vigorous promotion and
support programs.
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Introduction

Nutrition support of the premature infant must be designed
to compensate for metabolic and gastrointestinal imma-
turity, immunologic compromise, and associated medi-
cal conditions. Nutritional needs are determined based
on intrauterine rates of growth and nutrient accretion.1

The beneficial effects of human milk extend to the feeding
of premature infants (Chapter 26). Human milk is capa-
ble of satisfying most of the needs of premature infants if
careful attention is given to nutritional status. Neverthe-
less, because of their specialized needs the human milk-
fed premature infant may require nutrient supplementa-
tion, or fortification, to maintain optimal nutritional status
while deriving benefits from enhanced host defense, neu-
rologic development, and gastrointestinal function. The
nutritional adequacy of human milk for premature infants
may be limited for several reasons. The nutrient content
of the milk may be inadequate for their needs and the
variability in nutrient content results in an unpredictable
nutrient intake for an infant who cannot feed ad libitum.
Infants often receive restricted milk intakes. Mothers often
are unable to supply sufficient milk to meet the needs of the
infant throughout the hospitalization. As a consequence,
nutrient inadequacy may manifest in the premature infant
fed unfortified human milk. This review will focus on the
feeding of fortified human milk to the premature infant.

Composition of preterm milk

Milk from mothers who give birth prematurely (preterm
milk) generally has greater concentrations of immune pro-

teins, lipid, energy, vitamins, calcium, sodium, and trace
elements than in corresponding term milk.2–5 There is a
trend for nutrient concentrations in preterm milk to decline
as lactation progresses, a pattern of change also observed
in term milk (Table 27.1). Thus, while the higher nutri-
ent concentrations of “early” milk might meet the nutrient
needs of the premature infant, exclusive feeding of mature
preterm milk from 2 weeks postnatally and onward may
lead to nutrient deficiencies in the rapidly growing prema-
ture infant.

Availability

Despite the desire to provide milk for their premature
infants, mothers often do not sustain adequate milk pro-
duction to meet their infants’ needs. Several factors have
been implicated: delayed initiation of milk expression,
infrequent milk expression, stress, fatigue, return to work,
poor maternal health, sudden changes in the infant’s condi-
tion, and, possibly, biological immaturity of the mammary
gland. Indeed, fatigue and pain result in stimulation of pro-
lactin inhibitory factor, which serves to blunt milk synthesis
induced by prolactin.

Fluid restriction is part of the management of many pre-
mature infants because of their clinical condition, their
inability to feed on demand, and because of feeding
intolerance. Usually premature infants, especially those
of extremely low birth weight, do not easily tolerate vol-
umes of intake above 180 ml kg−1 day−1; many such infants
are restricted to fluid intakes of 150–160 ml kg−1 day−1.
Although the intake of some nutrients would be adequate,
most could not be met unless 200 ml kg−1 day−1 or more
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Table 27.1. Nutrient composition of transitional and mature preterm human milk compared with mature term milk49

Component (unit L−1) Source Preterm transitional 6–10 days Preterm mature 22–30 days Term mature ≥ 30 days

Total protein, g A 19 ± 0.5 15 ± 1 12 ± 1.5

IgA, mg per g protein A 92 ± 63 64 ± 70 83 ± 25

Non-protein nitrogen, % total

nitrogen

A 18 ± 4 17 ± 7 24

Fat, g B 34 ± 6 36 ± 7 34 ± 4

Carbohydrate, g B 63 ± 5 67 ± 4 67 ± 5

Energy, kcal B 660 ± 60 690 ± 50 640 ± 80

Ca, mmol A 8.0 ± 1.8 7.2 ± 1.3 6.5 ± 1.5

P, mmol A 4.9 ± 1.4 3.0 ± 0.8 4.8 ± 0.8

Mg, mmol A 1.1 ± 0.2 1.0 ± 0.3 1.3 ± 0.3

Iron, mmol (mg) B 23 (0.4) 22 (0.4) 22 (0.4)

Zn, µmol B 58 ± 13 33 ± 14 15–46

Cu, µmol B 9.2 ± 2.1 8.0 ± 3.1 3.2–6.3

Mn, µg (median) B 6 ± 8.9 7.3 ± 6.6 3–6

Na, mmol A 11.6 ± 6.0 8.8 ± 2.0 9.0 ± 4.1

K, mmol A 13.5 ± 2.2 12.5 ± 3.2 13.9 ± 2.0

Cl, mmol B 21.3 ± 3.5 14.8 ± 2.1 12.8 ± 1.5

A = Average ± SD1 of values.2

B = Average ± SD of published values derived from milk samples obtained from 24 hour collections and similar stages of lactation.

Table 27.2. Premature recommended nutrient intakes for

stable-growing premature infants >1 kg birth weight and the

volume of human milk needed to meet the nutrient intake for

selected nutrients6,49

Component (units)

Recommended

nutrient intakes for

premature infant

(unit kg−1 day−1)

Volume of

preterm human

milk needed to

meet

recommended

intake of nutrient

(mL kg−1 day−1)

Energy, kcal 105–135 145–185

Protein, g 3.0–3.6 180–210

Potassium, mmol 2.5–3.5 155–220

Zinc, mmol 7.7–12.3 120–190

Copper, mmol 0.1–1.9 115–200

Vitamin E, mg 0.5–0.9 120–200

were tolerated by the infant (Table 27.2).6 Even if human
milk is available, many infants do not achieve full enteral
feedings for several weeks after birth. Thus, adequacy of
nutrient intake may be jeopardized by the unavailability of
milk and limited fluid volume that can be tolerated by the
infant in need for maintenance as well as catch-up nutri-
tion support.7

Variability in milk composition

The adequacy of nutrient intake is further compromised
by the variability in nutrient composition, both inherent to
milk and imposed by circumstances of collection and dis-
tribution of the milk. A large variation in the energy and
protein contents of human milk brought to the neonatal
nursery by the mother is observed.8 This variation may arise
because of differences in methods of milk collection and
storage, the feeding of “spot” samples (individual samples
of expressed milk from one or both breasts, or milk par-
tially expressed from one breast), and the use of feeding
tubes.

The most variable nutrient in human milk is fat, the
content of which differs during lactation, throughout the
day, from mother to mother, and within a single milk
expression.9,10 As human milk is not homogenized, upon
standing, the fat content separates from the body of milk.
Much of the variation in energy content of milk as used
in the nursery is a result of differences in and/or losses
of fat in the unfortified milk.11–13 In one report, the range
in fat contents of milk brought to the nursery was 2.2–
4.7 g dL−1.8 Therefore, when collecting, mixing, and/or
storing milk, efforts must be directed to avoid allow-
ing the fat to separate from the milk and be discarded
inadvertently.
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The use of continuous tube-feeding methods also
reduces fat delivery to the infant compared with
intermittent-bolus feeding.11 Should the clinical condition
mandate continuous tube-feeding, the milk syringe should
be oriented with tip upright, a short length of feeding tube
should be used, and the syringe should be emptied com-
pletely into the infant at end of the infusion. This practice
will ensure the least loss of fat because the fat will flow along
with the remainder of the milk.

The within-feed change in fat content (from foremilk
to hindmilk) also can be used to benefit the infant if
the mother’s milk production is in excess of the infant’s
need. Hindmilk may have 2- to 3-fold greater fat con-
tent than foremilk and can be utilized to provide signi-
ficantly more fat and, therefore, energy for growth.9 As
fat is the most variable nutrient and many mothers do
not produce sufficient volumes to allow fractionation into
foremilk and hindmilk, the use of vegetable oil supple-
ments has been recommended. Because exogenous fat
does not mix with human milk, the fat should be given in
divided doses directly into the feeding tube before a tube-
feeding.

There is a significant decline in the content of protein
from transitional to mature milk which contributes to the
problem of nutrient variability. Although concentrations of
protein and sodium decline through lactation, the nutrient
needs of the premature infant remain higher than those
of term infants until sometime after term postmenstrual
age. Therefore, the decline in milk concentration precedes
the reduction in nutrient needs and results in an inad-
equate nutrient supply from human milk for the premature
infant. The content of other nutrients (e.g., calcium, phos-
phorus) have less variability through lactation but remain
too low with respect to the needs of the premature infant.
Technical reasons associated with collection, storage, and
delivery of milk to the infant also result in a decreased
quantity of available nutrients (e.g., vitamin C, vitamin A,
riboflavin).

Consequences of feeding unfortified human milk

Growth

The exclusive feeding of unfortified human milk in prema-
ture infants, generally infants with birth weights less than
1500 g, has been associated with poorer rates of growth and
nutritional deficits, during and beyond the period of hos-
pital stay.14–18 As growth rates in excess of 15 g kg−1 day−1

are desired, unfortified human milk would not meet this
target.

Protein status

Indices of protein nutritional status, e.g., blood urea nitro-
gen, serum albumin, total protein, and transthyretin, are
lower and continue to decline over time when premature
infants are fed unfortified human milk.14,17,19

Mineral status

As a consequence of the low intakes of calcium and phos-
phorus, infants fed unfortified human milk have progres-
sive decreases in serum phosphorus, increases in serum
calcium, and increases in serum alkaline phosphatase
activity compared with infants fed preterm formula.15,20,21

Follow-up investigations of such infants at 18 months
report that infants having the highest alkaline phosphatase
in-hospital have as much as a 2-cm reduction in linear
growth.22 Evaluation of this cohort at 9–12 y of age found
that attained height was inversely related to the neonatal
serum alkaline phosphatase activity.23 These data suggest
that long-term mineralization might be affected by neona-
tal diet.

The low milk sodium intake, especially if diuretics are
given to the infant, may be associated with late hypo-
natremia.24

Human milk fortification

The nutrient deficits that arise from feeding unforti-
fied human milk can be corrected with nutrient supple-
mentation.7 Protein and energy supplementation are asso-
ciated with improved rates of weight gain, nitrogen balance,
and indices of protein nutritional status: blood urea nitro-
gen, serum albumin, total protein, and transthyretin.17,25

The efficacy of protein fortification of human milk (∼1.5 g
protein kg−1 day−1 added to human milk) was of short-
term benefit resulting in increases in weight gain, and
increments in length and head circumference growth.
Although the measured gains were small, the effects were
cumulative.26 The source of protein in the fortifier also has
been studied. Similar responses to bovine compared with
human milk protein sources have been reported.27

Supplementation with both calcium and phosphorus
results in normalization of biochemical indices of min-
eral status: serum calcium, phosphorus, and alkaline phos-
phatase activity, and urinary excretion of calcium and
phosphorus.20,28 Mineral supplementation of unfortified
human milk has been associated with improved linear
growth and increased bone mineralization during and
beyond the neonatal period.29 A normalization of serum
sodium has been reported following the supplementation
of unfortified human milk with sodium.30
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Table 27.3. Variability in nutrient composition of commercial human milk fortifiers (2002)49

Nutriprem Cow Aptamil FMS

Nutrient Enfamil HMF Similac HMF SMA BMF Milupa Eoprotin & Gate Milupa FM85 Nestle

How supplied 4 packets 4 packets 2 sachets 3 scoops 2 sachets powder powder

Quantity 4 g 4 g 4 g 3 g 3 g 3.4 g 5 g

Energy, kcal 14 14 15 11 10 12 18

Protein, g 1.1 1 1 0.6 0.7 0.8 0.8

Fat, g 0.65 0.36 0.16 0.02 0 0 0.015

Carbohydrate, g 1.1 1.8 2.4 2.1 2 2.2 3.6

Calcium, mg 90 117 90 38 60 69 51

Phosphorus, mg 45 67 45 26 40 46 34

Magnesium, mg 1 7 3 2.1 6 6.8 2

Iron, mg 1.44 0.35 0 0 0 0 0

Manganese, µg 10 7.2 4.6 0 6 10 0

Zinc, µg 720 1000 260 0 300 350 0

Copper, µg 44 170 0 0 26 30 0

Sodium, mmol 0.5 0.7 0.8 0.9 0.3 0.3 1.2

Potassium, mmol 0.5 1.6 0.7 0.006 0.1 0.1 0.3

Chloride, mmol 0.3 1.1 0.5 0.4 0.2 0.2 0.5

Increment in

osmolality,

mOsm

63 90 137 70 60 57 105

Vitamin A, µg 285 186 270 30 130 150 0

Vitamin D, µg 4 3 7.6 0 5 5.7 0

Vitamin E, mg 4.6 3.2 3 0.3 2.6 2.9 0

Vitamin K1, µg 4.4 8.3 11 0.2 6.3 7.1 0

Thiamin, µg 150 233 220 0 130 150 0

Riboflavin, µg 220 417 260 0 170 190 0

Vitamin B6, µg 115 211 260 0 110 120 0

Vitamin B12, µg 0.18 0.64 0.3 0 0.2 0.2 0

Niacin, mg 3 3.57 3.6 0 2.5 2.8 0

Folic acid, µg 25 23 0 0 50 57 0

Pantothenic

acid, mg

0.73 1.5 0 0 0.75 0.85 0

Biotin, µg 2.7 26 0 0 2.5 2.8 0

Vitamin C, mg 12 25 40 15 12 14 0

Enfamil Human Milk Fortifier (Mead Johnson Nutritionals, Evansville, IN).

Similac Human Milk Fortifier (Ross Laboratories, Columbus, OH).

SMA Breast Milk Fortifier (Wyeth Nutritionals International, Philadelphia, PA).

Eoprotin (Milupa, Friedrichsdorf, Germany).

FM85 (Nestle, Vevey, Switzerland).

Nutriprem (Cow & Gate).

Aptamil FMS (Milupa).

A systematic review that addressed multinutrient for-
tification of human milk included a meta-analysis of
10 controlled trials (n > 600 infants with birth weight
generally <1850 g) of human milk fortification compared
with the feeding of unfortified human milk.29 The addi-
tion of multinutrient fortifiers to human milk resulted in
short-term improvements in weight gain and increments

in both length and head circumference growth during hos-
pital stay.

Reformulations of human milk fortifiers

Comparison of human milk fortifiers (in 2002) indicate
a wide range of nutrient compositions (Table 27.3). Few
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direct comparisons have been reported. The growth of pre-
mature infants fed fortified human milk has been reported
to be lower than that of similar infants receiving preterm
formula in most studies.28,31–33 Several explanations have
been advanced for this observation. The protein intake
from fortified human milk is lower than preterm formula,
especially if comparisons are made of fortified mature milk
and formula. Studies of formulations of fortified human
milk in the early 1990s reported lower fat absorption than
infants fed preterm formula.34 The variability in the fat con-
tent of human milk, the lack of fat in the human milk for-
tifiers used in the 1990s, and the soluble mineral prepara-
tions interacting with the fat globule, together, could result
in lower rates of fat absorption. The addition of a large
quantity of minerals to human milk may have created an
unfavorable milieu for the human milk lipid system. The
fat globule may be disrupted by osmotic forces generated
by the high mineral content of the fortifier, and result in
the liberation of free fatty acids. The free fatty acids may
bind minerals and form soaps. In the intestinal tract soap
formation may hinder fat absorption.35,36

Commercial human milk fortifiers in the USA have
been reformulated to improve protein intake, fat absorp-
tion, and reduce the incidence of hypercalcemia.31 Two
randomized, multicenter trials of human milk fortifiers,
comparing protein, fat, and mineral composition, found
improved growth in infants fed the higher protein and
fat formulations.37,38 Beneficial effects on growth were
observed in response to mean differences in protein intake
of 0.3–0.4 g kg−1 day−1 fed over 20 to 29 days while in
hospital. Indices of protein nutritional status tended to
decline during one study.38 This observation suggested
that optimal protein intakes were not achieved. Although
no major differences were reported in energy intake, it is
argued that a more favorable milieu (less bioavailable min-
eral suspension prevented interaction with milk fat glob-
ule) and greater fat intake resulted in better fat absorption.
Serum calcium and phosphorus were lower, in the nor-
mal range, in infants receiving the fortifier containing less
soluble mineral sources.38 Mildly elevated plasma alkaline
phosphatase activity in the group receiving greater pro-
tein intake was considered a supportive of enhanced lin-
ear growth.38 In addition, the fortifiers differed markedly
in their contents of zinc and copper. Despite no added
copper to one of the fortifiers, serum copper and cerulo-
plasmin concentrations were similar between groups with
and without copper fortification.37 These data suggest that
the copper content of unfortified human milk is adequate
for premature infants. Neither randomized trial reported
any safety issues or differences in morbidity between study
groups.

Non-nutritional outcomes of feeding fortified
human milk

Feeding tolerance

Questions have been raised as to whether the addition of
commercial formula-derived human milk fortifiers affects
feeding tolerance in premature infants. Gastric residual
volumes often are used to assess feeding tolerance. The
residual volume may be affected by gastric emptying. The
data on gastric emptying, however, are controversial. Novel
ultrasound techniques to assess gastric cross-sectional
areas have reported conflicting results.39,40 In contrast,
it clearly has been reported that use of fortified human
milk is not associated with feeding intolerance, as manifest
by abdominal distention, vomiting, changes in stool fre-
quency, or volume of gastric aspirate.33 An investigation of
feeding tolerance indices 5 days before v. 5 days after addi-
tion of human milk fortifier (HMF) revealed that of the 10
indices assessed, only gastric residual volume ≥ 2 mL kg−1

and emesis were statistically greater after the addition of
HMF. However, infants manifesting these feeding intoler-
ance indices were no more likely to have delays in achiev-
ing full tube-feeding or full oral feeding than infants not
experiencing increases in feeding intolerance indices. Fur-
thermore, no differences in feeding tolerance were reported
in a meta-analysis comparing premature infants fed forti-
fied human milk or unfortified human milk.29 Moreover,
premature infants fed human milk fortified with a variety
of commercial multinutrient fortifiers have not manifest
any differences in feeding tolerance.37,38 Lastly, in compar-
ison with infants fed preterm formula, those fed fortified
human milk had similar tolerance to feeding.31 Thus, con-
cerns about feeding tolerance should not dissuade clini-
cians from using HMF.

Host defense

A theoretical concern with human milk fortification is that
the added nutrients may affect the intrinsic host defense
system of the milk. The relationship between diet and
the incidence of infection in premature infants has been
examined. Human milk-fed infants had a 26% incidence of
documented infection compared with 49% in formula-fed
infants.41 Results of a randomized trial of fortified human
milk indicated no increases in the incidence of either
confirmed infection or necrotizing enterocolitis compared
with controls.33 When the latter two events were combined,
however, the group fed fortified human milk had more
events than infants in the control group. The data, how-
ever, are difficult to interpret because study infants in both
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groups received more than 50% of their diet as preterm
formula.42 When compared with premature infants fed
preterm formula, those infants fed exclusively fortified
human milk had a significantly lower incidence of necro-
tizing enterocolitis and/or sepsis, fewer positive blood cul-
tures, and less antibiotic usage.31 Infants receiving the most
human milk had the fewest positive blood cultures. Infants
fed exclusively fortified human milk also had more episodes
of skin-to-skin contact with their mothers and shorter hos-
pital stays. From these data, it appears that by reducing
infectious morbidity, feeding premature infants fortified
human milk might have a marked effect on reducing the
cost of medical care.

Extremely premature infants fed their mothers’ milk sup-
plemented with human milk fortifier had less episodes of
sepsis and/a NEC but sepses and/or NEC was increased
if the infants received preterm formula or fortified, pas-
teurized donor human milk. So as substitutes for mother’s
own milk no short-term advantages were noted for preterm
formula or donor human milk.50

The effect of nutrient fortification on some of the general
host defense properties of milk have been evaluated.43,44

Fortification did not affect the concentration of IgA in
milk.43,44 When fortified human milk was evaluated under
simulated nursery conditions, bacterial colony counts were
not significantly different after 20 hours’ storage at refriger-
ator temperature, but did increase from 20–24 hours when
maintained at incubator temperature. The overall increase
in bacterial colony counts at 24 hours, however, was no dif-
ferent from values at time 0.43 Based on these data, changes
are unlikely to be necessary in regard to the current practice
of how fortifiers are used in the nursery.

Other outcomes

Unfortunately, there have been insufficient data to evalu-
ate long-term outcomes of fortification of human milk on
growth or neurodevelopment. One limited study found no
differences in neurodevelopmental outcome at 18 months
in premature infants fed fortified or minimally supple-
mented human milk in hospital.33 Accordingly, several
investigators have made a plea for further research that
is designed to address both the short-term and long-
term outcomes of protein and multinutrient fortification
of human milk.29

Methods of human milk fortification

The fortification of human milk can be performed using
a liquid commercial formula mixed with human milk

or powdered commercial products. Most authorities rec-
ommend that the supplement provide multinutrient as
opposed to single nutrient fortification. The powdered
products have the obvious advantage of not diluting the
human milk, are reported to be preferred by parents, and
have a positive impact on duration of breastfeeding.45

Few randomized comparisons among fortifiers have been
reported. A casual comparison between a liquid preterm
formula mixed with human milk (1 : 1, vol : vol) and a
powdered human milk fortifier can be derived from the
literature.31,46 Protein intake and net retention were lower
with the liquid preparation than the powder. Calcium,
phosphorus, and zinc intakes also were lower with the liq-
uid compared with the powdered preparation used in the
early 1990s. Not only are the nutrient intakes lower with
the liquid preparation, but the achieved net nutrient reten-
tions are well below expected rates of intrauterine nutrient
accretion. The use of a liquid fortifier should be reserved for
situations when the mother is unable to provide sufficient
milk to meet her infant’s needs. However, when sufficient
human milk is unavailable, an alternative approach is to
feed fortified human milk (using powdered fortifier) for as
many feedings as there is milk available, then alternating
with preterm formula for the remaining feedings.

In-hospital feeding practices

The use of multinutrient fortification of human milk for
premature infants is recommended.31,34,47,48 A variety of
protocols are used for feeding fortified human milk. In one
such protocol, human milk is fortified when the infant
achieves an enteral intake of 100 mL kg−1 day−1.31 The
volume is maintained for approximately 2 days while the
concentration is increased by the addition of fortifier. The
intake of fortified human milk is then advanced daily to
maintain a body weight gain of greater than 15 g kg−1 day−1.
No additional vitamin supplements are needed. To support
the low iron stores of the premature infant, if the fortifier
has insufficient iron content, an exogenous source of ele-
mental iron is supplied after complete enteral feeding is
achieved.

Fortified human milk is prepared daily and stored at
refrigerator temperature in individual feeding syringes
until used within 24 hours. However, recent data suggest
that fortified human milk could be stored at refrigerator
temperature for up to 72 hours.51 Milk should be handled
and checked carefully to ensure that the donor and recip-
ient identities match. An aggressive approach toward lac-
tation support is critical for successful milk production in
mothers of premature infants.
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serum urea as indicators of protein metabolism in very low

birthweight infants fed varying human milk protein intakes.

Acta Paediatr. Scand. 1990;79:737–42.

20 Rowe, J. C., Wood, D. H., Rowe, D. W., Raisz, L. G. Nutritional

hypophosphatemic rickets in a premature infant fed breast

milk. N. Engl. J. Med. 1979;300:293–6.

21 Pettifor, J. M., Rajah, R., Venter, A. Bone mineralization and

mineral homeostasis in very low-birth-weight infants fed

either human milk or fortified human milk. J. Pediatr. Gas-

troenterol. Nutr. 1989;8:217–24.

22 Lucas, A., Brooke, O. G., Baker, B. A., Bishop, N. Morley, R. High

alkaline phosphatase activity and growth in preterm neonates.

Arch. Dis. Child. 1989;64:902–9.

23 Fewtrell, M. S., Cole, T. J., Bishop, N. J., Lucas, A. Neonatal

factors predicting childhood height in preterm infants: evi-

dence for a persisting effect of early metabolic bone disease?

J. Pediatr. 2000;137:668–73.

24 Roy, R. N., Chance, G. W., Radde, I. C. et al. Late hyponatremia

in very low birthweight infants. Pediatr. Res. 1976; 10:526–

3l.

25 Polberger, S. K. T., Axelsson, I. A., Räihä, N. C. R. Growth of
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Formulas for preterm and term infants

Deborah L. O’Connor and Joan Brennan
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Introduction

Breastfeeding is the gold standard and strongly preferred
method of feeding healthy term infants.1,2 The American
Academy of Pediatrics recommends human milk as the
exclusive nutrient source for feeding full-term infants for
the first 6 months after birth and indicates that it should be
continued with the addition of solid foods, until 12 months
of life.2 Likewise, the Canadian Pediatric Society recom-
mends exclusive breastfeeding for a minimum of 4 months
and suggests that it may continue for up to 2 years and
beyond.1 The duration of exclusive breastfeeding by the lat-
ter authoritative body is currently under review. Recently
the World Health Organization made the recommenda-
tion that full-term infants be exclusively breastfed until
the introduction of complementary foods at 6 months with
continued breastfeeding thereafter.3 The scientific ration-
ale for recommending breastfeeding as the preferred feed-
ing choice is extensively reviewed elsewhere in this book.

In the event that breastfeeding is contraindicated or a
mother chooses not to breastfeed, a commercially pre-
pared infant formula is the next best option. The Ameri-
can Academy of Pediatrics recommends that when breast-
feeding is not initiated or is discontinued before an infant’s
first birthday, a standard cow’s milk-based formula is the
feeding of choice for term-born infants.2 Canadian Health
officials recommend use of cow’s milk-based, iron-fortified
formulas until 9–12 months of age.1 Available data sug-
gest that approximately 70% of North American women
currently initiate breastfeeding.4,5 At 6 months postpar-
tum, however, only 32.5% of American women are still
breastfeeding.5 While these data suggest that additional

efforts need to be undertaken to increase both the initiation
and duration of breastfeeding, they also underscore the fact
that a significant number of infants in North America con-
tinue to be fed by means other than breast milk. While the
trend toward increased breastfeeding since its nadir in 1971
is associated with a decrease in early postnatal formula use,
infants are also being introduced to unmodified cow’s milk
much later. Contrary to popular perception, the net result
has been an increase in the percentage of infants being fed
formulas after 4 months of age.6 It is estimated that approx-
imately 20% of 6-month-old infants were formula-fed in
1971 compared with greater than 50% in 1980. Together
these data emphasize that a large proportion of infants rely
on commercially prepared infant formula as a significant
source of nutrition at some juncture during their first year of
life. Educating healthcare professionals who care for infants
about the formulas available and their indications for use
could have a significant impact on the nutritional status of
infants in North America and, indeed, anywhere that infant
formula constitutes a significant portion of an infant’s
diet.

The purpose of this chapter, then, is to provide the clini-
cian with a working knowledge of the major infant formu-
las available, their indications for use and to understand
the basics of formula preparation. In addition, this chap-
ter provides an overview of the models used to develop
and make changes in the composition of commercially
prepared infant formula, and the regulatory safeguards
that provide assurance that these products are safe if
used as intended. Finally, a number of current controver-
sies surrounding the composition of infant formulas are
presented.
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Table 28.1. Composition of human milk, cow’s milk and selected cow’s milk-based formulas marketed for feeding term infants in

North America

Minimum

Minimum required, Evaporated Milk-based

Human milk required infant formula Whole cow’s cow’s milk infant

(mature)a LSRO, 1998b Act, 1985c milkd formulae formulaf,g

Kcal dL−1 70 63 Not stated 61 68.2 67–68

Protein g dL−1 1.0 1.1 1.2 3.3 2.3 1.4–1.5

Protein g 100 kcal−1 1.4 1.7 1.8 5.4 3.4 2.1–2.2

Fat g dL−1 4.4 2.9 2.2 3.3 2.6 3.5–3.7

Fat g 100 kcal−1 6.2 4.4 3.3 5.4 3.8 5.2–5.5

CHO g dL−1 6.9 6.0 Not stated 4.7 8.1 7.1–7.5

CHO g 100 kcal−1 9.9 9.0 Not stated 7.7 11.9 10.5–11.1

Na mmol dL−1 0.74 0.73 0.58 2.1 1.5 0.7

Na mg dL−1 17 16.8 13.4 49 35.3 16

K mmol dL−1 1.3 1.03 1.4 3.9 2.6 1.7–1.9

K mg dL−1 51 40.2 53.6 152 101 66.3–74

Cl mmol dL−1 1.2 0.96 1.05 2.9 Not av. 1.1–1.2

Cl mg dL−1 42 33.5 36.9 102 Not av. 38.5–42

Vit. A ug dL−1 62 40.2 50.3 38 24 60.5

Vit. A IUdL−1 241 134 167.5 126 80 200–203

Vit. D IUdL−1 4 26.8 26.8 40 28.8 40–41

Vit. D µg dL−1 0.1 0.67 0.67 1.06 0.72 1.0

Vit. E mg dL−1 0.9 0.33 0.47 0.1 0.06 1.0–1.3

Vit. E IUdL−1 0.9 0.33 0.47 0.1 0.06 1.0– 1.3

Vit. K µg dL−1 0.06 0.67 2.7 0.3 Not av. 5.4– 5.5

Vit. C mg dL−1 5 4.0 5.4 0.9 5.5 5.4–8.1

Ca mmol dL−1 0.8 0.84 1.0 3.0 2.2 1.1–1.3

Ca mg dL−1 32 33.5 40.2 119 87 44–52

P mmol dL−1 0.45 0.43 0.65 3.0 2.2 0.8–1.2

P mg dL−1 14 13.4 20.1 93 67.7 25–37

Fe mg dL−1 0.03 0.13 0.1 0.05 0.06 1.0–1.2

a Energy and nutrient values obtained from:177–180

b Source 181

c Source 14

d Values obtained from:178

e Recipe from:1,178

f Composition of Enfamil, Similac Advance, and Good Start.
g See www.meadjohnson.com, www.verybestbaby.com (Carnation/Nestle) or www.ross.com for most recent product information.

History of formula feeding

Safe and acceptable human milk substitutes are a recent
phenomenon of the twentieth century that are becom-
ing more sophisticated as we better appreciate the impact
of biological immaturity on nutrient requirements and,
in turn, the impact of nutrients on biological maturation.
Even at the beginning of the twentieth century, the major
biochemical differences between human milk and cow’s
milk were understood.6 Some of these differences are sum-
marized in Table 28.1. It was understood that a human

milk substitute based on cow’s milk required dilution with
water and that carbohydrate needed to be added. A num-
ber of commercial infant formulas were, in fact, patented
by this time; however, few infants were fed these prod-
ucts. In 1915 Gerstenberger developed the first complete
infant formula of modern times.7 De-fatted and diluted
cow’s milk formed the base of this product. Cod liver oil
and beef tallow was added at a level of 4.6% to mimic
the fat content of human milk. This product was called
SMA for “synthetic milk adapted.” This product and name
remained on the market in North America until recently,
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but the formulation was modified extensively over time.
The fat blend was replaced with vegetable oils, lactose
was added, and the vitamin and mineral composition was
modified.

From the 1920s until the 1950s most formulas fed to
infants in North America were prepared in the home by mix-
ing evaporated or fresh cow’s milk with water and adding
carbohydrate. Both options were inexpensive and evapor-
ated milk did not require refrigeration. Evaporated milk
assured sterility (at least until opened) at a time when
the purity of fresh cow’s milk was not always certain.
Further, the process of sterilizing evaporated milk also
modified casein such that it produced a finer curd and
improved the digestibility of the product. While the cur-
rent use of these formulations for infant feeding in the
USA is virtually nonexistent, they are still used in some
Northern Canadian communities due to cost, convenience,
and tradition.1 While Canadian Health authorities do not
recommend homemade evaporated milk formulas as an
alternative to breast milk or commercial infant formula,
they do provide a suggested recipe to ensure proper dilu-
tion and that appropriate amounts of energy, protein,
and carbohydrate are fed.1 Due to their low iron con-
tent, iron deficiency is common among infants using
these products.6,8 Their high renal solute load puts young
infants at risk of developing hypernatremic dehydration
during illness.6,9 Essential fatty acid intake is low and vita-
min C deficiency, specifically scurvy, is observed, albeit
less frequently since orange juice was recommended as
a source of vitamin C for infants fed these preparations.
Currently in North America, all evaporated milk is fortified
with vitamin D. Vitamin C is also added as a fortificant in
Canada.

The evaporated whole milk formula recipe recom-
mended for the first 6 months of life is a 1:2 dilution of
evaporated whole milk to water plus white table sugar. For
example, 30 ml evaporated whole milk, 60 ml water and 1
teaspoon sugar will lower the protein and sodium content
to an appropriate level for young infants. After 6 months
of age, a 1:1 dilution of evaporated whole milk to water is
recommended with no addition of sugar. The energy and
select nutrient composition of the formulation for younger
infants can be found in Table 28.1.

Since the 1950s, commercially prepared infant formulas
have gradually replaced home-made preparations due to
the introduction of liquid concentrates, iron-fortification,
endorsement by physicians and infant formula industry
marketing.6 Years ago, formula concentrates were per-
ceived as being more convenient than home formulations
or commercially available powders which, at the time, were
difficult to reconstitute.

Models used in formula development

Term infants

The composition of standard term starter formula, and
research initiatives to make further improvements, are
guided by our current understanding of the composi-
tion of human milk. The composition of human milk is
extremely complex and it is unlikely that it will be dupli-
cated. In addition to the presence of nutrients, human
milk contains hormones, immunologic agents, enzymes,
and live cells to name a few. It is also known that the
bioavailability of nutrients and bioactive components is
very much dependent on the presence or absence of other
milk components. Because of this, it is flawed logic to
assume that a nutrient or bioactive component ingested
by exclusively human milk-fed infants will produce an
identical response in formula-fed infants. So while the
composition of human milk should serve as the starting
point for modifications to infant formula, the ultimate
goal should be to provide nutrients/bioactive components
in a concentration and form that produces a metabolic
response in the formula-fed infant that most closely resem-
bles that of the breast-fed infant. In 1998 an Expert Panel
made recommendations for revision of the Code of Federal
Regulations as it applied to the nutrient content of infant
formulas.10 This recommended reference is a comprehen-
sive review of the research literature regarding the nutrient
requirements for infant formulas designed for term-born
infants.

Preterm infants

Whilst the composition of human milk and performance of
the exclusively breast-fed infant is the “gold standard” for
the development of standard term formulas, this approach
is not appropriate for developing and modifying formu-
las designed for the preterm infant. Under more ideal
circumstances, premature infants during their early post-
natal course would be receiving their nutrients via transpla-
cental transfer and amniotic fluid. Despite the impressive
list of advantages, human milk feeding alone during initial
hospitalization will not meet the nutritional requirements
of many premature infants, especially those born <1500
g (very low birth weight, VLBW).2,11 As such, the nutrient
composition of the first formulas designed for the prema-
ture infant were generally determined from estimates of
the maximum intrauterine accretion rate for each nutri-
ent accounting for endogenous losses, incomplete diges-
tion, absorption, or retention by the premature infant. Daily
accretion rates for nutrients such as nitrogen, calcium,
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and phosphorus were estimated from body composition
data of fetuses at various weights and from intrauterine
growth curves.12,13 Subsequent modification of the nutri-
ent levels in preterm formulas have occurred secondary
to research that has more comprehensively examined the
nutrient in question. To date, however, growth and toler-
ance are often used as the primary criteria for many com-
positional changes.

In 2002 an Expert Panel made recommendations for revi-
sion of the Code of Federal Regulations as it applies to
the nutrient content of preterm infant formulas.14 This
recommended reference provides a comprehensive review
of the research literature as it pertains to the nutrient
requirements for infant formulas designed for prema-
turely born infants.15 Readers are advised to refer to a
document produced by the Nutrition Committee of the
Canadian Pediatric Society for nutrient requirements for
infant formulas designed for preterm infants after hospital
discharge.11

Compositional differences between whole
cow’s milk and human milk

Protein

Whole (full-fat), 2%, 1% or skim cow’s, goat’s milk, and evap-
orated milk are not recommended for use during the first 91

or 12 months of life.2 As illustrated in Table 28.1, the nutri-
ent composition of whole cow’s milk differs quite markedly
from human milk.

The amount of protein in cow’s milk is much higher than
that of human milk and in comparison remains constant
over time at approximately 3.5 g dL−1.16 In contrast mature
human milk (1.0 g dL−1) starts out with a higher protein
concentration in early lactation and gradually decreases
over time.17 The protein in cow and human milk is com-
posed of three major fractions: casein, whey, and nonpro-
tein nitrogen. Human milk and cow’s milk differ in their
casein, whey, and nonprotein nitrogen ratios. The term
casein and whey were developed by the dairy industry
as a way to articulate physical properties of milk. Casein
precipitates out into curds when acidified while the whey
proteins remain in solution.18 Cow’s milk is casein pre-
dominant with a whey:casein ratio of 18:82. Conversely,
human milk is whey predominant and the whey:casein
ratio varies over time. The whey: casein ratio in early lac-
tation is 90:10 and changes to 50:50 later on as the pro-
portion of immunological proteins found in the whey frac-
tion declines.19 The protein and amino acid composition

of the casein and whey fractions differs markedly between
human and cow’s milk. For example, the major con-
stituents of the whey fraction of human milk are lactoferrin,
alpha-lactalbumin and immunoglobulins whereas in cow’s
milk, it is beta-lactoglobulin.16 The nonprotein nitrogen-
component of milk refers to the remainder of heterogen-
eous nitrogen-containing compounds left once the protein
fraction has been removed. It consists of urea, peptides,
free amino acids, creatine, creatinine, uric acid, ammonia,
nucleotides, nitrogen-containing carbohydrates, and other
nitrogenous substances.20 It comprises about 5 %–6%21 and
20 %–25%22 of the total nitrogen content in cow’s milk and
human milk respectively. It appears that the peptides and
free amino acids are nutritionally available but the contri-
bution of urea to protein metabolism has yet to be clearly
defined.23

Lipid

Next to water, the largest constituent of human or cow’s
milk is the lipid fraction. It also provides the greatest pro-
portion of total energy. This fraction is composed of trigly-
cerides (>98% of the lipid component) made up of some
167 and 437 identified fatty acids in human and cow’s milk,
respectively.24 Seven and 12 of these fatty acids, respec-
tively, are present at concentrations of >1% of total fatty
acids.25,26 In addition the lipid component consists of phos-
pholipids, sphingolipids, and sterols. It is the most variable
constituent of human milk with individual fatty acids vary-
ing in concentration over a feeding, from breast to breast,
over a day’s time, with parity and gestational age of off-
spring at birth and between individuals. Maternal diet has
a major impact on the fatty acid profile of human milk.25 For
example, milk from lacto-ovo vegetarians contains a lower
proportion of fatty acids derived from animal sources and
a higher proportion of fatty acids from vegetable sources.25

In contrast, the fatty acid composition of cow’s milk is rela-
tively unaffected by diet because of the biohydrogenation
and production of short-chain fatty acids in the rumen
of the cow.26 In addition to differences between human
milk and cow’s milk in regard to the profile and concentra-
tion of individual fatty acids, the distribution of fatty acids
on the glycerol backbone of triglyceride is unique to each
species. These structural differences affect the bioavailabil-
ity of individual fatty acids. In human milk most of the 16:0
(palmitic acid) is at the sn-2 position, 12:0 at the sn-3 posi-
tion, and 18:0 (oleic acid) at sn-1, and 18:1 and 18:2 (linoleic
acid) at sn-1 and sn-3.25 In cow’s milk, most 4:0–8:0 are at
the sn-3 position and 12:0, 14:0, and 16:0 are at the sn-2
position.26
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Carbohydrate

The predominant source of carbohydrate in human and
cow milk is lactose. The concentration of lactose in human
milk (∼6.1 g dL−1) is significantly higher than that of cow’s
milk (∼4.8 g dL−1).27 Lactose is a disaccharide composed
of the two monosaccharides, galactose and glucose. Other
milk sugars in milk include glucose and galactose in low
concentrations, neutral and acid oligosaccharides, and
the peptide-bound and protein-bound carbohydrates. The
concentration of oligosaccharides, the largest constituent
of human milk after water, lipid, and lactose, is about ten
times higher than that in cow’s milk. More than 80 neutral
and acidic oligosaccharides have been identified, several of
which are known to play a role in promoting colonization of
the gastrointestinal tract with bifidobacteria and inhibition
of the binding of enteropathogens to epithelial surfaces.

Minerals

Human and cow’s milk also differ with respect to the non-
energy-containing nutrients.28 For example, the mineral
content of cow’s milk is significantly higher than that of
human milk and is thought to reflect the higher growth rate
of calves compared with human infants. Calcium, phos-
phorus, magnesium, and sodium levels are reported to
be 3–7 times higher in cow compared with human milk
(Table 28.1).

The higher concentrations of protein, sodium, potas-
sium, and chloride in unmodified cow’s milk increases its
renal solute load compared with human milk or commer-
cially available formula.29 Renal solute load by definition
represents the solutes excreted per liter of milk or formula
consumed. The higher solute load in cow’s milk puts an
unnecessarily high demand on the immature kidney rela-
tive to that of human milk and significantly increases urine
osmolality.30 Whilst the kidney of a healthy term infant can
handle this increase, this might not be the case at times
of increased water loss that occurs during a bout of acute
febrile illness, diarrhea, and/or vomiting. Cow’s milk, in
these situations, may not supply sufficient free water.31

Consumption of unmodified cow’s milk has also been asso-
ciated with blood loss in the stool of infants less than 6
months of age.10,30 The mechanism for this loss is presum-
ably mediated via an allergic-type reaction between some
component of cow’s milk protein and the enterocyte of the
gastrointestinal tract. Further, the higher concentration of
cow’s milk proteins and calcium may negatively impact
on the bioavailability of iron, increasing the infant’s risk
of iron-deficiency anemia.

Choosing the right Formula

There are numerous infant formulas available on the mar-
ket in North America. What follows below are descriptions
of the major categories of formulas available, their ingre-
dient and nutrient composition, and indications for use.
The text, in conjunction with the algorithm provided in
Figure 28.1, will provide clinicians with direction on infant
formula selection. As the ingredient and nutrient compo-
sition of formulas frequently change, the reader is strongly
advised to refer to the most up-to-date product informa-
tion provided by the manufacturer.

Cow’s milk-based term formula

Cow’s milk-based formulas for term-born infants currently
on the market in North America provide approximately
67 kcal dL−1 energy (Table 28.1). Both brand name and
generic varieties are available. To the best of our knowledge
companies, or their global subsidiaries, that produce brand
varieties manufacture all generics available in North Amer-
ica. However, brand varieties and generics produced by the
same company may differ significantly in their ingredient
composition and nutrient content.

Protein
The protein concentration of term cow’s milk-based formu-
las is significantly lower than that of unmodified cow’s milk
and more similar to that of human milk (Table 28.1). Mar-
keted formulas do differ in their whey:casein ratio (Table
28.2). For example, Carnation Good Start (Nestle Good Start
in Canada) is made up of 100% partially hydrolyzed whey.
In contrast, Enfamil (called Enfalac or Enfamil in Canada),
Similac and one of the generics available in Canada (Pres-
ident’s Choice) have whey:casein ratios of 60:40, 48:52
and 18:82, respectively. Historically, formula manufactur-
ers increased the whey relative to casein content of formu-
las with the rationale that a greater proportion of human
milk protein was in the whey versus casein fraction. As dis-
cussed above, however, proteins in the whey fraction of
cow and human milk do differ and hence the logic for this is
flawed. It has been shown that increasing the whey fraction
of a protein mixture does not necessarily produce a plasma
essential amino acid profile that better matches that of the
breastfed infant. In one study, a formula containing approx-
imately equal concentrations of whey and casein produced
an amino acid profile in formula-fed infants most similar to
the breastfed infant compared with infants fed either 100%
whey or a whey-dominant formula.32,33 The clinical signi-
ficance of these observed differences is unknown. However,
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Table 28.2. Macronutrient and ingredient content of select cow’s milk-based formulaa

Enfamil/Enfalac Similac Advance Good Start/NAN Store brand

Protein (g 100 kcal−1) 2.1 2.1 2.2 2.2

Protein source Reduced minerals

whey nonfat milk

Nonfat milk, whey

protein concentrate

Whey protein

concentrate, nonfat

dry milk

Nonfat milk

Carbohydrate (g 100 kcal−1) 10.9 10.8 11.2 10.6

Carbohydrate source Lactose Lactose Lactose, corn syrup Lactose

Fat (g 100 kcal−1) 5.3 5.4 5.1 5.3

Fat source Palm olein oil, soy oil,

coconut oil, high

oleic sunflower, + or

− single cell oils

High oleic sunflower

oil, safflower oil, soy

oil, coconut oil, + or

− single cell oils

Palm olein oil, soy oil,

coconut oil, high

oleic safflower oil, +
or − single cell oils

Proportions vary

depending on brand

manufacturer

a www.meadjohnson.com, www.verybestbaby.com (Carnation/Nestle) or www.ross.com for the most recent product information.

there are a number of examples in the adult and infant liter-
ature which illustrate that dietary amino acid composition
can affect plasma amino acid patterns, which in turn may
affect maturation and behavior.32,34–38

A number of studies, though not all, suggest that whey-
based formulas accelerate gastric emptying relative to
casein-based cow’s milk formula and may be associ-
ated with fewer episodes of emesis and gastroesophageal
reflux.39–43 Indeed, bovine beta-casein produces a firmer
curd in the stomach compared with either human milk
kappa-casein or whey, serving to slow gastric emptying.
It is not clear whether the level of hydrolysis of whey pro-
tein affects the rate of gastric emptying.39,40 According to
product literature, the 100% whey proteins in Carnation
Good Start are “broken down into smaller pieces to be easy
to digest in your baby’s tummy.” These proteins are called
Comfort Proteins in advertising material. There is no sci-
entific evidence that we are aware of which supports a toler-
ance advantage claim for healthy term infants in using this
product.

Carbohydrate
The carbohydrate in cow’s milk-based starter formulas is
composed of lactose or a combination of lactose and mal-
todextrin (Table 28.2). Maltodextrins are oligosaccharides
of 5–10 glucose units, produced from the hydrolysis of
starch.

Lipids
Like human milk, fat provides 40%–50% of the energy
in cow’s milk-based formula. The butter-fat of whole
cow’s milk is removed and replaced with a combination
of the following vegetable oils to mimic, in small part,
the fatty acid profile of human milk: coconut, high oleic

sunflower, high oleic safflower, soybean, and palm olein
oils (Table 28.2). Oleo oils (i.e., destearinated beef fat) are
one of the oils used in many of the generics (formerly SMA,
Wyeth Nutritionals) marketed in the USA. While formula
manufacturers have done a good job of matching some
of the most prevalent fatty acids found in human milk, oil
blends do not approach mimicking the presence or concen-
tration of all 167 fatty acids identified in human milk nor
its triacylglycerol profile. Likewise the oil blend in infant
formula differs from human milk with regard to the pres-
ence and concentration of a whole host of sterols (most
prevalent is cholesterol), phospholipids, sphingomyelins,
neutral glycosylceramides and acidic glycosphingolipids or
gangliosides.

Coconut oil is an excellent source of saturated rela-
tively short-chain fatty acids. Palm oil is a source of long-
chain saturated fatty acids, and soy, corn, and safflower oils
provide polyunsaturated fatty acids. Genetic variants of
sunflower and safflower oil are used to increase the
monounsaturate content of the fat blend. Available oil
blends provide the essential fatty acids linoleic and
linolenic acid in ample quantities. None provide a signifi-
cant source of cholesterol, which is found in human milk.
More recently, single cell oils have been added to formulas
as a source of the long chain polyunsaturated fatty acids
docosahexaenoic (DHA, 22:6n-3) and arachidonic acid
(ARA, 20:4n-6).

There has been considerable discussion in the literature
and research community about the relative efficacy of var-
ious base oil blends in promoting fat absorption and the
benefit and safety of adding DHA and ARA to term formula.
Human milk contains a significant quantity of palmitic acid
(16:0, 20.5% of total fatty acids).44 Many formulas contain
substantially less palmitic acid than found in human milk.
Palm olein, a lower-melting fraction of palm oil, has been
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added to some commercially available standard term for-
mulas to increase its palmitic acid content. Palm oil is one
of the few plant oils rich in palmitic acid; however, unlike
human milk, palmitic acid in palm oil is esterified predomi-
nantly in the sn-1 and sn-3 positions as opposed to the sn-2
position.45 When palmitic acid is in the sn-2 position, as is
the case in human milk, it is better absorbed than in the
sn-1 or sn-3 positions.46–48 The fat absorption of infants
consuming formulas containing palm olein is less than
that of formulas devoid of this oil.45,49,50 Likewise, calcium
absorption is reduced presumably due to the formation of
insoluble calcium soaps produced by the binding of dietary
calcium with unabsorbed fatty acids. Despite this, Hansen
et al.51,52 report that infants consuming one brand of for-
mula containing palm olein had calcium absorption and
bone mineral content similar to that of breastfed infants.
Koo et al.53 report that feeding a formula containing palm
olein for the first 6 months of life reduced the whole body
bone mineral content and bone density of infants com-
pared with that of infants fed a formula devoid of this oil.
Together these data suggest that infants fed a standard
cow’s milk-based term formula containing palm olein have
similar rates of bone mineralization compared with breast-
fed infants but lower rates compared with infants fed for-
mula without palm olein. The clinical relevance of these
observations is unknown, as is the impact on long-term
bone health, osteoporosis, and bone fracture rates.

Docosahexaenoic (DHA) and arachidonic acid (ARA)
The recent addition of DHA and ARA to term infant for-
mulas in the North American market has resulted in much
discussion, confusion, and controversy. DHA and ARA are
the major long chain polyunsaturated fatty acids found in
the nonmyelin membranes of the brain, particularly the
cortical synaptic terminals, and retina. These fatty acids are
found in breast milk, the concentration of which is strongly
influenced by maternal diet. For example, the DHA content
of milk from women consuming large amounts of marine
foods can be as high as 1.4% of fatty acids, though the DHA
concentration in milk collected from women consuming
a typical North American diet is generally in the range of
0.2%–0.4% of total fatty acids.10,54,55

While the polyunsaturated vegetable oils used to manu-
facture formulas do contain the precursors of DHA and
ARA, alpha-linolenic acid and linoleic acid, they do not
contain DHA and ARA. Neither linoleic acid nor alpha-
linolenic acid can be synthesized by mammalian cells. As
has been shown in studies using stable isotopes, infants
have the enzymatic machinery to convert alpha-linolenic
acid to DHA and linoleic acid to ARA.10,56–59 These studies
alone, however, provide insufficient data to assess whether

sufficient quantities of DHA and ARA are synthesized to
meet the infants requirements. Infants fed formulas with-
out DHA and ARA but containing adequate levels of alpha-
linolenic and linoleic acid have lower levels of DHA and ARA
in their blood compared with either breastfed infants or
infants fed formulas supplemented with these fatty acids.10

As with DHA and ARA in milk, the profile and concentra-
tion of these fatty acids in the blood will reflect dietary
intake and do not provide sufficient data to assess whether
endogenous biosynthesis of DHA and ARA is adequate
to meet requirements. Analysis of postmortem samples
of infant brain have shown lower concentrations of DHA,
but not ARA, in the cerebral cortex of infants fed formula
(devoid of added DHA and ARA) compared with breastfed
infants.60–62 The range of human cerebral DHA contents
that is associated with normal function is not known; how-
ever, reduced brain DHA has been shown to decrease visual
function and performance on learning tasks and altered
serotonin and dopamine metabolism in animals.55,63–66

Unlike the situation for preterm infants, the results from
clinical trials with term-born infants designed to evaluate
the efficacy of DHA and ARA addition are mixed. For exam-
ple, Birch et al.67 evaluated the effects of feeding breast
milk, term formula (1.5 and 14.6% of fatty acids as alpha-
linolenic and linoleic, respectively) and term formula con-
taining DHA alone or DHA and ARA (single cell microbial
oil; 0.36% and 0.72% of fatty acids, respectively) on the
visual acuity of full-term infants.67 Infants fed term for-
mula without DHA and ARA added had lower visual acu-
ity (as measured by an electrophysiological Visual Evoked
Potential VEP) procedure at 6, 17, and 52 weeks but not
26 weeks than infants fed breast milk, formula contain-
ing DHA alone or DHA plus ARA. Similarly, Birch et al.68

evaluated the effects of feeding term formula (∼1.5% and
15% of fatty acids as alpha-linolenic and linoleic, respec-
tively) without added DHA and ARA and with DHA and ARA
(0.36% and 0.72% of fatty acids, respectively) after wean-
ing from breast milk after 6 weeks postpartum.68 Despite
a dietary source of DHA and ARA from breast milk during
the first 6 weeks of life, infants weaned to term formula
devoid of these fatty acids had poorer visual acuity at 17,
26 and 52 weeks of age. Finally, Birch et al. (2000) report
that term-born infants fed formulas containing DHA and
ARA (0.36% and 0.72% of fatty acids, respectively) had a
7-point higher score on the Mental Development Index of
the Bayley Scales of Infant Development–II compared with
formula-fed infants not fed these fatty acids.69

In contrast, Auestad et al.70,71,73 did not find differences
in visual acuity (as measured by VEP or Teller acuity card
procedures), cognitive development, or motor develop-
ment among infants fed formula without DHA and ARA
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compared with those fed formulas supplemented with
either DHA or DHA and ARA. In the first study by Auestad
et al., term-born infants were randomly assigned to one of
three formula regimens: control (no DHA or ARA), egg-yolk
supplemented (0.12% and 0.43% of DHA and ARA, respec-
tively) and fish-oil supplemented (0.23% and 0.07% of
DHA and eicosapentaenoic acid (EPA), respectively).70,72,73

Vocabulary comprehension scores were significantly lower
in the fish oil (DHA alone) group compared with the breast-
fed group. There was also a trend for vocabulary produc-
tion scores to be lower for the fish oil (DHA alone) com-
pared to the breastfed group. These infants were followed
again at 3.25 years and no differences were found among
formula groups with respect to infant IQ and measures of
vocabulary.73 In the second study, infants in the formula
groups were randomized to a control formula with no DHA
or ARA or one of two otherwise identical formulas contain-
ing ARA and DHA from either an egg-derived triglyceride
or a fish and fungal oil source (0.14% and 0.46% DHA and
ARA, respectively).71 The alpha-linolenic and linoleic con-
tent of formulas in both studies was ∼2% and 20% of fatty
acids respectively. Reference groups of infants’ breastfed
and weaned to formulas with and without DHA and ARA
were also included. No differences were found in the lat-
ter study between infants fed control formula without DHA
and ARA and breastfed infants.

Other studies of term-born infants are similarly mixed
with some showing at least a short-term benefit74–77 on
either visual or cognitive development of DHA and ARA
supplementation of term formula and others showing no
benefit at all.78,79

Iron
Standard term cow’s milk-based formula can be purchased
containing either a low (0.22–0.7 mg 100 kcal−1) or a higher
level of iron (1.5–1.8 mg 100 kcal−1) though there is move-
ment to phase out the latter. As iron is listed on the ingre-
dient panel of both products, specific instructions should
be provided to families on how to identify the higher iron-
containing product. The higher iron-containing product is
referred to as iron fortified; however, no standard term for-
mula is available without added iron.

Infant formula providing iron at a level of 0.2 mg
100 kcal−1 would produce an estimated net rate of iron
absorption similar to that of an exclusively human milk-fed
infant.10 Unless infants ingesting the low iron formula
consume a medicinal iron supplement or foods rich in iron
such as meats, they are at increased risk of iron deficiency
in the latter half of their first year. The widespread decline
in the prevalence of anemia among infants and preschool
children in the USA during the 1960s and 1970s has been

attributed to the widespread use of iron and ascorbic acid
fortified formulas.31 Results from a series of recent clinical
studies suggest that an intermediate level of iron fortifi-
cation between that currently available from low iron and
higher iron-fortified formulas may be equally efficacious
in the prevention of iron deficiency.10 Presently in the USA
approximately 9% of toddlers are iron-deficient (defined by
increased free erythrocyte protoporphyrin and decreased
transferrin saturation and serum ferritin).80 There is no sci-
entific support for claims that higher iron-containing for-
mulas result in gastrointestinal intolerance, most notably
constipation.2,10,81 Higher iron-containing formulas, in
particular, will produce green-colored stools that markedly
differ from the yellow stools of exclusively breastfed infants.

Indications for use
The American Academy of Pediatrics recommends that
when breastfeeding is not used or is stopped before 1 year
of age, a standard cow’s milk-based formula is the feed-
ing of choice for full-term infants until 1 year of age.2 Can-
adian Health officials recommend use of cow’s milk-based,
iron-fortified formulas until 9–12 months of age.1

Cow’s milk-based preterm formula

Cow’s milk-based formulas designed for preterm infants
during their initial in-hospital course, commonly called
premature formulas, provide either 68 or 81 kcal dL−1

(Similac Special Care Advance or Enfamil Premature LIPIL;
Enfamil A+ Premature in Canada) (Tables 28.3 and 28.4).
These products are available in either low or high iron vari-
eties. Once full enteral feeding is established (e.g., intakes
≥100 kcal kg−1 day−1 and/or 150 ml kg−1 day−1), the 81 kcal
dL−1 variety is most often chosen as it provides the most lo-
gical compromise between the premature infants-limited
ability to tolerate volume and their limited urinary excre-
tory capacity.15 Practices vary considerably from institution
to institution on whether the 68 or 81 kcal dL−1 product is
used, diluted or provided at full-strength, prior to estab-
lishment of full enteral feeding.

Protein
Premature formulas are higher in protein than standard
term formulas in order to facilitate in utero rates of tis-
sue growth and nitrogen accretion. Current premature
formulas on the North American market contain either
2.7 or 3.0 g protein 100 kcal−1 which is well within the
guidelines published by several authoritative bodies (2.5–
3.0 g 100 kcal−1;11 2.9–3.3 g 100 kcal−1;2 2.5–3.6 kcal−1

100 kcal−1).15 At intakes of 110–130 kcal kg−1 day−1, current
premature formulas provide at least 3.0 g kg−1 day−1. The
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Table 28.3. Composition of human milk and selected cow’s milk-based formulas marketed for premature infants in North America

Minimum

required for Milk-based Milk-based Milk-based

premature premature premature post-discharge

Human milk Human milk formulasc (LSRO, formulasc,d formulasc,d formulasd,e

(mature)a (preterm)b Klein 2002) 20 kcal per fld oz 24 kcal per fld oz 22 kcal per fld oz

Kcal dL−1 70 73.3 67 67.6 80.6 74.6–75.1

Protein g dL−1 1.0 1.5 1.7 1.8–2.0 2.2–2.4 1.9–2.1

Protein g 100 kcal−1 1.4 2.1 2.5 2.7–3.0 2.7–3.0 2.6–2.8

Fat g dL−1 4.4 3.2 2.9 3.4–3.7 4.1–4.4 4.0–4.1

Fat g 100 kcal−1 6.3 4.4 4.4 5.1–5.4 5.1–5.4 5.3–5.5

CHO g dL−1 6.9 6.8 6.4 7.2–7.5 8.6–9.0 7.7–8.0

CHO g 100 kcal−1 9.9 9.3 9.6 10.0–11.0 10.0–11.0 10.3–10.4

Na mmol dL−1 0.74 1.1 1.4 1.1–1.3 1.4–1.5 1.1

Na mg dL−1 17 25.3 31.4 26.4–29.1 31.5–34.7 24.6–26.3

K mmol dL−1 1.3 1.5 1.2 1.8–2.2 2.1–4.5 2.0–2.7

K mg dL−1 51 58.5 48.3 69.6–87.2 83.1–104.0 78.9–106.0

Cl mmol dL−1 1.2 1.2 1.4 1.6 1.9–2.0 1.6–1.7

Cl mg dL−1 42 42 48.3 54.7–57.4 65.3–68.5 56.0–58.6

Vit. A µg dL−1 62 120 169 253 302 101–103

Vit. A IUdL−1 241 400 564 845 1008 338–343

Vit. D µg dL−1 0.1 0.3 1.5 2.5–4.6 3.0–5.4 1.3–1.5

Vit. D IU dL−1 4 1.2 60.5 101.4–182.4 121.0–217.7 52.2–60.1

Vit. E mg dL−1 0.9(ATE) 0.75 1.6 2.7–4.3 3.2–5.1 2.7–3.0

Vit. E IUdL−1 0.9 0.75 1.6 2.7–4.3 3.2–5.1 2.7–3.0

Vit. K µg dL−1 0.3 0.3 3.2 5.4–8.1 6.5–9.7 6.0–8.2

Vit. C mg dL−1 5 1.2–1.3 6.7 13.5–25.0 16.1–29.8 1.1–1.2

Ca mmol dL−1 0.8 0.70 2.5 2.8–3.0 3.3–3.6 2.0–2.3

Ca mg dL−1 32 28 99.1 111.5–121.6 133.1–145.2 78.4–90.2

P mmol dL−1 0.45 0.48 2.1 1.8–2.2 2.2–2.6 1.5–1.6

P mg dL−1 14 14.9 66.1 56.1–67.6 66.9–80.6 46.3–49.6

Fe mg dL−1 0.03 0.09 1.4 1.2 (0.17–0.25) 1.5 (0.20–0.30) 13.4–13.5

a Values obtained from:177–180

b Values obtained from:16,179,180,182–187

c Assumes an infant is consuming a 24 kcal per fld oz formula.
d Enfamil Premature LIPIL and Similac Special Care Advance. Available at two levels of iron.
e See www.meadjohnson.com or www.ross.com for most recent product information.
f CHO, carbohydrate, EnfaCare LIPIL and Similac NeoSure Advance.

Expert Panel commissioned by the Life Sciences Research
Office recently recommended a minimum intake of pro-
tein of 3.4 g kg−1 day−1 on the basis that this level pro-
moted growth and improved plasma markers of protein
nutritional status.15 Infants provided with unmodified for-
mulas containing 2.7 and 3.0 g protein 100 kcal−1 would
need to consume 125 kcal kg−1 and 115 kcal kg−1, respec-
tively, in order to meet this recommendation. The Amer-
ican Academy of Pediatrics2 currently recommends 3.5–
4.0 g kg−1 day−1 of protein to mimic fetal accretion rates of
protein. Health Canada recommends 3.5–4.0 g kg−1 day−1

of protein for stable growing infants born less than 1000 g

and 3.0–3.6 g kg−1 day−1 of protein for infants born 1000 g
or greater.23

The protein component of currently available prema-
ture formulas is whey predominant (whey:casein ratio of
60:40) composed of nonfat milk and whey protein concen-
trate. It is believed that these whey-predominant infant
formulas produce concentrations of plasma free amino
acids that are more like those in infants fed pooled human
milk than would a casein-predominant formula.15 Whey-
predominant formulas produce higher blood levels of the
amino acids cyst(e)ine and threonine and lower levels of
tyrosine and phenylalanine, which may be advantageous
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Table 28.4. Macronutrient and ingredient content of formulas designed for premature infantsa

Enfamil Premature LIPILb

Similac Special Care

Advancea EnfaCare LIPIL NeoSure Advance

Protein (g 100 kcal−1) 3.0 2.7d 2.8 2.6

Protein source Nonfat milk, whey

protein concentrate

Nonfat milk, whey

protein concentrate

Whey protein,

concentrate, nonfat milk

Nonfat milk, whey

protein concentrate

Carbohydrate

(g 100 kcal−1)

11.0 10.6 10.4 10.3

Carbohydrate source Corn syrup solids and

lactose

Corn syrup solids and

lactose

Lactose and corn syrup

solids

Corn syrup solids and

lactose

Fat (g 100 kcal−1) 5.1 5.4 5.3 5.5

Fat sourcec 40% MCT oil, soy oil,

high oleic vegetable

oil (sunflower and/or

safflower), single cell oils

50% MCT oil, soy oil,

coconut oils, single

cell oils

High oleic vegetable oil,

soy oil, 20% MCT oil,

coconut oil, single

cell oils

Soy oil, 25% MCT oil,

coconut oil, single

cell oils

a see www.meadjohnson.com or www.ross.com for most recent product information.
b Available as low-iron and higher iron 20 and 24 kcal per fld oz formula.
c Fat blends may differ depending on whether a concentrate, ready-to-feed or powder.
d In Canada contains 3.0 g 100 kcal−1 protein.

to the premature infant. Cysteine and threonine are con-
ditionally and classically essential amino acids, respec-
tively. Cysteine is thought to be essential in the diet of
the premature infant due to inadequate enzymatic activ-
ity of cystathionase, a critical enzyme in its synthesis. High
levels of tyrosine can be toxic. One of the most common
human disorders of amino acid metabolism is transient
neonatal tyrosinemia, a condition most often affecting pre-
mature infants and thought to be the result of a lag in
the development of enzyme activity involved in tyrosine
degradation.

Carbohydrate
The carbohydrate fraction of premature formulas is com-
posed of lactose and glucose polymers (Table 28.4). Glu-
cose polymers are oligosaccharides of 3–5 glucose units per
molecule provided as corn syrup solids in infant formula.
Glucose polymers are used to reduce the lactose content
and osmolality of the formula. Glycosidase enzymes capa-
ble of breaking down glucose polymers are active in the
intestine of premature infants. Premature infants may not
be able to completely digest lactose because lactase activ-
ity is not fully active in fetal intestine until quite late in
gestation (36–40 weeks). It is estimated that between 35%
and 70% of ingested lactose might pass undigested into
the colon where it is fermented and much of the con-
stituent energy absorbed as short-chain fatty acids and
lactate.15 Excessive amounts of undigested carbohydrates

entering the large intestine could result in gas production
and intestinal distension via the osmotic effect of lactose.

Many clinicians report that the enteral feeding tolerance
of some VLBW infants is significantly improved with the
introduction of a low lactose-containing formula. These
anecdotal reports are supported by a study conducted
by Griffin and Hansen.82 These researchers report that
effectively eliminating the lactose from premature formula
improved feeding outcome as measured by a compos-
ite score consisting of weight gain, formula intake, gas-
tric residuals and the number of days to reach full enteral
feedings (115 kcal kg−1 day−1). However, the relationship
between prematurity and ability to tolerate lactose is com-
plex. For example, most premature infants tolerate exclu-
sive human milk very well despite a carbohydrate source
that is predominantly composed of lactose. Arguably, there
may be other components in human milk that facilitate the
breakdown of lactose. There is some evidence to suggest
that early feeding of lactose to premature infants increases
intestinal lactase activity.

Lipids
Approximately half of the energy in premature formulas is
provided as fat. The fat blend is made up of a combination
of medium chain triglycerides (approximately half of the fat
blend), soy oil, high oleic vegetable oils (sunflower and saf-
flower), and coconut oil. As with term formulas, the fatty
acids DHA and ARA have been added to the fat blend of
premature formulas in North America using the single cell
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oils derived from Mortierella alpina and Crypthecodinium.
Other sources of DHA and ARA include egg yolk lipid, phos-
pholipid, and triglyceride and fish oil.

Docosahexaenoic and arachidonic acid
Unlike clinical trial results with term infants, results from
studies with preterm infants consistently suggest at least
a short-term developmental (visual, cognitive, and lan-
guage) advantage of supplementing premature formulas
with DHA and ARA. From a biological perspective there
are several reasons why premature infants might be at
increased risk of suboptimal DHA and ARA status and poor
development compared with term-born infants. Premature
infants have low stores of DHA and ARA. It is known, for
example, that ∼80% of intrauterine DHA and ARA accu-
mulation occurs in the fetus during the third trimester of
pregnancy.83 As the physiologic maternal-to-fetal supply of
these fatty acids is terminated as a result of premature deliv-
ery, fetal stores of DHA and ARA are greatly diminished. Sec-
ond, supply may also be limited by immature de novo syn-
thesis of DHA and ARA from the dietary essential precursor
fatty acids, alpha-linolenic and linoleic acid, respectively.84

Third, standard treatment modalities in neonatal intensive
care units (e.g., drugs, oxygen therapy) and negative energy
balance may impact on de novo synthesis of DHA and ARA.
At a time when stores of ARA and DHA are low, the most
rapid accumulation of DHA and ARA in the brain and retina
occurs – during the last trimester of pregnancy and early
months after birth.

The first clinical trials of premature infants consuming
formulas with DHA alone (i.e., no ARA) suggest more rapid
maturation of retinal function,85 visual function74,86,87 and
neurodevelopment.88,89 Infants in these three studies were
fed premature formula (24 kcal per fld oz) with or without
DHA beginning the first 2 weeks of life and until infants
reached 1800 g or were 36–48 weeks postconceptional age.
A standard term formula was fed thereafter. DHA, pro-
vided as marine oil, supplied between 0.2%–0.35% of total
fatty acids as DHA and negligible to 0.65% of fatty acids
as EPA in the premature formulas. Infants were fed DHA
until they were 2–9 months-corrected age. Safety concerns
were raised as growth in the Carlson studies and a third
report by Ryan et al. (0.2% of total fatty acid as DHA and
0.06% of total fatty acids as EPA) was negatively affected
by DHA-supplementation.90–92 Presumably this occurred
because incorporation of DHA into infant formulas, in the
absence of ARA supplementation, resulted in an inhibition
of the conversion of linoleic acid to ARA by n-3 fatty acids in
the DHA supplemented formulas. The observed decrease
in ARA status of premature infants with DHA-alone sup-
plementation suggests that a balanced addition of ARA and

DHA is necessary to achieve normal tissue accretion of both
of these fatty acids.93,94

As expected, growth in most,94–99 but not all,100 subse-
quent studies was not negatively affected when DHA sup-
plementation was accompanied by ARA. This latter set of
much larger clinical trials incorporated DHA and ARA at
levels of 0.17%–0.33% and 0.31%–0.60% of total fatty acids,
respectively, from single cell, egg-derived triglyceride or
marine oils. Duration of DHA and ARA-supplementation
ranged from an average of 30 days to 16 months. The stud-
ies varied with respect to whether infants received a stan-
dard term formula after discharge or a specially designed
nutrient-enriched feeding. O’Connor et al.99 reported that
ARA plus DHA supplementation resulted in improved
visual development of preterm infants at 6 months cor-
rected age. The improvement corresponded to approxi-
mately 1 line on a Snellen eye chart (e.g., 2/70 v. 20/50).
In addition, there was evidence of improved motor devel-
opment among infants <1250 g birth weight randomized
to the ARA+DHA fish/fungal group compared with control
infants. Finally a post-hoc analysis suggested that among
a subset of infants (English-speaking singletons), those
fed ARA + DHA had higher vocabulary comprehension
scores at 14 months corrected age.99 Similarly, Clandinin
et al.96 reported improved mental and cognitive develop-
ment among VLBW infants at 18 months corrected age fed
DHA + ARA. To date, researchers have not examined the
benefit of feeding these oils to premature infants during
the first year of life on developmental outcomes beyond 18
months corrected age. We do not know what impact early
supplementation of ARA and DHA will have on school per-
formance, for example.

Minerals
The calcium and phosphorus content of premature for-
mulas currently available in North America range from
112–145 mg dL−1 (165–180 mg 100 kcal−1) and 56–81 mg
dL−1 (83–100 mg 100 kcal−1), respectively. This value is sig-
nificantly higher than that of standard term formula (44–
52 mg dL−1 (64–78 mg 100 kcal−1) and 25–37 mg dL−1

(36–53 mg 100 kcal−1), respectively) and is necessary to
facilitate the very rapid rate of bone mineralization which
occurs during the third trimester of pregnancy. Mineral
accretion rates are estimated to be nearly three times as
high in the last trimester of pregnancy compared with the
period immediately following a term birth.15 It is estimated
that the intrauterine accretion rate of calcium and phos-
phorus is in the order of 150 and 60–80 mg kg−1 day−1,
respectively;101,102 levels that clearly can not be obtained
from standard term formula.
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In addition to the absolute quantity of calcium and phos-
phorus provided, the ratio between these two minerals
is important in terms of optimal calcium retention. The
calcium-to-phosphorus ratio of human milk is 2.0:1 (or
1.6:1 in terms of moles). Currently available preterm for-
mulas provide this ratio.

Low birth weight infants, and in particular VLBW infants,
have a high fractional rate of sodium excretion during the
first 2 weeks of life. VLBW infants often experience diffi-
culty with sodium regulation and have a high prevalence of
hyponatremia. Infants born <1000 g typically need to have
serum sodium levels regulated by adjusting their intake
based on urinary losses. Late hyponatremia may also occur
in this smaller group of infants between 2 and 6 weeks
of age. The sodium content of premature formula (1.7–
1.9 mmol 100 kcal−1 or 39–43 mg 100 kcal−1) is higher than
that of standard term formula (1.0–1.2 mmol 100 kcal−1 or
24–27 mg 100 kcal−1). This higher sodium content reduces
the risk of hyponatremia and promotes positive sodium
balance and fetal accretion rates of sodium (1.6 mmol kg−1

day−1).

Indications for use
Premature formulas are designed for use in-hospital as the
sole source of nutrition for preterm infants who are not
breastfed. Also, premature formulas may be used to sup-
plement human milk feedings if the supply of the latter is
inadequate. Some very small and/or fluid-restricted infants
may benefit from the use of premature formulas after hos-
pital discharge if nutrient intake goals cannot be accom-
plished using either a standard term or a post-discharge
nutrient-enriched formula.

Cow’s milk-based preterm post-discharge formula

Cow’s milk-based formulas designed for prematurely born
infants after hospital discharge are commonly called post-
discharge nutrient-enriched formulas or simply post-
discharge formulas. These products were developed in
recognition of the fact that low birth weight infants, par-
ticularly those of VLBW, often have unique nutritional
requirements after leaving hospital. These products pro-
vide approximately 75 kcal dL−1 (22 kcal per fld oz) and
contain at least 13 mg dL−1 iron (Tables 28.3 and 28.4). The
two products available on the market in North America
are Neosure Advance by Ross and EnfaCare LIPIL by Mead
Johnson. In addition to being more energy dense, they pro-
vide a more concentrated source of protein, vitamins, and
minerals than term formulas but less than what is found
in premature formulas. EnfaCare has a whey:casein ratio

of 60:40 and that of Neosure Advance is a ratio of 48:52.
Both formulations contain a combination of lactose and
glucose polymers and the fat blend is made up of vegetable
and MCT oils (Table 28.4).

Today, many VLBW infants are discharged home at about
half the weight of an infant born at term. They often have
decreased nutrient stores, inadequately mineralized bones,
and an accumulated energy deficit. Lemons et al.103 studied
∼4500 VLBW infants born at 14 US centers during 1995
and 1996. Twenty-two per cent were born <10th percentile
for weight for gestational age, and by 36 weeks corrected
97% of the cohort were <10th percentile. As well, Merko
et al. studied a cohort of Canadian infants born less than
28 weeks’ gestation in 1998 and 1999 and found that 52%
were below the 3rd centile for weight for gestational age at
36 weeks corrected.104 These data are amazingly consistent
with those published by Lucas105 and Hack.106

Lucas et al. reported that by 9 months, premature infants
fed a nutrient-enriched post-discharge formula were at
the 25th centile for weight and the 50th centile for length;
whereas those fed a term formula were between the 3rd and
10th centiles for weight and the 10th and 25th centiles for
length. They also found a significant increase in bone min-
eral content in infants that received the enriched formula
at 3 and 9 months corrected age.107,108

Consistent with these results, Cooke et al. found that male
infants ≤1750 g at birth fed a standard term formula after
hospital discharge tended to have poorer weight, length
and head circumference gains compared with infants fed a
nutrient-enriched formula.109 Likewise, Wheeler reported
that healthy preterm infants with birth weights <1800 g
fed a 20 kcal fld oz nutrient-enriched formula after leav-
ing hospital had better length and head circumference
gains up to 12 weeks after hospital discharge compared
with those fed term formula.110 Brunton et al. demon-
strated greater linear growth and lean and bone mass post-
discharge among Canadian-born VLBW infants with bron-
chopulmonary dysplasia fed a nutrient-enriched 22 kcal
per fld oz formula v. a comparable group fed a standard
term formula with only energy enhancement.111 Carver
showed superior weight gains among infants born <1800 g
fed nutrient-enriched 22 kcal per fld oz formula from dis-
charge to 2 months corrected age. The infants in the cohort
born <1250 g fed the enriched formula were larger at 6
months corrected and had larger head circumference at
term, 1, 3, 6, and 12 months corrected age.112 Together, data
from the aforementioned studies suggest that nutrient-
enrichment of formula designed for post-discharge feed-
ing does not just make babies fatter but they promote a
significant increase in lean body mass accretion and bone
mineralization.
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Table 28.5. Macronutrient and ingredient content of cow’s milk-based lactose-free and soy formulasa

Enfamil LactoFree Similac Lactose Free Nestle Alsoy Similac Isomil Enfamil Prosobee

Protein (g 100 kcal−1) 2.1 2.1 2.8 2.45 2.5

Protein source Milk protein

isolate

Milk protein

isolate

Soy protein isolate,

L-methionine

and taurine

Soy protein isolate,

L-methionine

and taurine

Soy protein isolate,

L-methionine

and taurine

Carbohydrate

(g 100 kcal−1)

10.9 10.7 11.0 10.3 10.6

Carbohydrate source Corn syrup solids Corn syrup solids,

maltodextrin and

sucrose

Sucrose and corn

maltodextrin

Corn syrup and

sucrose

Corn syrup

Fat (g 100 kcal−1) 5.3 5.4 4.9 5.46 5.3

Fat sourceb Palm olein oil,

soy oil, coconut

oil, high oleic

sunflower oils

High oleic safflower,

soy oil, coconut oil

Palm olein oil,

soy oil, coconut

oil, high oleic

safflower oil

High-oleic safflower

oil, coconut oil,

soy oil

Palm olein oil,

soy oil, coconut

oil, high oleic

sunflower oil

a www.meadjohnson.com, www.verybestbaby.com (Carnation/Nestle) or www.ross.com for the most recent product information.
b Inclusion of single cell oils is being phased in at the time of writing. Fat blends may differ depending on whether a concentrate, ready-to-

feed, or powder.

While feeding a nutrient-enriched formula to term-
born small-for-gestational-age (SGA) babies may likewise
improve their growth, there is preliminary evidence to
suggest that this feeding regimen may produce a lower
neurodevelopmental outcome in these same babies at 18
months corrected age.113

Indications for use
In its most recent communication the American Academy
of Pediatrics acknowledged that the use of specially
designed nutrient-enriched discharge formulas for LBW
infants after hospital discharge and until 9 months cor-
rected age may promote better linear growth, weight gain,
and bone mineral content.2

Lactose-free cow’s milk-based formulas

Lactose-free formulas currently on the retail market in
North America (Enfamil LactoFree and Similac Lactose
free) are free of lactose but contain cow’s milk-based pro-
tein isolate as their protein source (Table 28.5). As summa-
rized in Table 28.6, they provide 67 kcal dL−1 energy and
are iron-fortified. Their carbohydrate fraction is composed
of corn syrup solids (Enfamil LactoFree) or maltodextrin
and sucrose (Similac Lactose free). Their fat blend is sim-
ilar to their respective lactose-containing parent brands
(Table 28.5).

Growth of infants fed lactose-free formulas appears to
be comparable with that of infants consuming lactose-
containing formulas.114 While the data are mixed, it is gen-
erally accepted that lactose plays a role in mineral absorp-
tion, specifically with the minerals calcium, magnesium,
manganese, zinc, and iron.31 Clinical studies examining
the effects of lactose on calcium absorption of infants have
yielded conflicting results with some showing lower cal-
cium absorption with lactose-free or lactose-reduced for-
mulas and others showing no negative effect.115–118 Most
recently, Abrams et al.119 measured the absorption of cal-
cium and zinc from infant formulas by using a multitracer,
stable-isotope technique and found that indeed the pres-
ence of lactose in a cow’s milk-based formula did increase
the absorption of calcium but not zinc. The authors point
out, however, that the absorption of calcium from the
lactose-free formula was adequate to meet the calcium
needs of full-term infants when the formula’s calcium con-
tent is similar to that of lactose-containing cow’s milk-
based infant formulas.

The unique linkage of the two monosaccharides in lac-
tose (galactose beta[1–4]glucose) is thought to preclude its
digestion by a large number of microbes commonly found
in the environment and to promote growth of microorgan-
isms in the colon that are able to split lactose.27 Estab-
lishment of the latter group of microorganisms serves to
exclude many potential pathogens from colonizing the gas-
trointestinal tract.
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Table 28.6. Energy and nutrient composition of lactose-free,

soy and protein hydrolysate formula marketed for term infants

in North Americaa

Lactose-free

formulasb

Soy

formulasc

Protein

hydrolysate

formulasd

Kcal dL−1 67–68 67–68 67–68

Protein g dL−1 1.4 1.6–1.9 1.8–1.9

Protein g 100 kcal−1 2.1 2.5 2.8

Fat g dL−1 3.6 3.3–3.7 3.6–3.7

Fat g 100 kcal−1 5.3–5.4 4.4–5.5 5.3–5.6

CHO g dL−1 7.2–7.3 6.9–7.4 6.8–6.9

CHO g 100 kcal−1 10.7–10.9 9.8–10.6 10.2–10.3

Na mmol dL−1 0.87 1.0–1.3 1.3–1.4

Na mg dL−1 20.1 22–29.5 29.5–31.5

K mmol dL−1 1.9–2.5 1.9–2.1 1.9–2.0

K mg dL−1 71.7–73.7 72.4–80.4 73.7–79.1

Cl mmol dL−1 1.2–1.3 1.2–1.5 1.5–1.6

Cl mg dL−1 43.6–44.9 41.5–53.6 53.6–57.6

Vit. A ug dL−1 60.4 60.4–62.5 60.4–76.6

Vit. A IUdL−1 201 201–208 201–255

Vit. D IUdL−1 40.2 40–40.2 30.1–33.5

Vit. D µg dL−1 1.0 1.0 0.75–0.84

Vit. E mg dL−1 1.3–2.0 1.0–2.0 1.3–2.7

Vit. E IUdL−1 1.3–2.0 1.0–2.0 1.3–2.7

Vit. K µg dL−1 5.4 5.4–7.4 5.4–10

Vit. C mg dL−1 6.0–8.0 6.0–11.0 6.0–8.0

Ca mmol dL−1 1.4 1.8 1.6–1.9

Ca mg dL−1 54.9–56.3 70–70.4 63–77

P mmol dL−1 1.2 1.3–1.8 1.4–1.6

P mg dL−1 36.9–37.5 41–55.6 42.2–50.3

Fe mg dL−1 1.2 1.2 1.2

a see www.meadjohnson.com, www.ross.com, and www.

verybestbaby.com for most recent product information. At

the time of writing inclusion of single cell oils were being phased

into these formulas. Fat blends may differ depending on whether

a concentrate, ready-to-feed, or powder.
b Similac Lactose Free and Enfamil Lactofree.
c Alsoy, Isomil and Prosobee.
d Pregestimil, Alimentum, Nutramigen.

Indications for use
As reviewed in the cow’s milk-based premature formula
section above, some preterm infants may require for-
mulas with lower lactose. Thus premature formulas are
lactose-reduced with corn syrup solids providing 50%–
60% of the total carbohydrate. The lactose-free cow’s milk-
based formulas currently on the market in North Amer-
ica (Enfamil LactoFree and Similac Lactose Free) were
developed to meet the nutrient needs of term infants
and hence are not appropriate for feeding LBW infants

during their initial in-hospital course. Because these prod-
ucts are lactose-free, they are appropriate for use in term
infants with congenital lactase deficiency, a relatively rare
disorder. Though somewhat controversial, they may also
be useful during periods of secondary disaccharidase defi-
ciency due to acute enteritis or chronic conditions affect-
ing the integrity of the small intestine such as diarrhea,
enteropathies and Crohn’s disease.1,2 It is known that lac-
tase activity declines dramatically with intestinal injury
to mature epithelial cells. Generally, children recovering
from a mild bout of diarrhea are able to tolerate breast
milk or full-strength lactose-containing formula unless
they demonstrated a prior history of lactose intolerance.2

Careful clinical monitoring is always a must and children
receiving a lactose-containing feeding that demonstrate
a sudden increase in stool output should be re-assessed
and a nonlactose-containing product considered, at least
temporarily.

Many families self-prescribe a lactose-free formula in
response to often nonspecific concerns that their baby
is excessively fussy, gassy, and/or they suspect that their
infant is sensitive to lactose. Likewise, healthcare pro-
fessionals will often recommend a switch to a lactose-
free product based on the aforementioned parental con-
cerns as they view the change as relatively benign and
that it might help and won’t hurt. In fact, these prod-
ucts are sometimes marketed with these perceived indica-
tions in mind and without scientific evidence supporting
either a need or efficacy. As discussed previously there are
known benefits of consuming lactose for mineral absorp-
tion and colonic health. In addition, not all infants tolerate
all brands of formula or forms of the same brand equally
and some infants seem particularly sensitive to formula
change especially if the switch is done abruptly. Regard-
less of whether a decision is made to switch formula or
not, parents should be counseled on a range of gas, fussi-
ness, spit-up etc. that is normal/expected in healthy term
infants.

Neither of the currently available lactose-free prod-
ucts on the North American market are indicated for
galactosemia as they contain low, but variable, levels of
galactose.

Soy protein-based formulas

The isolated soy-based formulas currently on the market
in North America are free of cow’s milk-protein and lactose
(Table 28.5). As summarized in Table 28.6, they provided
67 kcal dL−1 energy and are fortified with iron and zinc.
The soy protein is a soy isolate supplemented with L-
methionine, L-carnitine, and taurine. The first limiting
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amino acid in soy is methionine, hence the biological
value of the protein is improved with the addition of
methionine. Carnitine is deficient in foods of plant ori-
gin and is added to soy formula to the level found in
breast milk. Carnitine is required for the optimal oxida-
tion of long-chain fatty acids. Taurine is also added at
levels found in breast milk. Taurine acts as an antioxi-
dant and along with glycine functions as a major conju-
gate of bile acids in early infancy. Originally soy flour, and
not soy protein isolate, was used as the protein source in
these products. Because of the presence of indigestible
carbohydrates (primarily stachyose and raffinose) in soy
flour, infants frequently experienced diarrhea and exces-
sive intestinal gas. The higher soy phytate content of the
soy flour formulations is thought responsible for the often-
cited unpredictable mineral absorption that has seemingly
been rectified with the use of soy protein isolate (con-
tains approximately 1.5% phytates) and improved product
stability.

The fat content of soy-based formulas is made up pri-
marily of vegetables oils (e.g., a combination of any of the
following: high-oleic safflower oil, high oleic sunflower oil,
coconut oil, soy oil, palm olein) and most recently a source
of the long chain polyunsaturated fatty acids (DHA and
ARA) have been added to some brands. Instead of lactose,
carbohydrate is provided as starch, corn syrup solids, and
sucrose.

It is estimated that approximately 18% of infants in the
USA or 750 000 American infants are fed soy-based formu-
las annually.120 Concern has been expressed about using
these formulas without a clear clinical indication because
of their phytoestrogen (specifically, isoflavone) content.
Phytoestrogens, dietary estrogens, and plant estrogens are
interchangeable terms used to describe heat-stable com-
ponents found in many foods including soybeans that
are similar to naturally occurring steroidal estrogens in
structure but have weaker biologic activity.121 Isoflavones,
the major category of phytoestrogens found in legumes
(e.g., soybeans), are 10 000–140 000 times less potent
in animal and in vitro models than estradiol, the major
endogenous estrogen found in humans. However, expo-
sure of small laboratory animals (e.g., rodents and mon-
keys) to phytoestrogens have produced physiologic effects
such as altered sexual development in some, but not all,
studies.121,122 Likewise, animals fed diets high in estrogenic
substances are known to have reproductive disturbances.
For example, a lower contraceptive rate has been observed
in sheep after prolonged exposure to clover pastures rich
in isoflavones.121

It is difficult to extrapolate data generated from these
animal experiments to human infants because of the

well-documented fact that the effects of isoflavones are
very much species-specific. Nonetheless, concern has been
expressed that the actual intake of isoflavones by human
infants fed soy-based formulas and their blood levels
exceed that shown to influence the menstrual cycle of
humans.123–125 These data do not consider the relative the-
oretical potency of these compounds (as determined in
animal or in vitro models) compared with endogenous
estrogen, nor do they confirm a biologic or clinical effect
in infants. A recent retrospective cohort study based on
telephone interviews reported no overt reproductive prob-
lems in young adults fed as infants soy-based formulas.120

Also, it is argued that no major adverse effects of feeding
soy-based formulas have come to light after decades of
use.121

Indications for use
The indications for use of soy protein-based formu-
las have been reviewed by the American Academy of
Pediatrics.126 Briefly, because these products are lactose-
free, they are appropriate for use in term infants with hered-
itary lactose deficiency or demonstrated temporary lac-
tose intolerance secondary to acute gastroenteritis. While
not significant from a nutritional perspective, the dura-
tion of diarrhea has been shown to be shorter among
infants receiving soy-based infant formulas.127,128 One
soy-based infant formula (Similac Isomil DF), suitable
for infants over 6 months of age, contains soy polysac-
charide fiber which may help reduce the duration of
diarrhea following acute gastroenteritis129 or the dura-
tion of antibiotic-induced diarrhea in older infants and
toddlers.130

Not all soy formulas are suitable for the management
of infants with galactosemia because of low but variable
levels of galactose. Likewise some soy protein-based for-
mulas contain sucrose (Enfamil ProSobee does not) as
the carbohydrate source and, as such, are contraindicated
in sucrase-isomaltase deficiency and hereditary fructose
intolerance.

Most (≥90%) infants with documented IgE-mediated
allergy to cow’s milk protein will do well on isolated soy-
based formula.2,131,132 Infants with documented cow’s milk
protein-induced enteropathy or enterocolitis, however, are
frequently sensitive to soy protein as well; hence, they
should be provided with formula derived from hydrolyzed
protein or synthetic amino acids.2,133–135

Soy formulas would be suitable for term infants of fami-
lies that wish to follow a vegetarian-based diet and request
a supplement or replacement for breastfeeding. Soy-based
formulas are not designed to meet the nutritional needs of
the preterm infant.126
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Table 28.7. Macronutrient content of protein hydrolysate-based formulas and amino acid formulationa

Enfamil Pregestimil Similac Alimentum Enfamil Nutramigen SHS Neocate

Protein (g 100 kcal−1) 2.8 2.75 2.8 3.7 amino acids, 3.1 g

protein equivalent

Protein source Hydrolyzed casein with

added cystine, tyrosine,

tryptophan, and taurine

Hydrolyzed casein with

added cystine, tyrosine,

tryptophan, and taurine

Hydrolyzed casein with

added cysteine, tyrosine,

tryptophan, and taurine

100% free amino acids

including taurine

and carnitine

Carbohydrate

(g 100 kcal−1)

10.2 10.2 10.3 11.7

Carbohydrate source Corn syrup solids,

modified corn starch, +
or − dextrose

Sucrose, + or − modified

tapioca starch, + or −
corn maltodextrin

Corn syrup solids and

modified corn starch

Corn syrup solids

Fat (g 100 kcal−1) 5.6 5.5 5.3 4.5

Fat sourcesb 55% MCT oil, soy oil, corn

oil, high oleic safflower,

sunflower oil

33 % MCT oil, safflower

oil, soy oil

Palm olein oil, soy oil,

coconut oil, high oleic

sunflower oil

High oleic safflower oil,

coconut oil (5% as

MCT), soy oil

a see www.meadjohnson.com, www.ross.com and www.shsna.com for the most recent product information.
b Inclusion of single cell oils is being phased in at the time of writing. Fat blends may differ depending on whether a concentrate, ready-

to-feed, or powder.

Protein hydrolysate-based formulas

Protein hydrolysate-based formulas currently available on
the market in North America can be loosely categorized
according to the extent that the protein component is
hydrolyzed: (1) 100% free amino acid-containing formula
(SHS Neocate); (2) extensively hydrolyzed protein-
containing formula (Enfamil Nutramigen, Enfamil Preges-
timil, Similac Alimentum); and (3) partially hydrolyzed
protein-containing formula (Carnation Good Start)
(Table 28.7). All provide 67–68 kcal dL−1 energy and are
iron-fortified (Table 28.6). The nitrogen in extensively
hydrolyzed products is enzymatically hydrolyzed casein
and is supplemented with three amino acids – L-cysteine,
L-typtophan, and L-tyrosine. These products contain
most nitrogen in the form of free amino acids and pep-
tides <1500 kDa. As the name implies, less extensively
hydrolyzed products have a greater proportion of the total
nitrogen content comprised of larger peptides. The only
partially hydrolyzed protein-containing product currently
on the market in North America (Good Start/NAN) is
derived from a whey source of cow’s milk. In general, the
level of hydrolysis dictates the cost of the formula with
the 100% amino acid-containing formulas being the most
expensive and partially hydrolyzed products the least
expensive.

The fat content of protein hydrolysate-based formulas
contains a combination of the following oils: corn oil, soy
oil, high oleic safflower or sunflower oil, coconut oil, and
palm olein (Table 28.7). Whereas both Alimentum and

Pregestimil contain approximately one-third and one-half
of total fatty acids, respectively, as medium-chain triglyc-
erides, Neocate contains 5% of total fatty acids as MCT oil,
and Nutramigen and Good Start are devoid of MCT oil.

The carbohydrate fraction of protein hydrolysate formu-
las is made up of a combination of the following: modified
corn starch, modified tapioca starch, maltodextrins, corn
syrup solids, lactose, and sucrose (Table 28.7). One hun-
dred percent free amino acid and extensively hydrolyzed
products are devoid of lactose.

Indications for use
Protein-hydrolysate formulas are currently used for: (1)
infants with severe milk allergy; (2) infants at high risk
of developing milk allergy; and (3) infants with significant
malabsorption due to gastrointestinal or hepatobiliary dis-
ease. It is important to note that protein hydrolysate formu-
las cannot be used interchangeably for the aforementioned
conditions. The American Academy of Pediatrics recently
published a position statement clarifying what formula, if
any, should be considered in response to protein hyper-
sensitivity (protein allergy) in infants.136 As breastfeeding
is the optimal source of nutrition for infants, it is recom-
mended that when breastfed infants develop symptoms
of food allergy, mothers consider restricting their intake of
cow’s milk, egg, fish, peanuts, and tree nuts. If this approach
is unsuccessful, an extensively protein-hydrolyzed formula
or a 100% free amino acid-containing formula should be
considered if allergic symptoms persist. In this context,
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extensively protein-hydrolyzed and 100% free amino-acid
containing formulas are called hypoallergenic formulas.
Formulas labeled hypoallergenic must demonstrate in ran-
domized double-blind, placebo controlled trials that they
do not provoke allergic reactions in 90% of infants or chil-
dren with confirmed cow’s milk allergy with 95% con-
fidence. Breastfed infants with confirmed IgE-associated
milk allergy not rectified with maternal restriction of cow’s
milk protein may benefit from the use of a soy-based for-
mula. Soy formulas are considerably less expensive than
the 100% free amino acid or extensively hydrolyzed formu-
las. Likewise, formula-fed infants may benefit from the use
of protein hydrolysate or soy formulas as described for the
breastfed infant. Formulas based on partially hydrolyzed
cow’s milk protein are not intended or recommended for
the treatment of cow’s milk allergy. The presence of sig-
nificantly larger peptides and the presence of intact cow’s
milk protein will provoke allergic reactions in a significant
number of infants with cow’s milk allergy.

While they acknowledge that more studies are needed
to produce a definitive recommendation regarding allergy
prevention, The American Academy of Pediatrics136 re-
commends that infants at high risk for developing allergy
as identified by a strong family history should be breast-
fed for the first year of life or longer. Breastfeeding mothers
should eliminate peanuts and tree nuts (e.g., almonds, wal-
nuts, etc.) and consider eliminating eggs, cow’s milk, fish
and perhaps other foods from their diets. Solids should
not be introduced to high-risk infants until 6 months of
age, with dairy products delayed until 1 year, eggs until 2
years and peanuts, nuts, and fish until 3 years of age. Dur-
ing this time, if a supplement to breastfeeding is required,
a hypoallergenic formula is recommended. In a recent
Cochrane review137 Ram et al. conclude that breast milk
should remain the feeding of choice for all babies. In infants
with at least one first-degree relative with atopy, exten-
sively hydrolyzed formula for a minimum of 4 months com-
bined with dietary restrictions and environmental meas-
ures (dust-mite reduction measures for example) may
reduce the risk of developing asthma or wheeze in the first
year of life. They found insufficient evidence to suggest that
soy-based formula had any benefit.

More recent evidence suggests that partially hydrolyzed
formulas may also be efficacious in allergy prevention
among infants with a family history of allergy.138,139–141

As partially hydrolyzed products are considerably cheaper
than their extensively hydrolyzed counterparts, and are
better tasting, they may be a suitable alternative for many
families. These products should not be used where there
is a risk of a severe allergic reaction to cow’s milk protein.
Again, partially hydrolyzed formulas should not be fed to

infants that are already known to have an allergy to cow’s
milk.

Certain extensively hydrolyzed formulas (Pregestimil,
Alimentum, Neocate) are also designed for the dietary man-
agement of infants with malabsorption disorders including
intractable diarrhea, short gut syndrome, steatorrhea, cys-
tic fibrosis, and severe protein-calorie malnutrition.

There has been considerable discussion in the research
literature and popular press regarding the role that cow’s
milk-based formulas may play in the development of Type
I diabetes.142,143 The current understanding of the patho-
genesis of Type I diabetes is that environmental factors (i.e.,
viral, dietary factors, toxins) either alone or in combination
trigger in genetically susceptible individuals an autoim-
mune response in which T lympocytes infiltrate the pancre-
atic islets and destroy the insulin-producing beta-cells. Epi-
demiological observations of infant feeding practices led to
the theory that cow’s milk consumption is somehow related
to the development of Type I diabetes, though a number of
observational studies do not find such a relationship. Sero-
logical studies examining the impact of cow’s milk ingestion
or ingestion of several cows’ milk proteins on the immune
response of humans (e.g., patients with newly diagnosed
diabetes) are likewise suggestive. At present, a large multi-
site international prospective study (TRIGR study) is being
conducted to determine whether the incidence of Type
I diabetes can be reduced among high-risk infants when
weaned from human milk to a protein hydrolysate versus a
cow’s milk-based formula. At present insufficient evidence
is available to suggest that using a protein hydrolysate for-
mula over a cow’s milk-based formula will reduce the risk
of developing Type I diabetes.

Follow-up formulas

Nutrient compositional guidelines for follow-up formulas
designed for term-born infants were first developed by the
European Society of Pediatric Gastroenteroloy and Nutri-
tion (ESPGN) in 1981.144 The rationale was to develop a
formula that more closely met the nutritional needs of
older infants receiving some solid food compared with
infants receiving either a routine starter formula or whole
cow’s milk. These guidelines assume the ingestion of at
least 500 ml of formula in addition to solid foods.145 In
addition to the ESPGN, international guidelines have been
published by Codex146 and the European Communities
Directive.147 Specific compositional criteria have not been
established in Canada or the USA. In a double blind cross-
over design study, infants were fed either whole cow’s milk,
a milk-based starter formula, or a milk-based follow-up for-
mula. Compared with whole cow’s milk, infants fed either
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formula showed better fat absorption and a decreased renal
solute load. Weight gain was similar in the three groups. The
authors concluded that follow-up formulas had metabolic
advantages compared with whole cow milk but not to
starter formulas.30 Follow-up formulas are available in
milk-based and soy-based formulations in North America.
There is some controversy surrounding the amount of pro-
tein, fat, calcium, and phosphorus in follow-up formulas.

Some follow-up formulas have a slightly higher protein
concentration than routine starter formulas. In fact, the
protein requirements are lower per unit body weight in
the second 6 months of life; hence the need for, and safety
of, higher protein-containing follow-up formulas has been
questioned.148,149 In a randomized double-blind controlled
trial, infants between 4 and 7 months of age were random-
ized to receive one of three follow-up formulas with 1.5, 2.2,
or 2.9 g dL−1 protein in addition to 25 g dL−1 cereal. Infants
fed formulas with 2.2 or 2.9 g dL−1 had elevated urea and
lower serum zinc levels when compared with the 1.5 g dL−1

protein intake group. The authors concluded that formulas
with higher protein levels may be excessive.148 No follow-
up formulas marketed in North America contain more than
1.7 g protein dL−1.

Whole cow’s milk is low in essential fatty acids. Because
many weaning foods are low in fat and intake of essen-
tial fatty acids may be suboptimal, Roy stated that follow-
up formulas should not contain less fat than starter
formulas.149 Starter formulas contain 3.4–3.7 g dL−1. Car-
nation Follow-up, Enfamil Next Step, and Similac Advance
Step 2 contain 2.8 g dL−1, 3.3 g dL−1 and 3.7 g dL−1

respectively.
Follow-up formulas contain more calcium and phospho-

rus than starter formulas. The National Institute of Health
in 1994 stated that the calcium requirements were higher in
the second 6 months of life, at 600 mg day−1.150 Adequacy
of starter formulas to meet needs for bone mineralization
have been questioned by Ernst and Fomon.151,152 How-
ever, Hanning stated that there is no evidence that lower
mineral intakes from starter formulas result in subopti-
mal bone growth.153 In addition, the American Academy
of Pediatrics published a statement on calcium require-
ments of infants, children, and adolescents. It stated that
there is no evidence demonstrating sustained increases in
bone mineralization in infants taking in more calcium than
breastfed infants receiving solid food.154 The most appro-
priate reference standard with which to determine optimal
bone mineralization in formula-fed infants is unknown.

Indications for use
The Canadian Pediatric Society (CPS) and the American
Academy of Pediatrics state that follow-up formulas have

advantages as compared to whole cow milk but superi-
ority to starter formulas has not been established.1,2 One
often-quoted benefit of follow-up formulas is that they are
cheaper than starter formulas. However, this is not always
the case.

Specialized formulations, modular formulations, and
dietary supplements

Specialized formulations are enteral formulas designed
commercially or by the addition of the dietary supple-
ments, vitamins, and/or minerals to meet the unique nutri-
tional needs of infants unable to tolerate one or more of
the specific components found in human milk or human
milk substitutes.155 These preparations are designed to
reduce the amount of or remove the offending nutrient
and provide sufficient energy and other nutrients to meet
the specific needs of the patient. Unique formulations
exist for metabolic diseases including inborn errors of
metabolism and disorders of carbohydrate, fat, and pro-
tein metabolism.

Dietary supplements or medical modules are nutrient(s)
that are commercially available and can be added to stan-
dard or specialized products (Table 28.8). These formula-
tions allow flexibility in providing nutrients in quantities
that address individual tolerance issues and unique nutri-
ent needs.

Carbohydrate
Carbohydrate modules are available as starch, polysaccha-
rides plus oligosaccharides, disaccharides, glucose poly-
mers, and monosaccharides, and are the least expensive
of all nutrient modules. The choice of carbohydrate form
is influenced by its ability to be digested and absorbed.
Powder carbohydrate supplements are easily dissolved in
liquid and some are also available in a liquid form. Carbo-
hydrate modules impact the osmolality of the formulation
with the longest chain glucose polymers, made from the
partial hydrolysis of corn starch, contributing the least to
the final osmolality.156

Fat
Fat modules are energy dense and contribute minimally
to the final osmolality of the formulation. Depending on
the purpose for using fat as the module of choice, either
long-chain triglycerides (LCT) or medium-chain trigly-
cerides (MCT) can be used. Because MCTs do not require
bile salts for digestion and absorption and bypass the lym-
phatics, they are useful when diseases of fat malabsorption
and/or maldigestion are present. MCT oil does not con-
tain essential fatty acids and does not allow for transport
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Table 28.8. Dietary supplements

Product

Manu-

facturer

Composition/

source Forma

Kcal per ml

or g

Protein g per

100 ml or g

Fat g per

100 ml or g

CHO g per

100 ml or g

Protein

Casec Mead

Johnson

Calcium caseinate,

soy lecithin

P 3.8 90 <2

Promod Ross Whey protein, soy

lecithin

P 4.2 76 <9 <10.2

Essential AA SHS Essential amino

acids

P 3.2 79

Complete AA SHS Essential and

non-essential

amino acids

P 3.3 82

Polycose Ross Glucose polymers

from hydrolyzed

P 3.8 94

corn starch L 2 50

Caloreen Nestle Glucose polymers

from hydrolyzed

corn starch

P 3.8 96

Moducal Mead

Johnson

Maltodextrin P 3.8 95

Dextrose Corn syrup sugar/

monosaccharide

P 4.0 99

Sucrose Cane or beet sugar/

disaccharide

P 4.0 99

Corn syrup Light corn

syrup/vanilla

L 4.0 100

Fructose Fruit sugar/

monosaccharide

P 4.0 100

Corn oil or

safflower oil

Corn or safflower oil L 8.4/ml

9.0/g

93

MCT oil Mead

Johnson

Fractionated

coconut oil 6%,

>C10 <4%

L 7.7/ml

8.3/g

93

Microlipid Mead

Johnson

Emulsified safflower

oil

L 4.5/ml 50

Sources: www.meadjohnson.ca, www.shsna.com, www.abbott.com,

Adapted from Formulary of Infant and Enteral Formulas 2002. The Hospital for Sick Children, Toronto, Canada. MCT, medium-chain

triglycerides.

of vitamins out of the enterocyte. Careful calculations are
necessary to ensure adequate amounts of essential fatty
acids are present in the final formulation. Serum levels of
fat-soluble vitamins should be monitored in infants on high
MCT containing formulations to ensure adequate intake.
Unlike MCT oil, over-the-counter LCT oils are an inex-
pensive energy supplement in situations where no mal-
absorption and/or maldigestion is present. Many contain
both linoleic acid and linolenic acid (canola and soybean

oil) which are considered essential nutrients and should
be included in enteral feedings that are the sole source of
nutrition.157 Corn oil, which contains only linoleic acid, is
not recommended for use as an energy supplement unless
ratios of both linoleic and linolenic acid already exist within
the formula. Both MCT and LCT modules are insoluble and
will separate out if left to sit in the feeding tube or bot-
tle, making it difficult for the patient to receive 100% of
the desired amount.158–160 An emulsified LCT formulation
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does exist (safflower oil) which ensures adequate delivery
of the supplement with minimal adherence to the feeding
apparatus.

Protein
Protein modules exist either as intact protein, hydrolyzed
protein, or crystalline amino acids. Intact protein requires
digestion to smaller peptides before absorption at the brush
border. Proteins may be further broken down either by
chemical or enzymatic means into peptides and free amino
acids. As a supplement, intact protein tends to be more
palatable and does not contribute as much to the osmolal-
ity as do free amino acids. Selecting the appropriate protein
source, will be determined by the total amount of protein
desired, the mineral content of the protein source, and the
solubility of the protein source in the final formulation. Pro-
tein modules have a high renal solute load and will impact
on the patient’s fluid needs and limit the quantity of other
solids added to the formulation.161

Diligent calculations of amounts and ratios of nutrients
in any specialized feeding are necessary to ensure such
problems as increased osmolality, increased renal solute
load, or under or overdelivery of specific nutrients do not
result in iatrogenic medical problems.

Choosing the right form of formula

Powders, ready-feed, and concentrates

Infant formulas are available in three forms: powder, con-
centrated liquid, and ready-to-feed. Powdered formula is
the least expensive option.162 It must be measured and
mixed with clean water that has been boiled for infants
under the age of 4 months. Recommended boiling times
vary. The American Academy of Pediatrics and Health
Canada recommend a rolling boil for at least 1 and 2 min-
utes, respectively.1,2 Once the can is opened it can be stored
for up to 1 month before discarding; hence, this form is
the best option for mothers that are only using formula
occasionally to supplement breastfeeding. It is important
to note that powdered infant formulas are not commer-
cially sterile products. Unlike liquid formulas, which are
subjected to sufficient heat or are aseptically prepared to
render them commercially sterile, powdered infant formu-
las are not processed at high enough temperatures for suf-
ficient time to achieve commercial sterility. This is not usu-
ally an issue for healthy term infants, however, it could be
for infants in the neonatal intensive care setting and for
immunocompromised infants.

The fact that powders are not commercially sterile has
been highlighted by health authorities in both the US and
Canada in response to a number of outbreaks of Enterobac-
ter sakazakii infection among neonates fed milk-based,
powdered infant formulas.163,164 Enterobacter sakazakii is a
rare, but life-threatening cause of neonatal meningitis, sep-
sis, and necrotizing enterocolitis. In general, the reported
case-fatality rate varies from 40%–80% among newborns
diagnosed with this type of severe infection. When feed-
ing immunocompromised infants or those in the neona-
tal care setting, an alternative to powdered formulas, such
as ready-to-feed and concentrated liquid formulas asep-
tically prepared with sterile water, should be chosen if
possible. If there is no alternative, reconstitution of pow-
dered infant formulas in a laminar flow hood by trained
personnel and using sterilized water will minimize con-
tamination from the environment. Refer to the following
document for detailed procedures of formula reconstitu-
tion in institutional settings: Preparation of Formula for
Infants: Guidelines for Health-Care Facilities, American
Dietetic Association (updated November, 2002, Website:
www.eatright.org/formulaguide.html).

A liquid concentrate is easier to measure and mix than the
powdered variety but is typically 30%–40% more expensive
and must be used within 48 hours of opening and within
24 hours after being mixed with water. Again, water must
be clean and brought to a rolling boil when feeding infants
under 4 months of age, immunocompromised infants, and
those infants in the neonatal intensive care unit setting.

Ready-to-feed formula is the most convenient since it
requires no mixing and does not depend on a clean water
supply; however, it is by far the most expensive way to buy
formula, at up to four times the cost of the powdered option.
While most types of formula are available in the powdered
option, not all types of specialty formulas are available in
liquid concentrate and in the ready-to-feed options.

Federal regulations regarding infant formula

The Food and Drug Administration (FDA) under the pro-
visions of the federal Food, Drug and Cosmetic Act as
amended, is responsible for ensuring the safety and nutri-
tional quality of infant formulas sold in the United States
(21 Code of Federal Regulations 107).14 Known as the Infant
Formula Act, this piece of legislation specifies the minimum
concentration of 29 nutrients and maximum concentra-
tions of nine of these nutrients (Table 28.1). Likewise in
Canada, Health Canada, under the provision of the federal
Food and Drug Regulations (Part B Division 25), has set
out extensive nutritional requirements for infant formulas
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(www.hc-sc.gc.ca/food-aliment).165 In the USA, formulas
designed for LBW infants are considered exempt formu-
las under the Infant Formula Act and its 1986 amendment.
Exempt formulas may have nutrients or nutrient levels that
differ from those specified in the Act after the FDA approves
the rationale for the deviation provided by the manufac-
turer. Health Canada has published guidelines for the Com-
position and Clinical Testing of Premature Formulas.23

In 1998 and again in 2002, Expert Panels assembled at the
request of the FDA made recommendations for revision of
the Infant Formula Act as it applied to the nutrient levels in
standard term and premature formulas, respectively.10,15

At the time of writing, legislation to change the Infant For-
mula Act to incorporate these suggested revisions has not
occurred.

Increasing the nutrient density of formulas

Formulas may be altered in nutrient density for infants with
specific requirements or with unique medical situations
such as: (1) decreased formula intake (decreased stamina
for oral feedings, transition from gavage to oral feedings or
restricted fluids); (2) increased energy expenditure; and (3)
increased energy/nutrient losses through malabsorption
and/or maldigestion.

The use of energy dense formula has been shown to
increase energy intake and weight gain in infants with
nonorganic failure to thrive.166 Concentrating a formula
by reducing the amount of water added to either a liq-
uid concentrate or powder formula increases levels of all
macro and micronutrients and results in a more balanced
formulation. Once the maximum levels of limiting nutri-
ents are reached using the reduced water to concentrate
method, energy modules, either carbohydrate or fat, are
added to further increase energy alone. Specialized ready-
to-feed infant formula (e.g., preterm formula) that is not
manufactured as either powder or liquid concentrate can
have levels of all nutrients increased by the addition of a
commercial liquid concentrate (in-hospital use) or powder
concentrate (home use). Similarly, once maximum levels of
specific nutrients have been met, energy modules as either
carbohydrate or fat are added to increase energy content
alone. Determining which method to use to enhance nutri-
ent composition will depend on the patient’s medical con-
dition as well as individual goals for weight, gain, compo-
sition of weight, and overall growth. Kashyap et al. showed
that carbohydrate is more effective than fat in enhancing
growth and protein accretion in enterally fed LBW infants
suggesting that varying the source of nonprotein energy
can impact on the quality of weight gain.167 Van Goudo-

ever also showed that by reducing the energy content of
formula and maintaining protein intake, VLBW infants fed
lower energy formulas had a lower percentage of fat, sug-
gesting that body composition can be altered by changing
the ratio and amount of macronutrients.168

Increasing the nutrient composition of a formula also
increases the osmolality. The American Academy of Pedi-
atrics recommends that infant formulas have concentra-
tions of less than 450 mOsm per kg water.157 Osmolality
and caloric density of liquid feedings are known to influ-
ence the rate of gastric emptying.169,170 High osmolality
feedings have been shown to empty from the stomach more
slowly than isotonic solutions and are associated with an
increased incidence of nausea, vomiting, diarrhea, and gas-
troesophageal reflux in infants.170–173 Models are available
to predict the osmolality of modified formulations quickly
and accurately before feeding.174 Calculation of the renal
solute load is an important step in determining the suit-
ability of a modified feeding for a patient.29 The nitrogen
and electrolyte content of the diet comprise the majority
of the renal solute load. The Potential Renal Solute Load
(PRSL) refers to the sum of dietary nitrogen, sodium, potas-
sium, chloride, and phosphorus and will determine the
osmolar concentration of the urine. Calculation of PRSL
is important especially for infants who are consuming a
nutrient-dense infant formula, are fluid restricted, have
high sensible and/or insensible fluid losses, or poor renal
concentrating ability. A formulation with a high renal solute
load may lead to a negative fluid balance and subsequent
dehydration. Recommended safe PRSL for infant formulas
have been estimated to be 135–177 mOsmol L−1 or 20–26
mOsmol 100 kcal−1 and maximum PRSL of approximately
221 mOsmol L−1 and 33 mOsmol 100 kcal−1.9,29

Many excellent resources exist to aid the practitioner in
calculating the most suitable “recipe” for nutrient-enriched
formula for a particular patient.175,176 Always refer to the
most current product information available from the for-
mula manufacturer for changes in ingredients, scoop size
etc.

Calculations: potential renal solute load

Potential Renal Solute Load (mOsm L−1) = (protein in g
L−1 ÷ 0.175*) + (Na in mEq L−1 + K in mEq L−1 + Cl in mEq
L−1) + (Pa** in mg L−1 ÷ 31)

* This factor assumes that all dietary N from protein is
converted to urea. The protein part of the equation can
also be calculated as mg N/L ÷ 28 mg N/mOsm.

Pa** = available phosphorus; assumed to be total phos-
phorus of human milk and milk-based formulas, and two-
thirds of the phosphorus of soy-based formulas.9
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Differences between metabolism and feeding
of preterm and term infants

Scott C. Denne and Brenda B. Poindexter
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Understanding differences in nutrient metabolism be-
tween premature and term neonates has important impli-
cations for the nutritional management of these infants in
the neonatal intensive care unit. Prematurity and critical
illness can impact the response to nutrient intake. Provi-
ding optimal nutritional support of both premature and
critically ill neonates born at term remains an elusive
challenge to neonatologists. Although less than 20% of
extremely-low-birth-weight infants (ELBW) (<1000 g birth
weight) are small for gestational age at the time of birth,
growth failure is nearly universal by the time these infants
approach discharge from the hospital.1 The long-term
impact that early nutritional deficiencies may have on
growth and neurodevelopment is only beginning to be
appreciated.

It would seem obvious that there are substantial differ-
ences in metabolism between preterm and term infants,
yet precisely defining those differences is surprisingly chal-
lenging. Metabolic studies in preterm and term infants have
often been carried out using different techniques and under
varied clinical circumstances, making comparisons diffi-
cult. Furthermore, information in normal term infants is
often limited. Nevertheless, understanding developmen-
tal differences is fundamental to providing appropriate
nutritional and metabolic support to preterm and term
infants. This chapter will focus on presenting the differ-
ences between preterm and term infants with regard to
protein, glucose, and energy metabolism.

Protein metabolism

A first step in understanding protein requirements is to
assess protein losses under basal conditions. In a series of

studies, our laboratory has measured the rate of catabolism
of the essential amino acid phenylalanine using stable iso-
topic techniques in preterm and term infants receiving 6
mg kg−1 min−1 of intravenous glucose.2–4 Overall rates of
protein loss can be calculated from these rates based on the
phenylalanine content of protein (280 µmol per g protein).
Extremely premature (26 weeks’ gestation; ∼850 g birth
weight), clinically stable premature (32 weeks’ gestation;
1600 g birth weight) and healthy term infants were stud-
ied in the first week of life.2–4 As illustrated in Figure 29.1,
protein losses are inversely related to gestational age, with
losses in extremely premature infants 2-fold higher than
in term infants. Other investigators have obtained similar
results using nitrogen balance techniques.5–7

It is useful to understand the protein kinetic components
of the higher protein losses in extremely preterm infants.
Protein loss can be driven by high rates of proteolysis,
low rates of protein synthesis, or a combination of both.
Figure 29.2 shows rates of proteolysis and protein synthe-
sis in extremely preterm and term infants during the 6 mg
kg−1 min−1 glucose infusion.3,4 Protein synthesis rates are
not lower but in fact approximately 20% higher in extremely
preterm infants compared to term infants. However, rates
of proteolysis are even higher (∼30%) in extremely preterm
infants. Consequently, it is these high rates of proteolysis
that result in the higher rates of protein losses in extremely
premature compared with term infants. Rates of proteo-
lysis, like rates of overall protein loss, vary inversely with
gestational age. It has been speculated that high rates of
proteolysis may be required to provide a continuous sup-
ply of amino acids needed for remodeling of tissue in rapid
growth. It is useful to examine the regulators of proteolysis
in neonates, and how they may differ between preterm and
term newborns.
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Figure 29.1. Rates of protein loss measured in preterm and term

infants during an intravenous glucose infusion of 6 mg kg−1

min−1. Protein losses calculated from phenylalanine kinetics.2–4
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Figure 29.2. Protein synthesis, proteolysis, and protein balance

in 26 weeks’ gestation preterm infants and normal term neonates.

Protein kinetics calculated from phenylalanine kinetics during

intravenous glucose infusion of 6 mg kg−1 min.−1 2,4

In both term and preterm infants, glucose infusions,
which result in significant increases in insulin concentra-
tions, do not result in reductions in overall proteolysis.8,9

The ability of intravenous amino acids to reduce over-
all rates of proteolysis has also been evaluated in both
preterm and term infants. In normal healthy term infants,
a graded infusion of intravenous amino acids produces a
dose dependent suppression of proteolysis (Figure 29.3).3

At an amino acid intake of 1.2 g kg−1 day−1, proteolysis is
reduced by approximately 10%. In response to a doubling of
amino acid intake to 2.4 g kg−1 day−1, proteolysis is reduced
by 20%. These changes in proteolysis are independent of
any changes in glucose and insulin concentrations.
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Figure 29.3. Rates of proteolysis in preterm and term infants

during a basal glucose infusion of 6 mg kg−1 min−1, and in

response to a graded amino acid infusion of 1.2 g kg−1 day−1 and

2.4 g kg−1 day−1. Proteolysis calculated from phenylalanine

kinetics. Significant dose-dependent reductions in proteolysis

were observed in term infants (<0.001) but not in preterm

infants.3,10

Premature neonates, on the other hand, demonstrate
resistance to changes in proteolysis in response to intra-
venous amino acids. Clinically stable premature (∼32
weeks’ gestation) infants have been studied in the first
week of life using a protocol identical to that used in the
term infant study described above.10 In contrast to their
term counterparts, rates of proteolysis are unchanged in
response to the graded infusion of intravenous amino acids.
Figure 29.3 illustrates these differences between the two
populations.

It must be noted that in both preterm and term infants,
amino acid infusions increase overall rates of protein syn-
thesis by approximately 13% in both populations.3,10 In
response to graded amino acid intake, protein balance
improves in both groups, as illustrated in Figure 29.4. How-
ever, because preterm infants increase protein synthe-
sis but do not suppress proteolysis in response to amino
acids, overall protein balance is significantly less than that
obtained in term infants at the same level of amino acid
intake.

Developmental differences in the antiproteolytic
response to full parenteral nutrition (containing glucose,
lipid, and amino acids) have also been documented.
Normal term infants and premature infants (ranging in
gestation from 23–35 weeks) have been studied under
an identical protocol, which determined overall rates
of proteolysis in the basal state and in response to par-
enteral nutrition (90 kcal kg−1 day−1, 2.5 g kg−1 day−1

of protein).2,4 As shown in Figure 29.5, there is a direct
relationship between gestational age and the ability of this
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Figure 29.4. Protein balance calculated from phenylalanine

kinetic data in preterm and term infants during a basal glucose

infusion of 6 mg/kg/min and during amino acid infusions of 1.2

and 2.4 g/kg/day.3,10
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Figure 29.5. Relationship between the percent suppression of

proteolysis in response to parenteral nutrition and gestational

age. Results based on phenylalanine kinetics.2,4

parenteral nutrition solution to reduce overall proteolysis.
Similar to the response to amino acids alone, full parenteral
nutrition increased protein synthesis at all gestations by
∼15%, so that overall protein balance was improved for
all neonates. However, differences in the ability to reduce
overall proteolysis resulted in smaller improvements at
earlier gestational ages.4

These developmental differences in protein metabolism
have important clinical implications. Based on higher basal
protein losses and a reduced antiproteolytic response to
amino acids, the overall protein requirements of preterm
infants increases as gestational age decreases. Therefore,
not only are there differences between the preterm infants

as a group and term infants, but there are also substan-
tial differences between extremely preterm (23–27 weeks’
gestation) infants compared with less premature (32–35
weeks’ gestation) infants. These developmental differ-
ences must be taken into account when providing early
amino acid nutritional support in the preterm infants. In
addition, these findings raise significant questions about
the protein adequacy of existing preterm formulas for
extremely preterm infants; these formulas were designed
over 20 years ago to support 30–35 week gestation preterm
infants. Many clinicians use a variety of approaches to
supplement existing preterm formulas, but none of these
approaches have been systematically evaluated. Based
on existing information about protein requirements in
extremely preterm infants, studies evaluating nutritional
strategies to better support these requirements are urgently
needed.

Glucose metabolism

As glucose is the primary source of fuel for the brain, the
use and regulation of glucose is a fundamental aspect of
metabolism and one likely to show developmental differ-
ences. However, precisely defining the differences between
premature and term infants across a range of gestational
ages can be difficult, because proper comparison requires
that study conditions be identical or at least similar for
preterm and term infants. Existing data allow some assess-
ment of the differences and similarities between preterm
and term infants with regard to endogenous glucose pro-
duction, the regulation of endogenous glucose production
by exogenous glucose, and gluconeogenesis.

Endogenous glucose production

Endogenous glucose production is the rate of glucose
released into the system from glycogenolysis or gluconeo-
genesis, and is often measured in the basal state (usually
a short fast in neonates). The rate of endogenous glucose
production provides important insight into basal glucose
needs (in particular to support brain metabolism) and the
ability of the neonate to maintain an adequate glucose sup-
ply. Endogenous glucose production has been measured
between 3 and 5 mg kg−1 min−1 in studies of both preterm
and term infants, so it may seem that there is little difference
between preterm and term infants in this regard.11,12 How-
ever, studies that have determined similar rates in preterm
and term infants have studied more mature preterm infants
(34–36 weeks’ gestation).11,12 When preterm infants are
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Figure 29.6. Total glucose rate of appearance measured by

isotopic tracer dilution in preterm and term infants. Rate of

exogenous glucose infusion (if any) is also shown.8,9,13,14

studied at earlier gestations, a different pattern emerges.
Figure 29.6 shows glucose production rates measured in
preterm and term infants within the first 3 days of life using
the same technique (6, 6 d2 glucose tracer dilution).8,9,13,14

Term infants and 33 weeks’ gestation preterm infants were
studied after a brief fast; glucose production is approxi-
mately 50% greater in the 33-week preterm compared with
the term infants.9,14 Two studies have determined glucose
production rates in clinically stable 26 weeks’ gestation
infants.8,13 However, for ethical reasons, true fasting condi-
tions cannot be obtained in this population. Some glucose
was infused to these extremely preterm infants in the two
studies reported, and nearly identical total glucose rates
of appearance (∼8 mg kg−1 min−1) have been measured,
despite the substantial differences in the exogenous glu-
cose infusion rates between the two studies. Therefore, 8
mg kg−1 min−1 appears to be a reasonable approximation
of basal glucose production in 26 weeks’ gestation infants;
this rate is 2-fold greater than that measured in term infants.
These data strongly suggest significant differences in glu-
cose production (and utilization) between preterm and
term infants, at least when preterm infants ≤33 weeks’ ges-
tation are studied.

Regulation of endogenous glucose production by
exogenous glucose

The normal adult response to an exogenous glucose infu-
sion is effective suppression of endogenous glucose pro-
duction (greater than 90%). Similar studies have been per-
formed in both term newborns and premature infants of
various gestational ages. Figure 29.7 shows endogenous
glucose production (the difference between total meas-
ured glucose rate of appearance and exogenous glucose
infusion) in preterm and term infants studied in the first
week of life during an exogenous glucose infusion of
approximately 6 mg kg−1 min.−1 8–10,15 This rate of glucose
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Figure 29.7. Endogenous glucose production rates during

exogenous glucose infusions of ∼6mg kg−1 min−1 in preterm and

term infants.8–10,15

infusion in all these studies resulted in similar glucose
(80–110 mg dL−1) and insulin (4–7 µg mL−1) concentra-
tions. These conditions effectively suppressed (greater than
90%) glucose production in term infants and 32 weeks’
gestation preterm infants.9,10 However, glucose produc-
tion was less effectively suppressed in preterm infants of
earlier gestations, with the highest residual glucose pro-
duction rates in the most immature (26 weeks’ gestation)
infants.8,15 It appears that very premature infants are more
resistant to suppression of endogenous glucose production
by exogenous glucose infusion. However, 26 weeks’ ges-
tation infants can suppress endogenous glucose produc-
tion to levels similar to that obtained in term infants, but it
requires a higher glucose infusion rate (9.5 mg kg−1 min−1)
resulting in higher glucose (136 mg dL−1) and insulin (13
µg mL−1) concentrations.8 From a clinical perspective, glu-
cose infusion rates of 8–9 mg kg−1 min−1 appear to be
necessary in extremely preterm infants in order to best
supply glucose needs and preserve endogenous stores. In
more mature preterm infants (≥32 weeks gestation) and in
term newborns, glucose infusion rates of ∼6 mg kg−1 min−1

appear to adequately meet basal glucose requirements and
preserve glucose stores.

Gluconeogenesis

The normal fetus is dependent upon the mother for a con-
tinuous supply of glucose, and endogenous glucose pro-
duction and gluconeogenesis are inactive during fetal life.16

After birth, the rapid ability to initiate gluconeogenesis is
crucial to support endogenous glucose production, as both
term and especially preterm infants have limited glyco-
gen stores. Gluconeogenesis has been assessed in both
preterm and term infants using a variety of approaches
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Table 29.1. Resting energy expenditure measured by respiratory calorimetry in preterm and term infants in the first week of life

Gestation (wks) BWT (g) REE (kcal kg−1 day−1) Total n Source Comments

27 wks 960 39 32 22,23 18 subjects ventilated, 5 subjects nasal CPAP

29 wks 1105 41 52 24,25 All subjects ventilated

32 wks 1450 47 85 23,26,27 Subjects in room air

40 wks 3275 44 34 28–30 Normal newborns in room air

BWT, body weight; REE, resting energy expenditure; CPAP, continuous positive airway pressure.

and under a number of different circumstances.15,17–21

Gluconeogenesis is inherently difficult to quantify, and dif-
fering study conditions and approaches have been used in
term and preterm infants. For these reasons, direct compar-
isons between these two groups are difficult. Nevertheless,
qualitative if not quantitative comparisons are possible.

Perhaps the most significant qualitative finding is that
both preterm and term infants have the capacity to initi-
ate measurable and significant gluconeogenesis to support
glucose production within the first 2 days after birth.17,19,21

Although the exact quantitative relationship between glu-
coneogenesis and gestational age remains undefined, sig-
nificant rates of gluconeogenesis have been measured in a
variety of studies of extremely preterm infants with gesta-
tions as low as 24 weeks.18,19 Studies in preterm and term
infants have demonstrated that the gluconeogenesis sub-
strates pyruvate and glycerol both contribute to glucose
production. Gluconeogenesis accounts for ∼30% of over-
all glucose production in term infants during fasting;21

in preterm infants, gluconeogenesis contributes 30%–80%
of residual glucose production during exogenous glu-
cose or parenteral nutrition administration.15,18,21 Gly-
cerol appears to be the primary gluconeogenic substrate
in extremely preterm infants during the administration
of parenteral nutrition, which includes lipid.18 Studies
under similar conditions in term infants have not been
performed. Available data regarding gluconeogenesis sug-
gest many similarities between preterm and term infants.
Developmental differences, if they exist, remain to be
elucidated.

Energy expenditure

An accurate assessment of energy expenditure is ne-
cessary to appropriately provide for the energy needs of
preterm and term infants. Similar to other aspects of
metabolism, it would be logical to assume that there may
be a developmental aspect to energy expenditure. Intu-
itively, higher rates (per kg) of energy expenditure might
be anticipated in preterm infants, with their smaller body

mass, susceptibility to thermal stresses, and their frequent
requirement for ventilatory support.

However, the rather extensive data measuring resting
energy expenditure in both preterm and term infants in
the first week of life does not necessarily support this intu-
ition. Table 29.1 shows rates of resting energy expenditure
measured by respiratory calorimetry in term infants and in
preterm infants of varying gestational ages.22–30 Over 200
subjects from nine different studies are represented; differ-
ent investigators have obtained remarkably similar results.
Surprisingly, rates of resting energy expenditure are similar
from 27 weeks’ gestation through term, with no suggestion
that more immature individuals have higher rates. Preterm
infants requiring and not requiring mechanical ventila-
tion have been included, and there is no indication that
mechanical ventilation significantly influences measured
energy expenditure in these studies. It also must be noted
that although nutrient intake has an important influence
on energy expenditure, both preterm and term infants were
studied under similar conditions of nutrient intake (fasting
or low caloric intakes). Therefore it seems unlikely that
true differences between preterm and term infants were
obscured by altered nutrient intakes.

Although the available data suggest similar energy
expenditures in preterm and term infants, it is important
to point out a number of caveats. First, these determina-
tions were made by respiratory calorimetry, which can be
technically challenging and perhaps less accurate when
used in patients requiring supplemental oxygen and/or
mechanical ventilation.31 Technical difficulties may there-
fore contribute to the difficulty of demonstrating differ-
ences between preterm and term infants, but seem unlikely
to play the primary role. Second, respiratory calorimetry
is typically obtained over a relatively short period of time
(2–4 hours) with close attention being paid to the thermal
environment of the patients during the period of measure-
ment. These short measurement intervals may underesti-
mate inadvertent thermal stresses and other factors which
contribute to total energy expenditure over longer periods.
There is some preliminary evidence that when total energy
expenditure is measured using the doubly labeled water
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Figure 29.8. Total energy expenditure measured by either

doubly labeled water technique or 24-hour respiratory

calorimetry in preterm and term infants at ∼3 weeks of age.33–44

technique, higher rates of energy expenditure are evident in
extremely preterm infants in the first week of life.32 Further
studies determining energy expenditure over longer peri-
ods of time may ultimately be better able to demonstrate
differences in energy expenditure between preterm and
term infants. At present, the currently available data about
resting energy expenditure in preterm and term infants
remains difficult to reconcile with the higher rates of pro-
tein turnover and glucose production in preterm infants
(both energy requiring processes), the higher rates of glu-
cose utilization in preterm infants, and the poor growth
outcomes of ELBW infants.1

A number of published studies have determined total
energy expenditure in preterm and term infants slightly
later in postnatal life, at approximately 3 weeks of age. Total
energy expenditure was determined over 5–7 days using
the doubly labeled water technique, or using 24-hour res-
piratory calorimetry. Figure 29.8 shows these rates of total
energy expenditure in term infants (total n = 44 in three
studies),33–35 31 weeks’ gestation preterm infants (total n =
62 in eight studies),36–43 and 26 weeks’ gestation preterm
infants (total n = 12 in one study).44 Total energy expendi-
ture is remarkably similar in 3-week-old 31 weeks’ gestation
preterm infants and term infants of a similar age. However,
total energy expenditure in 3-week-old 26 weeks’ gesta-
tion infants is approximately 50% higher. It must be noted
that this only represents one study with a relatively lim-
ited number of subjects, and all subjects studied required
mechanical ventilation. Nevertheless, the data do suggest
that energy expenditure may be substantially higher in the
most immature group of preterm infants. Clearly additional
studies examining total energy expenditure in this group
will be necessary to more precisely establish differences
between this group and more mature preterm and term
infants.

What are the clinical implications of these energy expen-
diture determinations? A minimum of 40 kcal kg−1 day−1

of energy intake is necessary for both preterm and term
infants in the first week of life. It remains possible that
higher energy intakes are necessary and desired, especially
for the extremely preterm infant. As postnatal and nutri-
ent intake advances, energy expenditure increases and
intakes of approximately 65 kcal kg−1 day−1 are required
for preterm infants ≥ 31 weeks’ gestation and term infants
to achieve a zero energy balance. Obviously higher intakes
are required to achieve positive energy balance in nor-
mal growth. In extremely preterm infants (26 weeks’ ges-
tation) higher energy intakes of up to 90 kcal kg−1 day−1

may be necessary just to prevent negative energy balance,
although the data remain limited. Currently available infor-
mation on energy expenditure provides a minimum caloric
target so that significant energy deficits might not accu-
mulate. Nevertheless, additional information about energy
requirements in both term and preterm infants need to be
developed.

Summary

Although precise metabolic comparisons between preterm
and term infants can be difficult, developmental differ-
ences in protein and glucose metabolism have been clearly
established. Baseline protein losses increase with decreas-
ing gestational age, and preterm infants have a more limited
ability to reduce whole body rates of proteolysis in response
to nutrients compared with term infants. Clinically, this
information emphasizes the higher protein requirements
of preterm infants and the necessity to minimize rapidly
accumulating protein deficits. Developmental differences
in glucose metabolism are also apparent, with high rates of
glucose production and utilization, which decrease grad-
ually to term gestation values. A glucose infusion rate of
6 mg kg−1 min−1 provides sufficient glucose to meet needs
and preserve endogenous stores in term and moderately
preterm (≥ 32 weeks’ gestation) infants. Higher glucose
infusion rates of 8–10 mg kg−1 min−1 appear to be ne-
cessary to produce the same result in more immature
(26 weeks’ gestation) infants. Similar rates of resting energy
expenditure of ∼40 kcal kg−1 day−1 have been measured
in preterm and term infants in the first week of life, per-
haps suggesting similar energy needs across gestational
ages. However, some preliminary data would suggest that
extremely preterm infants may have higher requirements
in early postnatal life. At 3 weeks of age, ∼64 kcal kg−1

day−1 appears to be necessary to meet energy expenditure
requirements for both term and moderately preterm
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(31 weeks’ gestation) infants. The energy required to match
energy expenditure in extremely preterm infants requiring
mechanical ventilation at 3 weeks of age may be substan-
tially higher (90 kcal kg−1 day−1), although the data remain
limited.
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Gastrointestinal reflux

Sudarshan Rao Jadcherla
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Gastrointestinal reflux (GIR) is a common problem in high-
risk neonates and young infants, and is due to the retro-
grade flow of gastrointestinal contents from distal bowel
into the more proximal region. This includes (1) duodeno-
gastric reflux (DGR) when duodenal contents move into
the stomach; (2) duodeno-gastroesophageal reflux (DGER)
when duodenal and gastric contents move into the esoph-
agus; and (3) the more common and well studied, gastro-
esophageal reflux (GER) when gastric contents reflux into
the esophagus or supra-esophageal structures. The symp-
toms of the disease resulting from GIR in neonates and
infants are protean. There are many excellent reviews on
GER in adults and children.1–8 There is considerable lack
of information on GIR in neonates or high-risk infants. In
this chapter we will discuss the three entities of GIR, specif-
ically the applied physiology, pathology, clinical presenta-
tion, and available treatment options pertinent to young
infants.

Significance of GIR

Gastric emptying, duodenal clearance and intestinal transit
in healthy neonates are aboral, despite feeding frequently,
suggesting that DGR and DGER are uncommon. However,
both these conditions can occur in ill infants. On the other
hand, GER is more common in neonates and young infants,
and can be physiological if the infant is thriving well and has
absence of symptoms inducible by gastric contents. Vari-
able forms of GER, manifesting as regurgitation with move-
ment of gastric contents into the mouth, can occur two or
more times a day in nearly 50% of 2-month-old infants, but
it occurs in only 1% of 1-year-old infants, thus indicating
that regurgitation usually has spontaneous resolution and

that changes in dietary habits may alter its course.9 In a
recent study, GER with symptoms of disease was noted in
3–10% of infants who were born prematurely and weighed
less than 1500 g.10 In another study, over 90% of older chil-
dren with gastroesophageal reflux disease were noted to
have had emesis as one of their major symptoms before 6
weeks of age.11 As the survival of premature and high-risk
infants is increasing, so is the morbidity.12 There are differ-
ences in incidence and prevalence of GIR among neonates
from various studies, which may be related to an improve-
ment in survival and therefore an increase in comorbidity
factors.

Premature and stressed infants are at increased risk of
GER, as are those that have chronic lung disease or con-
genital anomalies. The reasons for this increased asso-
ciation in neonates is unclear, but may be related to
the tone of the abdominal wall muscles, diaphragmatic
activity, esophageal dysmotility and tonicity of the lower
esophageal sphincter (LES). Factors that create a com-
mon cavity between stomach and esophagus facilitate ret-
rograde movement of refluxate. Similarly, an increase in
intragastric pressure during relaxation of the LES favors the
occurrence of GER.

Applied physiology related to GIR in the fetus,
neonate, and young infant

Fetal swallowing of amniotic fluid begins by 11 weeks, suck-
ing movements by 18–20 weeks, and by full-term gestation
the fetus can swallow and circulate nearly 500 ml of amni-
otic fluid.13,14 Thus, swallow-induced primary esophageal
peristalsis occurs during fetal life.
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Functional anatomy and physiology of swallowing and
esophageal motility are well described.15 Contrary to pop-
ular belief, anatomical LES does not exist, with gross and
histological exam failing to identify a sphincter.16 Elec-
tron microscopy studies show irregular muscle cell lay-
ers which have tonic activity. Electrophysiological stud-
ies show continuous electric spike activity and specialized
calcium channel transport.17 Endoscopically, in neonates
the squamo-columnar junction differentiates boundaries
at the Z-line.18 Although LES is considered as an important
functional segment in preventing GER, other neighboring
structures including oblique sling fibers of the stomach,
musculofacial diaphragmatic sling and intra-abdominal
esophagus also contribute to prevention of GER.16 Thus,
it is conceivable that disorders of the foregut and abdomi-
nal wall defects may make GIR more apparent.

Similarly, congenital anomalies in the duodenum or
jejunum, malrotation, acquired inflammatory conditions
such as necrotizing enterocolitis, or functional or mechan-
ical bowel obstruction can inhibit aboral peristalsis. In such
conditions, DGER and gastric distension exist.

Pathophysiology of GIR

Variations in esophageal body and LES pressure charac-
teristics are best determined by esophageal manometry. It
was found that LES pressure rose from 3.8 mmHg in pre-
mature infants (<29 weeks’ gestation) to 18.1 mmHg in
term infants.19,20 It was also found that premature infants
(33–38 weeks’, postconceptual age) have esophageal peri-
staltic motor patterns less frequently than nonperistaltic
motor patterns in the esophagus.21,22 In the latter study,
GER mechanisms in premature infants were characterized,
and swallow-unrelated transient lower esophageal sphinc-
ter relaxation (TLESR) lasted for a mean period of 15 sec-
onds and had significantly low mean nadir pressures of
0.8 mm Hg in 82% of the episodes. Four possible mecha-
nisms of GER were observed in neonates: (1) spontaneous
transient LES relaxation; (2) transient LES relaxation after
esophageal body contraction; (3) multiple swallows asso-
ciated with LES relaxation; and (4) peristaltic failure asso-
ciated with LES relaxation.

Other factors such as increased intra-abdominal pres-
sure, excessive crying, delayed gastric emptying, and
sluggish esophageal motility have been associated with
GER.7,19

Although not systematically studied in neonates and
young infants, the nature of the refluxed material may also
contribute to pathogenesis. The refluxed material may be

acidic from gastric acid, alkaline from biliary and pancre-
atic juices derived from DGER, neutral from milk feeds, or
by gas reflux from simple air distension. Gastric pepsins and
pancreatic trypsins may also disrupt mucosal integrity by
virtue of their proteolytic nature, but their role in neonates
is not completely understood.

Gastric acidity varies with feeding regimens, and may be a
primary factor in inducing esophagitis, which may further
aggravate reflux.5 However, during regurgitation air from
the stomach may distend the esophagus and cause symp-
toms reflexively. Although acid reflux has been considered
the gold standard in the diagnosis and pathology of GER,
non-acid or gas reflux episodes are underestimated in this
thought process. Infantile reflux has been considered phys-
iological to some extent.10 The changes in reflux frequency
per day and the proportion of time the distal esophageal
pH is less than 4 vary during development.5,23 Reflux fre-
quency is high during the neonatal period and infancy, and
the total reflux time, an indicator of acid clearance, is much
greater in infants than adults. This suggests that acid clear-
ance mechanisms are less in infants than adults, though
little is known about defense mechanisms against GER in
neonates and infants.

Esophageal and airway defense mechanisms against GIR
in young infants are not completely understood. Thach
and Menon have identified the presence of a laryngeal
chemoreflex in infants with GER, in which there is an
occurrence of reflexive apnea with reflux. This apnea may
be protecting the airway against aspiration.24 Recently
Wenzl et al. found an association of apnea and nonacid
gastroesophageal reflux in infants using the technique
of intraluminal impedance measurement.25 In this study,
out of 49 apneic episodes that were associated with gas-
troesophageal reflux, only 22.4% showed acid reflux with
pH < 4, while the rest were nonacid events that could be
gas or alkaline or neutral pH materials.

With the use of upper esophageal sphincter (UES) sleeve
manometry technique in neonates, we characterized the
esophageal motor defense mechanisms against abruptly
induced esophageal distension or acidification.26 In this
study, we observed one of the three responses to esophageal
stimulation: (1) occurrence of esophageal peristalsis unre-
lated to a swallow (secondary esophageal peristalsis);
(2) increase in UES pressure; (esophago-UES contractile
reflex); and (3) occurrence of a swallow-induced primary
esophageal peristalsis (esophago-deglutition response).
These motor events may be considered as protecting the
esophagus and the airway. Similarly, during spontaneous
GER events, all three mechanisms are evident, as shown in
Figures 30.1 and 30.2.
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Figure 30.1. This figure illustrates an esophageal manometry recording identifying a reflux event depicted by the upward arrow. In

response to this event, the upper esophageal sphincter pressure increased (*) and was followed by swallow independent secondary

peristalsis (downward arrow). The latter two mechanisms may facilitate esophageal protection and clearance.
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Figure 30.2. This figure illustrates an esophageal manometry recording identifying a reflux event depicted by the upward arrow. In

response to this event, the upper esophageal sphincter pressure increased (*) transiently, which was followed by multiple swallows S1, S2,

S3. Note that each pharyngeal swallow is associated with upper esophageal sphincter relaxation; however only the S2 propagated distally

(downward arrow). This is a swallow-dependent primary peristalsis, which is another mechanism for esophageal clearance.
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Table 30.1. Differences in evaluation of physiological v.

pathological gastroesophageal reflux (GER)

Physiological reflux “Happy

Spitters”

Pathological reflux “Scrawny

Screamers”

Weight gain adequate Failure to thrive

Effortless regurgitation Painful regurgitation, with

crying/discomfort

Feeding well on oral feeds Poor feeding, often need gavage

feeds

Strong sucking skills Poor sucking skills

Good swallowing skills Poor swallow coordination

Emesis is usually milk curds

or acid

Emesis is milk, acid, blood tinged,

or bile

Normal activity and

behavior

Developmental delay or

immaturity

Neurologically normal Abnormal neurological exam may

be present

No respiratory disease Respiratory disease may be present

Absence of apneas or

bradycardias

Apneas and/or bradycardias may

be present

Absence of anemia Iron-deficiency anemia

Gastric emptying of feeds

normal

Delayed gastric emptying

(residuals)

Clinical presentation of GIR

As noted from the previous sections, clinical presentation
may be directly related to gastrointestinal reflux, to the
associated complications, or to sequelae. Clinical features
directly resulting from GIR in neonates may vary from sim-
ple regurgitation to frequent vomiting after feeds. About
20% of normal infants regurgitate, but less than 2% of
these may require diagnostic evaluation.5,10 Some of these
infants may be considered “happy spitters” who are usu-
ally asymptomatic except for episodes of small emesis, but
who may also ruminate and thereby re-swallow the refluxed
material. These infants gain weight appropriately, despite
causing social inconvenience (Table 30.1).

More frequent GIR episodes can injure esophageal
mucosa and perpetuate esophagitis, whether the origin
of reflux is from stomach (acidic medium and proteo-
lytic enzymes) or duodenum (alkaline medium, bile salts
and proteolytic enzymes). In the absence of appropri-
ate esophageal clearance, prolonged contact time may be
associated with esophageal dysmotility, poor oral feed-
ing patterns, irritability from esophagitis, and excessive
crying, particularly during feeds (“scrawny screamers,”
Table 30.1).27,28 In these infants, problems due to frequent

emesis lead to nutrient deprivation and failure to thrive.
Sometimes, blood loss in the emesis can be a cause for
iron-deficiency anemia. These unpleasant experiences to
the neonate may result in feeding difficulties.28

Apneas and bradycardias can occur in the neonate inde-
pendently of GIR. However, an apneic response to the pres-
ence of noxious stimulus in the pharynx (due to reflux-
ate) may be protective to the airway, thus preventing
aspiration.29,30 Presence of refluxate in the pharynx stimu-
lates a swallow, thus clearing the pharynx.31 However, some
pathologic apneic events can be life-threatening. The asso-
ciation of GER and apnea is still controversial. The apneic
events associated with GIR appear to be of an obstruc-
tive type, commonly suggesting an inadequate clearance
mechanism.

Respiratory manifestations of GER can present as the
following: (1) central apnea due to chemoreceptor sti-
mulation; (2) obstructive apnea due to laryngospasm; (3)
airway hyper-reactivity and increased airway resistance
due to bronchospasm; (4) stridor; (5) narrowing of airways
from plugging or reflex-mediated (vagal) constriction; (6)
parenchymal lung disease or pneumonia due to chronic
microaspiration or macroaspiration of refluxed material
into the lungs; and (7) chronic lung disease. Neonates rarely
cough when refluxate is in the esophagus or pharynx, thus
lacking efficient airway clearance, and they adapt by swal-
lowing more frequently (Figure 30.2).

Differential diagnosis of GIR

As noted from the previous section, diagnosis of GIR is by
history, clinical evaluation, and appropriate studies. Other
differential diagnoses in the neonate that may present
with a history of emesis, apneas and respiratory illness
should be excluded, including sepsis, metabolic diseases
(disorders of amino acid metabolism, urea cycle defects,
galactosemia, congenital adrenal hyperplasia), structural
abnormalities of brain and foregut (intestinal malrotation,
tracheo-esophageal fistulas), and diaphragmatic defects.
Infectious gastrointestinal etiologies such as necrotizing
enterocolitis, ileus, or gastroenteritis can present with eme-
sis or increased gastric residuals, often containing bile from
DGER. Nongastrointestinal syndromes such as sepsis, urin-
ary tract sepsis, meningitis, and respiratory viral illnesses
should be excluded. Formula intolerance can also present
with emesis and irritability. Acute abdominal conditions
such as volvulus, adhesions, intestinal obstruction, meco-
nium ileus and Meckel’s diverticulum can present with
emesis and respiratory distress.
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Table 30.2. Investigations in the diagnosis of gastroesophageal reflux (GER)

Method Advantages Disadvantages

pH probe study Sensitive for acid reflux only. Reproducible (18–24 h

study) comparative data available. Bedside test

Discomfort of probe. Not specific for DGER.*

Nearly 60–90% of GER episodes in infants are

non-acid (milk or gas)

Upper gastrointestinal

fluoroscopy

Defines structural anatomy. Readily available Very short duration of study. Risk of aspiration.

Unsafe in infants with swallowing problems

Esophageal manometry

study

Defines pathophysiological mechanism of GER.

Evaluation of esophageal clearance and peristalsis.

Evaluation of sphincter dynamics. Measure of

esophageal length. Can be done at bedside.

Limited availability. Skilled personnel required

Technetium99 scan

(scintigraphy)

Determines gastric emptying Not portable. Poor sensitivity

Endoscopy Documents esophagitis. Permits biopsy Anesthesia needed. Specialized procedure

* DGER = duodeno-gastroesophageal reflux.

Evaluation of GIR

Careful history and clinical evaluation ruling out condi-
tions listed in the previous section is important. Bilious
emesis or aspirates, DGR or DGER should be considered
pathologic until proven otherwise, and must be evaluated
for etiologies that may need urgent intervention. Specifi-
cally, diagnosis of acute medical and surgical problems may
be reversible when intervened upon early.

Evaluation for GER can be considered after determin-
ing whether it is physiological or pathological. In gen-
eral, infants with physiological GER are “happy spitters”
who continue to feed well and gain weight, usually out-
grow symptoms with maturation and do not have any
complications. Infants with pathological GER are “scrawny
screamers” who usually fail to feed well and therefore have
poor weight gain; these infants are usually unhappy, irri-
table, fussy, and have associated complications related to
GER.28,32 The differences between these two entities are
summarized in Table 30.1.

Investigations may be necessary to confirm clinical evi-
dence supporting pathological GER, to understand the
mechanism of GER, to detect consequences of GER, or
to monitor disease progress and treatment efficacy. There
are no tests currently available to detect DGER in infants.
Multi intraluminal impedance measurement can identify
episodes of reflux irrespective of the nature of pH; however,
these studies are for research use at present.25 Some inves-
tigations suitable for application in the neonatal period and
infancy are listed in Table 30.2, and are further summarized
below.

Esophageal pH study indications are well defined.33,34,35

Accurate probe placement in the distal esophagus (at the

level of right atrium or third thoracic vertebra) is a ne-
cessary precondition for the reliability of data to be inter-
preted, in addition to documenting symptom index. Well
performed esophageal pH studies can provide the follow-
ing data: (1) reflux frequency per 24 hour period; (2) reflux
index, or the percentage of the day with esophageal pH
less than 4; (3) mean duration per reflux episode; (4) num-
ber of episodes longer than 5 min; and (5) duration of the
longest episode. The latter two pieces of information reflect
esophageal clearance abilities.5,36,37 Postprandial states,
feeding period duration, type of feeds, and use of medi-
cations such as antacids, antibiotics, or prokinetics may
affect the gastric pH and therefore may under- or overesti-
mate reflux episodes.

Fluoroscopy studies, including videoswallow studies,
esophageal fluoroscopy, or upper gastrointestinal barium
swallow studies have been used to identify sucking and
swallowing problems, anatomical detail, and the presence
of reflux.5,38 These studies record very brief events, run the
risk of radiation and aspiration, and are not generally suit-
able in tube fed infants, neurologically abnormal infants,
and those with airway disease.39 Upper gastrointestinal
series are useful in identifying structural abnormalities of
the foregut.

Esophageal manometry studies permit evaluation of
motility events, and their correlation with feeding state
may help identify the pathophysiological mechanism of
GER or esophageal clearance. Such studies can be valu-
able in tube-fed neonates and young infants with feed-
ing problems. These studies can identify the characteristics
of esophageal peristalsis, the velocity of propagation, the
sphincter responses to swallow and reflux events, and the
mechanism of GER. Although these studies can be done at
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the bedside, the biggest limitation is lack of skilled person-
nel and availability of specialized equipment.

Gastroduodenal manometry studies may help identify
the motor patterns during fasting and fed states, and motor
patterns in asphyxiated infants and formula-fed infants,
some of which may be associated with delayed gastric emp-
tying or feeding intolerance.40,41

Gastroesophageal scintigraphy helps in evaluation of
gastric emptying and determining the presence of reflux
or pulmonary aspiration. The technique uses technetium99

sulfur colloid to document the movement of the tracer iso-
tope. However, the sensitivity of this test is poor.38

Endoscopy permits direct visualization of esophageal
mucosa, documentation of inflammation, and ability to
obtain biopsy for histopathological analysis. Normal lim-
its of morphometric criteria for esophagitis in infants have
been determined.27,41 This technique requires skilled per-
sonnel, anesthesia, and is of limited use for identification
of complications of GER.

It is important to note that the “gold standard” esopha-
geal pH probe study underestimates reflux by not consid-
ering the nonacid events. Furthermore, no single test can
predict infants at risk for gastroesophageal reflux disease.

Management of GIR

Management of DGR or DGER is done by identifying the
cause and then instituting appropriate medical or sur-
gical treatment. Management approaches include gastric
decompression, correction of fluid and electrolyte imbal-
ance, supportive parenteral nutrition, and appropriate
antibiotics when sepsis is suspected.

Management of GER in neonatal life and young infancy
has no consensus among practitioners. This may stem from
the fact that many GER events are physiological and usu-
ally resolve with normal maturation and growth. However,
infants with pathological gastroesophageal reflux, as stated
in Table 30.1, may need treatment and follow-up. There is
no specific drug suitable for GER in neonates. Approaches
to the management of symptom reduction or modifying
complications of GER include: (1) non-pharmacological
approaches; (2) pharmacological therapy; and (3) surgical
treatment. These are summarized below.

Nonpharmacological approaches, based on principles
of applied physiology

Identify and avoid factors that aggravate reflux
In neonates and high-risk infants, factors such as suction-
ing, chest physical therapy, and supine positioning have

been associated with increased reflux episodes.5,43 Med-
ications such as xanthines and betamimetic agents, used
commonly in neonates as respiratory stimulants, have side-
effects such as increased LES relaxation and therefore result
in more frequent reflux episodes. Thus, the use of these
agents should be reviewed based on their need.

Posture
Supine posture, right lateral position, and infant car seat
position (upright position in a car seat) can make reflux
worse, while prone position with a 30◦ elevation and
left lateral position are associated with fewer episodes of
reflux.35,43–46 Symptomatic infants in the nursery or neona-
tal intensive care unit are usually monitored, and there-
fore prone or left-lateral positioning is a reasonable option.
However, both prone and left-lateral positioning are recog-
nized risk factors for sudden infant death syndrome.44

Dietary changes and feeding strategies
Heacock et al. demonstrated that breast-fed neonates had
shorter GER episodes than formula-fed neonates (3.0 v.
8.3 min/hour) as gastric emptying is faster; however the
lower median esophageal pH for breast-fed neonates was
significantly less than in formula-fed newborns (2.0 v.
2.5).47 Changing the type of feeding may not alter GER.
Premature infant formulas usually contain medium-chain
triglycerides, and these have been shown to acceler-
ate gastric emptying when compared with long-chain
triglycerides.48

In the neonatal period, feeding increments are usually
regulated cautiously based on tolerance. GER worsens after
feeds, particularly with increasing volumes per feed, indi-
cating that gastric distension and delay in gastric emptying
make GER worse.49,50 GER is also influenced by the osmo-
lality of the feeds. GER episodes may be minimized with
certain feeding strategies such as feeding more frequently
but with lower volumes per feed, or minimizing the use of
oral medications that are hyperosmolar.

Thickening agents
Thickening feeds using rice cereal, carob flour, or
sodium alginate have been used for infants with var-
ied success.1,51,52 Their beneficial role in the neonatal
period is not well known, although addition of rice cereal
is being practiced in symptomatic neonates. Thicken-
ing agents may decrease the frequency of postprandial
reflux episodes, but the duration of reflux remains pro-
longed, suggesting that esophageal clearance may be fur-
ther delayed. Potential side effects of adding rice cereal may
include constipation and postprandial cough.
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Pharmacological approaches

No ideal pharmacological agent exists for the treatment of
symptomatic GER in neonates or infants.1 Available drugs
fall into three broad categories: (1) prokinetics; (2) acid-
suppression agents; and (3) acid-neutralizing agents. Side
effects and lack of response are the main problems with use
of these agents.

Prokinetic agents
These agents increase gastrointestinal motility by various
mechanisms, including: (1) increasing cholinergic drive
(e.g., bethanechol); (2) inhibiting dopamine receptors (e.g.,
metoclopramide); (3) stimulating serotoninergic receptors
of the myenteric neurons to increase acetylcholine release
(e.g., cisapride, which is no longer approved for use); and (4)
stimulating motilin receptors (e.g., erythromycin). It must
be recognized that GER may be caused by different patho-
genetic mechanisms even though the symptoms may be
common. Therefore, a particular drug that is efficacious in
one individual may not be useful in another.

Side effects of prokinetic agents are many and preclude
their use. Bethanechol increases salivary and bronchial
secretions, and may contribute to bronchospasm. There-
fore, side effects of this agent are not acceptable in the
high-risk neonate with respiratory illness. Metoclopramide
can cause deleterious side effects such as extrapyrami-
dal symptoms, irritability, sedation, and exacerbation of
feeding problems, and some of these side effects may be
dose-dependent. Cisapride is no longer used because it
has been associated with serious side effects such as pro-
longation of the QTc interval and life-threatening ventric-
ular arrhythmias. It is important to recognize that most
macrolide antibiotics and H2 blockers have been known to
elevate plasma cisapride levels. Erythromycin, a macrolide
antibiotic, has gastroprokinetic effects by its ability to act
on motilin receptors; however, such effects are not found
in very premature infants.53 Erythromycin does not affect
esophageal or LES motility, but may improve gastric emp-
tying in selective cases.

Acid-reduction strategies
The indications for using an acid-reducing medication
in neonates and young infants are not clear. In general,
these agents may be used to try to prevent complica-
tions from GER such as esophagitis, in infants with pos-
sible reflux who have poor respiratory reserve, following
surgical repair of the esophagus (as in esophageal atre-
sia or tracheo-esophageal fistula), or in tracheostomized
infants. H2 blockers act by inhibiting the H2-receptors,
thus limiting the interaction of histamine-released from the

histamine secreting mast cells.42 Proton pump inhibitors
have been used in resistant cases of esophagitis that have
been unresponsive to H2-blockers.54 These agents act
by irreversible inhibition of H+K+-ATPase in the parietal
cell. However, adverse effects have been reported with
these medications. The side effects of using H2-blockers
include elevation of cisapride levels, bronchospasm, sinus
node dysfunction, and dystonic reactions. Proton pump
inhibitors have caused drug-induced hepatitis.23,35,54 Acid
suppressing agents minimize the acid protective immu-
nity, and favor the overgrowth of bacteria. Furthermore, by
decreasing the gastric pH, they affect the function of acid-
dependent gastric and lingual lipases and pepsin.

Acid-neutralizing agents such as antacids may facilitate
healing in the presence of esophagitis in older infants. They
are not routinely used in neonates because of constipation
(calcium and aluminum-containing antacids) or diarrhea
(magnesium-containing antacids).

Surgical treatment

Operative management of surgical etiologies of DGER or
DGR should be carefully considered. Surgical treatment
often relieves symptoms in cases of structural abnormal-
ities such as intestinal malrotation, duodenal atresia or
stenosis, annular pancreas, and with acute surgical con-
ditions such as bowel obstruction. However, there is no
consensus about the indications for the type or timing of
surgery for pathological GER in neonates or young infants.
Surgery in pathological GER in neonates and young infants
is often considered when conservative and medical ther-
apy fails, and sequelae and complications from GER are
worsening. Certain neonates and young infants, such as
infants with structural foregut anomalies (esophageal atre-
sia, tracheo-esophageal fistula), infants with chronic respi-
ratory disease and proven aspiration, and infants who are
unable to protect their airway, may benefit from fundopli-
cation and/or gastrostomy.55 However, there is a consid-
erable risk from anterograde aspiration when swallowing
function or esophageal motility are abnormal. There are
two types of fundoplication commonly performed in the
surgical practice: the Nissen fundoplication in which 360◦

wrapping of the fundus around the LES may maintain resis-
tance to backward reflux, and the Thal procedure in which
270◦ wrapping of the fundus around LES is done to avoid
obstruction to forward peristalsis.54

In summary, DGER and DGR are usually pathologic
conditions. GER may be physiologic in asymptomatic
neonates, and many infants outgrow this condition over
time. However, many aspects of gastroesophageal reflux
disease in neonates and young infants remain to be
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explored. Diagnostic and therapeutic availability is neces-
sary in infants with gastroesophageal reflux disease.
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Hypo- and hyperglycemia and other
carbohydrate metabolism disorders

Jane E. McGowan

Division of Neonatology, The Johns Hopkins Hospital, Baltimore, MD

Disorders of glucose homeostasis

The presence of neonatal hypoglycemia or hyperglycemia
signals a failure of the normal transition from fetal to post-
natal patterns of glucose homeostasis. Under normal con-
ditions, glucose from maternal circulation is transported
across the placenta via specific glucose transporters to be
used by the fetus. The high fetal insulin : glucagon ratio
suppresses glycogenolysis and gluconeogenesis and stim-
ulates hepatic glycogen deposition during late gestation.

At delivery, glucose delivery to the infant stops abruptly.
Until an exogenous supply of substrate is provided, the
infant must rely on hepatic glucose production to meet
metabolic needs. Both glycogenolysis and gluconeogenesis
contribute to glucose homeostasis during the first few days
of extrauterine life. However, hepatic glucose production
via these two pathways requires availability of glycogen and
gluconeogenic precursors, appropriate levels and activity
of hepatic enzymes necessary for glycogenolysis and gluco-
neogenesis, and a normal endocrine response. The absence
of any of these components may result in neonatal hypo-
glycemia or hyperglycemia.

Hypoglycemia

Incidence and clinical presentation

The reported incidence of neonatal hypoglycemia varies
depending on the population studied, the method used
for glucose measurement, and the definition of hypo-
glycemia used. In appropriate-for-gestational-age (AGA)
term infants the incidence ranges from 5%–30%,1–4 but

may be as high as 50% in preterm infants,5,6 and 70% in
small-for-gestational-age (SGA) infants.7–10 Clinical signs
of hypoglycemia are nonspecific and may include lethargy,
jitteriness, poor feeding, seizures, and temperature distur-
bances. The frequency of observation of the most common
findings is listed in Table 31.1. However, most newborns
with hypoglycemia are asymptomatic and are detected dur-
ing routine screening.

Identifying infants with hypoglycemia

Many nurseries screen infants at risk for hypoglycemia
by measuring blood glucose levels according to a pre-
established protocol. Three important issues must be
resolved in order for such a protocol to be successful. The
first is identifying the high-risk newborn. In addition to
preterm and SGA infants, other high-risk groups include
infants of diabetic mothers (IDMs)11–13 and other macro-
somic infants.8,14 Screening protocols should also take into
account the time of initial presentation of hypoglycemia
in various populations; for example, macrosomic infants
rarely present with hypoglycemia beyond the first 8 hours
of age, while the SGA infant or the IDM may not manifest
hypoglycemia until the second or third postnatal day.8,15.

The second issue is the choice of method for measur-
ing glucose concentrations. Although laboratory enzymatic
assays remain the “gold standard,” these are not practical
for use in screening protocols. Instead, rapid measurement
methods using a quantitative analyzer in combination with
a reagent test strip are commonly used. Results obtained
using these methods are subject to technical inconsisten-
cies that may significantly affect results. Screening with
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Table 31.1. Frequency of occurrence of signs of neonatal

hypoglycemia

Sign Frequency

Seizures 47%

Apnea 27%

Hypotonia 27%

Tremors/jitteriness 26%

Cyanosis 18%

Irregular respirations 16%

Diaphoresis 11%

Poor feeding 11%

Irritability 5%

Adapted with permission.65

reagent strips is estimated to detect approximately 85% of
cases of hypoglycemia; conversely, the false positive rate
may be as high as 25%.16–18

Defining the blood glucose concentration that corre-
sponds to neonatal hypoglycemia is the third, and still unre-
solved, issue. Early studies reported the presence of symp-
tomatic hypoglycemia at a blood glucose concentration of
<1 mmol L−1 (20 mg dL−1) in preterm and <1.7 mmol L−1

(30 mg dL−1) in term infants.19 A review of the current lit-
erature suggests that 2.2–2.5 mmol L−1 (40–45 mg dL−1) is
commonly used as the lower limit of normal blood glucose
concentrations during the first 72 hours of life. However,
surveys in the UK demonstrated a continuing lack of con-
sensus among practitioners as to the definition of hypo-
glycemia, with reported values ranging from <1 mmol L−1

(20 mg dL−1) to <4 mmol L−1 (70 mg dL−1).20,21 A review of
relevant publications confirms the results of these surveys,
as the definitions of hypoglycemia used range from 1.1–2.6
mmol L−1 (20–48 mg dL−1).14,22,23

Neither the minimum blood glucose concentration ne-
cessary for optimal brain function nor the concentration
below which irreversible neuronal injury occurs has been
established in the newborn. From a physiologic standpoint,
hypoglycemia occurs when glucose supply is inadequate
to meet energy demand. Unfortunately, there is no cur-
rently available method to establish this value in a given
infant. Most often a statistical definition of hypoglycemia
is used, meaning a blood glucose concentration >2 stan-
dard deviations below the mean value for a specific popula-
tion. Such definitions have only limited physiologic signifi-
cance, since such data reflect characteristics of the popula-
tion, timing of first feeding, and adequacy of thermoregu-
lation more than the presence of physiologic disturbances.
Hypoglycemia may also be defined clinically, either as the
glucose concentration associated with onset of clinical

signs that resolve upon administration of glucose or, alter-
natively, the glucose concentration associated with long-
term clinical consequences. However, it may be difficult
to determine when symptoms first develop, and there is
a general impression among clinicians that symptomatic
hypoglycemia is associated with poor outcomes.

Evaluation of the overall metabolic and physiologic sta-
tus of the infant in combination with the measured blood
glucose concentration is essential in deciding when further
investigation and/or intervention are required.24,25 Using
this premise, infants with increased demand or limited
capability to alter glucose production rates may be con-
sidered at increased risk for impaired organ function at low
blood glucose levels. In contrast, breast-fed infants may
have normal energy metabolism even in the presence of
“hypoglycemic” blood glucose values due to higher ketone
levels. To date, there have been no systematic studies that
establish the risks or benefits of using any one blood glu-
cose value as the definition of “neonatal hypoglycemia” or
an absolute indication for specific therapy in any newborn
population.

Etiology of neonatal hypoglycemia

The etiologies of altered glucose metabolism in the new-
born reflect the complex interactions between endocrine
function, substrate availability, and metabolic activity.
Neonatal hypoglycemia occurs via two basic mechanisms:
normal metabolic demand for glucose in the presence of
decreased substrate availability, or normal substrate avail-
ability in the presence of metabolic demand that exceeds
the infant’s capacity to compensate. Under some circum-
stances both of these mechanisms may contribute to hypo-
glycemia. The most common causes of neonatal hypo-
glycemia are listed in Table 31.2.

Preterm infants and infants with intrauterine growth
retardation are the two largest populations of neonates at
increased risk for hypoglycemia due to inadequate sub-
strate availability. Preterm infants have not yet acquired
the glycogen and fat stores that normally accumulate dur-
ing the latter part of the third trimester in human preg-
nancy. Therefore, they have only a limited ability to release
glucose from the liver via glycogenolysis or to produce glu-
coneogenic precursors via lipolysis. Activity of glucose-6
phosphatase, the enzyme required for the terminal steps
of both glycogenolysis and gluconeogenesis (Figure 31.1),
is also low in preterm infants. Hepatic glucose production
may remain low for weeks to months after preterm birth,
increasing the risk for episodes of hypoglycemia during
periods of metabolic stress.26
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Table 31.2. Common causes of neonatal hypoglycemia

Age at presentation Differential diagnosis Duration of hypoglycemia

Early (0–7 days) IDM Transient

SGA Transient

Sepsis Transient

Endocrine disorders Persistent

Hypopituitarism

Adrenal insufficiency

Hyperinsulinism Persistent

Inborn errors of metabolism Persistent

Electron transport chain defects

Glycogen storage disease

Deficiencies of Krebs cycle enzymes

Late (7–28 days) Sepsis Transient

Malnutrition Transient

Endocrine disorders Persistent

Hyperinsulinism Persistent

Inborn errors of metabolism Persistent

Toxins Transient

Ethanol

Salicylates

Propranolol

IDM, infant of diabetic mother; SGA, small-for-gestational-age.

oxaloacetate

phosphoenolpyruvate 

glucose-6-phosphate

glucose

glycogen

gluconeogenic

precursor s

glucose-6-phosphatase

PEPCK

glucose-1-phosphate

Figure 31.1. Metabolic pathways of glycogenolysis and

gluconeogenesis, demonstrating the role of

glucose-6-phosphatase in endogenous glucose production.

PEPCK: phosphoenolpyruvate carboxykinase.

Infants with intrauterine growth retardation (IUGR) on
the basis of placental insufficiency also have decreased
glycogen and fat stores. IUGR infants may also have altered
rates of glucose metabolism and/or insulin sensitivity.27,28

As a result, hypoglycemia may persist beyond the first 72 h
of life in up to 10% of IUGR infants in spite of adequate
carbohydrate intake.9 Inadequate substrate availability

may also result from disorders that impair the infant’s abil-
ity to use available substrate, such as glycogen storage dis-
ease Type I and other inborn errors of metabolism (see
below and Table 31.2).

Hypoglycemia due to hyperinsulinemia

Hyperinsulinemia increases metabolic demand due to an
insulin-induced increase in cellular glucose uptake and
decreases endogenous glucose production by inhibiting
glycogenolysis and gluconeogenesis.29,30 Thus newborns
with hyperinsulinemia are at high risk for severe hypo-
glycemia.

Transient hyperinsulinemia

Infants of diabetic mothers constitute the largest group
of newborns at risk for hypoglycemia due to a transient
increase in circulating insulin levels. During a diabetic preg-
nancy, the fetus may be exposed to episodes of maternal
hyperglycemia with subsequent fetal hyperglycemia and
increased fetal insulin production. Other diabetes-induced
alterations in maternal metabolism, such as changes in
serum amino acids, may also play a role. After delivery,
hyperinsulinemia persists, inhibiting hepatic glucose pro-
duction in the immediate postnatal period. IDMs also have
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an exaggerated pancreatic insulin response to a glucose
load compared with non-IDMs.31 Up to 50% of infants of
diabetic mothers will have at least one low glucose value in
the first 3 postnatal days,11,32,33 with macrosomic infants
at the highest risk. In most cases, the pancreatic insulin
response normalizes over the first 24–72 hours of life.

Transient hyperinsulinemia may also result from non-
metabolic causes. Infants with erythroblastosis fetalis have
increased levels of insulin and an increase in pancre-
atic beta cell number.34 Hyperinsulinemia may result
from inactivation of circulating insulin by glutathione
released from hemolyzed erythrocytes.35 Exchange trans-
fusions may exacerbate the problem because the high
levels of dextrose used as a preservative in blood prod-
ucts stimulate more insulin release.34,36 Use of beta-
sympathomimetic tocolytic agents has been associated
with hyperinsulinemia in the newborn, especially if the
agent was used for more than 2 weeks and was discon-
tinued less than 1 week prior to delivery.37,38 Infants with
Beckwith–Weidemann syndrome may also present with
hypoglycemia due to increased pancreatic insulin produc-
tion, but in most infants this resolves during the first week
of life.39 Mutations associated with Beckwith–Weidemann
syndrome have been identified in the same region of chro-
mosome 11p as those associated with idiopathic hyperin-
sulinemic hypoglycemia.40,41

Hyperinsulinemic hypoglycemia

Primary hyperinsulinemic hypoglycemia (HIHG, i.e.,
hyperinsulinemia not secondary to another disorder), is
the most common cause of neonatal hypoglycemia per-
sisting beyond the first week of life. These infants are often
macrosomic and have frequent, severe episodes of symp-
tomatic hypoglycemia. While 50% of infants present with
neonatal seizures, 10%–25% of cases are diagnosed by rou-
tine neonatal screening.42–44

Normal insulin secretion is regulated by an ATP-sensitive
potassium channel (KATP channel) that maintains the cell
membrane potential (Figure 31.2). Closure of the KATP

channel leads to insulin release, and abnormal function
of the KATP channel may result in inappropriate release of
insulin. Most cases of HIHG in infants and children are
associated with one of several mutations that alter regu-
lation of insulin secretion by the pancreatic β-cells.45,46

Abnormal imprinting, with loss of maternal 11p gene
expression and hemizygosity or uniparental disomy of a
mutated paternal gene, may also result in neonatal hyper-
insulinemia due to focal regions of abnormal beta cells
with consequent hypoglycemia.43,47 Two other metabolic
abnormalities resulting from gene mutations, both with
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Figure 31.2. Schematic of mechanism of beta-cell insulin release.

An increase in the ATP/ADP ratio leads to closure of the KATP

channel, increase in intracellular calcium, and release of insulin

via exocytosis. VDCC, voltage-dependent calcium channel; GK,

glucokinase; GLUT-2: glucose transporter type 2; GDH: glutamate

dehydrogenase.

autosomal dominant inheritance, are also associated with
HIHG. Mutations in the gene for glucokinase, one of the
enzymes in the pathway from glucose to pyruvate, result in
levels of glucokinase activity that are inappropriately high
for the intracellular glucose level, and also lead to excess
release of insulin.48 Mutations in the glutamate dehydro-
genase gene are associated with leucine-sensitive hypo-
glycemia and mild to moderate hyperammonemia.49,50

Increased metabolic demand

Increased demand that exceeds the available substrate sup-
ply may occur in any neonate, including full-term AGA
infants as well as preterm and SGA infants. The incidence of
hypoglycemia is increased after perinatal asphyxia due to
the rapid depletion of substrate supplies during the period
of anaerobic metabolism. Hypoxic-ischemic damage to
the liver may further impair hepatic glucose production.
Transient hyperinsulinemia has also been reported after
perinatal asphyxia.51 Other conditions in the neonate that
may lead to a shift from aerobic to anaerobic metabolism
include hypotension, severe lung disease with hypoxemia
and hypoventilation, and septic shock.

Hypothermia also leads to depletion of substrate due to
rapid lipolysis of brown fat stores for thermogenesis and
exhaustion of glycogen stores. It commonly occurs after
out-of-hospital deliveries, but milder degrees may occur
in the delivery room. Absence of adequate facilities for
newborn care may contribute to the increased incidence
of hypothermia and hypoglycemia observed in developing
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Persistent/ intractable
 hypoglycemia

Acidosis No acidosis

High lactate 

Nl ketones 

High ketones

Nl lactate 

Low ketones

High FFA 

Low ketones 

Low FFA 

Hyperinsulinism

Hypopituitarism

Abnormal gluconeogenesis

Abnormal enzyme activity: 

–Fructose-1,6-diphosphatase

–Pyruvate decarboxylase 

–Pyruvate dehydrogenase 

–HMG-CoA lyase 

3-MGC aciduria 

Galactosemia

Normal response

Hypopituitarism

GSD Type I

Propionic acidemia

Methylmalonic acidemia

Normal response

Fatty acid oxidation defects

–MCAD

–Glutaric aciduria Type II

Figure 31.3. Decision tree for identifying causes of persistent or intractable hypoglycemia. FFA, free fatty acids; HMG, 3-hydroxy-3-

methyglutaryl; MGC, methylglutaconic; GSD, glycogen storage disease; MCAD, medium-chain acyl-CoA dehydrogenase.

Table 31.3. Drugs associated with neonatal hypoglycemia

In utero exposure

Ritodrine

Valproate

Labetolol

Chlorpropamide

Neonatal exposure

Indomethacin

Gancyclovir

countries.52 Hypoglycemia observed in infants with sep-
sis may be due to the presence of circulating endotoxins,
which can increase the rate of glycolysis.53

Unusual causes of hypoglycemia

Although uncommon, several other etiologies must be con-
sidered in the differential diagnosis of the newborn with
hypoglycemia, particularly when there is no previously
identified cause. In addition to ritodrine, in utero or post-
natal exposure to a number of drugs may be associated with
neonatal hypoglycemia (Table 31.3). Global endocrine dis-
turbances, including abnormalities of the hypothalamic-
pituitary axis, adrenal failure, and primary hypothyroidism,
are also associated with persistent neonatal hypoglycemia.
Neonatal hypoglycemia may also be one of the early man-
ifestations of an inborn error of metabolism, including
defects of fatty acid oxidation, gluconeogenesis or mito-

chondrial function, disorders of amino acid metabolism,
and some organic acidurias. Accompanying metabolic
findings may be useful in identifying the specific metabolic
disorder in infants presenting with persistent or intractable
hypoglycemia (Figure 31.3).

Physiologic response to hypoglycemia
and effects on the brain

In adults and older children, a decrease in blood glu-
cose concentration triggers a counter-regulatory response
characterized by release of catecholamines and increased
cortisol, growth hormone, and glucagon levels that stim-
ulate glycogenolysis and production of gluconeogenic
substrates. However, newborns and young children have
a diminished response to hypoglycemia. Increased cor-
tisol levels have been reported in some hypoglycemic
newborns.54,55 However, growth hormone release in
response to spontaneous hypoglycemia is less in children
than in adults even in the absence of pituitary dysfunction
or growth hormone deficiency.56 The ability of the neonate
to increase levels of ketones, free fatty acids, and lactate
in response to hypoglycemia is also limited, particularly in
preterm and SGA infants (Figure 31.4).54,57,58 However, the
extraction coefficient for ketones by brain tissue is highest
in the newborn period.59 Breast-feeding is associated with
higher ketone levels; thus, breast-fed infants are able to
meet energy requirements in spite of lower blood glucose
values. In contrast, use of infant formulas may decrease
ketogenesis, even in breast-fed infants.58
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Figure 31.4. Lack of correlation between blood glucose

concentration and levels of ketone bodies present in

small-for-gestational-age infants. Adapted with permission.43

Cerebral glucose utilization accounts for as much as
90% of total glucose consumption in the newborn. In
animal models, glucose deprivation induces widespread
changes in brain function, including alterations in oxida-
tive phosphorylation, amino acid metabolism, protein syn-
thesis, neurotransmitter release, and transmembrane ion
gradients.60–64 Increases in cerebral blood flow have been
reported in animal models as well as in human infants.65–67

Hypoglycemic coma is associated with selective neuronal
necrosis affecting the cortex, caudate/putamen, and hip-
pocampus; however, in animal models, pathologic changes
have not been reported with less severe hypoglycemia.68,69

Limited postmortem studies in newborn infants with
severe hypoglycemia in the absence of any other conditions
associated with brain injury have shown a similar pattern
of injury;70 in addition, hypoglycemic newborns appear to
have significant white matter injury.59

Imaging studies posthypoglycemia demonstrate a pat-
tern of regional involvement similar to that seen
histopathologically. Magnetic resonance imaging studies
in newborns several weeks after onset of symptomatic
hypoglycemia have shown signal abnormalities in the
parietal and occipital cortex, as well as white matter
changes.71,72 Kinnala et al.73 found that although 40%
of term newborns with symptomatic hypoglycemia had
abnormalities on initial MRI, these findings had resolved at
2 months of age. However, no neurologic follow-up was per-
formed on these infants. In contrast, several investigators
have reported that hypoglycemic newborns had evidence
of cerebral atrophy and white matter injury on follow-up
imaging studies several months after exposure to symp-
tomatic hypoglycemia.71,74,75

Investigators and clinicians have attempted to deter-
mine the long-term effects of neonatal hypoglycemia on

cognition and behavior for more than 40 years. How-
ever, the degree to which hypoglycemia can alter neu-
rodevelopmental outcomes has yet to be determined, as
a randomized, controlled trial is not practical, and hypo-
glycemic newborns often have other risk factors for adverse
neurologic outcomes. Early studies in infants with symp-
tomatic hypoglycemia suggested that the incidence of
seizures and developmental delay was increased com-
pared with normoglycemic infants,76,77 but the number of
infants examined was small and no standardized assess-
ments were performed. Several follow-up studies of full-
term infants with asymptomatic transient hypoglycemia
have failed to identify any long-term adverse neurologic
effects.22,78 Although Koh et al. recorded an abnormal
brainstem auditory evoked response (BAER) in five hypo-
glycemic neonates,79 Cowett et al. found no correlation
between blood glucose concentrations and BAER results.80

Results of follow-up studies in high-risk populations sug-
gest that under some circumstances asymptomatic hypo-
glycemia may contribute to abnormal developmental out-
comes. A retrospective analysis of outcome in over 600
preterm infants evaluated at 18–24 months of age found
that those who had a recorded blood glucose concentration
< 2.6 mmol L−1 on at least 5 days as neonates had lower
mental and motor development scores and an increased
risk of cerebral palsy compared with those who had fewer
episodes or a single more severe episode.23 In preterm
infants with IUGR, a history of six or more episodes of blood
glucose < 2.6 mmol L−1 was associated with a smaller head
circumference during the first 5 years of life. Perceptive per-
formance and motricity score were decreased at 2.5 years of
age even if only one episode of hypoglycemia was recorded,
suggestive of results in children with attention deficit–
hyperactivity disorder (ADHD).7 Similarly, IDMs with a his-
tory of neonatal hypoglycemia (glucose < 1.5 mmol L−1)
had more deficits in attention, motor control, and percep-
tion at 8 years of age than IDMs with no documented hypo-
glycemia or non-IDM controls.13 These studies are limited
by the fact that a standardized protocol for drawing blood
glucose concentrations was not used, and the subjects
were not followed to determine whether the differences
observed initially persisted beyond early childhood and/or
were associated with problems with behavior or learning
at school age. However, the association with ADHD is sup-
ported by data from Rhesus monkeys exposed to neonatal
hypoglycemia for up to 10 h. When tested in late childhood,
these animals demonstrated problems with adaptability
and motivation, with behaviors similar to those character-
istic of human children with ADHD.

The long-term neurologic consequences of severe,
symptomatic hypoglycemia associated with HIHG have
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Table 31.4. Drugs used in the management of hypoglycemia

Drug Mechanism of action Side effects Comments

Glucagon Stimulates glycogenolysis and

gluconeogenesis

↓ Secretion of gastric and

pancreatic enzymes

Increased dose needed in

presence of hyperinsulinemia

Hydrocortisone ↓ Peripheral glucose uptake

↓ insulin sensitivity

↑ lipolysis

Hypertension

↓ growth

↓ immune function

–

Diazoxide KATP channel opener

↓ insulin release

↑ gluconeogenesis

Fluid retention

Hypotension

Hypertrichosis

–

Somatostatin/

octreotide

Activates G-protein-coupled

K+ channel

↓insulin release

↓ GH/TSH/ACTH

↓ growth

steatorrhea

May cause sludging or stone

formation in gallbladder

Nifedipine Ca++ channel blocker

↓ insulin release

Hypotension Experimental therapy only

KATP, ATP-dependent potassium channel; GH, growth hormone; TSH, thyroid-stimulating hormone; ACTH, adrenocorticotrophic

hormone.

been more clearly defined. Children with HIHG are at
significantly increased risk for neurologic abnormalities,
including seizure disorders and mental retardation; only
about 50% have normal development.43,81,82 A critical
deficit in our knowledge of the effect of hypoglycemia on
the developing brain is the lack of animal or human data
demonstrating whether there is a threshold glucose con-
centration below which brain injury occurs, or whether
there is a continuous relationship between the degree of
brain injury/dysfunction and the blood glucose concen-
tration. Similarly, no data are available to establish the
optimal blood glucose concentration to maintain in high-
risk infants. Taken as a whole, available data suggest that
asymptomatic hypoglycemia may lead to subtle changes in
brain function that could affect long-term cognitive perfor-
mance. However, more rigorous follow-up of large cohorts
of at-risk infants, as well as additional studies in newborn
animal models, are needed before the specific effects can
be confirmed.

Management of hypoglycemia

Once the decision has been made that intervention is ne-
cessary in a hypoglycemic infant, the immediate goal is to
normalize the blood glucose as quickly as possible. Infants
in whom the presumed cause is expected to resolve quickly
may be managed with frequent oral feedings of formula or
breast milk. Dextrose/water solutions should be avoided
as their use may be associated with rebound hypoglycemia
due to stimulation of insulin secretion. In symptomatic
infants as well as those with severe hypoglycemia (blood

glucose <1.3 mmol L−1 (24 mg dL−1), those unable to feed,
and those who have failed a trial of feeding, parenteral ther-
apy with 10% dextrose/water is indicated. Once the etiology
of the hypoglycemia is determined, specific therapy should
be initiated when available (e.g., antibiotics, dietary man-
agement for metabolic disorders). Pharmacologic manage-
ment of hypoglycemia is generally necessary only for sta-
bilization while awaiting transport and for the treatment of
HIHG (Table 31.4).

Distinguishing among the different types of HIHG is
important to the successful management of these infants,
as individuals with the autosomal dominant forms have
normal KATP channels, and thus are likely to respond to
medical management, while most cases with mutations of
the KATP channel require surgical management. In the lat-
ter group, differentiating between diffuse and focal forms
of pancreatic beta-cell dysfunction is critical. The diffuse
form of the disorder often requires near-complete pancrea-
tectomy to prevent recurrent hypoglycemia, increasing the
subsequent risk for glucose intolerance and diabetes. In
contrast, focal lesions can be successfully managed with
more limited pancreatic resection in most cases, preser-
ving normal glucose homeostasis postoperatively.81,83,84

Hyperglycemia

Hyperglycemia (blood glucose concentration > 8.3 mmol
L−1 (150 mg dL−1)) most commonly occurs in very low
birth weight (VLBW) infants receiving dextrose-containing
IV infusions, with an incidence of>50% in infants<800 g.85
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Mechanisms contributing to glucose intolerance in VLBW
infants include decreased insulin release in response to
glucose5,85 and failure of suppression of endogenous glu-
cose production during IV glucose infusion.86,87 Proteoly-
sis due to negative nitrogen balance may also be a stimulus
for glucose production. Although intravenous lipid emul-
sions have been implicated as a cause of hyperglycemia,
this is unlikely to occur at commonly used infusion rates.88

Hyperglycemia in the VLBW infant is typically transient and
resolves within the first 2 weeks of life, as the endocrine
response to stress and exogenous glucose matures and
nitrogen balance improves.

Hyperglycemia may also occur due to neonatal dia-
betes. The incidence is estimated at 1 per 400 000 live
births, with approximately 50%–70% of cases due to tran-
sient neonatal diabetes (TNDM).89,90 TNDM is a tran-
sient, self-limiting form that occurs primarily in full-
term infants with IUGR,91 and appears to be due to a
relative deficiency in pancreatic insulin release. Muta-
tions on chromosome 6 have been reported in 75% of
infants with TNDM.92 The majority of cases are identi-
fied during routine screening for hypoglycemia. Permanent
neonatal diabetes (PNDM) has a significantly later onset
than TNDM, and only 25% of infants with PNDM have
IUGR compared with >70% of TNDM.91 PNDM is more
likely to present with ketoacidosis and dehydration than
TNDM, and requirements for insulin are higher. No
chromosomal abnormality has been identified in PNDM
infants, although familial cases have been reported.92

Infants with TNDM typically have resolution of glucose
intolerance by 3 years of age, but longitudinal follow-up
studies suggest these children are at increased risk of recur-
rence of glucose intolerance in adolescence.89,90,91

The differential diagnosis of neonatal hyperglycemia also
includes gram-negative and fungal sepsis.93 Methyl xan-
thine use has been shown to inhibit glucose transporter
activity and may lead to hyperglycemia after administra-
tion of either therapeutic doses or an overdose.94

The physiologic consequences of neonatal hyper-
glycemia are not clear. Concerns include the possibility
of dehydration due to osmotic diuresis and increased risk
of intraventricular hemorrhage due to acute changes in
intravascular volume caused by changes in intravascular
osmolarity. Neonatal diabetes may present as dehydra-
tion and poor weight gain post-hospital discharge, partic-
ularly if there is a delay in making the diagnosis. However,
no clinical studies have demonstrated any adverse effects
due to hyperglycemia in the range usually encountered in
the first 2 weeks of life. Nor has an association between
IVH and hyperglycemia been established. Hyperglycemia
is associated with higher mortality rates95 and an increased

incidence of severe retinopathy of prematurity96 in VLBW
infants, but high glucose concentrations may serve as an
indicator of severity of illness rather than as a specific cause
of morbidity and mortality. Thus, management of neonatal
hyperglycemia remains controversial due to the relatively
low associated morbidity.

When blood glucose concentrations exceed an arbitrar-
ily chosen acceptable value (ranging from 160–250 mg
dL−1, depending on unit-specific policies), management
options include decreasing the rate of glucose administra-
tion or treating with a continuous insulin infusion. Use of
insulin has been reported to improve weight gain and nitro-
gen balance;97,98 however, insulin infusions may result in
iatrogenic hypoglycemia, and infants may become resis-
tant to insulin effects with prolonged infusion.99 Limit-
ing glucose administration significantly reduces caloric
intake in hyperglycemic infants and may have a long-
term impact on rate of weight gain.85 Given the lack of
evidence that moderate hyperglycemia has deleterious
effects, the impaired weight gain may be considered an
iatrogenic problem.

Other carbohydrates

Although glucose is the most prominent carbohydrate in
neonatal metabolism, both lactose and fructose also play
a role in neonatal energy metabolism. Lactose is the major
carbohydrate source in breast milk and is also found in
most infant formulas, while fructose is present in sucrose-
containing infant formulas. Although intestinal lactase
activity is low in the fetus, and gradually increases to adult
levels after birth,100 clinical lactose intolerance, manifested
by diarrhea, vomiting, and poor weight gain, is uncom-
mon in newborns. In newborns lacking sufficient lactase
to completely digest dietary lactose, the undigested sugar
is metabolized by colonic flora and absorbed in the large
bowel.100 Early exposure of preterm infants to enteral feed-
ings of any volume induces an increase in intestinal lac-
tase activity and further facilitates lactose tolerance.101

Conversely, administration of parenteral antibiotics may
induce transient lactose intolerance in both full-term and
preterm infants by altering colonic flora.102

Galactosemia is the most important disorder of non-
glucose carbohydrates in the newborn, and results from
inability of the newborn to metabolize galactose, one
of the two sugars that comprise lactose. Galactosemia
presents with hypoglycemia, unconjugated hyperbiliru-
binemia, cataracts, and hepatic failure; there is also an
increased incidence of neonatal sepsis with gram-negative
organisms.33 The incidence is estimated at 2–10 per 100 000



462 J. E. McGowan

live births. Three forms have been described: “classic,” or
Type 1, galactosemia results from a mutation in the gene
coding for the enzyme galactose-1-phosphate uridyltrans-
ferase; Type 2 galactosemia is due to a defect in galactoki-
nase activity, and Type 3 galactosemia results from a muta-
tion in the gene coding for UDP-galactose-4-epimerase.103

All three forms are inherited in an autosomal recessive pat-
tern. Most cases of galactosemia are detected by newborn
screening programs that are in place throughout the USA
as well as internationally.

Disorders of fructose metabolism rarely present in the
newborn period due to limited neonatal fructose intake.
However, newborns with fructose-1,6-diphosphatase defi-
ciency may present with hypoglycemic coma or even sud-
den, unexplained death in the newborn period. Two other
defects in fructose metabolism, hereditary fructose intoler-
ance (fructose -1-phosphate aldolase deficiency) and fruc-
tokinase deficiency, are usually asymptomatic in the new-
born period but may present later in life.
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The infant of the diabetic mother

Richard M. Cowett

CIGNA Insurance, Pittsburgh, PA

Introduction

The infant of the diabetic mother (IDM) is the premier
example of the metabolic dysequilibrium that potentially
exists in the neonate secondary to a maternal condition,
i.e., diabetes.1 Developmentally, the normal neonate is in
a transitional state of glucose homeostasis.2 The fetus is
completely dependent on his/her mother for glucose deliv-
ery and the adult is considered to have precise control
of glucose homeostasis.3 However, maintenance of glu-
cose homeostasis may be a major problem for the neonate
born to the nondiabetic mother. The precarious nature
of this equilibrium is emphasized by the numerous mor-
bidities producing or associated with neonatal hypo- and
hyperglycemia during the neonatal period. Although many
IDMs have an uneventful perinatal course, there is still
an increased risk of complications. Many can be min-
imized, but not currently eliminated, with appropriate
obstetric and pediatric intervention. In fact, a recent ana-
lysis indicated that there is still much room for improve-
ment due to the multiplicity of factors that impact on any
specific pregnancy.4 This discussion will enumerate many
of the difficulties that the IDM may encounter, evaluate
the pathophysiologic basis of their occurrence, and sug-
gest treatment modalities.

Perinatal mortality and morbidity

Theoretically, the more metabolically controlled the dia-
betic pregnant patient is, the greater the potential for pro-
ducing a normal neonate. Certainly the pregnancy of the
diabetic mother should be considered to be of high risk.

Knowledge of the character of the maternal diabetic condi-
tion, prior pregnancy history, and complications occurring
during pregnancy would allow the physician subsequently
caring for the neonate to anticipate many of the potential
fetal and neonatal complications (Table 32.1).

Studies of perinatal morbidity and mortality from diverse
centers attest to the improving success of this princi-
ple of management. Pedersen et al. originally published
a review of their experiences over a 26-year period with
an analysis of 1332 diabetic pregnancies.5 Perinatal mor-
tality varied directly with severity of maternal diabetes
as judged by two commonly used maternal classification
schema: White’s original classification of diabetes in preg-
nancy and Pedersen’s Prognostically Bad Signs in Preg-
nancy (PBSP) classification. White’s revised classification
(Table 32.2) is based on duration of diabetes and the pres-
ence of late vascular complications,6 while the PBSP classi-
fication (Table 32.3) includes abnormalities of the current
pregnancy.

The relationship between PBSP and preeclampsia was
studied by Diamond et al.7 who evaluated 199 pregnan-
cies. They noted that the presence of PBSP increased the
perinatal mortality rate from 17.1% v. 7.3% in those insulin-
dependent diabetic pregnancies without PBSB, and was
predictive of pulmonary morbidity in general (31.6% v.
16.3%, respectively). The investigators concluded that the
combination of the two were still as predictive as had ori-
ginally been noted by Pedersen. While these investigators
reported an improvement in nondiabetic pregnancy out-
come during this same period, they emphasized that the
improved classification schema combined with increased
experience were the major reasons for the improved results
in the diabetic pregnancy.

Neonatal Nutrition and Metabolism. Second Edition, ed. P. Thureen and W. Hay. Published by Cambridge University Press.
C© Cambridge University Press 2006.

466



The infant of the diabetic mother 467

Table 32.1. Morbidities in the infant of the diabetic mother

Adrenal vein thrombosis

Asphyxia

Birth injury

Caudal regression

Congenital anomalies

Diaphragmatic hernia

Double outlet right ventricle

Heart failure

Hyperbilirubinemia

Hypertrophic obstructive cardiomyopathy

Hypocalcemia

Hypoglycemia

Hypomagnesemia

Increased blood volume

Macrosomia

Neurologic instability

Organomegaly

Polycythemia and hyperviscosity

Respiratory distress

Respiratory distress syndrome

Septal hypertrophy

Shoulder dystocia

Small left colon syndrome

Transient hematuria

Truncus arteriosus

Table 32.2. White’s classification of diabetes in

pregnancy (modified)

Gestational diabetes Abnormal glucose tolerance test,

but euglycemia maintained by diet

alone or if diet alone insufficient,

insulin required

Class A Diet alone, any duration or onset

age

Class B Onset age 20 years or older and

duration less than 10 years

Class C Onset age 10–19 years or duration

10–19 years

Class D Onset age under 10 years, duration

over 20 years, background

retinopathy, or hypertension (not

preeclampsia)

Class R Proliferative retinopathy or vitreous

hemorrhage

Class F Nephropathy with over 500 mg

day−1 proteinuria

Class RF Criteria for both R and F co-exist

Class H Arteriosclerotic heart disease

clinically evident

Class T Prior renal transplantation

Table 32.3. Prognostically bad signs of pregnancy (PBSP)

Chemical pyelonephritis

Pre-coma or severe acidosis

Toxemia

“Neglecters”

Maternal glucose variability was studied in 154 pregnant
diabetic patients who were hospitalized for a month prior
to delivery.8 An evaluation of the correlation for within-day
plasma glucose variability showed that there is a signifi-
cant association between maternal glucose variability and
enhanced neonatal outcome (i.e., decreased incidence of
complications) and that there was no correlation between
maternal glucose variability and the neonate’s birth weight.
The investigators acknowledged that absence of glucose
variability would not ensure prevention of neonatal com-
plications. A variation of this theme was noted by Mello
et al.9 who reported that, overall, daily glucose concentra-
tions ≤ 95 mg dL−1 were required in the second and third
trimesters to avoid excess fetal growth.

Coustan and Imarah10 first attempted to use prophy-
lactic insulin treatment of the gestational diabetic to
reduce the incidence of macrosomia, operative delivery,
and birth trauma. The data indicated a partial decline of
complications with tightened maternal metabolic control.
This concept was reemphasized by Howorka et al.11 who
noted the normalization of pregnancy outcome by utiliz-
ing functional insulin treatment through individualization
of insulin dosages during the day.

Finally, Hod et al.12 reported data evaluating the effect
of patient compliance, fasting plasma glucose, maternal
body constitution, and method of treatment on perinatal
outcome in the patient with gestational diabetes mellitus.
Four hundred and seventy patients were compared with
250 control nondiabetics. Patient compliance reduced the
rate of macrosomia (14.4%) and neonatal hypoglycemia
(3.4%) but not to the level of the control population (5.2%
and 1.2% respectively). Intensified insulin treatment was
beneficial in terms of reducing the rate of perinatal com-
plications in the obese parturient but, again, not to the level
of the control group.

While most investigators have agreed on the importance
of maintenance of euglycemia, the most optimal clini-
cal method for achieving this has not been established.
DeVeciana et al.13 compared the efficacy of postprandial
v. preprandial monitoring to achieve glycemic control in
the gestational diabetic woman. The study involved 66
women at ≤ 30 weeks’ gestation who were treated with
insulin therapy following either preprandial monitoring or
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Table 32.4. Components for the hypothesis of

“hyperinsulinism” in the infant of the diabetic mother

Islet hyperplasia and b-cell hypertrophy

Obesity and macrosomia

Hypoglycemia with low free fatty acid concentration

Rapid glucose disappearance rate

Higher plasma insulin-like activity after glucose

Umbilical vein reactive immunoinsulin increase

C-peptide and proinsulin concentrations elevated

postprandial monitoring one hour after a meal. Adjusting
insulin therapy in the mother according to postprandial
blood glucose values decreased the risk of macrosomia,
neonatal hypoglycemia, and lowered the delivery rate by
cesarean section.

The maintenance of a normal metabolic state, including
euglycemia, should diminish, but will not completely erad-
icate, the increased perinatal and neonatal mortalities and
morbidities noted in the diabetic pregnancy.

Pathogenesis of the effects of maternal diabetes
on the fetus

No single pathogenic mechanism has clearly defined the
diverse problems observed in the IDM. Nevertheless, many
of the effects can be attributed to maternal metabolic
(i.e., originally primarily glucose) control. Pedersen orig-
inally emphasized the relationship between maternal glu-
cose concentration and neonatal hypoglycemia (Table
32.4).14 His hypothesis recognized that maternal hyper-
glycemia resulted in fetal hyperglycemia, which stimulated
the fetal pancreas, resulting in islet cell hypertrophy and
beta cell hyperplasia with increased insulin availability.
Following delivery, the neonate was no longer supported
by placental glucose transfer, and neonatal hypoglycemia
occurred.

Hyperinsulinemia in utero affects diverse organ systems,
including the placenta. Insulin acts as the primary anabolic
hormone of fetal growth and development, resulting in
visceromegaly, especially of heart and liver, and macro-
somia. In the presence of excess substrate such as glu-
cose, increased fat synthesis and deposition occur dur-
ing the third trimester. Fetal macrosomia is reflected by
increased body fat, muscle mass, and organomegaly but
not an increased size of the brain or kidney.15 After delivery
there is a rapid fall in plasma glucose concentration with
persistently low concentrations of plasma free fatty acids

(FFA), glycerol, and beta hydroxybutyrate. In response to an
intravenous glucose stimulus, plasma insulin-like activity
is increased, as is plasma immunoreactive insulin. This is
determined in the absence of maternal insulin antibodies
and plasma C-peptide concentration.16

MacFarlane et al.17 suggested that the initial increase in
fetal size due to fetal hyperinsulinemia produced develop-
ing hypoxemia. The limitation in fetal oxygen availability
altered differential utilization of glucose. It also increased
alpha glycerophosphate synthesis in the fetal adipocyte,
which resulted in fetal adiposity.

Schwartz et al.18 evaluated whether macrosomia in the
fetus of the diabetic mother is related to fetal hyperinsu-
linemia and whether hyperinsulinemia and macrosomia
are associated with maternal metabolic control. Ninety-
five nondiabetic pregnant women were compared with
155 insulin treated pregnant women, subdivided according
to the White classification, the presence of hypertension,
the birth weight, and mode of delivery. Optimal care was
provided and the neonate was evaluated. Macrosomia (≥
97.5%) was noted in 10%–27% of the diabetic groups and
was correlated with umbilical total insulin, free insulin, and
C peptide concentrations. Glycosylated hemoglobin was
only a weak predictor of birth weight and fetal hyperin-
sulinemia. The investigators concluded that the etiology
of macrosomia essentially remains unexplained, but that
hyperinsulinemia remains the major stimulus for excessive
fetal growth.

Finally, the cause of macrosomia in the IDM was fur-
ther evaluated by the National Institute of Child Health
and Human Development–Diabetes in Early Pregnancy
Study, which recruited insulin-dependent diabetic and
control women before conception. This study provided an
opportunity to evaluate the relationship between maternal
glycemia and percentile birth weight.19 Data were analyzed
from 323 diabetic and 361 control women. Fasting and non-
fasting venous plasma glucose concentrations were meas-
ured on alternate weeks in the first trimester and monthly
thereafter. Glycosylated hemoglobin was measured weekly
in the first trimester and monthly thereafter. More infants
of the diabetic women were at or above the 90th percentile
for birth weight than infants of control women (28.5% v.
13.1%, p < 0.001). The third-trimester nonfasting glucose
concentration, adjusted for data in prior trimesters, was the
strongest predictor of percentile birth weight (p = 0.001).
After adjusting for maternal hypertension, smoking, and
ponderal index, the investigators concluded that mon-
itoring of nonfasting glucose concentration rather than
the fasting concentration, which is the more commonly
monitored in clinical practice, is necessary to prevent
macrosomia.
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Metabolic analyses

Application of in vivo kinetic analysis has been utilized
to evaluate the IDM metabolically. An early study using
stable nonradioactive isotopes was reported by Kalhan
et al. (using [1-13C]glucose and the prime constant infusion
technique).20 They measured systemic glucose production
rates in the infants of five normal (nondiabetic) women and
five infants of insulin-dependent diabetics at 2 hours of age.
As expected, the infant of the diabetic mother had a lower
glucose concentration during the study compared with the
infant of the nondiabetic mother. For the first time, they
reported that the IDM had a lower systemic glucose pro-
duction rate. They suggested that decreased glucose output
was related to inhibited glycogenolysis. They speculated
that increased insulin and decreased glucagon concentra-
tions and catecholamine responses resulted in decreased
systemic output. What was interesting about these data was
that for the time studied, late 1970s, the diabetic women
were considered to be in excellent control, with maternal
blood glucose between 50–150 mg dL−1 (2.8–8.3 mmol L−1).

A further evaluation of the IDM was reported by the
same group 5 years later.21 Again focusing on the neonate
of the mother in “strict control,” the investigators evalu-
ated systemic glucose production in five infants of insulin-
dependent mothers, one neonate of a gestational diabetic,
and five neonates born to nondiabetic women. The blood
glucose data were in a more restrictive range of 36–104 mg
dL−1 (2.0–5.8 mmol L−1) compared with that of the previ-
ous series. The systemic glucose production rate was sim-
ilar in the infant of the diabetic compared with the control
neonate. However, the investigators carried their analysis
a step further. They infused exogenous glucose, which can
diminish endogenous glucose production. The IDM did not
evidence as great a suppression of endogenous glucose pro-
duction as is seen in the adult.3 The investigators concluded
that altered regulation of glucose production may be sec-
ondary to intermittent maternal hyperglycemia, even in the
strictly controlled woman.

These studies paralleled the work of Cowett et al.22–25

Using 78% enriched D[U-13C] glucose, 16 infants of dia-
betic women, of whom 10 were insulin-dependent and 6
were chemical-dependent, were compared with 5 infants
of nondiabetic women. Four insulin-dependent mothers
and five infants of chemical dependent diabetic mothers
received 0.45% saline as the stable isotopic tracer diluent
to determine basal endogenous glucose production. All of
the mothers were evaluated relative to control mothers by
utilization of hemoglobin A1c and maternal plasma glu-
cose and/or cord vein glucose at delivery. There was a sim-
ilarity in the basal glucose production rates in the neonates

studied who had no exogenous glucose infusion. The inves-
tigators concluded that good metabolic control of the
maternal diabetic state would help maintain euglycemia.23

However, in a subsequent analysis in which the neonate of
the nondiabetic mother received glucose exogenously to
maintain euglycemia, a heterogeneity continued to exist in
the ability of the neonate to depress endogenous glucose
production.24

Baarsma et al.26 followed 15 mother–infant pairs from the
beginning of pregnancy until birth. Glucose kinetics were
measured on the first day of life with stable isotopic dilu-
tion. In association with the above, plasma-free fatty acids
and ketones were also measured. The neonates received
3.4 ± 0.7 mg kg−1 min−1 glucose during the study. No
relationship existed between maternal control and glucose
kinetics in the neonate. Total production was 5.2 ± 1.1
mg kg−1 min−1 and endogenous glucose production was
1.8 ± 1.1 mg kg−1 min−1 following subtraction of the glu-
cose infusion. Endogenous glucose production was signi-
ficantly lower in the neonates studied at the end of the first
day of life. The lower production rate was associated with
an increased concentration of ketone bodies. The investi-
gators concluded that glucose kinetics in the infant of the
tightly controlled diabetic mother are probably normal.

The realization that neonatal glucose homeostasis is
in a transitional state and is not the only factor affect-
ing neonatal birth weight is further supported by studies
in which maternal control was evaluated in a group of
gestationally diabetic women relative to the birth weight
of the neonate.27 If the Pedersen hypothesis were cor-
rect, birth weight of the neonate should correlate with the
degree of control of the mother during the pregnancy. There
was a lack of correlation between birth weight and mean
maternal plasma glucose concentration during the third
trimester of pregnancy in this group of gestational diabetics
(Figure 32.1). This lack of correlation further supports the
heterogeneity of the diabetic state and suggests that while
control of glucose homeostasis is multifactorial, control of
fetal growth is likewise. Similar conclusions led Freinkel and
others to conclude that mixed nutrients (i.e., amino acids,
free fatty acids, etc.) other than glucose are important in
fetal–neonatal metabolic control as noted in the schematic
(Figure 32.2).28

Support for this concept has been provided by Kalkhoff
et al.29 who studied the relationship between neonatal birth
weight and maternal plasma amino acid profiles in lean
and obese nondiabetic women and in Type I diabetic preg-
nant women. Hemoglobin A1c, plasma glucose concentra-
tion, and total amino acid profiles were elevated in the dia-
betic patient compared with controls. No differences were
present between obese and lean control groups. Plasma
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glucose concentrations and profiles of hemoglobin A1c
did not correlate with relative weight of the neonate while
average total plasma amino acid concentrations did. The
investigators concluded that maternal plasma amino acid
profiles may influence fetal weight generally and affect the
development of neonatal macrosomia.

Further investigation relative to protein metabolism
in pregnancy was performed by Whittaker et al.30

They evaluated protein kinetics in six normal and five
insulin-dependent diabetic women during and after preg-
nancy using stable isotopes and the hyperinsulinemic–

euglycemic clamp and amino acid infusions. Evaluation
of protein breakdown measured using leucine kinetics was
not higher than normal. Also, neither pregnancy nor Type I
diabetes altered insulin sensitivity to amino acid turnover.
The data were interpreted to suggest that alterations may
support amino acid conservation for protein synthesis and
accretion in late pregnancy.

Another data set, by Knopp et al.,31 focused on the rela-
tionship between neonatal birth weight and substrate. It
evaluated this relationship relative to plasma triglyceride
concentration. They drew plasma samples for a number
of metabolic parameters one hour after a 50-gram glucose
load from 521 randomly selected negatively screened indi-
viduals, 264 positively screened individuals with a negative
glucose tolerance test and 96 positively screened individu-
als with a positive glucose tolerance test at 24–28 weeks of
gestation. Plasma triglyceride concentration was the only
test elevated in the gestational diabetic subjects, but not in
the negative glucose tolerance test group. Besides glucose
concentration, only the plasma triglyceride concentration
was significantly related to birth weight ratio (i.e., birth
weight corrected for gestational age) and to glucose intoler-
ance. The investigators concluded that plasma triglyceride
may be a physiological contributor to neonatal birth weight
(Figure 32.3).

This concept was further analyzed by Kitajima et al.32

who evaluated plasma triglyceride concentrations between
24 and 32 weeks’ gestation in women with positive dia-
betic screens but negative glucose tolerance tests. Hyper-
triglyceridemia (defined as > the 75% value for these sub-
jects, which was a plasma triglyceride concentration of
>259 mg dL−1 [2.9 mmol L−1]) was a significant factor in
the development of macrosomia, independent of maternal
obesity or maternal plasma glucose concentrations. Clearly
metabolites rather than glucose contribute to the propen-
sity of fetal/neonatal macrosomia and should be evaluated
prospectively.

Congenital anomalies

While most of the morbidity and mortality data for the
IDM has shown definite improvement with time, congeni-
tal anomalies remain a significant unresolved problem. In a
population-based study of 7958 infants over a 12-year span,
Becerra et al.33 documented differences between the IDM
and the non-IDM relative with congenital malformations.
The relative risk for major malformations in the neonate
born to the mother with insulin-dependent diabetes mel-
litus was 7.9 compared with the neonate of the nondia-
betic mother. Likewise the relative risk for central nervous
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system and cardiovascular system defects was 15.5 and 18.0
respectively.

In a recent series a refinement of the above data was
reported in a review of the relationship between specific
birth weight and the presence of major congenital malfor-
mations. Waller et al.34 reviewed the 8226 neonates in the
Texas Birth Defects Monitoring files with a control group
of neonates numbering almost 1 000 000 neonates without
defects. Infants with 45 specific defects were more likely
to have a birth weight > 4500 g than neonates who weigh
less at birth. In contrast in another series Watkins et al.35

reported that in the nondiabetic woman the odds ratio
of delivering a neonate with congenital heart disease was
higher if the prepregnancy weight of the woman indicated
obesity.

The pathogenesis of the increase in congenital anoma-
lies among IDMs has remained obscure, although several
etiologies have been proposed to account for these, inclu-
ding: (1) hyperglycemia, either preconceptional or post-
conceptional; (2) hypoglycemia; (3) fetal hyperinsulinemia;
(4) uteroplacental vascular disease; and/or (5) genetic pre-
disposition. A review has cogently summarized the relevant
data obtained from investigations during the 1980s.36 While
there are data to support each of these proposed mecha-
nisms, currently the evidence seems best for the postcon-
ceptional hyperglycemia etiology.

In another study, 136 women with known prior gesta-
tional diabetes underwent preconceptional counseling at
least 2 months before the onset of pregnancy and were
compared to a group of 154 women who did not partici-
pate in this preconceptional counseling program. Evalu-
ations included oral glucose tolerance testing, mean blood
glucose concentration, and glycosylated hemoglobin level.
Those that participated in the preconceptional counsel-
ing program delivered no neonates with congenital mal-
formations compared with a 0.65% incidence rate among
nonattenders.37

A number of studies have reported the strong associ-
ation of preconceptional testing and control with a marked
diminution in the incidence of congenital anomalies. These
data parallel other reports suggesting that later control
(after the first trimester) did not result in a fall in the inci-
dence of congenital malformations although other mor-
bidity did decrease. In fact, the neonatal malformation rate
rose and was not influenced by maternal age or diabetic
class.38

One rare congenital defect that is increased in frequency
in the IDM is the small left colon syndrome.39 The etiology
is obscure. With conservative medical management, the
condition usually resolves spontaneously.

A further evaluation of the association of congeni-
tal anomalies and the diabetic pregnancy, involving the
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association of maternal diabetes and cardiovascular mal-
formations, was reported by Ferencz et al.40 from the
Baltimore–Washington Infant study, a population-based
case-control study of cardiovascular malformations. The
strongest associations with overt Type I diabetes were with
double outlet right ventricle and truncus arteriosus. No
association was noted with gestational diabetes.

Cardiomyopathy in the IDM can be congestive or hyper-
trophic. Hypertrophic cardiomyopathy in the neonate has
been associated with poorly controlled diabetes in the par-
turient and neonatal hypoglycemia. Respiratory distress
can be accompanied by septal hypertrophy,41 with reso-
lution of symptoms within 2–4 weeks and of the hyper-
trophy within 2–12 months.42 Hypertrophy of the inter-
ventricular septum and walls of the right and left ven-
tricles has also been reported.43 Profound hypoglycemia
after birth, consistent with the metabolic effects of neona-
tal hyperinsulinism, has been strongly associated with sep-
tal hypertrophy.44 Fetal hyperinsulinism may contribute
directly to septal hypertrophy.

Although cardiac hypertrophy apart from congenital
heart disease has been recognized in autopsies of IDMs
for the past three decades, only within the last decade
has attention been directed to a peculiar form of subaor-
tic stenosis similar to the idiopathic hypertrophic subaor-
tic stenosis found in the adult.45 This peculiar entity can
be associated with symptomatic congestive heart failure.
As with the adult variant in these neonates, therapy with
digoxin is contraindicated because the resultant increased
myocardial contractility has been reported to be dele-
terious. Propranolol appears to be the therapeutic drug of
choice. Clinically this disorder resolves spontaneously over
a period of weeks to months.

Macrosomia, birth injury, and asphyxia

At birth, the infant of the poorly controlled diabetic often
will appear macrosomic in contrast to the infant born
to either the well-controlled diabetic or the nondiabetic,
nonobese mother. Also at birth, a consequence of unde-
tected fetal macrosomia may be a difficult vaginal delivery
due to shoulder dystocia with resultant birth injury and/or
asphyxia. These potential birth injuries include cephalohe-
matoma, subdural hemorrhage, facial palsy, ocular hem-
orrhage, brachial plexus injuries, and clavicular fracture.
Injury to the brachial plexus may appear with a vari-
ety of presentations because the nerves of the brachial
plexus may be variably damaged. In addition to the obvi-
ous injury to the nerves of the arm, diaphragmatic paralysis
occurs when the phrenic nerve is injured. Because of the

Table 32.5. Potential birth injuries in the infant of the

diabetic mother

Abdominal organ injury

Brachial plexus injury

Cephalohematoma

Clavicular fracture

Diaphragmatic paralysis

External genitalia hemorrhage

Facial palsy

Ocular hemorrhage

Subdural hemorrhage

associated organomegaly in the IDM, hemorrhage in the
abdominal organs is possible, specifically the liver and the
adrenal gland. Hemorrhage into the external genitalia of
the large neonate has been reported. Other potential birth
injuries are listed in Table 32.5.

Because the fetus is at high risk, intrapartum monitoring
is essential to minimize potential complications. Clearly,
early identification of macrosomia is critical. Mintz et al.46

have suggested that shoulder soft tissue measurements and
abdominal circumference may be the best individual pre-
dictors of the potential for macrosomia. The combination
of abdominal circumference >90th percentile and shoul-
der soft tissue width >12 mm was the best predictor with a
sensitivity of 96%, specificity of 89%, and accuracy of 93%.

While the specific etiology of asphyxia is unclear, it may
be due to difficulty in the intrapartum period because
of relative macrosomia. Asphyxia may have diverse con-
sequences for the neonate. Acutely, asphyxia may affect
respiratory, renal, and central nervous system function.
Decreased fluid intake is usually recommended until the
degree of injury to the renal and central nervous systems
can be ascertained. An important complication of asphyxia
in the neonate may be later respiratory difficulty. Mimouni
et al.47 studied the problem of asphyxia in the infant of the
insulin-dependent diabetic woman. They suggested that
poor glycemic control in the third trimester, diabetic vascu-
lar disease, preeclampsia, and smoking are significant risk
factors for perinatal asphyxia. They prospectively studied
162 infants born to 149 diabetic mothers of White class B-
R-T. Forty-four neonates (27.2%) had evidence of asphyxia.
Its presence did not correlate with third trimester control,
or the other factors listed, but did correlate with nephropa-
thy occurring in pregnancy, maternal hyperglycemia before
delivery, and prematurity. The investigators concluded that
in the pregnant diabetic woman, maternal and subse-
quently fetal hyperglycemia before delivery leads to fetal
hypoxemia.
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Identification of maternal diabetes and maintenance of
good metabolic control in the pregnant diabetic woman
should diminish the frequency and magnitude of macro-
somia and its attendant complications; careful obstetric
management should prevent birth injury and asphyxia.
Ogata et al.48 reported data which seem to confirm this
concept. Serial studies to estimate fetal biparietal diam-
eter and abdominal circumference were used as differen-
tial indicators of intrauterine growth in fetuses of mothers
who were White class A to C. Biparietal diameter was similar
in fetuses of both groups. However, abdominal circumfer-
ence was noted to be normal or enhanced. The latter group
had an increased insulin concentration, weighed more at
birth and had more subcutaneous fat. The investigators
concluded that ultrasound was shown to be useful in the
preliminary detection of macrosomia.

A recent study evaluated whether macrosomia is asso-
ciated with increased perinatal morbidity and mortality.
The question was whether the birth of a previous macro-
somic neonate heralded the risk for a subsequent macro-
somic neonate. A population-based cohort study utiliz-
ing birth data from Washington State between 1984 and
1990 identified a 7.0 times risk in this clinical situation.
The overall prevalence was 22% and was interpreted to
suggest that a mother with one macrosomic neonate is at
markedly increased risk to deliver a second in a subsequent
pregnancy.49

Respiratory distress syndrome

Respiratory distress, including respiratory distress syn-
drome (RDS), may be a relatively frequent and potentially
severe complication in the IDM. While the increased sus-
ceptibility to RDS has been suspected in the IDM, a defini-
tive retrospective analysis by Robert et al.50 evaluated the
relative risk of RDS in the IDM in a large series of diabetic
pregnancies from the Joslin Clinic and the Boston Hospital
for Women. The relative risk of RDS in the IDM was higher
in comparison to the infant of the nondiabetic mother. If
specific confounding variables are excluded, including ges-
tational age, delivery by cesarean section, presence of labor,
birth weight, sex, Apgar score at 5 minutes, hemorrhage,
presence of hydramnios, maternal anemia, and maternal
age, the relative risk is 5.6 times higher in the IDM. This
effect is primarily confined to the neonate whose gesta-
tional age is ≤ 38 weeks. Present obstetric management
has been noted to markedly reduce the frequency of RDS.

Other causes of respiratory distress in the IDM are
depicted in Table 32.6. All of these conditions should
be considered in the differential of the neonate with

Table 32.6. Causes of respiratory distress other than

respiratory distress syndrome in the IDM

Cardiac disease

Diaphragmatic hernia

Meconium aspiration

Pneumomediastinum

Pneumothorax

Transient tachypnea

respiratory difficulty. Unfortunately, to date there have
been no controlled trials of administration of any exogen-
ous surfactant being delivered to the IDM specifically to
determine if there is a different response to that of the
neonate who is not an IDM.

Hypoglycemia

A decline in plasma glucose concentration following deliv-
ery is characteristic of the IDM especially in the neonate
who is either large or small for gestational age and/or whose
mother evidenced poor glycemic control during their
pregnancy. Factors, besides hyperinsulinemia, that may
contribute to the development of hypoglycemia include
defective counter-regulation by catecholamines and/or
glucagon.

The neonate exhibits transitional control of glucose
metabolism, which suggests that a multiplicity of factors
affect homeostasis. Many of the factors are similar to those
which influence homeostasis in the adult. The difference in
the neonate is the various stages of maturation that exist.
Prior work, in conjunction with the previously mentioned
glucose infusion studies, can be summarized to suggest
that there is blunted splanchnic (hepatic) responsiveness
to insulin in the neonate compared with the adult.24 This is
true for the IDM as well as preterm and term neonates of the
nondiabetic mother. What has not been studied, but what
is of particular interest, are the many contra-insulin hor-
mones that influence metabolism. If insulin is the primary
glucoregulatory hormone, then contra-insulin hormones
assist in balancing the effect of insulin and other factors.

One should probably evaluate all of the contra-insulin
hormones but those that have been of particular inter-
est in the IDM have been those of the sympatho-adrenal
neural axis. There are many publications that have evalu-
ated epinephrine and norepinephrine concentrations in
the IDM. The results are quite variable. A very early
study involved 11 infants of diabetic mothers, only two
of whom were gestational diabetics. Urinary excretion of
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catecholamines were measured and compared with 10
infants of normal mothers. Urinary norepinephrine and
epinephrine concentrations did not increase in the IDMs
who were severely hypoglycemic, but did increase in the
neonate whose mother was mildly hypoglycemic.51 Other
studies have corroborated this report.52–54

Other factors related to sympatho-adrenal activity in the
neonate may be of importance. In continuing evaluation
of the transitional nature of neonatal glucose metabolism
(both of insulin and contra-insulin factors) epinephrine
was infused in two doses (50 mg or 500 mg kg−1 min−1 in a
newborn lamb model and glucose kinetics (turnover) were
measured with [6-3H]glucose. The newborn lamb showed a
blunted response to the lower dose of epinephrine infused.
The investigators speculated that the newborn lamb evi-
denced decreased responsiveness to this important contra-
insulin stimulus when compared with adult sheep.55,56 This
tendency was reaffirmed by recent data from the same
laboratory.57 It is possible that, if this occurs in the dia-
betic state, this would partially account for the presence of
hypoglycemia noted clinically.

The infant of the diabetic mother is generally asymp-
tomatic with a relatively low plasma glucose concentration.
Signs and symptoms that may be observed in the symp-
tomatic neonate are nonspecific and include tachypnea,
apnea, tremulousness, sweating, irritability, and seizures.
The asymptomatic neonate generally does not require par-
enteral treatment for maintenance of carbohydrate hom-
eostasis.

Prompt recognition and treatment of the symptomatic
neonate has minimized sequelae. To date, there is no uni-
formity of opinion about the potential of long-term seque-
lae secondary to hypoglycemia in the neonate.58

Blood for plasma glucose concentration should be
obtained at delivery from the umbilical cord. The IDM may
require parenteral treatment for maintenance of glucose
homeostasis. Early administration of oral feeding at < 3–4
hours of age may be beneficial to maintain plasma glucose
concentrations that are not in the hypoglycemic range.

The neonate who has a glucose concentration < 30 mg
dL−1 (< 1.7 mmol L−1) should be treated with glucose
administered intravenously. As is generally well accepted,
bolus injections without subsequent infusion will only
exaggerate the hypoglycemia by a rebound mechanism
and are contraindicated. Once the plasma glucose con-
centration stabilizes at > 45 mg dL−1 (> 2.5 mmol L−1)
the infusion rate should be slowly decreased while the oral
feedings are initiated and/or advanced. If symptomatic
hypoglycemia persists, higher glucose infusion rates of>8–
12 mg kg−1min−1 may be indicated. Because most neonates
are asymptomatic, glucagon administration to prevent

hypoglycemia after delivery does not appear warranted.
Furthermore, glucagon may stimulate insulin release that
may exaggerate the tendency for hypoglycemia.

Ultimately, the neonate will require full supplementation
per os. Although proprietary formula is available, there is
no contraindication to breast-feeding by the mother who is
metabolically stable. The treatment of hypoglycemia in the
neonatal period has recently been reviewed in detail.59 That
discussion provides for an attempt at early introduction of
oral or gavage feedings if the neonate is not symptomatic
and/or has a glucose concentration > 30–45 mg dL−1.
Table 32.7 lists an algorithm for the treatment of symp-
tomatic v. asymptomatic hypoglycemia depending on the
plasma glucose concentration.

Hypocalcemia and hypomagnesemia

Hypocalcemia (< 7 mg dL−1 (0.39 mmol L−1)) ranks as one
of the important metabolic derangements observed in the
IDM.60 Serum calcium concentration is elevated following
an increase in parathyroid hormone (PTH) concentration
by three mechanisms: mobilization of bone calcium, re-
absorption of calcium in the kidney, and increased absorp-
tion of calcium in the intestine through action of vitamin
D. In contrast, serum calcium concentration is decreased
following an increase in calcitonin, which antagonizes
the action of PTH. Serum calcium concentration may be
increased by vitamin D (1,25(OH)2D), which improves both
absorption of calcium in the intestine after feeding as well
as reabsorption from bone.

During pregnancy, calcium is transferred from mother
to fetus, concomitant with an increasing hyperparathyroid
state in the mother. Calcium concentration is higher in the
fetus than in the mother. This hyperparathyroid state func-
tions as a homeostatic compensation to restore the mater-
nal calcium that is diverted to the fetus. However, neither
calcitonin nor the parathyroid hormone cross the placenta.

At birth, because of the concentration of calcitonin,
and 1,25(OH)2D, serum calcium concentration declines
following interruption of maternal–fetal calcium transfer.
Increases in PTH and 1,25(OH)2D as early as 24 hours of age
ensure correction of the low serum calcium concentration.

Tsang et al.61–63 have shown that the neonate is prone to
hypocalcemia, particularly the prematurely born neonate,
the one who is asphyxiated, and the IDM. In an extension
of the above studies, Noguchi et al.64 evaluated parathyroid
function in the hypocalcemic v. the normocalcemic IDM. In
the hypocalcemic IDM serum PTH concentration did not
increase in response to low serum calcium concentration,
while in the normocalcemic IDM the PTH concentration
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Table 32.7. Algorithm for treatment of neonatal hypoglycemia, following initial measurement of blood glucose at one hour

after birth

Blood glucose (< 45 mg dL−1(< 2.5 mmol L−1)) symptomatic

If clinically symptomatic with one or more of the following: apnea, jitteriness, tremors, etc.

Draw confirmatory laboratory specimen if initial measurement by meter or strip in clinical area unit

Concurrently, give glucose bolus of 200 mg kg−1(2 mL kg−1 of D10W) and begin intravenous glucose administration at 6–8 mg

kg−1min−1

Check blood glucose after 30 minutes to 1 hour × 2; alter therapy until treatment produces euglycemia and confirm

Begin breast-feeding or age-appropriate formula by gavage/orally when clinically appropriate

Blood glucose (<45 mg dL−1(<2.5 mmol L−1))asymptomatic

If clinically asymptomatic, draw confirmatory laboratory specimen if initial measurement by meter or strip in clinical area unit

Concurrently, if blood glucose is 30–45 mg dL−1 initiate breast-feeding or age-appropriate formula by gavage/ orally at

appropriate intervals

If blood glucose is < 30 mg dL−1, give glucose bolus of 200 mg kg−1(2 mL kg−1 of D10W) and begin intravenous glucose

administration at 6–8 mg kg−1min−1

Check blood glucose 30 minutes to 1 hour after feeding and then before feeding to confirm euglycemia

If blood glucose is < 45 mg dL−1 after feeding, begin intravenous glucose administration at 6–8 mg kg−1min−1

Gradually increase feedings and decrease parenteral fluid administration while confirming maintenance of euglycemia

Blood glucose (> 45 mg dL−1(<2.5 mmol L−1))

When clinically reasonable, begin breast-feeding or age-appropriate formula by gavage/orally at appropriate intervals

Gradually increase feedings as tolerated while confirming maintenance of euglycemia before feeding

did increase in response to a slight decline in serum cal-
cium concentration. These data in the IDM are interpreted
to suggest that maternal diabetes may be an indepen-
dent factor related to a suppressed neonatal parathyroid
function.

More recently Namgung and Tsang65 reported that sev-
eral factors have been found to have a significant impact
on newborn bone mineral content. Relative to the dia-
betic pregnancy, they reported that the infant of the dia-
betic mother whose mother had poor control of her glu-
cose metabolism in the first trimester evidenced decreased
bone mineral content at birth. They suggested that the poor
bone mineral content related to decreased transplacental
mineral transfer.

Hypomagnesemia (<1.5 mg dL−1 (0.62 mmol L−1)) has
been found in as many as 33% of IDMs. As with hypocal-
cemia, the frequency and severity of clinical symptoms
are correlated with the maternal status. Noguchi et al.64

have correlated the neonatal magnesium concentration
with that of the mother, as well as with the maternal
insulin requirement and concentration of intravenous glu-
cose administered to the neonate. They speculated that
hypocalcemia in the IDM may be secondary to decreased
hypoparathyroid function as a result of the hypomagnes-
emia. In a subsequent evaluation, these investigators corre-
lated decreased material serum magnesium concentration
with adverse fetal outcome in the insulin-dependent dia-

Table 32.8. Initial treatment of documented hypocalcemia,

and hypomagnesemia in the infant of the diabetic mother

Symptomatic hypocalcemia

Infusion of 1–2 mL kg−1 10% calcium gluconate over 10–30 min

Monitor heart rate and plasma concentration

Maintenance therapy may be given intravenously or orally at

2–8 mL kg−1day−1

Symptomatic hypomagnesemia

Intravenous or intramuscular injection of 0.1–0.2 mL kg−1 50%

solution

Monitor heart rate and plasma concentration

Repeat every 6–12 hours

betic woman. They speculated that decreased magnesium
concentration may contribute to the high spontaneous
abortion and malformation rate in the insulin-dependent
diabetic pregnancy.66

An algorithm for treatment of hypocalcemia and hypo-
magnesemia is listed in Table 32.8.

Hyperbilirubinemia and polycythemia

Hyperbilirubinemia is observed more frequently in the
IDM than in the normal neonate. Although a number of



476 R. M. Cowett

hypotheses have been suggested, the pathogenesis remains
uncertain. Red cell life span, osmotic fragility, and deforma-
bility have not been found to be appreciably different in
the IDM; neither has an increased umbilical cord biliru-
bin concentration nor has an increased postnatal rate of
hemoglobin decline been demonstrated. Peevy et al.67 sug-
gested that only the macrosomic IDM was at risk for hyper-
bilirubinemia and that increased hemoglobin turnover was
a significant factor in its pathogenesis. However, Stevenson
et al.68,69 suggested that delayed clearance of the bilirubin
load was a factor, as measured by pulmonary excretion of
carbon monoxide, an index of bilirubin production.

The fetal monkey, which is hyperinsulinemic in the last
trimester of gestation in nondiabetic mothers, has been
shown to have markedly elevated plasma erythropoietin
concentrations as well as other evidence of increased fetal
erythropoiesis such as an elevated reticulocyte count.70

In addition, chronically catheterized fetal sheep who
have been made hyperglycemic have been found to have
increased oxygen consumption and decreased distal aortic
arterial oxygen content.71,72

The polycythemia frequently observed in the IDM may
well be the most important factor associated with hyper-
bilirubinemia. Mimouni et al.73 found a 29.4% incidence
of polycythemia in the IDM versus 5.9% in the control
neonate. Indirect evidence for fetal hypoxia in the IDM
may explain the neonatal preponderance for polycythemia
and hyperbilirubinemia. In one-third of a group of 61
IDMs, umbilical cord erythropoietin concentration (which
is stimulated by hypoxia), was found to be higher than the
narrow range seen in control neonates.70 There was also an
association with relative hyperinsulinemia at birth.

Another consideration is the concept of ineffective ery-
thropoiesis in the IDM. Further support for this concept
comes from a study of gestational age-matched controls,
and IDMs in whom increased carbon monoxide excre-
tion, derived from heme metabolism, was observed.68,69

Hemoglobin concentration was not significantly higher in
the IDM. Hemolysis was not present as confirmed by the
absence of Coombs positive blood group incompatibility.
Increased ineffective erythropoiesis, defined as erythroid
precursors harbored in body organs such as the liver and
spleen and not released into the peripheral circulation,
was postulated as an etiology for the observed increased
bilirubin concentration in the IDM. In related data, Perrine
et al.74 reported delay in the fetal globin switch in the IDM.
The mechanism of this delay is unknown.

In a study of 32 mother–infant pairs, Green et al.75 pub-
lished data indicating a correlation between maternal total
glycosylated hemoglobin at delivery and neonatal hemato-
crit. The investigators concluded that improved maternal

glycemic control during late gestation may decrease the
incidence of neonatal polycythemia.

In a study of the mechanisms involving neonatal poly-
cythemia in the IDM, a complete blood count, serum iron,
transferrin and ferritin concentrations were evaluated in
samples from the umbilical cord of neonates born to nine
gestational diabetic mothers, 21 noninsulin-dependent
diabetic mothers, and eight insulin-dependent diabetic
mothers. While there were no differences in serum iron
concentration, transferrin concentration was higher and
ferritin concentration was significantly lower in the IDM
compared with a control population. The investigators
concluded that iron storage is reduced in the fetus of the
diabetic mother.76

Renal vein thrombosis

Renal vein thrombosis is a severe, life-threatening, but
rare occurrence in the perinatal period.77 Its occurrence
is more frequently associated with maternal diabetes mel-
litus compared with the normal nondiabetic population.
Although Pedersen failed to mention this condition in his
monograph,14 in one postmortem survey of 16 cases of
neonatal renal vein thrombosis, five were found in the
IDM.78 Seven other neonates were born to mothers with-
out known diabetes but with fetal macrosomia and pan-
creatic b-cell hypertrophy and hyperplasia. Another center
reported a case of an IDM who had nearly a totally occlusive
thrombosis in the umbilical vein.79

The pathogenesis of this lesion remains obscure
although most of the speculation has centered on the poss-
ible etiologic role of polycythemia. Sludging of the red
cell, combined with a further reduction in cardiac out-
put as a result of diabetic cardiomyopathy, may be a con-
tributing factor. Stuart et al.80 have suggested that because
platelet endoperoxides are increased in the IDM, the nor-
mal balance between pro-aggregatory platelets and anti-
aggregatory vascular prostaglandins is disrupted in the
IDM, favoring the development of thrombosis. In a sub-
sequent evaluation, Stuart et al.81 evaluated abnormali-
ties in vascular arachidonic acid metabolism in the IDM.
They noted that decreased prostacyclin formation has been
suggested as a cause of an atherothrombotic tendency in
the adult. The investigators studied 6-ketoprostaglandin
F1 in the IDM, and found it was normal in umbilical cord
blood if the mother was in good control. Inhibition of
6 ketoprostaglandin F1 alpha was noted if the mother’s
hemoglobin A1c was elevated, indicating poor diabetic
control. The investigators suggested that the correlation
observed between plasma 6-keto F1 alpha prostaglandin
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formation and endogenous vascular prostaglandin forma-
tion in the IDM indicated that an in vitro deficiency of
prostacyclin formation reflected a concomitant in vivo
abnormality. Why this lesion shows selectivity for the kid-
ney is obscure. Birth trauma is an unlikely initiating factor,
since this lesion has been observed in both the stillborn
and the IDM delivered by cesarean section.

Long-term prognosis and follow-up

The previous discussion has focused on problems primarily
encountered during the neonatal period. Of equal concern
and perhaps of greater ultimate importance are the long-
term effects on growth and development, on psychoso-
cial intellectual capabilities, and finally on the risk to the
neonate of subsequently developing diabetes. One of the
most important factors influencing long-term prognosis
is the improvement in management of the pregnant dia-
betic and her neonate. Assuming that many of the dele-
terious effects of the diabetic pregnancy are being modi-
fied by normalization of metabolic status in both the preg-
nant woman and her conceptus, the poor prognosis that
has been reported in previous retrospective studies should
be ameliorated in future prospective evaluations.

Silverman et al.82 tested the hypothesis that long-term
postnatal development may be modified by the in utero
metabolic experience. They enrolled offspring of women
with insulin-dependent diabetes mellitus, noninsulin-
dependent diabetes mellitus, and gestational diabetes in
a prospective study from 1977 through 1983. Fetal b-cell
function was assessed by measurement of amniotic fluid
insulin at 32–38 weeks’ gestation. Postnatally, plasma glu-
cose and insulin concentrations were measured yearly from
1.5 years of age after fasting and 2 hours after 1.75 g kg−1

oral glucose tolerance test. Control subjects had a single
oral glucose challenge at 10–16 years of age. In the offspring
of the diabetic mother, the prevalence of impaired glucose
tolerance was 1.2% at < 5 years, 5.4% at 5–9 years, and
19.3% at 10–16 years. The 88 offspring of diabetic mothers
(12.3 ± 1.7 years), when compared with 80 control subjects
of the same age and pubertal stage, had higher 2-h glucose
and insulin concentrations. Impaired glucose tolerance
was not associated with the etiology of the mother’s dia-
betes or macrosomia at birth. Impaired glucose tolerance
was recorded in only 3.7% of adolescents whose amniotic
fluid insulin was normal and 33.3% of those with elevated
concentrations. The investigators concluded that impaired
glucose tolerance in the offspring is a long-term compli-
cation of maternal diabetes. Excessive insulin secretion in
utero, as assessed by amniotic fluid insulin concentration,

is a strong predictor of impaired glucose tolerance in child-
hood. These investigators subsequently restated the signi-
ficance of these data.83

The outcome of children at 1, 3, and 5 years of age
was evaluated by Stebhens et al.84 Psychological evalu-
ations suggested that at 3 and 5 years of age, the IDM was
more vulnerable to intellectual impairment, especially if
the neonate was born small for gestational age or if the
pregnancy was complicated by acetonuria. This concept
was reinforced by the work of Petersen et al.85 They studied
early growth delay in diabetic pregnancy in relation to psy-
chomotor development at age 4 years. Their studies of 99
consecutive insulin-dependent and 101 nondiabetic preg-
nant women led them to conclude that the children with a
history of growth delay in early diabetic pregnancy should
be screened at 4–5 years of age by Denver Developmental
Screening for possible developmental impairment.

The presence of hypoglycemia per se has not been related
to later neuropsychological defects. Persson & Gentz86

found no evidence that asymptomatic hypoglycemia leads
to intellectual impairment by 5 years of age. No obvious
relationship was found between maternal acetonuria dur-
ing pregnancy, infant birth weight, blood glucose concen-
tration during the first hours after birth, or neonatal compli-
cations and the IQ of these children. A correlation did exist
between maternal and child IQ. Hadden et al.87 studied
123 children of Type I insulin-dependent diabetic moth-
ers and 124 children of nondiabetic mothers. No differ-
ences were found following pediatric assessment or by
a psychologically based maternal and teacher question-
naire of the emotional state or academic achievement of
the child.

Questioning to what extent maternal metabolism during
pregnancy affects cognitive and behavioral function of the
offspring by altering brain development, Rizzo et al.88 cor-
related measures of metabolism in the pregnant diabetic
and nondiabetic woman with intellectual development of
their offspring. Of 223 pregnant women, 89 had pregesta-
tional diabetes mellitus, 99 had gestational diabetes, and 35
had normal carbohydrate metabolism. Carbohydrate and
lipid metabolism were evaluated with respect to two meas-
ures of infant development: The Bayley Scale at age 2 years
and the Stanford–Binet at 3, 4, and 5 years age. The Bay-
ley Scale at 2 years of age was inversely correlated with
the mother’s third trimester plasma beta hydroxyl butyrate
concentration and the Stanford–Binet correlated inversely
with third trimester plasma beta hydroxybutyrate and free
fatty acid concentrations. The investigators concluded that
ketoacidosis and accelerated starvation should be avoided
in pregnancy because of their potential long-term adverse
consequences.
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More recently, Ornoy et al.89 studied the neurobeha-
vioral effects that pregestational and gestational diabetes
might have on offspring of mothers with the disease stud-
ied at school age compared with children of control moth-
ers. Pregestational and gestational diabetes was reported
to adversely affect attention span and motor functions of
the offspring at school age. Their cognitive ability was not
affected. The effects were negatively correlated with the
degree of maternal glycemic control and were more pro-
nounced when observed in the younger child.

An early prospective study of growth and development of
the IDM suggested that excessive weight is almost 10 times
more common in children of diabetic mothers than unusu-
ally low weight, which may represent a potential “return to
obesity” noted at birth in this group of neonates.14 Vohr
et al.90 suggested that macrosomia in the IDM may be a
predisposing factor for later obesity, because at 7 years of
age, 8/19 IDMs who had been large for gestational age at
birth were obese, whereas only 1/14 who had been appro-
priate for gestational age was obese. When body weight and
length and head circumference were evaluated from birth
through 48 months of age, children of mothers with poor
control during pregnancy showed higher values for weight
and weight-height ratio in infancy compared with neonates
of well-controlled mothers.91

Thus it is apparent that both immediate and poten-
tially long-term effects are noted in the offspring born to
the insulin-dependent Type I diabetic and gestational dia-
betic mother. Further research is clearly required to refine
the operative pathophysiology so that enhanced treatment
modalities can be developed and studied. Clearly the goal is
to afford the pregnant woman, who is afflicted with diabetes
either before or during her pregnancy, the opportunity to
deliver as normal and unaffected a neonate as possible.
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Neonatal necrotizing enterocolitis: clinical observations
and pathophysiology

Michael S. Caplan and Tamas Jilling

Department of Pediatrics, Evanston Northwestern Healthcare, Northwestern University, Feinberg School of Medicine, Evanston IL

Establishment of appropriate enteral feedings in the pre-
mature infant is a frequent cause of concern in the neona-
tal intensive care unit due to the dreaded complication
of neonatal necrotizing enterocolitis (NEC), an ischemic
and inflammatory necrosis of bowel that results in signifi-
cant mortality, longer lengths of stay, increased costs, and
possibly increased risk for abnormal neurodevelopmental
outcomes.1,2 The disease incidence varies between centers
and across continents, but ranges between 3% and 28%
with an average of approximately 8%–10% in infants born
weighing less than 1500 g.3 Despite significant advances
in neonatal care, the morbidity and mortality resulting
from NEC has not improved over the last three decades,
with recent reports of NEC mortality ranging between
10%–30%.

Clinical presentation

The disease presents clinically in premature neonates
with variable symptoms of intestinal bleeding, emesis,
abdominal distension, lethargy, and apnea and bradycar-
dia, and signs of abdominal tenderness, thrombocyto-
penia, metabolic acidosis, tachycardia, respiratory failure,
and, if severe, shock.4 The diagnosis is typically made by
the identification of pneumatosis intestinalis (air in the
bowel wall) on abdominal radiograph, although in some
cases of NEC, commonly in un-fed patients, pneumatosis
is not appreciated. In these situations, NEC may be diag-
nosed surgically or pathologically, or in some instances
by ultrasound appreciation of portal venous air. Bell and
colleagues suggested a classification scheme that differen-

tiates feeding intolerance (stage I) from true NEC (stage
II) and advanced NEC (stage III with peritonitis and/or
perforation).5 Clues to the etiology are suggested by the
pathological changes observed in surgical specimens and
autopsy material, including coagulation necrosis (sug-
gesting some component of ischemic injury), inflamma-
tion (acute and/or chronic), and less commonly ulcera-
tion, hemorrhage, reparative change, bacterial overgrowth,
edema, and pneumatosis intestinalis.6

Pathophysiology of NEC

Despite extensive investigation over the last 30 years, the
etiology of NEC has remained elusive. Epidemiologic analy-
ses of this disease have identified the important risk factors
of feeding, prematurity, ischemia/asphyxia, and bacterial
colonization. Furthermore, recent studies have begun to
delineate the mechanisms that link the risk factors to the
final common pathway of bowel necrosis, and it has been
suggested that activation of the inflammatory cascade may
play a vital role.

Enteral feeding

Enteral alimentation has long been considered an impor-
tant risk factor on the initiation of NEC, with greater than
90% of cases presenting in premature infants after feedings
were introduced. While the onset of disease used to occur
several days following the first feed, in reports of extremely
low birth weight (ELBW) infants from the 1990s, NEC is
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Figure 33.1. Effect of enteral feeding on the pathophysiology of

NEC.

often diagnosed several weeks later.3,7 Current neonatal
practice initiates early trophic or hypocaloric feedings, but
studies have failed to identify an increased risk of NEC in
these patients.8–10 While the precise relationship between
enteral feedings and NEC remain poorly understood, stud-
ies have identified the importance of breast milk (v. for-
mula), volume and rate of feeding advancement, osmo-
lality, and substrate fermentation as important factors
(Figure 33.1).11–14

Breast milk feeding appears to reduce the incidence of
NEC in human studies and in carefully controlled animal
models.15,16 Breast milk contains multiple bioactive factors
that influence host immunity, inflammation, and mucosal
protection including secretory immunoglobulin A (IgA),
leukocytes, lactoferrin, lysozyme, mucin, cytokines, growth
factors, enzymes, oligosaccharides, and polyunsaturated
fatty acids (PUFA), some of which are absent in neonatal
formula preparations. Specific intestinal host defense fac-
tors acquired from breast milk such as epidermal growth
factor (EGF), PUFA, PAF-acetylhydrolase, immunoglobu-
lin A (IgA), and macrophages are effective in reducing the
incidence of disease in animals,17–20 and some have been
effective in limited human trials (Table 33.1).21,22 Nonethe-
less, breast milk is not completely protective against NEC in
premature infants; the largest prospective trial identified a
reduction by 50% in most birthweight-specific groups.16,23

Nonetheless, there have been no randomized, controlled
trials that have identified a statistically significant reduc-
tion in NEC from breast milk feeding, and due to ethical
considerations, it seems unlikely that such an investigation
will ever occur. Since most premature infants receive breast
milk via the nasogastric route after artificial collection by
mothers and subsequent freezing, it has been suggested
that the lack of the normal maternal–infant physical inter-

Table 33.1. Breast milk factors: molecules that may protect

against NEC

Molecule

Effective in

animal model

Effective in

human trial

IgA, IgG + +/−
Leukocytes +
Oligosaccharides

PUFA + +/−
Lactoferrin

Glutamine + −
Arginine + +/−
PAF-AH +
EGF +
IL-10 +

IgA, immunoglobulin A; IgG, immunoglobulin G; PUFA, polyun-

saturated fatty acids; PAF-AH, PAF-acetylhydrolase; EGF, epider-

mal growth factor.

action during feeding interferes with specific milk immu-
nity thereby reducing the protection against the neonate’s
microbial flora. As discussed below, the unique microbial
profile in the neonate’s intestinal environment may con-
tribute to initiation of NEC.

Specific components of milk feedings have been impli-
cated to cause mucosal injury in the high-risk neonate
and stimulate the subsequent development of NEC. Stud-
ies have shown that hyperosmolar formulae resulted in
disease, and that addition of medication to feedings can
markedly increase osmolality.24,25 Animal studies have
shown that short-chain fatty acids such as propionic or
butyric acid can cause damage to developing intestine,
and that colonic fermentation leading to production of
these acids by the host microflora may occur in situations
of carbohydrate malabsorption.26–28 This pathway may be
especially problematic in the premature infant, deficient in
lactase activity and other brush border enzymes.

Different approaches to feeding have been associ-
ated with the initiation of NEC. Early studies suggested
that rapid volume increases with full-strength formula
increased the incidence of disease, and protocols were
designed to limit feeding advancement. Several studies
have shown that early, hypo-caloric or trophic feedings
are safe and improve gastrointestinal function in very low
birth weight (VLBW) infants.8–10,29 Feeding advancement
has been evaluated recently, and the results suggest that
judicious volume increase may be safer.12 It has been pos-
tulated that over-distention of the stomach with aggressive
volumes may compromise splanchnic circulation leading
to intestinal ischemia.
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Prematurity

Greater than 90% of NEC cases occur in premature
infants; there is clearly a higher risk with lower gesta-
tional age and birthweight.3,16,30 While there are many
differences between preterm and full-term neonates,
the specific underlying mechanisms responsible for the
predilection of NEC in the premature condition remain
incompletely elucidated. Studies in humans and ani-
mals have identified alterations in multiple components
of intestinal host defense,31–33 motility,34–37 bacterial
colonization,15,38–41 blood-flow regulation,42–44 and
inflammatory response19,45,46 that may contribute to the
development of intestinal injury in this unique population.

Host defense

Intestinal host defense involves a complex combination
of factors that function to prevent intraluminal pathogens
and toxins from resulting in disease while allowing for nor-
mal absorption of nutrients. This intricate system includes
(1) physical barriers such as skin, mucus membranes,
intestinal epithelia and microvilli, epithelial cell tight junc-
tions, and mucin; (2) immune cells like polymorphonu-
clear leukocytes, macrophages, eosinophils, and lympho-
cytes; and (3) various biochemical factors.33,47–55 Although
not exhaustively studied, many of these important func-
tions appear to be abnormal in the premature infant, and
may therefore put this population at risk for NEC. Intestinal
permeability to macromolecules including immunoglob-
ulins, proteins, and carbohydrates is known to be greater
in the neonate compared with older children and adults,
and in premature infants this permeability may be more
pronounced.53,56 Although mucosal permeability is bene-
ficial for developing animals to augment passive immu-
nity and nutrient absorption, the precise mechanisms
accounting for these differences are poorly understood.
The microvilli and tight junctional barrier may be deficient
in the premature infant, but the data are inconclusive.57 It
is known that intestinal mucus, a complex gel consisting
of water, electrolytes, mucins, glycoprotein, immunoglob-
ulins, and glycolipids, protects against bacterial and toxin
invasion, and is abnormal in developing animals and per-
haps premature infants.49,58 Additionally, key bacterio-
static proteins are secreted from epithelium that bind to
or inactivate the function of invading organisms. Intesti-
nal trefoil factor is one such molecule that appears to
be developmentally regulated and therefore deficient in
the premature neonate.59–61 Human defensins (or cryp-
tidins) are bacteriostatic proteins synthesized and secreted

from paneth cells that protect against bacterial transloca-
tion and are altered in premature infants and those with
NEC.62,63

Immunologic host defense is abnormal in developing
animals.64–66 It is known that intestinal lymphocytes are
decreased in neonates (B and T cells), and do not approach
adult levels until 3–4 weeks of life. Newborns have markedly
reduced secretory IgA in salivary samples, reflecting the
decreased activity presumed in intestine.22,67 Breast milk-
feeding provides significant supplementation; formula-fed
neonates have impaired intestinal humoral immunity, and
this deficiency may predispose to the increased incidence
of infectious diseases noted in this population.68,69

Several biochemical factors that are present in the intesti-
nal milieu play an important role in the maintenance of
gut health and integrity. Substances such as lactoferrin,70

glutamine,71,72 growth factors such as EGF,19 TGF,73 IGF,74

and erythropoietin,75,76 gastric acid, oligosaccharides,77

PUFAs,17,21 nucleotides,78 and many others affect mucosal
barrier function, intestinal inflammation, and the viabil-
ity of intraluminal bacteria. Many of these factors are
deficient or absent in the preterm neonate, especially in
those patients not receiving breast milk-feedings. Intensive
research is ongoing to define the specific role of each on gut
integrity and the development of intestinal inflammation
and necrosis.

Motility

Peristalsis in the premature infant is immature; normal pat-
terns of intestinal motility (migratory motor complexes)
appear around 34–35 weeks’ gestation.34,79 Abnormal peri-
staltic activity may allow for bacterial overgrowth that could
increase endotoxin exposure and predispose the infant to
NEC.

Bacterial colonization

Premature infants hospitalized in the neonatal intensive
care unit have different patterns of gut bacterial colo-
nization than healthy breast-fed term infants.80 While
there have been epidemics of NEC associated with spe-
cific bacteria (Clostridia sp., Escherichia coli, Klebsiella
sp., Staphylococcus epidermidis, etc.), most cases occur
endemically and demonstrate a variety of bacterial isolates
from stool cultures.41,81 Blood cultures are positive in only
20%–30% of affected cases, and this likely represents the
degree of mucosal damage at presentation. At birth, the
intestine is a sterile environment, and no cases of NEC have
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been described in utero, supporting the importance of bac-
terial colonization in the pathophysiology. Healthy breast-
fed infants develop colonization by several species by
1 week of age that includes anaerobic species of Bifidobac-
teria and Lactobacilli, while the hospitalized, extremely
premature infant intestine has less species diversity and
fewer anaerobes.69,82–84 This imbalance may allow for
pathologic proliferation, binding, and invasiveness of oth-
erwise nonpathogenic intestinal bacteria. Recent evidence
suggests that contamination/colonization of nasogastric
feeding tubes in formula-fed premature infants predis-
poses some infants to develop NEC.85 It remains unclear
whether bacterial translocation into submucosa is a pre-
requisite for disease, or rather the activation of the toll-like
receptors from endotoxin is adequate to initiate the final
common pathway of intestinal injury.39,86–88 Nonetheless,
certain bacteria such as adherent E. coli produce disease
in a rabbit model of NEC, while nonpathogenic strains of
Gram-positive organisms prevent disease.89 Furthermore,
preliminary work has suggested that early colonization
by probiotics (facultative anaerobes, e.g., Bifidobacteria
and Lactobacilli) reduces the risk of NEC in animal and
human studies.38,90 In summary, bacterial colonization is
an important factor in the initiation of intestinal injury,
but the specific events in the pathophysiology are not well
delineated.

Intestinal blood flow regulation

Early observations on the pathophysiology of NEC sug-
gested that profound intestinal ischemia was a criti-
cal predisposing factor.91,92 Similar to the “diving reflex”
observed in aquatic mammals, it was hypothesized that
in periods of stress, blood flow was diverted away from
the splanchnic circulation resulting in intestinal necrosis.
While early epidemiologic observations identified asphyxia
as an important risk factor, subsequent studies have shown
that the majority of NEC cases are not associated with
profound impairment in intestinal perfusion.4 In animal
models, studies have shown that the reperfusion follow-
ing intestinal ischemia is required in the initiation of bowel
necrosis,93,94 and therefore, recent experimentation on the
role of intestinal ischemia on the pathophysiology of NEC
is focused on this construct.

Neonatal animals have been shown to have differences
in the intestinal circulation that may predispose them to
NEC. The basal intestinal vascular resistance is elevated
in the fetus, and soon following birth decreases signifi-
cantly, allowing for rapid increase in intestinal blood flow.42

Intestinal and somatic growth is dramatic in developing

animals, and therefore sufficient flow is mandatory. It has
been shown that this change in the resting vascular resis-
tance is dependent on the balance between the dilator
(nitric oxide) and constrictor (endothelin) molecules, and
the myogenic response.95,96 Perhaps more relevant than
basal vascular tone, studies have shown that the newborn
has alterations in response to circulatory stress, result-
ing in compromised intestinal flow and/or vascular resis-
tance. In response to hypotension, newborn animals (3-
day-old but not 30-day-old swine) appear to have defective
pressure-flow autoregulation, resulting in compromised
intestinal oxygen delivery and tissue oxygenation.43,44,97

In addition, in the face of arterial hypoxemia the newborn
intestinal circulatory response differs from older animals.
Although following modest hypoxemia, intestinal vasodi-
lation and increased intestinal perfusion occurs; severe
hypoxemia causes vasoconstriction, intestinal ischemia
and/or hypoxia, mediated in part by loss of nitric
oxide production. There are multiple chemical mediators
(nitric oxide, endothelin, substance P, norepinephrine, and
angiotensin) that impact on intestinal vasomotor tone,
and in the stressed newborn abnormal regulation of these
may result in compromised circulatory autoregulation,
leading to perpetuation of intestinal ischemia and tissue
necrosis.98–100

In summary, the premature neonate has several unique
features that may increase their susceptibility to NEC, but
the precise interrelationship of these factors in the final
common pathway of intestinal necrosis remains unclear.

Final common pathway: the inflammatory
cascade

Based on a growing body of evidence obtained from
humans and animal/tissue experimentation, the final com-
mon pathway of intestinal injury appears to result from
the activation of the inflammatory cascade.55,101,102 This
cascade involves a complex balance of pro and anti-
inflammatory endogenous mediators, receptors, signal-
ing pathways, second messengers, and a variety of down-
stream effects, that ultimately results in end-organ damage
in certain circumstances. Inflammation can be initiated
by a variety of factors, most notably the exposure to the
bacterial cell wall product, endotoxin. Following endo-
toxin stimulation of the toll receptor family in animals,
tissue, or cells, several mediators are rapidly produced
including Platelet-activating factor (PAF), TNF, IL-1, and
IL-8.103–107 In intestine, subsequent events lead to chemo-
taxis, transmigration, and activation of leukocytes, and syn-
thesis and release of many products from epithelial and
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inflammatory cells such as IL-6, IL-8, IL-10, IL-18, arachi-
donic acid metabolites, thromboxanes, leukotrienes, and
prostaglandins, nitric oxide, endothelin-1, and oxygen-free
radicals.108–115 If counter-regulatory responses are insuffi-
cient (i.e., with decreased or absent IL-1 receptor antag-
onist, IL-11, IL-12, PAF-acetylhydrolase, etc.), pathologic
changes to gut mucosa occur, and may include accentu-
ated apoptosis of epithelial cells, perturbation of tight junc-
tional proteins and complexes, increased mucosal perme-
ability, bacterial translocation, alterations of vascular tone
and microcirculation, and additional neutrophil infiltra-
tion and accumulation (Figure 33.2). The process may then
be perpetuated by the activation of the secondary inflam-
matory response, and the final common pathway will result
in intestinal necrosis. While these events remain localized
in some cases, in others this activation results in the sys-
temic inflammatory response syndrome, in which patients
develop capillary leak, hypotension, metabolic acidosis,
thrombocytopenia, renal failure, respiratory failure, and
often, death.116

Although endotoxin is a well-characterized activator of
inflammation, additional factors may play a role in stim-
ulating the NEC cascade in premature infants. Asphyxia
and/or ischemia-reperfusion activates the early medi-
ators of inflammation in many tissues including intestine.
Neonatal animal studies have shown that the stress of for-
mula feeding stimulates phospholipase A2 gene expression,
intestinal PAF production, and stimulation of apoptosis
and the inflammatory response with resulting NEC.102,117

Therefore, many of the purported risk factors for NEC may

activate the inflammatory response that results in the final
common pathway described above.

The evidence suggests that the premature neonate
may have an abnormal balance between pro- and anti-
inflammatory mediator production, thereby increasing
their predisposition for diseases such as NEC. PAF is a
potent phospholipid inflammatory mediator that is associ-
ated with NEC in several experimental models and human
analyses.118–122 PAF infusion causes intestinal necrosis
in animals, and PAF receptor antagonists prevent injury
following hypoxia, endotoxin challenge, TNF infusion,
and ischemia-reperfusion.123–125 It has been shown that
neonates are markedly deficient in their ability to degrade
PAF due to decreased activity of the PAF-specific enzyme
PAF-acetylhydrolase.45 PAF-acetylhydrolase is present in
breast milk but absent in commercial formula, and this
may in part explain the beneficial effects of breast milk-
feeding. IL-10 is an anti-inflammatory cytokine thought
to be important in reducing intestinal inflammation and
possibly NEC in animals and humans.126,127 In neonatal
rats, maternal milk feedings increased IL-10 and reduced
the incidence of NEC, while in human milk specimens,
a significant percentage of NEC patient-pairs were defi-
cient in this important cytokine. Studies have compared
proinflammatory response to endotoxin and/or IL-1 in dif-
ferent cell lines, and have found that IL-8 response is sig-
nificantly higher in fetal intestinal epithelium compared
with mature, adult intestine.46 These results suggest that
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the neonatal balance of the inflammatory response may
be weighted towards the pro-inflammatory side and more
likely to result in the pathologic outcome of NEC.

Although multiple mediators are implicated in the patho-
genesis of NEC, the precise cellular mechanisms respon-
sible for intestinal epithelial injury are less clear. Studies
suggest that stimuli such as bacteria, PAF, and other medi-
ators can bind to and activate intestinal epithelium, leading
to signal transduction mechanisms that activate mucosal
permeability, apoptosis, and pro-inflammatory gene tran-
scription. In our neonatal rat model of asphyxia and for-
mula stress, apoptosis is markedly accentuated following
stress compared with control animals, and it appears that
this event precedes necrosis (see color plate 33.3). Bacterial
translocation occurs following loss of mucosal integrity,
and the secondary inflammatory response is activated that
ultimately leads to full-blown NEC accompanied by the sys-
temic inflammatory response syndrome (Figure 33.4).

Summary

In conclusion, NEC is a complex and poorly under-
stood neonatal disease. Formula feeding, in the pres-
ence of prematurity, bacterial colonization, and intestinal
ischemia/hypoxia stimulate a final common pathway that
stimulates the inflammatory cascade and results in intesti-
nal injury, and in some cases systemic disease and death.
The premature infant differs from term infants and older
patients in multiple ways, including the complex system of
intestinal host defense, intestinal motility, bacterial colo-
nization patterns, autoregulation of splanchnic blood flow,
and the regulation of the inflammatory cascade. Since each
case of NEC is different, and the importance of each of
the complex factors may vary between cases, no single
approach has been completely successful in preventing
this dreaded disease. Although preventing prematurity
would be the most successful approach to prevent NEC,
several strategies have been tested in humans and animals.
Nonetheless, no strategies have proven completely effec-
tive in reducing the incidence or severity of NEC. Future
trials in high-risk premature infants will be needed to signi-
ficantly reduce this morbidity and mortality that currently
plagues neonatal intensive care units worldwide.
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Neonatal short bowel syndrome

Judith Sondheimer
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Neonatal short bowel syndrome (SBS) is a diagnosis with
three major elements. The neonate has a shortened small
intestine, either congenital or via surgical resection, has
intestinal malabsorption to a degree that standard feed-
ing practices cannot support normal growth, and requires
intravenous nutrition (IVN) support for a “significant”
period. Some authors state that the diagnostic criterion
for neonatal short bowel syndrome is the loss of 50% of
the small intestine.1,2 Several factors make this definition
inappropriate. Intestinal resection in the neonate is usually
a surgical emergency. In this setting, measurements of the
resected and remaining intestine may not be made or may
be inaccurate because of bowel necrosis, edema, and adhe-
sions. Factors other than the length of residual bowel also
have an impact on the neonate’s subsequent dependence
on IVN. The anatomic area of bowel resected, the presence
or absence of the ileocecal valve and colon, the viability of
the remaining intestine and associated medical and sur-
gical problems all have an impact on intestinal absorptive
function that might produce intestinal insufficiency even
after a modest resection.

The causes of neonatal short bowel syndrome are fairly
predictable but the relative frequency depends upon the
patient population of the individual center providing
the statistics (Table 34.1). Most series of neonates and
infants report four major causes – neonatal necrotizing
enterocolitis (NEC), mid-gut volvulus, intestinal atresias,
and gastroschisis. In most nurseries, NEC accounts for
about 50% of all cases of neonatal SBS, with volvulus,
atresia, and gastroschisis accounting together for about
40%. The remaining 10% is made up of more unusual
causes such as meconium peritonitis, extensive intesti-
nal angiomata or lymphangiomata, congenital short bowel,

intussusception, severe motility disorders, trauma and vas-
cular accidents.3–8

Pathophysiology

The basic problem of the infant with short bowel syndrome
is the loss of intestinal absorbing surface. The length of
the newborn intestine is not clearly established. Whether
measurements taken during abdominal surgery or at
autopsy reflect accurately the length of the healthy intestine
in situ is debated. Autopsy measurements indicate that the
small intestine length is 115 cm ± 21 cm (mean ± SD) in the
fetus between 19 and 27 weeks’ gestation and that the intes-
tine doubles in length during the last trimester. Autopsy
measurements estimate the normal newborn intestinal
length at 248 cm ± 40.13 The diameter of the newborn small
intestine is estimated to be 1.5 cm. In adults by contrast, the
small bowel length is estimated to be between 600–1500 cm
with a diameter of 3–4 cm. There appears to be a direct rela-
tionship between crown heel length and intestinal length in
normal infants from 32 weeks’ gestation through 3–4 years
of age. Beyond 3–4 years, the relationship between height
and small bowel length has not been determined. However,
the rate of intestinal lengthening clearly levels off at about
3–4 years of age (Figure 34.1).14 Urban and Weser have
shown a direct relationship between the mucosal surface
area and the body weight and surface area.15 The absorb-
ing surface of 1 cm2 of intestine is roughly 600 cm2, as a
result of the villi and microvilli of the mucosal surface. It
has been estimated that the neonate must absorb 1 kcal
through every 2 cm2 of mucosal surface while the adult has
3.5 cm2 of surface area available for the absorption of every
kcal.1
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Table 34.1. Causes of neonatal short bowel syndrome

Surgical resection

Necrotizing enterocolitis

Congenital small bowel atresias

Multiple jejunal and/or ileal

Christmas tree/apple peel deformity

Midgut volvulus

Congenital, secondary to intestinal malrotation

Secondary to adhesive bands either congenital or acquired

Gastroschisis

Associated small bowel obstruction and necrosis

Associated small bowel atresias

Meconium ileus

Vascular thrombosis of mesenteric arteries or veins

Sepsis with coagulopathy

Hypercoagulability syndromes

Trauma

Radiation enteritis with ischemia

Congenital

Congenital short bowel syndrome 9–11

Absence of critical intestinal function resulting in resection

Total intestinal aganglionosis 12

Intestinal dysmotility syndromes – intestinal pseudo-obstruction

Microvillous inclusion disease

Digestive and absorptive functions are not evenly dis-
tributed along the intestinal length. The mucosal villi of
the jejunum are longer with a greater absorbing surface
than those of the ileum. The duodenum and jejunum are
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Figure 34.1. Small-intestine length v. crown-heel length

(mean±SD). Autopsy study of children without bowel disease.

Reproduced with permission.14

the main sites for digestion and/or absorption of carbohy-
drate, fat, protein, and fluid. Mucosal disaccharidases and
peptidases are found in higher concentration in the jeju-
nal enterocytes than they are distally. The majority of elec-
trolytes, minerals, and vitamins are absorbed in the prox-
imal small bowel. In the intact intestine, the ileum plays a
lesser role in these same jejunal functions. The ileum is the
primary site for active absorption of vitamin B12 and conju-
gated bile salts. The ileocecal valve controls the passage of
small bowel contents into the colon. The release of ileal con-
tents is in part hormonally mediated in response to the con-
centration of nutrients in the ileal lumen. Delayed release
into the colon may be important in providing time for ileal
mucosal absorption of nutrients malabsorbed proximally.
The ileocecal valve is also a barrier against contamination
of the small bowel by colon organisms. The colon is a key
site for the retrieval of salt and water if their absorption has
been inadequate in the small bowel. The colon is capable
of absorbing free fatty acids, the end product of bacterial
fermentation of unabsorbed carbohydrate, and thus may
salvage carbohydrate calories lost through small intestinal
malabsorption.16–18

Resection of the jejunum removes the site of maximum
transport of hydrolyzed protein, fat, and carbohydrate as
well as fluid, electrolytes, minerals and all vitamins but B12.
The major nutritional complication of loss of the jejunum
is generalized malabsorption with calorie deficiency. Spe-
cific nutritional deficiencies may occur when the ileum
fails to compensate adequately for one of the jejunal func-
tions. The jejunum is the principal site of iron absorption.
The ileum may not completely compensate for the absent
jejunum in absorption of iron, possibly because the higher
pH of its contents puts the iron into the poorly absorbed
ferric state. Calcium and magnesium deficiency may be
a secondary result of fat malabsorption associated with
jejunal resection. Fat malabsorption increases the luminal
concentration of fatty acids, which form insoluble soaps
with dietary calcium and magnesium. These cannot be
absorbed by the ileum and thus calcium and magnesium
are lost in the stool.

Loss of the ileum leads to three major nutritional seque-
lae. The first is vitamin B12 deficiency. Active transport of
intrinsic-factor-bound B12 occurs only in the ileum. The
jejunum is unable to adapt to this function. Some pas-
sive transport of B12 does occur in the jejunum, but it
may be insufficient to maintain hepatic stores. Although
B12 deficiency is not generally a problem in neonates
because of their large hepatic reserves, anemia and neu-
rologic sequelae may be late, unanticipated complications
of ileal resection, even when no other nutritional deficits
are apparent.19,20
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Second, active bile salt transport is a specific function
of the ileum which cannot be performed by the jejunum
whose cells lack bile salt receptors. When unabsorbed in
the ileum, conjugated bile salts reach the colon where
they undergo bacterial deconjugation and dehydroxyla-
tion, producing dihydroxy bile acids. These abnormal bile
acids provoke fluid and electrolyte secretion by the colon.
Fecal losses of malabsorbed conjugated bile salts deplete
the bile acid pool, impairing fat absorption and increasing
the potential for cholelithiasis by producing a lithogenic
bile with low bile salt concentration. In some series of
neonatal short bowel patients, 15%–25% of patients even-
tually develop cholelithiasis.21,22 Steatorrhea from inad-
equate bile salt pool results in an increased concentration
of unabsorbed long chain fatty acids in the colon. These
fatty acids are hydroxylated by colon flora and can stimu-
late fluid secretion by the colon.

Finally, ileal resection is associated with hyperoxaluria
and nephrolithiasis. Normally, dietary oxalate combines
with calcium in the intestinal lumen forming insoluble cal-
cium oxalate, which is then excreted in the stool. After ter-
minal ileal resection, the reduced bile acid pool size impairs
micellar solubilization and absorption of fatty acids. Fatty
acids then complex with intraluminal calcium, increasing
the concentration of free oxalate in the intestinal lumen
and increasing its absorption. Hyperoxaluria results and
promotes the formation of oxalate stones.23,24

Adaptation to small bowel resection

The key to survival after massive small intestinal resection is
the ability of the small bowel to accommodate for the loss of
absorbing surface area. It is convenient to view the process
of adaptation in the neonate with short bowel syndrome as
consisting of three stages – early, intermediate, and late.

The early phase of adaptation has been the most inten-
sively studied probably because it lends itself to animal
models. The changes in this phase, characterized by hyper-
trophy (increased in tissue or organ size) and hyperpla-
sia (increase in cell number) of the residual intestine, are
complete within 3–6 months of the resection. Whether
these changes are the most critical factor in the neonate’s
eventual freedom from nutrition support is not estab-
lished. Hypertrophy and hyperplasia of the residual intes-
tine begin within 48 hours of partial intestinal resection.
Anatomic changes include lengthening of the villi, deep-
ening of the crypts, an increased number of enterocytes
per villus and thickening of the entire wall of the intes-
tine including the muscular layers.25 Indicators such as
mucosal dry weight, protein, and DNA per centimeter have
been used to document the increases in mucosal mass per

centimeter of intestine.26 Glucose and fluid absorption per
centimeter also increases. The ileum, which normally has
fairly short villi, has a greater capacity for these adaptive
changes than does the jejunum. Exposure of the intestinal
mucosa to enteral nutrients, particularly glucose, provides
fuel for the adaptive hyperplasia. Without enteral nutrition,
the hyperplastic changes are blunted.27–29 Immediately
after intestinal resection in the rat, the amount of mRNA
from the proapoptotic gene, Bax, increases and that of the
prosurvival gene, Bcl-w, decreases suggesting that there
is an immediate change in the balance between entero-
cyte apoptosis and survival in the intestinal mucosa which
favors increased cell proliferation.30 Biliary and pancre-
atic secretions also induce ileal mucosal hyperplasia, poss-
ibly via the epidermal growth factor they contain.31 Intra-
venous administration of secretin and cholecystokinin,
which increase pancreato-biliary secretions, also induces
hyperplasia in residual intestine in part by increasing the
contact of the bowel with these trophic secretions. Even
when pancreatic and biliary secretions are diverted how-
ever, intravenous secretin and CCK induce mucosal hyper-
plastic changes.32 The absorptive capacity and enzyme
activity of each enterocyte are probably either unchanged
or decreased in this process of rapid cell proliferation.
However, the total absorptive capacity of the residual intes-
tine increases because of the increase in cell number per
centimeter.

In other experiments, it has been found that the blood of
animals subjected to intestinal resection contains elements
which when transfused into unoperated controls stimulate
intestinal hypertrophy. If the animals undergoing resec-
tion do not receive enteral feedings postoperatively, their
blood does not contain the trophic elements. These experi-
ments suggest that enteral nutrition is not only a luminal
stimulant for intestinal adaptation, but also that it induces
secretion of hormones that stimulate the process.33 Over
the years, a large body of research has identified some of
these hormones.34

Enteroglucagon and enteroglucagon-like substances
were the first to be identified as hormonal stimulants to
intestinal adaptation.35,36 Released in large quantities from
the ileal mucosa of animals with proximal small bowel
resection, these hormones produce the typical hyperplas-
tic changes of adaptation when administered intravenously
to control animals. Antibodies to enteroglucagon do not
prevent the adaptive changes, so the assumption is that
enteroglucagon-like substances, not enteroglucagon itself,
are the mediators of the process.37,38 Proglucagon mRNA
is found in large amounts in the residual bowel of ani-
mals after intestinal resection.39 Peptide YY blood levels
also increase after intestinal resection. This compound may
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promote hypertrophy but also slows intestinal transit in
the ileum and may promote better absorption by increas-
ing exposure time in the ileum.40–42 Gastrin levels often
increase after intestinal resection and in a small proportion
of humans with proximal small bowel resection, hypergas-
trinemia may produce clinically significant hyperacidity.43

Gastrin is a trophic hormone. However, the hypertrophic
changes associated with gastrin are mainly in the stomach
and upper small bowel. Pharmacologic doses are neces-
sary to produce mucosal hypertrophy in the ileum, sug-
gesting that hypergastrinemia is not an adaptive hormonal
response to intestinal resection.44,45

Other hormones both of GI and extra GI origin induce
mucosal hyperplasia and perhaps offer therapeutic options
to maximize the residual intestine’s adaptation to resection.
It is unlikely that these substances are part of the natural
adaptive process, however, as their blood and tissue lev-
els do not increase after intestinal resection. Growth hor-
mone binds to receptors in the intestinal mucosa, stimula-
ting calcium absorption, crypt cell division and gastrin and
IGF-1 secretion. Although these effects could possibly pro-
mote intestinal function, there is little support for the initial
enthusiasm for growth hormone as a therapy for SBS, espe-
cially in neonates.46–48 In adult short bowel patients, growth
hormone has been associated with improved weight gain,
but this may simply reflect edema.49,50 Furthermore, it is
unclear whether the beneficial effect of growth hormone
reported in some patients persists after the course of growth
hormone ends. Patients with massive small bowel resec-
tion have been found to have low serum IGF-1 and IGFBP-
1 levels suggesting that these substances might be mark-
ers for intestinal failure.51 Whether normalizing the serum
levels promotes bowel adaptation is unclear. IGF-1 does
stimulate proliferation of enterocytes in vitro. Receptors
for IGF-1 are present in crypt cells. In rats with intesti-
nal resection, exogenous IGF-1 causes duodenal and jeju-
nal hyperplasia and increased ileal disaccharidase activ-
ity.52,53 Glucagon-like peptide 2, which is released from
the ileum in response to meals, is also reduced in the
blood of animals with SBS.39,54,55 There is no informa-
tion about glucagon-like peptide use in inducing mucosal
hyperplasia in humans. Epidermal growth factor is present
in pancreato-biliary secretions and perhaps is the mediator
for the trophic effects of these secretions. EGF is required for
stimulating polyamine synthesis without which cell prolif-
eration cannot occur.56–58 Keratinocyte growth factor has
also been used to stimulate mucosal hyperplasia in exper-
imental animals.59 The cytokine interleukin-11 has also
been shown to stimulate intestinal cellular proliferation.60

There has been a search for specific enteral nutrients that
promote mucosal hypertrophy. Research into the effects

of diet in animal models of short bowel syndrome indi-
cate that long-chain fats have a hyperplastic effect su-
perior to short-chain fats, protein, and carbohydrate, poss-
ibly through a specific effect on the stimulation of peptide
YY production.61 Menhaden oil, a long-chain, polyunsat-
urated fish oil, is more trophic than the saturated long-
chain fats.62 Dietary glutamine functions as a direct small
intestinal fuel and also prevents bacterial translocation to
portal lymph nodes from the intestine. Its function as an
agent for stimulating intestinal mucosal hypertrophy is not
supported by experimental data.63–66 Soluble plant fibers
such as pectin are fermented to short-chain fatty acids –
butyric, propionic, and acetic acid – in the colon. These
compounds are important luminal fuel for colon entero-
cytes. Their presence may improve retrieval of water and
electrolyte in the colon and may thus change the fluid-
ity of the stool. However, fiber probably has little effect
on stimulating mucosal hypertrophy.67 Some experimen-
tal data support an effect of intravenously administered
short-chain fatty acids on mucosal hypertrophy.68,69

The intense research into the immediate mucosal hyper-
plastic process after intestinal resection has resulted in
an appreciation of the importance of luminal nutrition
to the adaptive process. There is often a sense of urgency
about introducing enteral “trophic” feedings to infants after
intestinal resection. It should be stressed that although fail-
ure to establish enteral feedings directly after intestinal
resection may delay mucosal hyperplasia, no permanent
loss of adaptive potential occurs if feedings cannot be intro-
duced immediately after surgery. Just as intestinal mucosal
atrophy occurs any time feedings are withheld, mucosal
hypertrophy can be induced at any time after resection by
starting feedings.

The intermediate phase of intestinal adaptation com-
monly is said to involve two processes – gradual dilation of
the residual intestine and a gradual increase in intestinal
transit time.26 This process can be seen on the radiographs
of patients with neonatal short bowel syndrome and the
changes are usually complete within the first 18 months
after resection. The potential adaptive advantage of these
changes is that dilation and delayed transit maximizes the
contact of the intestinal mucosa with luminal contents
and thus improves nutrient absorption.70 There is some
experimental evidence to support this supposition. How-
ever, there are many phenomena associated with dilation
of the small bowel and delayed transit time that are prob-
ably counterproductive. Dilation and slow transit might
promote small bowel bacterial overgrowth with subsequent
adverse events such as bacterial translocation, deconju-
gation of bile acids, d-lactic acidemia, and hydroxylation
of fatty acids. More research is needed to prove whether
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these two processes that characterize the gut in the first
18 months after resection are truly adaptive.

In contrast to adults who undergo massive small bowel
loss, there is a late adaptation to intestinal resection in
infants that dramatically improves their outlook. In a word,
as infants grow in height, their bowel grows in length. Bowel
length has been shown to increase pari passu with height,
at least until the age of 3–4 years, and possibly beyond.14

Residual bowel length does not increase in adults. Further-
more, as the child grows in height and weight, the calorie
requirement per kg body weight or per cm2 of body sur-
face decreases. Thus, the requirement for calorie absorp-
tion per surface area of intestine decreases as the child
grows. The key to this late adaptive process is the main-
tenance of normal growth and nutrition and the preven-
tion of complications of therapy that hinder growth. It is not
clear whether there is a time limit on late intestinal adap-
tation. Most studies report that the process of adaptation
appears to decrease as the child reaches 3–5 years.8 Clini-
cians will predict that if a child hasn’t “gotten off TPN” by
age 5, he/she never will. This observation does not always
prove true, but is consistent with the observation that the
velocity of bowel lengthening seems to plateau at about
this age. Other studies have indicated that the premature
infants may have a small advantage in late adaptation, pre-
sumably since they have a greater potential for bowel elon-
gation than term infants. The intestine naturally doubles in
length during the last trimester of gestation.13 The impli-
cation is that a centimeter of residual bowel in a premature
infant may have more potential for elongation than a cen-
timeter of bowel in a term neonate.

Medical management

The initial medical care of the neonate with a short bowel
centers on the careful assessment and replacement of flu-
ids and electrolytes. Losses of sodium, potassium, calcium,
phosphorus, magnesium, and zinc may be massive through
diarrhea and particularly via stoma losses. Initiation of
IV nutrition, which provides calorie, mineral, and vitamin
needs and replaces losses, is critical. It is rare that peripheral
intravenous alimentation is adequate for these neonates,
and an immediate use of central alimentation is recom-
mended.

Even in the absence of enteral feedings, the losses of fluid
and electrolyte from stomas or per rectum may be great
as a consequence of residual inflammation, post obstruc-
tive secretory diarrhea and the immediate failure of distal
small bowel or colon to adapt to the increased demand for
absorption of normal proximal small intestinal secretions.

It is estimated that the zinc losses from a jejunostomy may
double an infant’s daily requirements.

The sodium losses in stoma or stool may be as high as
140 mEq L−1. Routine measurement of Na, K, Cl, and Zn in
stool or stoma assists in the calculation of intravenous flu-
ids. The large electrolyte and fluid losses from small bowel
stomas are a major reason that continuity between the
proximal portion of bowel and the distal portion should
be re-established as soon as possible. The colon plays a
critical role in the salvage of water and sodium in these
patients.71–73

Although the ability to deliver adequate nutrition to
neonates with SBS via central venous lines is the single most
important factor in the improved survival of these infants
since the 1970s, it is also the major source of the morbidity
associated with their long-term care. A major considera-
tion for personnel in neonatal units is the prevention of
catheter-related sepsis. Any fever in a patient with SBS and
a central venous line should be considered line sepsis until
proven otherwise, and immediate broad-spectrum anti-
biotics instituted to prevent the devastating immediate and
long-term effects of bacterial or fungal sepsis. Coverage for
Gram-positive and Gram-negative bacteria should be rou-
tinely used until culture results are available. The central
line must be kept infection-free by meticulous care of the
IV tubing, connectors and skin dressings, and a medication
regimen that minimizes entry into the line. The best way to
treat sepsis related to a central venous line is to remove
the line. However, in the patient with SBS who may be
dependent upon central venous nutrition for many years,
hasty removal of the central line should be avoided. Many
episodes of bacterial sepsis can be treated without removal
of the central line. Fungal sepsis almost always requires
removal of the line.

Other sources of infection should be aggressively sought
in the neonate with SBS who develops fever. Surgical and
medical staff should remain aware of whether the origi-
nal surgery was performed in the setting of bowel hypo-
perfusion or perforation. Late development of abdominal
abscess or stricture may be the source of recurrent fever
and infection without positive blood cultures. Abdominal
wound cellulitis should be investigated and aggressively
treated rather than observed and treated locally as it may
be a manifestation of underlying abdominal sepsis. Early
septic events seem to be linked to the gradual development
of hepatic failure in neonates with SBS.21 Prevention and
rapid effective therapy of infection is critical in this early
stage.

There is no firm guideline on how to introduce enteral
feedings to an infant with short bowel syndrome. The first
step is to assess the absorptive deficit of the patient. The



Neonatal short bowel syndrome 497

child who has only lost 50 cm of mid small bowel and has an
intact colon may be expected to tolerate enteral feedings
given by mouth with fewer complications than the patient
with 50 cm of jejunum ending in a jejunostomy. Feeding an
infant with SBS requires daily assessment of the child’s “tol-
erance.” This loosely defined parameter includes the vol-
ume of stool output relative to enteral intake, the electrolyte
losses in stool or stoma, abdominal distension, emesis,
the presence of unabsorbed carbohydrate (reducing sub-
stances) in the stool, and the state of the perianal skin. Daily
small increases in the amount of enteral feeding given to
the neonate who appears to tolerate feedings will allow staff
to gradually achieve the goal of maximal utilization of the
infant’s residual absorbing surface without creating fluid
and electrolyte problems secondary to malabsorption. As
long as intravenous nutrition can be administered in an
uninterrupted fashion, a gradual approach to the advance-
ment of feedings is safe and prevents complications.

Enteral feedings should be initiated as soon as postop-
erative ileus has resolved and the condition of the neonate
is stable. Choice of delivery route (oral, nasogastric, gas-
trostomy) and the frequency of feeding (intermittent bolus
or continuous drip) depend in part on the length of the
remaining small bowel. In patients with greater than 75%
loss of the small bowel, continuous enteral feedings by drip
appear to be the most effective method to maximize the
absorptive capacity of the intestine without unduly tiring
the patient by frequent feedings.74 Patients with more than
25% residual small bowel may do well with small bolus feed-
ings by mouth. As the patient demonstrates tolerance of
feedings, small boluses may be given to the patient with
extensive resections.

The choice of formula depends on many considera-
tions. Any enteral nutrition will stimulate the early mucosal
adaptation, even simple glucose. Studies in rats indicate
that a diet containing polyunsaturated long-chain fats is
more trophic than diets containing short-chain or sat-
urated fat. There are no clear guidelines as to the most
trophic protein or carbohydrate formulation. Clearly other
considerations must be taken into account in choosing
a formula. Lactose is poorly tolerated in neonates with
extensive small bowel loss because of the decrease in
available mucosal lactase. An acid watery diarrhea may
result in SBS patients after lactose ingestion. The intesti-
nal reserves of sucrase and maltase are greater suggest-
ing that these carbohydrates might be better hydrolyzed
and absorbed. Glucose requires no hydrolysis, however, the
osmotic load of glucose may in itself result in excessive fluid
loss. Assessment of fecal reducing substances may help
guide the choice of carbohydrate. The impact of glucose
polymers in inducing a carbohydrate-driven diarrhea may

be underestimated by measurement of stool-reducing sub-
stances, since long-chain glucose polymers may only con-
tain one reducing equivalent per chain. In fact, however,
general experience indicates that glucose polymers are
probably the best tolerated of the carbohydrate sources in
formula.

Fat intake must often be limited in infants with SBS to
prevent diarrhea, regardless of its potential trophic effects.
Loss of absorptive area, rapid transit, bile acid depletion,
reduced pancreatic enzyme release and bacterial over-
growth all contribute to fat malabsorption. Long-chain
fats are the least efficiently absorbed nutrient in the small
intestine. Medium-chain triglycerides (MCT) are better
absorbed since micellar solubilization by bile acids is not
required for their absorption. However, the trophic effects
of long-chain fats must be considered and therefore, a for-
mula that uses a combination of LCT and MCT, or one
that at least contains a small amount of LCT, may be the
appropriate choice. Essential fatty acid (EFA) deficiency
is now rare in SBS patients because of the administration
of intravenous lipid emulsions and enriched oral prepar-
ations (Microlipid). EFAs administered by the intravenous
route do not produce the same serum levels as enterally
absorbed EFAs. Thus, the intravenous dose of EFA may be
higher than the recommended daily allowance (RDA) for
enterally absorbed EFA.75

Protein is better tolerated than other nutrients, probably
because the relative amount of protein in infant formulas
is not enough to overload intestinal digestive capacity and
produce osmotic diarrhea. In addition, unabsorbed protein
and peptides are not fermented in the colon, as are fats and
carbohydrates. Partially or completely hydrolyzed proteins
are possibly better absorbed than whole proteins in the face
of reduced absorptive surface area and decreased pancre-
atic enzyme output. Oligopeptides with 2–5 amino acids
mimic the protein fragments encountered by the healthy
small bowel during normal digestion and absorption and
appear to be easily hydrolyzed by brush-border peptidases.
Simple amino acids, such as those in elemental formulas,
require no hydrolysis but do require specific carriers for
absorption. Free amino acids increase the osmolality of a
formula and may produce diarrhea. If an elemental formula
is chosen, attention must be given to the composition of the
amino acids. For example, glutamine appears to be the pre-
ferred fuel for enterocytes of the small bowel, and may be
necessary for repair of damaged intestinal mucosa. Given
enterally, it appears to decrease bacterial translocation and
in some studies, the rate of bacterial sepsis. Most recent
studies do not suggest that glutamine plays a major role in
the adaptive process of mucosal hyperplasia however. It has
been the observation of many pediatric gastroenterologists
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that infants with SBS seem to have an increased incidence
of immediate allergic reactions to intact protein, especially
cow’s milk. Avoidance of cow’s milk protein may be a judi-
cious preventative measure, although there is little but
observation to back up this measure.76,77

The best formula for feeding infants with SBS has not
been identified. Breast milk is rich in growth factors such
as epidermal growth factor and insulin-like growth fac-
tor, but its digestive complexity often results in signifi-
cant malabsorption.78 Elemental formulas induce early
mucosal adaptation predominantly in the proximal intes-
tine where they are almost completely absorbed. Less mal-
absorbed nutrient reaches the colon to stimulate salt and
water secretion. These formulas are usually deficient in
essential fatty acid content and the patient may require
supplements if he/she is not simultaneously receiving
intravenous lipids. In one clinical study, SBS patients with
30–150 cm of small bowel were fed a diet of polysaccha-
rides, MCT oil, protein hydrolysates, and a high-viscosity
tapioca starch by continuous slow enteral drip commen-
cing 14 days postoperatively.79 Because this diet was well
tolerated, the authors concluded that completely elemen-
tal diets were not better than polymeric diets. The most
commonly selected formulas contain protein hydrolysates,
MCT oil, and glucose polymers. It is prudent to initiate
feedings at one-half to one-quarter strength, using small
amounts, either by bolus or drip, critically assessing the
infant’s tolerance within 24–48 hours. Strength and vol-
ume may then be increased. There is no agreement on
whether the patient with SBS tolerates increased feedings
in the form of increased volume or increased strength bet-
ter. However, fluid overload is a concern in these small
infants who require large intravenous fluid intakes in order
to deliver required calories. Increased strength of formula
is usually initiated first. Full strength elemental formulas
may have very high osmolality and this factor alone may be
sufficient reason to choose a more complex formula.

Infants with SBS routinely need both fat and water-
soluble vitamin supplements after IV nutrition has been
discontinued. Particular attention should be paid to the late
onset of vitamin B12 deficiency, which is likely to become
clinically significant within 1 year of discontinuing intra-
venous supplements. Routine measurements of vitamin
B12, methylmalonate and homocysteine should be made
periodically in the infant who has lost a significant por-
tion of the terminal ileum. A monthly dose of 100 µg is re-
commended. Some experts advocate the use of parenteral
vitamin B12 for 4–5 years after the discontinuation of IV
nutrition.1 Patients with sufficient adaptation to grow on
enteral feedings alone may still have enough fat malab-
sorption to cause deficiency of vitamins A, D, E, and K.

Similarly, mineral deficiencies may slowly develop in the
child no longer on IV supplements.80 Borderline sodium,
potassium, calcium, magnesium, and zinc status is com-
mon. Routine stresses of childhood such as viral gastroen-
teritis may precipitate severe acidosis and electrolyte and
mineral deficiencies. Latimer et al. reported two patients
with SBS who developed severe zinc deficiency while on
parenteral zinc doses of 40 mg kg−1 day−1.81 Replacement
of the large losses of zinc in the stool corrected the clinical
manifestations of acrodermatitis in these patients.

Normally, iron is absorbed in the proximal small bowel.
Infants with proximal small bowel loss are at risk for iron-
deficiency anemia, particularly as most IV nutrition mix-
tures do not contain iron. Generally, iron requirements can
be met by enteral supplements after enteral feedings are
successful. However, iron can be irritating to the gastro-
intestinal mucosa and supplements may not be well tol-
erated by young infants. Slow parenteral infusions of iron
dextran can be given every 1–3 months in infants. How-
ever, consideration of possible impact of parenteral iron on
white cell function and sepsis risk as well as the occasional
shock-like reaction to parenteral iron should advise caution
in giving parenteral iron. Other trace element deficiencies
– selenium and chromium – may occur during IV nutrition
administration. However, routine biochemical monitoring
should avoid these complications.

Preservation of oral feeding function is a goal in the
long-term feeding of infants with SBS. Like many infants
who are unable to receive oral feedings directly after birth,
oral aversion is a problem for infants and children with
SBS. Unfortunately, pacifier sucking does not seem to pre-
serve or promote normal feeding behavior in neonates.
Thus, even in the neonate who is clearly unable to tolerate
full enteral nutrition, some small oral feedings should be
offered regularly if possible and continuous use of pacifiers
avoided.82

As growth and late adaptation of the remaining intestine
progress, intravenous nutrition support may be gradually
withdrawn. Simultaneous monitoring of the child’s growth
rate and nutritional markers such as albumin, electrolytes,
mineral, and vitamin levels will guide this gradual process
of withdrawal of IV nutrition. When the child reaches 5–
6 kg and has sufficient fat and hepatic glycogen stores to
tolerate periods of fasting without hypoglycemia, IV nutri-
tion may not be required around the clock. It is appropri-
ate to allow the child some time free from intravenous tu-
bing in order to promote normal development and parental
bonding. Daily IV requirements can be consolidated into a
reduced number of hours per day. If a significant fraction of
the child’s daily nutrition must be given intravenously, how-
ever, an acceptable intravenous infusion rate may limit the
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time the child can be free of the intravenous line. In older
children, the use of lightweight portable pumps allows free-
dom of movement while receiving either enteral or par-
enteral feedings.

Medications may be useful in the management of
infants with SBS. Cholestyramine and cholestipol are
anion-binding resins that can bind luminal bile acids and
improve bile acid-induced diarrhea. When used in a dose
of 250 mg kg−1 day−1 in 3–4 divided doses, they may
be of help in patients with ileal resection. In patients
with more extensive resection, however, they can further
deplete the bile acid pool and exacerbate steatorrhea. The
exact length of ileal resection that correlates with a bene-
ficial response to anion binding resin is not clear. Hyper-
chloremic acidosis has been reported during resin ther-
apy and electrolytes should be monitored if these agents
are used.83 It should be remembered that anion binders
may decrease the absorption of other anionic agents such
as anticonvulsants and antibiotics. In patients with hyper-
acidity, H-2 receptor antagonists or proton pump inhibitors
may raise the duodenal pH thereby improving pancre-
atic lipolytic activity and fat absorption. Unfortunately one
clinical study has shown that water absorption but not
sodium or macronutrient absorption improves with acid
blocker therapy.84 Potentially, very long-term use of acid
blockers could promote small bowel bacterial overgrowth
and impair intestinal absorption of vitamin B12. The clin-
ical importance of these long-term effects in SBS patients
has not been assessed. Loperamide hydrochloride (Imod-
ium), prolongs intestinal (mainly colon) transit time and
may allow for better fluid, and possibly nutrient, absorp-
tion. A dose of 0.1 mg kg−1 given 2–3 times daily appears to
be well tolerated. Use of nonabsorbed oral antibiotics such
as colistin, gentamycin, neomycin, and the absorbed anti-
biotic flagyl has been proposed to reduce small bowel bact-
erial overgrowth and improve or prevent the complications
of bile salt deconjugation, bacterial translocation steator-
rhea, d-lactic acidosis, and possibly even cholelithiasis and
liver disease.85 Very little research has been done to vali-
date these suggestions. Among untested therapies, the use
of pancreatic supplements might improve fat and malab-
sorption in the hostile environment of the short intestine by
improving the immediate contact of the luminal contents
with larger amounts of lipase and proteases.86 In infants
with a depleted bile acid pool, exogenous conjugated bile
acids might improve fat malabsorption. However, most
available preparations also cause diarrhea. Recently, stud-
ies have shown that cholylsarcosine or ursodeoxycholic
acid may increase fat absorption without causing diarrhea
and may decrease the incidence of cholelithiasis by increas-
ing bile flow.87,88

Ohlbaum reported using long-acting somatostatin to
decrease the high volume ileal output of a 5-year-old child
with SBS by prolonging the intestinal transit time and
possibly by reducing the volume of pancreatic, biliary,
and intestinal secretions.89 Anti-inflammatory agents such
as sulfasalazine and even prednisone have been used in
older SBS patients who develop “short gut colitis,” a con-
dition that develops as enteral feedings are aggressively
advanced.90 This condition on biopsy appears both inflam-
matory and allergic, and the underlying cause is unknown
but may be a nonspecific response of the colon to the abnor-
mal amount of undigested material it encounters. A sul-
fasalazine dose of 25–50 mg kg−1 day−1 or prednisone dose
of 1 mg kg−1 day−1 often results in prompt resolution of col-
itis. Neutropenia has been reported as a side effect of sul-
fasalazine and the child receiving it should be monitored.

Recently there has been enthusiasm for the use of probi-
otic and prebiotic agents in the treatment of SBS. Soluble
fiber, a prebiotic, has several beneficial effects. It can be
fermented in the colon and thus may increase the total
calorie absorption through the production of short-chain
fatty acids. Through its hygroscopic properties, it may also
reduce the fluidity of the stool, improving perianal rashes
and hygiene. It probably has little impact upon total water
loss.67 Commercially available products such as CertoTM

or Sur-jelTM mix easily in enteral feedings and do not clog
pumps. Probiotic agents have not been well enough stud-
ied to recommend them for routine use in SBS. Although
some studies have shown a significant impact on diar-
rhea, presumably because of a reduction in Gram-negative
aerobic overgrowth of the small intestine, others have
not.91,92 Administration of exogenous lactobacilli has been
associated with the production of d-lactate, which causes
acidosis and encephalopathy in SBS patients.93

It is often forgotten that short bowel reduces the absorp-
tion of medications prescribed for standard childhood con-
ditions. The short gut must be considered especially when
antipyretics, anticonvulsants and antibiotics are given by
mouth. Intravenous, intrarectal, or intramuscular substi-
tutes may have to be considered if the child fails to respond
as expected.

Criteria for hospital discharge of an infant with SBS who is
partly or completely dependent on intravenous nutrition
are not clearly established. Factors that contribute to the
decision include: (1) good weight gain on the in-hospital
nutritional plan; (2) availability of adequate outpatient
pharmacy and nursing services; (3) parental motivation,
compliance, and reliability; (4) ability of the child to toler-
ate at least 6 hours without IV nutrition; (5) adequate finan-
cial resources to pay for home therapy; and (6) availability
of skilled medical follow-up for GI and general pediatric
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needs. Many parents, who have become comfortable with
the in-hospital care of their infants, are devastated by unex-
pected demands of outpatient care. Social service assis-
tance is critical both before and after discharge as the par-
ents cope directly with the care of their technologically
dependent child at home.

Surgical management

At the time of the initial surgery, the surgeon’s task is to
assess the viability of the entire bowel and to preserve
as much as possible. Distinguishing viable from nonvi-
able bowel may be difficult. The use of intra-operative
Doppler probe may aid in assessing blood flow in the major
arteries when a pulse cannot be palpated. A second look
laparotomy performed 24–48 hours after the initial emer-
gency surgery allows the surgeon to reevaluate question-
ably viable intestinal segments and perhaps save centi-
meters that might have been resected at the first laparo-
tomy. Performance of several diverting stomas along the
length of the intestine allows for the removal of isolated
segments of necrotic bowel. Reanastomosis of these seg-
ments can be performed electively later. If the viable mid-
intestinal segments are too short to create stomas, blind
segments of small bowel closed at either end may be con-
structed and left in the abdominal cavity for later reanasto-
mosis. Other surgical reports have demonstrated that sim-
ply stenting these short intestinal segments may be suffi-
cient as spontaneous anastomosis may occur.94,95

The surgeon contributes significantly to postoperative
management and prognostication by providing subse-
quent caregivers an accurate idea of the length of bowel
resected, the length of bowel remaining (generally meas-
ured along the antimesenteric border), the length of
jejunum, the length of residual ileum, the relative diam-
eters of the proximal and distal small bowel, and the pres-
ence or absence of the ileocecal valve and colon. A careful
description of the intraoperative appearance and perfusion
of the residual bowel helps alert postoperative caregivers to
the potential for the later development of strictures. A care-
ful drawing in the permanent patient record of the location
and identity of any stomas on the abdominal wall will insure
that postoperative caregivers have an accurate understand-
ing of the child’s anatomy. Inadvertent administration of
fluid and medication through the wrong stoma is avoided.

Other decisions that are part of the initial operation
include whether to place a central venous catheter and
a gastrostomy. Postoperative dysmotility of the proximal
small bowel is anticipated in infants with gastroschisis and
mega duodenum. Placement of a gastrostomy helps in

postoperative decompression of the stomach and upper
small intestine. Both of these procedures may have to be
delayed because of the unstable condition of the patient,
however, their potential necessity should be made clear to
parents.

When small bowel obstruction is present in utero, as
in gastroschisis, meconium ileus, and intestinal atresias,
there may be significant intestinal dilation proximal to the
obstruction. Motility in the dilated segments may be poor,
impeding the advancement of enteral feedings. End to end
anastomosis of the dilated proximal bowel to the distal
bowel may be difficult and functional obstruction after
attempts at anastomosis may occur. A judicious tapering of
the dilated proximal bowel may improve intestinal motil-
ity. When strictures occur postoperatively, a stricturoplasty,
in which the strictured bowel is opened longitudinally and
closed transversely, rather than simple resection of stric-
ture, can save precious centimeters of intestine.96–98

Refeeding the effluent from a proximal stoma into the
distal small bowel or colon is advocated by some surgeons
as a means of saving fluid and electrolyte and of condi-
tioning and dilating the distal unused bowel in prepara-
tion for anastomosis.99 This is a somewhat messy pro-
cedure. Furthermore, it is not clear whether contamina-
tion of the stoma fluid might occur before it is collected
and whether contamination makes the fluid harmful to the
infant. As long as stoma losses are appropriately replaced
intravenously, it is likely that 5% glucose and saline into the
distal stoma is sufficient to start the process of dilating the
distal segment in preparation for anastomosis.

Some authorities advocate prevention of proximal bowel
dilation by early delivery of the fetus. The progress of prox-
imal small bowel dilation is carefully followed by ante-
natal ultrasound. When duodenal diameter reaches 4 cen-
timeters, early delivery should be considered if the fetus is
mature enough.100,101

Surgical techniques to slow intestinal transit have for the
most part been abandoned in neonates as complicated
and ineffective. Reversed loops of small bowel, interposed
colon segments, antiperistaltic electrical pacing, myenteric
denervation, artificial valves in the small bowel to recreate
the ileocecal valve, and recirculating loops of small bowel
have been tried in an attempt to slow intestinal transit
and improve absorption. These procedures generally cause
obstructive symptoms and the improvement in absorption
is rarely great enough to be of clinical significance.98,102

Surgical techniques to increase mucosal surface area have
also generally been abandoned. In these procedures, colon,
abdominal wall muscle or prosthetic materials are fitted
over a longitudinal small bowel enterotomy providing sur-
face area over which regenerating mucosa can grow. The
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additional mucosal surface generated by these procedures
is probably not of clinical significance.

Bowel lengthening procedures carry some therapeu-
tic potential in neonatal short bowel syndrome. Bianchi
designed the most commonly performed operation in
which dilated bowel is divided longitudinally and the blood
vessels of the two leaves of the mesentery are separated so
that each segment has its own arterial supply. In this fash-
ion, two separate intestinal tubes with half the diameter of
the original are created and then anastomosed end to end
in a pro peristaltic direction. Although the operation is a
delicate one with complications such as bowel death, per-
foration, stricture and dysmotility, there have been excel-
lent results in experienced hands. Generally, this operation
is reserved for older infants who are no longer making any
progress in their enteral feedings and who appear to be tied
to IV nutrition indefinitely. The diameter of the bowel must
be about 3–4 centimeters in order to create a reasonable
diameter in the newly created segments.103,104

Small bowel transplantation is a final option for infants
and children with massive small bowel resection or con-
genital short bowel syndrome. Every effort should be made
treat the child medically in the hope that long-term adap-
tation will occur and the child will be free of intravenous
alimentation and free of the chronic immunosuppression
required after a small bowel transplant. In children with SBS
and chronic liver disease, intestinal and liver transplant
may be the only life-saving option. There is speculation
and some experience to justify the idea that earlier intesti-
nal transplant may halt the progression of liver disease in
some SBS patients. A discussion of intestinal transplanta-
tion is beyond the scope of this chapter. Several excellent
recent reviews of this topic are available.105–110

The onerous yet critical decision to withhold heroic sur-
gical treatment may fall to the surgeon who takes the
neonate to the operating room for the first exploratory
laparotomy. Even in this emergency situation, honest pre-
operative consultation with the family and intraoperative
consultation with the neonatologist is crucial for decision-
making. A working knowledge of the established correlates
of early and late mortality in SBS will assist in decision-
making.

Complications and outcome

Wilmore published the first systematic assessment of
the outcome of neonatal short bowel syndrome in 1972,
before intravenous nutrition was commonly employed in
neonates.111 In this report of 50 infants with less than 75 cm
of residual small bowel, mortality was 100% in those with

less than 15 cm. Mortality was also 100% in patients with
less than 40 cm of remaining bowel if the ileocecal valve was
resected. Mortality was 50% in patients with 15–38 cm of
small bowel and an intact ileocecal valve. Only 18 of the 34
surviving patients had normal weight and height at long-
term assessment. This study identified the ileocecal valve
as being a critical determinant of survival in neonates with
marginal length of remaining bowel (15–40 cm).

Most studies from the 1980s report 78–86% survival rate
for neonates with resections of more than 50% of the
small bowel.2,4,7,112 In these reports, the ileocecal valve has
not been generally found so critical to survival, probably
because the routine use of IVN allows for adequate caloric
intake and effective replacement of fluid and electrolyte
losses. Most studies from the 1990s have reported simi-
lar 85–90% survival rates, suggesting that some limit has
been reached for survival.3,5,6,8,113 Although the absolute
length of small bowel needed for survival has decreased
since Wilmore’s report, most recent reports suggest that a
residual small bowel length less than 10 cm is incompat-
ible with life. Although ultra-short bowel patients can be
resuscitated and maintained briefly on IVN, the severity of
their perioperative complications and the rapid onset of
life-threatening liver disease almost always prevent long-
term survival.114 Since the routine use of IVN, the survival of
neonates with SBS has improved from about 50% to about
85%. The mode of death has changed from inanition and
surgical complications to the side effects of therapy – most
commonly sepsis and liver failure.

Mortality as a measure of outcome may not be as impor-
tant as the ability of the patient to achieve independence
from IV nutrition. Several recent studies have evaluated
the determinants of this endpoint with variable conclu-
sions. All agree that the most important determinant of
nutritional independence from IVN is the length of resid-
ual bowel. Sondheimer and colleagues, in a study of 44
neonates with SBS, found that two variables predicted
whether a neonate would eventually develop intestinal suf-
ficiency – the length of remaining intestine and the percent
of total calories that were tolerated enterally at the adjusted
age of 3 months.8 A statistical model was created using
intestinal length and percent daily calories given enter-
ally at 3 months that can be used to roughly estimate the
chances of independence from IV nutrition (Figure 34.2).
Andorsky and colleagues found that the only indepen-
dent predictor of duration of IVN dependence was resid-
ual intestinal length.115 Other variables associated with
reduced duration of IVN dependence were the use of either
breast milk or an amino acid-based formula, and percent of
daily calorie requirements taken enterally by 6 weeks post-
operatively. Kaufman and colleagues also found that the
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Figure 34.2. Plots derived from the Cox Proportional Hazard

equation for three hypothetical patients with short bowel, all of

whom receive 25% of their daily energy intake by the enteral route

at 12 weeks adjusted age. Residual bowel lengths after initial

surgery in these three patients are 25 cm, 75 cm and 120 cm. The

range of potential dependence on parenteral nutrition in months

can be estimated and the fiftieth percentile identified on the

survivor function estimate on the vertical axis. Reproduced with

permission.8

Table 34.2. Late complications of neonatal short bowel

syndrome

Central venous catheter related

Sepsis

Thrombosis

Mechanical obstruction

Nutritional

Vitamin

Mineral

Caloric

Hepato-biliary

Cholestasis

Cholelithiasis

Liver failure

Metabolic

d-lactic acidosis117

Osteopenia/osteoporosis

Aluminum toxicity

Renal

Oxalate stones

Nephrotoxicity of drugs

Gastrointestinal

Stricture

Anastomotic ulcer with GI bleeding 118

Short bowel colitis

Gastrointestinal allergy

Hypergastrinemia and peptic ulcer

Behavioral

Food refusal behavior

Prolonged dependency

Family emotional stress

length of remaining small bowel was the most important
determinant of duration of IVN dependence.116 However,
they also found that intestinal inflammation, which they
felt was secondary to bacterial overgrowth, was associated
with longer IVN dependence. None of these three retro-
spective studies found that the presence of the ileo-cecal
valve was an independent determinant of independence
from IVN.

Even when nutritional management has been optimal,
the child with neonatal SBS is at risk for many long-term
complications. The complications come from three major
sources – complications of associated genetic disorders,
complications of the original intestinal crisis and its sur-
gical therapy, and complications of therapy. A list of long-
term complications is shown in Table 34.2.

The complication with the most impact on morbidity
and mortality is cholestatic liver disease. A complete dis-
cussion of this very complex problem is beyond the scope
of this chapter and the reader is referred to several recent
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reviews.119,120 The incidence of cholestasis and liver failure
in pediatric and adult patients on long-term IV nutrition
who have not experienced intestinal resection is very low.
The reasons for the high incidence of this complication in
the neonate with SBS have not been determined. It is clear
however, that the commonly used term “TPN cholestasis”
is incomplete if not inaccurate. Other factors beside the use
of intravenous nutrition play a critical part.

Most series report that direct hyperbilirubinemia occurs
in about 67% of infants with neonatal short bowel syn-
drome. In the majority, the cholestasis occurs early in
the nursery course and resolves spontaneously. However,
about 10%–20% of short bowel patients, while still in the
nursery, develop cholestatic jaundice, which progresses
slowly and inexorably to liver failure. Predicting which
patient will develop this life-threatening complication of
SBS and IVN is not possible. Liver failure is associated
with very short bowel, early bacterial infections, and, in
some series, with the absence of the ileocecal valve and
with intestinal dysmotility. Careful attention to reducing
infections in the nursery, treating bacterial overgrowth vig-
orously, and promoting bowel motility are important.121

Some investigators have found that increasing bile flow
with intravenous cholecystokinin or oral choleretic bile
acids reduces the severity of cholestasis.122,123 It has been
proposed that the intravenous amino acids, because they
require active transport into the hepatocytes, may pro-
mote cholestasis by overwhelming the transport capacity
of the cell. Others have proposed that photodegradation
products of amino acids themselves are directly hepato-
toxic. One intriguing study found that avoiding IV amino
acids altogether, and giving all protein intake enterally was
associated with normal nitrogen balance and a reduced
incidence of cholestasis.124 In many nurseries it is routine to
“cycle” the amount of protein in the intravenous nutrition,
giving 1 g kg−1day−1 on one day and 2 or 3 g kg−1day−1 the
next in an attempt to avoid the continuous use of high con-
centrations of amino acids. There is no proof that this prac-
tice prevents cholestasis. Because of the perceived associ-
ation between cholestasis and dysmotility, it is thought that
small bowel bacterial overgrowth promotes liver disease by
permitting the production and absorption of lipopolysac-
charide enterotoxins into the portal circulation. There is
some experimental support for this hypothesis.125 The use
of nonabsorbable antibiotics and probiotics may reduce
bacterial overgrowth, but it has been impossible in these
complex children to isolate the impact of this therapy on
cholestasis. Enteral feedings stimulate bile flow and may
improve the chances of avoiding cholestasis. Most retro-
spective reviews suggest that if cholestasis has not resolved
by the age of 6–8 months, it is likely to progress to liver

failure. Other factors promoting cholestasis in neonatal SBS
include reduced antioxidant capacity of the infant liver and
the toxic effects of medications.

Other long-term complications of patients with neona-
tal short bowel syndrome are listed in Table 34.2 and are
discussed in the text. Infants with neonatal SBS require
labor-intensive care during the perioperative period and
meticulous outpatient management, sometimes for years.
However, most are capable of eventually sustaining them-
selves by enteral feedings alone. Long-term morbidity and
mortality depend on recognition of and prevention of com-
plications. Nutritional status must be closely monitored
for years after hospital discharge, inasmuch as deficien-
cies may occur insidiously. Height, weight, BMI, velocity
of height, and weight gain must all be carefully assessed
at regular intervals. A child whose growth has been satis-
factory for years may experience a temporary deceleration
of weight and height gain during adolescence when the
absorption of nutrients may simply not be adequate for
the increased demands of the pubertal growth spurt. A brief
return to intravenous nutrition may sometimes be required
to successfully complete the pubertal growth period. Reg-
ular biochemical monitoring for vitamin and mineral defi-
ciency or excess are required. Long-term IV nutrition has
been associated with aluminum toxicity and manganese
deposition in the central nervous system even when these
minerals are not added to the intravenous fluids. The pos-
sible development of d-lactic acidosis must be kept in
mind as the child’s diet begins to include more complex
starches.

Improving the outcome of neonatal SBS will involve tri-
als of new therapies to promote adaptation. A better under-
standing of the sources of cholestasis and its prevention in
these patients is also critical to improved survival.
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Acute respiratory failure

John E. E. Van Aerde and Michael Narvey

Stollery Children’s Hospital, Edmonton, Alberta Canada

Feeding a patient with respiratory failure is more compli-
cated in a neonatal than in an adult intensive care setting.
For adults the goal is to maintain an acceptable energy
balance without imposing extra metabolic and respiratory
stress on the organism. In newborn infants, the caloric cost
for growth has to be added to the energy balance which
means that additional respiratory demands will be imposed
on the neonate, because the growth process itself produces
carbon dioxide and consumes oxygen.

Nutritional status affects the respiratory system directly
by providing energy for the respiratory muscles and devel-
opment of lung structure and function; indirectly, the level
of energy intake (EI) and the dietary macronutrient com-
position modify the metabolic demands and affect the res-
piratory system by modifying central ventilatory drive and
the respiratory gaseous exchange.

This chapter describes the effect of nutrition on the
development and function of the respiratory system in
newborns. The first portion describes the interactions
between nutrition and structural, biochemical, and func-
tional changes in the lung. The second part addresses
metabolic needs of infants with acute respiratory distress
and describes the effects of EI and/or diet composition on
respiratory gas exchange and energy metabolism in intra-
venously fed neonates.

Nutrition, metabolism, and the
respiratory system

Lung development and morphology

The preterm infant with a birth weight of 1000 g has an
expendable nonprotein energy reserve of less than 200 kcal,

with 1%–2% of the body weight as fat and less than 1% as
glycogen. Because accretion of expendable energy stores
occurs in late gestation, energy and protein reserves in the
preterm infant quickly deplete after short periods of insuf-
ficient nutritional intake. Critical illness and severe res-
piratory distress increase the infant’s protein and energy
demands.

Interference with somatic growth may affect lung struc-
ture, as lung size, alveolar number, and alveolar surface area
are stature-dependent. A 50% reduction in energy intake in
newborn rats during the first 21 days of life, results in lower
lung weight than in the control group. There seems to be a
permanent reduction in the number of lung cells during
subsequent developmental stages.1,2 When food restric-
tion of equal duration is imposed later in the course of
lung development, there is less of an effect on lung growth.
Whereas early malnutrition impedes cell division with no
recovery when feeding is re-instituted, malnutrition at a
later stage of growth results in a reduction of cell size rather
than absolute cell number allowing recovery when refeed-
ing occurs.2 In adult rats receiving 20%–33% of the control
EI for periods of 1–6 weeks, the alveolar diameter increases,
with a decrease in alveolar surface area and dissolution of
connective tissue elements from within alveolar septa,3,4

resulting in morphological lung changes similar to those
seen in emphysema. The reduced alveolar surface area is
further accompanied by limited in vivo pulmonary dif-
fusing capacity.5 In the starved human, emphysematous
lesions have also been found in all age groups from child-
hood to geriatrics.6

In the newborn guinea pig, a 50% reduction in EI in the
prenatal and weanling period results in reduced lung tis-
sue volumes, reduced alveolar and capillary surface areas,
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and diminished pulmonary diffusion capacity. As guinea
pigs have more mature lungs than other rodents at birth,
the postnatal lung is more resistant to alveolar hypopla-
sia than the prenatal lung. This is confirmed by complete
recovery when the starved weanlings are re-fed, whereas
animals starved prenatally show residual starvation effects
as adult animals, demonstrating reduced tissue volumes,
reduced alveolar and capillary surface areas, and dimin-
ished pulmonary diffusing capacity.7 The development of
lungs of prenatally starved guinea pigs is arrested in the
saccular phase. Furthermore, the newborn guinea pig is
born with considerable adipose tissue reserves, and pul-
monary growth retardation seems minimized during star-
vation; lung growth might be protected by these energy
reserves. In infants with a gestational age <27 weeks, alveo-
larization has not occurred yet and energy reserves are min-
imal; alveolar development might therefore be delayed in
preterm infants when fed inappropriately, as suggested by
one report of an infant with bronchopulmonary dysplasia.8

Even short-term starvation or malnutrition (50% of
energy of control group given as glucose for 60 hours) leads
to failure of lung growth in terms of weight, protein content,
and cell size in 21-day-old rats.9

Changes in connective tissue composition of the lung
are also known to occur during malnutrition. In adult rats
receiving one fifth of the calories of control animals, body
and lung weight as well as lung content of crude con-
nective tissue, elastin, hydroxyproline, and protein drop
significantly.10 After refeeding, elastin and protein con-
tent do not return to control values, indicating that the
emphysema-like changes in the lungs of malnourished rats
are at least partly related to the loss of connective tissue ele-
ments. The diet-induced loss of elastic recoil forces persists
and resembles mechanical and morphological changes
of experimental, elastase-induced emphysema.3,4 Besides
energy deprivation, protein deficiency also seems to be
a major dietary factor contributing to nutrition-induced
emphysema in rats.11,12

In summary, food restriction during early life impacts on
lung growth, alveolar development and various connective
tissue components. In rats, the severity and reversibility
of the changes appear to depend on the stage of the lung
growth during which food deprivation occurs. These are
interesting findings in view of the fact that undernutrition
early on in life has been mentioned to be a major con-
tributing factor in the pathogenesis of bronchopulmonary
dysplasia (BPD).13

Nutrition and surfactant synthesis

Phosphatidylcholine (PC), particularly desaturated phos-
phatidylcholine (DSPC) and phosphatidylglycerol (PG), are

the main phospholipids of lung surfactant.14 Food depri-
vation in adult rats for 2–3 days results in a decrease of
total phospholipids and PC in total lung tissue expressed
per DNA content,15 but the ratio of saturated over unsat-
urated fatty acids in PC is maintained.16 In adult rats,
reduced surfactant synthesis and diminished release
into the alveoli seems to occur after short-term food
deprivation.9,17 Brown et al. confirmed that fasting or calo-
rie deprivation for 24–72 hours in adult rats results in dimin-
ished pools of total phospholipids, PC, DSPC, and PG in
the intracellular fractions of the lung, however after 96
hours of complete fasting or 192 hours of calorie depri-
vation, the pool sizes return to control levels.18 The activity
of choline-phosphate cytidylyl transferase, the main regu-
latory enzyme in the synthesis of PC, increases markedly
with the duration of fasting with maximum activity after
72 hours.18,19 Sahebjami and Macgee10 studied effects of
more prolonged partial food deprivation on lung surfac-
tant. Adult rats receiving one fifth of their normal meas-
ured daily food consumption for 3 weeks show a signifi-
cant reduction in DSPC content both in lung tissue and
lavage fluid compared with the age-matched control-fed
group. After 7–10 days of refeeding, the DSPC content of
both tissue and lavage fluid returns to normal.10

Gail et al. have shown that alveolar stability is maintained
despite decreased surfactant phospholipids, probably by
maintaining the ratio of saturated to unsaturated phos-
phatidylcholine in the extracellular surfactant fraction.16

Whereas the status of pulmonary surfactant appears to be
sufficient in the energy-deprived animal, it remains spec-
ulative whether the same is true for the infant with respira-
tory distress syndrome, who often has a surfactant deficient
lung.

It is interesting to speculate whether diet composition,
without energy deprivation, can also alter the quality of sur-
factant. Feeding a diet deficient in essential fatty acids to
weanling rats for 12–14 weeks does not change the content
of total PC in lung tissue and lavage material, but the con-
tent of DSPC is reduced significantly.20,21 Within 24 hours
of refeeding essential fatty acids, the return towards control
fatty acid composition is evident and gradually completed
in 7–14 days. Several recent studies have attempted to mod-
ify the saturation of lung phospholipids through dietary
long-chain polyunsaturated fatty acids (LCPUFA).22–25 The
LCPUFA content of the lung tissue phospholipids increases
when the diets provided to rats are supplemented with
arachidonic acid (ARA) and docosahexaenoic acid (DHA).
Given the recent interest in ARA and DHA with respect to
the development of the brain and retina, it is important
to determine if such modification would have a deleteri-
ous effect on surfactant composition. Recently, lung tissue
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and surfactant phospholipid composition were studied in
newborn rat pups supplemented with DHA and ARA.26 As
found in the previous studies, the ratio of unsaturated to
saturated fatty acids in lung tissue phospholipids increased
but the ratio within surfactant resisted such change. Oxida-
tive stress in piglets fed diets high in linoleic acid (61% of fat)
or fish oil (38% of fat) is less well tolerated than in animals
receiving a saturated fatty acid diet. In the groups receiv-
ing the unsaturated fatty acids the lungs demonstrated
greater wet:dry weight, pulmonary edema, and vascular
congestion.27 The results may be explained by the change
in unsaturated : saturated phosphatidylcholine observed in
surfactant obtained from the piglets, suggesting an alter-
ation of surfactant function as a possible explanation.
Despite the fact that the dietary study LCPUFA level was
abnormally high as compared with what is present in infant
nutrition, it would be prudent to further study the effect of
adding LCPUFA to intravenous lipid emulsions on the lung
function of the ill neonate.

Finally, choline and inositol have been considered to
have potential nutritional value for surfactant synthesis.
After birth, neither glycogen nor exogenous choline seems
to have a regulatory influence on lung lipid synthesis, but
glucose continues to be an important precursor. As in
energy deprivation, the surfactant PC pool size in lungs
shows very little change with established choline defi-
ciency, and the maximal choline incorporation into PC
is unchanged by dietary choline deficiency.28 Prior to the
introduction of surfactant it seemed that there might be
a place for inositol. Inositol administered by the intragas-
tric or intravenous route had been shown to decrease the
severity of respiratory distress syndrome (RDS),29 probably
secondary to an increased ratio of saturated phosphatidyl-
choline to sphingomyelin.30 However, when inositol sup-
plementation was studied in a group receiving surfactant as
well, no additional benefit could be demonstrated. While
originally promising, inositol does not likely have a role
in neonatal lung function now that surfactant is widely
available.31

In summary, even for short periods, food and calorie
deprivation alters surfactant metabolism, leading to inad-
equate tissue stores and intra-alveolar levels; the quality of
the surfactant on the alveolar surface is not altered con-
siderably. It appears that the lung is capable of shifting
its metabolic activity during short-term food deprivation
toward maintaining essential lipid components in order to
preserve the stability of lung mechanics.32 Although the
surfactant phospholipid production by the type II cells of
the lungs eventually returns to normal, the initial marked
reduction in surfactant production during experimental
malnutrition might be important during the first few days

of life in the ELBW and VLBW infant who is in a catabolic
state. Conflicting animal data exist with regards to the effect
of LCPUFA supplementation on surfactant composition.

Lung defense mechanisms

Nutritional interventions affect lung defense mechanisms
and hence may reduce oxygen toxicity, barotrauma, and
lung infection. The lung’s repair capability, adaptive capa-
city and defense mechanisms might be compromised
unless early nutritional support is instituted. The ultimate
consequence of these damaging factors is the development
of BPD which is beyond the scope of this chapter.

Nutrition and respiratory muscles

Nutritional studies in animals and human adults suggest
that energy utilization and protein synthesis in viscera
during undernutrition are maintained by degradation of
skeletal muscle protein.33 Despite their continuous use,
the respiratory muscles are not spared from atrophy dur-
ing nutritional deprivation. Two to three days of starva-
tion cause the rate of protein synthesis in isolated rat
diaphragm strips to fall by half and to more than double
the rate of protein degradation.34,35 In adults, undernu-
trition is associated with diaphragmatic muscle atrophy
and a decrease in muscle force output.36–38 The minor-
ity of the preterm diaphragmatic muscle fibers are of the
fast-oxidative fatigue-resistant type,39 indicating that the
ventilatory muscles of the newborn infant are very sus-
ceptible to fatigue, particularly if there is superimposed
lung disease.40 There is controversy in this area, partic-
ularly as other investigators have found a high oxidative
capacity and, in contrast to the findings of Keens et al.,39

they found fatigue resistance in newborn monkeys41,42 and
piglets.43 Because of the highly compliant rib cage, a sub-
stantial fraction of the force of the diaphragm is dissipated
in distorting the rib cage rather than affecting gas volume
exchange. Tachypnea is characteristic of lung disease in
infancy, and the faster the repetition rate of muscle contrac-
tion, the shorter the time of its endurance. As in other skele-
tal muscles,44 when the available chemical energy becomes
limited, force generation will fail. The ability to sustain
contractions has been found to depend on intramuscu-
lar glycogen stores.45,46 Diaphragmatic glycogen depletion
resulting in loss of force has been demonstrated.47 It is inter-
esting that the diaphragm at birth is rich in glycogen,48

but it is unknown for how long these reserves are suffi-
cient to cover the respiratory needs of the newborn infant.
Apnea of prematurity has at least in part been attributed to
respiratory muscle fatigue. Apart from the increased work
of breathing due to the high chest wall compliance and
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paucity of high oxidative type fibers in the diaphragm of the
preterm infant,40 relative substrate deficiency has also been
hypothesized to play a role.49,50 A reduction in frequency
of apneas has been observed in preterm infants receiv-
ing amino acids and glucose intravenously compared with
those receiving only glucose.51 This might have resulted
from either the higher EI or an increase in ventilatory drive
caused by amino acids, as is discussed in the next section.

Nutrition, metabolism, and ventilatory drive

Nutrition can affect the ventilatory drive directly by stim-
ulating the central nervous ventilatory stimuli, and indi-
rectly by modifying metabolism, and consequently the
metabolic rate and respiratory gaseous exchange. In adults
and infants, cardiac output and heart rate closely parallel
changes in oxygen consumption,52,53 while carbon dioxide
production affects minute ventilation.53 When adults are
weaning from mandatory ventilation, the ability to breathe
spontaneously is dependent on an appropriate level of EI;54

in contrast, overfeeding might result in hypercapnea in the
patient with borderline lung function.53 In the latter situ-
ation, the ventilatory response to carbon dioxide may be
diminished, either secondary to decreased chemosensi-
tivity or because changes in ventilatory mechanics limit
the response.53 It may well be that the same rules apply
to the preterm infant. On the one hand, the intensivist
has the difficult task of minimizing the oxygen demands
and the carbon dioxide burden in patients with borderline
lung function; on the other hand, enough energy has to be
provided to allow weaning from the ventilator. In newborn
infants, there is the additional necessity of giving sufficient
energy to allow structural lung maturation and growth of
the body. This brittle balance might be particularly difficult
to achieve in the very small premature infant.

A high carbohydrate load seems to increase minute
ventilation by increasing carbon dioxide production in
adults.55–58 A similar correlation between glucose intake
and carbon dioxide production has been reported in new-
born infants receiving fat-free intravenous nutrition.59–63

In adults, increasing protein intakes have been associated
with increased oxygen consumption and ventilatory drive.
A recent study in neonates, however, demonstrated that
oxygen consumption and carbon dioxide production were
correlated with EI but not with protein intake.64

The rise in carbon dioxide production may cause an
increase in ventilation requirements. Wahlig et al.65 found
that as an infant’s level of respiratory illness becomes more
severe the oxygen consumption increases as well. One may
thus extrapolate that infants with greater degrees of res-
piratory illness require a higher EI to prevent catabolism.

Without the ability of the chest wall and lung system to ad-
equately respond, increasing the ventilatory drive in infants
with limited lung function might cause problems. In those
infants who cannot respond adequately, this may precipi-
tate respiratory failure; in the infants who do respond, the
increase in workload may lead to an excessively high level of
work of breathing and induce respiratory muscle fatigue. In
infants with BPD, energy expenditure increases by 0.7 kcal
kg−1 day−1 per breath.66 Clearly, one is dealing with a diffi-
cult dilemma: on one hand EI has to be sufficient to main-
tain bodily functions and support adequate growth; on the
other hand, too much EI and unbalanced dietary compo-
sition might induce or accelerate respiratory failure in the
infant with borderline lung function.

Acute respiratory disease and total
parenteral nutrition

The majority of infants with acute respiratory distress can-
not be fed enterally initially and, therefore, total parenteral
nutrition (TPN) will be the main focus of this section.
Many VLBW infants with birth weight under 1000 g are
in a catabolic state during the most acute phase of their
respiratory illness.13,67 Although their energy stores are
limited, providing too much energy might overload the
already compromised lung function, while providing too
little energy will lead to the development of a catabolic
state.

Energy

Total parenteral nutrition is the main source of nutrition
during the first week of life in 80% of the infants weighing
less than 1000 g.68 In the last decade, a shift to more aggres-
sive introduction of parenteral and enteral nutrition during
the first 24 hours of life has taken place.69

A caloric intake of 60 kcal kg−1 day−1 should provide
enough energy to account for the resting metabolic state
of the infant as well as to compensate for energy losses
through temperature regulation and physical activity.69 As
enteral nutrition does not contribute significantly to EI in
this population in the first few days of life, caloric losses
through the gastrointestinal tract are insignificant. Caloric
expenditure may be minimized in this population of venti-
lated newborns by maintaining a thermoneutral environ-
ment and providing adequate sedation and analgesia.

Energy expenditure (EE) in the first few days of life in
ventilated ELBW and VLBW infants has been the subject of
several recent studies.64,70,71 More recent estimates of 40–
50 kcal kg−1 day−1 to prevent catabolism are slightly lower
than previous estimates of 60 kcal kg−1 day−1. In ventilated
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Figure 35.1. Energy expenditure increases by 30% for each

additional kilocalorie of non-protein energy intake.64

newborns there is a strong correlation between EI and EE,
but not with severity of illness (Figure 35.1).64 Furthermore,
in healthy, spontaneously breathing term infants, a corre-
lation between EI and oxygen consumption and carbon
dioxide production has been seen.72

The increase in EE cannot be necessarily accounted
for by increased work of breathing to eliminate the
increased carbon dioxide. Reduced EE in sick ventilated
neonates as compared with nonventilated controls has
been demonstrated.70 Similarly no increase in EE following
PDA ligation was found in a group of ventilated newborns.71

These results are biologically plausible if one considers
that any potential increase in EE by work of breathing is
compensated for by increased support from the ventila-
tors. Therefore, while these neonates might consume more
energy if spontaneously breathing, ventilator support may
offset this potential cost.

One must be cautious when interpreting results from
EE studies. Errors may be derived from the use of indi-
rect calorimetry to estimate energy requirements in intu-
bated newborns. High oxygen concentrations and small
variations in the flow by leaks around the endotracheal
tube translate into large errors in the final result which
may explain some of the variation seen across studies.
Furthermore, while the estimated and measured EEs for
a group may be similar, individual comparisons may be
quite discordant.73

In summary, safe estimates of energy maintenance
requirements are in the range of 60–70 kcal kg−1 day−1.
Growth will not be accomplished at this level of intake.

Protein and amino acids

The initial goal is not to attain weight gain but to provide
adequate calories and nitrogen to prevent catabolism and
promote positive nitrogen balance. It has been generally
accepted that the provision of 60 kcal kg−1 day−1 and 2–
2.5 g kg−1 day−1 of amino acids results in a positive nitro-
gen balance.74,75 However, two recent studies suggest an
amino acid intake as low as 1–1.5 g kg−1 day−1 may be suf-
ficient to maintain positive nitrogen balance and prevent
catabolism.76,77 In the study by Thureen and coworkers,
only 1/19 infants with a minimal intake of 1 g kg−1 day−1

of amino acids was found to be catabolic at the above EI.
However, a group of infants receiving 3 g kg−1 day−1 of pro-
tein was safe and efficacious, causing 50% of the protein to
be retained.

What does seem to be consistent is that nitrogen reten-
tion is dependent on total energy supply rather than the
amounts of fat or glucose provided.76,78 Despite previous
findings in which 50 kcal kg−1 day−1 provided as glucose,
led to an excretion of nitrogen at a rate of approximately
130 mg kg−1 day−1,74 current evidence suggests that ven-
tilated newborns may achieve positive nitrogen balance at
intakes below 60 kcal kg−1 day−1.77,79 It is important to note
however that this does not imply that intakes below 60 kcal
kg−1 day−1 can achieve weight and length gain.

For those infants requiring parenteral nutrition for longer
periods of time, the second goal, weight gain, must be
achieved. Energy intakes above 70 kcal kg−1 day−1 (inclu-
ding 2.7–3.5 g of protein kg−1 day−1) result in nitrogen
accretion rates similar to in utero values,80 indicating that
basal and muscular activity caloric needs have been met.
The combined effect of energy and nitrogen intake seems
to be such that, at any level of EI, increasing nitrogen
intake increases nitrogen retention; similarly, at any level
of nitrogen intake, increasing EI up to 120 kcal kg−1 day−1

increases nitrogen retention. Metabolic acidosis as a result
of a large range of protein intake is no longer seen in
preterm infants.76,81 Serum levels of amino acids did not
increase at intakes of 1–1.5 g kg−1 day−1, suggesting intact
capabilities to utilize amino acids.77 The ideal amino acid
composition of the intravenous solutions is still being
investigated.

There is some controversy to what extent increasing
intake of amino acids contributes to rise in EE. In the
preterm neonate, Weinstein et al.82 have demonstrated that
a moderate amount of intravenous amino acids (2 g kg−1

day−1) does not affect EE compared with when glucose is
given alone. In contrast, in adults, intravenous amino acids
cause a rise in both oxygen consumption and EE, which is
related to an increase in respiratory drive and circulating
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norepinephrine.83 In preterm infants, there is also evidence
of increasing EE with rising protein gain.84,85

Plasma levels or supplementation of specific amino acids
in infants with respiratory disease have also been stud-
ied. Nitric oxide has become an established treatment for
the term newborn with pulmonary hypertension and is
derived endogenously from arginine. Studies in newborns
have demonstrated a reduction in serum arginine levels
in infants with persistent pulmonary hypertension of the
newborn,86,87 but have not shown a correlation between
arginine levels and response to inhaled nitric oxide.86 While
there are no controlled trials using arginine as a nutri-
tional supplement for persistent pulmonary hyperten-
sion (PPHN), McCaffrey88 and colleagues have described
a series of five patients treated with L-arginine. Their find-
ings included increased oxygenation and a reduction in the
oxygenation index of 33%–50% in four of five infants over a
5-hour trial. While the evidence is not conclusive for a res-
piratory benefit, preliminary evidence has shown reduced
arginine levels in neonates with established necrotizing
enterocolitis (NEC)89,90 and a potential therapeutic role for
arginine in reducing the incidence of NEC.91 There may be
an additional benefit by cosupplementation of inhaled NO
with arginine to increase endogenous NO production but
further trials are needed.

Cysteine, another amino acid used as a supplement in
TPN, is the rate-limiting precursor for glutathione pro-
duction, an antioxidant. Neonates in a hyperoxic envi-
ronment produce greater amounts of oxygen-free radicals.
Reduced cysteine levels have been demonstrated in a group
of neonates with PPHN, which recovered after resolution
of the pulmonary disease.92 The reduced levels were pre-
sumably secondary to consumption of cysteine through
increased conversion to glutathione. Further studies on the
effect of cysteine on pulmonary morbidity need to be per-
formed before widespread use can be recommended.

Glucose

Glucose is the main energy source in total parenteral nutri-
tion. When giving human milk the glucose intake of the
newborn infant is around 1.75 g kg−1 day−1 during the first
2 days, increasing to 2.75 g kg−1 day−1 on days 3 and 4,
and to 6.3 g kg−1 day−1 1 week after birth.93 It has been
demonstrated that low EI provided by glucose (38 kcal kg−1

day−1) results in diminished activity of the sympathetic
nervous system.82 Increasing glucose intake from 38 to 64
kcal kg−1 day−1 induces a rise in EE, which is related to
a surge in catecholamines. This indicates that the sympa-
thetic nervous system in the preterm infant responds to
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Figure 35.2. Energy expenditure increases with increasing energy

intake for the glucose/amino acid group by 0.31 kcal per kcal

administered. No effect can be demonstrated in the glucose group

with energy intakes below maintenance energy requirements.63

varying levels of EI similarly to adults. We have investigated
energy metabolism and respiratory gaseous exchange in
full-term nonventilated infants receiving fat-free intra-
venous nutrition.61,63 Twelve infants (group 1) received glu-
cose between 3.5 and 10 g kg−1 day−1 (2.4 to 7.0 mg kg−1

min−1), equivalent to an EI ranging from 13.1 to 37.5 kcal
kg−1 day−1. Twenty-six infants (group 2) received increas-
ing amounts of a glucose/amino acid solution totalling
between 10.9 and 24.1 g kg−1 day−1 for glucose, 2.06 to 3.90 g
kg−1 day−1 for amino acids, and 51 to 105 kcal kg−1 day−1

for EI. There was no increase in EE with increasing glucose
intake in group 1. For group 2, diet-induced-thermogenesis
caused by the glucose-amino acid infusion resulted in an
increment in resting EE of 0.31 kcal per extra kilocalorie
supplied (Figure 35.2).

The major portion of this rise was due to increasing lipo-
genesis from glucose with increasing glucose intake.60,63

Increasing EI using fat-free parenteral nutrition has also
been shown to increase carbon dioxide production, EE
and oxygen consumption.60,63 Whereas increasing EI by
increasing IV glucose results in a rise in EE and respiratory
gas exchange, increasing an isonitrogenous caloric intake
from 60 kcal kg−1 day−1 as glucose only to 85 kcal kg−1 day−1

by adding 2 g kg−1 day−1 of IV lipid does not result in an
increase in metabolic rate, oxygen consumption, or carbon
dioxide production.94

In adults, high glucose loads increase resting EE56,95,96

and can induce temperature instability.97 High glucose
loads have also been demonstrated to increase car-
bon dioxide production, 56,98–101 resulting in a higher
minute ventilation.56,97,101–103 This can exacerbate respira-
tory failure in the patient on ventilatory support and with
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Figure 35.3. Effect of glucose intake on nonprotein respiratory

gas exchange in full-term infants receiving fat-free intravenous

nutrition. Nonprotein carbon dioxide production (npVCO2,

closed circles), rose 0.225 ml kg−1 min−1 for each additional gram

of glucose administered and nonprotein oxygen consumption

(npVO2, open circles) rose 0.125 ml kg−1 min−1 in 26 full-term

infants receiving a fat-free diet of glucose and amino acids

(glucose/AA). Nonprotein respiratory quotient = 1.0 at a glucose

intake of approximately 18 g kg−1 day−1. Below an energy intake

sufficient to cover maintenance energy requirements (triangles),

there was no effect of glucose intake on respiratory gas

exchange.63

borderline lung function.56,57,104 We did not demonstrate
a rise in carbon dioxide production or oxygen consump-
tion below glucose intakes equivalent to 40 kcal kg−1 day−1

in full-term infants on fat-free parenteral nutrition (Fig-
ure 35.3). Nonprotein carbon dioxide production almost
doubled from 4.7 to 7.9 mL kg−1 min−1 when the glu-
cose intake increased from 10 to 24 g kg−1 day−1 (Figure
35.3). Nonprotein oxygen consumption increased slower
and equaled nonprotein carbon dioxide production at a
glucose intake of approximately 18 g kg−1 day−1.61,63 This is
similar to findings in preterm infants on fat-free parenteral
nutrition.59 The difference between the slopes of nonpro-
tein carbon dioxide production and nonprotein oxygen
consumption in Figure 35.3 is the result of increasing lipo-
genesis with increasing glucose intake, as confirmed by
Sauer et al.60 Lipogenesis from glucose produces more car-
bon dioxide than it consumes oxygen105 and will cause an
increase in EE, because up to 24% of the glucose energy
is required to cover the energy requirements for fatty acid
synthesis from glucose.106 This accounts at least partially
for the rise in metabolic rate from 43 to 60 kcal kg−1 day−1

(group 2; glu/aa) observed in Figure 35.2.
A large carbohydrate load given to healthy adults

increases carbon dioxide production by 43% and oxygen

consumption by 13%, which results in a 47% increase
in alveolar ventilation.103 In adults with airway disease
without carbon dioxide retention, a large oral carbohydrate
load causes an increase in minute ventilation from 10.3 to
12.8 L min−1.102 Assuming that the basic caloric require-
ment for a full-term 3-kg neonate is equal to the aver-
age hepatic endogenous glucose production of 6 mg kg−1

min−1 107,108 and assuming that the respiratory frequency
averages 40 breaths min−1, the nonprotein carbon dioxide
production will total 13.1 mL min−1 or 0.33 mL per breath.
Raising the glucose intake to 15 mg kg−1min−1 will increase
the nonprotein carbon dioxide production to 21.9 mL
min−1, an increase of 8.8 mL min−1 or approximately 67%.
To eliminate this extra carbon dioxide, the minute venti-
lation will increase either by augmenting respiratory rate
or volume. Assuming constant tidal volume, the respi-
ratory rate would rise to approximately 65 breaths per
minute. The workload of additional ventilation imposed
by the increased carbon dioxide production occasioned
by a high load of intravenous glucose could precipitate
respiratory failure when respiratory function is compro-
mised, and weaning from ventilatory support could be
impeded. Assuming a caloric need of 0.7 kcal kg−1 day−1

per breath,66 this would mean an increased energy expen-
diture of 17.5 kcal kg−1 day−1.

In summary, increasing the energy supply progressively
by only increasing glucose and amino acid intake would
impose an additional workload on the respiratory system.

Effect of intravenous lipid emulsions on energy
metabolism and respiratory gas exchange

In adults, a combination of intravenous glucose and lipid as
the nonprotein energy source appears to be more physio-
logic than infusion of glucose alone.109–111 Nose et al. found
a substantial increase in basal metabolic rate in infants and
children on TPN with glucose and amino acids alone com-
pared with lipid-supplemented patients.112 On the other
hand, when intravenous fat alone is given as the nonpro-
tein energy source, an increase in oxygen consumption has
been reported.113

We compared two groups of nonintubated full-term
infants on TPN with similar energy and protein intakes,
but with a nonprotein energy supply of either only glucose
or a combination of glucose and lipid with a caloric ratio of
3 : 1. At a caloric intake of approximately 85 kcal kg−1 day−1,
EE decreased significantly when an isocaloric amount of fat
was substituted for glucose, leaving more energy for storage
and growth. Both nonprotein carbon dioxide production
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Figure 35.4. Energy expenditure increases with increasing energy intake when diet composition is constant (glucose only + AA). When

glucose calories are isocalorically replaced by lipid, energy expenditure decreases. When energy intake is increased by adding lipid and

changing the diet composition, there is no effect on energy expenditure. Different glucose : lipid ratios with different energy intake may

result in different effects on energy expenditure.

and nonprotein oxygen consumption decreased.62,63,114

The significant differences in carbon dioxide production,
oxygen consumption, and metabolic rate between the two
groups were due to suppression of lipogenesis from glu-
cose in the lipid-supplemented group. This has been con-
firmed by studies combining indirect calorimetry and U-13

C-glucose.114

Piedboeuf and colleagues studied nonventilated new-
borns receiving isocaloric, isonitrogenous IV nutrition with
either 1 g kg−1 day−1 or 3 g kg−1 day−1 of intralipid. Their
findings of 11% higher carbon dioxide production and 11%
lower pO2 agree with previous reports of increased CO2 and
decreased oxygenation when receiving higher amounts of
lipid infusions.115 A subsequent study in ventilated infants
with early BPD corroborated the observation that lipid
intakes of 2–2.5 g kg−1 day−1 were not associated with ele-
vated CO2 production compared with isocaloric glucose-
based intravenous nutrition.116 It seems that the problem
of increasing metabolic rate with increasing EI only applies
when the diet composition is left constant. These data and
the earlier work of Heim et al.113 indicate that administering
either glucose or fat as the only nonprotein energy source
results in “metabolic stress,” with an increase in oxygen
consumption, carbon dioxide production, and EE. From
the point of view of energy balance and respiratory gaseous
exchange, intravenous nonprotein calories should be given

as a combination of glucose and lipid, but the ideal ratio
still has to be determined (Figure 35.4).

Effect of intravenous lipid emulsions
on lung function

Lipid emulsions have been blamed for causing pulmonary
dysfunction. There is a lot of controversy reflecting differ-
ences in dose, duration, and rate of lipid infusion, fatty acid
composition, type of animal models, and type of patients.
The lung dysfunction had initially been attributed to the
associated hyperlipidemia;117 this might in fact only be
correct with fat overload syndrome. Other studies have
indicated that the decrease in PaO2 is a result of ventila-
tion/perfusion inequalities due to changes in prostanoid
metabolism causing alterations in the pulmonary vascular
tone.118–123 Whereas a bolus of prostaglandin precursors
has resulted in higher pulmonary pressure responses, con-
tinuous infusion has yielded net vasodilator responses in
some studies118,124,125 or no effect in other studies.126 There
is a much larger volume of studies in animals121,127–129

demonstrating a vasoconstrictor response in the pul-
monary circulation after either a bolus or low-dose con-
tinuous infusion. In human neonates, after 90 minutes of
intravenous lipid infusion, the ratio of right ventricular
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pre-ejection period to ejection time rises significantly, sug-
gesting increased pulmonary vascular resistance.130 Using
right ventricular pre-ejection period to ejection time as
a measure of pulmonary artery blood pressure, we have
demonstrated a dose – response relationship between dose
of lipid infusion between 0 and 3 g kg−1 day−1 and eleva-
tion of pulmonary vascular resistance.131 Interestingly this
response is not seen until after 24 hours of exposure.

Infusion of soybean oil-based intravenous lipid emul-
sions might increase the incidence of BPD, and it is pos-
tulated that this effect is related to thromboxane A2132,133

and leukotrienes.134 A recent study in piglets receiving
soybean-based emulsions failed to demonstrate a rise
in thromboxane A2 during hypoxia-induced pulmonary
vasoconstriction.135 In the same study the hypoxia-induced
pulmonary hypertension was much higher in the animals
receiving an intravenous soybean oil emulsion as com-
pared with controls or animals given an intravenous fish
oil emulsion. It may be that the vasoconstriction is medi-
ated by leukotrienes rather than thromboxane.

Despite higher levels of pulmonary vascular resistance,
there are some data indicating a decrease in oxygen toxicity
when feeding diets high in linoleic acid.136 The explanation
for the contradictory results might be due to differences
in duration and in rate of infusion of the lipid emulsions
in the respective studies and the resulting differences in
the ratio of vasodilating over vasoconstricting eicosanoids.
During a bolus or a rapid infusion, an excessive amount
of substrate may overwhelm the enzymatic pathways for
PGI2 and PGE2 metabolism, resulting in an increased
production of potent vasoconstrictive thromboxanes.122

Curiously, administration of indomethacin, an inhibitor
of vasodilating prostaglandin production helps main-
tain stable pO2s during intralipid infusions as has been
shown in a rabbit model.118 Pulmonary venous admix-
ture is known to increase during intralipid infusion in
adults.137 This may arise due to local increases in pul-
monary vasodilating prostaglandins causing shunting past
poorly ventilated lung units. By inhibiting the release
of these prostaglandins, indomethacin may decrease the
extent of shunt during intravenous lipid infusion. Although
some data from animal studies are available, there is
presently insufficient clinical evidence to withhold intra-
venous lipid emulsions for pulmonary reasons, except
perhaps in infants with persistent pulmonary hyperten-
sion. Expansion of this research into the neonatal area is
warranted.

More recently, the use of MCT based parenteral lipid
sources has been explored for their potential benefits. They
undergo faster hydrolysis and oxidization and are oxidized
more completely than long chain fatty acids. Despite these

advantages, they must be combined with an LCT prepara-
tion containing essential fatty acids. An energy source that
is metabolized more efficiently might be expected to pre-
vent catabolism in an already stressed, ventilated neonate.
Ball et al.138 found that adults receiving an MCT preparation
had higher glucose, insulin, nonesterified fatty acids, and
ketone levels than a group receiving an LCT lipid source.
These findings support the improved efficiency of MCTs as
an energy source with the higher glucose and insulin levels
being explained by the availability of ketones and nones-
terified fatty acids as an alternative energy source. Further-
more, an adult study has shown a reduction in nitrogen
loss when a combined MCT/LCT preparation is used ver-
sus an LCT preparation used alone.139 Several investiga-
tors have measured eicosanoid levels and changes in pul-
monary functions in patients receiving MCT lipids. There
was no difference between prostanoid levels of ventilated
adults receiving either an MCT or LCT emulsion. A decrease
in levels occurred on withdrawal of the LCT but not the MCT
preparation.140

In a study examining physiologic parameters, minute
ventilation increased by 21% in the MCT/LCT group v. to
1% increase in the group receiving LCTs compared with
baseline.141 Furthermore, oxygen consumption increased
27% compared with 11% in the same groups reflecting
the increase in oxidation. Interestingly though, in a group
of critically ill adults, no difference in oxidation rates
between a group receiving an LCT preparation v. those on
a mixed preparation with MCT/LCT was shown.142 The dif-
ference in the results may be explained by the presence
of hyperglycemia in the latter study which may have been
preferentially utilized as the primary energy source. Simi-
larly, in stable, postsurgical, nonventilated infants receiving
a low carbohydrate intake with an MCT/LCT lipid emul-
sion, lipid oxidation increased as compared with another
group receiving a high carbohydrate intake.143 Additionally,
infants receiving LCT preparations regardless of carbohy-
drate intake have lower rates of lipid oxidation.

As Pediatric or Neonatal MCT-emulsions are not avail-
able in North America, many clinical questions remain
unanswered.

Summary

In summary, during the acute stage of respiratory disease,
catabolism should be avoided and a positive nitrogen bal-
ance achieved, to support lung repair and development,
and to safeguard that appropriate amounts of nutrients are
given during the “critical epochs” of growth and develop-
ment. During the first 36–48 hours of the infant’s life, the
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nutritional management should provide approximately 60
kcal kg−1 day−1 comprising 10 to 12 g kg−1 day−1 as glucose,
0.5–1.0 g kg−1 day−1 of intravenous lipid (which is enough
to prevent essential fatty acid deficiency), and amino acid
intake of 2 g kg−1 day−1. Whereas fluid overload and the
risk for lung edema144 can be limited with this regimen,
hyperglycemia is often a serious problem in the smallest
preterm infants. Continuous infusion of low-dose insulin
improves glucose tolerance in extremely low-birth-weight
infants,145,146 but there are no data regarding the effect on
metabolic rate, respiratory gaseous exchange, or metabolic
rate of glucose.

After a few days, one should aim for a more positive
energy balance by progressively increasing the intravenous
lipid intake to 3–4 g kg−1 day−1, while monitoring the
triglyceride levels.126 A glucose : lipid ratio of 3 : 1 to 2 : 1 on
a caloric basis minimizes the carbon dioxide stress, which
is particularly important during the acute stage of impaired
lung function. A progressive increase of protein intake to
3.0–3.5 g kg−1 day−1 should also be aimed for. This should
result in an IV energy intake of 80–100 kcal kg−1 day−1 by
the end of the first week of life.

Whereas data are available on energy requirements for
the stable growing infant nourished either orally or intra-
venously, very limited data are available on the critically
ill, ventilated, preterm infant. While calculations are avail-
able for predicting energy requirements for the sick preterm
neonate, ideally they should be determined for each infant
individually. However, indirect calorimetry in the intubated
infant receiving high concentrations of oxygen is prone to
errors. On a long-term basis, limited intake of energy and
nutrients affects the development of the fast-growing ner-
vous system, but it also affects lung growth and might con-
tribute to the development of bronchopulmonary dyspla-
sia. On one hand, a negative energy balance in infants with
limited energy stores affects mortality and morbidity of the
smallest preterm infants. On the other hand, feeding “too
much” or “an inappropriate mix” results in high carbon
dioxide production, with a potential for respiratory acido-
sis and an increase in EE. Finding the brittle equilibrium is
a key part in the nutritional management of these infants.

Based on the studies reviewed in this chapter, early
appropriate nutrition should be part of the total manage-
ment of the prematurely born infant; this is important not
only on a short-term basis for the acutely ill infant with
limited energy reserves, but also in the long term, as it
might limit lung damage leading to broncho-pulmonary
dysplasia.

In managing the preterm infant, failing organs and body
systems cannot be treated separately but have to be seen as
part of a complex interaction in which energy balance and

metabolism take a central position from the very beginning.
The energy efficiency of any type of burning furnace or
engine depends largely on the fuel administered.
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Nutrition for premature infants with bronchopulmonary dysplasia

Stephanie A. Atkinson

Department of Pediatrics, McMaster University, Hamilton, Ontario, Canada

Nutrition for extremely low birth weight infants (ELBW)
at risk of developing bronchopulmonary dysplasia (BPD)
is critical to the prevention, amelioration, and recovery
from this severe lung disorder. A “new” form of BPD has
emerged owing to increased survival of ELBW immature
infants who have benefited from improved ventilatory regi-
mens, use of prenatal and postnatal steroids and post-
natal surfactant. The histopathologic picture of alveolar
and capillary hypoplasia of the “new” BPD differs from
the “old” BPD, such that the new BPD is less fibrotic than
its earlier counterpart, and there is a significant compo-
nent of delayed alveolar development and perhaps perma-
nent alveolar underdevelopment.1 Unfortunately, targeted
treatment strategies to optimize normal lung development
and prevent BPD remain elusive.

Bronchopulmonary dysplasia has been referred to as an
“oxygen radical disease of prematurity.”2 A state of oxida-
tive stress is a hallmark of BPD owing to a combination
of exposure to high oxygen concentrations starting shortly
after birth and increased production of reactive oxygen
species as a result of cytokine activation during infec-
tions and inflammations.3 The antioxidant availability to
counter such oxidative stress is likely to be inadequate in
ELBW infants due to extreme immaturity and meager nutri-
tional stores. Administration of antioxidant nutrients such
as vitamin E and N-acetylcysteine have been proposed as a
means of prevention or attenuation of the severity of BPD.
Vitamin A, which may stimulate re-epithelialization of lung
tissues, and inositol, which promotes maturation of surfac-
tant phospholipids, have been investigated as preventive
measures against BPD.

Postnatal growth failure is common in infants with
BPD, and usually extends beyond early neonatal life for

several years. Such growth failure is multi-factorial inclu-
ding extreme prematurity at birth, exposure to cortico-
steroids drugs both antenatally and in early postnatal life,
inadequate nutrition due to prolonged dependence on par-
enteral nutrition, fluid restriction or feeding intolerance,
and possibly excess energy expenditure due to work of
breathing. To date, no evidence-based nutrition recom-
mendations exist for the nutritional management of infants
with BPD. This chapter will examine the available evidence
for a role of specific nutrients in the prevention and treat-
ment of BPD and for nutritional rehabilitation and catch-
up growth.

Antioxidants for the prevention of BPD

As recently reviewed,1,3–5 oxidative stress leading to pul-
monary oxygen injury results from the combined effect
of antioxidant deficiency (e.g., deficiency of endogenous
enzymatic antioxidants and/or antioxidant nutrients such
as selenium or vitamin E) and an increased generation of
reactive oxygen species (ROS). Neonatal oxidative stress
resulting from high oxygen inspiration and exposure to
infections and inflammatory processes that yield ROS may
also contribute to risk for BPD. Studies in animal and
human infants demonstrated that oxidative processes, par-
ticularly of lipids and proteins, in early life contribute
to the development of BPD. Nutrient-based interventions
(Table 36.1) for the prevention of, or reduction in, the sever-
ity of chronic lung disease have been investigated primarily
for vitamin E and N-acetylcysteine.

Neonatal Nutrition and Metabolism. Second Edition, ed. P. Thureen and W. Hay. Published by Cambridge University Press.
C© Cambridge University Press 2006.

522



Nutrition and bronchopulmonary dysplasia 523

Vitamin E

Vitamin E as adjunctive antioxidant therapy in ventilated
infants was postulated to serve as a scavenger of excessive
oxygen radicals produced during exposure to high oxygen
delivery, thereby diminishing the risk of pulmonary oxy-
gen toxicity that presents as BPD or retrolental fibroplasia.
Intervention with supplemental vitamin E failed to pre-
vent BPD in human infants,8 an observation substantiated
in premature baboons exposed to prolonged hyperoxia.9

A meta-analysis of available studies found no evidence
for a clinical benefit of vitamin E at intakes above that
which maintains a normal serum alpha-tocopherol con-
centration (10–30 mg L−1).10 An adequate intake of vita-
min E is available from full enteral feedings with mother’s
milk or preterm formula, or if necessary, from the stan-
dard prescribed dose of parenteral or enteral multivitamin
preparations.

Selenium

Low antioxidant status in very early life measured as plasma
selenium concentration was not associated with later
development of BPD in one study.11 In contrast, low plasma
selenium at 28 days was associated with increased respira-
tory morbidity in preterm infants <1500 g birth weight in
New Zealand, an area of selenium-deficient soils.12 Addi-
tionally, both low plasma selenium and alpha-tocopherol
(vitamin E) were significantly associated with severe respir-
atory disease and BPD in premature infants of ≤ 30 weeks
gestation compared with healthy premature infants.13 As
a required constituent of the endogenous antioxidant glu-
tathione peroxidase, selenium supplements were proposed
to reduce oxidative stress and thus BPD. To date, no clini-
cal trials have been conducted to prove the effectiveness of
selenium as antioxidant therapy in improving respiratory
morbidity.

N-acetylcysteine

Exogenous provision of N-acetylcysteine (NAC), the pre-
cursor to glutathione (GSH) in tissues, was proposed to
enhance the availability of one of the natural antioxidant
defenses in the tissues. Specifically, GSH functions to neu-
tralize hydrogen peroxide, thereby reducing the amount
of ROS. One randomized placebo-controlled multi-center
trial tested whether intravenously administered NAC for
6 days starting at less than 36 hours of life would reduce
oxidative stress and hence the occurrence of BPD.14 The
study, conducted in 391 infants in Nordic countries, found
that NAC delivery was not associated with a reduction in

BPD or deaths, the number of BPD survivors at 36 weeks
of gestational age, or mean oxygen needs.14 The authors
suggested that perhaps the infants were cysteine-replete
owing to delivery of this amino acid in parenteral amino
acid solutions infused prior to the study or that lung injury
had occurred either in utero or in the hours postbirth but
prior to initiation of the NAC. Further clinical trials are
required to fully explore the role of NAC as an antioxidant
in the prevention of BPD.

Antioxidant enzymes

Administration of antioxidant enzymes normally produced
endogenously was tested in animal studies where the
antioxidant was given intratracheally or intravenously with
some positive benefit demonstrated.3 In human preterm
infants, bovine superoxide dismutase (SOD) injected intra-
muscularly resulted in a reduction in need for positive
airway pressure and a lower frequency of respiratory prob-
lems after hospital discharge.15 More recently, in a mul-
ticenter study in 302 premature infants (<1220 g birth
weight) recombinant human SOD given intratracheally
did not reduce BPD or deaths compared with controls.16

Remarkably, at follow-up at 1 year the SOD-treated infants
had a 44% reduction in wheezing and a significantly lower
incidence of respiratory illnesses that required pulmonary
medication. While the antioxidant enzymes do not appear
to prevent BPD, when given in early life they may pro-
vide some long-term benefits to respiratory health. Clearly,
more clinical studies are required to validate the clinical
effectiveness of antioxidant enzymes.

In summary, despite evidence that excessive oxidative
processes contribute to the lung injury in early postnatal
life that predisposes to BPD, administration of antioxidant
nutrients and enzymes has been unsuccessful in ameli-
orating the progression of the disease. As noted by Welty,6

it may be that the antioxidants have not been delivered
sufficiently early postbirth or to the target area of the lung
exposed to oxidative stress to be effective clinically.

Nutrients to improve lung function

Inositol

Myo-inositol is a six-carbon sugar alcohol naturally present
as phosphatidylinositol in tissues and in cell membranes.
It is proposed that an adequate supply of inositol enhances
the synthesis and secretion of pulmonary surfactant, which
could influence pulmonary mechanics and reduce sever-
ity of lung disease. Preterm human milk is known to
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Table 36.1. Nutrient interventions targeted to prevent or

ameliorate bronchopulmonary dysplasia (summary)

Nutrient

Amount/route/

duration

Review of

evidence – reference

Antioxidant

Nutrients No proven effect

n-acetylcysteine 3,5,6,7

Vitamin E

Vitamin C

Selenium

Inositol Intravenously or in

formula from 48

hours of life for

5–10 days

21

Vitamin A 5000 IU by

intramuscular

×3/week for 4

weeks

24–26

have a high concentration of inositol, and higher serum
concentrations of inositol were observed in human milk-
fed newborns compared with those fed parenteral nutri-
tion solutions or infant formula.17,18 Inositol supplemen-
tation in newborn infants resulted in an increase in
the saturated phosphatidylcholine/sphingomyelin ratio in
surfactant.19,20

To investigate a possible role for inositol in the preven-
tion of BPD, a few randomized trials were conducted in
which inositol was supplemented parenterally or in for-
mula. A Cochrane review of available trials21 summarized
five reports of three trials (one report was a duplicate
publication, and in a second report subjects who were
randomized to treatment could not be separated from a
nonrandomized group). In the two trials that measured
similar outcomes, positive benefits of inositol supple-
mentation for duration of 5–10 days included significant
reductions in death or BPD combined, intraventricular
hemorrhage (IVH) grade III/IV, and retinopathy of prema-
turity (ROP) stage 4 or ROP needing treatment. However,
for a diagnosis of BPD alone at 28 days there was only
a trend. No adverse effects such as necrotizing ente-
rocolitis (NEC) or sepsis were observed in the studies
summarized.21 The authors of this systematic review con-
cluded that despite the small number of studies and cumu-
lative sample population, inositol supplementation did
have a significant impact on reducing rates of death, death
or BPD, IVH grades III and IV, and ROP stage 4 or need-
ing treatment. However, further studies designed as large
multi-centered trials are needed to confirm the role of

routine inositol supplementation in infants with respira-
tory disease and to clarify the dose, schedule, and route of
administration.

Vitamin A

Infants of ELBW are at risk of vitamin A deficiency (defined
as plasma retinol < 200 µgL−1) because of low stores at
birth.22 Further, vitamin A accrual may be low in early
neonatal life owing to meager dietary intakes or lack of
delivery owing to loss through intravenous or oral plastic
tubing or photo inactivation23 unless intravenous and oral
feedings are fortified with extra vitamin A. Vitamin A is pro-
posed to have a role in the prevention of BPD by virtue of
its action as a stimulant for the re-epithelialization of lung
tissue after acute injury induced by barotrauma or oxygen
toxicity.

A systematic review with meta analysis was conducted
to determine if vitamin A supplementation prevented mor-
tality and morbidity (defined as chronic lung disease, BPD,
ROP) or had an effect on circulating vitamin A concentra-
tions in infants of<1500 g birth weight.24 Five of the 10 pub-
lished studies met the eligibility criteria for this Cochrane
review, although not all studies reported the same out-
comes. All studies included in the review were random-
ized or quasi-randomized trials comparing high dose vita-
min A (given intramuscularly or orally) to a placebo or no
treatment. In total, the five studies reported measures in
149 infants treated with vitamin A and in 141 nontreated
infants. Four of the studies gave intramuscular injections
of water-soluble retinyl palmitate (2000–4000 IU vitamin A
given alternate days or three times per week) for about 28
days, and one study gave an oral dose of 5000 IU daily. It is
important to note that at the time these studies were con-
ducted there was minimal or no use of antenatal or post-
natal steroids, and no use of surfactant. The overall results
of the meta-analysis found that high doses of vitamin A did
not influence rate of death by 1 month of age, but there
was a trend to reduction of dependence on oxygen therapy.
If death and oxygen dependence were combined as out-
comes, then a significant effect of high-dose vitamin A was
found. There was only a trend for retinopathy of prema-
turity to be reduced by treatment with high dose vitamin A.
For the studies that measured plasma retinol, supplemental
vitamin A did support significantly higher concentrations,
and the level attained was above 200 µg L−1, a value below
which is suggestive of marginal deficiency status. Since the
Cochrane review in 1999,24 two further randomized trials
have been reported that support the use of a high-dose
vitamin A of 5000 IU given intramuscularly 3 times per
week.25,26 Both were randomized trials in infants <1 kg
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birth weight. The intervention of high-dose vitamin A of
5000 IU per day intramuscularly resulted in reduced death
(55% v. 62%) or BPD at 36 weeks compared with low-dose
vitamin A, although there was no difference in ROP.25 Since
22% of infants treated with high-dose vitamin A had low or
absent vitamin A stores in the study from the National Insti-
tute of Child Health and Development (NICHD) Neona-
tal Research Network,25 a subsequent study investigated
higher doses given intramuscularly of 10 000 IU three times
or 15 000 IU once per week compared to the 5000 IU three
times per week.26 In the latter study, the overall rate of
death/BPD in the group receiving 5000 IU per dose three
times per week was 48%, even lower than that observed in
the previous study at the same dose (55%).25 No benefits in
clinical outcomes of BPD/death by 36 weeks, death by 36
weeks, or ROP were observed in groups who received the
higher doses of vitamin A, although the study may have
been underpowered to reach statistically significant dif-
ferences in clinical outcomes. Notably, both of the higher
vitamin A doses failed to reduce the incidence of vitamin
A deficiency, and infants in the highest dose (10 000 IU
once per week) actually had lower serum retinol concen-
trations on study day 28 compared with the other dosing
groups.26

Taken together, the clinical trials on vitamin A interven-
tions to prevent morbidity and mortality in infants at high
risk of severe respiratory disease provide evidence that a
dose of 5000 IU per dose three times per week for 4 weeks
is effective in reducing BPD and death, even when vitamin
A biochemical status is less than normal. Further study is
required to optimize dosing regimens (oral or intravenous
versus intramuscular delivery) and to evaluate both imme-
diate and long-term clinical outcomes in relation to vita-
min A nutrition in vulnerable very low birth weight (VLBW)
infants.

Growth failure in BPD infants in early life

Since ELBW infants, especially those with BPD, have a mul-
titude of feeding problems such as fluid restriction, reliance
on long-term parenteral feeding, oral feeding intolerance
and gastroesophageal reflux, it follows that the observed
growth failure in this infant population may be attributed
to the cumulative effects of inadequate nutrient delivery.

An example of early growth failure in BPD infants is
shown in Table 36.2. At about 34 weeks postmenstrual
age, a group of ELBW infants (n = 27) diagnosed with
BPD by 28 days postnatally, had achieved a body weight
of only 1500 g despite being fed a commercially available
nutrient-enriched premature formula with energy density

Table 36.2. Growth and nutrient accretion in infants with

bronchopulmonary dysplasia (n = 27) fed standard premature

infant formula (Preemie SMA, Wyeth) in hospital at about 34

weeks postmenstrual age29

Weight at balance: 1.5 ± 0.2 kg (50th percentile = 2550 g)27

Weight gain during balance period = 15.5 ± 12.4 g kg−1 day−1

Formula intake

Fluid volume = 144 ± 9 mL kg−1 day−1

Energy = 112 ± 7 kcal kg−1 day−1

Nutrient accretion measured in 72-hour metabolic balance study

Nitrogen retention = 316 mg kg−1 day−1

(71% nitrogen retention)

Net protein accretion = 1.97 ± 0.49a g kg−1 day−1

Calcium retention = 2.1 mmolb(84 mg) kg−1 day−1

(75% calcium retention)

Phosphorus retention = 1.5 mmol c(46 mg) kg−1 day−1

(89% phosphorus retention)

Zinc retention = 1.7 µmol (110 µg)d kg−1 day−1

(10% zinc retention)

a, b, c, d Reference intrauterine accretion: a Protein: 2–4 g kg−1 day−1;
b Calcium: 2.5–3 mmol kg−1 day−1; c Phosphorus: 1.9 – 2.5

mmol kg−1 day−1; d Zinc = 5.4 µmol kg−1 day−1. 29

of 810 kcal L−1.29 The average attained weight of these
BPD infants at 8 weeks postnatal was 1500 g, consider-
ably lower than a weight of 2550 g that represents the 50th
percentile of growth at a similar postmenstrual age based
on recent growth standards.27 Metabolic balance studies
completed on these infants showed that protein, calcium,
and phosphorus accretion fell below predicted intrauterine
accretion rates (Table 36.2). Fluid restriction and admin-
istration of dexamethasone to improve pulmonary com-
pliance are additional factors that may have contributed
to delayed growth performance in these infants. As the
infants were born in the early 1990s, dexamethasone was
prescribed rather liberally, and the measured cumulative
dose of dexamethasone administered during hospitaliza-
tion was 6.2 mg kg−1 body weight.29 This amount of steroid
drug most definitely contributed to the growth restriction
during the first 2 postnatal months (see discussion later in
chapter).

Energy needs

Higher energy need has been proposed as a cause of growth
failure in BPD infants, linking this to an elevated basal
metabolic rate or increased energy expenditure due to work
of breathing. In a review of studies on energy expendi-
ture measured using the classical method of indirect calori-
metry, Denne30 concluded that increased expenditure due
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to work of breathing was inconsistently observed in infants
with chronic respiratory disease. It was proposed that
measurement of energy expenditure in small infants would
be improved by use of the doubly labeled water (DLW) tech-
nique with oral dosing and serial collections of urine for
analysis of the stable isotopes of deuterium and oxygen
18-labeled water by mass spectrometry.30

Longitudinal measures of energy expenditure by DLW
were obtained in my laboratory in infants with BPD (birth
weight = 867 ± 194 g, gestational age = 26 ± 1.4 weeks) after
discharge from hospital.31 At 1 and 3 months corrected age,
energy expenditure was 72±21 and 76±29 kcal kg−1 day−1,
respectively, which represented 63 ± 22% and 73 ± 33%
of energy intake that was carefully measured using pre/
postweighing of formula consumed. Although we did not
measure energy expenditure in term-born infants at sim-
ilar ages, it was possible to compare our observations in
preterm BPD infants to published values for energy expen-
diture in term infants using the DLW method.32 Term
infants expended 64 ± 17 kcal kg−1 day−1 at 1.5 months
(n = 39) and 67 ± 14 kcal kg−1 day−1 at 3 months (n = 40).32

Thus, energy expenditure in BPD infants compared with
term-born infants at similar corrected ages appears to be
elevated for an extended period of early life during recovery
from BPD. This observation is supported by doubly labeled
water measurements in a small number of infants with
BPD who demonstrated higher rates of energy expenditure
compared to non-BPD infants.33 From the data available
it appears that infants with BPD may have higher energy
needs than term-born infants, and indeed those of stable
growing VLBW infants,33 although the duration of excess
energy expenditure in relation to recovery from lung dis-
ease needs to be defined.

Dexamethasone therapy

Another impediment to achieving optimal growth in ELBW
infants is the use of exogenous glucocorticoids such as
dexamethasone to improve pulmonary compliance. From
the early to late 1990s,34 the steroid dexamethasone was
commonly used as therapy to induce lung maturation,
thus allowing earlier weaning from the ventilator and pos-
sibly prevention of BPD. Unfortunately, negative effects
of the potent steroid on growth and mineral and bone
metabolism accompany any immediate clinical benefit of
steroid therapy. In studies from my laboratory, tapered
dosing regimens of dexamethasone administered to ELBW
infants were associated with restriction in weight, length,
and head circumference growth and abnormalities in
biomarkers of bone turnover.35,36 Inadequate nutrition
was not the limiting factor to growth in the latter stud-

ies since nutrient intakes of the ELBW infants with and
without treatment with dexamethasone met current guide-
lines for low birth weight infants.35,36 Thus, the catabolic
effects of dexamethasone on protein metabolism37 and its
interference with the growth hormone-insulin-like growth
factor-I pathway,36 are the more likely explanations for
the immediate influence of the drug on normal develop-
ment rather than inadequate nutrient intake. Using the
doubly labeled water method to measure energy expendi-
ture, no differences were observed between ELBW infants
gaining 6.5 v. 20 g kg−1 day−1, the former being infants
who were receiving dexamethasone therapy.38 Again, the
slower growth is attributed to the alterations on nutrient
metabolism induced by the steroid drug and not excessive
energy expenditure.

Using the early weaned piglet model, we have
reproduced the dexamethasone-induced abnormalities
observed in ELBW infants, thus proving that the restric-
tions in growth and bone mineralization are a result of
the steroid drug and not a result of the lung disease
or extreme prematurity per se.39,40 Furthermore, poten-
tial adjunctive therapies such as supplemental calcium,
phosphorus, and calcitriol,41 or recombinant growth hor-
mone with or without insulin-like growth factor-140 given
with dexamethasone failed to induce complete recovery
of dexamethasone-induced reductions in bone mass and
linear growth. Such observations in the animal model war-
rant long-term follow-up of ELBW infants who have been
exposed to dexamethasone in early life.

In current neonatal practice in most centers, dexa-
methasone is prescribed much more conservatively than
in the early 1990s, due in large part to the reported obser-
vation of adverse effects on growth and bone status, as well
as a lack of evidence of long-term benefits to respiratory
health.42

Nutrition intervention to promote growth in
infants with chronic lung disease

While undernutrition and delayed growth are commonly
observed in ELBW infants with BPD in early life, few
studies have investigated possible avenues of nutritional
management to optimize growth and development in this
special preterm infant population. No benefit to growth
from intervention with nutrient-enriched formula during
neonatal hospitalization was observed in one study.43 In
infants with chronic lung disease (requiring oxygen at
28 days postnatal age), this randomized study tested a
dietary intervention of a high-density (1000 kcal L−1 (30 kcal
per oz)) formula that provided significantly higher energy
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(143 v. 134 kcal kg−1 day−1) and protein (3.9 v. 3.6
g kg−1 day−1) intakes. No benefit to growth or respiratory
status was observed. However, the calculated sample size
(n=35 infants per group) was not attained (27 infants in the
low-density group and 33 infants in the high-density group)
and use of antenatal steroids was greater in the low nutri-
ent density group. Administration of antenatal steroids is
known to result in lower birth weight and reduced fetal
organ size in VLBW infants.44

To determine if aggressive nutritional support in the
recovery period after hospital discharge would enhance
growth in BPD infants, we conducted an intervention trial
of high-energy formula with or without greater amounts
of protein and minerals in which the intervention was
implemented from about 35 weeks gestational age until
3 months corrected age.29 This study was the first ran-
domized, double-blinded, intervention trial to determine
if nutrient-enriched formula with a higher protein : energy
ratio than in term formula would improve rate and compo-
sition of growth (lean, fat, and bone mineral mass) when fed
to 3 months corrected age. Infants of average birth weight
of 870 g and gestational age of 26 weeks (appropriate for
gestational age) were randomized to nutrient-enriched for-
mula (energy density of 910 kcal L−1, protein : energy ratio
of 2.5 g 100 kcal−1) or an iso-energetic formula but with
a protein and mineral composition similar to term infant
formula (protein : energy ratio of 1.6 g 100 kcal−1). Feed-
ing of the nutrient-enriched formula provided for reten-
tions (based on 72-hour metabolic balance studies) of pro-
tein, calcium, phosphorus, and zinc that were significantly
greater than the infants fed the standard formula, despite
the moderate fluid restriction (142 mg kg−1 day−1) during
the balance study (Table 36.3). Net retention for all nutri-
ents was in the range reported for intrauterine accretion
for the infants fed the enriched formula only (Table 36.3).
After 4 months on the experimental formulas, the infants
on the enriched formula demonstrated a benefit in length
and lean mass growth and had a lower percent body fat
than infants randomized to the lower protein : energy ratio
formula. Head circumference growth was similar between
diet groups at all measurement times. Z-scores for length
at 3 months were less negative in the high protein : energy
formula group albeit still below reference standards age
(Table 36.4).46 At the end of the experimental interven-
tion (3 months corrected age), the infants fed the for-
mula with the lower protein : energy ratio had developed
significantly greater adiposity than those on the high pro-
tein : energy formula despite similar total energy intakes.
Percent body fat (measured by dual energy x-ray absorp-
tiometry (DEXA)) was significantly higher in infants fed
the low v. high protein : energy ratio formulas at 3 months

Table 36.3. Nutrient balance, weight gain and calculated

protein accretion in BPD infants at about 38 weeks

postmenstrual age after 3 weeks of being randomized to high

energy formula with protein and minerals as in standard term

formula (SF, birth weight = 836 ± 260 g, gestational age =
26.2 ± 1.6 weeks) or isoenergetic protein-mineral enriched

formula (EF, birth weight = 841 ± 168 g, gestational age

25.7 ± 1.2 weeks) as their sole source of intake29

SF EF

N = 17 N = 19

Weight gain (g kg−1 day−1) 11.9 ± 2.9 10.8 ± 3.0

Formula volume (mL kg−1 day−1) 145 ± 12 142 ± 22

Nutrient balance

Calcium (mmol kg−1 day−1)

Intake 1.53 ± 0.14 3.87 ± 0.70b

Retention 0.95 ± 0.25 2.52 ± 0.78b

Phosphorus (mmol kg−1 day−1)

Intake 1.52 ± 0.12 3.11 ± 0.56b

Retention 1.20 ± 0.18 2.39 ± 0.54b

Nitrogen (mg kg−1 day−1)

Intake 366 ± 28 490 ± 51b

Retention 262 ± 48 365 ± 34b

Net protein accretion (g kg−1 day−1) 1.51 ± 0.41 2.21 ± 0.17b

a Values are mean ± SD.
b EF v. SF, p < 0.01.

CA (30% v. 26% for males and 29% v. 22% for females,
p < 0.025 for females). Intakes of protein and energy,
which were carefully measured using pre-/postweighing
method, for both diet groups met or exceeded the recom-
mended intakes for preterm infants in the postdischarge
period.29,46

No specialized infant formulas or fortifiers for human
milk targeted for infants with BPD are currently marketed.
In practice, this infant population is maintained on preterm
infant formula (energy content up to 810 kcal L−1) some-
times further enriched with modular products of carbohy-
drate, lipid, or addition of powdered or concentrated liquid
infant formula. Such “recipes” usually provide an energy
density of up to 1000 kcal L−1, but may be hyperosmo-
lar or sufficiently thickened to limit delivery flow through
feeding tubes or nipples. One option for feeding older BPD
infants (past term CA) is commercial pediatric enteral for-
mulas. In a retrospective study, infants (n = 27) with fluid
restriction (116 ml kg−1 day−1) who were past term age
and fed an enteral formula (PediaSure, Ross Products Divi-
sion, Abbott Laboratories) had similar growth and feeding
tolerance compared with preterm formula supplemented
with modular units of carbohydrate, lipid, and protein.47
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Table 36.4. Longitudinal growth as Z-scores for age in BPD infants (as described in Table

36.3) fed high-energy formula with protein and minerals as in standard term formula (SF)

or protein-mineral enriched formula (EF) from about 35 weeks postmenstrual age to 3

months corrected age, then standard term formula after 3 months with weaning to whole

cow milk after 9 months of age at parental discretion29,45

Weight Z-score Length Z-score

Age, mo corrected age SF EF SF EF

1 –1.49 ± 0.8a –1.14 ± 0.8 –2.60 ± 1.1 –2.36 ± 1.1

3 –1.42 ± 0 .9 –1.05 ± 1.1 –2.36 ± 0.9b –1.80 ± 1.2c

6 –1.80 ± 0.7 –1.47 ± 1.1 –1.93 ± 0.9 –1.53 ± 1.1

12 –1.85 ± 1.0 –1.76 ± 1.1 –1.54 ± 1.0 –1.36 ± 1.1

a Values are mean ± SD.
b, c b v. c, SF group significantly different from EF group, p < 0.05.

Protein status was actually improved in the infants fed the
ready-to-feed enteral formula. More research is needed
to define optimal nutrient intakes for ELBW infants with
BPD to achieve catch-up growth with special considera-
tion for the protein to energy ratio in order to cover any
extra need for energy expenditure but not in amounts
that result in abnormal deposition of body fat. Ideally,
safe and efficacious specially designed nutritional products
that allow for fluid restriction but support optimal growth
in infants recovering from BPD will be developed and
marketed.

Growth and nutrition after hospital discharge in
BPD infants

Growth of infants recovering from neonatal BPD is usually
observed to be slower and body composition different than
that of infants of similar birth weight who do not develop
chronic lung disease or other major neonatal morbidities.
Weight and length growth and body composition of infants
with BPD over the first year of life are reported in two recent
studies.45,48

Weight and length growth

The extent of growth recovery in BPD infants over the first
year of life is demonstrated by the data on z-scores for
weight and length in Table 36.4. At 3 months corrected age,
BPD infants were disproportionately heavy for length, but
by 12 months corrected age body proportions had reversed
with infants being lean for length (Table 36.4). Similar
observations of low Z-(SD) scores compared with term-
born infants were reported in a prospective descriptive

study of Dutch infants (n = 29) followed through neona-
tal follow-up clinic from 6 weeks to 12 months corrected
age.48 Protein and energy intakes at 3 and 6 months were
similar in infants in the two studies.45,48 Of note, “catch-
up” growth had not been achieved by 12 months of age in
infants in either study, as the mean Z-scores were ≤−1 for
both weight and height.

Body composition

The proportions of fat and lean mass observed in VLBW–
BPD infants appear to vary from that of term infants and
may be related to the protein : energy ratio of the diet, total
energy intake, or exposure to exogenous steroid drugs.
It is impossible to compare values for lean and fat mass
reported for BPD infants between available published stud-
ies since the methodologies employed – DLW, DEXA, or
total body electric conductivity (TOBEC) – do not yield
comparative values.49 When the DLW method was used to
estimate body fat, percent whole body fat rose from 9% ±
7% at 34.5 weeks of gestation to 13% ± 9% at 38 weeks,
and 16% ± 9% and 20% ± 9% at 1 and 3 months corrected
age, respectively.31 Using TOBEC, a similar increase in per-
cent body fat was observed between 6 weeks (15.3% ± 1.6%
for boys and 17.0% ± 1.7% for girls) and 3 months (19% ±
1.5% for boys and 20.0% ± 1.6% for girls) corrected age.48

Beyond 3 months, percent body fat in BPD infants rose in
both studies to a maximum of 24% in boys at 9 months by
TOBEC48 and 27% by DEXA at 6 months in a mixed gender
group.45 In both studies, mean percent body fat declined
at 12 months corrected age to 21.7% in boys and 18.2% ±
1.7% in girls,48 and 23% ± 5% in the mixed gender group.45

In both studies,45,48 values for body fat were below that
for term-born infants (31% ± 5%) at the corrected age of
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Figure 36.1. Bone mineral content (BMC) of the one-third distal

radius in prematurely born infants of extremely low birth weight

(n = 56, birth weight = 866 ± 16 g, gestational age = 24 ± 1.5

weeks) randomized to high energy formula with protein and

minerals as in standard term formula (SF) or nutrient-enriched

formula (EF) to 3 months corrected age 29 and then followed to

12 months corrected age while receiving standard infant formula

and foods as selected by parents (Brunton and Atkinson,

unpublished data). The infants fed EF had significantly higher

radial BMC at 3 months (p = 0.01) and 6 months (p = 0.02) but by

12 months corrected age the BMC was similar between groups.

Radial BMC in the EF preterm infants reached the mean value for

term infants by 6 months corrected age. The data from term

infants fed standard formula52 are shown as mean (in solid line) ±
2 SD (in hatched lines) as a reference population.

1 year.50 The cause of the observed growth deceleration and
lower fat and lean mass observed in BPD compared with
term-born infants after 6 months corrected age has not
been investigated. Feeding problems and frequent infec-
tions, often requiring repeated hospitalizations, may be
contributory factors.

Bone mass

In most infants born prematurely, bone mass at term
CA is lower than for infants born at term.51 Provision
of a protein/mineral-enriched formula fed to 3 months
CA in BPD infants supported greater accretion of radial
bone mineral content (BMC) (measured by single photon
absorptiometry (SPA)) (Figure 36.1) and whole body BMC
(measured by DEXA) (Figure 36.2) than a formula with pro-
tein and mineral similar to term formula.29 However, a sus-
tained benefit to either measure of BMC was not apparent
at 12 months corrected age. For radial BMC, the BPD infants
had similar values to term infants52 by 6 months corrected
age (Figure 36.1). For whole body BMC, at 12 months CA
BPD infants had mean values of about −1 SD that of term
infants fed formula to 1 year of age (Figure 36.2). Dietary
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Figure 36.2. Whole body bone mineral content (BMC) for the

same infants described in Figure 36.1 was significantly higher

(87 ± 21 v. 74 ± 17 g, p < 0.01) in the EF group at 3 months

only.29,45 Whole body BMC increased about 3.5-fold in both diet

groups from term to 12 months corrected age but remained about

−1 SD below values for term reference infants. The data from

term infants fed standard formula50 are shown as mean (in solid

line) ± 2 SD (in hatched lines) as a reference population.

intake of minerals after the diet intervention period should
not have been limiting to bone accretion as intakes after
6 months CA were in excess of recommended intakes for
preterm infants.53 Calcium intake ranged from 13–18 mmol
(520–720 mg) day−1, phosphorus from 13–21 mmol (403–
651 mg) day−1 and protein from 2.4–3.1 g kg−1 day−1.45 By
12 months CA most infants were weaned from formula to
whole cow milk resulting in high intakes of calcium (about
22 mmol (880 mg) day−1 and of phosphorus (about 26 mmol
(806 mg) day−1),45 well above the recommended intakes for
age.54 Vitamin D intake averaged 8 µg (800 IU) per day that
is also in excess of recommendations.

Long-term growth outcomes in former
VLBW–BPD infants

Suboptimal growth performance of former preterm infants
with BPD that tracked into childhood has been reported out
to 12 years of age55–58 and at adolescence.59 The studies
reported in the 1990s preceded improvements in respira-
tory support and pharmacotherapy, and the survivors of
BPD during these earlier times tended to be larger than the
survivors of BPD since the late 1990s. In a study conducted
after the introduction of surfactant and pre- and postnatal
steroid therapy, follow-up growth measures were made at
7 years of age in three groups of infants: (1) VLBW infants
diagnosed with BPD in neonatal life (need for oxygen and
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chest radiology findings consistent with BPD at 28 postna-
tal days) (birth weight = 954 ± 201 g, gestational age = 27 ±
2 weeks, n = 31); (2) VLBW infants not treated with steroids
(birth weight=1127±236 g, gestational age=29±2 weeks,
n = 33); and (3) term infants (n = 33).58 The former VLBW–
BPD infants were shorter and lighter with a significantly
lower body mass index (BMI) (14.8 ± 1.7 kg m−2) than term-
born infants (16.1 ± 2.1 kg m−2).58 The BMI was below the
10th percentile in 58% of former VLBW–BPD children com-
pared with 9% in the term infants.58 However, none of the
growth outcomes of the former VLBW–BPD infants were
significantly different from former VLBW infants who did
not develop BPD but who were of significantly greater birth
weight and gestational age. Of note, while prenatal steroid
exposure was similar between VLBW infant groups (32%
compared with 39%), in the former VLBW–BPD infants
55% had received postnatal corticosteriods compared to
only 12% in the non-BPD group, suggesting no sustained
effect of steroid-induced growth failure in early neonatal
life. However, there was no indication of dose or duration
of postnatal dexamethasone therapy and the study was not
powered on this outcome.

Summary

The clinical population of premature infants with BPD in
the post-year 2000 era represents what has been termed
the “new BPD.”1 A comparison of incidence and outcomes
of infants with respiratory distress syndrome between the
early (1990–1995) and late 1990s revealed that the inci-
dence of respiratory disease did not change significantly
but that smaller infants of lower gestation were increas-
ingly surviving.60 Moreover, the rate of chronic lung dis-
ease at 36 weeks postmenstrual age (about 16.5%) and at 1
year (about 8.6%) remained similar between the two time
intervals. This pattern of survival in infants with respira-
tory disease impacts on nutritional management in at least
two ways. First, the surviving infants are of more extreme
low birth weight and thus will require intensive nutritional
support until medically stable. Second, given that respir-
atory problems persist even up to the first year of life,
continuing nutritional intervention and monitoring after
hospital discharge will be key to ensuring normal nutri-
tional status and sufficient nutrients to support catch-up
growth.

Consensus of the studies summarized in this chapter is
that growth of ELBW infants diagnosed with BPD is com-
promised in early neonatal life owing to a combination
of factors including extreme low birth weight, restricted
feeding due to fluid intolerance, exposure to exogenous

Table 36.5. Guidelines for nutritional management of infants

with bronchopulmonary dysplasia or in the recovery phase as

informed by the literature reviewed in this chapter

Early neonatal life (in hospital)

Vitamin A: given intramuscularly at 5000 IU 3 times per week

for 4 weeks; given orally at 5000 IU once enteral feeds are

established

Vitamin E: up to 4–5 mg day−1 will maintain normal serum

alpha-tocopherol (available from ≥150 mL of mother’s milk

or premature infant formula or the standard dose of

parenteral or enteral multivitamin preparations)

No evidence for effectiveness of other antioxidant vitamins or

nutrients on outcomes of BPD

Fluid restriction: if fluid intake is restricted to less than

150 mL kg−1 day−1 then provide high nutrient density

feedings as tolerated

Stable and growing period (pre/posthospital discharge to at least

3 months CA or longer)a Target intakes of nutrients in the

following amounts

Protein: ≥3.0 g kg−1 day−1

Energy: 120–130 kcal kg−1 day−1

Calcium: 4 mmol kg−1 day−1

Phosphorus: 3 mmol kg−1 day−1

Zinc: 20 µmol kg−1 day−1

Vitamin D: 400–800 IU day−1

a If fluid intake is restricted, modular nutrient sources (lipid, car-

bohydrate, and protein) may need to be added to breast milk

or preterm formulas or other nutrient-enriched enteral nutrition

products used (see text for further discussion).

pre- and postnatal steroid drugs, and possibly elevated
energy expenditure. Aggressive nutritional intervention
from hospital discharge to 3 months corrected age provided
short-term benefits to growth and bone mass accretion,29

but such growth advantage was not sustained after the
intervention was completed.45 Accelerated growth to attain
catch-up to normal growth percentiles does not occur by 1
year corrected age,45,48 and indeed, even at 7 years of age
short stature (height <10th percentile) and low BMI com-
pared with term-born infants were observed in over half of
VLBW–BPD infants.58

To date, there are insufficient data to develop evidence-
based practice guidelines for the nutritional management
of ELBW infants at risk for or with developed BPD. Guidance
in key management issues can at least be informed by the
literature reviewed in this chapter. Until further research
provides more rigorously derived evidence, interim re-
commendations for nutritional support of BPD infants as
provided in Table 36.5 may help to guide clinical practice.
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Introduction

Congenital heart disease (CHD) occurs in 1% of newborns
each year.1 It is the most common major congenital defect,
comprising 13% of all major congenital defects.2 It is well
known that infants with hemodynamically significant CHD
have an increased rate of malnutrition and growth failure
compared with healthy infants. In the early 1900s, William
Osler described children with CHD as “rarely thriving and
often displaying lethargy of body and mind.” Unfortu-
nately, in the modern era, this description may still be accu-
rate for some infants and children with CHD.

The neonatal period is a critical time for organ growth
and development that is adversely affected by malnutri-
tion associated with CHD.3 Many infants and children with
CHD will need surgical correction of their congenital defect,
with more than half requiring surgery during infancy.4

Although no data are available in infants undergoing car-
diac surgery, data in adults indicate that improved preop-
erative nutritional status results in decreased postopera-
tive morbidity.5 Therefore, it is imperative that early nutri-
tional intervention is begun in infants with CHD, both to
avoid long-term consequences of malnutrition during this
period of rapid growth and development and to improve the
metabolic response to surgery in those infants who require
early surgical intervention.

There are few data regarding nutritional metabolism and
growth in the neonatal period in infants with CHD. This
chapter focuses on the physiology and pathophysiology of
CHD, the descriptive studies of growth patterns in infants
and children with CHD, and on the few investigations that
have been done regarding the pathogenesis of the abnor-
mal growth rates in these infants.

Growth in infants with CHD

It has generally been thought that infants with CHD
usually have normal weight and length at birth, unless
affected by other “in utero” conditions known to be asso-
ciated with poor fetal growth, and that CHD-associated
growth problems develop postnatally.3,6,7 However, stud-
ies have reported prenatal growth failure in infants with
CHD. Levy et al. found an 80% incidence of subnormal
birth weights among neonates with major cardiac lesions.8

In the Baltimore–Washington Infant Study, a population-
based, case-control study of infants with CHD conducted
from 1981 to 1987, Rosenthal et al. reported significant
weight deficits at birth in infants with tetrology of Fallot
(TOF), endocardial cushion defect, pulmonary stenosis
(PS), hypoplastic left heart syndrome (HLHS), coarctation
of the aorta (CoA), ventricular septal defect (VSD), and atrial
septal defect (ASD). The only diagnostic group for which
birth weight was normal occurred in infants with transpo-
sition of the great arteries (TGA).9

In other early studies it was often difficult for investiga-
tors to separate the relative contribution of CHD from other
co-existing prenatal conditions that could potentially cause
poor fetal growth (e.g., genetic disorders, metabolic dis-
ease, infections, environmental factors). Fortunately, there
are increasingly more refined methodologies available to
diagnose these disorders, enabling better understanding
of the effect of specific heart defects on growth.

A number of studies have looked at postnatal growth
rates in infants and children with CHD. However, it has
been difficult to draw firm conclusions from these studies
because of the significant differences in study design. Vari-
ous reports have included only hospitalized patients, thus
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selecting the “sickest” infants. Other studies have inves-
tigated growth rates in infants and children over wide age
ranges when growth velocities are different, in subjects with
a large spectrum of cardiac anomalies that were not always
grouped based upon specific heart lesions, in study pop-
ulations comprised of both pre-operative and postopera-
tive patients, and in infants with other disorders known
to intrinsically affect growth such as Trisomy 21. Addition-
ally, many studies that assessed growth included patients
with CHD diagnosed by a mixture of clinical and cardiac
catheterization-based diagnosis, or were done prior to the
use of echocardiographic surveys to define anatomy. Most
of the studies focusing on growth and nutrition in this pop-
ulation are descriptive in nature and few are hypothesis-
driven, prospective studies.

The largest study of growth in infants with CHD was by
Mehrizi and Drash.10 This study, albeit older and retro-
spective, described growth failure tendencies for specific
heart lesions in 890 infants and children 35 years ago. They
reported that 55% of children with CHD were below the 16th
percentile for weight, 52% were below the 16th percentile
for height, and 27% were below the 3rd percentile for both.
In general, they found that the cyanotic heart lesions TOF
and TGA caused growth stunting of weight and height. In
their acyanotic group, lesions with large left to right shunts
and elevated pulmonary artery pressures (e.g., VSD, ASD,
or patent ductus arteriosus (PDA) had a more pronounced
effect on weight than height or head circumference.

A more recent study by Varan et al. investigated mal-
nutrition in infants and children grouped as cyanotic or
acyanotic heart lesions with and without pulmonary hyper-
tension measured by heart catheterization.11 Overall, they
found a higher incidence of poor growth compared to the
Mehrizi and Drash study. Sixty-five percent of 89 patients
studied were below the 5th percentile for weight, and 41%
were below the 5th percentile for height. They found that
their patients with cyanotic CHD and pulmonary hyper-
tension had the highest rate of failure to thrive, defined as
less than 5th percentile for weight and height. These stud-
ies illustrate that growth impairment is a major morbidity
for infants and children with CHD, especially those with
pulmonary overcirculation, cyanosis, or pulmonary hyper-
tension.

Data from the Baltimore–Washington Infant Study sug-
gests that fetal growth patterns may be specific to certain
cardiac defects.12 This retrospective, case-control study
characterized fetal growth differences among control new-
borns (n = 276) and neonates with TGA (n = 69), TOF (n
= 66), HLHS (n = 51), and CoA (n = 65). Newborns with
HLHS were found to be smaller in relation to height, weight,
and head circumference when compared with controls,

with head circumference disproportionately smaller than
weight. Infants with CoA had proportionately reduced
lengths and weights as compared with head circumfer-
ence. Infants with TOF were symmetrically undergrown,
while those with TGA were of normal weight, but rela-
tively smaller head volume. It was suggested that alter-
ations in fetal hemodynamics caused the abnormal fetal
growth pattern. This study excluded infants with known
genetic syndromes, fetal infections and exposures that may
have confounded the growth pattern findings. However, it
is still not known if the fetal hemodynamics directly caused
the abnormal growth patterns or if it is a more global
process that is an “intrinsic growth disturbance” during
embryogenesis and cardiogenesis.

Normal cardiac physiology

To better understand the impact that CHD has upon nutri-
tion and metabolism, one should fully understand the
physiologic adaptations that occur in the transition from
fetal to neonatal life. Serious structural heart disease, for
the most part, is completely compatible with fetal life and
it is not until after birth that the postnatal alterations in car-
diopulmonary hemodynamics result in physiologic insta-
bility.

The fetal lamb has been the most commonly used model
to investigate fetal circulatory patterns and applied to
human physiology. In the present era of sensitive ultra-
sonography, human fetal hemodynamics are becoming
better understood and, in general, it has been found that
major blood flow patterns are the same between species.13

Since fetal blood flow is dependent on a “parallel” cir-
culation with unequal left and right ventricular outputs,
fetal cardiac output is described as bi-ventricular.14,15 The
majority of fetal cardiac output is provided to the placenta
(45%) with little directed towards the lungs (<10%). At birth,
a rapid transition occurs as the low resistance placenta is
replaced by the lungs as the organ for gas exchange. Alveo-
lar distension with breathing and alveolar fluid resorption
causes a dramatic decrease in pulmonary vascular resis-
tance so that pulmonary blood flow greatly increases and
returns normally to the left atrium. This increase in left
atrial blood flow and pressure functionally closes the fora-
men ovale. As the arterial oxygen level is increased and
the placental source of prostaglandin is removed, the duc-
tus arteriosus functionally closes during the first day of
life. Thus, the pulmonary and systemic circulations change
from a “parallel” circuit to one that functions in “series”
with equal right and left ventricular cardiac outputs.
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In the fetus, the intestine is a relatively dormant organ
that requires a small amount of blood flow and oxygen
delivery (less than 5% of cardiac output).16 After birth, the
intestine has an increase in metabolic activity as it becomes
the sole organ for nutrient exchange. Intestinal growth dra-
matically increases in the first weeks of life to enable effec-
tive gastrointestinal absorption, secretion, and motility. In
the normal neonate, there is a large increase in mesen-
teric blood flow (20% of cardiac output) and doubling of
oxygen delivery in the first weeks of life.17,18 With certain
cardiac defects intestinal blood flow and oxygen delivery
may be compromised because of diastolic “run off” (e.g.,
patent ductus arteriosus, aortic-pulmonic window, aorto-
pulmonary collaterals, aortic insufficiency), decreased sys-
temic perfusion secondary to a left-sided heart obstruc-
tion (e.g., coarctation of aorta, aortic stenosis, interrupted
aortic arch), or peripheral and mesenteric vasoconstriction
resulting from hypoxemia.

Pathophysiology of CHD

There have been many classifications for CHD. In this chap-
ter, focus will be directed toward two main groups: cyan-
otic and acyanotic cardiac defects. These two groups have
differing pathophysiology, but both may result in growth
failure and poor nutrition.

Two main classifications of malformations cause cyan-
otic CHD: (1) lesions that result in decreased pulmonary
blood flow secondary to obstruction, and (2) defects that
fail to create “in series” pulmonary and systemic circu-
lations, resulting in a separation of the pulmonary and
systemic circulations. Decreased pulmonary blood flow
occurs with TOF, critical pulmonic stenosis (PS), tricuspid
valve anomalies (e.g., Ebstein’s anomaly) and hypoplas-
tic right heart syndromes. In complete TGA and total
anomalous pulmonary venous return there is admixing
of oxygenated and deoxygenated blood with the poorly
oxygenated blood entering the systemic circulation. With
cyanotic lesions, systemic blood is poorly oxygenated and
the degree is related to the severity of the heart lesion. Inter-
estingly, the degree of cyanosis has not been found to cor-
relate with growth failure, but the duration of cyanosis is
directly correlated with growth impairment.19,20

Acyanotic heart lesions result in an “effective” increase
in the pulmonary circulation. These infants and children
have increased pulmonary blood flow, either secondary to
an increased systemic-to-pulmonary blood flow ratio or to
a left-sided obstructive lesion. These include defects such
as PDA, VSD, atrioventricular septal defect (AVSD), CoA,
aortic stenosis (AS), interrupted aortic arch and HLHS (note

that HLHS is often characterized as being both a cyanotic
and an acyanotic lesion, and represents a spectrum of left
heart hypoplasia). With PDA, VSD, AVSD, and HLHS pul-
monary blood flow may be greater than systemic blood flow
as pulmonary arterial pressures decrease to subsystemic
levels in the first months of life. Blood is shunted down the
pressure gradient from the higher pressure in the systemic
circulation to the lower pressure in the pulmonary circu-
lation. In left-sided obstructive lesions such as CoA and
AS, there is an increase in pressure of the left heart (left
ventricle and left atrium) secondary to a decrease in ante-
grade systemic blood flow. This results in elevation of the
pulmonary venous pressure that is transmitted to the pul-
monary capillary bed. With the elevated capillary hydro-
static pressure, fluid is forced into the pulmonary intersti-
tium resulting in “effective” pulmonary overcirculation and
a decreased pulmonary compliance. Thus, symptomatic
acyanotic heart lesions tend to cause congestive heart fail-
ure (CHF) with symptoms of tachypnea, dyspnea, tachy-
cardia, hepatomegaly and cardiomegaly that undoubtedly
contribute to the growth failure in these infants.

With both cyanotic and acyanotic heart lesions, the most
prominent hemodynamic alterations that adversely affect
nutritional state are volume overload of the left or right ven-
tricle, pulmonary arterial hypertension, congestive heart
failure, chronic hypoxemia, and myocardial dysfunction.4

Cardiac and extra-cardiac etiologies
of growth failure

There are a variety of etiologies for growth failure in infants
with CHD that can be divided into “cardiac” and “extra-
cardiac” factors. Extra-cardiovascular etiologies for growth
failure in infants and children with CHD have been well
described and include, but are not limited to, the following:
chromosomal abnormalities (e.g., Trisomy 21, Turner’s syn-
drome), genetic abnormalities (e.g., DiGeorge syndrome,
William’s syndrome), intrauterine infections (e.g., rubella),
and environmental factors (e.g., gestational hyperthermia,
placental insufficiency, fetal toxins). Each of these may lead
to a reduction in future growth potential. As noted above,
these prenatal factors may produce both fetal and post-
natal growth failure, and may be difficult to separate from
“cardiac” etiologies as the source of failure to thrive.

Four main “cardiac” factors have been found to con-
tribute to poor growth in a number of infants and children
with CHD: (1) increased metabolic rate, (2) feeding diffi-
culties resulting in inadequate intake, (3) malabsorption of
macro- and micro-nutrients, and (4) poor growth origina-
ting from alterations at the cellular or molecular level.
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These are described in detail below. Additionally, other eti-
ologies for poor growth such as chronic respiratory infec-
tions have been described, but are not clearly substantiated
by clinical studies.

Metabolic alterations with CHD

In infants with CHD, the main etiology of failure to thrive
has long been thought to be an increase in energy expen-
diture. Several studies have demonstrated an increase in
metabolic rate in infants with CHD, especially in those
infants and children with congestive heart failure.21–23

Although an exact metabolic mechanism of poor growth
with CHD has not been defined, it is likely because of a dis-
crepancy between energy expenditure and energy intake.
Total energy expenditure (TEE) is comprised of three main
elements: (1) resting energy expenditure (REE), (2) physical
activity, and (3) thermal energy for nutrient processing and
new tissue formation. In the early neonatal period, REE is
the major component of TEE, with physical activity being a
major contributor to TEE only as the infant becomes more
active after the first weeks to months of life.

Energy expenditure has been assessed using both indi-
rect calorimetry (measures both REE and TEE) and doubly-
labeled water techniques (measures TEE). As with the diffi-
culty of assessing growth in infants with CHD because of the
numerous confounding variables present in most studies,
the same problem exists in many investigations of energy
expenditure in infants and children. Studies have evaluated
energy expenditure over large age ranges, included study
subjects with vastly differing cardiac lesions, and have often
lacked control groups. As a result, conflicting TEE and REE
results have been reported in infants and children with
CHD. Nevertheless, on balance, they suggest an increase
in energy expenditure with CHD.

Older studies tested the hypothesis that infants with CHD
have an increased oxygen requirement and increased oxy-
gen consumption because of an elevated metabolic rate.
Several early studies21,24 demonstrated that oxygen con-
sumption rates correlate with the severity of congestive
heart failure. Krauss et al.22 reported that infants with
CHD and CHF had increased oxygen consumption com-
pared with infants that had CHD but no evidence of CHF.
Kennaird25 measured oxygen consumption in infants with
cyanotic v. acyanotic CHD and found that oxygen con-
sumption was low in the cyanotic group and significantly
higher in the acyanotic group, particularly those infants
with evidence of CHF. Therefore, with energy expen-
diture indirectly determined using oxygen consumption
measurements, infants with CHF as a result of acyanotic
CHD (specifically those with large systemic to pulmonary

shunting lesions), have a relative hypermetabolism com-
pared with infants with cyanotic CHD.

REE in infants with CHD has been reported to be
normal7,26 and elevated22,27,28 in various studies. In a study
controlled for type of heart lesion (uncorrected cyanotic
heart disease) and age at study (investigated twice, at 2
weeks and again at 3 months of age), REE was not elevated
at either age when compared with control infants without
CHD.29 From a methodological standpoint this is perhaps
the best study on REE in infants with CHD, and it suggests
that, at least in cyanotic CHD, REE is not a major cause of
growth failure in early infancy.

More recent studies have used the doubly-labeled water
method to determine TEE by measuring the relative uri-
nary elimination rates of 18O and 2H, a reflection of the
rate of CO2 production. In infants with severe CHD (inclu-
ding both cyanotic and acyanotic lesions, with and without
CHF) at 3–6 months of age, TEE was significantly elevated
when compared with control infants from the literature.30

As noted above, Leitch et al.29 studied 10 infants with cyan-
otic CHD without CHF and 12 age-matched, healthy con-
trol infants at 2 weeks of age and again at 3 months of age. At
2 weeks of age there were no significant differences between
groups in REE and TEE, but at 3 months of age, there was a
significant increase in TEE (30%) in the patients with cyan-
otic CHD when compared with TEE in control infants. Ack-
erman et al.31 measured both TEE and REE in infants 3–5
months old with moderate to large VSDs compared with
that in healthy, age-matched controls and demonstrated
no difference in REE between groups. However, TEE was
40% higher in the VSD group. Farrell and colleagues23 evalu-
ated energy expenditure in infants with VSD at 3–5 months
of age compared with age-matched healthy controls and
found TEE to be increased by 51% in patients with symp-
toms of CHF and by 26% in patients with a VSD but without
symptoms of CHF.

In both the Ackerman31 and Farrell23 studies, the differ-
ence between TEE and REE was found to be much greater in
infants with CHD as compared with age-matched healthy
controls. Neither of these studies found a significant differ-
ence in REE when compared with healthy control infants.
The authors hypothesize that in infants with VSDs, this
indicates an increase in the energy cost of physical activity
(which tends to increase at 3–4 months of age) compared
with control infants.

Feeding difficulties as cause of growth failure
with CHD

Poor nutrition is a likely cause of failure to thrive in many
infants with CHD. In infants with CHD there is often a
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fine balance between fluid restriction and adequate caloric
intake. At times, fluid restriction prevents effective caloric
intake and results in growth failure.

Insufficient nutrient intake has long been thought to
be the main etiology for growth failure in infants with
CHD7,24,26,27,32–35 with a common finding of a direct cor-
relation between caloric intake and body weight. However,
other studies have reported no significant differences com-
pared with healthy age-matched controls in caloric intake
when calculated as kcal kg−1 day−1.29,31,36 Generally, caloric
intake for weight is normal or “near-normal.” However,
when intake is expressed per expected weight for age (50th
percentile), less than adequate intake is often found.29,31,36

The cause of poor intake in infants with CHD is mul-
tifactorial in origin. Infants with CHD commonly have
fatigue with feeding that results in inadequate intake.32

This is especially true for infants with CHF that already
have increased baseline respiratory rates.21 Infants with
CHF may begin feeding vigorously but often tire quickly.
Anorexia may also be a component of poor oral intake that
is caused by hypoxia, medications, and a delayed gastric
emptying. It is well known in adults that digoxin toxicity
causes loss of appetite,37 but it is unknown if this effect is
significant in the therapeutic range in infants and children
with CHD. Fluid restriction and diuretics are commonly
utilized and can cause electrolyte abnormalities such as
hyponatremia that may lead to anorexia. Early satiety and
a depressed appetite may be related to the delayed gastric
emptying that has been reported in infants with cyanotic
CHD38 and adults with CHF,39 as well as to the decreased
gastric capacity that can occur secondary to compression
of the stomach from an enlarged liver or ascites.40

Inherent changes in gastro-intestinal function may limit
the infant or child with CHD from taking adequate enteral
feedings. Patients receiving chronic prostaglandin admin-
istration (e.g., infants with HLHS) may have altered gastric
antral mucosal hyperplasia that can functionally create a
gastric outlet obstruction.41,42 Potentially, CHF and hep-
atomegaly can increase intra-abdominal pressure and lead
to emesis. Ineffective caloric intake may also be related to
the high incidence of gastroesophageal reflux that occurs
with CHD.43

Thus, there are a multitude of reasons for an infant
with CHD to feed poorly, necessitating an individualized
approach to ensure proper nutrient intake.

Losses of macro- and micro-nutrients

Some patients with CHD have failure to thrive despite con-
suming adequate calories based upon weight and/or age.
This has led some investigators to believe that nutrient

losses may cause poor weight and height gain. This is pre-
sumed to occur primarily via gastrointestinal malabsorp-
tion of nutrients, but there can also be significant protein
and energy loss in the urine.

The pathophysiological processes underlying malab-
sorption have not been defined clearly. Elevated right atrial
pressures, CHF, low cardiac output states, and chronic
hypoxemia may all result in intestinal venous or lymphatic
congestion causing mesenteric hypoxia and functional
abnormalities of the intestine leading to nutrient malab-
sorption. Sondheimer et al.44 investigated the malabsorp-
tion profile of fat, protein, and carbohydrate in hospital-
ized infants less than 20 weeks of age with either chronic
CHF or cyanotic CHD. They found that 24% of infants stud-
ied had increased stool fat loss and 60% of infants had an
increase in stool protein (4 of 6 in the CHF group and 4
of 8 in cyanotic CHD group). Despite these findings, the
infants were all in a positive nitrogen balance and had nor-
mal levels of serum albumin. The stool fat equated to a
caloric loss of up to 20 kcal kg−1 day−1. However, indirect
measurements of body lipid markers such as serum lev-
els of carotene, cholesterol, and vitamin A were normal.
Several other studies of intestinal function in infants with
CHD suggested an absence of significant malabsorption
in these patients. Vaisman et al.45 found that there was
an increase in stool fat excretion in children with conges-
tive heart failure requiring chronic diuretic usage. When
stool fat was expressed as a percentage of daily caloric
intake no significant difference was found when compared
with controls. However, infants with increased total body
water despite diuretic therapy had increased malabsorp-
tion when compared with euvolemic patients. Yahav et
al.46 studied 14 infants with CHD and growth failure dur-
ing three differing nutrient regimens each lasting 3–7 days:
(1) normal feeding, (2) increased enteric calories delivered
orally, and (3) increased enteric calories delivered via naso-
gastric tube. They concluded that there were no abnor-
malities of intestinal function in infants with CHD when
compared with controls. Of interest, in this study proximal
intestinal biopsies were performed and there was edema
noted in the lamina propria but it did not correlate with
malabsorption.

Conflicting results from the above studies may be related
to the differences in study populations. Sondheimer et al.44

included ill hospitalized patients, all less than 20 weeks
of age, with specific cardiac lesions: TGA for the cyan-
otic group and an acyanotic group consisting of infants
with severe CHF. The other studies contained heteroge-
neous study populations.45,46 Overall, it does not consis-
tently appear that nutrient malabsorption is the main etiol-
ogy of growth failure in infants and children with CHD, but
it should be considered if a patient has a prominent stooling
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pattern and poor growth despite an adequate medical and
nutritional regimen.

Alterations at the cellular and molecular level

Most investigations regarding intake and growth in infants
and children with CHD have focused on macronutrient
consumption. However, there may be abnormalities in
micro-nutrient intake and/or systemic concentrations that
may result in impaired growth secondary to altered cellular
and molecular functions.

With CHF, clinical management usually includes fluid
restriction and use of diuretics, a practice that commonly
results in electrolyte abnormalities. In adults on diuretics,
the level of potassium and magnesium in skeletal muscle
has been found to be significantly decreased in half of the
patients.47 In animal studies reduced potassium, magnes-
ium, and zinc cause a decrease in growth and protein syn-
thesis that is proportional to insulin-like growth factor-1
(IGF-1) concentrations.48,49 In adults with CHF, cachexia
may occur secondary to increased levels of cytokines.50

Newborn lambs who were made hypoxemic for 2 weeks
(oxygen saturation 60–74%) demonstrated that serum IGF-
1 levels were decreased by 43% compared with control
animals.51 Recently, Barton et al.52 studied 62 infants at
1 year of age who had been diagnosed with symptomatic
CHD. They found that serum concentrations of IGF-1
and insulin-like growth factor binding protein-3 (IGFBP-
3) were significantly reduced when compared with age-
matched healthy controls. These are interesting findings
that will need proper clinical trials to determine if deficien-
cies in electrolytes or micro-nutrients specifically lead to a
decrease in serum IGF-1 levels in infants and children with
CHD or if they are merely correlated with growth impair-
ment.

Sasaki et al.53 investigated the growth of children with
surgically corrected CHD and continued growth impair-
ment. Children in this study continued to have poor growth
despite surgical correction of their CHD and were given
recombinant growth hormone therapy over a 2-year period.
They found an increase in growth rate (height) of 45% dur-
ing the first year of treatment and an increase of 32% over
the second year of study. Interestingly, these patients were
not growth hormone deficient, but they did respond to
recombinant growth hormone therapy.

Necrotizing enterocolitis and CHD

Necrotizing enterocolitis (NEC) is a life-threatening intesti-
nal disease most often associated with premature infants,

however it is estimated that 7–25% of NEC cases occur in
full-term infants.54–56 Multiple studies have found that pre-
mature and full-term infants with CHD are at an increased
risk for developing NEC.54–61 The proposed etiology in this
population is intestinal mucous membrane injury initiated
by mesenteric ischemia. In 1969 Lloyd studied diving mam-
mals and found that there was a neurogenic redistribution
of blood flow away from the gastro-intestinal circulation
toward more critical organs such as the heart and brain.62

It was proposed that this “diving reflex” caused intestinal
hypoxia and was the antecedent insult causing NEC. It has
been found that a neurogenic redistribution of blood flow
does occur in the neonate, but there is quickly an “autoregu-
latory escape” phenomenon that improves oxygen delivery
to the newborn intestine if the neonate is hemodynamically
stable. However, this protective “autoregulatory escape”
mechanism does not sustain intestinal blood flow and ad-
equate oxygen delivery in the face of added insults such as
moderate to severe arterial hypotension or hypoxia.63

It is likely that ischemia of the intestinal tract may occur
with specific CHD lesions in newborns and infants that
result in a decreased intestinal blood flow. CHD lesions that
create a decreased systemic cardiac output, a large left to
right shunt with an increase in the Qp/Qs ratio, or a diastolic
“run-off” may predispose the infant to intestinal ischemia.
Patent ductus arteriosus in preterm neonates, a lesion of
“diastolic steal” with decreased intestinal blood flow has
been clearly associated with an increased incidence of
NEC.64,65 Feeding may also increase the risk of intestinal tis-
sue hypoxia by increasing the metabolic demand on already
“at risk” tissues.66 These may be the antecedent insults that
cause NEC in some patients with CHD.

The role of CHD in NEC has been studied in two specific
manners: (1) determining the incidence of NEC in neonates
with CHD, and (2) evaluating the incidence of CHD in
neonates with NEC. The incidence of NEC in patients with
CHD varies from 3.3–7% (Table 37.1).59–61 In these studies,
significant contributing factors to the increased incidence
of NEC were prostaglandin E2 administration that led to
apnea and/or hypotension60 and having at least one non-
cardiac risk factor for NEC such as episodes of poor car-
diac output and relative prematurity.59 In studies by Leung
et al.60 and Cheng et al.,61 no specific cardiac lesions were
found to be significantly associated with NEC. However,
McElhinney et al.59 found that the cardiac lesions signi-
ficantly associated with NEC were HLHS, AP window, and
truncus arteriosus.

Several retrospective studies have been performed to
investigate the role of CHD as a risk factor for NEC in new-
borns (Table 37.2).56–58,67 These studies reported the inci-
dence of CHD in patients with proven NEC to range from
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Table 37.1. Incidence of necrotizing enterocolitis (NEC) in neonates with congenital heart disease (CHD)

Primary

Author

Number of

subjects

Gestational age

(weeks)

Percent with

NEC Type of CHD Comments

Leung et al.60 133 NI 7% 44% – Pulmonary outflow

obstruction

All patients had symptomatic

CHD

33% – Left heart obstruction

23% – NI

Identified PGE2 infusion as

significant risk factor for

NEC

Cheng et al.61 850 mean: 37 weeks 3.5% 47% – Pulmonary outflow

obstruction

Institutional review from

1981–1997

25% preterm 27% – VSD, ASD, PDA, or AV canal PDA found in 80% of

neonates with NEC and

CHD

17% – AS, CoA, IAA

10% – TGA

Mortality 57% with NEC and

CHD, compared with 20%

in newborns without CHD

McElhinney

et al.59

643 range: 31–42

weeks

3.3% 48% – HLHS

10% for each of the following: TA,

TOF, PA with IVS, CoA

All 21 patients with NEC and

CHD had at least one

non-cardiac risk factor for

NEC

62%<36 weeks 5% for each of the following: AS, AP

window, DORV

Significant lesions for NEC:

HLHS, TA, AP window

Abbreviations: NI, not indicated; PGE2, prostaglandin E2; VSD, ventricular septal defect; ASD, atrial septal defect; PDA, patent ductus

arteriosus; AV canal, atrio-ventricular canal; AS, aortic stenosis; CoA, coarctation of the aorta; IAA, interrupted aortic arch; TGA, transposition

of the great arteries; HLHS, hypoplastic left heart; TA, tricuspid atresia; TOF, tetrology of Fallot; PA with IVS, pulmonary atresia with intact

ventricular septum; AS, aortic stenosis; AP window, aorto-pulmonary window; DORV, double outlet right ventricle.

Table 37.2. Incidence of congenital heart disease (CHD) in patients with necrotizing enterocolitis (NEC)

Primary author

Number of

subjects

Gestational age

(weeks)

Percent with

CHD Type of CHD Comments

Polin et al.56 13 39.5 weeks 39% 60% – HLHS Institutional study

40% – NI HLHS associated with low cardiac

output or CHF

Andrews et al.57 10 ≥38 weeks 20% 10% – VSD (trisomy 21)

10% – VSD/ASD (trisomy 21)

No infants in this study had

cyanotic CHD

Martinez-Tallo

et al.58

24 100% > 2 kg,

66%> 36 weeks

12% Specific heart lesions – NI Significant risk factors: PROM, low

Apgar score, CHD,

hypoglycemia, respiratory

distress, exchange transfusion

Bolisetty et al.67 29 >37 weeks 35% 40% – TGA Regional review of tertiary centers

20% – CoA All but two infants had noncardiac

20% – PA risk factors for NEC

10% – TA

10% – VSD

Abbreviations: NI, not indicated; HLHS, hypoplastic left heart; CHF, congestive heart failure; VSD, ventricular septal defect; ASD, atrial

septal defect; PROM, premature rupture of the membranes; TGA, transposition of the great arteries; CoA, coarctation of the aorta; PA,

pulmonary atresia; TA, tricuspid atresia.
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12%–39%. However, some of these studies included pre-
mature infants. As prematurity is the most substantiated
risk factor for NEC, it may confound the results associating
CHD with NEC. When the studies included only full-term
infants (>37 weeks) with CHD, the incidence of NEC ranged
from 20%–30%. Overall, CHD is a significant risk factor for
NEC. Specific heart lesions such as HLHS, truncus arterio-
sus, interrupted aortic arch and any other cardiac defects
causing decrease in intestinal perfusion put a newborn at
a much higher risk for NEC than the standard newborn
population.

Nutritional assessment

Often, in the complex medical management of CHD, nutri-
tion may be an afterthought as the clinical management of
critical heart lesions takes the forefront. Nutritional assess-
ment is of critical importance in both determining the need
for nutritional intervention and in assessing the efficacy of
the nutritional regimen in infants with CHD. For a detailed
review of nutritional assessment techniques, see the chap-
ter “Nutritional Assessment of the Neonate.”

A detailed, standardized nutritional assessment format
should be used for all infants with CHD who demonstrate,
or are at risk for, growth failure. Historical information
should include questions regarding types and volume of
feeding with an estimate of calorie and protein intake, dura-
tion of feeds and work of feeding (is the infant tiring?), irri-
tability, lethargy, vomiting, constipation, diarrhea.

Anthropometric measurements are critical to assessing
growth. Weight, length and head circumference should be
measured by trained personnel, preferably by the same per-
son on each visit. Appropriate growth charts for age, gen-
der, altitude, and racial/ethnic background should be used.
Weight for length and growth velocities should be deter-
mined. Skinfold thickness and arm circumference can be
used to estimate energy and protein loss and accretion.
Laboratory assessment depends on the individual child,
especially if unanticipated growth faltering is occurring
(see chapter “Nutritional Assessment of the Neonate” for
details).

Nutritional regimen

As noted above, infants and children with CHD are often
noted to be “poor feeders,” especially those with CHF
and/or cyanosis. In many instances, alternative nutritional
regimens and techniques are necessary to support ade-
quate nutritional intake.

No studies have been performed to determine the most
effective nutritional regimen for infants and children with
CHD. It has been found that infants and children with CHD
and poor growth improve with increased caloric delivery.
Jackson et al.27 studied the short-term effects of increasing
caloric density in 14 infants, 1–5 months of age, that had
failure to thrive and CHD. They studied infants on normal
formula, and then on the same formula but fortified with
glucose polymers to increase mean energy intakes by 32%.
They found over the short study period of 2–3 days that the
mean weight gain improved significantly from 1.3 g kg−1

day−1 to 5.8 g kg−1 day−1. Unger et al.68 investigated caloric
intake and weight improvement after instituting a protocol
for nutritional assessment and counseling in 35 patients
aged 1 month to 2 years of age with CHD. They found that
initially only 89% of RDA were being consumed. However,
with intervention intake increased to 108% of RDA and
resulted in improved weight for length measurements over
the study period.

Studies have shown infants and children with poor
growth secondary to CHD may benefit from nasogastric
feeding. Vanderhoof et al.68 studied the use of nasogas-
tric feedings in 11 infants with complex CHD and poor
growth despite receiving hypercaloric formulas and nutri-
tional supplementation. By switching from oral to naso-
gastric feedings, the caloric intakes increased by 32% sec-
ondary to decreased emesis. A study by Schwarz et al.34

investigated 19 infants with CHF receiving one of three dif-
ferent feeding regimens: (1) ad lib demand oral feedings, (2)
12 hours of nasogastric continuous feedings with 12 hour
ad lib demand oral feedings, and (3) 24 hours of continuous
nasogastric feedings. Only the patients in the group receiv-
ing 24 hours of continuous nasogastric feedings gained
weight and height over the 5-month study period. The poor-
est growth rate was in the infants on ad lib demand feedings.
Therefore, consideration should be given to implementing
nasogastric feeds in select patients with continued poor
growth. Recently, several studies have suggested that gas-
trostomy tube placement is a low risk procedure that may
be preferable to nasogastric tube feedings because it does
not interfere with oral feeding and dislocations requiring
replacement.70,71

Nutritional intervention needs to be individualized. As
noted above, simply an increase in caloric intake may
improve growth. What is “optimal growth” in these patients
is not well-defined; the gold standard for growth of the
preterm infant is that of the reference fetus, or 15–18 g kg−1

day−1.72 For post-term infants over the first several months
of life a common weight gain goal is 20–30 g day−1.73 In
many patients, this has to be accomplished in the face
of fluid restriction. Weight gain alone is probably not the
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optimal nutritional endpoint in these patients since this
does not address the quality of the weight that is gained.
The goal should be to avoid catabolism and to provide suf-
ficient protein and energy to achieve a body composition
that, at least in the first several months of life, reflects that
of the breast-fed infant at the same gestational age. On a
practical level, this is often difficult to achieve since body
composition assessment methods are often not routinely
available.

In many neonatal or cardiac intensive care units, nutri-
tional management is to increase nutrient intake until
weight gain occurs. In neonates and infants weight gain
is often achieved by adding modular supplements (glu-
cose, lipid, and protein) to formula. These supplements
are increased in the same relative proportion until growth
is improved or intolerance develops. Frequently this results
in a caloric density of 28–30 kcal per ounce formula intake.
In 1972 Fomon et al.74 suggested a 1 kcal mL−1 formula
preparation with a content of 9% protein, 31% fat, and 60%
carbohydrate for infants with CHD and poor growth, a re-
commendation that is still appropriate for use in this pop-
ulation today. Carbohydrate intake above this level should
be avoided in that it may result in a hypermetabolic state
with increased energy expenditure.

Whenever concentrated formulas are used, attention
must be given to the osmolality of the formula since
such preparations may result in delivery of an excessive
renal solute load to the kidney. The AAP recommends
that enteral feedings have an osmolarity < 400 mOsm
L−1, which is an osmolality of approximately 450 mOsm
kg−1 of liquid.75 Osmolarity of medications are often over-
looked in these patients, but they also need to be taken into
consideration.76 Additionally, the potential renal solute
load needs to be considered, particularly in infants who
are fluid restricted or on diuretic therapy.77

Efforts should be made to normalize serum electrolyte
concentrations and micronutrient concentrations since
deficiencies can be growth-limiting. Based on clinical his-
tory (medication use, dietary intake, etc.), it can be anti-
cipated who is at risk for electrolyte and micronutrient
deficiencies. If growth is still suboptimal, evaluate for pos-
sible malabsorption. Consider partial or full NG feedings
if feeds are given enterally. If none of the enteral feeding
approaches are successful, parenteral partial or full nutri-
tion may be required for a period of time.

Conclusion

Growth problems are common in infants and children with
CHD. An individualized nutritional approach is warranted

for the most “at risk” patients, particularly those with
chronic hypoxemia, pulmonary hypertension, and CHF.
The most common causes of growth failure in infants with
CHD (i.e., poor intake, malabsorption, increased energy
expenditure, and altered cellular metabolism) should be
considered in each patient so that an individualized nutri-
tional regimen and assessment strategy can be developed
to aid in attaining maximal growth.
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Nutrition therapies for inborn errors of metabolism
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Inborn errors of metabolism are rare, but important causes
of disease in the neonate. They cause significant morbidity
and mortality that can in some cases be ameliorated or
prevented by nutritional treatment. An increasingly large
number of inborn errors of metabolism are being described
many of which present or can be identified in the newborn
period.

Premature infants have no less risk of inborn errors
of metabolism than full-term neonates. However, inborn
errors may be less frequently suspected in the premature
infant because symptoms may resemble more common
problems expected in those patients. In addition, diagnos-
tic tests in the premature infant may be altered by com-
mon treatments. For example, whole blood transfusions
can give false negative results on newborn screening for
galactosemia. Premature infants are actually at higher risk
for transient forms of some inborn errors for which a critical
enzyme shows maturation in the perinatal period. In addi-
tion, advances in technology have led to the description of
an increasing number of inborn errors of metabolism.

For each disorder, identification of specific abnormal
metabolites leads to understanding the unique biochem-
istry of the disorder and is the key to developing approaches
to management. Nutrition plays an important role in the
management of inborn errors of metabolism. The benefit
of a phenylalanine-restricted diet for PKU was described
by Bickel and associates in 1953 after it was shown that
modification of dietary intake could alter the biochemi-
cal imbalances of the patient.1 Since that time compliance
with dietary therapy has been shown to result in normal
intellectual development in patients with classic PKU.

The nutrition management of inborn errors has con-
tributed to our knowledge of the requirements for various

essential amino acids, fats, carbohydrates, vitamins, and
minerals in healthy infants as well as infants with metabolic
disorders. The first special dietary formulations for inborn
errors of metabolism (e.g., PKU) were made from casein
hydrolysates or free amino acids. It was not until several
years later that commercially prepared special metabolic
formulas were available for widespread use. Currently, a
wide variety of commercial metabolic formulas are avail-
able for treatment of various inborn errors, and are used in
combination with other nutritional and medical therapies
to treat patients with these disorders.

The focus of this chapter is limited solely to inborn
errors of metabolism that can be diagnosed in the new-
born period, and for which efficacy of nutritional man-
agement in that period has been demonstrated. A vari-
ety of inherited enzymatic defects that may respond to
specific nutritional therapies are shown in Table 38.1. It
is not in the scope of this chapter to discuss diagnostic
approaches or criteria for these disorders. It should be
pointed out that treatment of these disorders (which may
present with nonspecific symptoms) can be successful only
if an inborn error of metabolism is suspected and identi-
fied by appropriate biochemical studies. With identifica-
tion and appropriate treatment, neonates with the inborn
errors of metabolism considered in this chapter can be
expected to show improved, and sometimes normal, men-
tal and physical development.

Physiology, pathophysiology, development,
and disease

General principles of metabolism are illustrated in Fig-
ure 38.1. All metabolism is mediated by enzymes coded
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Table 38.1. Nutrition therapies in selected metabolic disorders

Disorder Nutrition therapy

Aminoacidopathies

Phenylketonuria (classic) Phenylalanine restriction, tyrosine

Hyperphenylalaninemia Phenylalanine restriction may be required for some

Biopterin deficiency Phenylalanine restriction, tetrahydrobiopterin, dopaminergic drugs

Tyrosinemia, type I Phenylalanine and tyrosine restriction, cysteine, NTBCa

Neonatal tyrosinemia Low protein diet, ascorbic acid

Tyrosinemia, type II Phenylalanine and tyrosine restriction

Maple syrup urine disease Branched chain amino acid restriction, valine and isoleucine

Homocystinuria Methionine restriction, cysteine, betaine, folate, pyridoxine

Organic Acidemias

Isovaleric acidemia Lysine restriction, carnitine and/or glycine

Methylmalonic acidemia Propiogenic amino acid restriction, carnitine

Propionic acidemia Propiogenic amino acid restriction, carnitine, biotin

Cobalamin defects Propiogenic amino acid restriction, hydroxycobalamin, carnitine, betaine, folate,

pyridoxine

Pyruvate carboxylase deficiency High fat, low carbohydrate or modified ketogenic diet, biotin

Pyruvate dehydrogenase deficiency Ketogenic diet, thiamine, biotin, lipoic acid

Glutaric acidemia, type 1 Lysine and tryptophan restriction, carnitine

Urea cycle disorders Low protein diet with nonessential amino acid restriction, citrulline or arginine, sodium

benzoate, sodium phenylbutyrate, carnitine

Carbohydrate disorders

Galactosemia (classic) Galactose/lactose restriction, calcium

Galactosemia (Duarte) Some centers support galactose restriction for first year of life

Galactokinase deficiency Galactose/lactose restriction

Hereditary fructose intolerance Fructose and sorbitol restriction

Glycogen storage diseases

Type I (glucose-6-phosphate deficiency) Galactose/fructose restriction, modified fat and moderate protein, frequent feedings,

nocturnal drip, cornstarch

Type III (amylo-1,6-glucosidase deficiency) Same as type I except high protein

Type IV (phosphorylase deficiency) Frequent feedings

Type VIII (phosphorylase kinase deficiency) High protein, frequent feedings

Fatty acid oxidation disorders

Medium-chain acyl-CoA dehydrogenase

deficiency

Frequent feeding, carnitine, some centers support medium chain fat restriction

Long-chain hydroxy-acyl-CoA

dehydrogenase deficiency

Long chain fat restriction, frequent feedings, carnitine, docohexanoic acid,

medium chain triglyerides

Peroxisomal disorders

Adrenoleukodystrophy Low fat diet supplemented with monosaturated fatty acids (erucic and oleic)

Infantile refsum disease Phytanic restriction

Others

Smith-Lemli-Opitz syndrome Cholesterol, bile acids

Congenital disorder of glycosylation,

type 1b

Mannose

aNTBC = 2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3-cyclohexanedione.
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Figure 38.1. General principles of metabolism. Virtually all

reactions are controlled by enzymes coded for by genes. Any

compound can have more than one metabolic fate or origin, and

some reactions may proceed in either direction depending on

biochemical conditions. A transport system, enzyme, or cofactor

may serve a single metabolic pathway or may be important for

several. Any step that requires mediation of an enzyme is at risk

for genetic error. A metabolic block may cause a decrease in levels

of compounds after the block unless there is an alternative

mechanism by which to produce the compound. Similarly, there

is accumulation of compounds before a block depending on

availability of other pathways of disposal or alternative

metabolism of the compound.

for by genes. Some enzymes function independently, while
some require a cofactor or a coenzyme, which may itself
be synthesized or recycled by enzyme-mediated steps.
Some biochemical pathways are necessary for every cell
and are therefore present in all tissues, while some reac-
tions are organ or tissue-specific. These variations of
enzyme activity in tissues of the healthy individual must
be the result of timed tissue-specific development. Only
a few maturational defects of metabolic pathways have
been suspected or demonstrated to cause human dis-
ease (e.g., transient hyperammonemia of the neonate,
neonatal tyrosinemia). Most inborn errors of metabolism
are single gene defects, usually autosomal recessive,
but occasionally X-linked, dominant, or mitochondrially
inherited.

There is a wide range of expression of each inborn error of
metabolism. Phenotypic variation is most marked between
families, but there may be significant variation between
siblings and within a single patient over time. Variation of
the defective enzyme activity between families and vari-
ation within families in the activity of other relevant path-
ways of metabolism alter the tolerance of and require-
ments for nutrients. Clinical variation is also due to dif-
ferent requirements for energy and for cell growth between
individuals and over time. These variations, along with dif-
ferences in feeding practices govern timing and severity of
presentation of each disorder. There is little information

for each disorder about the special issues in the premature
infant.

The clinical symptoms of each inborn error of
metabolism must result from the abnormal metabolism.
Usually, clinical expression can be related to elevated or
depressed concentrations of some measurable metabo-
lite. For most disorders there are short-term reversible
effects and long-term irreversible damage in the untreated
patient. Either deficiency or excess of a specific metabo-
lite may directly or indirectly have an effect on the infant.
“Direct effects” are usually well understood, but may
be only a part of the pathophysiology of a disorder. An
example of direct action is the formation of cataracts
by galactitol accumulation in the lens of patients with
galactosemia. In some diseases, secondary biochemical
alterations occur. An example of this is in methylmalonic
acidemia, in which some patients have hyperammon-
emia presumably due to interference with the urea cycle
resulting from metabolites of methylmalonic acid. Sec-
ondary deficiencies can also be found in some inborn
errors. For example, secondary carnitine deficiencies have
been identified in patients with organic acidemias, pos-
sibly resulting from the increased excretion of acylcarni-
tine esters. Unfortunately, in many cases the exact patho-
physiology remains a mystery. The interdependence and
interconnectedness of the biochemical pathways makes it
unlikely that simple explanations such as the effect of one
biochemical pathway on one physiologic or developmental
system will account for the expression of an inborn error of
metabolism.

Principles of nutrition support

The basic principle in the management of inborn errors of
metabolism is to manipulate the biochemistry so that the
metabolite(s) is as normal as possible in the tissue where
the defect has its pathophysiologic effect(s). The goals for
nutrition support are:
(1) To provide all essential nutrients in quantities adequate

to promote optimal physical and mental development.
(2) To supply the optimal amount of any nutrient that is

restricted or supplemented in order to promote growth
while preventing or correcting metabolic imbalances.

For each disease, management depends on the specific bio-
chemistry and pathophysiology of the disease. The main
strategies of nutrition support are:
(1) Dietary restriction of any compound or precursors of

metabolites that accumulate as a result of the enzyme
block.

(2) Replenishing any deficient end product distal to the
enzyme block.
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Table 38.2. Recommended nutrient intakes for inborn errors of amino acid metabolism which require specific

amino acid restrictions61

Age range

Nutrient Unit 0–3 mos 3–6 mos 6–9 mos 9–12 mos

Energy kcal kg−1 95–145 95–145 80–135 80–135

Fluid mL kg−1 125–200 130–160 124–145 120–135

Protein (total)a g kg−1 2.5–3.5 2.5–3.5 2.5–3.0 2.5–3.0

Carbohydrate % total energy

➔

------ ----35–50--- -------- ------➔

Fat % total energy

➔

------ ----40–50--- -------- ------➔

Isoleucineb mg kg−1 75–120 65–100 50–90 40–80

Valineb mg kg−1 75–105 65–90 35–75 30–60

Threonineb mg kg−1 75–135 60–100 40–75 20–40

Methioneb mg kg−1 30–50 20–45 10–40 10–30

Isoleucinec mg kg−1 36–60 30–50 25–40 18–33

Leucinec mg kg−1 60–100 50–85 40–70 30–55

Valinec mg kg−1 42–70 35–60 28–50 21–38

Leucined mg kg−1 80–150 70–140 60–130 50–120

Phenylalaninee mg kg−1 25–70 20–45 15–35 10–35

Methioninef mg kg−1 15–30 10–25 10–25 10–20

Lysineg mg kg−1 80–100 70–90 60–80 50–70

Tryptophang mg kg−1 10–20 10–15 10–12 10–12

Tyrosineh mg kg−1 Phe plus Tyr 65–155 55–135 50–120 40–105

a Protein amounts are total amounts and do not reflect amounts of natural or whole protein as a percentage of the total

protein. In addition, the values for protein do not apply to disorders where total protein must be restricted, i.e., urea cycle

disorders. Further information on protein restrictions are mentioned in the text for each disorder.
b Methylmalonic and propionic acidemia.62

c Maple syrup urine disease.
d Isovaleric acidemia.
e Phenylketonuria.
f Homocystinuria.
g Glutaric acidemia Type 1.
h Tyrosinemia.

Phe = phenylalanine; Tyr = tyrosine.

(3) Supplementing compounds that may combine with a
toxic metabolite to promote its excretion or its safe
metabolism.

(4) Providing cofactor in therapeutic doses, if a cofactor is
deficient or if the enzyme can be activated by cofactor
excess.

The use of nutrition support to treat inborn errors of
metabolism has helped to clarify specific nutrient require-
ments in the healthy infant. When a specific nutrient (e.g.,
phenylalanine in PKU) has been over restricted, failure to
thrive and protein malnutrition have resulted.

Substrate restriction in the treatment of inborn errors of
metabolism can be very specific (a single amino acid, sugar,
or fatty acid) or general (total protein, total carbohydrate,
or total fat). When one specific nutrient is being restricted,
it may be difficult to insure adequate intake of other related
nutrients. It is the challenge to the metabolic nutritionist

to insure optimal nutrition despite the restrictions of one
or many nutrients.

Nutritional management of amino acid disorders
requires the use of synthetic formulas (medical foods) that
have been developed based on a knowledge of nutrition
requirements in the healthy infant. Diets for amino acid
disorders are designed individually using combinations of
metabolic formulas and natural protein sources from stan-
dard infant formulas, breast milk, or foods.

Each diet prescription is calculated to provide required
amounts of protein, energy, fluid, and the specific nutri-
ents that must be restricted and/or supplemented. In some
instances, the diet regimen may also specify avoidance
of fasting, as many metabolic disorders worsen acutely
with catabolism. Guidelines for calculating specific nutri-
ent needs for amino acid disorders are found in Table
38.2. Strong caution is advised in attempting to utilize
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these guidelines in calculating dietary prescriptions for
individual patients without consultation with a metabolic
nutritionist.

Diet prescriptions should be evaluated for vitamin and
mineral adequacy. Research has shown that trace mineral
status of children treated with special metabolic formulas
may be compromised.2 The reliance on chemically defined
metabolic formulas used in amino acid disorders can affect
the bioavailability of several trace elements, including cop-
per, zinc, and iron. Historically, special metabolic formulas
did not contain certain recognized essential nutrients, such
as selenium, molybdenum, chromium, taurine, and carni-
tine. Presently, most, if not all, formulas are adequate in
trace elements. Periodic assessment of trace mineral status,
however, still needs to be considered.

The special metabolic formulas are specific for each
disorder and provide essential and nonessential amino
acids, vitamins, minerals, and energy. Some formulas pro-
vide no fat or linoleic acid, and therefore less energy than
others. Metabolic formulas are usually necessary to meet
long-term protein requirements whenever specific amino
acid(s) must be restricted. A “low-protein” diet alone using
only standard infant formula to adequately restrict one
or more specific amino acids will usually over restrict
other essential amino acids and result in protein malnutri-
tion. The total protein recommendations for many amino
acid disorders are higher than the recommended dietary
allowances (RDA) when the majority of protein is supplied
by synthetic amino acids.

If the special metabolic formula chosen has a low energy:
protein ratio, supplementation with a protein-free energy
module is indicated to provide additional calories. These
modules, which contain needed vitamins and minerals in
addition to fats and carbohydrates, are preferable to using
separate fat and carbohydrate sources for energy.

Many of the special metabolic formulas used to treat
amino acid disorders are potentially hyperosmolar. Pres-
ence or absence of a fat source and the nature of the car-
bohydrates in the formula will affect osmolality. Hyper-
osmolar feedings may result in vomiting, diarrhea, and
dehydration, which can trigger a catabolic crisis. Osmolal-
ity of formula should be analyzed when calculations sug-
gest hyperosmolality.

Because of the variability found in most inborn errors
of metabolism, the nutrition support must be individual-
ized and constantly reevaluated according to the patient’s
clinical assessment and biochemical parameters. The
dietary prescription must allow for age-related biochem-
ical parameters, growth acceleration, and level of stress
in acute situations. The metabolic status of the infant will
also determine the energy, protein, and fluid requirements.

Frequent dietary changes in infancy are usually necessary
to meet the demands of the rapidly developing infant.
Management for all disorders includes anthropometrics
and visceral protein status. Other biochemical parameters
measured are specific to each disorder. For a number of dis-
orders, assessment of plasma concentrations of carnitine
should be performed, and levels of any cofactor that is sup-
plemented should be monitored. Providing optimal nutri-
ents during infancy may set precedents for future potential
in regard to both mental and physical development and
growth. Infants with inborn errors of metabolism require
lifelong nutrition therapy.

Counseling and education of the family are a part of
the dietary management of inborn errors. The success of
the diet regimen requires cooperation between the clin-
icians and family. The clinicians must provide accurate
instructions on all aspects of the diet including formula
preparation and diet record keeping, as well as anticipa-
tory guidance to help integrate the complicated diets into
the family’s lifestyle. Continued support, education, and
encouragement increase compliance with the diet.

In this chapter, discussion of management for each dis-
order is generally restricted to the newborn period, but
principles of chronic management are described, as these
are important issues for the counseling of the family. Also,
we restrict discussion to nutritional management gener-
ally, assuming that basic principles of medical manage-
ment of vascular access, fluids, resuscitation, and so forth
are applied. These issues are addressed only for disorders
in which special problems related to the nutritional man-
agement of the disorder are expected.

Aminoacidopathies

Phenylketonuria (PKU)

Classic PKU, an autosomal recessive disease, was first
described by Fölling in 1934.3 It occurs in one of every
12 000 Caucasians and if untreated causes severe men-
tal retardation, seizures, mousy odor, light pigmenta-
tion of eyes, hair, and skin, eczema, and behavior diffi-
culties in most affected individuals. The defect in PKU
is a deficiency of the enzyme, phenylalanine hydroxy-
lase, a tetrahydrobiopterin dependent enzyme (Fig-
ure 38.2). The deficiency causes failure to metabolize
phenylalanine, an essential amino acid, to tyrosine. This
enzymatic pathway is the major fate of phenylalanine
and defects cause significant elevation of phenylalanine
and metabolites of phenylalanine, such as phenylpyru-
vic acid, phenyllactic acid, and phenylacetylglutamine.
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Tyrosine becomes an essential amino acid in infants
with PKU. The biochemical mechanisms that lead to
impaired brain development and function in PKU are
still the subject of research. Elevated levels of phenylala-
nine appear to interfere with brain growth and nerve
myelination. Phenylalanine is a large neutral amino acid
(LNAA), which studies have suggested competes with other
LNAAs for access across the blood–brain barrier.4 Also,
alteration of levels of biogenic amines, for which tyro-
sine is a precursor, are demonstrable in patients with
hyperphenylalaninemia.4

The percentage of dietary phenylalanine that is hydroxy-
lated to tyrosine is dependent on a person’s age and rate
of growth. In the rapidly growing infant approximately
50%–60% of the phenylalanine is used for protein synthesis,
compared with 10% in the normal adult.

Classic PKU is generally diagnosed by newborn screen-
ing programs. Milder forms of phenylalanine hydroxy-
lase deficiency are also detected with frequency similar to
classic PKU, and there is apparently a transient form of
enzyme deficiency probably due to a maturational defect.
Hyperphenylalaninemia may also be due to defects in
the synthesis of tetrahydrobiopterin, a coenzyme in the
phenylalanine hydroxylase enzyme system. These disor-
ders must be rapidly distinguished from classic PKU in the
newborn period by determination of blood pterin and dihy-
dropteridine reductase (DHPR) activity, as their manage-
ment and outcome are quite different. Patients with cofac-
tor defects will show a response of blood phenylalanine
levels to dietary phenylalanine restriction, but retardation
will not be prevented. Mild and transient hyperphenyl-
alaninemia usually does not require treatment, and dietary
restriction of phenylalanine in these individuals may be
harmful to growth and development. Finally, offspring of
mothers with PKU may present with a high phenylalanine
on newborn screening if the screen is done earlier than re-
commended.Thesebabiesdonotrequiredietarytreatment.
If the mother has had poor control of her PKU during the

pregnancy, the baby may also suffer from maternal PKU

syndrome with resulting pre and postnatal growth defi-
ciency, microcephaly, congenital defects of the heart and
esophagus, and mental retardation. Overall, the most com-
mon error in nutritional management of PKU is probably
the inappropriate institution of diet in a baby who does not
require restriction.

Therapy
Nutritional therapy began in the first month of life, and
ideally within the first 2 weeks of life, with blood phenyl-
alanine levels maintained between 120 and 360 µmol L−1

(2–6 mg dL−1), has resulted in normal mental and physi-
cal development for the majority of patients. It was previ-
ously believed that the phenylalanine-restricted diet could
be discontinued in childhood, but results from the National
PKU Collaborative Study and the problems associated with
maternal PKU syndrome now support lifelong continu-
ation of diet.5–7

The components of a phenylalanine-restricted diet pre-
scription include phenylalanine, tyrosine, protein, and
energy. The phenylalanine requirement must be individ-
ualized and is determined by age, growth acceleration, and
the presence of any residual enzyme activity. Tyrosine sup-
plementation may be necessary if blood tyrosine concen-
trations remain less than 44 µmol L−1.

The basis for nutrition support of PKU is the use of low-
phenylalanine or phenylalanine-free special metabolic for-
mulas. Throughout infancy these special formulas supply
approximately 80% of the total protein requirement and are
used in conjunction with standard infant formulas or breast
milk, to meet the infant’s requirements for phenylalanine
and tyrosine. Because the majority of the protein con-
sumed by the infant with PKU comes from either a casein
hydrolysate or free amino acid source, the diet prescrip-
tion is calculated to supply a total protein intake greater
than the recommended intakes for healthy infants. As the

Figure 38.2. Phenylalanine metabolism. Tetrahydrobiopterin, synthesized from neopterin by a

series of reactions, is the cofactor for phenylalanine hydroxylase. The tetrahydrobiopterin is

oxidized to dihydrobiopterin in the reaction and is recycled by dihydropteridine reductase.

Phenylketonuria (PKU) results from a deficiency of the enzyme phenylalanine hydroxylase. Solid

bar indicates enzymatic block.
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ment will be supplied by natural foods, but metabolic
formula consumption remains the mainstay of therapy
lifelong.

Alternative methods for treating PKU have been
attempted with limited success. Supplementation of
branched-chain amino acids in patients with PKU resulted
in decreased concentrations of phenylalanine in cere-
brospinal fluid. The branched-chain amino acids may
compete with phenylalanine at the blood–brain bar-
rier since they follow similar transport systems. This
approach has had limited success and should not replace
the phenylalanine-restricted diet. More recently, PreKU-
nil tablets have been introduced. PreKUnil tablets contain
large amounts of large neutral amino acids, such as tyro-
sine, tryptophan, leucine, isoleucine, arginine, valine, his-
tidine, methionine, and threonine, which compete against
phenylalanine at the blood–brain barrier. The idea is that
the LNAAs will prevent excess phenylalanine from cross-
ing the blood–brain barrier and therefore, reduce the
concentration of phenylalanine in the central nervous
system. Blood phenylalanine levels remain elevated. Use
of PreKUnil tablets allows liberalization of the diet with
an increased consumption of natural protein intake in
order to meet protein needs. PreKUnil tablets are not re-
commended for children or women of childbearing age
as the long-term consequence of elevated blood phenyl-
alanine levels on brain development or on other body
tissues is not known and a developing fetus must be
protected against high blood phenylalanine levels. The
role of PreKUnil tablets in the treatment of PKU may be
limited to noncompliant adolescents and late diagnosed
patients. Finally, some phenylalanine hydroxylase deficient
patients may respond to supplementation with tetrahydro-
biopterin as determined by tetrahydrobiopterin loading
tests.8,9

Blood phenylalanine concentrations should be obtained
at least weekly in infancy, and tyrosine concentrations are
required periodically. The frequency of requested mon-
itoring levels decreases with age, but generally not less
than monthly. Trace mineral status, including iron indices,
should be monitored.

Causes of hyperphenylalaninemia in the treated infant
with PKU include illness leading to catabolism, improper
dietary prescription, a change in growth velocity, inac-
curate measurement of formula or food components,
or decreased formula or food consumption. The clin-
ician must be aware of hidden sources of phenylala-
nine, such as aspartame, which may be found in cough
medicines.

Hereditary tyrosinemias

Tyrosinemia type I
Type I tyrosinemia, an autosomal recessive disorder, is
a defect in the metabolism of tyrosine, due to a defi-
ciency of the enzyme, fumarylacetoacetase (fumaryl-
acetoacetase hydrolase [FAH]) (Figure 38.3). The enzyme
block results in accumulation of fumarylacetoacetate
and possibly maleylacetoacetate, which are alkylating
toxic agents that are felt to cause the hepatorenal
symptoms associated with this disease. Tyrosine, 4-OH-
phenylpyruvate and its derivatives, and methionine are
elevated in blood. The clinical presentation is heteroge-
neous, from acute to chronic. The acute form of the disease
expresses itself in the neonatal period with findings of fail-
ure to thrive, vomiting, renal tubular dysfunction, jaundice,
and hepatosplenomegaly. Death usually occurs before 8
months of age. Chronic cases usually become symptomatic
after one year of age or in early childhood and are char-
acterized by mild hepatomegaly, growth retardation, renal
tubular dysfunction, and history of easy bruising. Other
clinical findings include rickets, porphyria-like symptoms
(because of ALA-dehydratase inhibition from the forma-
tion of succinylacetone), and hepatocellular carcinoma.

Therapy
Dietary treatment with restriction of phenylalanine and
tyrosine has been employed for more than 30 years
with variable clinical benefit. In 1992, a new drug, 2-(2-
nitro-4-trifluoro-methylbenzoyl)-1,3-cyclohexanedione
(NTBC), was introduced. It is a potent inhibitor of
4-hydroxyphenylpyruvate dioxygenase, therefore, decreas-
ing the major toxic metabolites, fumarylacetoacetate and
malylacetoacetate. The recommended dose is 1 mg
kg−1day.10 While traditional diet therapy may relieve the
acute symptoms and slow down the progression of renal
dysfunction, the overall prognosis remains poor. NTBC
is now considered an effective treatment. NTBC also
helps to relieve porphyria-like symptoms and, at least
in some cases, decreases the risk of early hepatocellular
carcinoma.10 Therefore, dietary treatment is now used in
conjunction with NTBC.

A restricted phenylalanine and tyrosine diet may
decrease the formation of toxic metabolites and may bet-
ter prepare the infant for liver transplantation. Since eleva-
tions of plasma methionine apparently reflect the extent
of liver insult rather than dietary intake of methionine,
plasma methionine should not be aggressively regulated
by dietary restriction. Methionine levels usually normalize
as the liver function improves. Plasma phenylalanine and
tyrosine concentrations are well correlated with dietary

infant grows, natural foods are introduced into the dietary
regimen. With time, the entire phenylalanine require-
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Figure 38.3. Tyrosine metabolism. The enzymes illustrated lead to primary disorders of tyrosine metabolism (tyrosinemia types I–III).

Succinylacetone (broken lines) is a result of an alternative pathway of metabolism in the neonatal form of tyrosinemia with liver disease.

Succinylacetone is a potent inhibitor of the heme biosynthetic enzyme, δ-aminolevulinic acid dehydratase, resulting clinically in

porphyria-like symptoms. * = site of action of NTBC. Solid bar indicates enzymatic block.

intake. Over restriction of phenylalanine and tyrosine will
lead to a phenylalanine-tyrosine deficiency syndrome,
which has been found in the management of this disease.
A combined dose at 90 mg kg−1 day−1 of phenylalanine
plus tyrosine is sufficient for normal growth in infants and
up to 700–900 mg day−1 is sufficient for older children.11

Slightly more than half of the amount should be phenyl-
alanine. Requirements for phenylalanine may be higher
than that in patients with PKU. The amounts of nutrients
required are determined by the patient’s tolerance of these
amino acids as monitored by plasma amino acid profiles. In
NTBC-treated patients, the goal is to keep plasma tyrosine
levels below 500 µmol L−1.

Energy intakes should be high to prevent failure to thrive.
Where growth delay has already occurred, catch-up growth
can be achieved only by provision of the maximum calo-
ries tolerated by the infant. A standard rule of thumb is to
provide up to 150% of calories based on ideal body weight
for height, when height is calculated as being at the 50th
percentile for chronological age.

Special metabolic formulas free of phenylalanine and
tyrosine, and in some formulas methionine, are an essential

component to nutrition support. Standard infant formulas
supply the prescribed amounts of amino acids and addi-
tional nutrients necessary for growth. Additional protein-
free energy supplements may be needed. Some researchers
have recommended that high-carbohydrate feedings – up
to 75% of total energy – should be given.12

Neonatal tyrosinemia
Neonatal tyrosinemia, also called transient tyrosinemia
of the newborn, is caused by delayed maturation of
p-hydroxyphenylpyruvate oxidase, and is more frequent in
premature infants receiving high-protein diets. Some can
present with poor feeding and lethargy, but most patients
are asymptomatic and are usually identified through state
newborn screening programs. The outcome of neonatal
tyrosinemia is variable. Although it is considered a benign
disorder, mild intellectual deficit has been associated with
persistent hypertyrosinemia in some patients.

Incidence of transient tyrosinemia varies in neonates of
various population groups, apparently according to infant
feeding practices. The decreased incidence of this disease
in infants weighing over 2500 g in Scandinavian countries
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has been attributed to the increase in breast-feeding and
use of lower protein cow’s-milk infant formula.13

Protein restriction to 1.5–2.0 g kg−1 day−1 can reduce
plasma tyrosine levels. This can be achieved, in part, by
changing from higher protein infant formulas, such as soy-
protein-based infant formulas, to standard cow’s-milk for-
mula or breast milk. Therapeutic dosages of ascorbic acid,
400 mg day−1, may accelerate maturation of the enzyme
p-hydroxyphenylpyruvate oxidase and warrants a thera-
peutic trial.

Tyrosinemia type II
Unlike other tyrosinemias, type II tyrosinemia (Richner –
Hanhart syndrome) is a chronic disorder. It results from
a defect in hepatic cytosol tyrosine aminotransferase, the
rate-limiting enzyme in tyrosine metabolism (Figure 38.3).
The clinical findings are highly correlated with plasma tyro-
sine levels and include hyperkeratotic skin lesions on the
palms and soles and ocular lesions. While more than 50%
of patients are severely retarded, mental status varies from
normal to severe retardation and is not strongly correlated
with age of diagnosis. The age of presentation may vary
from infancy up to adulthood. This disease is particularly
frequent in persons of Italian origin.

Therapy
The goal of nutrition therapy is the amelioration of hyper-
keratotic skin lesions through reduction of dietary tyro-
sine and phenylalanine. Information on early treatment in
infants is limited, but patients treated early with a tyro-
sine and phenylalanine-restricted diet have shown normal
psychomotor development.14,15 The degree of tyrosine and
phenylalanine restriction will vary depending on individual
tolerance as demonstrated by monitoring of plasma levels.
In the infant it is beneficial to monitor tyrosine and phenyl-
alanine concentrations at least weekly throughout the first
year of life. Plasma tyrosine concentrations ranging from
607–994 µmol L−1 can reduce the clinical signs and symp-
toms associated with this disorder. Untreated levels may
be greater than 3313 µmol L−1; a normal level is less than
221 µmol L−1.

Tyrosinemia type III
A few cases of tyrosinemia type III have been reported
in the literature. The first case was described as tyrosin-
emia without liver dysfunction due apparently to the defi-
ciency of the enzyme, p-hydroxyphenylpyruvate oxidase,
the same enzyme involved in neonatal tyrosinemia.16 The
patient also had acute intermittent ataxia and drowsi-
ness, but rather normal psychomotor development.16 Pro-
tein restriction and vitamin C therapy failed to correct the
biochemical abnormality. Liver biopsy was histologically

normal. There is no evidence that diet restriction is actu-
ally needed for this condition, however, since high tyrosine
levels can be associated with mental retardation, keeping
the tyrosine level below 500 µmol L−1 is recommended.17

Maple syrup urine disease (branched-chain
ketoaciduria)

Maple syrup urine disease (MSUD) is an autosomal
recessive disorder of the metabolism of the branched-
chain amino acids leucine, isoleucine, and valine (Fig-
ure 38.4). It is caused by a deficiency in the branched
chain 2-keto acid dehydrogenase complex. Elevations in
plasma and branched-chain ketoacids, and the presence
of alloisoleucine, correlate with clinical symptoms.

Classic MSUD presents in neonates who at first appear
normal, but within several days develop lethargy, failure to
thrive, poor suck and feeding, vomiting, and ketoacidosis.
The urine may smell like maple syrup. Variant forms of the
disease exist, with milder clinical features (mild or inter-
mediate). Some mild variants have symptoms only after
febrile illness, infections, or a protein load (intermittent).
Early diagnosis and treatment can prevent death, severe
mental retardation, and neurologic deficits. Despite early
treatment and diagnosis, some patients still present with
compromised mental status.18

Another variant of MSUD is the thiamine-responsive
type, first described by Scriver et al. in 1971 in an infant with
MSUD who responded to therapeutic dosages of thiamine
(10 mg day−1).19 Other researchers have since identified
similar patients who have improved biochemical param-
eters with varying dosages of thiamine, up to 1000 mg
day−1. The effects of pharmacologic dosages of thiamine
may not be expressed for several weeks.20

The most rare type of MSUD is due to deficiency of the E3
subunit of the enzyme complex. Patients usually develop
lactic acidosis in addition to MSUD. No effective treatment
to date is known, although diet therapy combined with
high-dose thiamine, biotin, and lipoic acid supplementa-
tion is generally recommended.

Therapy
The neonate with classic MSUD must be treated aggres-
sively. The acutely ill infant frequently requires withdrawal
from formula and may require dialysis if the acidosis is
severe. Prevention or inhibition of catabolism is essential.
If the oral route is not possible, then parenteral nutrition
utilizing glucose and lipids is indicated. Amino acid solu-
tions free of branched-chain amino acids are now available
for use in total parenteral nutrition.

Once formula is tolerated, a total restriction of branched-
chain amino acids may still be necessary for a rapid
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Figure 38.4. Branched chain amino acid metabolism. The branched chain amino acids share a common enzyme for decarboxylation and

defects of that dehydrogenase complex cause maple syrup urine disease (MSUD). Other steps not discussed here are specific to the

pathways of one or two branched chain amino acids or their metabolites. CoA = coenyzme A. FAD = flavin adenine dinucleotide. Solid

bar indicates enzymatic block.

reduction of their levels in plasma. This can be accom-
plished by the use of branched-chain amino acid-free spe-
cial metabolic formulas alone to provide the recommended
amounts of protein. Higher total protein intakes may be
required because of the source of protein from these spe-
cial formulas. Intakes of 2.5–3.0 g kg−1 day−1 of protein
supplied by special metabolic formulas may be needed to
inhibit catabolism in the infant recovering from an acute
episode. Extra energy is also needed during recovery, and
protein-free energy modules may be used to provide these
calories.

The total restriction of branched-chain amino acids will
require daily monitoring of plasma amino acid concen-
trations to prevent a prolonged over-restriction of these
essential amino acids. After several days of treatment, blood
concentrations of valine and isoleucine may be reduced
to therapeutic range while leucine is still elevated. Sup-
plemental L-isoleucine (Ile) and L-valine (val) may be
required. It has been suggested that supplementation of
L-Ile and L-Val at 40–45 mg kg−1 without the addition of

leucine will help normalize all three branched-chain amino
acids within a few days.21 Once the patient has been sta-
bilized and the plasma concentrations of branched-chain
amino acids are within the therapeutic range, natural pro-
tein sources such as breast milk and infant formulas can be
incorporated into the nutrition therapy.

Requirements for the branched-chain amino acids
depend on age, growth velocity, state of health, and resid-
ual enzyme activity. Because most infants with classic
MSUD have 0%–2% of the enzyme activity, the restric-
tion of branched-chain amino acids is usually significant.
The presently available metabolic formulas used in infants
with MSUD have a more balanced energy to protein ratio
(36:1) and may be used alone without the risk of being
hyperosmolar which was the concern with older formula
preparations.

In nature, leucine makes up a larger portion of all nat-
ural protein (8.5%) than valine and isoleucine. Tolerance
to dietary leucine may significantly drop within the first 6
months of life. The dietary restriction of leucine necessary
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Figure 38.5. Sulphur amino acid metabolism. Diagram of metabolic origin and fate of methionine from exogenous and endogenous

protein. Folate is required for metabolism of homocysteine to methionine, and pyridoxine is a required cofactor for action of

cystathionine synthase. * = Betaine favors conversion of homocysteine to methionine through remethylation. Homocystinuria (HCU) is

caused by a deficiency of the enzyme cystathionine β-synthase. Solid bar indicates enzymatic block.

to obtain a therapeutic range may over-restrict valine and
isoleucine. Supplementation of these two amino acids as
a solution (10 mg mL−1) may be necessary. An excess or
deficiency of any of these amino acids will have clinical
consequences.

Nutrition therapy in thiamine-nonresponsive classic
MSUD is lifelong. During episodes of illness, additional
nutrients and energy to inhibit or prevent catabolism
and acidosis may be needed. With time, these patients
may develop increased tolerance to episodes of illness,
but any ketosis or illness that causes decreased nutri-
ent and fluid intake must be treated aggressively. Fami-
lies are instructed on home monitoring of urine for pres-
ence of ketoacids using either 2,4-dinitrophenylhydrazine
or ketone test strips to assess impending illness. Analysis of
plasma branched chain amino acids should be performed
at least weekly for the first year of life and, if stable, less
frequently thereafter.

Homocystinuria

Homocystinuria (HCU) may result from a variety of enzyme
defects. The most common cause is a deficiency of cys-
tathionine β-synthase that results in the accumulation of
methionine and homocystine with a concurrent deple-
tion of cystine (Figure 38.5). Homocystine is also found
in the urine of these patients. Because animals with high

methionine levels are healthy, it is believed that homocys-
teine and not methionine is the major toxic compound
in the pathophysiology of homocystinuria.22 The pres-
ence of homocysteine and low blood levels of methio-
nine is also found in the disorder of methylmalonic
acidemia/homocystinuria complex due to cobalamin syn-
thesis defects.

Screening tests which measure methionine in the blood
of newborns leads to the diagnosis of homocystinuria in 1 in
200 000 live births. The mode of inheritance is autosomal
recessive. Untreated patients may clinically present with
dislocated optic lenses, osteoporosis, and thromboembolic
events, and a limited life expectancy. Mentation is variable,
with treated patients having less severe manifestations of
the disorder.

Pyridoxine responsiveness is found in up to 40% of
patients with homocystinuria.23 Those responsive to pyri-
doxine are clinically healthier and tolerate more methio-
nine than nonresponders.24 Some completely respon-
sive patients require no special diet. The majority of
patients diagnosed by newborn screening are pyridoxine
nonresponders.23,24

Therapy
Once diagnosed with homocystinuria, the patient should
be tried on therapeutic doses of pyridoxine. Oral doses of
pyridoxine ranging from 200–1200 mg day−1 have resulted
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Figure 38.6. Leucine metabolism. Part of leucine metabolism, shared with other branched chain amino acids, is shown in Figure 38.4.

Isovaleric acidemia (IVA) is a defect of an enzyme specific to leucine metabolism. CoA = coenzyme A. Solid bar indicates enzymatic block.

in decreases in plasma methionine concentrations and a
significant reduction in plasma and urine homocysteine.
It may take from days to several weeks of pharmaco-
logic doses before a biochemical response is noted. Some
patients do not respond because of folic acid depletion,
therefore, concurrent folic acid supplementation at 1–5 mg
day−1 is recommended. If the patient does not respond to a
trial of pyridoxine, the pyridoxine dose should be decreased
because prolonged periods of high doses of pyridoxine
may cause peripheral neuropathy.25 Those who do not
respond to pyridoxine should receive dietary therapy with
a methionine-restricted diet. Trimethylglycine (Betaine), a
medication that increases the remethylation of homocys-
teine to methionine therefore decreasing plasma homo-
cystine levels, should be used if diet alone is insufficient to
offer good control. Ideal treatment range is to keep plasma
total homocysteine levels below 50 µmol dL−1 and plasma
methionine concentrations less than 150 µmol dL−1.26

In patients not responsive to pyridoxine, supplementa-
tion of L-cysteine is necessary because cysteine becomes
an essential amino acid. The amount of supplementation
is variable. Total cysteine intake should range from 200 to
300 mg kg−1 day−1 in infants up to 12 months of age. Actual
cysteine supplementation will need to be adjusted to main-
tain normal plasma concentrations.

The dietary prescription for the infant with homocystin-
uria includes a methionine-free special metabolic for-
mula and a prescribed amount of natural protein from
either standard infant formulas or breast milk to sup-
ply the requirements for methionine. Although breast-
feeding of an infant being treated for homocystinuria has
not been reported, it seems physiologically appropriate
because breast milk is low in methionine and has a unique
1:1 ratio of methionine to cysteine. In contrast to breast
milk, some soy and hypoallergenic infant formulas con-
tain more methionine than found even in standard cow’s-
milk infant formulas. A change from soy formulas to other
natural protein sources may assist in reducing plasma
methionine.

Some special metabolic formulas used in the treatment
of homocystinuria have a low ratio of energy to protein.
Therefore, a protein-free energy module such as Protein-

Free Diet Powder or Protein Free Diet Powder 2, is indicated.
Methionine requirements in nature are small in compari-
son to other essential amino acids. This limits the amounts
of foods available for consumption.

Weekly analysis of plasma concentrations is recom-
mended for the infant up to 6 months of age. Bimonthly
assessment is recommended from 6 months to 1 year of
age. Assessment of nutrition support should include pro-
tein, iron, and folate status. Because a large percentage of
the protein is from synthetic amino acids, protein needs
may be greater than the RDA.27 Folic acid is utilized in
the remethylation of homocysteine to methionine, and has
been used with limited success in the treatment of this
disorder. Therefore, supplementation of folic acid may be
helpful to some patients. As with other special formulas,
trace minerals may be suboptimal and periodic assessment
of intake is warranted.

Organic acidemias

Isovaleric acidemia

Isovaleric acidemia, an autosomal recessive disorder, was
the first organic acidemia to be described in humans, in
1966.28 A defect in the metabolism of leucine secondary
to a deficiency of the enzyme, isovaleryl-CoA hydrogen-
ase, results in the accumulation of isovaleric acid (IVA),
N-isovalerylglycine and 3-hydroxyvaleric acid (Fig-
ure 38.6). The presence of excess toxic IVA is responsible
for the clinical features and distinctive “sweaty-feet odor”
associated with this disease.

Isovaleric acidemia may be acute or chronic. Patients
with acute isovaleric acidemia appear normal at birth, but
within several days develop vomiting, lethargy, and coma.
If not aggressively treated, death occurs, either from severe
infection, ketoacidosis, or hyperammonemia. Seizures and
hematologic abnormalities such as leukopenia, thrombo-
cytopenia, and anemia may also be present in the infant.
If the patient survives this severe neonatal episode, the
subsequent course is similar to that of patients with chronic
intermittent isovaleric acidemia and is characterized by
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recurrent episodes of vomiting, acidosis, lethargy, and
coma. Symptoms are usually triggered by infections or pro-
tein loads. Metabolic acidosis may occur frequently in early
infancy and childhood, but subsides with maturity likely
directly related to a decrease in the frequency of infec-
tions. Mental development is variable and depends on
early diagnosis and treatment and long-term therapeutic
compliance.

Therapy
Limiting the production of IVA by utilizing a low leucine
diet, and enhancing IVA excretion, via glycine and carni-
tine supplementation, are the backbones of therapeutic
intervention. Such an approach can reduce the frequency
and severity of acute ketotic episodes. The goal of ther-
apy is to keep the urine free of IVA and 3-hydroxyvaleric
acid.

During acute episodes of metabolic acidosis it is advis-
able to provide a leucine-free or drastically reduced leucine
dietary regimen. In acute crisis, adequate protein and
energy can be supplied by leucine-free metabolic formulas
alone or in conjunction with protein-free energy modules.
Parenteral nutrition using glucose and lipids has been used
in treating acute episodes.

Glycine and isovaleryl-coenzyme A (CoA), the toxic acyl-
CoA compound of this disorder, form isovalerylglycine,
which is easily excreted in the urine, thus reducing accu-
mulation of IVA.29 During acute crisis, glycine supplemen-
tation, ranging from 250–600 mg kg−1 day−1, has been used.
Carnitine also conjugates with isovaleryl-CoA forming iso-
valerylcarnitine. This compound is then excreted in the
urine thereby reducing the accumulation of free IVA.30 The
use of L-carnitine supplementation has been suggested
to also replenish depleted tissue carnitine stores. Recom-
mended intake of carnitine in this disorder during an acute
crisis ranges from 100–400 mg kg−1 day−1. Carnitine is
generally tolerated orally, but intravenous preparations of
L-carnitine are available for use in the acutely ill patient.
The amount of glycine needed for chronic therapy varies,
but 150–300 mg kg−1 day−1 may be optimal. The amount
of carnitine for chronic therapy is generally in the range
of 50–100 mg kg−1 day−1. In the steady state, the need for
both supplements is controversial, but both can be useful
during acute crisis.

In the infant, dietary prescription is based on a leucine-
free special metabolic formula. The necessary leucine
requirements are provided by natural protein sources from
standard infant formulas. Patients supplemented with
glycine and/or carnitine have a relatively high leucine tol-
erance. Infants may tolerate up to 120 mg leucine kg−1

because of the efficiency of the glycine conjugating system.

In 3–5-year-old children, as much as 1300 mg day−1 of
leucine could be handled by this system.31 However, for
infants, the use of protein restriction alone is not re-
commended, as without supplemental leucine-free pro-
tein from special metabolic formulas, their protein intake
may not be sufficient for optimal growth. After the first year
of life, though, strict low-leucine diets can be replaced by
low-protein diets. Most children can tolerate 20–30 g of pro-
tein per day, which is sufficient to assure normal growth
and development without supplementation with a spe-
cial metabolic formula.32 Therapy should be monitored by
quantification of the urinary excretion of isovalerylglycine.
Plasma amino acids should also be checked periodically to
ensure appropriate nutritional status.

Methylmalonic/propionic acidemia (ketotic
hyperglycinemia)

Propionic acidemia
Propionic acidemia is an autosomal recessive disorder of
propionate metabolism. Propionic acid is normally metab-
olized to methylmalonic acid, and the metabolic block
results in the accumulation of propionic acid (Figure 38.7).
Elevated propionic acid in blood and urine, however, is
not always observed. Rather, other organic acid byprod-
ucts, including propionylcarnitine, 3-hydroxypropionate,
and methylcitrate are the major diagnostic metabolites.
Plasma amino acids may reveal a striking elevation of
glycine and glutamine. The disease can result from defi-
ciency of the holoenzyme, propionyl-CoA carboxylase, or
deficiency of the biotin cofactor. The propiogenic amino
acids isoleucine, valine, threonine, and methionine are the
major precursors of propionyl-CoA. Only a few patients
with the carboxylase defect are clinically responsive to
biotin therapy, although their cells often show a response
to biotin, with increased enzyme activity.33 A trial period of
therapeutic dosages of 5–10 mg biotin per day should be
attempted.

Methylmalonic acidemia
Methylmalonic acidemia results from decreased activity of
the enzyme, methylmalonyl-CoA mutase, which converts
L-methylmalony1-CoA to succinyl-CoA (Figure 38.7). The
enzymatic block results in greatly increased amounts of
methylmalonic acid in blood and urine. Also, owing to the
secondary inhibition of propionyl-CoA carboxylase, pro-
pionic acid and other propionyl-CoA metabolites are also
found in the urine. Plasma glycine and glutamine levels
are again elevated. Several autosomal recessive mutations
of this enzyme system have been identified. Defects in
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Figure 38.7. Propionic and methylmalonic acid metabolism. Propionic acid is formed from propiogenic amino acids, fatty acids, and

cholesterol. Defects in propionyl-CoA carboxylase may be primary or may result from deficiency of the biotin cofactor resulting in

propionic acidemia (PA). Similarly, defects in methylmalonyl-CoA mutase may be primary or result from abnormal B12 metabolism or

deficiency of B12 resulting in methylmalonic acidemia (MMA). No inborn errors of metabolism of D- to L-methylmalonyl CoA have been

described. CoA = coenzyme A. Solid bar indicates enzymatic block.

the mutase enzyme are most common. When the defect
is in biosynthesis of adenosylcobalamin, a cofactor in the
mutase enzyme system, the patient may be responsive to
pharmacologic doses of cobalamin (vitamin B12). Since
cobalamin is also needed in the metabolism of homocys-
tine, some of these patients excrete homocystine as well. All
patients with methylmalonic acidemia should be initially
treated with vitamin B12 until the specific defect can be
determined. Patients responsive to pharmacologic doses
of vitamin B12 may not require nutritional therapy. Pre-
natal vitamin B12 therapy in a diagnosed fetus has been
utilized.34

There have been cases of methylmalonic aciduria due to
B12 deficiency in infants who were breast-fed from vegan
B12 deficient mothers.35,36 Thus, vitamin B12 deficiency
must be excluded when excessive urinary methylmalonic
acid is found.

Diagnosis/clinical presentation
Both methylmalonic and propionic acidemias usually
present in the neonatal period with vomiting, poor feeding,
failure to thrive, profound metabolic acidosis, ketonuria,
and lethargy often progressing to coma and death. Hyper-
ammonemia may be present and contribute to clinical
symptoms. These patients may also present with clinically
significant neutropenia or thrombocytopenia and may be
unusually prone to infections. Hypotonia may be impres-
sive. If the patient survives this severe neonatal episode,
the clinical course is characterized by recurrent episodes

of ketoacidosis generally associated with an intercurrent
illness, fasting, or a protein load. Survivors have many nutri-
tional problems with poor growth and neurologic sequelae
and the long-term clinical course may be complicated by
anorexia, pancreatitis, cardiomyopathy, and chronic renal
disease. Individuals with cobalamin defects and late-onset
forms may have a better outcome.

Therapy
During acute presentation, correction of acidosis and pro-
vision of calories to reverse catabolism are essential. As
management progresses to oral or nasogastric feedings,
electrolyte solutions with a mixture of glucose polymers
to make a 20 kcal per fluid ounce solution can assist in
providing fluids and energy.

The cornerstone of dietary therapy is the restriction of
those amino acids whose metabolism directly requires the
utilization of the affected pathways. The so-called “propio-
genic amino acids” include valine, methionine, isoleucine,
and threonine. The propiogenic amino acids are restricted,
but total protein is not restricted unless hyperammon-
emia is present. Natural protein sources, from either stan-
dard infant formulas or foods, supply the requirements for
the essential propiogenic acids, while the additional pro-
tein requirements are supplied by synthetic amino acids
from metabolic formulas. Metabolic formulas, free of, or
markedly reduced in, propiogenic amino acids, can pro-
vide additional nitrogen for protein synthesis and assist
in promoting anabolism. Since valine is one of the direct
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precursors of propionyl-CoA, the diet can be based on
valine intake and the other amino acids provided in pro-
portion. The restriction of the propiogenic amino acids
sufficient to maintain normal plasma concentrations of
methionine and threonine may over-restrict isoleucine and
valine, and supplementation is recommended to balance
the plasma profiles. The exact nutrients provided are deter-
mined by the child’s age, biochemical data, growth param-
eters, and tolerance of propiogenic amino acids. Most B12

responsive patients need only mild protein restriction or
none at all. Monitoring of treatment should include quanti-
tative assay of relevant urinary metabolites and concentra-
tions of amino acids in the blood. Blood or urinary methyl-
malonic acid levels should also be monitored in patients
with methylmalonic acidemia.

The protein requirements of children with methyl-
malonic and propionic acidemia are not well established.
Reports of protein intake in an infant with methylmalonic
acidemia show an intake of 1.25 g kg−1 of natural pro-
tein was necessary for maximal nitrogen retention, with
slight retention at 0.75 g kg−1 in the same infant.37 Total
protein intakes equaling 70%–85% of the RDA for pro-
tein for infants can provide adequate visceral and somatic
protein stores and help reduce acidotic episodes. Optimal
energy from carbohydrates and fat must be supplied to pro-
tect the infant’s protein stores. Although researchers have
shown that biotin and vitamin B12-deficient animals pro-
cess linoleic acid into the propionate pathway, a restriction
of lipids in patients with methylmalonic acidemia has not
been warranted.38

Many infants with methylmalonic acidemia or propionic
acidemia develop anorexia and a poor suck early in infancy,
and may require nasogastric feedings. Gastrostomy tubes
are recommended if long-term tube feedings are expected.
Some children also experience dysphagia and hyperactive
gag reflex, both of which interfere with the provision of
nutrients. The anorexia and food refusal may be both phys-
iologic and behavioral. The physiologic component may
be the result of an altered serotonin metabolism.39 Fasting
should be avoided.

Frequent infections and vomiting make it difficult to pro-
vide optimal nutrients for any extended period of time.
Children are prone to recurrent infections and illness.
During times of illness, the special formula mixture may
need to be temporarily stopped. Parenteral nutrition cal-
culated to provide the prescribed amounts of amino
acids in conjunction with carbohydrate and fat can limit
catabolism.

Adjunct therapies to the treatment of these disor-
ders include supplementations of L-alanine and carni-
tine. Secondary carnitine deficiency has been identified in
organic acidemias.40,41 Carnitine increases propionyl-CoA

excretion and promotes detoxification. It also appears to
reduce the propensity for ketogenesis.42 Prophylactic treat-
ment of 100 mg kg−1 day−1 of oral carnitine should be ini-
tiated. During acute crisis, intravenous carnitine up to 300
mg kg−1 day−1 has been utilized in patients with these dis-
orders. The supplementation of exogenous L-alanine into
the dietary regimen may spare the catabolism of branched-
chain amino acids, but this is less widely utilized now than
previously. Supplementation of 250 mg alanine kg−1 day−1

enhances nitrogen balance and may promote growth at
lower intakes of protein. Also, the anabolic properties of
human growth hormone have decreased the propensity for
catabolism in some patients.42

Propionic acid is synthesized by the intestinal bacteria
and this may be an important source of propionate and
methylmalonate production in these patients.42 Microbial
propionate production can be suppressed by antibiotics,
such as metronidazole and neomyocin. Therapy with
these antibiotics has been found to be specifically effec-
tive in reducing urinary excretion of propionate metabo-
lites by 40% in patients with methylmalonic or propionic
acidemia.42 Long-term metronidazole or neomyocin ther-
apy (10–20 mg kg−1 day−1 and 50 mg kg−1 day−1, respec-
tively, given for 10 consecutive days each month) may have
significant clinical benefit.32

Glutaric acidemia type I

Glutaric acidemia type 1 (GA1) is an autosomal reces-
sive condition caused by a deficiency of the enzyme,
glutaryl-CoA dehydrogenase, a mitochondrial flavin-
adenine-dinucleotide (FAD) requiring enzyme within the
catabolic pathway of lysine, hydroxylysine, and tryptophan
(Figure 38.8). The enzymatic block results in the accumula-
tion of glutaric acid and 3-hydroxyglutaric acid in blood and
urine. Glutaryl-CoA is also esterified with carnitine lead-
ing to increased ratios of acylcarnitines to free carnitine
in plasma and urine.43 Glutarylcarnitine is excreted which
contributes to secondary carnitine deficiency. Patients may
also excrete metabolites indicative of mitochondrial dys-
function such as dicarboxylic acid, 2-oxoglutarate, and
succinate.

The clinical presentation of GA1 is often in the first
year of life, but not typically in the neonatal period. It is
being included in this chapter because expanded new-
born screening will make the diagnosis possible within
the first weeks of life before the onset of symptoms.
Generally, patients have a “presymptomatic” period char-
acterized by “soft” neurological signs including hypoto-
nia, head lag, irritability, jitteriness, and feeding difficul-
ties. Macrocephaly is noted at or shortly after birth in the
majority of patients. During this time, neuroimaging may
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Figure 38.8. Lysine and tryptophan metabolism. Lysine, hydroxylysine, and tryptophan are degraded initially via separate pathways

which converge in a common pathway starting with α-aminoadipic acid and α-ketoadipic acid. Glutaryl-CoA is oxidized and

decarboxylated to crotonyl-CoA by glutaryl-CoA dehydrogenase which is deficient in glutaric acidemia type I (GAI). CoA = coenzyme A.

Solid bar indicates enzymatic block.

reveal frontotemporal atrophy, enlarged sylvian fissures,
or delayed myelination.43 Infants are prone to suffer acute
subdural hemorrhages after minor trauma, commonly
around 1 year of age, due to the presence of enlarged subdu-
ral fluid spaces with associated bridging veins. Child abuse
is often suspected. On average, at the age of 14 months,
75% of patients suffer an acute brain injury, mostly associ-
ated with an upper respiratory infection or gastrointestinal
infection, a period of fasting (such as for surgery), following
routine immunizations, or following minor head trauma.43

Infants then present with an acute loss of skills, such as
the ability to sit, pull to stand, and cruise, as well as loss of
head control and suck and swallow reflexes. They appear
alert with profound truncal hypotonia and extremity hyper-
tonia with choreoathetotic movements of hands and feet.
Over time, seizures and a severe dystonic movement dis-
order develop. At this time, neuroimaging reveals progres-
sive frontotemporal atrophy and involvement of the basal
ganglion. Although the majority of patients present with
the characteristic symptoms and disease course, intrafa-
milial variability, and asymptomatic individuals have been
reported. Death usually occurs before the end of the first
decade of life.

Therapy
Early diagnosis and treatment is essential, as current ther-
apy has little effect on the brain-injured child. Therapy
prevents brain degeneration in more than 90% of affected
infants who are treated prospectively.43 Without treatment,
more than 90% of affected children will develop severe
neurological disabilities.43 Fasting should be avoided and
intercurrent illnesses should be treated aggressively with

frequent feedings, high carbohydrate and zero protein
intake, followed by high-dose intravenous glucose and car-
nitine supplementation (100–300 g kg−1 day−1).43 Long-
term carnitine supplementation is recommended to help
prevent metabolic crises. An extremely rare patient may be
riboflavin responsive, thus, a therapeutic trial of riboflavin
is indicated.

Dietary therapy consists of either a low-protein diet
or a lysine-restricted diet supplemented with a lysine-
free amino acid mixture. Natural protein sources, from
either standard infant formulas or foods, supply the
lysine requirements, while the additional protein require-
ments are supplied by synthetic amino acids from special
metabolic formulas. The intake of tryptophan should not be
equally reduced as tryptophan contributes only 20% or less
to total body glutarate production, and concentrations of
tryptophan directly modulate the production of serotonin
in the central nervous system.43 In patients with neuro-
logic symptoms, dietary therapy results in no major clin-
ical improvement, but appears to halt the progression of
the disease. Pharmacologic treatment of neurologic symp-
toms is also important. Monitoring of dietary intervention
via plasma amino acids and quantitative plasma glutaric
and 3-hydroxyglutaric acid levels is necessary.

Urea cycle disorders

Urea cycle disorders compromise a variety of enzymatic
defects in the production of urea, the end product of
nitrogen metabolism (Figure 38.9). The enzyme defects
include:
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Figure 38.9. The urea cycle. Amino groups from exogenous and endogenous protein are the source of ammonia. The cycle converts the

toxic ammonia molecule into the non-toxic product, urea, which is excreted in the urine. Disorders resulting from known enzyme

deficiencies are noted. CoA = coenzyme A. Solid bar indicates enzymatic block.

(1) Carbamoyl-phosphate synthetase (CPS) deficiency
(2) Ornithine transcarbamoylase (OTC) deficiency
(3) Argininosuccinic acid synthetase deficiency (citrullin-

emia)
(4) Argininosuccinic acid lyase deficiency
(5) Arginase deficiency (arginemia)
(6) N-acetylglutamate synthetase (NAGS) deficiency.
Except for OTC deficiency, whose inheritance is X-linked,
the enzyme defects in the urea cycle are transmitted as
autosomal recessive traits.

The degradation of amino acids releases ammonia (pri-
marily from glutamine and glutamate), which enters the
urea cycle by way of carbamoyl phosphate. Hyperam-
monemia is the major biochemical abnormality of all the
urea cycle defects and the accumulating ammonia itself is
apparently an important neurotoxin. Ammonia increases
the transport of tryptophan through the blood–brain bar-
rier which leads to increased production of serotonin.
Recently, magnetic resonance spectroscopy has demon-
strated that increased glutamine in the central nervous
system increases the osmolarity, hence, is responsible for
the cellular swelling and brain edema which may compli-
cate these diseases.44,45

With the exception of argininemia, the neonatal clinical
features usually include vomiting, poor feeding, lethargy,
respiratory distress, seizures, and coma. The prognosis

relates to the age of onset and the severity and duration of
hyperammonemic coma. Although rapid resolution of
hyperammonemia may preserve mental development,
those who present in the newborn period are likely to sus-
tain neurological complications regardless of aggressive
treatment. Mental retardation is common in infants sur-
viving the neonatal course. The survival rate in infancy
depends on the location of the enzymatic defect in the
cycle, level of enzyme activity, and recognition and treat-
ment of the disorder. In general, defects early in the cycle
and patients with lower enzyme activity have the high-
est mortality. Mortality is highest for CPS deficiency and
boys with classic OTC deficiency, and these respond poorly
to therapy. Heterozygote girls with OTC deficiency may
present neonatally or may be symptomatic only after a
protein load or with an infection in childhood.46 Family
histories from female heterozygotes for OTC may reveal an
intolerance and avoidance of high-protein foods.

Therapy
The components of the treatment regimen of urea cycle
disorders include: (1) removal of waste nitrogen by pro-
moting urinary excretion using sodium benzoate, sodium
phenylacetate, and sodium phenylbutyrate; (2) limitation
of production of waste nitrogen through restriction of
intake of amino acids and protein; and (3) removal of waste
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Figure 38.10. Ammonia diversion. The equilibrium of glutamine and glycine with ammonia may be used for disposal of ammonia by use

of drugs such as sodium benzoate and sodium phenylacetate, which form complexes with glycine and glutamine that are excreted in the

urine. * = moles of nitrogen excreted. Solid bar indicates enzymatic block.

nitrogen by supplementation of urea cycle intermediates
distal to the enzymatic block.

Acute therapy

During acute hyperammonemic episodes, the major goal
is to reduce plasma ammonia levels immediately. Fluid vol-
ume should be restricted if there is concern regarding brain
edema. During acute crisis all exogenous protein sources
are stopped. However, non-protein energy sources by intra-
venous or gastric feedings are necessary to inhibit or pre-
vent catabolism. Reintroduction of protein should be per-
formed slowly, starting at 0.5 g kg−1 day−1 and titrating
to a tolerated intake approximately 1.0–1.5 g kg−1 day−1.
Sodium benzoate and sodium phenylacetate are standard
drugs for reducing ammonia concentrations. They act by
forming compounds with ammonia which are excreted
in the urine47 (Figure 38.10). Ammonul (Ucyclyd Pharma,
Inc.), an intravenous 10% solution of these compounds, has
now been used for many years in the acute therapy of these
conditions at a standard dose of 250 mg kg−1 day−1. Intra-
venous L-arginine at doses ranging from 210–660 mg kg−1,
with standard starting dose of 210 mg kg−1 day−1, should
be added, except for patients diagnosed with arginase defi-
ciency. This will allow the rest of the cycle to continue to
form urea and supplements arginine, which becomes an
essential amino acid in patients affected by these disorders.

Aggressive measures using hemodialysis, or subopti-
mally peritoneal dialysis, may be required if hyperam-
monemia is not controlled. Hemodialysis, hemodiafiltra-
tion, or continuous venous-venous hemodialysis (CVVH)
are the most effective. Exchange transfusions are not par-
ticularly beneficial.

Chronic therapy

To promote anabolism, a dietary prescription providing
145 kcal kg−1 day−1 and 1.0–1.5 g protein kg−1 day−1 is
recommended as a baseline once the patient is ready for
chronic therapy. Restricting protein intake to a minimum
daily requirement may be sufficient to support protein syn-
thesis and growth. It is essential that optimal calories from
fat and carbohydrates be provided to inhibit gluconeo-
genesis. No less than 100 kcal kg−1 day−1 should be given
to the infant up to 12 months of age.

The use of a mixture of essential L-amino acids pre-
scribed as a percentage of the total protein may improve
nitrogen retention and reduce waste nitrogen. However,
use of the essential amino acids alone as the total pro-
tein intake may be limiting. Natural protein, in the form
of standard infant formulas or food sources of protein,
and essential amino acids in a 50:50 ratio is recommended
to supply the total protein required. This regimen has
been successful in promoting optimal visceral and somatic
protein status and growth. Because protein intake is a
small percentage of the total caloric intake per day (7%–
10%), carbohydrates and fat must balance out the required
energy.

Cyclinex 1 (Ross Laboratories) is an essential amino acid
formulation available for use in infants. In addition to
essential amino acids, it contains L-tyrosine, L-cystine,
L-carnitine, vitamins, minerals, carbohydrates, and fat.
Cyclinex 1 should be used in conjunction with natural
protein and protein-free energy supplements to provide
the required nutrients for the infant.

Dietary restriction of protein alone has had limited
success.46 The use of oral sodium benzoate therapy in
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conjunction with nutrition therapy can improve metabolic
control. Sodium benzoate at doses of 250–500 mg kg−1

day−1 has resulted in reduced ammonia levels without sig-
nificant toxicity. A newer compound, sodium phenylbu-
tyrate(Buphenyl,UcyclydPharma,Inc.),oxidizestophenyl-
acetate in the liver and subsequently binds glutamine and
is rapidly excreted in the urine in the form of phenyl-
acetylglutamine (Figure 38.10). Sodium phenylbutyrate is
only available in an oral preparation and is more favor-
able as it does not have the peculiar mousy odor noted
with sodium phenylacetate and more effectively binds and
excretes nitrogen when compared with sodium benzoate.
It is usually given at a dose of 250 mg kg−1 day−1, but has
been used in doses up to 650 mg kg−1 day−1.48 Oral supple-
mentation of arginine must be continued for all patients
except those with arginase deficiency. The aim should
be to maintain plasma arginine concentrations between
50–200 µmol L−1. A dose of 100–150 mg kg−1 day−1 appears
to be sufficient for most patients.48 In OTC and CPS, cit-
rulline may be substituted for arginine in doses up to
170 mg kg−1 day−1, as this will utilize an additional nitrogen
molecule. Patients with citrullinemia and argininosuccinic
aciduria have a higher requirement and may require doses
up to 700 mg kg−1 day−1.

Secondary carnitine deficiency may occur in patients
with urea cycle disorders.49–51 The deficiency may be more
pronounced during hyperammonemic episodes. Prophy-
lactic supplementation of oral L-carnitine (100 mg kg−1

day−1) may be considered. Dietary restriction of trypto-
phan has reversed associated anorexia in some patients.39

Infants on restricted protein diets should be monitored
at least monthly for the first year. Analysis of plasma amino
acid profiles, ammonia, visceral protein status, anthro-
pometrics, and growth assessment are recommended.
Patients should be educated not to fast and to seek med-
ical attention during illness to ensure adequate glucose
intake and hydration to minimize catabolism. Intermittent
episodes of hyperammonemia associated with intercurrent
illnesses are felt to directly contribute to the poor neuro-
logic outcome of these conditions. Families should be given
the option of liver transplantation, which may offer a better
long-term prognosis.

Disorders of carbohydrate metabolism

Galactosemia

Galactosemia is a biochemical defect in the metabolism
of galactose, a monosaccharide milk sugar. The defect
in classic galactosemia is a deficiency of the enzyme,
galactose-l-phosphate uridyl transferase (gal-l-PUT), an

enzyme necessary for the conversion of galactose to
glucose (Figures 38.11). The biochemical block results in
the accumulation of galactose-1-phosphate and galactose,
and the formation of galactitol. The pathogenesis of the
hepatic, renal, and cerebral disturbance is unclear, but
is probably related to the accumulation of galactose-1-
phosphate and galactose.42 Cataract formation is explained
by the accumulation of galactitol. Galactosemia can
also occur due to enzymatic defects of galactokinase,
and UDP-galactose-4-epimerase. All forms are autosomal
recessive.

The neonatal presentation in patients with classic
transferase deficiency can be catastrophic and includes
vomiting, failure to thrive, liver disease, jaundice, hep-
atomegaly, edema, ascites, lethargy, Escherichia coli sep-
sis, and cataracts. Symptoms occur within a few days after
birth, once the infant is exposed to lactose-containing
formulas or breast milk. If undiagnosed, the infant may
die of liver or renal failure or sepsis, or follow a course
of recurring symptoms with failure to thrive and mental
retardation. When a galactose restricted diet is instituted
early, symptoms disappear promptly; jaundice resolves
within days, cataracts may clear, liver and kidney function
return to normal, and liver cirrhosis can be prevented. Vari-
ous genotypes of transferase deficiency have been iden-
tified and have implications for the severity of illness.52

Galactokinase deficiency presents with only cataracts.
Many states perform newborn screening for galactosemia
by assay of transferase activity and/or galactose level in
blood.

Despite newborn screening and early intervention,
patients with classic galactosemia may still have significant
problems. Longitudinal studies have shown that infants
diagnosed early and well managed have improved mental
status and intellectual function, but are still below the intel-
lectual quotients measured in their unaffected siblings.53

Other findings in this same population include speech
and language deficits, ovarian failure, and neurologic
defects.

Therapy
A galactose-restricted diet regimen is used for patients
with both classic transferase and galactokinase deficiency.
Patients with some variants of transferase deficiency may
also benefit from a galactose-restricted diet.54

Infants suspected of having galactosemia should imme-
diately be removed from lactose-containing formulas.
Although false positive newborn screening tests are com-
mon when the screen tests enzyme activity, treatment
should be started while diagnosis is excluded or confirmed.
Acceptable formula alternatives are Nutramigen, a casein
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hydrolysate (Mead Johnson Nutritionals), or soy protein
formulas, such as ProSobee (Mead Johnson Nutritionals),
and Isomil (Ross Laboratories). At one time the use of
soy-protein formulas was questioned because of raffinose
and stachyose, two galactose-containing oligosaccharides
found in soybeans. Researchers now have shown that these
sugars are not absorbed by human gut mucosa.55 Soy-based
formulas have since been used successfully in patients with
galactosemia.

Free galactose sugars are not commonly found in nat-
ural foods. Lactose, a common disaccharide, comprising
galactose and glucose, yields 50% galactose on hydrolysis.
Therefore, all lactose-containing foods, such as milk and
milk products, must be totally excluded from the diet. It
is difficult to provide a diet regimen that is entirely free of
exogenous galactose. Lactose is used in many processed
foods including bread, cereals, dry mixes, and candies.
Hidden sources of lactose are found in many “pill-form”
medications and vitamin supplements, and as extenders

in artificial sweeteners. The steady increase in the use of
processed foods has challenged many families. Food label
reading is an absolute necessity for anyone managing a
galactose-restricted diet. Table 38.3 lists foods and ingredi-
ents found on food labels that are considered unacceptable;
they all contain lactose or galactose. Some investigators
have suggested that the diet can be relaxed in school-age
children,56 but the consensus is now to continue the dietary
regimen indefinitely.

There are major discrepancies in food lists for galactose-
restricted diets. Some “questionable” foods that may con-
tain either galactose or sugars that may be metabolized to
galactose include some legumes, molasses, monosodium
glutamate, sugar beets, soy sauce, and canned tuna fish.
The lack of consensus regarding these foods has caused
frustration for both families and practitioners. Deter-
mination of galactose-1-phosphate levels is helpful in
monitoring adherence to the diet. Measurement of urin-
ary galactitol for monitoring of treatment has not been
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Table 38.3. Restricted ingredients for a galactosemic diet

Butter Margarined

Buttermilk Milk

Buttermilk solids Milk Chocolate

Calcium caseinate Milk Solids

Casein Nonfat dry milk

Cheesea Nonfat dry milk solids

Cream Nonfat milk

Dry milk Organ meatse

Dry beans and peasb

Hydrolyzed proteinc Sherbetf

Ice cream Sodium caseinate

Lactalbumin (milk albuminate) Sour Cream

Lactose Whey and whey solids

Lactoglobulin Yogurt

a Swiss cheeses of the Emmentaler, Gruyeres and Tilsiter types

are galactose and lactose free.57

b Garbanzo beans, kidney beans, lima beans, lentils, split peas

(this is only a partial list).
c Hydrolyzed protein is unacceptable if it is made from casein

or whey.
d A few diet margarines do not contain any milk products and are

acceptable. Check labels before using any brand. If “margarine”

is listed as an ingredient in any processed food, check with the

company to make sure it contains no milk products.
e Liver, heart, kidney, sweetbreads, and pancreas. Organ meats

are often listed as “meat-by-products” on labels.
f Sherbet contains nonfat dry milk; however, many brands of

sorbet do not and are acceptable.

Reprinted with permission.63

successful as only large amounts of ingested galactose are
reflected and these are only detected after some delay.57

The nutritional requirements for the patient with galac-
tosemia are similar to those of healthy infants and
children. The need for supplementation of calcium or
vitamin D is dependent on the quantity and quality of milk-
substitute, infant formulas and natural foods supplied. If
calcium or other vitamin-mineral supplements are indi-
cated, care must be taken to ascertain whether they contain
lactose fillers. Liquid preparations do not contain lactose.
All medications should first be checked by a physician or
pharmacist.

Type I glycogen storage disease

Type I glycogen storage disease (GSD; von Gierke’s dis-
ease) is an inherited disorder of carbohydrate metabolism.
GSD-1a results from an enzymatic deficiency of glucose-
6-phosphatase, significantly impairing glycogenolysis and
gluconeogenesis (Figure 38.12). Glucose-6-phosphate

translocase deficiency, GSD-1b, results from insuffi-
cient translocase that transports the glucose-6-phosphate
enzyme across the membrane. Historically, there is GSD-
1c, due to defective transport of phosphate, and GSD-1d,
due to defective transport of glucose. Because of the similar
clinical presentations and because the enzymes that cause
types 1b, 1c, and 1d all belong to a family of plasma mem-
brane facilitative glucose transporters, these three types
are currently categorized under GSD-1b.58,59 The clinical
findings and metabolic derangements are not discernible
except for neutropenia and the susceptibility to infections
seen in type 1b.

The young infant with GSD type I presents with failure
to thrive, severe hypoglycemia, hepatomegaly, and lactic
acidosis. Biochemical abnormalities include elevation of
blood lactate, pyruvate, triglycerides, cholesterol, and uric
acid. Blood ketone concentrations are surprisingly not ele-
vated. This could be explained by the increased synthesis
of fatty acids and cholesterol from the conversion of excess
lactate and pyruvate into acetyl-CoA and subsequent con-
version to malonyl-CoA, a potent activator of liponeogen-
esis and inhibitor of fatty acid oxidation.60 Also, elevated
malonyl-CoA will inhibit carnitine palmitoyl transferase 1
(CPT-1) and subsequently prevent entry of long chain fatty
acyl-CoA into the mitochondria decreasing the oxidation
and conversion to ketone bodies.60

Therapy
The goals of nutrition support for GSD type I include
(1) steady supply of exogenous glucose to prevent hypo-
glycemia and reduce the biochemical derangements, while
(2) avoiding excess glucose or energy to inhibit hepatic
glycogen storage. The dietary prescription is a fructose-
restricted, galactose-restricted diet with limited fat intake
and moderate protein. Fructose (sucrose) and galactose
(lactose) should be avoided because they cannot metab-
olize to glucose by the gluconeogenic pathway and may
contribute to elevated blood lactate. Carbohydrate should
be in the form of glucose and glucose polymers. Total fat
ingestion should be restricted to prevent over accumula-
tion of triglycerides, but hypertriglyceridemia may be a
consequence of hypoglycemia rather than exogenous fat.
The use of medium-chain triglycerides as a substitute for
other fat sources may reduce blood triglycerides. Excess
protein in the diet is not useful because amino acids can-
not be readily converted to free glucose. An energy distri-
bution of 60%–75% of calories as carbohydrate, 10%–15%
as protein, and 20%–30% as fat is recommended.

Daytime formula feedings providing 1.5–2.5 g kg−1 per
feed of predominantly complex carbohydrate every 3 hours
have been beneficial in maintaining normoglycemia. The
actual amount of prescribed carbohydrate per feed will
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depend on the individual infant and the source and physi-
cal nature of the carbohydrate. Adjustments of exogenous
glucose may be necessary based on ascertainment of blood
glucose levels before, after, and between feedings. Infants
less than 6 months of age can use soy-based formulas with-
out sucrose or carbohydrate-free formulations as the major
nutrient source. These formulas must be used with either
glucose polymers or uncooked cornstarch. Glucose poly-
mers are necessary to allow for a slow absorption of glu-
cose between feedings. Chemically defined formulas with
glucose polymers as the carbohydrate source, have been
used for daytime feedings. The high carbohydrate and low
fat ratio in these formulas appears beneficial in preventing
childhood obesity and promoting an acceptable blood glu-
cose response. Ultimately, raw cornstarch provides a better
blood glucose response than either dextrose or a carbohy-
drate module, but the decreased pancreatic amylase activ-
ity of young infants limits its use in neonates. However,
pancreatic amylase activity can be stimulated with inges-
tion of oral starch, and partial digestion by salivary amy-
lase if the oral route is utilized. Because of the variability
of each infant’s amylase enzyme activity, tolerance to corn-
starch ingestion should be attempted in gradual dosages at

later infancy. Cornstarch is generally introduced at 1 year of
age. Side effects of bowel distension, flatulence, and loose
stools are usually transient and can be mitigated by slowly
increasing the dose.60

Nocturnal continuous drip feedings of chemically
defined formulas or dextrose have been beneficial in pre-
venting hypoglycemia, reducing biochemical aberrations,
and potentiating optimal growth. Infusion rates providing
7–9 mg glucose kg−1 minute−1 can prevent hypoglycemia.
Intragastric feedings using dextrose alone instead of
chemically defined formulas in these patients has also been
used, however the latter is preferred.

Gastrostomy tube placement is indicated at the time of
diagnosis in young infants and children because of the
long-term dependence on nocturnal feedings. The gastros-
tomy tubes also provide an entry for feedings during times
of illness or anorexia when the oral route is not sufficient
for the provision of nutrients.

The recommended dietary needs for the infant with GSD
type I are similar to those of healthy infants. Special atten-
tion should be given to insuring adequate intake of cal-
cium, vitamin D, and ascorbic acid, as foods that sup-
ply these nutrients are restricted. GSD type 1b, which is
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commonly associated with neutropenia, requires appro-
priate antibiotic therapy as needed. In serious cases, gran-
ulocyte colony stimulating factor (GCSF) at a dose of 3–10
µg kg−1 2–4 times per week is recommended. The dose can
be tapered as the patient improves clinically.

The use of frequent daytime high-carbohydrate feedings
in conjunction with nocturnal infusion of carbohydrate
results in optimal growth in these patients. Appropriate glu-
cose infusion is necessary during acute illnesses to avoid
complications from hypoglycemia or hyperglycemia. Care-
ful monitoring of blood glucose concentrations and pre-
vention of hyperglycemia and hypoglycemia can minimize
the biochemical abnormalities associated with this disor-
der and ensure good life quality. Parents need to be taught
to monitor for hypoglycemia at home.

Primary lactic acidosis

Lactic acidosis will not be discussed at length, but does
deserve mention in a discussion of nutritional therapy of
inborn errors of metabolism presenting in the neonate.
One of the many causes of primary lactic acidosis, severe
pyruvate dehydrogenase deficiency, presenting with over-
whelming acidosis in the neonate, has the distinction
of being the only inborn error of metabolism to worsen
acutely with intravenous glucose. Generally, clinical inter-
vention makes little difference to the outcome in neonates
with severe pyruvate dehydrogenase deficiency. Treatment
has been attempted in these and in more mildly affected
patients with a modified ketogenic diet and various drugs
and vitamins or other cofactor supplements. Response
to treatment has been reported in a limited number of
patients.

Another group of patients with primary lactic acido-
sis have gluconeogenic disorders and present with hypo-
glycemia and acidosis. These patients require treatment
with provision of a steady glucose source. One important
subset of this group are patients with disorders of fructose
metabolism. Although there may be some lactic acidosis
in the absence of fructose ingestion, significant symptoms
usually occur only after fructose exposure. Some neonates
are exposed to fructose by certain feeding practices and
medications. A few patients with lactic acidosis due to dis-
orders of the respiratory chain present as neonates. These
patients usually do not respond to dietary manipulation.
Infrequently, patients with primary lactic acidosis of var-
ious or unknown causes will present with hyperammon-
emia and protein intolerance. Understanding of the various
presentations of and strategies for therapy of primary lactic
acidosis is rapidly changing, and it is likely that any attempt
to discuss more extensively the place of nutrition in the

management of neonates with these disorders would be
out of date at publication.
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Introduction

The newborn infant is in a “critical epoch” of development
not only for the organism as a whole but also for the individ-
ual organs and most significantly for the brain.1 Adequate
nutrition in the neonatal period is necessary to avoid the
adverse effects of malnutrition on morbidity and mortality2

and to minimise the future menace of stunted mental and
physical development.1

The survival rate of newborn infants affected by isolated
congenital gastrointestinal abnormalities has improved
considerably over the past 20 years and is now in excess of
90% in most pediatric surgical centers. The introduction of
parenteral nutrition and advancement in nutritional man-
agement are certainly among the main factors responsible
for this improvement.

Historical background

Parenteral nutrition stepped forward from numerous his-
torical anecdotes in the 1930s with the first successful infu-
sion of protein hydrolysates in humans,3 followed by the
first report of successful total parenteral nutrition in an
infant in 1944,4 and given a huge boost by the first place-
ment of a catheter in the superior vena cava to deliver nutri-
ents for prolonged periods.5 Using this system, Dudrick
and Wilmore showed that adequate growth and develop-
ment could be achieved in beagle puppies and in a surgical
infant.5 Following these initial reports Filler and co-authors
reported the first series of surgical neonates with gastro-
intestinal abnormalities treated with long-term total par-
enteral nutrition.6 During the 1970s and 1980s significant

improvements were made in the technique itself and in
reduction of complications, and the last 10 years have seen
considerable changes in the nutritional management of
surgical neonates. Various investigators have highlighted
the importance of introducing enteral nutrition as soon as
possible in surgical neonates. The beneficial effects of min-
imal enteral feeding on the immune system, infection rate
and liver function have been elucidated.

Body composition

Newborn infants grow very rapidly, have lower caloric
reserves than adults and therefore do not tolerate pro-
longed periods of starvation. The body composition of
newborn infants is markedly different from that of adults.
The total body water varies from 86% of body weight at 28
weeks of gestation to 69% at 40 weeks of gestation and 60%
in adulthood. This decline in body water reflects also an
increase in energy content of the body. The ratio between
minimal metabolic rate to nonprotein energy reserve is
only 1:2 at 28 weeks gestation, it decreases to 1:29 for
term infants and 1:100 for the adult,1 hence the urgent
need for adequate caloric intake in very-low-birth-weight
infants after birth. Full-term neonates have higher content
of endogenous fat (approximately 600 g) and therefore can
tolerate a few days of undernutrition.

Energy metabolism

Newborn infants have a significantly higher metabolic rate
and energy requirement per unit body weight than children
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and adults (Figure 39.1).7 They require approximately 40–
70 kcal kg−1day−1 for maintenance metabolism, 50–70 kcal
kg−1 day−1 for growth (tissue synthesis and energy stored),
and up to 20 kcal kg−1 day−1 to cover energy losses in ex-
creta (Figure 39.2).8,9 The total energy requirement for a
newborn infant fed enterally is 100–120 kcal kg−1day−1,
compared with 60–80 kcal kg−1 day−1 for a 10-year-old
and 30–40 kcal kg−1 day−1 for a 20-year-old individual.
Newborn infants receiving total parenteral nutrition (TPN)
require fewer calories (80–100 kcal kg−1 day−1). This is due
to the absence of energy losses in excreta and to the fact
that energy is not required for thermoregulation when the
infant is nursed in a thermoneutral environment using a
double-insulated incubator. Although energy expenditure
may double during periods of activity, including crying,
most surgical infants are at rest 80–90% of the time.8 Signi-
ficant differences in resting energy expenditure (REE) have
been reported among full-term surgical newborn infants
(range 33.3–50.8 kcal kg−1 day−1),8 and between premature
and full-term babies. A full term infant requires 100–120
kcal kg−1 day−1, and a premature infant 110–160 kcal kg−1

day−1 (Figure 39.1).8,10 These variations in maintenance
metabolism explain the different growth rates frequently

observed in surgical neonates receiving similar caloric
intakes, and probably represent differences in metaboli-
cally active tissue mass i.e., organ and muscle size. Several
equations have been published to predict energy expen-
diture in adults11 and equations have been developed to
predict REE in stable surgical neonates, to which the major
contributing predictors are body weight, heart rate (pro-
viding an indirect measure of hemodynamic and metabolic
status) and postnatal age.12

Operative trauma

In contrast with adults, the energy requirement of infants
and children undergoing major operations seems to be
modified minimally by the operative trauma per se. In
adults, trauma or surgery causes a brief “ebb” period of a
depressed metabolic rate followed by a “flow phase” char-
acterised by an increase in oxygen consumption to support
the massive exchanges of substrate between organs.13 In
newborn infants major abdominal surgery causes a mod-
erate (15%) and immediate (peak at 4 hours) elevation of
oxygen consumption and resting energy expenditure and
a rapid return to baseline 12–24 hours postoperatively.14

There is no further increase in energy expenditure in
the first 5–7 days following an operation.14,15 The tim-
ing of these changes corresponds with the postoperative
changes in catecholamine levels and other biochemical
and endocrine parameters.16 It has been demonstrated that
the postoperative increase in energy expenditure can, at
least partially, result from severe underlying acute illness,
which frequently necessitates surgery (i.e., sepsis or intense
inflammation, see below).17 Interestingly, infants having a
major operation after the second day of life have a signifi-
cantly greater increase in resting energy expenditure than
infants undergoing surgery within the first 48 hours of life.
A possible explanation for this may be greater secretion of
endogenous opioids in the perinatal period blunting the
endocrine and metabolic responses.16,18,19

Resting energy expenditure is directly proportional to
growth rate in healthy infants, and growth is retarded
during acute metabolic stress. Studies in adult surgical
patients have shown that operative stress causes marked
changes in protein metabolism characterised by a postop-
erative increase in protein degradation, negative nitrogen
balance,20,21 and a decrease in muscle protein synthesis.22

However, changes in whole body protein flux, protein syn-
thesis, amino acid oxidation or protein degradation do not
seem to occur in infants and young children undergoing
major operations,23 which led us to speculate that infants
and children divert protein and energy from growth to
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tissue repair, thereby avoiding the overall increase in energy
expenditure and catabolism seen in the adult.23–25

Critical illness and sepsis

Nutritional problems in infants and children requiring
surgery are not unusual. The real nutritional challenge is
not represented by the operation per se but by the clini-
cal condition of the patient. Examples include intrauter-
ine growth retardation in small for gestational age preterm
infants, infants who have suffered massive intestinal resec-
tion for necrotizing enterocolitis, and infants with motil-
ity disorders of the intestine following surgery for atresia,
malrotation and midgut volvulus, meconium ileus or gas-
troschisis.

Nutritional integrity particularly in the neonatal period
should be maintained regardless of the severity of the ill-
ness or organ failure due to the limited energy and protein
stores in neonates. Infants and children require nutrition
for maintenance of protein status as well as for growth and
wound healing. One considerable challenge in pediatrics
is represented by nutrition support during critical illness
and sepsis. Keshen et al. 26 have shown that parenterally
fed neonates on extracorporeal life support are in hyper-
metabolic and protein catabolic states. These authors
recommend the provision of additional protein and non-
protein calories to attenuate the net protein losses.

Sepsis is an intriguing pathological condition associ-
ated with many complex metabolic and physiological
alterations.27 Studies in adults have shown that the meta-
bolic response to sepsis is characterized by hypermeta-
bolism,28 increased tissue catabolism,28 gluconeogenesis
and hepatic release of glucose.29 Energy is largely derived
from fat, and increased protein catabolism provides pre-
cursors for enhanced hepatic gluconeogenesis.29 However,
fat mobilization is far greater than fat oxidation, imply-
ing considerable cycling30 and in later stages of sepsis,
oxidative metabolism31 and fat utilization may become
impaired.32

The existing knowledge on the metabolic response to
sepsis in infants is limited. There are conflicting reports
on whether critically ill infants are hypermetabolic.33–39

However, recent studies suggest that infants with sepsis
do not become hypermetabolic (Figure 39.3)40,41 and that
septic neonates with necrotizing enterocolitis do not show
any increase in whole body protein turnover, synthesis and
catabolism.24

From these studies, it is clear that the metabolic rate and
hormonal response to surgery, stress and sepsis in infants
may well be different from that of adults and therefore
it is not possible to adapt nutritional recommendations
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Figure 39.3. Resting energy expenditure in critically ill infants

and controls. Indirect calorimetry was performed on infants and

children with systemic inflammatory response syndrome (SIRS),

sepsis, septic shock, and controls. Results are expressed as

median, range, and interquartile range. There were no significant

differences between the groups.40

made for adults to the neonatal population. It is possible
that neonates divert the products of protein synthesis and
breakdown from growth into tissue repair.

This may explain the lack of growth commonly observed
in infants with critical illness or sepsis. Further studies are
needed in this field to delineate the metabolic response
of neonates and children to trauma and sepsis, explore the
relationship between nutrition and immunity and to design
the most appropriate diet.

Parenteral nutrition

Indications

Parenteral nutrition should be utilized when enteral feed-
ing is impossible, inadequate, or hazardous for more than
4–5 days. The most frequent indications in neonatal surgery
are intestinal obstruction due to congenital anomalies. Fre-
quently after an operation on the gastrointestinal tract, ade-
quate enteral feeding cannot be achieved for more than
one week and parenteral nutrition becomes necessary. This
modality of therapy has improved significantly the sur-
vival rate of newborns with gastroschisis, a condition which
requires intravenous administration of nutrients for 2–3
weeks. Parenteral nutrition is also used in cases of necro-
tizing enterocolitis, short-bowel syndrome, and respiratory
distress.

Components of parenteral nutrition

The parenteral nutrition formulation includes carbohy-
drate, fat, protein, electrolytes, vitamins, trace elements,
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and water. The caloric needs for total parenteral nutrition
are provided by carbohydrate and lipid. Protein is not used
as a source of calories, since the catabolism of protein to
produce energy is an uneconomic metabolic process com-
pared with the oxidation of carbohydrate and fat which
produces more energy at a lower metabolic cost. The ideal
total parenteral nutrition regimen therefore should provide
enough amino acids for protein turnover and tissue growth,
and sufficient calories to minimize protein oxidation for
energy.

Fluid requirements
Any newborn infant deprived of oral fluids will lose body
fluids and electrolytes in urine, stools, sweat and evapora-
tive losses from the lungs and the skin. The insensible water
losses from the skin are particularly high (up to 80–100 ml
kg−1 day−1) in low-birth-weight infants.42 This is due to the
very large surface area relative to body weight, to the very
thin and permeable epidermis, to reduced subcutaneous
fat, and to the large proportion of total body water and
extracellular water.42 The pre-term infant requires larger
amounts of fluid to replace the high obligatory renal water
excretion due to the limited ability to concentrate urine. In
surgical newborns it is not unusual to have significant water
losses from gastric drainage and gastrointestinal stoma.
In order to reduce the water losses it is important to use
double-walled incubators, to place the infant in relatively
high humidity, to use warm humidified air via the endo-
tracheal tube, and in premature babies to cover the body
surface with an impermeable sheet. However, overhydra-
tion is potentially a problem, leading to complications such
as pulmonary edema.

Energy sources
Carbohydrates and fat provide the main energy sources in
the diet, and this is reflected by their importance as a source
of calories in parenteral nutrition.

Glucose is a main energy source for body cells and is
the primary energy substrate in parenteral nutrition. The
amount of glucose that can be infused safely depends on
the clinical condition and maturity of the infant. The ability
of neonates to metabolize glucose may be impaired by pre-
maturity and low birth weight. Carbohydrate conversion
to fat (lipogenesis) occurs when glucose intake exceeds
metabolic needs. The risks associated with this process
are 2-fold: accumulation of the newly synthesized fat in
the liver,43 and aggravation of respiratory acidosis result-
ing from increased CO2 production, particularly in patients
with compromised pulmonary function.44

Since the 1960s, safe commercial intravenous fat emul-
sions have become widely used. These preparations have
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utilization (r = −0.9; p < 0.0001). Lipogenesis is significant when

glucose intake exceeds 18 g kg−1 day−1.51

a high caloric value (9 kcal g−1 of fat), prevent essential
fatty acid deficiency,45,46 and are isotonic, allowing ad-
equate calories to be given via a peripheral vein.47 A num-
ber of studies in both adults and infants have shown that
combined infusion of glucose and lipids confers metabolic
advantages over glucose, because it lowers the metabolic
rate and increases the efficiency of energy utilisation.48–50

Jones et al.51 have shown that in surgical infants receiv-
ing parenteral nutrition there is a negative linear rela-
tionship between glucose intake and fat utilization (oxi-
dation and conversion to fat). Net fat synthesis from glu-
cose exceeds net fat oxidation when the glucose intake is
greater than 18 g kg−1 day−1 (i.e., in excess of energy expen-
diture) (Figure 39.4). Jones et al.14 also found a significant
relationship between glucose intake and CO2 production.
The slope of this relationship (i.e., increased CO2 produc-
tion) was steeper when glucose intake exceeded 18 g kg−1

day−1 than when glucose intake was less than 18 g kg−1

day−1, indicating that lipogenesis results in a significantly
increased CO2 production. More recent studies on stable
surgical newborn infants receiving fixed amounts of car-
bohydrate and amino acids and variable amounts of intra-
venous long-chain fat emulsion have shown that at a carbo-
hydrate intake of 15 g kg−1 day−1, the proportion of energy
metabolism derived from fat oxidation does not exceed 20%
even with a fat intake as high as 6 g kg−1 day−1. At a car-
bohydrate intake of 10 g kg−1 day−1 this proportion can be
as high as 50%.52 This study seems to indicate that during
parenteral nutrition in surgical infants the majority of the
intravenous fat infused is not oxidized but deposited.

Fat tolerance has been extensively studied by monitor-
ing fat clearance from plasma. However, clearance from
plasma does not imply that the fat is being utilized to
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adapt very rapidly to the infusion of intravenous fat. The

oxidation of exogenous fat is associated with a significant

reduction in CO2 production. Fat utilization open symbols; CO2

production (VCO2 closed symbols).53

meet energy requirements, since it may be being stored
instead.53,54 Pierro et al. have studied intravenous fat uti-
lization by performing a “lipid utilisation test”.53 This con-
sisted of infusing lipid for 4 hours in isocaloric and iso-
volemic amounts to the previously given mixture of glucose
and amino acids. Gas exchange was measured by indirect
calorimetry to calculate the patient’s O2 consumption and
CO2 production, and net fat utilization (Figure 39.5). The
study showed that within 2 hours, more than 80% of the
exogenous fat can be oxidized and that CO2 production is
reduced during fat infusion as a consequence of the cessa-
tion of carbohydrate conversion to fat (lipogenesis).53

Net fat oxidation seems to be significantly influenced by
the carbohydrate intake and by the resting energy expen-
diture of the neonate. When the intake of glucose calories
exceeds the resting energy expenditure of the infant, net fat
oxidation is minimal regardless of fat intake.52 In order to
use intravenous fat as an energy source (i.e., oxidation to
CO2 and H2O), it is therefore necessary to maintain carbo-
hydrate intake below basal energy requirements. Glucose
intake exceeding 18 g kg−1 day−1 is also associated with
a significant increase in respiratory rate and plasma trigly-
ceride levels. It is advisable therefore in stable surgical new-
born infants requiring parenteral nutrition to not exceed 18
g kg−1 day−1 of intravenous glucose intake.51,53

Commonly used fat emulsions for parenteral nutrition
in pediatrics are based on long-chain triglycerides (LCT).
The rate of intravenous fat oxidation during total parenteral
nutrition could potentially be enhanced by the addition
of L-carnitine and/or medium-chain triglycerides (MCT)
to the intravenous diet. L-carnitine is required for the

oxidation of long-chain triglycerides, and although it is
present in breast milk and infant formula, is not present
in parenteral feeds. Although some authors have found
decreased carnitine levels in parenterally fed neonates
and/or reported enhanced fat oxidation upon carnitine
supplementation,55,56 carnitine levels have to fall extremely
low before fatty acid oxidation is impaired57,58 and although
supplementation has been recommended by some groups,
a systematic review found no evidence to support the rou-
tine supplementation of parenterally fed neonates with
carnitine.59 MCT are both cleared from the bloodstream
and oxidized at a faster rate than LCT, and various stud-
ies have suggested that MCT/LCT mixtures in pediatric
parenteral nutrition provide benefits over LCT alone.60–62

However, randomized controlled trials are necessary before
MCT/LCT mixtures find routine use in parenteral nutrition
of neonates. We have recently investigated the metabolic
response to intravenous medium-chain triglycerides in
surgical infants and found that, providing that carbohy-
drate calories do not exceed energy expenditure, partial
replacement of LCT by MCT can increase net fat oxidation
without increasing metabolic rate.63

Amino acids
In contrast to healthy adults who exist in a state of neu-
tral nitrogen balance, infants need to be in positive nitro-
gen balance in order to achieve satisfactory growth and
development. Infants are efficient at retaining nitrogen,
and can retain up to 80% of the metabolizable protein
intake on both oral and intravenous diets.64–66 Protein
metabolism is dependent upon both protein and energy
intake. The influence of dietary protein is well estab-
lished. An increased protein intake has been shown to
enhance protein synthesis,67,68 reduce endogenous protein
breakdown,69 and thus enhance net protein retention.65,69

The protein requirements of newborn infants are between
2.5 and 3.0 g kg−1 day−1. The nitrogen source of TPN is usu-
ally provided as a mixture of amino acids. The solutions
commercially available contain the eight known essential
amino acids plus histidine, which is known to be essen-
tial in children.70 Complications like azotemia, hyperam-
monemia, and metabolic acidosis have been described in
patients receiving high levels of intravenous amino acids42

but rarely seen with amino acid intake of 2–3 g kg−1 day−1.71

In patients with severe malnutrition or with additional
losses (i.e., jejunostomy, ileostomy), protein requirements
are higher.70

The influence of nonprotein energy intake on protein
metabolism is more controversial. Protein retention can
be enhanced by giving carbohydrate or fat,72–77 which are
thus said to be protein-sparing. Although some studies
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have suggested that the protein-sparing effect of carbo-
hydrate is greater than that of fat,72–74 others have sug-
gested that the protein-sparing effect of fat may be either
equivalent to, or greater than, that of carbohydrate.75–77

The addition of fat calories to the intravenous diet of sur-
gical newborn infants reduces protein oxidation, protein
contribution to the energy expenditure, and increases pro-
tein retention.77 In a further study, we compared protein
metabolism in two groups of neonates receiving isonitro-
genous and isocaloric total parenteral nutrition: one group
received a high fat diet and the other, a high carbohydrate
diet. There was no significant difference between the two
groups with regard to any of the components of whole body
protein metabolism: protein synthesis, protein breakdown,
protein oxidation/excretion, and total protein flux, thus
supporting the use of fat in the intravenous diet of surgical
newborn infants.78,79

The ideal quantitative composition of amino acid solu-
tions is still controversial. In newborn infants cysteine, tau-
rine, and tyrosine seem to be essential amino acids. How-
ever, the addition of cysteine in the parenteral nutrition of
neonates does not cause any difference in the growth rate
and nitrogen retention.65

Glutamine
Nutrients can modulate immune, metabolic, and inflam-
matory responses. Of these nutrients, glutamine is of par-
ticular interest. Glutamine is the most abundant free amino
acid in the body where it plays fundamental physiologi-
cal roles. It is the predominant amino acid supplied to the
fetus through the placenta80 and is normally present in the
enteral diet. Glutamine can be synthesized in the human
body in substantial amounts and therefore is usually con-
sidered to be nonessential. However, in patients with acute
and long-term sepsis and/or trauma, glutamine stores
decline. This may be due to a combination of reduced glu-
tamine production, possibly reflecting low muscle glyco-
gen levels, glucose intolerance, and increased glutamine
utilization. During sepsis, the liver and the immune sys-
tem become major glutamine consumers such that net
glutamine utilization exceeds production and glutamine
becomes ‘conditionally essential’.81,82 In rats, glutamine
oxidation supplies a third of the total energy requirement
of the gut.83 In humans who have sustained multisystem
trauma or sepsis, glutamine concentration is 15% higher in
arterial blood than in portal blood, confirming the selective
uptake of glutamine in the gut.84

Until recently glutamine has been excluded from par-
enteral nutrition because of low solubility and insta-
bility in solution. However glutamine dipeptides with
improved stability and solubility are now available ma-

king it possible to add glutamine to parenteral nutrition
formulation.85 There are several reasons why glutamine
may be beneficial for critically ill patients receiving par-
enteral nutrition. Firstly, glutamine supplementation has
been shown to be beneficial, both in vitro and in vivo, for the
immune system.86–88 The effect of glutamine supplementa-
tion on the prevention of infectious complications has been
examined in randomized trials in adult patients receiv-
ing either glutamine-supplemented parenteral nutrition or
isonitrogenous isocaloric parenteral nutrition. These tri-
als included patients undergoing elective operation for
colorectal cancer, patients with multiple trauma,89 crit-
ically ill patients90 and patients undergoing bone mar-
row transplantation.86 All these studies showed that par-
enteral glutamine administration does reduce infectious
complications. Secondly, glutamine has multiple effects
on gastrointestinal function. Glutamine deficiency leads
to gut atrophy and bacterial translocation81,91,92 and sup-
plemental glutamine may preserve the gut mucosal bar-
rier during stress.81,92–94 Glutamine prevents deterioration
of gut permeability, prevents intestinal mucosal atrophy95

and preserves mucosal structure in patients receiving
parenteral nutrition.96,97 Reduced nitrogen loss has been
demonstrated in adult patients receiving glutamine-
supplemented parenteral nutrition after major abdominal
operations.98

Recent studies have shown that in a neonatal animal
model, glutamine reverses the liver dysfunction caused by
sepsis due to an increase in the production of glutathione,
a major intracellular antioxidant, for which glutamine is an
important precursor.99,100

There have been several trials of glutamine parenteral
nutrition supplementation in adults. However, a recent
Cochrane systematic review101 has identified only two
published randomized controlled trials of glutamine in
neonates102,103 including one on parenteral nutrition
supplementation.102 This trial did not identify any adverse
effects attributable to glutamine.102

Glutamine administration was associated with a reduced
duration of artificial ventilation, hospital admission, and
parenteral nutrition102 but effects on immunity or infection
and its generalizability to other settings or patient groups
remain unclear.101 The Cochrane Review highlighted the
requirement for a large randomized controlled trial of glu-
tamine supplementation in neonates requiring parenteral
nutrition.

Vitamins and trace elements
Vitamins and trace elements are important cofactors or
components of enzymes, and provision of adequate sup-
plies is important for the growing neonate. Vitamins and
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trace elements are particularly important in maintenance
of the body’s antioxidant defenses: vitamins C and E,
selenium (for glutathione peroxidase), copper, zinc, and
manganese (all for superoxide dismutases) are all added
to parenteral nutrition. However, vitamins and trace ele-
ments are particularly vulnerable to photo-oxidation and
loss, or to increased lipid peroxide production and vari-
ous studies have suggested photoprotection of parenteral
nutrition bags in order to minimize losses and peroxide
generation.104–107 Free radical production and lipid perox-
idation will be considered in more detail below.

Complications of parenteral nutrition

Infectious complications
In spite of significant improvement in the management of
parenteral nutrition including the introduction of nutri-
tion support teams, recently published infection rates
from large children’s hospitals indicate that between 5%
and 37% of infants may develop sepsis while receiv-
ing parenteral nutrition.108–111 This may lead to impaired
liver function,111,112 critical illness and removal of central
venous catheters. It has always been assumed that the
central venous catheter is the major portal of entry for
micro-organisms causing septicemia in patients on par-
enteral nutrition.109 However, studies in animals113 and
surgical neonates111 have reported microbial translocation
(migration of micro-organisms from the intestinal lumen
to the systemic circulation) during parenteral feeding. In
a study on surgical neonates on parenteral nutrition 111

all but one episode of microbial translocation occurred
in patients with elevated serum bilirubin (cholestasis).
Pierro et al. have reported that almost half the surgical
infants on parenteral nutrition develop abnormal flora and
that all cases of septicemia were preceded by gut colo-
nization with abnormal flora.112 Furthermore, it has been
reported114,115 that parenteral nutrition itself impairs host
defence mechanisms and contributes to the occurrence
of infection in neonates.116 This may be due to individ-
ual components of the parenteral nutrition solution, such
as lipid emulsion,117–120 or due to lack of nutrients, such as
glutamine, normally present in the enteral diet.

Important factors in reducing the incidence of septic
complications are placing intravenous catheters under
strict aseptic conditions, preparing the parenteral nutri-
tion solutions in pharmacy in aseptic conditions and using
meticulous care when the catheters are used. Sepsis should
be suspected when infants on parenteral nutrition present
clinical features of generalized inflammation including
one or more of the following features: temperature insta-
bility, poor perfusion, hypotension, lethargy, tachycardia,

Table 39.1. Metabolic complications of total parenteral

nutrition

Carbohydrate administration

Hyperglycemia

Hypoglycemia

Fatty infiltration of the liver

Hyperosmolarity and osmotic diuresis

Increased CO2 production

Protein administration

Hyperammonemia, azotemia

Abnormal plasma amino acid profiles

Hepatic dysfunction

Cholestatic jaundice

Fat administration

Hyperlipidemia

Fat overload syndrome

Displacement of albumin-bound bilirubin by free fatty

acids

Peroxidation and generation of free radicals

Fluid administration

Patent ductus arteriosus

Pulmonary edema

Electrolyte imbalance

Sodium, potassium, chloride,

Calcium, phosphate

Trace element and vitamin deficiency

respiratory distress, and fever. In these neonates, blood
culture should be performed from the central venous line
and/or from a peripheral vein.

Metabolic complications
The metabolic complications most frequently observed in
newborn infants receiving parenteral nutrition are listed
in Table 39.1. These complications are related to inappro-
priate administration of nutrients, fluid, electrolytes, and
trace elements or to the inability of the individual patient
to metabolize the intravenous diet.

Hyperglycemia occurs frequently during the course of
parenteral nutrition, particularly while the glucose concen-
tration of the infusate is being increased, but most patients
will produce adequate endogenous insulin to metabo-
lize the carbohydrate load within hours. The treatment
of symptomatic hyperglycemia is usually reduction of the
infusion rate. Hypoglycemia usually results from sudden
interruption of an infusion containing a high glucose con-
centration.

High doses of fat or an accidental rapid infusion of
fat may lead to fat overload syndrome, characterized
by an acute febrile illness with jaundice and abnormal
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Table 39.2. Mechanical complications of parenteral nutrition

Extravasation of parenteral nutrition solution

Blockage of the central venous line

Migration of the central venous line

Breakage of the infusion line

Right atrium thrombosis

Cardiac tamponade (perforation of right atrium or vena cava)

coagulation.121,122 The intravenous administration of fat
emulsion in premature infants seems to increase the inci-
dence of bronchopulmonary dysplasia and retinopathy.123

Peroxidation in stored fat emulsions, occlusion-stored fat
emulsions, and the generation of free radicals during intra-
venous infusion of fat in premature infants have been
reported.124 The release of free radicals may overwhelm
the endogenous protective mechanisms, resulting in cellu-
lar damage (see below).125

Mechanical complications
Mechanical complications related to the intravenous infu-
sion of nutrients are not uncommon. Table 39.2 lists
the mechanical complications reported in the literature.
Extravasation of parenteral nutrition solution is a common
complication of peripheral parenteral nutrition. Unfortu-
nately, even a low osmolarity solution is detrimental for
peripheral veins leading to inflammation and extravasa-
tion of the solution, which can cause tissue necrosis and
infection. Intravenous lines may become clogged from
thrombus formation, calcium precipitates, or lipid deposi-
tion. There is disagreement on the ideal position of central
venous lines (CVL) for parenteral nutrition in infants. Some
authors advocate the atrium as the ideal position because
this would give less chance of catheter dysfunction.126,127

Others believe that placement in the superior vena cava
would reduce the risk of perforation.128,129 In a survey of
587 CVL inserted in neonates,130 cardiac tamponade was
the cause of death in two neonates (0.3%). In most of the
cases reported in literature of cardiac tamponade following
CVL insertion the perforation was thought to be in the right
atrium.128,129,131

Hepatic complications
The hepatobiliary complications related to parenteral
nutrition remain serious and often life threatening.
The commonest hepatobiliary complication of parenteral
nutrition in surgical neonates is cholestasis. The incidence
of parenteral nutrition-related cholestasis varies widely
from as low as 7.4%132 to as high as 84%.133 Although the fre-
quency of this complication seems to be diminishing,134,135

Table 39.3. Patient risk factors for the

development of parenteral

nutrition-related cholestasis

Age

Prematurity

Immaturity of biliary secretory system

Absence of oral/enteral intake

Septicemia

Bacterial overgrowth in the small bowel

Short bowel length

Necrotizing enterocolitis

Hypoxia

Major abdominal operations

General anesthesia

this is probably related to the early initiation of oral feeding
rather than to an improvement in the intravenous diet. The
etiology of cholestatic jaundice in infants requiring par-
enteral nutrition is still unclear. However, infants requir-
ing long-term parenteral nutrition still develop progressive
jaundice, commonly preceded by elevation of biochem-
ical nonspecific tests of hepatic damage, function, and
excretion.

Various clinical factors are thought to contribute to
the development of parenteral nutrition-related cholesta-
sis (Table 39.3). These include prematurity, low birth
weight, duration of parenteral nutrition, immature entero-
hepatic circulation, intestinal microflora, septicemia, fail-
ure to implement enteral nutrition, and number of
operations.136–140 Parenteral nutrition-related cholestasis
has a higher incidence in premature infants than in chil-
dren and adults. This may be due to the immaturity of
the biliary secretory system since bile salt pool size, syn-
thesis, and intestinal concentration are low in prema-
ture infants in comparison with full-term infants.141 Par-
enteral nutrition-related cholestasis is a diagnosis of exclu-
sion without any specific marker yet available. Therefore,
infants with cholestasis who are receiving or have received
parenteral nutrition must have an appropriate diagnostic
evaluation to exclude other causes of cholestasis. These
include bacterial and viral infections, metabolic diseases,
and congenital anomalies.142 Gallbladder sludge, which
can progress to “sludge balls” and gallstones, appeared
in 18 neonates (44%) after a mean period of 10 days
of parenteral nutrition.143 The cholestasis is progressive
unless parenteral nutrition is ceased and enteral feed-
ing introduced. Hepatosplenomegaly and severe jaundice
are characteristic features of the advanced disease, and
portal hypertension may develop. Although parenteral
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nutrition-related cholestasis resolves with time after dis-
continuation of parenteral nutrition, in a small percentage
of cases it remains intractable and progresses to severe hep-
atic dysfunction and death.144

The etiology of parenteral nutrition-related cholesta-
sis remains unclear. Possible causes include the toxi-
city of components of parenteral nutrition, lack of enteral
feeding, continuous nonpulsatile delivery of nutrients and
host factors.138,145 Most of the components of parenteral
nutrition have been implicated in the pathogenesis of
cholestasis. Hepatic damage from the components of intra-
venous diet may result from excessive nutrient adminis-
tration, deficient nutrient administration, toxicity of by-
products,146,147 and abnormal metabolism in the neonate.

The clinical care of infants and children who require par-
enteral nutrition and develop progressive jaundice repre-
sents a real challenge, compounded by this lack of knowl-
edge. Prevention of parenteral nutrition-related cholesta-
sis is based on the early usage of enteral feeding and
on the administration of intravenous feeding only when
appropriate and necessary. In most patients the cholesta-
sis resolves gradually as enteral feedings are initiated and
parenteral nutrition is discontinued. It has been recently
shown that minimal bolus enteral feeding (1 ml kg−1) dur-
ing parenteral nutrition in premature infants induces sig-
nificant gallbladder contraction and after 3 days of start-
ing minimal enteral feeds, the gallbladder volume returns
to normal.148 Unfortunately, as a consequence of gut dys-
function, enteral feeding is often not feasible. Maini et al. 149

suggested that cycling the parenteral nutrition may dimin-
ish cholestatic hepatic changes in adults. This may explain
the less frequent liver disease in children receiving their
parenteral nutrition cyclically at home. Experience with
this technique in premature infants is extremely limited
but encouraging.150,151 Rebound hypoglycaemia is a com-
mon complication of this approach. Modification of the
parenteral nutrition constituents has been proposed but no
prospective trial has demonstrated any benefit in reducing
or changing the intake of nutrients.

Several reports have described the attempts to use drug
therapy to treat or prevent parenteral nutrition-related
cholestasis. Cholecystokinin has been administered to
diminish the gallbladder stasis and promote bile flow.
Sitzmann et al. 152 have demonstrated in a randomized,
double-blind controlled study in adults receiving par-
enteral nutrition that cholecystokinin given intravenously
daily prevents stasis and sludge in the gallbladder. Rintala
et al.153 reported the reversal of parenteral nutrition-related
cholestasis in seven infants by intravenous administration
of cholecystokinin; however all the patients except one
were completely weaned from parenteral nutrition before

the treatment with cholecystokinin. Teitelbaum et al. con-
ducted a prospective trial of cholecystokinin in the preven-
tion of parenteral nutrition-related cholestasis;154 however,
the patients were consecutive rather than randomized and
there is a need for a randomized controlled trial of chole-
cystokinin in administration to neonates on parenteral
nutrition.

Ursodeoxycholic acid can be used in infants and children
on parenteral nutrition to correct the decreased secretion of
endogenous bile acids.134 Ursodeoxycholic acid is nontoxic
and acts as a natural bile acid after conjugation. Although
there have been limited trials of the use of ursodeoxycholic
acid in preterm neonates on TPN,155 results were inconclu-
sive.

Cholecystectomy is the treatment of choice for patients
with acute and symptomatic cholelithiasis and cholecysti-
tis. Rintala et al.156 have proposed laparotomy and opera-
tive cholangiography followed by biliary tract irrigation in
patients with progressive cholestatic jaundice not respond-
ing to medical treatment. In some patients the hepatic
disease may progress to cirrhosis, portal hypertension,
and hepatic failure. In selected cases small bowel and
liver transplantation have been used. The introduction of
tacrolimus has allowed clinical intestinal transplantation
to become feasible. However, infectious and immunologi-
cal problems still cause significant morbidity and mortality,
even 1–3 years after transplantation.157

Free radicals and parenteral nutrition
Free radicals are highly reactive short-lived species in
possession of an unpaired electron, and are produced
during many physiological processes. When neutrophils
and macrophages engulf foreign particles, the particle is
exposed to superoxide and hydroxyl radicals and a variety
of other reactive compounds during the so-called “respir-
atory burst,” which occurs as the white cell destroys the
bacteria. Intracellular and extracellular antioxidants pro-
tect against uncontrolled free radical activity. These include
enzymes (e.g., superoxide dismutase, catalase, glutathione
peroxidase) and chemical antioxidants such as vitamins E
and C. A pathologic increase in free radical activity may
occur when the normal balance between free radical for-
mation and protective antioxidant activity becomes dis-
rupted, and free radicals can then attack and damage cells
and tissues. TPN may exacerbate free radical activity in
newborn infants by providing (1) the substrates for free rad-
ical production (polyunsaturated fatty acids), (2) the ini-
tiators of free radical reactions (carbon-centered radicals
derived from fatty acids), and (3) the catalysts (transition
metal ions) for chain reactions. However, TPN also pro-
vides (1) vitamins C and E (antioxidants), (2) metal ions
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Figure 39.6. Free radical production (assessed as plasma

malondialdehyde, MDA, concentration) in response to different

carbohydrate contents of parenteral nutrition.162

that are important components of antioxidant enzymes
(Cu, Zn, Mn, Se), (3) amino acids that are components of
glutathione, and important intracellular antioxidants. An
increased generation of free radicals during total parenteral
nutrition (TPN) in premature infants was first reported by
Wispe 158 and confirmed by other studies.124,159,160 Bron-
chopulmonary dysplasia and retinopathy in premature
infants are associated with fat infusions,123,161 and these
conditions have been linked to free radical-mediated cell
damage. Reducing the exposure of premature infants to
any unnecessary source of oxidative stress would be desir-
able. To this end it has been suggested that the use of intra-
venous fat infusion should be restricted;123 however, we
have shown that a reduction in the carbohydrate to fat ratio
in PN diet will result in increased oxidation of administered
fat and a decrease in free radical-mediated lipid peroxide
formation (Figure 39.6).162 It is interesting to note that the
decrease in MDA accompanying increased fat utilization
was of a similar magnitude to that observed when the fat
infusion was discontinued. Therefore, it is not necessary
to discontinue the infusion of fat to reduce the production
of oxygen-derived free radicals. Manipulation of the car-
bohydrate to fat ratio therefore may be a powerful tool in
changing the metabolism of fat infusions to mitigate their
toxic effects while allowing continued administration.

Enteral nutrition

The energy requirement of an infant fed enterally is
greater than the intravenous requirement because of
the energetic cost of absorption from the gastrointesti-
nal tract and energy lost in the stools. Even small
amounts of enteral feeding allow the preservation of
normal intestinal villi and the maintenance of the
epithelial barrier function. Clinical163,164 and labora-

tory 113,165–169 studies have shown that enteral feeding
is associated with less infectious and immunological
complications than parenteral nutrition. Moore et al.164

demonstrated that patients receiving total enteral feed-
ing experienced significantly fewer septic complications
than patients on parenteral plus enteral nutrition. Kudsk
et al. 165,166 showed that enteral feeding improved survival
after hemoglobin-Escherichia coli peritonitis in both mal-
nourished and well-nourished rats, compared with rats
receiving total PN. The reason for these findings remains
poorly understood. However, enteral feeding may act by
stimulating a more effective immune response. Alverdy
et al.113 documented in a rodent model that enteral feed-
ing maintains normal biliary concentrations of secretory
IgA (S-IgA), which is an important component of mucosal
immunity. In contrast, total parenteral nutrition decreases
the biliary levels of this immunoglobulin. Furthermore, Lin
et al.169 demonstrated that the level of TNF-α in peritoneal
lavage fluid was higher in enterally fed rats than in rats
receiving total PN after 2 hours peritoneal bacterial chal-
lenge. TNF-α, which is mainly produced by macrophages,
and lymphocytes, is an important factor in the activation
of neutrophils, macrophages, and lymphocytes and may
therefore be required for effective eradication of bacterial
infections.

In surgical infants, enteral feeding often results in vom-
iting, interruption of feeding, inadequate calorie intake
and rarely in necrotizing enterocolitis. In infants with con-
genital gastrointestinal anomalies, exclusive enteral feed-
ing is commonly precluded for some time after surgery
due to large gastric aspirate and intestinal dysmotility.
Therefore, appropriate calorie intake is established ini-
tially by total parenteral nutrition. Supplementary enteral
feeding is introduced when intestinal motility and absorp-
tion improves. The percentage of calories given enter-
ally is gradually increased at the expense of intravenous
calorie intake. This transition time from total parenteral
nutrition to total enteral feeding could be quite long.
The presence of significant gastric aspirate often induces
clinicians and surgeons not to use the gut for nutrition.
However, minimal enteral feeding can be implemented
early in these patients even if its nutritional value is
questionable. Minimal enteral feeding may be all that
is required to enhance some immunological function.
This is supported by studies in animals170 and infants.116

Shou et al.170 reported that supplementation of par-
enteral nutrition with just 10% enteral calories as cow diet
improved rat macrophage and splenocyte function. Okada
et al.116 have shown that the introduction of small vol-
umes of enteral feed improved the impaired host bact-
ericidal activity against coagulase negative staphylococci
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and the abnormal cytokine response observed during total
parenteral nutrition. The increase in bactericidal activity
against coagulase negative staphylococci after the addition
of small enteral feeds in patients on parenteral nutrition
was significantly correlated with the duration of enteral
feeding. This implies that stimulation of the gastrointesti-
nal tract may modulate immune function in neonates and
prevent bacterial infection.

Feeding routes

Oral feeding is the preferred modality of feeding, with
breast-feeding being the best physiological method up to
6 months of age. Surgical infants do not always tolerate
oral feeding due to prematurity, critical illness, abnormali-
ties of the swallowing mechanism, esophageal dysmotility,
gastro-esophageal reflux or gastric outlet obstruction.
Alternative feeding routes in these clinical situations
include naso-gastric or oro-gastric tubes, naso-jejunal
tubes, gastrostomy tubes, or jejunostomy tubes.

Gastric feeding is preferable to intestinal feeding because
it allows for a more natural digestive process. In addi-
tion gastric feeding is associated with a larger osmotic
and volume tolerance and a lower frequency of diarrhoea
and dumping syndrome. Neonates are obligatory nose
breathers and therefore oro-gastric feeding is preferable
over naso-gastric feeding in preterm infants to avoid upper
airway obstruction.

In surgical infants requiring gastric tube feeding for more
than 6–8 weeks it is advisable to insert a gastrostomy tube.
The tube can be inserted using an open, endoscopic or
laparoscopic approach. In infants with significant gastro-
esophageal reflux, fundoplication with gastrostomy tube
or enterostomy tube placement is indicated. In preterm
infants with gastro-esophageal reflux, enteral feeding can
be established via a naso-jejunal tube inserted under
fluoroscopy. Naso-jejunal feeding usually minimizes the
episodes of gastro-oesophageal reflux and their conse-
quences. However, it is common for these tubes to dislo-
cate back in the stomach. Regular analysis of the pH in the
aspirate is essential to monitor the correct position of the
tube. Feeding jejunostomy tubes can be inserted through
an existing gastrostomy or directly into the jejunum via
laparotomy or laparoscopy.

Selection of enteral feeds

Breast milk is the ideal feed for infants because it has
specific anti-infectious activities,171 which protect them
from gastrointestinal and respiratory diseases. In addition
breast milk has high content of nonprotein metabolizable

nitrogen notably urea.172 When breast milk is not available
chemically defined formulae can be used. If malabsorption
persists, an appropriate specific formula should be intro-
duced. A soy-based disaccharide-free feed is used when
there is disaccharide intolerance resulting in loose stools
containing disaccharides. For fat malabsorption, a formula
containing medium-chain triglycerides (MCT) should be
used. An elemental formula may be indicated when there
is severe malabsorption due to short bowel syndrome or
severe mucosal damage as in necrotizing enterocolitis.
Infants recovering from neonatal necrotizing enterocolitis
pose a particular problem, as malabsorption may be severe
and prolonged. These infants may have had small bowel
resected, in addition to which the remaining bowel may not
have healed completely by the time feeds are begun. Feed-
ing may provoke a relapse of the necrotising enterocolitis
and feeding should therefore be introduced cautiously. Ele-
mental formula preparations contain amino acids, glucose,
and fats, including MCTs. Dipeptide preparations which
include dipeptides as well as amino acids have the advan-
tage of a lower osmolality, are well absorbed and have a
more palatable taste.173

For persistent severe malabsorption, a modular diet may
be necessary.174,175 Glucose, amino acid, and MCT prepar-
ations are provided separately, beginning with the amino
acid solution and adding the glucose and then the fats as
tolerated. Minerals, trace elements, and vitamins are also
added. These solutions have a high osmolality and if given
too quickly may precipitate dumping syndrome, with diar-
rhoea, abdominal cramps, and hypoglycemia. It is impor-
tant therefore to start with a dilute solution and increase
slowly the concentration and volume of each component.
This may take several weeks and infants will need par-
enteral nutritional support during this period.

Administration of enteral feeds

Enteral feeds can be administered as boluses, continuous
feeds or combination of the two. Bolus feeds are more
physiological and are known to stimulate intestinal motil-
ity, enterohepatic circulation of bile acids, and gallbladder
contraction.176 They mimic or supplement meals and are
easier to administer than continuous feeds since a feeding
pump is not required. Bolus feeds are usually given over 15–
20 minutes and usually every 3 hours. In preterm neonates
or in neonates soon after surgery 2-hourly feeds are occa-
sionally given.

Continuous feeds should be administered via an infu-
sion pump. This modality of feeding is used in infants
with gastro-esophageal reflux, delayed gastric emptying, or
intestinal malabsorption. Infants with a jejunal tube should
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receive continuous feeds and not bolus feeds. Continuous
feedings are usually given over 24 hours. Term infants can
tolerate a period of 4 hours without feeds before hypo-
glycemia occurs. This modality of tube feeding can be very
advantageous, however, there is evidence to suggest that
normal physiology may be altered when this approach is
adopted. Jawaheer et al.177 have shown that continuous
enteral feeding leads to an enlarged, noncontractile gall-
bladder in infants. Contraction is observed immediately
after resuming bolus enteral feeds and gallbladder volume
returns to baseline after 4 days. Therefore the mode of feed-
ing has important bearings on the motility of the extra-
hepatic biliary tree. Studies in adults178–180 have reported
biliary sludging in patients receiving continuous enteral
nutrition, implying gallbladder stasis. In one study180 the
sludge cleared within 2 weeks of starting bolus oral feeds.
This complication has not been reported in infants or chil-
dren undergoing continuous enteral feeding. In preterm
infants, continuous enteral feedings are associated with
lower energy expenditure and better growth compared with
bolus feedings.

Complications of enteral tube feeding

Enteral tube feeding is associated with fewer complica-
tions than parenteral feeding. The complications can be
mechanical including tube blockage, tube displacement or
migration and intestinal perforation. Other complications
involve the gastrointestinal tract. These include: gastro-
esophageal reflux with aspiration pneumonia, dumping
syndrome, and diarrhoea. Jejunostomy tubes inserted at
laparotomy can be also associated with intestinal obstruc-
tion. The use of hyperosmolar feeds has been associated
with development of necrotizing enterocolitis, dehydra-
tion, and rarely intestinal obstruction due to milk curds.
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Nutritional management decisions, as with most interven-
tions in medicine, are meant to maximize benefit (growth
and development) and minimize harm (toxicity). In order
to achieve this goal, clinicians require tools that will allow
careful monitoring of their patients’ short- and longer-
term responses to their nutritional management plan. Past
and current research efforts have advanced the science of
neonatal nutrition and helped guide present day nutri-
tion strategies. This chapter will provide the clinician a
review of those nutritional assessment tools that are cur-
rently readily available and also discuss future techniques.
Given that the smallest preterm infants (those with birth-
weights < 1250 g) pose the greatest challenge to clini-
cians from nutritional management and assessment stand-
points, the bulk of this chapter will address their specific
needs. While this chapter will be divided into medical
record review (maternal and neonatal), nutritional intake,
laboratory measurements, and anthropometrics, in prac-
tice one should consider these concepts concomitantly
when assessing the infant.

Medical record review

The foundation of a sound nutritional assessment plan
starts with a comprehensive review of the patient’s med-
ical history. In the case of a neonate, the mother’s medical
history must also be considered. Figure 40.1 depicts the
various maternal, nutritional, environmental, endocrino-
logical, and fetal factors one must consider when review-
ing the medical and nutritional history. Additional neonatal
factors, not included in Figure 40.1, must also be taken into

account. For example, neonates undergoing major surgery
may have caloric needs 20%–30% higher than baseline,
while neonates with severe sepsis may have caloric needs
upwards of 40%–50% higher than baseline.

Nutritional intake

A key part of nutritional assessment is making certain
the prescribed nutrient intake is actually provided. As
the typical neonate undergoing a comprehensive nutri-
tional assessment will be an inpatient in a nursery set-
ting, the nutritional intake will likely be well documented
in the patient record and bedside flow sheets. Although
the focus of nutritional assessment typically is on the cur-
rent nutritional management plan, it is critical to review
all dietary intake since birth given the profound impact
early nutritional management decisions can have on long-
term growth and nutrient needs. The nutritional intake in
neonates is divided into parenteral and enteral routes.

Parenteral intake

Most neonates requiring neonatal intensive care will
receive parenteral nutrition. The smallest preterm neonate
may be managed exclusively via the parenteral route over
the first days to weeks of life pending a successful transition
to the enteral route. A number of studies in preterm infants
have demonstrated that infusion of amino acids as early as
the first day of life decreases protein catabolism.1–12 Many
of these studies have shown an amino acid intake of as little
as 1.5–2.0 g kg−1 day−1, when given with≥30 kcal kg−1 day−1
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of nonprotein calories, is sufficient to avoid catabolism in
neonates.13 Higher amino acid and energy intakes result
in net anabolism.14 With the goal of replicating intrauter-
ine protein accretion rates, amino acid intakes of 3.5–

4.0 g kg−1 day−1 have been shown to be required, particu-
larly for those infants with birthweights <1000 g.15,16

Given these data, a typical parenteral nutritional regi-
men, in a preterm low birth weight (LBW) infant, will likely
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include between 1.5–4 g kg−1 day−1 of balanced crystalline
amino acids, up to 12.5 mg−1 kg−1 minute−1 of dextrose
delivery, and up to 4 g kg−1 day−1 of a balanced intra-
venous lipid emulsion, and an appropriate complement
of vitamins and minerals. The caloric intake with such a
regimen will usually lie between 80–100 kcal kg−1 day−1. In
addition to the above, parenteral solutions are occasionally
supplemented with one or all of the following: albumin, ery-
thropoietin, and carnitine.17–20 When recording parenteral
intake for an individual infant, it is important to record
what was ordered and what was given as patient factors
may dictate changes throughout the infusion period.

Enteral intake

Most infants will ultimately transition from full or par-
tial parenteral nutrition to full enteral nutrition. With few
exceptions, the American Academy of Pediatrics recom-
mends the use of human milk in all infants, including the
premature infant.21 Human milk, therefore, has long been
considered the gold standard against which all commer-
cially available formulas are compared. Many commer-
cial formulas exist, each with its own set of unique qual-
ities. All formulas, however, should provide for balanced
nutrition. When compared with the parenteral route, use
of the enteral route has many potential benefits. Stud-
ies have shown early introduction of enteral feeds, and
shorter duration of parenteral nutrition, may lead to faster
weight gain.22 As there is a higher energy cost associated
with assimilating enteral nutrients, and the bioavailabil-
ity of these nutrients may be less when compared with
the parenteral route, the required enteral intake may be
significantly higher. Caloric and fluid intakes will typically
fall between 120–140 kcal kg−1 day−1 and 120–180 cc kg−1

day−1, respectively. Preterm infants often require higher
caloric intakes via supplemented human milk or formula,
and higher volume intakes to achieve the targeted refer-
ence intrauterine rate of growth. There exists a significant
variety of commercially available formulas, modular and
complete supplements which may be used as supplements.
One must remember that any modification of human milk
or commercial formula may affect its osmolality and renal
solute load.

Laboratory assessment

Laboratory measurements serve a key role in the assess-
ment of nutritional adequacy and toxicity. As with the
other assessment tools discussed here, there is a trade-off
between the information derived from the measurement

and the impact it has on the infant. When ordering a test,
consider other tests that may be required and could be run
on the same aliquot of blood thereby minimizing the bur-
den on the patient. Prior to checking laboratory param-
eters one must consider the following issues: availability
of normal values, timeliness of results, pre-test plan, cost,
and initial versus follow-up test. Additionally, one must be
aware of the local laboratory’s capabilities and reliability.
When ordering a laboratory test, it will also be important
to indicate time of day and frequency of the assessment.

Electrolytes

Electrolyte panels are among the most common routinely
ordered labs in most nurseries. These panels provide
information on fluid status and renal function, and help
guide nutritional management decisions. It is important,
however, to not base management decisions solely on a
single set of electrolytes. When evaluating electrolytes,
one must make an accurate determination of intake (fluid
and electrolytes), output (measured and insensible), and
progression of each individual patient’s disease process.
Electrolyte panels (sodium, potassium, chloride, bicarbon-
ate) should be checked daily on all infants receiving total
parenteral nutrition over the first week of life, as well as
following any changes to the total parenteral nutrition pre-
scription. Additionally, infants on enteral feeds should have
electrolytes obtained twice weekly while receiving diuretic
therapy.

Blood urea nitrogen

Urea is produced in the liver as a byproduct of amino acid
metabolism (oxidation) and when excreted represents an
irreversible loss of nitrogen from the body. In the human
fetus, the capability of urea synthesis has been demon-
strated as early as week 13 of gestation with the overall
enzymatic activity increasing to approximately 90% of adult
levels near term.23,24 While the metabolism of dietary and
endogenous urea has been well described in adults and
older children, a similar “full” understanding in neonates
does not exist.

Until recently, urea was felt to be metabolically unavail-
able to the human neonate. Ongoing research, the major-
ity of it on term neonates, demonstrates that the minority
(20%) of urea produced is excreted and is thereby metabol-
ically “lost.” In contrast, the remaining 80% has been
shown to enter the gut, undergo hydrolysis, and return
the nitrogen to the metabolically active (available) nitro-
gen pool.25,26 Considering these findings along with data
obtained from ovine studies where amino acids are
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transported from maternal to fetal compartments in excess
of accretion requirements and the excess amino acids ulti-
mately oxidized leading to high levels of urea synthesis,
blood urea nitrogen (BUN) values in neonates can prove
to be difficult to interpret.27 An elevated BUN value may
represent appropriate amino acid delivery, utilization, and
subsequent appropriate oxidation (a robust BUN value) or
it may represent amino acid intolerance (BUN as an indi-
cator of a pathologic process).

In the smallest preterm infants a significant body of lit-
erature suggests that the early provision of amino acids
leads to improved postnatal growth, nitrogen balance,
and potentially long-term neurodevelopmental outcomes.
Recent studies evaluating higher amino acid intakes in
these preterm infants have not shown the increased BUN
concentrations and metabolic acidosis found in prior
studies,28 complications which are currently felt to be
related to the use of protein hydrolysate preparations in
the prior studies. Indeed, a recent review of amino acid
intake data and BUN concentrations in our institution has
failed to show a clinically significant correlation between
these two variables (Figure 40.3).

Given the increasing support of early and more aggres-
sive amino acid delivery to preterm neonates, particularly
those with birth weights <1000 g, and the multiple con-
founding traits of BUN concentration in this population
and neonates in general, modification of amino acid intake
should not be based on BUN concentration alone. Infants
receiving parenteral nutrition typically have BUN and cre-
atinine concentrations measured once per week. While no
absolute levels exist at which amino acid intake should be
altered, a continuously rising BUN value may indicate a
mismatch between production and excretion.

Calcium, magnesium, phosphorus, and
alkaline phosphatase

Calcium, phosphorus, and alkaline phosphatase levels are
often followed in the management and surveillance of
metabolic bone disease. Together with serum osteocalcin,
and C-terminal procollagen peptide levels one can evalu-
ate bone formation (osteoblastic activity) as it relates to
metabolic bone disease.29 Despite the long-standing use
of serum laboratory values in the evaluation of metabolic
bone disease, a relatively new modality available to assess
neonates is dual energy x-ray absorptiometry (DEXA).
DEXA provides a quantitative assessment of bone mass,
is relatively noninvasive, and has been validated to work
in neonates.30,31 A more extensive discussion on the use of
DEXA is provided elsewhere in this text.

Calcium, phosphorus, and magnesium levels are also uti-
lized to assess acute excess or deficiency states as suggested
by clinical presentation or history. Neonatal calcium hom-
eostasis, as in adults, involves a complex interaction
between bone stores, acid-base status, serum magnesium
and phosphorus levels, parathyroid function, Vitamin D
status, and dietary intake. Fetal and subsequently neona-
tal calcium homeostasis is critically dependent on an ade-
quate calcium supply from a normo-calcemic maternal
compartment. Presence of maternal hyper- or hypocal-
cemia may have an impact on fetal accretion and manifest
as neonatal parathyroid dysfunction.

Magnesium levels can aid in the investigation of poor
gut motility in a neonate born to a mother following mag-
nesium sulphate tocolysis. Additionally, given that mag-
nesium is required for normal parathyroid function, these
levels are often included in an evaluation of refractory
hypocalcemia. Approximately one-third of infants of dia-
betic mothers have been found to have hypomagnesemia
(defined by a serum magnesium level<1.5 mg dL−1), a find-
ing which explains the associated parathyroid dysfunction
and hypocalcemia.

The solubility of calcium and phosphorus limits the
amounts of these ions that can be put in solution; thus, it is
nearly impossible to provide enough to mimic intrauterine
accretion rates while a patient remains on sole parenteral
nutrition.32

Due to the effect of neonatal illness and the transition
of the infant to its own parathyroid regulation, hypocal-
cemia and hypomagnesemia are a distinct possibility in
the first week of life. Thus, serum calcium, magnesium,
and phosphorus levels should be measured daily over the
first 3 days of life and every other day thereafter until med-
ically stable. In those infants less than 32 weeks gestation,
serum phosphorus and alkaline phosphatase levels should
be assessed weekly to monitor for osteopenia of prema-
turity. Serum calcium in this disease is frequently within
the normal range (albeit in the low range of normal) since
it is preserved at the expense of the calcium stores in the
bone. Thus, a more direct way to assess the increased bone
turnover that supplies calcium to the serum is to measure
the serum alkaline phosphatase concentration. In assess-
ing the causes and severity of osteopenia, one must also
consider the negative impact medications may have on
the infant’s calcium, phosphorus, and magnesium balance
(e.g., furosemide, caffeine citrate, glucocorticosteroids).

Lipids

Lipids provide a very concentrated source of nonprotein
energy and have many critical biological functions. Lipids
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Figure 40.2. Blood urea nitrogen (BUN) across a range of amino acid intakes in infants with birth weight less than 1250 grams.

are essential components of cell membranes; they play
a key role in normal brain and retinal development, and
provide the substrate for synthesis of many hormones
(eicosanoids). While much research is currently ongoing
evaluating the nutritional requirements of the long-chain
polyunsaturated essential fatty acids (arachadonic and
docosahexaenoic acids) in the enterally fed infant,33–36 the
mainstay of fat intake in the parenterally nourished infant
is intravenous lipid emulsions. Intravenous lipids are often
provided as a 20% solution given its high caloric density
and favorable phospholipid/triglyceride ratio.

A review of the metabolic milieu of the second and early
third trimester fetus finds an intrauterine environment
characterized by maternal – fetal amino acid transfer in
excess of accretion needs, glucose transfer based on a facil-
itated transport system to meet needs, and minimal lipid
transport/utilization. These findings are further supported
when one considers the low levels of lipoprotein lipase
and lecithin cholesterol acyl transferase present in the 20–
28 week gestation fetus. It follows, therefore, that preterm
infants of similar gestational age will have limited lipid tol-
erance, although this initial intolerance will improve as the
infant matures.

While the lipid intake as a percentage of nonprotein
caloric intake will be low initially, it is important that one
consider not only the quantity, but the quality or compo-
sition of lipid as well. Preterm infants, and all humans for
that matter, have specific lipid intake requirements to meet
their essential fatty acid needs and can rapidly demon-
strate a deficiency state if not exogenously provided. These

infants require approximately 1–4% and 1% of their caloric
intake to be in the form of linoleic and alpha-linolenic acid,
respectively. Failing to provide these minimal intakes can
result in an essential fatty acid deficiency state character-
ized by poor somatic, skin, and hair growth, impaired heal-
ing, and occasionally hematologic abnormalities. Provi-
ding approximately 0.5 g kg−1 day−1 of the current commer-
cially available 20% intravenous lipid emulsion, a typical
starting point in the smallest preterm infant, will meet these
essential fatty acid requirements though higher intake will
likely be required to optimize growth. While a host of lab
studies has been described to monitor lipid tolerance, the
most commonly assessed value is the triglyceride concen-
tration. Since most neonatal intensive care units infuse
the day’s dose of lipids over 16–20 hours, serum trigly-
ceride concentrations should be checked when the infant
is not receiving lipid. Triglyceride concentrations should
be measured once or twice weekly or following changes in
intravenous lipid delivery. Triglyceride levels less than 150–
200 mg dL−1 are typically considered evidence of tolerance.
Typically, triglyceride concentrations are not measured in
enterally fed infants.

Glucose

Glucose is an important nutrient in fetal as well as neonatal
life where it serves as a metabolic fuel and provides a carbon
supply for accretion. Throughout pregnancy there exists
a materno – fetal gradient down which glucose transport
is facilitated from mother to fetus. Cordocentesis studies
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Figure 40.3. Changes in body composition from the second trimester through the first year of life. (Adapted from refs. 116 and 117.)

have noted that fetal glucose concentration is a func-
tion of gestational age and maternal glucose concentra-
tion, and that following week 20 of gestation the fetal glu-
cose concentration is rarely below ∼3 mmol L−1 (54 mg
dL−1).37 At birth the umbilical venous glucose concentra-
tion has been shown to be 60%–80% of maternal venous
concentrations. In the normal neonate, metabolic adap-
tation occurs over the first few hours of life resulting in a
steady state blood glucose concentration whereby hepatic
glucose production is balanced with peripheral utilization.
However, many neonates requiring intensive nutritional
care will not be able to meet the demands of this metabolic
adaptation following birth or periods of stress and there-
fore require blood glucose sampling and nutritional
interventions.

The medical history will often suggest which infants
require screening and more frequent blood glucose con-
centration determinations. Infants born to mothers with
pregnancies complicated by diabetes mellitus or requiring
beta-mimetic tocolysis and oral hypoglycemic agents are
at risk for early hypoglycemia. Additionally, many neona-
tal factors have been associated with altered glucose con-
trol, including the following: infection, intrauterine growth
restriction, small for gestational age, thermal stress, hor-
monal and inborn errors of metabolism, hyperviscosity,
and asphyxia.

When determining whether a blood glucose concen-
tration is high, low, or normal, one must consider the
individual patient. While there exists a body of literature
attempting to define plasma glucose concentrations which
represent hypo- and hyperglycemic states, these num-
bers fail to be applicable to all patients. Specifically, each
individual patient demonstrates a unique set of physi-
ologic and pathologic factors which have an impact on
their response to their physical and nutritional environ-
ment. A normal term neonate without symptoms will
likely not require blood glucose measurements. Conversely,
any neonate with symptoms potentially referable to a low
blood glucose concentration should have their blood glu-
cose concentration assessed immediately. Those infants
with risk factors for an altered metabolic response to
low blood glucose concentrations (e.g., preterm, infant
of diabetic mother) should have these assessments done
preemptively.

When evaluating glucose intake, it is of most value in
the parenterally nourished neonate to consider this intake
in terms of the glucose infusion rate (GIR) which is often
expressed as quantity (milligrams) of glucose delivered per
kilogram of bodyweight per unit time (minute). In the term
neonate, the steady state glucose utilization rate has been
shown to be between 4 and 6 mg kg−1 min−1.38 The GIR
which will meet basal metabolic needs falls near the higher
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end of this range ∼6 mg kg−1 min−1. On top of this basal
GIR, an additional 2 mg kg−1 min−1 of glucose delivery is
required, per gram of amino acid intake, to support growth
and protein accretion.

When considering a blood glucose level, one must con-
sider the individual patient’s current and previous nutri-
ent intake. Additionally, monitoring for hyper- and hypo-
glycemia allows for modification of current glucose intake
and may provide evidence of change in patient status (e.g.,
sepsis, necrotizing enterocolitis). Neonates in the first week
of parenteral nutrition, on advancing parenteral nutrition,
or who have rapidly changing clinical conditions will need
glucose concentrations measured daily. Once the infant
is clinically stable and on a set nutrient delivery system,
serum glucose monitoring frequency can be diminished or
discontinued. Infants with gestational conditions that pre-
dispose them to neonatal hypoglycemia (e.g., infant of dia-
betic mother, intrauterine growth retardation) need to be
monitored typically for the first 3 postnatal days, although
more severe cases may need to be followed for up to a
week.

Vitamin A

Vitamin A (retinol), a fat-soluble vitamin, is actively
involved in a variety of respiratory epithelial growth,
development, and regeneration processes.39 Vitamin A
deficiency has been shown to be involved in the pathophys-
iology of bronchopulmonary dysplasia and supplementa-
tion studies have shown benefit in preterm infants.40–42 In
those infants at highest risk for bronchopulmonary dys-
plasia (birthweight <1250 g), assessment of serum retinol
levels soon after birth may guide supplementation for
those infants with levels < 20 µg dL−1. When assessing
these levels, one must consider the impact other therapies
may have. Specifically, postnatal steroid administration has
been shown to increase serum vitamin A levels.43 If sup-
plementation is elected, weekly vitamin A levels should be
assessed.

Vitamin E

Vitamin E, a tocopherol, is also a fat-soluble vitamin and
is involved in myriad cellular functions. Through its role as
an antioxidant, vitamin E helps maintain the integrity of
cell membranes. Supplementation of very low birth weight
(VLBW) infants with vitamin E has been attempted for a
variety of disease processes (e.g., retinopathy of prema-
turity, hemolytic anemia, bronchopulmonary dysplasia,
and intracranial hemorrhage). While such supplementa-

tion was found to reduce the risk of intracranial hemor-
rhage and severe retinopathy of prematurity, the risk of
sepsis and necrotizing enterocolitis was found to be
increased, particularly with serum levels>3.5 mg dL−1.44–47

With reference to the VLBW infant, the current recommen-
dation of the American Academy of Pediatrics Committee
on the Fetus and Newborn is 2.8 IU kg−1 day−1 of vitamin E
not to exceed 7 IU day−1. Additionally, the Committee sug-
gested the normal serum range of 1 to 2 mg dL−1. Vitamin
E levels should be assessed in patients receiving supple-
mental vitamin E following any dosage modification and
in patients where fat-soluble vitamin absorption may be
impaired (e.g., cystic fibrosis).

Carnitine

Carnitine, a nonstructural amino acid, is an essential
cofactor in a variety of biochemical steps involved in
lipid metabolism. Specifically, carnitine participates in the
transfer of long-chain fatty acids across the inner mito-
chondrial membrane in preparation for their subsequent
metabolism. Additionally, carnitine aids in the mainten-
ance of normal free coenzyme A levels.48 Carnitine is
found in varying concentrations in breast milk and infant
formulas. Unless intentionally supplemented, most par-
enteral nutrition solutions will be free of carnitine. As the
preterm infant has limited stores of carnitine at birth and
has a limited capacity for carnitine synthesis, many stud-
ies have examined the role of supplemental carnitine in
the preterm infant. In these studies, early carnitine sup-
plementation was not found to improve growth, to pre-
vent hypoglycemia, or to prevent episodes of apnea in
preterm and VLBW infants.49–52 Should an infant remain
on exclusive parenteral nutrition for longer than 2 weeks,
plasma carnitine levels should be obtained, compared with
age-appropriate norms, and supplementation considered.
Finally, in patients where primary carnitine deficiency is
suspected, plasma carnitine levels are often obtained prior
to the initiation of carnitine supplementation.

Iron

Iron deficiency is the most common single nutrient defi-
ciency worldwide and can have a negative impact on motor
and mental development in infants.53–57 The fetal iron
stores are typically bolstered at the end of the third trimester
and provide for growth and red cell mass expansion over
the first months of life. Infants born preterm do not benefit
from this third trimester maternal–fetal iron transfer and,
although not “iron deficient” at birth, they are particularly
prone to the development of iron deficiency. In addition to
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their limited iron stores at birth, the rapid expansion of their
red cell mass with growth and erythropoietin administra-
tion can consume body iron stores.58 Finally, red blood cell
iron can be depleted through phlebotomy if not replaced
with transfusions. In addition to preterm infants, a large
percentage of infants of diabetic mothers and those with
intrauterine growth restriction have been found to have
low iron stores at birth as evidenced by low newborn serum
ferritin concentrations.59,60 Serum ferritin concentrations
assessed soon after birth in infants born near term have
been correlated with iron status later in the first year of
life.61,62 Ferritin, the soluble storage form of iron in tissue, is
synthesized in the liver as a function of cellular iron content.
Low iron stores are the main cause of a low serum ferritin
concentration suggesting the benefit of ferritin determina-
tions in the assessment of iron deficiency. While excessive
iron stores (overload) result in increased ferritin concen-
trations, a variety of other factors may also be involved and
complicate body iron status. Specifically, as ferritin is an
acute phase reactant, infections and other inflammatory
processes may lead to increased ferritin levels. Following
multiple blood transfusions in VLBW infants, the assess-
ment of iron overload can be accomplished through the
measurement of serum ferritin concentrations. A low or
normal serum ferritin suggests no evidence of iron over-
load, while a high ferritin may be indicative of iron overload,
infection, or other inflammatory process.63 When assess-
ing ferritin levels one must consider these factors and their
potential impact. The fifth percentile for serum ferritin in
a newborn infant is 60 µg L−1. Thus, a serum ferritin con-
centration less than 60 µg L−1 is taken as evidence of iron
deficiency until 40 weeks postconceptional age in a preterm
infant. Thereafter, the levels normally decrease to the more
standard definition of a ferritin <10 µg L−1 in the 9-month-
old infant. The specific standard for post 40-week ferritin
concentrations in preterm infants has not been well stud-
ied. When neonatal iron deficiency is suspected, particu-
larly in those LBW infants cared for without receiving trans-
fusion therapy, a serum ferritin concentration should be
assessed as a low value may help direct iron supplementa-
tion and with determining the risk of iron deficiency in the
follow-up period.

Visceral proteins

All body protein exists in a functional form, a situation
quite different from that of body fats and carbohydrates,
both of which can exist in functional and storage forms.
Any change in body protein mass, therefore, represents a
change in body function (e.g., loss of muscle protein mass
results in decreased contractile strength). Monitoring the

balance of protein synthesis has historically been accom-
plished through time-consuming nitrogen balance studies,
often in conjunction with an ongoing clinical study. In rou-
tine clinical practice, however, serial assessments of a panel
of serum visceral proteins have been shown to be a proxy
for body protein synthesis trends and nitrogen balance.64

Visceral proteins are proteins measured in the serum and
are contrasted to protein found in body organs which are
termed somatic proteins. They are the product of visceral
protein anabolism, with the major site of production resi-
ding in the liver. Each of the visceral proteins discussed
here has one or more specific physiologic functions in
the body. Prior to discussing the specific visceral pro-
teins used in nutritional assessment, it is useful to review
the characteristics of serum proteins that increase or
decrease their usefulness as nutritional markers. The opti-
mal serum protein being measured should have the follow-
ing characteristics: a short biologic half-life, a rapid syn-
thetic rate coupled with a constant catabolic rate, and a
small body pool size (volume of distribution). The protein
marker should be easily measured on available equipment
and be relatively inexpensive. Additionally, alterations in
body protein status should be reflected rapidly and result
in measurable serum level changes of the marker being fol-
lowed. Finally, this marker should only reflect changes in
protein and energy status and preferably not act as a posi-
tive or negative acute phase reactant.65,66 Albumin, trans-
ferrin, transthyretin, fibronectin, and 3-methyl histidine
have all been employed in the nutritional assessment in
neonates.

Albumin

Albumin is synthesized in the liver and is the most abun-
dant plasma protein. Similar to the fetus, albumin concen-
trations are lower in preterm compared with term neonates
and these levels increase with advancing gestational and
chronologic age.67 Once synthesized, approximately 40–
50% of body albumin resides in the extravascular space with
the balance being intravascular. Approximately 4% of total
body albumin is broken down each day, yielding a relatively
long half-life of 14–21 days. Given the wide volume of distri-
bution and long half-life, albumin levels are slow to respond
to changes in nutritional management or disease state.
Albumin levels may also be influenced by changes in cap-
illary permeability or large volume bodily fluid fluxes (e.g.,
volume resuscitation). These characteristics limit serum
albumin’s usefulness as a short-term marker of nutritional
sufficiency. Conversely, albumin’s characteristics support
its use in longer-term assessments of nutritional status.
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Transferrin

Similar to albumin, transferrin is synthesized in the liver
and its serum concentration increases with increasing ges-
tational and chronologic age. Transferrin serves as the
major serum transport protein of ferric iron and its synthe-
sis is tightly linked to the status of body iron stores. Transfer-
rin serves as an early indicator of iron deficiency with lev-
els increasing in relation to the severity of the deficiency.
Compared with albumin, transferrin has a much smaller
body pool size and biologic half-life (9 days). Despite
these characteristics, its close association with iron sta-
tus limits transferrin’s usefulness as a marker of protein
status in neonates. Indeed, elevated transferrin levels in
the face of iron deficiency occur without regard to pro-
tein status.68 A longitudinal study involving preterm infants
found weekly transferrin levels to not be useful in moni-
toring their protein-energy status.69 Finally, as a negative
acute phase reactant, and similar to transthyretin, trans-
ferrin levels may be depressed in the face of infection and
inflammatory stimuli.70

Transthyretin (prealbumin)

Transthyretin, along with retinol-binding protein, serves as
the serum transport protein of both vitamin A and thryox-
ine. Transthyretin has a half-life of 2–3 days and responds
to changes in nutrient balance within 7 days. Unlike serum
transferrin and albumin concentrations, transthyretin in
theory would seemingly be a better indicator of malnutri-
tion because of its shorter half-life; no studies have shown
prealbumin to be a more useful marker of nutritional status
or predictor of outcome. Transthyretin has a high concen-
tration of the amino acid tryptophan, and tryptophan has
been shown to play a major role in the initiation of pro-
tein synthesis. It has one of the highest ratios of essential-
to-nonessential amino acids of any protein in the body.
Transthyretin has a low pool concentration in the serum, a
half-life of 2 days, and a rapid response to lowered energy
intake, even with 3 days of inadequate protein intake.
Transthyretin concentrations do not appear to be influ-
enced by fluctuations in hydration status. Transthyretin
concentrations in the serum increase or decrease in relation
to the severity or absence of energy deficits. The serum con-
centration of this protein increases when more than 55% of
assessed protein and energy needs are met.65 One study in
a population of sick neonates showed transthyretin to be a
highly accurate marker of nutritional adequacy.71 However,
transthyretin’s usefulness is limited by its responsiveness
to pre- and postnatal steroids. These agents can double the

serum concentration of this protein and the elevation can
persist for up to 2 weeks.72,73

Urinary 3-methylhistidine

3-Methylhistidine is a modified amino acid that is a com-
ponent of the skeletal muscle proteins actin and myosin. As
actin and myosin undergo routine turnover and are meta-
bolized, 3-methylhistidine is liberated and subsequently
excreted in the urine. Of interest, 3-methylhistidine does
not participate in new protein formation, thus, the amount
excreted relates directly to skeletal muscle turnover. The
ratio of 3-methylhistidine to creatinine has been shown to
be a useful marker for muscular protein turnover in LBW
infants and is often cited in studies of the catabolic effects
of surgery in this population.74,75 It remains, however, a
research technique and is not used in clinical settings.

Insulin-like growth factor (IGF) axis

The insulin-like growth factor axis consists of the two
polypeptide IGFs, their six high affinity binding proteins
(IGFBPs), and four recently described low affinity bind-
ing proteins.76–80 The IGF axis has an important role in
cellular differentiation and growth. The serum levels and
functionality of the various IGF axis constituents have been
shown to vary significantly from early embryonic develop-
ment to adulthood.81–83 IGF-1, IGFBP-2, and IGFBP-3 lev-
els have been shown to be influenced by both gestational
and chronologic age,84–86 and many studies have shown
their levels to be strongly influenced by nutritional status
(Table 40.1). Animal studies have been important in gui-
ding the design of human studies. One such study exam-
ined the effect of protein undernutrition and subse-
quent nutritional rehabilitation on IGF-1 and its binding
proteins.87 Following a period of protein undernutri-
tion, where significant reductions in IGF-1 levels and the
IGFBP-3/IGFBP-2 ratio were seen, nutritional rehabilita-
tion, over a 10-day period, was associated with a significant
elevation in IGF-1 levels and the IGFBP-3/IGFBP-2 ratio.
These elevations were more pronounced at higher protein
intakes. Another animal study evaluated the effect of fasting
and re-feeding on IGFBP-2 mRNA levels and found signi-
ficant and measurable changes as quickly as 2–6 hours after
a nutritional modification.88

Human studies conducted by Smith et al. reported the
use of IGF-1 and the IGFBs to monitor feeding among a
group of preterm infants.86 IGF-1 levels were found to cor-
relate with caloric intake over the prior 3 days, with a more
profound increase noted with increasing protein intake.
IGFBP-3 levels were found to increase with increasing
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Table 40.1. Insulin-like growth factor (IGF-1) and the

insulin-like growth factor binding proteins’ properties

IGF-1 Correlates strongly with length of gestation and

days since birth. Levels increase with higher

protein intakes; effect is more pronounced at

higher gestational and chronologic ages. Levels

increase with increasing caloric intake.

IGFBP-3 Correlates with length of gestation and length since

birth. Levels only modestly affected by protein

intake. Levels are more sensitive to changes in

caloric intake.

IGFBP-2 Contrasts strongly with the regulation of IGF-1 and

IGFBP-3. IGFBP-2 levels demonstrate an inverse

correlation with advancing gestation and days

since birth. Linear decrease in levels with

increasing protein and caloric intake (protein

effect stronger than caloric effect).

caloric intake alone. Finally, IGFBP-2 was found to vary
inversely with dietary protein intake. In another study,
these researchers found IGF-1, IGFBP-2, and IGFBP-3 to be
regulated by dietary intake, with regulatory patterns similar
to those found in older individuals. IGF-1 levels were found
be most strongly correlated with protein intake, while
IGFBP-3 levels were tied most closely to caloric intake.89

Assessment of IGF-1 and the IGFBPs may be useful in
not only determining whether the absolute amount of each
macronutrient is sufficient, but if the ratio/combination is
optimal (calories and protein). It is clear that more research
is needed to define the role of IGF-1 and its binding proteins
as markers of nutrition before they enjoy widespread clini-
cal use. One study recently showed that IGF-1, IGFBP-2, and
IGFBP-3 could be followed using dried blood spots on filter
paper.85 This sampling technique has many benefits over
standard sampling techniques, including increased stabil-
ity and portability, and requiring only 50–75 µL of blood per
sample. The current downside to using these tests clinically
is their lack of rapid turn-around time from the laboratory.

In summary, serum albumin concentrations can be mon-
itored as an indicator of protein status once or twice
monthly in infants on prescribed protein diets (e.g., total
parenteral nutrition). However, it is unclear whether the
information gained adds much to what will be gleaned
from anthropometric analysis. Serum transthyretin con-
centrations can be measured more frequently (e.g., weekly)
because of the shorter half-life and can be useful in deter-
mining the prescription of macronutrients. A transthyretin
concentration that decreases by more than 10% from the
previous value suggests negative nitrogen balance and pre-
dicts poorer weight gain in preterm infants.

Anthropometrics

It is clear that the goal of nutritional management of all
neonates should be to optimize quantitative and quali-
tative rates of growth to limit long-term morbidity and
enhance long-term outcomes. The sufficiency of nutri-
tional intake among infants is currently monitored by
changes in weight gain, body length, and head circumfer-
ence. Such measurements are easily made and have proven
useful to track an infant’s progress over time. Such measure-
ments are post-hoc, with meaningful changes occurring
days to weeks after the institution of a nutritional manage-
ment plan. A recent study from the National Institutes of
Child Health and Human Development Neonatal Network
very low birth weight registry showed that while the survival
in this population improved over the decade of the 1990s,
the majority of these patients demonstrated poor postna-
tal growth.90 Another report involving the Neonatal Net-
work examined the longitudinal growth of VLBW infants
(birth weight <1500 g) and found that once birth weight
was regained their average daily weight gain was 14.4–
16.1 g kg−1 day−1 (rate similar to reference intrauterine
weight gain 15–18 g kg−1 day−1).22 Of note, in this study
no specific nutritional management plans were followed.
Pauls et al. however, reported postnatal growth curves for
a population of extremely low birth weight (ELBW; birth
weight <1000 g) infants receiving a standardized nutri-
tional management plan and found mean daily weight gain
of 15.7 g kg−1 day−1 once birth weight was regained.91

Taking the currently available fetal growth reference data
and the information provided in these studies, most VLBW
infants accrue a “weight deficit” of 198–335 g from birth
until birth weight is regained.92 While this “weight deficit”
is the most obvious sign of poor postnatal growth, other
parameters of growth have been found to suffer as well.
A recent large multi-center retrospective review of the
growth outcomes of neonates born between 23 and 34
weeks estimated gestational age found the incidence of
extrauterine growth restriction to be 28%, 34%, and 16%
for weight, length, and head circumference, respectively.93

Further, despite achieving weight gain approximating that
of intrauterine rates, the quality of this weight gain may
be very different from that of the fetus (Figure 40.3). Dur-
ing late pregnancy the fetus typically gains 2 g kg−1 day−1

of body fat, whereas in rapidly growing premature infants,
values as high as 5 g kg−1 day−1 have been reported.94–96

The clinician requires tools to assess short- and longer-
term changes in both quantitative and qualitative measures
of growth. At present, techniques such as DEXA, Magnetic
Resonance Imaging (MRI), and Total Body Electric Con-
ductivity (TOBEC) have all been demonstrated to yield very
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accurate body composition data. These techniques, how-
ever, are limited in their wide-spread acceptance due to
factors such as cost and patient logistics (e.g., movement
of critically ill neonates to the scanner). Full discussions
of these techniques and other methods of assessing body
composition are found elsewhere in this text.

Anthropometric measurements

As previously stated, weight, length, and head circumfer-
ence measurements are easily made, however, meaningful
changes may significantly lag clinical nutrition decisions.
When considering these measurements, it is important to
ensure that each measurement is compared to an appropri-
ate standard (growth chart/grid) and that one understands
the limitations of the measurement technique.

Weight

Given a well-calibrated scale and close attention to tech-
nique, one can accurately determine an infant’s weight.
One must be aware of the various therapeutic devices an
infant may have or have had during each weight determi-
nation. As an example, umbilical catheters (1 g) and pulse
oximeter probes (23 g) by themselves weigh little, however,
their percentage contribution to a daily weight could be
significant in the smallest neonate.97 Another factor to con-
sider is the fluid balance from the prior to the current weight
measurement. The sickest neonates may have significant
fluid requirements, and may receive suboptimal nutritional
intake, but may still demonstrate weight gain over time.
Such weight gain may be a function of fluid balance and not
nutritional management. Weight measurements should be
made daily, if possible, around the same time.

Head circumference

Head or occipitofrontal circumference measurements in
neonates can be accomplished without significant diffi-
culty. One should use a measuring device that does not
stretch such as a metal measuring tape. The circumference
measurement should include the occiput and the most
anterior portion of the frontal bone and the largest of mul-
tiple measurements should be recorded. Such longitudi-
nal measurements have proven to be useful as a surrogate
for growth of the underlying brain. Indeed, head circum-
ference has been found to be proportional to brain weight
and brain volume, particularly in infants and children.98–100

Further, as postnatal brain growth is an important deter-
minant of later cognitive function, longitudinal tracking
of changes in head circumference is critical.101 There are

limitations, however, to the usefulness of head circumfer-
ence in the face of hydrocephalus and immediately after
birth (molding and scalp edema). Furthermore, head cir-
cumference is poorly sensitive to malnutrition since the
brain growth is spared at marginal caloric intakes that do
not support linear growth and weight gain. Thus, the head
circumference velocity will be the last to be affected during
a period of malnutrition and the first to respond after re-
institution of calories. Head circumference measurements
should be made on postnatal day 3–5 and weekly thereafter.
As predicted by third trimester fetal head circumference
growth, the goal weekly head circumference change is 0.75
cm. However, after a period of no growth, the “catch-up”
rate of weekly head growth can approach 2 cm. The head
growth pattern of the typical premature infant is tripha-
sic, with initial growth at less than expected rates while the
infant is ill, followed by a period of rapid catch-up growth at
greater than expected rates and finally ending with growth
along the pre-designated percentile.102

Length

Length, when measured serially, is an excellent means of
tracking longitudinal linear growth. Its measurement is the
most accurate reflector of lean body mass when compared
with weight or head circumference. Additionally, length
measurements have proven useful as components of a
variety of indicators which compare body weight/mass to
length (ponderal index, body mass index). Length is often
cited as the measurement most prone to error depending
on the technique used. The use of a measuring tape by a
single observer is likely to yield a very inaccurate measure-
ment. In fact, a recent study suggested the use of a length-
board or recumbent stadiometer is a more accurate means
of assessing length.103 As with head circumference, length
measurements should be made and recorded on a weekly
basis. As predicted by third trimester fetal weekly length
change, the goal weekly length change is 0.75 cm.

Growth charts

A variety of growth charts exist which allows for compar-
ison of an individual neonate’s anthropometric measure-
ments to a reference standard that is appropriate for one’s
patient population. A general understanding of how each
growth chart was formulated and what limitations each
may have is important. Two factors are of most importance:
the population utilized and the time frame covered. Most
widely used growth charts have a broad representation of
the population, including a representative sample of most
ethnicities and races. Additionally, these growth charts are
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often available for females and males. One limitation of
most current growth charts is that they do not actually rep-
resent longitudinal measurements of individuals, rather
age-specific measurements of large populations of indi-
viduals. The Lubchenco charts/curves were constructed
from anthropometric data obtained at the time of birth
and not from the longitudinal measurements of individual
neonates.104–106 In this regard, these charts might better be
referred to as “size” charts. This fact, however, should not
limit these charts usefulness when comparing a neonate to
a reference population at each age point. A further issue to
consider is the time frame from which the reference pop-
ulation data were taken. Growth charts representing con-
temporary population measurements are likely to be more
representative when compared with charts formulated in
the distant past. Differences may be due to changes in pop-
ulation nutritional practices, disease prevalence, and other
environmental factors. As an example, by including a more
appropriate sample of the population (better mix of breast
and formula-fed infants), the 2000 Centers for Disease Con-
trol (CDC) growth charts were found to have noticeable dif-
ferences from the previous 1977 National Center for Health
Statistics growth charts. It is recommended to discontinue
the use of the older charts.

When plotting a data point, one must ensure that the
neonate’s age is corrected if the chart does not compensate
for preterm birth. Using the 2000 CDC charts requires one to
determine each preterm neonate’s gestationally corrected-
age up through at least 24–36 months of age. On the other
hand, the growth charts presented by Babson and Benda
have a built-in correction for preterm birth and do not
require gestational corrected-age determination.107–109 As
the infant transitions to discharge, he or she should be plot-
ted on a curve adjusted for prematurity. The most spe-
cific curves for premature infants are the Infant Health
and Development Program curves that have separate
graphs for males and females and for VLBW and LBW
infants.110,111 Correction for prematurity typically contin-
ues in the follow-up period until 2 years of age.

Skinfold measurements

Measurement of skinfold thickness is an established means
by which to assess the thickness of subcutaneous fat tissues
in humans of all ages. Skinfold measurements are simple in
concept and are easily performed on infants, which makes
their use feasible in the clinical setting. Their use requires
certain assumptions, one of which is that the thickness
of the subcutaneous adipose tissue layer reflects total fat
mass.112 Recent studies in preterm infants using such tech-
niques as TOBEC and isotopic dilution to validate skin-

fold measurements have shown that when total body fat
exceeded 100 g (representing 5% of body weight), the pro-
portion of total fat mass (TFM) that was subcutaneous fat
mass was relatively constant at 34.6 ± 9.8%.113 Applying
the techniques of Dauncey et al.112 and McGowan114 one
is able to determine the absolute total fat mass in preterm
infants weighing >2000 g.115

The actual calculation of total fat mass, using the
Dauncey method, is based on the assumption that the body
is composed of five cylinders: one trunk, two upper extrem-
ities, and two lower limbs. The volume of subcutaneous
fat covering each cylinder is calculated as the product of
length, circumference, and the thickness of the subcuta-
neous fat layer of each of the cylinders:

Subcutaneous Fat Volume (SFV)(cm3) = L ∗ T ∗ (C − πT),

where L = Length (cm) and T = Thickness of the subcuta-
neous fat layer (half the skinfold thickness measurement
less the thickness of the dermis layer) with the thickness of
the dermis layer assumed to be 0.06 cm.113 Trunk SFV: L =
crown – rump length, C = mean of chest and abdominal
circumferences, T = mean of subscapular and suprailiac
skinfold thicknesses. Upper Extremity SFV: L = arm length,
C = mid-arm circumference, T = triceps skinfold thickness.
Lower Extremity SFV: L = leg length (crown-heel minus
crown-rump length), C = mean of midthigh and midcalf
circumferences, T = midthigh skinfold thickness.

The sum of all skinfold measurements (cm3) is multiplied
by the density of fat (0.9 g/cm3) to determine the fat mass
and subsequently the percentage of total body mass. Once
applied, the skinfold calipers must be held in place until a
stable measurement is made. In doing so, one can limit the
impact fluctuations in tissue hydration can have on subcu-
taneous fat determinations. Serial measurements allow the
determination of fat accretion over time and the compari-
son to that expected from fetal growth rates and reference
fetal and infant data.94,116–118 As with any patient measure-
ment, every effort must be made to minimize measurement
error. Again, length is often cited as the measurement most
prone to error depending on the technique used. Skinfold
measurements remain mostly research tools and are not
routinely recommended in the clinical setting.
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Introduction

There is increasing evidence that poor or excess nutrition
during infancy and early childhood may be associated with
increased risks for adverse health effects later in life. Post-
menopausal osteoporosis, for example, can be viewed as a
disease with a “pediatric origin” related to suboptimal min-
eralization of the skeleton during growth. Likewise, there is
increasing interest in the association between body compo-
sition during infancy and the incidence of adolescent and
adult obesity. For many years, the assessment of an infant’s
growth has been based on the measurement of body size
(i.e., weight, length, body circumferences) and occasionally
skinfold thicknesses. These indices have been very useful in
our understanding of general growth on a population basis,
but are usually too crude to distinguish significant changes
in body composition for the individual infant except at the
extremes of abnormal weight. Over the last several decades,
a number of noninvasive techniques for the in vivo assess-
ment of human body composition have been developed,
and recently reviewed.1 In most cases, the instruments used
for these assays have been designed for use in adults, and
it is only more recently that these technologies have been
extended to the examination of pediatric populations.

The term “body composition” will have different mean-
ings depending on one’s own scientific background, experi-
ence, and interest. It can refer to the chemical makeup of
specific tissues, organs, or the whole body, or it may be
viewed from the prospective of physiological function or
anatomical structure.2 The simplest model divides body
weight (Wt) into two compartments: fat mass (FM) and fat-
free mass (FFM). More sophisticated models partition the
FFM into its subcomponents, for example, water, protein,

mineral, and glycogen. Alternately, the physiological model
separates FFM into the body cell mass, defined as the active
metabolizing tissues of the body,3 and the remaining extra-
cellular compartment consisting of water and solids. Body
composition models can also reflect the development of
measurement techniques. For example, a whole-body scan
using dual-energy x-ray absorptiometry (DXA), can provide
simultaneous estimates of the body’s bone mineral mass,
fat mass, and lean tissue mass.

The classic work of Fomon et al.4,5 has led to the develop-
ment of the reference fetus, reference infant, and reference
child models of body composition. These models are based
on body potassium (TBK), body water (TBW), and body cal-
cium (TBCa) estimates collated from several different pop-
ulations. The infant model was recently updated6 using the
same set of assays, but in a longitudinal study of contempo-
rary children. Secondary assays, such as those based on the
electrical properties of the body, have also been developed
in recent years, but these have not been as widely accepted
for use with infants. The following sections of this chapter
describe the various measurement techniques that can be
used and how they relate to the various body composition
models.

Body water and electrolyte measurements

As noted previously, the basic two-compartment (2-C)
model divides body weight into a FM and FFM compart-
ment. In general, it is difficult to directly measure the FM
compartment, however, the 2-C model is the basis for most
assessments of body fatness (%FM), which is defined as the
FM/Wt ratio expressed as a percent. The measurement of
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the total FFM is equally difficult. Thus, it is calculated by
extrapolation from the measurement of one or more of its
subcompartments, such as total body water (TBW) or total
body potassium (TBK). That is, FFM = k1 × TBW or FFM =
k2 × TBK, and FM = Wt − FFM, where the values for k1 and
k2 are assumed constant at a given age.

Natural potassium exists in several isotopic states, one
being 40K, which is radioactive. This isotope decays at a
rate, such that one gram of K emits about 200 gammas of
1.46 MeV per minute. At this energy, most of the gammas
will exit the body and can be detected using a whole-body
counter.7 For infants with normal body composition, it is
assumed that the potassium content of the total FFM is
relatively constant, thus the TBK value can be converted to
a measure of FFM for infants.8 Since this signal is natural,
TBK measurements can be made as frequently as needed,
and without risk to the infant. The in vivo assay of TBK has
a precision of about ± 2–3% for infants.

The major component of the total FFM is body water. This
compartment is measured by orally administering water
labeled with a nonradioactive isotope of hydrogen or oxy-
gen, and collecting plasma or urine samples for several
hours afterwards from the infant. The samples must be
processed before being assayed using isotope-ratio mass
spectroscopy (MS) or Fourier-transformed infrared spec-
troscopy. Unlike TBK which is a natural assay, the dilution
techniques for TBW require that an isotope be adminis-
tered to the subject. Thus, some time interval is needed for
the isotope to clear the body, or for it to return to its nat-
ural levels, before the assay can be repeated. In the case
of infants, this is about 30 days for the deuterium dilution
assay of TBW. An advantage of the TBW assay is that it can
be performed in relatively remote geographical locations
around the world, and the collected samples returned to a
central laboratory for analysis. This can also be a disadvan-
tage if the TBW results are of immediate interest, as might
be in a clinical setting. The precision for the TBW assay in
infants using D2O dilution with MS analysis is reported at
about ± 2%.

Bioelectrical techniques

Alternatives to the isotope dilution technique for the meas-
urement of TBW have been developed. These are based
on the general electrical properties of the body, presum-
ably related to the FFM. The most common techniques
are total body electrical conductivity (TOBEC), single-
frequency bioelectrical impedance analysis (BIA), and mul-
tifrequency bioelectrical impedance spectroscopy (BIS).
Each method relies on the electrical conductivity of the

lean tissues in the body, which are influenced by their water
and electrolyte content. For the TOBEC assay, the infant’s
body is placed in a very weak external electromagnetic field.
When this is done, the free charge particles in the body will
align with the magnetic field component of the external
field causing a small perturbation in the current, which is
measured. The procedure takes only a few minutes to per-
form, and can be repeated as frequently as needed with-
out risk to the infant. TOBEC is a secondary assay, which
means that the measured parameter (called the TOBEC
number) must be calibrated using a more direct assay such
as TBW or TBK. In terms of the size of the instrument, the
infant TOBEC is comparable to that of an infant whole-body
counter, thus making it not as portable as BIA or BIS.

The alternate electrical methods, BIA and BIS, are also
based on the body’s electrical properties. But in this case,
electrodes are attached to the body, usually at the foot
and hand, and a very weak alternating electrical current
(800 µAmp) is passed through the body. For the BIA assay,
the frequency is fixed at 50 kHz, while the BIS procedure
varies the frequency from a few kHz to greater than 500
kHz. In both cases, the body’s resistance (R) and reactance
(Xc) to the electrical current are measured. This method
has become popular, partly because the instruments are
relatively inexpensive, easily portable, the measurement
can be repeated frequently, and there are no measurable
risks to the subject.9 The basic model used to convert
the R value, normalized for Ht2, to an estimate of FFM
has not been shown to be very applicable for infants.1,10

Piccoli et al.11 have proposed an alternative to the tradi-
tional BIA modeling, by using the R/Ht v. Xc/Ht relation to
identify subjects with abnormal hydration. Extending this
approach to infants needs clinical validation, but it is inter-
esting because the assessment is made without knowledge
of body weight.

Body volume measurements

The measurement of body volume can also be used to esti-
mate body fatness if the densities of the FFM and FM are
known. The classic technique is to measure body weight
while the subject is totally submerged underwater, hence
the name underwater weighing. In order for this tech-
nique to provide an accurate measure of %FM, the den-
sity of the FFM must be known very precisely, which can
be difficult when working with infants where the hydration
of the FFM can be changing rapidly during growth. Even
so, the classic measurement technique, i.e., total submer-
sion in water, completely rules out consideration of this
assay for infants. However, an alternate methodology for
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measuring body volume, called air-displacement plethys-
mography (ADP), has been used successfully with older
children and adults.12 An infant-size instrument is still in
the development phase13 and holds promise for future
studies in infants.

Bone mineral measurements

Single-photon absorptiometry was developed in the late
1960s for the measurement of bone density in the cor-
tical region of the radius. This technology continued to
improve, and the current technique is called dual-energy
x-ray absorptiometry (DXA). As the name implies, x-rays
are used to scan body regions for specific bone sites (lum-
bar spine, upper femur, radius) that are associated with
increased risks of fractures. This assay has become the
standard for the assessment of low bone mass in post-
menopausal women. Most of the newest instruments can
also be used to examine the whole body, the scan taking
only a few minutes, and at a very low dose (<10 µSv). In
order to provide a quantitative measure of the body’s bone
mineral mass (BMC), the analysis also calculates the rel-
ative fat content of the soft tissues.1 Thus, a whole-body
DXA scan gives a 3-compartment (3-C) model of body
weight: BMC, FM, and remaining non-bone, non-fat tis-
sues, called LTM (lean tissue mass). Although the FM and
LTM data are available, the commercial market for the sale
of DXA instruments has remained focused on the meas-
urement of bone in adults, mainly older females. As such,
the design of most DXA scanners is not optimized for the
measurement of infants or small children. Pediatric soft-
ware is available as an option, but the manufacturers’ tech-
nical support and continued development in this area have
been slow, and will continue as such until a clearer market is
identified.

Use of body composition data

Body composition data can be used in two ways. Firstly,
it can be used to determine the relative status of the indi-
vidual infant. That is, does the child have abnormal body
composition, where normal can be defined relative to age,
weight, or body size. Secondly, there may be the need to
assess changes in body composition over time. For either
application, it is known that there are gender differences
in weight gain and relative composition during infancy.14

Thus, the controls and study group should be matched for
gender distribution (it is assumed that these groups will also

be matched for age). It may also be important to match for
body length.

If the body compartment to be examined is bone min-
eral mass, then only the DXA assay can be used.15 If it is
FM or FFM, then several alternate methods can be used.
However, whole-body DXA does give reasonably reliable
estimates for FM and FFM, hence it may be the best over-
all method for use with infants. Furthermore, these instru-
ments are probably the most frequently available in most
clinical centers, although the instrument may need to be
upgraded to include pediatric software. Compared with the
alternate choices (TOBEC, TBK, TBW, BIA), DXA is most
likely to become the reference method of pediatric body
composition studies, as well as in the clinical setting. How-
ever, there is still the need for further development of the
infant ADP method for the assessment of body fatness.13

Likewise, there is the possibility that magnetic resonance
techniques may be applied to body composition measure-
ments in infants.

The excellent work by Pieltain et al.16 shows that DXA
has sufficient precision and sensitivity to detect differences
in body composition between infant feeding groups after
only 3 weeks, without using excessively large sample sizes.
Gender differences in body composition at birth remain
evident during the first 24 months of life.6 What this does
for a study with a mixed gender population is to increase
the biological variability (SD) throughout the study period,
requiring either larger sample sizes or longer time intervals
to detect the same level of change if only one gender were
used. I am not suggesting that only one gender be exam-
ined, but that investigators need to account for this effect
when performing power calculations for sample size.

Selection of method for body composition
assessment in infants

It is to be expected that any body composition assay should
provide more information about the nutritional status of
infants than that simply obtained using body weight. Fur-
thermore, it is reasonable to assume that these body com-
position assays are reflective of the functional tissues in
the body and energy stores.17 A summary of the various
body composition methods currently available for use in
infants, along with their corresponding body composition
compartment, and precision and accuracy is summarized
in Table 41.1. In addition, the estimated minimal detectable
changes (MDC) between two measurements that would be
statistically significant for individual infants (clinical case)
have been included. Smaller changes in body composition
can be detected on a population basis.16 Alternatively, if
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Table 41.1. Precision and accuracy of different body composition methods and minimum detectable change for an infant

Body composition Measurement Minimum detectable

compartment Methoda precisionb (%) Accuracyc (%) changed (3.5 kg infant)

TBW D2O dilution 1–2% 2–4% 100 ml (5%)

BIA/BIS 2–4% 3–7% 200 ml (10%)

TOBEC 2–3% 4–6% 150 ml (8%)

BCM TBK 2–3% 3–5% 17 mEq (5%)

FFM DXA 1.5% 1–4% 125 g (5%)

FM DXA 2–3% 3–5% 40 g (8%)

BMC DXA <2% 3–5% 4 g (5%)

a BIA/BIS, bioelectrical impedance analysis and spectroscopy; DXA, dual-energy x-ray absorptiometry; TOBEC, total body electrical

conductance; TBK, total body potassium (whole-body counting).
b Reproducibility for repeat measurements.
c Accuracy error for absolute mass.
d Values calculated for a 3.5 kg infant with 15% fat.

TBW, total body water; BMC, bone mineral mass; FFM, fat-free mass; FM, fat mass.

the measurement precision can be improved or the bio-
logical variability within the population reduced, this too
will increase the probability of detecting smaller changes
in body composition as significant. A second consideration
(see following section) relates to the time interval between
repeat measurements. This is crucial in the study of infants,
where the accretion rates are changing rapidly. If the time
interval between two measurements is too short, then the
amount of change that would be needed to reach signifi-
cance may not be physiologically possible (limited by the
accretion rate). Likewise, if the time period between meas-
urements becomes relatively long, then normal growth
and physiological changes in body composition may mask
the amplitude of the effect being studied, requiring larger
sample sizes.

To assess the suitability of a body composition assay to
detect longitudinal changes, the most important param-
eter is precision. The relation of MDC between two meas-
urements (at 5% significance) and precision of the assay
for an individual is given in Figure 41.1. If the precision is
1%, then MDC must be greater than 2.8%. If the precision
is only 5%, then the MDC must be greater than 14%. That
is, the poorer the precision, the greater must be the change
in body composition to reach significance, which usually
translates to a longer time interval between the two meas-
urements. For population studies, the biological variability
within the population will strongly influence the sample
size.

Pieltain et al.16 used whole-body DXA scans to exam-
ine changes in body composition of preterm infants fed
either fortified human milk or a preterm infant formula. To
detect a MDC after 3 weeks, at the 5% significance level, a
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sample size of 20–30 infants per group was sufficient. For
this longitudinal study, the mean values of the minimal
increases needed to reach statistical significance were 111
g for the lean tissue mass, 68 g for the fat mass, and 3.1 g for
bone mineral content. To achieve statistical differences in
each body composition compartment between the human
milk and formula groups at discharge, the group differences
would have to be greater than 160 g for lean tissue mass,
86 g for fat mass, and 4.1 g for bone mineral content, rep-
resenting a total weight gain difference of at least 250 g.
Wells18 and Lapillonne et al.17 have also reviewed the use
of body composition assessment as an indicator of nutri-
tional status in infancy, and these authors conclude that
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Table 41.2. Body composition studies in infants

Longitudinal studies Body composition assay Time points Reference

76 infants TBW, TBK, TOBEC, DXA 0.5, 3, 6, 9, 12, 18, 24 months 6

48 healthy full term28 Whole-body DXA 1, 2, 3, 4, 5, 6 months

34 healthy preterm28 Whole-body DXA 2, 4, 6 months

Cross-sectional studies Body composition assay Age range Reference

423 infants TOBEC 2 weeks–12 months 20

163 healthy BIA (phase angle) 1–7 days 11

28 infants H2
18O dilution and BIA <1 month 10

14

64 infants Whole-body DXA birth – 18 month 14

106 healthy whole-body DXA 1–2 months 23,24

214 infants Whole-body DXA birth – 12 months 21

153 SGA Whole-body DXA birth – 2 years 15

TBW, total body water; TBK, total body potassium; TOBEC, total body electrical content; DXA, dual-energy x-ray absorptiometry; BIA,

bioelectrical impedance analysis; SGA, small-for-gestational age.

the DXA technique may offer the best examination of the
composition of weight gain.

Reference body composition data for infancy

As previously noted, most instruments have not been
developed for use with infants, thus the manufacturers
do not routinely provide information such as reference
data for infants. Most studies in infants provide only mean
data, on a group basis at best. There are, however, several
papers that do provide sufficiently detailed body compo-
sition information that these could be considered as ref-
erences for infants.6,17,19–24 These data have been derived
using one or more of the assays previously described in
this chapter. These include TBW by D2O dilution, TBK by
40K counting, TOBEC, BIA, and DXA. A summary of the
studies with cross-sectional and longitudinal data is pro-
vided in Table 41.2. Of these assays, body composition
data obtained using DXA has become the most widespread.
Both cross-sectional and longitudinal data are available in
these studies. The recent work by the Houston group6,19

provides a contemporary update of the reference infant
model of body composition, first established by the Iowa
group.5

These studies provide sufficient information to derive
reasonable estimates of the average rates of change (g
day−1) for the FM, FFM, and subcompartments of FFM. For
example, the longitudinal body composition data reported
by Butte et al.6 can be used to derive age-specific accretion
rates for Wt, FM, FFM, TBW, and BMC (see Figure 41.2).
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As one would expect, accretion rates during the first weeks
of life are higher than at later ages. The general pattern
of accretion rates for infant girls were similar, although
that for FM was slightly faster, while the FFM was slower.
Thus, changes in body composition over a relatively short
time interval can be expected to be gender-specific during
infancy.

The ability to obtain multi-component composition data
for infants is relatively new. As noted in the previous sec-
tion, there are several studies that provide sufficient data to
define a reference range for normal growth during infancy.
When body composition information has been used with
older children and adolescents, it has been customary to
consider a value outside of ± 2.5 SD from the mean to
be abnormal. It would seem reasonable to consider these
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limits for infants. However, the long-term health conse-
quence of being outside of this range during infancy is not
known. Thus, it is difficult to say with certainty that this
represents a “significant” future risk, such that some form
of intervention is immediately needed.

Infant studies using body composition

In the design of any infant study, there tend to be two areas
of concern: selection of an appropriate control group, and
the time duration of the study. A reference data set, if it
is available, can be used as the control group. However, to
insure that most external factors are controlled for, it may be
better to simultaneously monitor changes in body compo-
sition using a control group concurrent with the “treated”
group. When this is not practical or ethical, only then should
an independent reference group be used for comparison.
The established reference group, however, does provide the
information that is often needed to calculate the appropri-
ate sample size for a successful study. This of course leads
to the question: “What is the appropriate reference popu-
lation?” Many factors, such as whether the infants are pre-
term, full-term, appropriate-for-gestational age (AGA), or
small-for-gestational age (SGA), will influence the decision
for the appropriate “reference” group. Furthermore, the ref-
erence group may be defined by the target gains expected
in body composition. For example, the NCHS/NHANES
growth curves give national weight-for-age, height-for-age,
and BMI-for-age percentiles for infants, but these are not
true measures of body composition, but only body size.

The outcome variable of interest (FM, FFM, or BMC) will
tend to dictate the choice of a body composition assay.
This, in turn, will define the required length of the study
period needed to achieve a statistically measurable dif-
ference between control and treated groups. During early
infancy, the accretion rates (see Figure 41.2) are higher, thus
a significant percentage change in mass will occur in a
shorter time interval than if the study were started at an
older age. Many infant feeding studies are started while
the infant is still in the hospital awaiting discharge to take
advantage of this effect. Therefore, caution must be used
not to suggest the growth effects seen during the initial 3–
6 weeks after birth will continue with equal intensity after
hospital discharge because the accretion rates are dropping
dramatically.

The expected changes in body composition will be
dependent on both the age of the infants at the start of
the study, and the length of time before the second meas-
urement. These effects can be calculated from the table
with the gender- and age-specific accretion rates calculated

by Butte et al.6 Pieltain et al.,16 for example, showed that
whole-body DXA measurements in infants could detect sig-
nificant differences in body composition between feeding
groups after 3 weeks which corresponded to a weight dif-
ference of about 8%.

Summary

Each of the body composition methods presented in this
chapter has its own set of advantages and disadvantages.
For example, there are reasonably good FM and FFM refer-
ence percentile values as a function of age for TOBEC,20 but
this instrument is not widely available. Similar arguments
can be easily made for whole-body counting of TBK and to
a lesser extent for the deuterium dilution assay for TBW.
The BIA technique is relatively easy to perform and has
become widely available, but the body composition results
for infants have been shown to be not much better than
simply using weight and length measurements.9 The DXA
procedure is the only assay that provides a measure of bone
mineralization for the whole body or a specific region such
as the lumbar spine. Furthermore, a whole-body DXA scan
also produces data for the relative fat and lean composi-
tion of the soft tissue mass. There are still sufficient dif-
ferences among the various assays for the assessment of
body fatness that it is recommended that only one method
should be used for multi-site or longitudinal studies.24 Even
in these cases, there are other factors, such as geographical
location, that may need to be considered when comparing
differences in FM during infancy.25

If the outcome variable to be measured is the min-
eral compartment of bone, then the only technique
currently available for use in infants is DXA. The manu-
facturers are providing better infant and pediatric software,
but there is still room for continued improvement, espe-
cially when there is a transition between infant, pediatric,
and adult software versions. DXA, however, is probably
the technique that is most available to most pediatricians
and investigators, as these instruments are located at most
medical centers. A disadvantage of DXA, compared with
the other techniques presented in this chapter, is that it
requires the infant be exposed to a minimal x-ray dose
(<10 µSv). This dose, however, is very small and is well
within the natural variation of the radiation background
levels in the USA and presents no measurable risk to the
infant.

Accurate assessment of body composition in infancy
and during early growth is relatively new. The relation
between infant body composition and future health out-
comes, except for extreme cases of malnutrition, remains
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unknown. Any extrapolation from infancy to childhood
or adulthood should be done with caution. However, sev-
eral retrospective studies have shown correlations between
infant body size and early feeding mode with the risks for
obesity, hypertension, and diabetes as adults.26,27
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The energy balance is the equation relating the amount
of energy taken up by an individual and the amount of
energy used by the same individual. The difference between
these two is the amount of energy stored, or lost by the
body. In order to calculate the energy balance, one has
to know the energy input into the infant, the amount of
energy absorbed, the amount converted into heat for main-
tenance, activity, and thermoregulation, and the amount
lost by the feces and in urine after metabolism of protein.
The formulas for this are as follows:

Energyintake = energymaintenance + energyactivity

+ energythermoregulation + energygrowth

+ energyurine+feces

How accurately all factors have to be known is dependent
on the question raised. For example, if one is interested in
growth over a prolonged period of time, differences of 3–
4 kcal kg−1 day−1 in either the measurement of intake or
expenditure might be important as 1–3 kcal kg−1 day−1 is
needed for 1 g of growth.1–3 To study the effect of physi-
ologic or pharmacologic changes on energy expenditure,
which might be more short-term effects, a difference in
energy expenditure of 6–8 kcal kg−1 day−1 might be clini-
cally relevant.4

In this chapter the different aspects of measuring the
energy balance in preterm infants will be discussed.

Measuring energy intake

The measurement of energy intake might not be as simple
as it appears. In formula-fed infants the actual amount of

calories provided to the infant might not be the same as
indicated by the manufacturer due to lack of solubility of
fat, possibly bound to calcium. When the feeding is not
vigorously shaken before administration or is left for some
time in a horizontal setting, fat will precipitate and not be
administered. In human milk the composition of milk is
variable from feeding to feeding as well as during a single
feeding. A real measurement of the composition of breast
milk therefore is needed for determination of the energy
balance. The measurements of spills and vomits, though
hard to do, are nevertheless important.

The amount of nutrition taken up by the gastrointesti-
nal tract is usually calculated as the difference between
the enteral intake and losses in the feces. How long the
feces should be collected in order to have a reliable esti-
mate of the daily losses is not very well known. ElHen-
nawy et al.5 found a mean gastric time in preterm infants of
approximately 16 days, and a mean transit time of 80 ± 50
hours. McClure and Newell6 showed that the transit time
is related to postnatal age and to the introduction of feed-
ing after birth. Median transit time at 3 weeks of age was
32 hours for infants given early trophic feedings starting
on the third day of life versus 49 hours in infants in whom
enteral feedings were held until infants were off all respir-
atory support (mechanical ventilation and/or CPAP). In
these same infants at 6 weeks of age, median transit time
was 21 hours versus 33 hours in the early trophic versus
delayed feeding groups, respectively. Moreover, they found
a rather wide range in transit times, from 10–240 hours. A
collection period of at least 3 days therefore seems needed
in these infants.

In the feces, the amount of energy-containing substances
(fat, carbohydrate, protein) can be measured separately or
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the total energy content can be determined using bomb-
calorimetry. One should realize that energy losses in the
feces are not only due to nonabsorbed food, but also energy
components may be excreted as bile or be excreted directly
into the gastrointestinal tract. The magnitude of these last
factors is unknown.

Methods to measure energy expenditure

Many rather diverse methods have been described to esti-
mate the energy expenditure in newborn infants. On a the-
oretical basis, direct calorimetry is the gold standard. As
direct calorimetry is expensive and difficult to perform,
other methods have been sought. The most widely used
method is indirect calorimetry; other methods include
doubly labeled water, bicarbonate infusion, thermography,
and heart rate variability.

Direct calorimetry

All energy used within the human body is given off as heat
or spent as external work. Energy used for activity is also
given off as heat. Energy absorbed, but not given off as heat
is stored within the body. In human infants this is equivalent
to growth. When body temperature is stable, heat produc-
tion will be equal to heat loss and thereby energy expendi-
ture of the infant. Heat is given off via radiation, convection,
conduction, and evaporation. Radiation is the transfer of
heat to surrounding surfaces. This heat loss can be impor-
tant for infants in an open bed or single wall incubator
placed in a rather cool room. Radiation can be reduced or
reversed to warming under an overhead heater. Radiation
is low in modern incubators, with a flow of heated air along
the walls of the incubator. Convection is the heat loss due
to airflow over the infant. This again can be important in an
open bed, though in incubators with a low airflow it is lim-
ited. Conductive heat loss, due to direct heat transfer from
the body, is low under almost all conditions. Evaporation
is dependent on the absolute humidity of the environment
and the airflow. Evaporation can be very important, espe-
cially in the very preterm infant in the first days of life in
an environment with a low humidity. A direct calorimeter
must measure all four methods of heat loss. Secondly, the
temperature of the infant must be stable since a change in
body temperature directly influences heat storage or heat
loss. Studies using direct calorimetry in newborn infants are
very limited.2,7–9 Direct calorimetry requires sophisticated
equipment with frequent calibration and limited access
to the patients. One larger study on the metabolic rate

comparing direct and indirect calorimetry in preterm new-
born infants has been done.2 A scheme of the direct
calorimeter used in that study is given in Figure 42.1. The
results of both methods were very comparable. Therefore
indirect calorimetry can be used to measure metabolic
rate.

Indirect calorimetry

Indirect calorimetry is the most widely used method to
measure energy expenditure in preterm and term infants.
This method is considered to be rather simple and pro-
vides reliable results under appropriate conditions. Indi-
rect calorimetry is based on the assumption that food-stuffs
are oxidized in order to produce energy, consuming oxygen
and producing carbon dioxide. By measuring these, and
combined with the excretion of N2 in urine (UN) as an indi-
cator of protein oxidation, the energy expenditure can be
calculated. Different formulas have been proposed to cal-
culate the energy expenditure from oxygen consumption
and CO2 production. The most widely used is the Weir’s
equation:

Energy expenditure = 3.941 VO2 + 1.106 VCO2

− 2.17 UN(10).

Weir showed that the error of neglecting the effect of pro-
tein oxidation (i.e., assuming UN = 0) is negligible.10 Energy
expenditure therefore can be estimated from only the oxy-
gen consumption and carbon dioxide production. Not only
energy expenditure can be estimated from the oxygen con-
sumption and carbon dioxide production; also the amount
of carbohydrate and fat oxidized can be calculated. In all
these calculations complete oxidation of all foodstuffs to
CO2 and H2O is assumed.

Indirect calorimetry does have a number of theoretical
and practical limitations.

Theoretical limitations

In indirect calorimetry it is assumed that all foodstuffs used
are oxidized completely to CO2 and H2O, and that all CO2

is immediately released by the body. Incomplete oxidation
of foodstuffs therefore might influence results. The results
are also influenced when one energy-containing substance
(e.g., sugar) is converted in the body into another compo-
nent (e.g., fat). In this process O2 is consumed and CO2 pro-
duced; however, in a different ratio compared to complete
oxidation. This process will also influence the metabolic
rate.
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Figure 42.1. Schematic diagram of a combined direct/indirect calorimeter.

Practical limitations

Practical problems are as important as the theoretical lim-
itations of indirect calorimetry. Almost all systems for indi-
rect calorimetry are based on the following principle: the
concentration of oxygen and carbon dioxide is measured
in the gas provided to the infant as well as the gas returned
from the infant. From this difference in concentration,
together with the flow rate of the gas, oxygen and carbon
dioxide production can be calculated. Indirect calorimetry
systems are either closed or open systems. In a closed sys-
tem the whole body is included in the metabolic chamber.

The advantage of these systems is that the air entering into
and leaving from the metabolic chamber can be very well
controlled, thereby increasing precision. Negative aspects
are that the infant has to breathe spontaneously and cannot
be handled through the study. Although the closed system
can be considered as the most reliable, due to the practical
limitations, they are not popular. Most studies have used
the open system where either a hood is placed over the
infant or the infant is on CPAP or a ventilator.

Requirements for indirect calorimetry include the
following:
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Figure 42.2. Schematic diagram of an indirect calorimeter.11

� The system can reliably and reproducibly measure very
small differences in oxygen saturation and carbon dioxide
production as well as gas flow rate.

� The inspiratory gas concentration is constant.
� There is a complete mixing of expired gas.

Considerations regarding the infant include the
following:
� The infant needs to be in a stable situation, implying that

the exhaled gas concentration reflects cell metabolism
and is not affected by rapid changes, for instance as may
occur with hyperventilation.

� Duration of measurement.
� Mode of respiration (spontaneous respiration, nasal

CPAP, ventilation).
� Body weight.

The difference in oxygen and carbon dioxide concentra-
tion between the air to and from the calorimeter is usually
in the order of 0.1%–0.2%.11–17 A calorimeter must be able to

detect these small differences at a flow rate of 1–4 L min−1.
Also important is the stable concentration of oxygen and
carbon dioxide of the air to the infant. Especially in tiny
infants, this limits the use of compressed air from a stan-
dard source as well as from supplemental oxygen. Thureen
et al.11 showed that air from a wall source is too unstable to
be used in a calorimeter. Behrens12 showed that errors in
measuring oxygen consumption increase with the percent-
age of oxygen in inspired air. For an accurate measurement
the complete mixing of expired air is essential. Different
systems therefore use a special mixing chamber in the sys-
tem. An example of an indirect calorimeter system is given
in Figure 42.2.

Reliable results are not only dependent on the char-
acteristics of the apparatus, but also on the patients.
The first assumption of indirect calorimetry is that the
concentrations of CO2 and oxygen in the body are constant.
Increasing CO2 production or oxygen consumption due to
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a higher metabolic rate must be translated into changes in
the expired air. If a child starts crying during short periods of
measurements, these requirements are not met, and results
will not be correct. The required duration of a measurement
is dependent on the question raised. Measurements of 10–
15 minutes might be sufficient to show the effect of sleep
states on metabolic rate.18 However, if one is interested
in 24-hour energy expenditure, the duration of the meas-
urement must be longer. Bell et al.19 and Schutze et al.20

suggested that continuous measurements over 6 hours can
predict 24 hours energy expenditure. This was recently sup-
ported by Perring.21 Most studies on energy expenditure
so far have been done in growing stable preterm infants.
Studies in infants on ventilators as well as those in infants
receiving supplemental oxygen are disputed.22 In case of
supplemental oxygen, errors are due to nonstable oxygen
intake as well as to errors in the calculations used. In infants
on continuous positive airway pressure (CPAP) and on ven-
tilators leaks in the expired air become important, thereby
making measurements potentially unreliable.11,23–25 Bauer
et al. described a method where all expired air was col-
lected, including from air leaks around the tracheal tube
and on nasal CPAP.26

Although this system might work in slightly older and
bigger infants, it did not work in infants with a birth weight
<1000g.27 Moreover, it requires the continuous hand-held
application of a collection chamber just above the infant,
which is not very practical for measurements of 6 hours.
Thureen et al.11 recently described a system which makes
it possible to perform indirect calorimetry in spontaneous
breathing infants with supplemental oxygen up to 0.40 and
in ventilated infants with an oxygen supply of up to 0.60.
For the spontaneously breathing patients a hood within the
hood system was used. By this system, both the air enter-
ing and leaving the hood is well-controlled. Although the
system did not work with all ventilators, with certain venti-
lators reliable results were obtained. It is important to note
that the authors only performed studies in infants with a
tube leak of less than 5%. This again limits the applicability
of this method, also as it is not easy to accurately define the
tube leak. Most systems presently on the market are not
designed for and cannot be used on infants of <∼1000 g.
Errors increase with a decrease in weight, due to the small
volumes of O2 consumed and CO2 produced. Only closed
systems and the system described by Thureen et al.11 seem
to be able to perform reliable measurements in infants up
to 500 g.

Doubly labeled water

Another technique to estimate metabolic rate in the free-
living individual is the use of doubly labeled water, D2

18O. In

Figure 42.3. Principle of measuring energy expenditure with the

double labeled water technique.

1955 Lifson et al.28 described a method to calculate the CO2

production from the difference in turnover rate between
oxygen and hydrogen. This method is based on the princi-
ple that oxygen is lost via CO2 and H2O, whereas hydrogen is
lost only via H2O. The difference in turnover rate between
oxygen and hydrogen is equal to CO2 production (Figure
42.3). When a certain RQ is assumed, one can calculate the
total energy expenditure. This method involves a number
of assumptions as discussed recently.29,30

(1) The subject must be in a steady state of body com-
position, so total body water, solids, and weight must
remain constant.

(2) All rates of intake and output of water and CO2 remain
constant.

(3) Water is the only form in which the hydrogen of body
water is lost from the body, and water plus CO2 are the
only forms in which the oxygen of body water is lost.

(4) The enrichment of the hydrogen of water lost from the
body is equal to that of the body water, and the enrich-
ment of the oxygen of water and CO2 lost from the body
is equal to that of the body water.

(5) The normal abundance of isotopic oxygen and hydro-
gen is the same in all substances involved in the mater-
ial balance.

(6) There is no isotopic re-entry into the body or entry into
the body of isotopic water vapor or CO2.

(7) The volume of distribution of labeled water is equal to
the total body water (i.e., there is no incorporation of
labeled hydrogen or oxygen of body water into other
body constituents except in CO2 in the case of O2).

A number of these assumptions cannot be met, and cor-
rections must be made. Firstly, the growing neonate is not
in a steady state but increases body mass and body water
over time. This problem can be overcome by measuring
body composition at the beginning and the end of a 5-day
period, the time period over which the turnover rate of oxy-
gen and carbon dioxide is usually measured in the neonate.
Secondly, the enrichment of all water lost by the body is
not equal to the enrichment of body water. Specifically,
the water lost by insensible water loss has an enrichment
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different from that of body water. For the different enrich-
ments of water lost through the skin and via the lung, a
correction factor has been introduced, as has a correction
factor for the uptake of water through the skin and the
lung.

The effects of fractionation are more important in the
neonate compared with the adult owing to the high water
turnover in the neonate relative to that in the adult. Finally,
the precision by which the enrichment of body water can
be measured is essential for this method. Fortunately, it has
improved dramatically when using specially designed iso-
tope ratio mass spectrometers with which enrichments as
low as 0.0001% can be measured. Various studies have com-
pared CO2 production calculated from the doubly labeled
method with CO2 production and metabolic rate measured
by indirect calorimetry. Studies in the adult showed a mean
difference between the methods of 4–8%.31,32

A number of studies comparing indirect calorimetry with
the D2

18O method were conducted in the preterm and
term neonate. Roberts et al.33 conducted a validation study
in four preterm neonates. Indirect calorimetry was per-
formed over most of 5 days with the decay curve of D2O
and H2

18O calculated from enrichment in urine. The mean
difference between the methods of measuring CO2 produc-
tion was only 1.4% ± 4.8% (mean ± SD) and the difference
in metabolic rate was 0.3% ± 2.6%. In this study a number
of correction factors were used that have been debated by
others.

Jones et al.34 showed that a change in the composition
of the feeding during a study may cause a shift in baseline
enrichment, resulting in a major error in the estimation of
CO2 production. The doubly labeled water method can be
regarded as a reliable method to measure total energy con-
sumption in groups of individuals, including the preterm
infant.35 The results in the individual patient, however,
show rather large differences between indirect calorimetry
and the doubly labeled method, making this last method
rather unreliable for individual measurements. It is uncer-
tain if the method is accurate in the infant with changes
in body water over the study period, such as infants with
bronchopulmonary dysplasia (BPD). Leith et al.36 stud-
ied infants with BPD while receiving dexamethasone. The
metabolic rate observed in this study is rather surprisingly
high, with a wide standard deviation. This might be due to
changes in body water.

Labeled sodium bicarbonate

A recently described method to estimate the energy expen-
diture of preterm infants is the infusion of 13C labeled

bicarbonate and the measurement of 13CO2 in expired
air.37–39 The amount of CO2 exhaled by the infant can be
calculated from the percentage of infused tracer expired
as 13CO2. From the CO2 production together with an esti-
mated RQ, energy expenditure can be calculated. The
method itself is simple and elegant, and can be used for
instance in tiny infants on the ventilator. It does not require
the collection of all expired air, and dilution of air does
not influence the results. The only measurement needed
is the ratio of 12C/13C in expired air at plateau, 2–3 hours
after the start of a constant NaH-13CO2 infusion. Shew et
al.39 performed a study in spontaneously breathing post-
surgical infants where they compared the results of NaH13-
CO3 method with indirect calorimetry. Although there was
a good correlation between both measurements, the 13CO2

method showed a RaCO2 (turnover rate of CO2) of 0.725 ±
0.021 mmol kg−1 day−1 compared with a CO2 production
of 0.489 ± 0.016 mmol kg−1 day−1 with indirect calori-
metry, resulting in an energy expenditure of 89.5 ± 2.5 v.
60.2 ± 2.1 kcal kg−1 day−1. This difference can be explained
by the observation already made by Van Aerde et al. in
1985,40 that part of the 13CO2 liberated from bicarbonate
might be trapped in slow turnover pools in the body (e.g.,
bones, tricarboxi-intermediates, etc). The unlabeled CO2

production is in constant equilibration with these slow
turnover pools and thereby reflects the real CO2 produc-
tion. Due to the trapping of labeled 13CO2, which might
be equilibrated only after a period of 12 or more hours,
the 13CO2 method overestimates the real CO2 production.
Van Aerde et al.40 suggested the use of a correction factor
based on energy intake of 0.7–0.9. When applying this cor-
rection factor, the method of labeled bicarbonate might be
a very reasonable alternative to the doubly labeled water
technique, as it is a rather cheap and simple method. As
in the case with the doubly labeled water method, it only
measures the CO2 production, and energy expenditure
measurement is based on an estimated RQ.

Infrared thermographic calorimetry

Recently infrared thermographic calorimetry was
described as a new method to estimate total heat loss
of newborn infants.41 This method of direct calorimetry
does not make use of specially designed incubators, but
measures body surface temperature with infrared ther-
mography together with estimations of evaporative water
loss. The dry heat transfer of the body is calculated using
standard equations for heat transfer. Body surface area
and body surface temperature are measured by infrared
thermography. In 10 infants with a mean birth weight of



Methods of measuring energy balance 615

Figure 42.4. Mean (± SD) heat loss, as measured by infrared

thermography (�) and heat production as measured by indirect

calorimetry (�). Difference between both methods n.

1.28 ± 0.47 kg this method was compared with indirect
calorimetry. On average the results are in accordance,
although some differences in individual patients exist
(Figure 42.4). Further studies are needed to determine the
minimum number of infrared thermographic calorimetry
(ITC) pictures needed to qualify accurately the 24 hour
energy expenditure in preterm infants. As ITC is a nonin-
vasive method, it holds a promise for measuring energy
expenditure, also in sick preterm infants.

Heart rate variability

Another noninvasive method of measuring energy expen-
diture in adolescents and adults is the measurement of the
heart rate. Oxygen consumption shows a reasonable cor-
relation with the heart rate in adults. Only one study is
conducted in preterm infants. Chessex et al.42 indicated
a correlation between heart rate and oxygen consumption
in preterm infants, suggesting that the heart rate might be
used to estimate heat production. They showed that oxy-
gen consumption increases when the heart rate increases
over 160 beats min−1. No correlation between heart rate
and oxygen consumption was observed between 120 and
160 beats min−1, while 80% of the time the heart rate of
preterm infants is within this range. In preterm infants there
is therefore no real correlation between heart rate and oxy-
gen consumption, so this method cannot be used in these
infants.
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tion of a metabolic monitor for gas exchange measurements in

ventilated neonates. Intens. Care Med. 2001;27:228–35.

13 Marks, K. H., Coen, P., Kerrigan, J. R. et al. The accuracy and

precision of an open-circuit system to measure oxygen con-

sumption and carbon dioxide production in neonates. Pediatr.

Res. 1987;21:58–65.

14 Handley, A. C., Spencer, S. A., Rakowski, S. Critical appraisal

and further development of the methodology for open circuit

calorimetry in neonates. Early Hum. Dev. 1991;26:167–76.

15 Ferrannini, E. The theoretical basis of indirect calorimetry: a

review. Metabolism 1988;37:287–301.

16 Shortland, G. J., Fleming, P. J., Walter, J. H. Validation of

a portable indirect calorimetry system for measurement of

energy expenditure in sick preterm infants. Arch. Dis. Child.

1992;67:1207–11.

17 Ultman, J. S., Bursztein, S. Analysis of error in the determination

of respiratory gas exchange at varying FIO sub 2. J. Appl. Physiol.

1981;350:210–16.

18 Dane, H. J., Sauer, P. J. J., Visser, H. K. A. Oxygen consumption

and CO2 production of low birthweight infants in two sleep

states. Biol. Neonate 1985;47:205–10.

19 Bell, E. F., Rios, G. R., Wilmoth, P. K. Estimation of 24-hour energy

expenditure from shorter measurement periods in preterm

infants. Pediatr. Res. 1986;20:646–9.



616 P. J. J. Sauer

20 Schulze, K., Stefanski, M., Masterson, J. An analysis of the vari-

ability in estimates of bioenergetic variables in preterm infants.

Pediatr. Res. 1986;20:422–7.

21 Perring, J., Henderson, M., Cooke, R. J. Factors affecting the

measurement of energy expenditure during energy balance

studies in preterm infants. Pediatr. Res. 2000;48:518–23.

22 Kalhan, S. C., Denne, S. C. Energy consumption in infants with

bronchopulmonary dysplasia. J. Pediatr. 1990;116:662–4.

23 Chwals, W. J., Laly, K. P., Woolley, M. M. Indirect calori-

metry in mechanically ventilated infants and children: meas-

urement accuracy with absence of audible airleak. Crit. Care

Med. 1992;20:768–70.

24 Forsyth, J. S., Crighton, A. An indirect calorimetry system for

ventilator dependent very low birthweight infants. Arch. Dis.

Child. 1992;67:315–19.

25 Mayfield, S. R. Technical and clinical testing of a computer-

ized indirect calorimeter for use in mechanically ventilated

neonates. Am. J. Clin. Nutr. 1991;54:30–4.

26 Bauer, K., Ketteler, J., Laurenz, M., Versmold, H. In vitro valida-

tion and clinical testing of an indirect calorimetry system for

ventilated preterm infants that is unaffected by endotracheal

tube leaks and can be used during nasal continuous positive

airway pressure. Pediatr. Res. 2001;49:394–401.

27 Bauer, K., Laurenz, M., Ketteler, J., Versmold, H. Longitudinal

study of energy expenditure in preterm neonates <30 weeks

gestation during the first three postnatal weeks. J. Pediatr.

2003;142:390–6.

28 Lifson, N., Gordon, G. B., McClintock, R. Measurements of total

carbon dioxide production by means of D2
18O. J. Appl. Physiol.

1955;7:704–10.

29 Ainslie, P. N., Reilly, T., Westerterp, K. R. Estimating human

energy expenditure: a review of techniques with particu-

lar reference to doubly labeled water. Sports Med. 2003;33:

683–98.

30 Wells, J. C. K. Energy metabolism in infants and children. Nutri-

tion 1998;14:817–20.

31 Schoeller, D. A., Webb, P. Five-day comparison of the doubly

labeled water method with respiratory gas exchange. Am. J. Clin.

Nutr. 1984;40:153–8.

32 Klein, P. D., James, W. P. T., Wong, W. W. Calorimetric validation

of the doubly labeled water method for determination of energy

expenditure in man. Hum. Nutr. Clin. Nutr. 1984;38C:95–106.

33 Roberts, S. D., Coward, W. A., Schlingenseipen, K. H. Compar-

ison of the doubly labeled water (2H2
18O) method with indi-

rect calorimetry and a nutrient-balance study for simultaneous

determination of energy expenditure, water intake and meta-

bolizable energy intake in preterm infants. Am. J. Clin. Nutr.

1986;44:315–22.

34 Jones, P. J. H., Winthrop, A. L., Schoeller, D. A. Evaluation of

doubly labeled water for measuring energy expenditure during

changing nutrition. Am. J. Clin. Nutr. 1988;47:799–804.

35 Westerterp, K. R., Lafeber, H. N., Sulkers, E. J. Comparison

of short term indirect calorimetry and doubly labeled water

method for the assessment of energy expenditure in preterm

infants. Biol. Neonate 1991;60:75–82.

36 Leith, C. A., Ahlrichs, J., Karn, C., Denne, S. C. Energy expen-

diture and energy intake during dexamethasone therapy for

chronic lung disease. Pediatr. Res. 1999;46:109–13.

37 Sulkers, E. J., Van Goudoever, J. B., Leunisse, C. et al. Determi-

nation of carbon-labeled substrate oxidation rates. In Lafeber,

H. N. ed. Fetal and Neonatal Physiological Measurements.

Amsterdam: Excerpta Medica; 1991:297–304.

38 Kien, C. L. Isotopic dilution of CO2 as an estimate of CO2

production during substrate oxidation studies. Am. J. Physiol.

1989;257:E296–8.

39 Shew, S. B., Beckett, P. R., Keshen, T. H., Jahoor, F., Jaksic, T.

Validation of a [13C] bicarbonate tracer technique to measure

neonatal energy expenditure. Pediatr. Res. 2000;47:787–91.

40 Van Aerde, J. E., Sauer, P. J. J., Pencharz, P. B. et al. The effect

of energy intake and expenditure on the recovery of 13CO2 in

the parenterally fed neonate during a 4-hour period primed

constant infusion of NaH13CO3. Pediatr. Res. 1985;19:806–10.

41 Adams, A. K., Nelson, R. A., Bell, E. F., Egoavil, C. A. Use of infrared

thermographic calorimetry to determine energy expenditure in

preterm infants. Am. J. Clin. Nutr. 2000;71:969–77.

42 Chessex, P., Reichman, B., Verellen, G. J. E. Relation between

heart rate and energy expenditure in the newborn. Pediatr. Res.

1981;15:1071–82.



43

Methods of measuring nutrient substrate
utilization using stable isotopes
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Introduction

During fetal life a continuous supply of nutrients is trans-
ferred to the fetus via the placenta. Transplacental trans-
ported glucose is the major energy substrate for the fetus,
which has glucose demands of 4–8 mg kg−1 min−1. The
maternal–fetal transport of glucose occurs via passive dif-
fusion facilitated by the glucose transporter system (speci-
fically GLUT-1).1,2,3 Amino acids are transferred by active
transport,1,2 and several classes of amino acid transporters
have been identified in human placentas.3 Transplacen-
tal transfer of fatty acids is small. It is regulated by mater-
nal fatty acid concentrations and is mediated by a number
of different proteins. At birth, the transplacental supply of
nutrients is abruptly interrupted and the newborn infant
must first mobilize its own substrate stores and then rapidly
adjust to enteral feedings to meet the metabolic needs.

Glucose is the primary substrate for brain metabolism,
and the brain utilizes about 20 times more glucose than
muscle and fat per gram tissue. Infants have a large brain
to body weight ratio (12% in infants v. 2% in an adult).4

Thus, the glucose turnover rate on a per kg body weight
basis in an infant is three times higher than that of an adult,
∼30 µmol kg−1 min−1 (∼6 mg kg−1 min−1) v. 11 µmol kg−1

min−1 (∼2 mg kg−1 min−1). As a result,∼90% of total glucose
utilization in an infant is by the brain. Following cessation
of the transplacental flow of nutrients, most healthy term
newborn infants promptly initiate hepatic glucose produc-
tion to meet their high glucose demands and maintain nor-
moglycemia. Since the hepatic glycogen content is limited,
the neonate becomes dependent on gluconeogenesis as
the primary mechanism to maintain euglycemia within a
few hours of fasting.5,6

The rapid postnatal increase in plasma concentrations
of glycerol and free fatty acids, high glycerol turnover rates
and decreasing respiratory quotient indicate that lipolysis
and lipid oxidation increase immediately following birth,
thus demonstrating the importance of lipids as oxidative
substrates.7–14 Lipids also contribute to the maintenance of
glucose homeostasis in infants in that hydrolysis of trigly-
cerides generates glycerol, which is used directly for glucose
production via gluconeogenesis,10–14 and free fatty acids
(FFA), which upon hepatic β-oxidation provide energy to
drive the gluconeogenic process. FFA oxidation also gener-
ates ketone bodies (hydroxybutyric acid and acetoacetic
acid). With the exception of the brain, plasma FFA and
ketone bodies can be used as fuel by most body tissues,
thus decreasing the demands of these tissues for glucose as
an energy source. In the brain, ketone bodies, but not FFA,
can cross the blood–brain barrier and partially supplant
the need for glucose.15 In addition, fatty acids are involved
in the synthesis of phospholipids, biological membranes,
myelin, gangliosides, glycolipids, and sphingolipids.

Endogenous as well as exogenous amino acids are of
great importance in the rapidly growing neonate since they
serve as the building blocks for the body proteins. Further,
after deamination a number of amino acids are also utilized
as oxidative fuel and gluconeogenic substrate.

Metabolic research in newborn infants is limited by sev-
eral constraints. The studies must be minimally invasive,
the blood samples very small, and each study must pro-
vide maximal information possible, because of the dif-
ficulty in recruiting newborns for studies. The use of
compounds labeled with stable isotopes analyzed by gas
chromatography-mass spectrometry (GCMS) or isotope
ratio-mass spectrometry (IRMS) fulfill these requirements,
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thus providing a very valuable tool for dynamic studies of
neonatal metabolism.

Stable isotopes

Isotopes are chemically identical atoms with different
atomic weights (masses) due to different numbers of neu-
trons in the shell, e.g., the carbon atom has 6 electrons
and 6 protons. The most abundant carbon isotope is 12C,
which has 6 neutrons, whereas those containing 5, 7, or
8 neutrons are 11C, 13C, and 14C. Some of these isotopes
are radioactive and decay to other compounds while giv-
ing off radiation (e.g., 11C and 14C), while others do not
and are, therefore, denoted stable (e.g., 12C, 13C). While
radioactive isotopes cannot be used in infants and children
for ethical reasons, stable isotopes are very useful since
they are naturally occurring and nonradioactive. There-
fore, compounds labeled with single or multiple stable iso-
topes or combinations of compounds labeled with sta-
ble isotopes can be used without risk regardless of age
and size of the subjects.16–20 Since substrates (glucose,
amino acids, fatty acids etc.) labeled with stable isotopes are
assumed to be metabolically equivalent to the correspond-
ing unlabeled substrates, a specific labeled compound can
be used to trace the metabolism of the corresponding unla-
beled substrate in vivo.16–20 A large number of substrates
labeled with stable isotopes (e.g., 13C, 2H, 15N) with high
isotopic purity (98–99 atom%) are commercially available.
Table 43.1 depicts examples of commonly used labeled
substrates. For further information on available sub-
strates labeled with stable isotopes see catalogues provided
by the manufacturers. Gas chromatography–mass spec-
trometry (GC–MS), Gas chromatography–combustion–
isotope ratio-mass spectrometry (GC–C–IRMS) and IRMS
are commonly used to analyze compounds labeled
with stable isotopes, although under selective circum-
stances, NMR is used. For the purpose of this chapter,
we will focus exclusively on GC–MS, GC–C–IRMS and
IRMS.

Gas chromatography (GC)–mass spectrometry (MS)
The sample to be analyzed is prepared for the GC–
MS analysis by a procedure denoted “derivatization.”
Table 43.1 depicts examples of commonly used derivati-
zation procedures.21–25 The main purpose of this process
is to lower the boiling point for the molecule to be analyzed,
thus making it more volatile. The choice of derivatization
procedure depends on the substrate to be analyzed, the
mass spectrometry ionization mode (see below) and com-
bination of tracers. The derivatized sample is injected at

high temperature in the GC and carried through a capillary
glass column by an inert gas, usually helium. In the col-
umn, the molecules to be analyzed (analyte) are separated
from other components of the sample by a temperature-
regulated interaction between the molecule in the carrier
gas (the mobile phase) and the stationary phase coating
the inner surface of the column.17 Thus, at a specific time
point, the analyte alone reaches the ion source of the mass
spectrometer. The purpose of the mass spectrometer is to
separate labeled from unlabeled molecules of the analyte.
Briefly, the molecules enter the ion source of the mass spec-
trometer, where they are ionized either by direct bombard-
ment of electrons (electron impact mode, EI) or after react-
ing with ions, generated by electron bombardment of a
reactant gas (chemical ionization, CI). The most commonly
used reactant gas is methane. Ions are separated based on
their mass/charge (m/z) ratio by the mass analyzer. The sig-
nal is amplified in the electron multiplier, primarily based
on the mass of the analyzed ion. Finally, a computer is inter-
faced with the mass spectrometer to collect and process the
signal data. The data obtained give a ratio (mass to charge
= m/z) between labeled and unlabeled ions. Irrespective
of which compound is used, the data must be corrected
for instrument deviations using standard curves prepared
from standard solutions of carefully weighed mixtures of
labeled (tracer) and unlabeled substrate (tracee). Using
GC–MS, labeled and unlabeled molecules of, for exam-
ple, glucose, amino acids, fatty acids, and glycerol can be
analyzed.

Gas chromatography–combustion–mass spectrometry
(GC–C–IRMS)
This technique measures the ratios of 13CO2 and 12CO2 or
15N to 14N in a sample. The GC principle is similar to that
described above for GCMS, but the GC is not connected
directly to the MS, but to a combustion oven, where the
sample is oxidized at high temperature (940◦ for carbon
and 980◦ for nitrogen) in the presence of a catalyst, result-
ing in CO2, N2, and H2O. Following removal of H2O, the
CO2, N2, and H2O are directed into the vacuum of the ion
source via a dual inlet system with a switch valve that per-
mits alternative inflow of the sample and the reference gas.
Thus, the sample and the reference gas can be analyzed
almost simultaneously. Since the mass spectrometer con-
ditions are exactly the same during analysis of reference
gas and sample, and the ratio between the 13CO2/12CO2

and 15N2/14N2 of the reference gases are known, the corre-
sponding absolute ratios in the sample can be measured.
This technique can be applied, for example, to glucose,
amino acids, and fatty acids.
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Table 43.1. Example of compounds labeled with stable isotopes

Labeled substrate Derivative Ionization mode Column Masses

[1-13C]glucose Penta-acetate (21) PCI 17/1701 331; 332

GC-C-IRMS 17/1701 13CO2/12CO2

[U-13C]glucose Penta-acetate (21) PCI 17/1701 331–337

Di-O-isopropylidene (22) EI 17/1701/5 287–292

[6,6-2H2]glucose Penta-acetate (21) EI 17/1701 242–244

Penta-acetate (21) PCI 17/1701 331–333

Di-O-isopropylidene (22) EI 17/1701/5 287–289

[2H3]leucine Heptafluorobutyric

Anhydride (HFBA) (23)

NCI 5 349–352

[1-13C]leucine Heptafluorobutyric

Anhydride (HFBA) (23)

NCI 5 349–350

[15N2]urea 2-Pyrimidinol-TBDMS (24) EI 1701 153–155

[1-13C]palmitate Pentafluorobenzyl (PFBA) (25) NCI 2330 255–256

Isotope ratio mass spectrometry (IRMS)
Breath samples can be directly injected in the mass spec-
trometer, and the 13CO2/12CO2 ratio is analyzed using a
reference gas as described above.

IRMS can also be used to measure the ratio of 2H/1H
and 18O/16O in water derived from urine, plasma, or saliva.
However, the sample must be converted to gaseous form.
Several methods have been described for conversion of bio-
logical samples to 2H/1H.26 In the most recent generation
of IRMS instruments, the samples can be injected directly
into a pyrolysis unit, in which the liquid sample is con-
verted to 2H/1H gas at very high temperatures. The gas is
subsequently forwarded online to the mass spectrometer
and the 2H/1H ratio is measured. For measurement of 18O,
a water-CO2 equilibration system is used. Briefly, CO2 gas
of known enrichment is placed in a vial with the water of
interest. Following mechanical shaking for several hours,
the oxygen in the water liberates into the CO2 pool, the
water vapor is eliminated using a cold trap26 and the dif-
ference (delta) between the 18O/16O of CO2 in the sample
and that of the reference gas is measured by IRMS.26 IRMS
can, for example, be used in the analyses of substrate oxida-
tion rates, energy expenditure using doubly labeled water
(see below) and deuterium enrichment in body water (see
below).

Analytical principles

Irrespective of the labeled compound used, the follow-
ing dilution principles apply: when a stable labeled sub-
strate is infused or ingested at a constant rate over time,
labeled molecules (tracer) mix and eventually equilibrate
with unlabeled molecules (tracee) in the plasma pool, and a

condition of approximate steady state is reached. At steady
state, substrate concentrations and the ratio between
labeled and unlabeled molecules (i.e., tracer/tracee) in
the mixing pool remain constant, i.e., the rate of entry
(appearance rate, Ra) and loss of (disappearance rate, Rd)
labeled and unlabeled substrates are equal. Since the infu-
sion rate of the labeled substrate (tracer) is known, under
fasting conditions i.e., no exogenous substrate is infused
or ingested, Ra and Rd of the substrate can be calculated
using the following equation:16,18

Ra = Rd = [(Einfusate/Eplasma) − 1] × I

= [(Einfusate/Eplasma) × I] − I (43.1)

where Einfusate is the enrichment (tracer/(tracer+ tracee)) of
the infused tracer; Eplasma is the enrichment (tracer/(tracer
+ tracee)) above the naturally occurring enrichment of the
tracer in plasma (mole percent excess, MPE%) at steady
state and I the infusion rate of the tracer. In contrast to
radioactive isotopes, stable isotopes are not mass less.
Therefore, in the equation above, the infused tracer is sub-
tracted i.e., Ra represents substrate produced endogen-
ously. If any unlabeled substrate has been administered
intravenously or orally, this must be subtracted as well. This
model requires that the following assumptions be fulfilled:

(a) Sufficient infusion rate of the tracer to achieve
tracer/tracee ratios which can be measured with high
accuracy and precision i.e., for GCMS, tracer/tracee ratios
should be ≥ 0.7–0.8%, for GC–C–IRMS ≥ 0.02%–0.05%
(depending on number of labeled atoms) and for IRMS ≥
0.01%.

(b) Sufficient duration of the isotope infusion to achieve
equilibration of the tracer in the substrate pool.27 Under
conditions where a “true” isotopic steady state has not
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yet been fully achieved, the appearance (disappearance)
rate of the substrate will be overestimated. The duration
of tracer infusion required to reach tracer/tracee equilib-
rium is dependent on several factors, e.g., the turnover rate
for the substrate – in a newborn infant the turnover rate of
glucose is three times that of an adult. Thus, steady state
for glucose is achieved faster in infants when compared
to adults. By convention, most investigators use a priming
dose of isotope to reach steady state faster. The priming
dose is dependent on the size of the mixing pool. Usu-
ally a priming dose corresponding to 60–100 min of con-
stant infusion is used. However, sometimes a larger prime
is needed e.g., urea has a very large mixing pool, thus, a
constant rate infusion of urea must be primed with a dose
corresponding to 5–10 h of the constant infusion. Simi-
larly, in hyperglycemic subjects, a larger glucose prime is
required as compared with normoglycemic subjects.28

(c) No isotope effects i.e., the tracer and tracee are
metabolically equivalent.

(d) No recycling of the tracer. Glucose can, for exam-
ple, potentially recycle via glycogen storage and subse-
quent release or via the Cori cycle. Glucose recycling is
dependent on the choice of glucose tracer. Thus, using glu-
cose labeled with deuterium in the carbon 6 position ([6,6-
2H2]glucose), the deuterium label is lost in the pyruvate-
oxaloacetate and the malate-fumarate steps of the TCA
cycle, and therefore, the [6,6-2H2]glucose can be regarded
a non-recycling tracer (with regard to recycling in the Cori
cycle). The [6,6-2H2]glucose tracer can, however, poten-
tially recycle through glycogen. When [1-13C]glucose is
used, the 13C label can recycle both via glycogen and the
Cori cycle, resulting in a false increase in plasma 13C enrich-
ment and subsequently underestimation of glucose Ra.29

Although the [U-13C]glucose tracer is recycled via the Cori
cycle, the likelihood that two uniformly labeled 3-carbon
units will combine and form a new uniformly labeled glu-
cose molecule is negligible and, thus, [U-13C]glucose also
can be regarded a non-recycling tracer.

Carbohydrate metabolism

In the fed state, the vast majority of plasma glucose is
derived from the meal, while in the fasted state, glucose is
produced from endogenous stores via glycogenolysis and
gluconeogenesis. During infusion of glucose labeled with a
stable isotope (13C or 2H), the tracer is diluted by unlabeled
substrate (whether from feeding, an infusion of unlabeled
glucose and/or from glucose produced via glycogenolysis
and gluconeogenesis). When the tracer has equilibrated
with unlabeled glucose (the tracee) and a condition of

approximate steady state is achieved, the appearance rate
(Ra) and disappearance rate (Rd) of glucose (labeled and
unlabeled) into (out of) the plasma pool can be calculated
using equation 43.1 introduced above:4,30

Glucose Ra = Rd = [(Einfusate/Eplasma) − 1] × I (43.2)

where Einfusate is the enrichment of the infused glucose
tracer; Eplasma is the enrichment (MPE%) of this tracer in
plasma at steady state and I the infusion rate of the glu-
cose tracer. In this equation, the infused glucose tracer is
subtracted. Thus, in the fasted state, glucose Ra represents
glucose produced from the body stores (glucose produc-
tion rate, GPR), i.e., from glycogenolysis and gluconeo-
genesis. If, however, unlabeled glucose is administered via
feeding or IV infusion, this unlabeled glucose must also be
subtracted, i.e.,

GPR = Glucose Ra − exogenous unlabeledglucose (43.3)

If steady state cannot be achieved during a primed con-
stant rate tracer infusion, glucose turnover can be calcu-
lated using non-steady state equations as described by
Steele et al.31 and modified by De Bodo et al.32 This is a
more complicated procedure involving assumptions about
the volume of the mixing pool and whether a one, two, or
multiple compartment model should be applied.

Using glucose labeled with 2H and 13C and the above
described isotope dilution methods, we and others have
demonstrated that (1) term healthy newborn infants pro-
duce glucose to maintain normoglycemia within a few
hours of birth before any feedings4,13,29 at rates (on a
per kg body weight basis) about three times (∼30 µmol
kg−1 min−1) those reported from normal adults after an
overnight fast (∼11 µmol kg−1 min−1);4,33 (2) newborn
infants of diabetic mothers studied within the first hours
of life before any feedings had 20% lower glucose turnover
rates (production and utilization) than those born to non-
diabetic mothers;34 (3) very premature infants, i.e., with
gestational ages below 29 weeks can produce glucose at the
same rate as term infants within the first day of life.4,35–37 To
our knowledge, there are no human data on fetal enzyme
activities, but animal studies have demonstrated that at this
gestational age (< 29 weeks), enzymes regulating glucose
production are not activated. Thus, the reported results
imply that the birth process itself activates these enzymes.

Although glucose turnover rates have been measured
with high accuracy using isotope dilution methods for 30
years, estimating its two components gluconeogenesis and
glycogenolysis has been a challenge for many investigators.
This is because measures of gluconeogenesis are compli-
cated by inflow, loss and exchange of carbons in the TCA
cycle reactions. Thus, various approaches to measure
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gluconeogenesis using stable isotopes have been
attempted in the past. Those pertinent to the pedi-
atric population are discussed below.

(1) Estimates of the fraction of glucose production
derived from a single substrate (tracing a labeled gluco-
neogenic precursor, e.g., glycerol, alanine, or lactate, to
the product, glucose). Based on the appearance of 13C
in glucose following infusion of [2-13C]glycerol, we and
others10–13 have demonstrated that in fasting term infants
studied during the first day of life, glycerol accounted for
about 10–20% of glucose production (measured by iso-
tope dilution of [6,6-2H2]glucose). In addition, using the
same study design, we demonstrated14 that very prema-
ture infants (< 28 weeks) receiving only a small amount
of intravenous glucose (one-third of their normal turnover
rate) were capable of converting glycerol to glucose dur-
ing the first day of life. Frazer et al.38 showed in term AGA
and SGA infants studied during their first 8 h of life, that
about 10% of 13C from infused [2,3-13C2]alanine appeared
in blood glucose implying that newborn infants are capable
of using amino acid carbon for glucose production in the
immediate perinatal period. Further, Kalhan et al.39 (using
[13C3]lactate) reported that in newborn term infants lactate
accounted for ∼18% of glucose production. Collectively,
these results clearly demonstrate that gluconeogenic key
enzymes are activated at or within a few hours of birth inde-
pendent of gestational age.

The use of a single tracer provides information only about
the fraction contributed from this specific single gluco-
neogenic substrate and not the total fraction of glucose
derived from gluconeogenesis. Further, this contribution
from a single substrate is underestimated because tracer
dilution due to inflow, loss and exchange of carbons in the
TCA cycle is not taken into account.

(2) Estimates of total gluconeogenesis. Recently three
new stable isotope methods with the potential to accu-
rately measure total gluconeogenesis have been described.
Each of them has both strengths and weaknesses.
The three methods are: (1) Mass isotopomer distribu-
tion analysis (MIDA) of plasma glucose during infu-
sion of [U-13C]glucose;41,42 (2) MIDA during infusion of
[2-13C]glycerol;42–44 (3) Ingestion (or infusion) of deuteri-
umoxide and measurement of deuterium enrichment in
glucose carbon 5 or glucose carbon 6.45–47 Because of the
complexity of these models, we recommend the interested
reader to carefully study the original publications for each
of these models.

(3)[U-13 C]glucose MIDA (Figure 43.1).40,41 This method
was described by Katz and Tayek40 but has been
recently modified by Haymond and Sunehag.41 Briefly,
infused [U-13C6]glucose undergoes glycolysis and yields
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[U-13C3]pyruvate, which in turn generates oxaloacetate
labeled with 13C in either C1-C3 or C2-C4. Oxaloacetate
is subsequently converted to phosphoenolpyruvate (PEP)
directly or following the reactions in the TCA cycle. As a
result of the carbon fluxes and exchange in the TCA cycle,
PEP will be labeled with 13C in one, two, or three of its car-
bons. Thus, glucose generated from these singly, doubly,
and triply labeled PEP molecules will be labeled by 13C pri-
marily in one (M + 1), two (M + 2), or three (M + 3) of its
carbons, and to a very small extent in four (M + 4) or five
carbons (M + 5). M + 1, M + 2, M + 3, M + 4, and M + 5
of glucose are labeled isotopomers of glucose, and can be
generated only via the gluconeogenic pathway. Since the
likelihood that [U-13C6]glucose (M + 6) will be formed by
recombination of two M + 3 molecules is extraordinarily
small, the M + 6 of glucose in the plasma space represents
nonmetabolized labeled glucose. The isotopomer pattern
of plasma glucose, i.e., the fraction of each isotopomer,
is determined by gas chromatography-mass spectrometry
after correction for natural abundance and contribution
from the tracer.48 It is of great importance that the infusion
rate of the tracer is sufficient to achieve enrichments that
can be measured with high accuracy by GCMS for each indi-
vidual isotopomer (M + 1 through M + 6). Thus, at steady
state, the enrichment of the largest isotopomer i.e., the
M + 6, should not be below ∼6–8%. The fraction of gluco-
neogenic molecules (% GNG molecules) can be calculated
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from the isotopomer pattern of plasma glucose using the
following equation:

% GNG molecules = 5
�
1

Mi

/
6
�
1

Mi (43.4)

where
5
�
1

Mi is the labeled glucose molecules generated via
gluconeogenesis (M1 through M5), and

6
�
1

Mi is all labeled
glucose molecules.

However, this would result in a significant underesti-
mation of gluconeogenesis because of the tracer dilution
(loss) in the TCA cycle. This dilution can be corrected by
comparing the 13C isotopomer pattern in lactate to that of
glucose40 or from the 12C/13C ratio in the labeled molecules
of glucose.41 Thus, gluconeogenesis as a fraction of glucose
Ra is the product of gluconeogenic molecules and the dilu-
tion factor:
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Mi
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Mi × 5
�
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/
5
�
1

13Ci (43.5)
| | | |

Molecules via GNG Tracer Dilution

Glucose Ra is calculated from the [U-13C]glucose enrich-
ment (M+6) using isotope dilution as described above. The
rate of gluconeogenesis is then calculated from the product
of fractional gluconeogenesis and glucose Ra.

(4) [2-13C]glycerol MIDA (Figure 43.2).42–44 This method
was described by Hellerstein et al. 42,44 and by Neese et al.43

Briefly, infused [2-13C]glycerol is converted (in the liver) to
dihydroxyacetone phosphate (which continuously is inter-
converted to glyceraldehyde–3-phosphate), thus providing
a pool of singly labeled 3-carbon units at the triose phos-
phate level. As a result of combination of two 3-carbon units
(i.e., two triose-phosphates) (precursor), the product, glu-
cose, can be unlabeled, singly (M + 1), or doubly labeled
(M + 2). The mass isotopomer distribution of M + 1 and
M+2 is dependent on the enrichment of the precursor pool
according to the generic formula for the formation of a bio
polymer, (a+b)× (a+b)=a2 +2ab+b2. In order to achieve
reliable measures of gluconeogenesis using this method,
the [2-13C]glycerol tracer must be infused at a substrate
rather than a tracer rate (25–50% of the glycerol turnover
rate), which might have an impact on glucose metabolism.
In addition, a second tracer is needed for measurement
of glucose Ra, e.g., [U-13C]glucose infused at a low rate
i.e.,∼0.1–0.4 µmol kg−1 min−1, resulting in isotopic enrich-
ments of 0.5–0.8% (depending on expected turnover rate).
At this infusion rate, potential M+1 and M+2 generated by
the [U-13C]glucose tracer, which could interfere with those
derived from the [2-13C]glycerol tracer, are negligible.

(5) Deuterium oxide method with measures of the
deuterium enrichment at glucose carbons 5 and 6
(Figure 43.3).45–47 This method was described by Landau
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et al.45,47 and Kalhan et al.46 The principle of this model
is that ingested (or infused) deuterium oxide equilibrates
with the total body water pool. Subsequently, deuterium
in body water exchanges with the hydrogens in inter-
mediary compounds along the gluconeogenic pathway. Of
particular interest for measurements of gluconeogenesis
are the hydrogens at the methyl carbon of pyruvate (car-
bon 3) and the hydrogen at carbon 2 of glyceraldehyde-
3-phosphate. When glucose is formed, pyruvate carbon
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3 with its attached hydrogen/deuterium atoms becomes
carbon 6 of glucose, while carbon 2 of glyceraldehyde-3-
phosphate with its attached hydrogen/deuterium becomes
carbon 5 of glucose. Thus, the deuterium enrichment in
glucose carbon 6 represents gluconeogenesis from pyru-
vate and does not include the contribution from glycerol,
while the deuterium enrichment at glucose carbon 5 is
retained from the triose-phosphate level and is, therefore,
purported to represent total gluconeogenesis i.e., inclu-
ding the contribution from glycerol.47 Since the body water
is the precursor pool for the hydrogen/deuterium, it can be
measured in plasma or urine or from the deuterium enrich-
ment at glucose carbon 2, since this is in total equilibration
with body water.

To avoid potential side effects of deuterium oxide, only
low doses (3–5 g kg−1 resulting in a body water enrich-
ment of 0.3%–0.5%) are used in humans. A body water
enrichment of this low magnitude would result in deu-
terium enrichment in glucose carbon 5 and 6 below the
limit of accuracy for usual GCMS measurements. How-
ever, Landau et al.45 and Kalhan et al.46 have described
a method to overcome this problem. Briefly, carbon 5 or
6 with their attached hydrogens/deuterium and hydroxyl
group are cleaved off (using periodate),45–47 thus gener-
ating formaldehyde. When formaldehyde is reacted with
ammonium, hexamethylenetetramine (HMT), C6H12N4, is
formed. Each of the 6 carbons in HMT (with their attached
hydrogens/deuterium) is derived from carbons 5 and 6
of glucose, respectively, resulting in HMT enrichments 6-
fold higher than that in carbon 5 of glucose and 5-fold
higher than that of glucose C6. The 5-fold increase instead
of the theoretical 6-fold, is a result of incomplete proton
exchange between body water and the methyl hydrogens
of pyruvate. The HMT can be analyzed directly by GCMS
without further derivatization. The HMT enrichments are
converted to the corresponding glucose carbons 5 and 6
enrichments using standard curve prepared from [2H7]-
or [5-2H1]glucose (glucose carbon 5) and [1-2H1]glucose
converted to sorbitol for glucose carbon 6 measures.45,46,49

Measurement of deuterium enrichment in glucose carbon
5 is an extremely tedious procedure requiring at least 0.5 mL
plasma per sample,47 while the glucose carbon 6 measures
are simpler and require a smaller amount of plasma, but
are less informative. HMT is analyzed by GCMS employ-
ing the EI mode. A non-polar GC column (No. 5) with thick
film (1.0 µM) provides excellent chromatographic resolu-
tion. Gluconeogenesis as a fraction of glucose Ra can be
calculated as follows:

“Gluconeogenesis from pyruvate” = (2HC6/2)/2Hbody water

(43.6)
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where 2HC6 is deuterium enrichment in glucose carbon 6
and 2Hbody water is deuterium enrichment in body water. The
factor 2 is included because the 6th carbon of glucose has 2
covalently bound hydrogens.

“Total gluconeogenesis” = (2HC5)/2Hbody water (43.7)

where 2HC5 is deuterium enrichment in glucose carbon 5.
Deuterium enrichment in plasma water or urine can be

measured by IRMS (see above).
The [U-13C]glucose MIDA, [2-13C]glycerol MIDA, and the

deuteriumoxide glucose C5 method are reported to reflect
total gluconeogenesis, while the deuterium oxide glucose
C6 method is thought to underestimate gluconeogenesis
as a result of incomplete equilibration of the deuterium in
body water and the hydrogens at pyruvate carbon 3, and
because the contribution of glycerol is not included.

We have directly compared all three of these methods
in infants and adults under identical conditions. The [U-
13C]glucose MIDA, [2-13C]glycerol MIDA, and the deuteri-
umoxide glucose C6 methods were compared in three
groups of prematurely born infants receiving total par-
enteral nutrition providing glucose at 17 µmol kg−1 min−1

(3 mg kg−1 min−1) that is about one-half their nor-
mal glucose turnover rate.50 Our results demonstrate
that the [U-13C]glucose and the [2-13C]glycerol MIDA
provide virtually identical estimates of gluconeogenesis
accounting for about 70% of glucose production, while
the deuteriumoxide glucose C6 estimate was significantly
lower (Figure 43.4). Using [2-13C]glycerol MIDA, the glu-
coneogenic contribution from glycerol and nonglycerol
sources can be partitioned. We observed that the non-
glycerol contribution measured by the [2-13C]glycerol MIDA



624 A. L. Sunehag and M. W. Haymond

corresponded very well to the deuteriumoxide glucose C6
estimate (Figure 43.4). In conclusion, in infants receiv-
ing total parenteral nutrition, both [U-13C]glucose and
[2-13C]glycerol MIDA are useful tools to measure total glu-
coneogenesis, while deuteriumoxide with measurements
of the deuterium enrichment at glucose carbon 6 would
underestimate gluconeogenesis by the contribution from
glycerol. Unfortunately, the deuteriumoxide glucose car-
bon 5 method requires large blood sample volumes,47 pre-
cluding its use in premature infants. We have, however,
compared the [U-13C]glucose MIDA with the deuteriumox-
ide glucose C5 methods in healthy young adults following
a 66 h fast. Preliminary results demonstrate that the two
methods estimate gluconeogenesis equally well.51

Although there are controversies regarding which of
these methods provide most accurate estimates of gluco-
neogenesis, each of them may be uniquely useful depend-
ing on the study design and subject population e.g., (1)
in infants and small children, the sample volume that can
be withdrawn is limited; (2) a study including numerous
samples requires simple sample preparation; and (3) use
of multiple tracers in the same study may confuse the
results. Recently, we have used the [U-13C]glucose MIDA
method in very premature infants receiving glucose alone
at 17 µmol kg−1 min−1 (3 mg kg−1 min−1) demonstra-
ting that infusion of glycerol increased gluconeogenesis
and prevented time-dependent decrease in hepatic glucose
production.52

In a recent publication, Kalhan et al.39 demonstrated that
in 24–48 h old newborn term infants, gluconeogenesis from
pyruvate (i.e., not including the contribution from glycerol)
accounted for about 30% of glucose production using the
deuteriumoxide glucose C6 method.

Protein metabolism

The newborn period has the highest growth rate of
extrauterine life. Thus, it is important to determine the
impact of nutritional interventions on neonatal protein
metabolism i.e., proteolysis, protein oxidation, and protein
synthesis. These parameters have been measured in new-
born term and preterm infants under various nutritional
conditions using infusion of individual or combined essen-
tial amino acids, e.g., leucine and phenylalanine labeled
with stable isotopes (13C or 2H).

Leucine tracer

Leucine equilibrates rapidly with α-ketoisocaproic acid
(αKIC) (the intracellular transamination product of

leucine).53 Leucine labeled with 13C, 2H and 15N is available,
but here 13C labeled leucine is used to exemplify the ana-
lytical principles. Thus, following infusion of [13C]leucine,
the 13C isotopic enrichment of αKIC reflects dilution of the
tracer in the intracellular space where protein and amino
acid metabolism occur. From the enrichment of αKIC, the
appearance rate of leucine (Leucine Ra) can be calculated
as follows:

Leucine Ra (µmol kg−1min−1)

= [(Einfusate/Eplasma) − 1] × I (43.8)

where Einfusate is the isotopic enrichment of the leucine
tracer; Eplasma is the 13C- enrichment (MPE%) of αKIC
in plasma and I, the infusion rate of the leucine tracer
(µmol kg−1 min−1). In subjects fed enterally or parenter-
ally, subtracting exogenously supplied leucine, Leucine Ra,
is an indicator of proteolysis.

Leucine oxidation can be calculated from the enrichment
of 13CO2 in breath samples obtained during the study using
the following equation:

Leucine oxidation (µmol kg−1min−1)

= (13CO2 × VCO2)/(0.7 ×13 CαKIC × 22.4 × 1000 × W)

(43.9)

where 13CO2 is the 13C enrichment in breath CO2 (derived
from the 13C- leucine tracer); VCO2 is the total CO2 produc-
tion (measured by indirect calorimetry); 13CαKIC is the 13C
enrichment in αKIC; 0.7 is the estimated fractional recov-
ery of CO2; 22.4 × 1000 converts mL of gas to µmol and W
is the weight of the subject.

Nonoxidative disposal of leucine (NOLD) is an indicator
of protein synthesis:

NOLD = Endogenous leucine Ra − Leucine oxidation

(43.10)

Since the leucine content of 1 g of protein is 590 µmol,54

the leucine data can be used to calculate proteolysis and
protein synthesis.

Phenylalanine tracer

Estimates of proteolysis and protein synthesis can
also be obtained using deuterated phenylalanine e.g.,
[2H5]phenylalanine and tyrosine (e.g., 2H2 tyrosine). Thus,
phenylalanine and tyrosine appearance rates (Phe Ra and
Tyr Ra), respectively, can be calculated using the same dilu-
tion equation as described above for leucine:

Phe Ra (µmol kg−1min−1) = [(Einfusate/Eplasma) − 1] × I

(43.11)
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where Einfusate is the isotopic enrichment of the phenylala-
nine tracer; Eplasma is the [2H5] enrichment of phenylalanine
in plasma (MPE%) and I, the infusion rate of the phenylala-
nine tracer,

Tyr Ra (µmol kg−1min−1) = [(Einfusate/Eplasma) − 1] × I

(43.12)

where Einfusate is the isotopic enrichment of the tyrosine
tracer; Eplasma is the [2H2] enrichment of tyrosine in plasma
(MPE%) and I, the infusion rate of the tyrosine tracer. Thus,
in fed subjects, subtracting exogenously supplied phenyl-
alanine provides a measure of endogenous phenylalanine
Ra, an indicator of proteolysis. Hydroxylation of phenyl-
alanine (Phe) to tyrosine (Tyr) (determined from the 2H4

enrichment of tyrosine) provides a measure of irreversible
loss of phenylalanine:

Phe→Tyr = Tyr Ra × ([2H4] Tyr/[2H5] Phe)

× Phe Ra/(IPhe + Phe Ra) (43.13)

where 2H4 is the deuterium enrichment in tyrosine derived
from Phenylalanine; IPhe is the infusion rate of the phenyl-
alanine tracer, and Phe Ra/(IPhe + Phe Ra) corrects for the
contribution from the phenylalanine tracer.

Nondisposable phenylalanine
(an indicator of protein synthesis) = Phe Ra − Phe→ Tyr

(43.14)

Since the phenylalanine content of 1 g of protein is 280
µmol,54 the phenylalanine data can be used to calculate
proteolysis and protein synthesis.

Using these methods, it has been demonstrated that in
term infants, parenteral amino acids suppressed proteo-
lysis and increased protein oxidation, but had no impact
on protein synthesis.55 In contrast, in preterm infants
parenteral amino acids did not suppress proteolysis, but
increased protein synthesis.56–58 These studies also clearly
demonstrate that very premature infants can convert
phenylalanine to tyrosine.56,58 This is of significant impor-
tance, since most total parenteral nutrition solutions do not
contain tyrosine. Van Goudoever et al.59 showed that pre-
mature infants receiving parenteral amino acids from the
first day of life had an improved leucine balance as a result of
both increased estimates of protein synthesis and reduced
proteolysis. In contrast, in response to feeding (following a
3–5 h fast), in premature infants proteolysis was suppressed
while no change in protein synthesis was observed,60 and
in preterm infants fed protein-enriched human milk, pro-
tein turnover, but not protein disposition was correlated
with protein intake.61 In contrast to adults, parenteral glu-
cose did not affect proteolysis in either term62 or preterm

infants.63 In addition, in very premature infants, a reduc-
tion of the glucose infusion rate to 17 µmol kg−1 min−1

(3 mg kg−1 min−1) did not alter proteolysis.50 Parenteral
lipids have been reported to have no impact on proteolysis
in healthy, term newborns.62 In ill premature infants, amino
acid but not glucose or lipid intake, was correlated with
leucine oxidation and nonoxidative leucine disposal (an
index of protein synthesis).64 Liet et al.65 investigated the
effects of parenteral medium chain (MCT) v. long-chain tri-
acylglycerol (LC) on leucine metabolism in preterm infants
and reported that leucine oxidation was higher in infants
receiving mixed MCT-LC when compared to those receiv-
ing only LC. However, no differences in leucine derived
from protein break down or nonoxidative leucine disposal
were observed. Thus, the resultant net leucine balance was
less positive in the mixed MCT-LC group than in the LC
group.

Urea tracer

Protein oxidation has also been estimated from the plasma
appearance rate of urea during infusion of [15N2]urea in
newborn infants using the following equation:66

Proteinoxidation(mg kg−1 min−1) = Raurea · 0.47 · 6.25

(43.15)

where Raurea is the rate of appearance of urea (mg kg−1

min−1), 0.47 is the fraction of urea that is composed of
nitrogen, and 6.25 is the inverse of the fraction of nitro-
gen in protein.67 Under study conditions where 13C labeled
leucine is used in combination with other 13C labeled tra-
cers, and protein oxidation cannot be measured from the
13CO2 enrichment, the [15N2]urea can be used to measure
protein oxidation and the [13C]leucine tracer to measure
total leucine Ra.

Other amino acid tracers

Various other amino acids labeled with stable isotopes e.g.,
glutamine68 and glycine69 have been infused in newborn
infants and their metabolic fate has been determined. In
addition, [U-13C]glucose (administered at rates resulting
in 13C6 enrichment of glucose of 60%) has been utilized
to determine the capacity of premature infants to syn-
thesize nonessential amino acids (glutamine, glycine, ala-
nine, serine, aspartate, cysteine and proline) from glucose
carbon,70,71 demonstrating that premature infants have a
reduced capacity to synthesize proline, aspartate, and cys-
teine. This would imply that these amino acids might be
conditionally essential in infants born prematurely.71
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Lipid metabolism

Glycerol and FFA metabolism

Lipids are important energy substrate providing over
twice the calories of glucose or protein. Furthermore,
hydrolysis of triglycerides (lipolysis) yields glycerol and
free fatty acids (FFA). Glycerol is a potential gluconeogenic
substrate, while the FFA upon hepatic β-oxidation pro-
vides energy to drive the gluconeogenic process as well
as reducing equivalents crucial for many metabolic pro-
cesses. Since glycerol is not re-esterified, plasma gly-
cerol appearance rate (glycerol Ra) is a good indica-
tor of lipolysis. Glycerol Ra can be measured using gly-
cerol labeled with 13C or 2H using the same isotope dilu-
tion equations described above for glucose and amino
acids.

Using a simultaneous infusion of [2-13C]glycerol and
[6,6-2H2] glucose, we and others have demonstrated that in
healthy term infants, infants of diabetic mothers, growth-
retarded infants and very premature infants, lipolysis was
initiated in the immediate postnatal period at a rate 3 to 4
times that of a fasting adult. Further, 50%–90% of glycerol
Ra was converted to glucose accounting for 10%–45% of
glucose production in short-term fasted term and preterm
infants.10–12,13,50 Using 13C labeled palmitate, Bougnères
et al.10 reported that mobilization of FFA from the trigly-
ceride stores was a very active process during the first day of
life in healthy newborn term, growth-retarded and slightly
premature infants and that the FFA inflow was directly
related to the length of the fasting period. The investigators
also demonstrated a direct relationship between FFA flow
and plasma palmitate concentrations, and between plasma
concentrations of palmitate and β-hydroxybutyrate indi-
cating that FFA oxidation is also active soon after
birth.

Ketone body metabolism

Ketone body transport, β-hydroxybutyrate (3-OHB) +
acetoacetate (AcAc) in neonates have been performed
using D-3-hydroxy[4,4,4-2H3]butyrate.72,73 Total ketone
body appearance in plasma (Ra ketone bodies) was cal-
culated using the following equations:

E KB = E OHB × [OHB]/[OHB + AcAc]

+ EAcAc × [AcAc]/[OHB + AcAc] (43.16)

where EKB is total ketone body enrichment in plasma;
E OHB and EAcAc are the plasma enrichments of
β-hydroxybutyrate and acetoacetate, respectively; and

[AcAc] and [OHB] are the plasma concentrations of β-
hydroxybutyrate and acetoacetate, respectively.

Ra ketone bodies = [(E infusate/E plasma) − 1] × I

(43.17)

where E infusate is the enrichment of the D-3-
hydroxy[4,4,4-2H3]butyrate tracer; E plasma is the total
ketone body enrichment (E KB). The results demonstrate
that newborn term infants have an accelerated ketone body
production and utilization even when fed every 4 hours.

Long chain FFA

Long-chain polyunsaturated fatty acids, particularly
arachidonic acid (C20:4n-6) and docohexaenoic acid
(C22:6n-3) are found in high concentrations in struc-
tural lipids of the CNS and are increased during
growth. Animal studies have demonstrated that long-
chain polyunsaturated FFA can be synthesized from
linoleic acid (C18:3 n6) and linolenic acid (C18:3n-3).
Using a continuous ingestion of formula labeled with
[U-13C]linoleic acid and [U-13C]linolenic acid74 or a
single bolus dose of these tracers75,76 it was demon-
strated that both term and preterm infants are capa-
ble of synthesizing long-chain polyunsaturated FFA from
linoleic and linolenic acid both via desaturation and
elongation.

Other lipids

Lipids (phospholipids) are also important constituents
of pulmonary surfactant. Surfactant reduces surface ten-
sion, thus facilitating alveolar expansion at the end of
expiration. Lack of surfactant is a cause of respiratory
distress syndrome in newborn infants. Bunt et al.77 and
Merchak et al.78 studied surfactant synthesis and turnover
in premature infants using [U-13C]glucose as a precur-
sor for palmitic acid in surfactant phosphatidylcholine.
During intravenous infusion of [U-13C]glucose (preceded
by administration of exogenous surfactant via an endo-
tracheal tube) a significant incorporation of 13C from
[U-13C]glucose into palmitic acid in phosphatidyl choline
in tracheal aspirate was observed. The fractional syn-
thesis rate of surfactant phosphatidylcholine palmitic
acid from glucose was 2.7% ± 1.3% per day77 and 5.2%
per day.78 The metabolism of exogenous surfactant has
also been investigated using surfactant labeled with 13C-
dipalmitoylphosphatidylcholine.79
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Energy expenditure

Doubly labeled water, i.e., water in which the hydrogen and
oxygen atoms are replaced by the stable isotopes 2H and
18O is a useful tool for measuring energy expenditure in
free-living subjects. The principle is as follows: the subject
receives a drink containing the mixed isotopes (2H2O and
H2

18O). Following an equilibration period of a few hours,
urine and or saliva samples are obtained during the elim-
ination period of the isotopes i.e., 5–8 days in infants and
14–21 days in adults. While the 2H is eliminated only as
water, the 18O is eliminated both as water and CO2. Thus,
the CO2 production rate (rCO2) can be estimated from the
difference in the elimination rates of 2H and 18O (measured
by IRMS).80–82

rCO2 = (N/2f3)(k18O − k2H) − [(f2 − f1)/2f3]rG (43.18)

where N is the total body water pool size (mol); k18O and
k2H are the elimination rates of 18O and 2H, respectively,
per day; f1 and f2 are the fractionation factors for evapor-
ative water loss of 2H and 18O, respectively, and f3 is the
fractionation factor for 18O between CO2 and H2O.

Energy expenditure (EE) (KJ day−1) is then calculated as
follows:83

EE = 4.63 CO2 + 16.49 (CO2/RQ) (43.19)

Since the doubly labeled water method does not measure
O2 consumption, RQ (respiratory quotient) is unknown.
However, RQ can be replaced by FQ (food quotient), which
can be estimated from the fractions of the dietary intake
derived from protein, fat, carbohydrate, and alcohol.83

FQ = (p × 0.81) + (f × 0.71) + (c × 1.0) + (a × 0.67)

(43.20)

where p, f, c, and a are the fractions of the diet derived
from protein, fat, carbohydrate, and alcohol, respectively.
The constants are the values for FQ of the individual
substrates.84 It has been demonstrated that FQ is compar-
atively stable, ∼0.85 in omnivorous adults and ∼0.86–0.88
in vegetarians.83 In breastfed infants, the FQ changes from
∼0.84–0.87 during weaning. In bottle-fed infants the FQ
ranged between 0.84–0.88.

The doubly labeled water method has been validated
against the established indirect calorimetry method in
adults85 demonstrating good agreement between the
methods. However, applying the doubly labeled water
method to studies of newborn infants, particularly those
born prematurely, may decrease its precision and accu-
racy because of their high growth rate, high body water
content, high insensible water loss, and high water turnover

compared to CO2 production. Further, changes in body
composition occurring during the study period may not
be proportional to changes in the isotope dilution spaces.
It may also be difficult to ascertain appropriate administra-
tion of the doubly labeled water. Roberts et al.86 and Jensen
et al.87 compared the doubly labeled water method with
indirect calorimetry over a 5-day period. The first study86

included only four infants born after 27–34 weeks and stud-
ied at a postnatal age between 29 and 36 weeks. Only small
differences were observed between the methods. However,
there was a remarkably large variation in insensible water
loss, 5.5%–32.9% of total water loss, and, surprisingly, the
insensible water loss was not related to either gestational
age or postnatal age. The second study87 included 16 infants
with a mean gestational age of 30 weeks at birth studied at a
mean postnatal age of 30 days. The average energy expen-
diture agreed very well between the two methods, but there
were large individual variations. It has to be noticed that in
both studies, the majority of the infants were studied sev-
eral weeks after birth. The potential analytical errors asso-
ciated with the use of the doubly labeled water method in
premature infants delineated above, are likely to be related
to gestational as well as postnatal age.

Information about energy requirements in healthy and ill
premature infants is much needed and the doubly labeled
water method may provide a useful tool for addressing
these issues. However, accurate estimates of energy expen-
diture in premature infants require measurement of (1) the
total body water pool at beginning and end of the study
period; and (2) intake and loss of water, and energy intake
during the study period. Applying the doubly labeled water
method to premature infants with chronic lung disease,
demonstrated that dexamethasone did not affect energy
expenditure.88 De Meer et al.,89 on the other hand, reported
that premature infants with bronchopulmonary dysplasia
(BPD) had increased energy expenditure compared with
controls. A weakness of this study is that the controls were
studied at a postnatal age of 1 month, while the BPD infants
were studied at 2 months of age (gestational age and weight
at birth were identical in the two groups). Finally, infants
with congenital heart disease were shown to have increased
energy expenditure.90
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Introduction

It is clear that intrauterine undernutrition and subsequent
low birth weight result in significant health problems dur-
ing adult life. These include obesity, cardiovascular disease,
hypertension, and Type 2 diabetes. Evidence for a rela-
tionship between early postnatal nutrition and the subse-
quent development of allergies, immune dysfunction, and
autoimmune disorders such as Type 1 diabetes, is begin-
ning to accumulate. Numerous questions about the effects
of early postnatal nutrition on subsequent short as well
as long-term health have been raised: What happens to
infants born prematurely who are subjected to postnatal
undernutrition for a “critical period” of rapid growth and
development? Are these infants, if born appropriate for
gestational age and subjected to nutritional stresses “pro-
grammed” for a greater susceptibility to chronic diseases
such as obesity, Type 2 diabetes and hypertension, as are
undernourished fetuses? Does it matter what infants are
fed in terms of development of chronic diseases related to
autoimmunity, such as Type 1 diabetes and asthma? Can
under or overexposure to certain nutrients such as carbo-
hydrates, lipids or proteins in early life have an effect on
the development of chronic disease and can these effects
be passed on to subsequent generations? In this chapter,
we note that there are several remarkable similarities and
differences between the chronic effects of pre- versus post-
natal undernutrition. Some of the health consequences of
early postnatal malnutrition and hypothetical mechanisms
by which early nutrition “programs” the individual for long-
term outcomes will be addressed.

Early feeding: growth, adiposity, and metabolism

Feeding volume and energy density

Several studies of postnatal nutritional deprivation suggest
that different outcomes occur than if deprived prenatally.
Epidemiological studies in humans show that nutritional
deprivation in utero results in later obesity, hypertension,
and Type 2 diabetes.1 Similarly, in the laboratory, rats
that have undergone undernutrition during fetal life have
greater adiposity in adulthood.2 These studies suggested
that increased adiposity was due to increased adipocyte
size and not number. Several studies evaluating the out-
comes of postnatal nutrient restriction differ from those
of prenatal nutrient restriction. The litter manipulation
model in rodents has been used extensively to study
the long-term effects of postnatal under- and overnutri-
tion. In this model, pups are redistributed shortly after
birth to either small or large litters, resulting in overnutri-
tion or undernutrition during the suckling period, respec-
tively. McCance3 showed that rats undernourished during
the suckling period followed a permanently diminished
growth trajectory (Figure 44.1, top panel), whereas those
undernourished after weaning compensated for the period
of slowed growth and resumed the growth trajectory of
their normally nourished littermates (Figure 44.1, bottom
panel). Studies by others, using similar techniques, pro-
vided similar results.4,5 However, the obesity in adult rats
that were overnourished in infancy was due to increased
adipocyte number, rather than size,6 which is opposite from
the increased size found in offspring of rats restricted dur-
ing pregnancy.
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Figure 44.1. Effect of nutrient deprivation prior to weaning,

Panel A and after weaning, panel B.3 In panel A, litter size was

manipulated in rats so that rats from large litter sizes (closed

circles) received less milk than those from small litters (x) during

the 21-day suckling period, by which time rats from large litters

were substantially smaller than those from smaller litters. At this

point both groups were fed normally, but the smaller animals

(from large litters) continued to diverge in body size from the

larger animals. Thus, 3 weeks of dietary intervention had resulted

in a lifetime programming of growth trajectory. In panel B,

equivalent dietary manipulation for a 3-week period a few weeks

later had no lasting effect: the underfed animals (x) showed

catch-up growth compared with the normally fed animals

(circles) when they were re-fed; the critical window for growth

programming by early nutrition had passed.

In a baboon model, the long-term effects of postna-
tal nutrition on later adiposity and adipocyte morphol-
ogy were examined.7 In this study, baboons were fed
formulas of different energy densities throughout the suck-
ling period. At 5-years of age, female baboons that were

overnourished in the preweaning period were 40% heavier
than their normally fed counterparts. The fat depots in the
5 year-old overnourished female baboons were five times
that of the normally nourished females. In the males, no dif-
ferences were seen in the body weights, but the overnour-
ished males’ adipose depots were three times greater than
that of the control males.

Protein

The effects of dietary protein restriction in rats were
examined during pregnancy, lactation, or both.8,9 Lifetime
effects on size were seen only in relation to postnatal nutri-
tional manipulation. Animals fed by mothers that were fed a
low protein diet during lactation were permanently smaller,
whereas prenatal low protein diets fed to the mother had
no long-term effect on the size of the offspring.

In another study designed to determine the effects of
low protein diets on subsequent lipid metabolism in rats,
plasma total cholesterol, HDL-cholesterol and triacylgly-
cerol concentrations were all 20–50% lower in the 6-month-
old offspring of rats exposed to the low protein diet during
both gestation and suckling. Similar effects were found in
the offspring of rats exposed to the low protein diet during
suckling only. Only the decrease in plasma triacylglycerol
concentration was significant in the group exposed to a
low-protein diet during gestation only. These results are
contrary to expectations based on the inverse relationship
between birth weight and adult cardiovascular disease in
humans, in whom restriction during gestation results in
higher risk of cardiovascular disease.1

Lipids

In a study using rats, Reiser & Sidelman10 varied dams’ diets
to affect milk cholesterol concentrations. At 32 weeks of age,
the serum cholesterol concentration of male offspring that
had consumed the highest concentrations of milk choles-
terol during the suckling period was only 60% of that of con-
trol animals whose mothers had been fed a regular diet dur-
ing lactation. This suggested that higher cholesterol feeding
during infancy could result in decreased endogenous pro-
duction of cholesterol in adulthood. A subsequent study
of rats fed high fat and cholesterol diets from late gesta-
tion through lactation showed greater elevations in serum
cholesterol in male offspring than controls.11 However, in
the former study,10 the diets of the dams were varied during
lactation only, thus the results may not be contradictory.

Hahn12 studied the long-term effects of litter size in
rodents on hepatic and adipose tissue enzyme activi-
ties. At 60 and 300 days of age, male rodents that were
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suckled in small litters had elevated plasma cholesterol
concentrations and plasma insulin concentrations that
were nearly twice as high as animals suckled in large litters
of 18. The activity of hepatic beta-hydroxy-methylglutaryl-
CoA (HMG-CoA) reductase (the rate-limiting enzyme in
cholesterol biosynthesis) was 50% higher in the large lit-
ter than in the small litter animals at 60 but not at 240
days of age, suggesting a greater capability to synthesize
cholesterol.

Mott et al.13 examined the long-term effects of prewean-
ing cholesterol intake on cholesterol homeostasis in
baboons. In this model, infant baboons were either breast
fed by their mothers or fed one of several formulas that
varied in cholesterol concentration. After weaning, the ani-
mals were assigned to one of four diets that varied in choles-
terol content and ratios of polyunsaturated to saturated fat.
In adulthood, few differences were found in serum choles-
terol concentration or metabolism among the groups fed
different concentrations of cholesterol during infancy. The
triacylglycerol and HDL-cholesterol concentrations in the
adult baboons were 10%–15% lower in the mother-fed
group than in all of the formula-fed groups. Also, animals
fed by their mothers had a 15% higher ratio of VLDL +
LDL to HDL (p = 0.08), which indicated a more atherogenic
lipid profile. The breast-fed baboons on necropsy tended to
have more extensive atherosclerotic lesions than did their
formula-fed counterparts, but this trend was not statisti-
cally significant.

Overall, these results support the hypothesis that early
postnatal nutrition has long-term effects on growth, adi-
posity, and lipid metabolism. However, the methodology
used (litter expansion or contraction in rodents and/or
the use of maternal milk versus artificial formula) may be
flawed because the actual nutrient intake was difficult to
determine. Better techniques need to be utilized to avoid
confusion (see discussion of “pup in the cup” model in the
“Carbohydrates” section).

Carbohydrates

Early studies of glucose metabolism in fasted rodents
showed that rats suckled in small litters had a 2-fold higher
insulin concentration in adulthood than those suckled in
normal litters.4 Also, glucose tolerance tests conducted at
18 weeks of age showed a hyper-insulinemic response in
small-litter raised animals and a blunted insulin response
in large-litter raised animals relative to controls suckled
in normal size litters.4 This early study suggested a long-
term effect of early nutrition on carbohydrate metabolism
in adulthood.

The litter alteration technique, although used in many
rodent models, has significant shortcomings. Exact volume

and nutrient composition that the pups are receiving are
difficult to control and measure. Individual nutrients that
the infants are receiving cannot be accurately altered.
Experimental difficulties in rearing newborn pups with
their dams thus limit investigation with nutritional modi-
fications during the suckling period.

The artificial rearing technique, as described by Hall
et al., 14 sometimes called the “pup in the cup” model,
partially circumvents this problem. This model involves
placement of a soft catheter into the stomach using an
esophageal approach and feeding the pups with a modi-
fied rat milk substitute formula, the components of which
can be altered. Using this technique, feeding a high car-
bohydrate diet throughout the suckling period compared
with a composition similar to that of rat milk, resulted in
several alterations that were present not only short term,
but persisted into adulthood and even the next generation
of females.15,16 The adaptations included a distinct leftward
shift (increased sensitivity) in the insulin secretory capacity,
increased hexokinase activity, increased gene expression
of preproinsulin and related transcription factors and spe-
cific kinases in 12-day-old pancreatic islets isolated from
the animals fed a high carbohydrate diet. These adapta-
tions were also expressed into adulthood, sustaining the
hyperinsulinemic condition in the postweaning period. At
this time (100 days of postnatal age), high carbohydrate-
fed rats also weighed approximately 140 g more than their
mother fed controls. The high carbohydrate diet induced
an upregulation of several clusters of genes inclu-
ding insulin, P13K, and GLUT-2 transporter.15 The high
carbohydrate-fed female rats also spontaneously transmit-
ted the characteristics of chronic hyperinsulinemia and
adult onset obesity to their progeny.15 The plasma insulin
levels of second generation rats were significantly increased
(first observed on day 45), which may be aided by the basal
hyperinsulinema demonstrated by islets isolated from 100-
day-old rats. The growth of the second generation rats par-
alleled that of age-matched maternal fed rats up to post-
natal Day 55, but there was in increase in the growth rate
of these rats from Day 55 onward, with the onset of obesity
by Day 100.

It was postulated that the mechanisms of this generation
spanning effect might be due, in part, to epigenetic mech-
anisms. These can be triggered by changes in the environ-
ment and can occur in both somatic and germ cell lineage
during development. Three phases of the programming
elicited by feeding a high carbohydrate diet in infancy pos-
tulated by these investigators are described in Figure 44.2.16

Histone deacetylation and DNA methylation may be poten-
tial mechanisms for these effects (this will be discussed
in greater detail in the “Mechanisms of Programming”
section).
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Figure 44.2. Three phases of metabolic programming after feeding a high carbohydrate diet in the rat.15,16 Possible mechanisms for the

adaptations to the HC dietary intervention in the suckling period (Adaptive phase), the persistence into adulthood of these adaptations

(Persistence phase), and for their transmission to the progeny (Transmission phase) are shown.

Early nutrition and Type I diabetes

A growing body of research suggests that infant feed-
ing practices influence the risk for several chronic dis-
eases of childhood and adolescence that are associated
with autoimmunity including Type 1 diabetes, asthma,
celiac disease, some childhood cancers, and inflamma-
tory bowel disease. Artificial infant feeding and short-term
(compared with long-term) breastfeeding have been asso-
ciated with an increased risk for the development of Type
1 diabetes.17,18

A link between early introduction of cow’s milk based for-
mulas in infancy and an increased risk of Type 1 diabetes
has been suggested.17 Type 1 (insulin-dependent) diabetes
mellitus, like other organ-specific autoimmune diseases,
is thought to result from a disorder of immunoregulation.
T cells specific for pancreatic islet beta cell constituents
(autoantigens) exist normally, but are restrained by regu-
latory mechanisms (self-tolerant state). When regulation
fails, beta cell-specific autoreactive T cells become acti-
vated and expand clonally. Current evidence indicates that
islet beta cell-specific autoreactive T cells belong to a T
helper 1 (Th1) subset, and these Th1 cells and their charac-
teristic cytokine products, interferon gamma (IFN-γ ) and
interleukin 1 (IL-1), are believed to cause islet inflammation
(insulitis) and beta cell destruction. Immune-mediated
destruction of beta cells precedes hyperglycemia and clini-
cal symptoms by many years because these become appar-
ent only when most of the insulin-secreting beta cells have
been destroyed. Therefore, several approaches are cur-
rently being tested or are under consideration for clinical
trials to prevent or arrest autoimmune destruction of islet
beta cells and insulin-dependent diabetes.

Removal of dietary antigens, specifically cow’s milk pro-
teins, from the diet of infants at risk for Type 1 diabetes is
the basis of the currently ongoing Trial to Reduce Type 1
Diabetes in the Genetically at Risk (TRIGR). In this study,
hydrolyzed protein formula is used during the first 6–
8 months of life in infants at increased genetic risk for
the development of diabetes. Preliminary results suggest
that elimination of cow’s milk proteins during infancy
decreased the development of beta cell autoimmunity dur-
ing the first years of life.17 Other nutritional interventions
that might downregulate the Th1 response include increas-
ing the intake of omega-3 fatty acids in the diet19 and pro-
longing the feeding of breast milk. Another approach to
reduce beta cell autoimmunity is to increase the dietary
intake of vitamin D. Vitamin D is an important steroid-like
regulator of transcription, which might affect the expres-
sion of immunomodulatory genes. Preliminary studies of
supplemental vitamin D intake suggest a decrease in the
development of Type 1 diabetes.20

Other studies in diabetes-prone rats suggest that prior
to the onset of diabetes they have an intestinal mucosal
barrier that is more permeable than their nondiabetic
counterparts.21 Whether this “leakier” mucosal barrier
plays a role in the pathogenesis of diabetes by allowing
greater antigen penetration and imbalance of Th1/Th2
responses with resulting autoimmunity remains specula-
tive. However, if a “leakier” intestinal barrier plays a role in
the development of Type 1 diabetes, this suggests a role for
nutritional interventions. These could include the use of
protein hydrolysates22 to decrease antigenic load, omega-
3 fatty acids to decrease inflammation23 and perhaps even
short-chain fatty acids such as butyrate, that are known to
affect intestinal intercellular barrier properties.24
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Atopy, allergy and asthma

Allergic disease, a common cause of morbidity in young
children, has increased in the last 20 years in most
countries.25 Although hereditary predisposition appears to
be an important component for these diseases, the expo-
sure of “allergenic” foods during infancy also appears to
play a role. Whether only susceptible or all infants should
receive exclusive breast feeding, and/or partially or exten-
sively hydrolyzed protein formula for a finite period during
infancy in order to prevent these diseases will require fur-
ther study.25

Neurodevelopment

Several studies suggest that breast feeding promotes long-
term neurodevelopment.26 The evidence from studies in
preterm infants is particularly strong. Human milk con-
tains numerous factors such as hormones, free amino acids
and preformed long-chain polyunsaturated fatty acids that
may play a role in this effect. Whether the addition of cer-
tain human milk components such as long-chain polyun-
saturated fatty acids to infant formulas result in improved
neurodevelopmental outcome has been a topic of intense
recent investigation,27,28 and it is still unclear whether there
are long-term benefits in terms of cognitive function.

Mechanisms of “programming” by early nutrition

As previously mentioned, some of the results of the post-
natal nutritional deprivation studies differ somewhat from
those of prenatal studies. However, it is clear that early post-
natal undernutrition can have significant health effects that
extend into adulthood. What are the mechanisms of some
of these effects?

Our understanding of the biology underlying adap-
tations to critical events in early life that “memorize”
them and facilitate alterations in later life under cer-
tain stimuli remains sparse. Terminology used to describe
this phenomenon has been termed “programming”26 and
“metabolic imprinting”.29 Examples of critical windows
wherein early exposure to a drug or hormone can result
in life-long alterations include the effects of phenobarbi-
tal on cytochrome p45030 and the effects of supraphysio-
logic concentrations of insulin causing a permanent defect
in insulin binding to hepatic membrane receptors.31 One
dose of phenobarbital to a rat in early infancy can result
in upregulation of p450 in adulthood.30 Supraphysiologic
concentrations of insulin during a critical period of infancy
causes decreased binding of insulin to hepatic membranes
during later life.31

Many of the previous studies of this “programming”
have relied on retrospective epidemiologic studies, a few
have been prospective clinical trials and others have
been descriptive studies, none of which explain this phe-
nomenon on a subcellular molecular level. Newly devel-
oped techniques in molecular biology and biochemistry,
genomics and proteomics and epigenetics are likely to yield
exciting new information in this area. Currently, most of this
mechanistic work is in cell cultures, yeast and Drosophila,
but is beginning to extend to mammals and humans. Sev-
eral of the potential mechanisms for these effects are dis-
cussed in greater detail in other reviews.26,29 We will briefly
describe some of these putative mechanisms in this chap-
ter.

Alterations in cell number

Decreases in cell number may be a potential mechanism
for the changes observed in response to malnutrition. An
example shown by Winick & Noble32 is that severe mal-
nutrition during the period of rapid cell division in the
brain resulted in permanent deficits in brain cell number,
whereas malnutrition in later periods of brain cell hyper-
trophy did not have permanent effects.

Clonal selection

Another example is clonal selection, which is comparable to
Darwinian evolution operating at the cellular level. Clonal
selection occurs when there is a disproportionate popu-
lation growth of the most rapidly proliferating cells. For
example, if the nutrient environment is deficient in struc-
tural fatty acids, cells with a slightly more efficient or more
active lipogenic pathway could disproportionately popu-
late a tissue and lead to permanent alterations in organ or
tissue metabolism.

Metabolic differentiation

Another possible mechanism is that of metabolic differ-
entiation. This is characterized by the ability of a cell to
stably express a limited number of genes constitutively
or in response to given stimuli. This stability is main-
tained through epigenetic mechanisms.33,34 One of the
most well-described molecular mechanisms that underlie
epigenetic phenomena occurs when maternal or paternal
alleles of specific genes are stably repressed on the inac-
tive X chromosome.35 It is likely that these same epigenetic
mechanisms also contribute to metabolic differentiation.
Three of these mechanisms include (1) regulation of DNA
binding proteins, (2) modulation of chromatin structure,
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and (3) DNA methylation. These mechanisms likely func-
tion together to maintain the vast array of differentiated
tissues that characterize higher organisms.29

Regulatory pattern of DNA binding proteins

Most genes are not regulated by a single transcription factor
that binds to their promoter. Rather, a specific combination
of transcription factors is frequently required to activate or
repress transcription. Some of these transcription factors
bind to their own promoters and to the promoters of other
cell-specific transcription factor genes. This will cause a
transcription factor, once expressed in a cell, to perpetuate
its own transcription as well as related transcription factors
for a particular cell type.

Alterations in chromatin structure

Chromatin is the combination of DNA packaged in a
compact configuration with histone proteins and other
DNA binding proteins. The fundamental unit of chromatin
structure is the nucleosome, which consists of about 200
base pairs of DNA wrapped around a histone octamer.

Chromatin structure is highly correlated with gene
expression during development. Tissue specific regulation
of several genes has been correlated with alterations in local
chromatin structure.36 For chromatin to play a role in cell
memory, and hence metabolic differentiation, the specific
chromatin structure within a given region of DNA must be
stably propagated from progenitor cells to progeny. For his-
tones or other DNA binding proteins to be involved, they
must detach from a region of DNA before the DNA poly-
merase can replicate it. One such model is based on histone
modification. Amino acids on the histone tails may undergo
several covalent post-translational modifications such as
acetylation, ubiquitination, and phosphorylation. One of
the best described histone modifications is hyperacetyla-
tion, which is associated with regions of open chromatin
configuration.36 The open hyperacetylated chromatin con-
figuration (Figure 44.3) allows greater access of transcrip-
tion factors to DNA, hence enhancing transcription.

For “memory” to occur, histone hyperacetylated regions
of DNA need to be maintained in a transcriptionally active
configuration. After replication, because histones remain
in the vicinity of the replication fork (Figure 44.3), they
could signal the acetylation of additional histones required
for formation of complete nucleosomes. In this way, a spe-
cific chromatin configuration, altered by nutrition, could
have a lasting effect on specific gene expression. One exam-
ple of a nutrient known to affect histone acetylation is
butyrate.37

Figure 44.3. (A) Histone acetylation. When hyperacetylated, the

chromatin configuration allows greater access of transcription

factors to DNA, hence enhancing transcription.36 (B) DNA

replication-involvement of histone. For “memory” to occur,

histone hyperacetylated regions of DNA need to be maintained in

a transcriptionally active configuration. Histones remain in the

vicinity of the replication fork and acetylation of additional

histones is signaled. Thus, histone acetylation altered by nutrition

could have a lasting, transgenerational effect.37

One interesting example of this phenomenon that is
currently receiving considerable attention is the relation-
ship between nutrition, histone hyperacetylation, and
longevity. In this model, caloric restriction and three his-
tone deacetylases modulate the expression of genes that
affect the life span of yeast cells.38 Elimination of nonessen-
tial amino acids from the growth medium potentiates pro-
cesses that extend life span. Subsets of these processes are
ones that limit glucose availability. The induction of these
glucose-regulated processes is absolutely essential for the
increased longevity afforded by caloric restriction.
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Imbalance of dietary nutrient

Folate
Dietary methyl group
Zinc
Niacin
Vitamin C 
Selenium

Alteration of genomic DNA methylation

Alteration of gene-specific DNA methylation 

Promotor hypermethylation 

Promotor hypomethylation

Exon site hypermethylation

Exon site hypomethylation

Decrease in gene expression

Increase in gene expression

Decrease in gene transcription

Increase in gene transcription
Increase in DNA disruption

Cell growth, tissue 
differentiation, 
cancer, aging

Figure 47.4. DNA methylation – relationships to nutrients. Imbalances of specific nutrients alter DNA methylation, which in turn can

alter gene transcription and subsequent expression, resulting in aberrations in cell growth, differentiation, etc.40

Histone deacetylases have also been shown to modulate
life span in Drosophila.39 With knowledge of the mutual
effects of caloric restriction and histone deacetylases in
modulating life span, it should be possible to capitalize on
these processes and pathways that are elicited by caloric
restriction to better understand the processes of aging and
its relationship to nutrition.

DNA methylation

Methylation of DNA is one mechanism by which mammals
prevent the transcription initiation of certain genes. Nutri-
ents such as vitamins B12, B6 and folate, ascorbic acid,
amino acids such as methionine, and enzyme cofactors
such as zinc and selenium are known to play a role in one
carbon metabolism that contributes to methylation reac-
tions (Figure 47.4). One well known effect is the relation-
ship of neural tube defects and dietary folate insufficiency.
However, mechanisms of vitamin deficiency or adequacy
on DNA methylation and subsequent long-term outcome
remain poorly understood. Methylation of DNA does not
simply repress gene expression. Methylation changes how

proteins interact with DNA, which leads to an increase or
decrease in transcription and subsequent gene expression.
Where the specific methylation sites are located plays a
major role in their function.

The mechanism of DNA methylation relies on binding
or nonbinding of methyl groups to cytosine p-guanine
(CpG) aggregates, or “islands,” which are frequently found
in proximity to gene promoters, early exons, and in
the 3’ end of genes. Most of the cytosine nucleotides
in the sequence CpG in mammalian DNA are methy-
lated to 5-methyl-cytosine. The methylation pattern varies
among cells in different tissues and is maintained through
cycles of DNA replication by DNA methyltransferases that
are highly selective for cytosines in the hemimethylated
DNA generated when DNA methylated on both strands
is replicated. Thus, this maintenance methylase activ-
ity allows a specific pattern of methylation to be trans-
mitted to progeny cells, resulting in cell memory. Since
early nutrition affects gene expression during differen-
tiation, cell-specific DNA methylation may be changed,
which might lead to persistent effects on the activity of the
gene.
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Conclusion

In this chapter, we have presented various aspects of post-
natal nutrition and effects on subsequent health. Undernu-
trition and other nutritional perturbations in early postna-
tal life can have major consequences in later life. These
include obesity, Types 1 and 2 diabetes, atherogenesis,
allergic and atopic diseases, aging, and cognition. Some
of the effects of postnatal undernutrition are similar and
others differ from those of intrauterine undernutrition.

We are just beginning to learn about the mechanisms
underlying some of these alterations. The information
available on DNA methylation and histone acetylation
only suggests possible cellular/molecular mechanisms for
nutritional programming. It is likely that these do not func-
tion as single entities, but rather in concert with many
other developmental processes. This may help explain the
highly heterogeneous nature of why nutritional depriva-
tion at one stage of life (prenatal) may cause completely
different effects than a similar perturbation in later devel-
opment (postnatal).
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Growth outcomes of preterm and very low birth weight infants
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Despite advances in perinatal care and nutrition, growth
failure remains a major problem for preterm infants who
require neonatal intensive care.1,2 This growth failure
which occurs during the critical period of perinatal devel-
opment has long-term implications for later growth attain-
ment and for other aspects of health and development.3–7

Reports of perinatal growth failure and the potential for
catch-up growth prior to the era of neonatal intensive care
pertained mainly to low birth weight (LBW) infants, those
weighing less than 2.5 kg.8 More recent follow-up studies
of children who experience intrauterine and/or neonatal
growth failure pertain to preterm infants with very low
birth weight (VLBW, less than 1500 g) or extremely low
birth weight (ELBW, less than 1000 g). Initial reports fol-
lowing the introduction of neonatal intensive care in the
1970s described growth during infancy and childhood.9–17

As the children have reached adolescence and young adult-
hood, information has been gained concerning final height
attainment and other aspects of body growth.

This chapter will review the current knowledge concern-
ing the growth outcomes of preterm infants and the cor-
relates of these outcomes, and also summarize the results
of a longitudinal study of the growth of a cohort of VLBW
children born in Cleveland, Ohio and followed to 20 years
of age.18

Definitions and review of methodology in studies
of growth of preterm infants

The methodology used in the majority of studies has been
to compare the mean growth measures of preterm infants,
or rates of subnormal growth, to those of a term-born

normal-birth-weight control population, or to national
growth norms. Growth parameters examined have been
body weight, length and head circumference, and to a lesser
extent, body mass index (BMI) and skin-fold thickness.
Most studies have reported findings according to birth-
weight-specific subgroups rather than according to gesta-
tional age. This introduces bias since birth-weight-specific
subgroups include children with intrauterine growth fail-
ure who are of a higher gestational age than children
who have normal in-utero growth but are included in the
sample because they fall below the selected birth-weight
cut-off.19 Examination of growth outcomes of VLBW popu-
lations has also been confounded by other aspects of popu-
lation selection. Some studies have included only children
who have normal intrauterine growth, i.e., are appropriate-
for-gestational-age children (AGA) and excluded those
born small-for-gestational-age (SGA) following intrauter-
ine growth failure.11,13 Some studies include only single-
ton births and exclude multiple births, many of whom
are SGA. In some studies children with chronic illnesses,
or those with neurologic impairments such as cerebral
palsy, are excluded,18,20–23 whereas in other studies such
children are included.11,16,24 Few have examined gender-
specific growth outcomes 18,24,25 or considered parental
size in their analyses. 16,18,24,26 There is also no consen-
sus as to how long to correct for gestational age because of
preterm birth. Some correct the children’s ages into child-
hood 16 and even into adolescence.26 Wang suggests cor-
rection to 3 years of age for VLBW children.27 Elliman has
shown that, for very immature infants, correction for ges-
tational age makes a difference to the height z-score up to
the age of 7 years. She has suggested that correction for
gestational age should continue to age 3 years for children
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born at 32 weeks gestation, to age 5 years for those born at 28
weeks gestation and to age 7 years for those born at 24 weeks
gestation.23

Comparison between studies may also be confounded
by the normative growth values used for evaluating in-
utero and postnatal growth.27 The use of regional specific
norms is advisable, if available. Currently available norma-
tive values for in-utero growth are based on national birth
records and pertain to birth weight only. Those most com-
monly used in the USA are by Alexander28 and Zhang.29

Kramer has published updated gender-specific Canadian
norms for infants born between 1994 and 1996.30 The only
norms available for birth length and head circumference
in North America are those of predominantly Caucasian
infants from Montreal, Canada born in the years 1959–
196331 and of predominantly African-American infants
born in Detroit, USA in the years between 1984 and 1992.32

Birth length of preterm infants is difficult to measure due to
the difficulty in stretching out sick immature infants who
are very often on ventilators.18,22,33

Most of the studies of VLBW growth in North Amer-
ica published prior to 2003 used the 1977 National Cen-
ter for Health Statistics (NCHS) growth curves based on
births in the years 1929–1975 and recognized by the
World Health Organization for international use.12,16,24,34

Updated growth curves were published by the Centers
for Disease Control in 2000 based on births in the years
1966–1994.35 They exclude VLBW children whereas the
1977 NCHS norms included all birth weight groups. The
updated CDC growth curves extend from term birth to 20
years of age, include body mass index (BMI) for age charts
and are considered to represent the combined size and
growth patterns of breast- and formula-fed infants. The
most recent British21 and Australian22,26 studies of VLBW
outcomes have used the British Growth Reference of 1990
for comparative purposes.36 These include weight and head
circumference norms from 23 weeks gestation and length
and BMI norms from 33 weeks gestation. The weight and
length norms extend to age 22 years and the head circum-
ference norms to age 18 years. Cole also recently published
a British weight reference chart specifically for breast-fed
babies who have different growth projectiles during the first
year of life than formula-fed babies.37 The British Growth
Reference of 1990 and the updated CDC norms are sex-
specific and have programs to convert growth measures to
z or standard deviation (SD) scores. Z-scores provide a more
sensitive measure of growth than percentile cut-offs. A z-
score is calculated by subtracting the expected value for age
and sex from the child’s actual measurement and dividing
the difference by the standard deviation for the measure-
ment. A z-score of zero equals the median height or the

50th percentile. A z-score of −2 (−2 SDs) approximates the
2nd percentile.

It has been debated whether growth charts based on the
growth of preterm LBW children1,38,39 should be used for
comparative purposes rather than those of normal birth
weight term-born children.40 We and others advocate the
use of growth charts based on normal birth weight chil-
dren since VLBW charts are based on the growth of preterm
infants, many of whom are growth retarded at birth and/or
have neonatal complications of prematurity and/or subop-
timal postnatal nutrition.1,20,38,41 Acceptance of the norms
of such VLBW infants may lead to a complacency in efforts
to maximize both neonatal and postdischarge growth.42

Examination of growth velocity is the best way to describe
the dynamics of growth during infancy and childhood.
However there are no growth velocity charts available
which give normative values for growth velocity at vari-
ous ages.43 It is thus best to use a change in z (SD) scores or
distance growth to measure the rate of growth over time.

There has been very little uniformity in the literature in
the definition of subnormal growth attainment or catch-up
growth. Subnormal growth attainment has been defined
variously as less than the 10th percentile, less than the
5th percentile, less than the 3rd percentile or less than −2
standard deviations (the 2nd percentile) below normative
growth.30,44 “Catch-down growth” or “failure to thrive” has
been defined as a decrease in growth velocity 41,45 or as evi-
denced by the crossing of percentiles on growth charts.16

Ong has defined catch-down or catch-up growth between
birth and 2 years of age as a fall-off or increase in weight or
length of more than 0.67 standard deviations, which repre-
sents the width of each percentile band on standard growth
charts, i.e., 2nd to 9th percentile, 9th to 25th percentile, 25th
to 50th percentile and so on.46

Catch-up growth

The term “catch-up” growth was first introduced in 1963 by
Prader to describe an increased velocity of growth which
occurs after a temporary arrest of growth during infancy
or early childhood: Prader defined catch-up growth as a
return of the child’s growth to its previous normal growth
projectile.47 The term “catch-up growth” currently per-
tains to an increased growth velocity following a period of
growth retardation, even if this occurred in-utero. Catch-
up growth has been variously defined as growth from below
a defined subnormal range to above this range,16,48 to the
crossing of percentiles on normative growth charts, which
is equivalent to an increase of more the 0.67 SD,45,46 or
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to having achieved growth attainment similar to that of
normal-birth-weight controls.18

In animal experiments of growth failure, the potential
for catch-up growth is related to the age of onset, duration,
and severity of the original growth failure. For example an
animal will remain permanently stunted if the restriction
of growth is prolonged, or if it is induced coincident with
the timing of the species-specific growth spurt (i.e., dur-
ing the pre-weaning period). If growth failure is induced
during the subsequent body growth spurt, rapid catch-
up is more likely.49 Factors that affect the potential for
catch-up or compensatory growth in animals include an
increased appetite, tolerance for an increased quantity of
nutrients, increased efficiency in the utilization of nutri-
ents, increased rate of growth, and prolongation of the
growth period.

Among humans catch-up growth is also probably depen-
dent on the programming of appetite.50 This is associated
with high food intake, efficiency of food utilization and
changes in body composition.51,52 Among children born at
term gestation who have suffered from intrauterine growth
failure, catch-up growth is dependent on the cause and tim-
ing of the growth failure. Children born with major congeni-
tal malformations rarely demonstrate catch-up growth, but
up to 85% of term-born children with growth failure result-
ing from placental or other undefined causes demonstrate
catch-up growth to within the normal range. This usually
occurs during infancy and early childhood.48

Catch-up growth following malnutrition during infancy
may occur during childhood and adolescence,53,54

although some report persistence of growth failure.55

Many of these studies are confounded by the persis-
tence of suboptimal nutrition and, in many cases, poor
socio-environmental conditions. A remarkable catch-up of
growth during late adolescence and early adulthood has
been reported among slave populations.56 In contrast to
malnutrition that occurs during infancy and early child-
hood, the growth failure of preterm and VLBW infants
occurs mainly during the critical period of perinatal brain
growth.

Preterm and very low birth weight children

Early childhood growth outcomes of preterm and ELBW
infants born in the 1990s

The majority of extremely premature and VLBW infants
experience some degree of intrauterine and/or neonatal
growth failure.1,2,57 Despite advances in neonatal care and
nutrition, many infants fail to grow adequately during the

initial neonatal period with the result that the rates of sub-
normal weight, length and head circumference are much
higher at the time of discharge home than at birth. Poor
neonatal growth is most prevalent among the least mature
and/or smallest infants, the majority of whom have high
rates of neonatal morbidity and also tolerate feeds poorly.

With the exception of randomized controlled trials
of nutritional and other therapeutic interventions,58,59,60

there have been few reports of the post-discharge growth
of very preterm and/or ELBW infants surviving in the 1990s
and none concerning those born with birth weights of
1000–1500 grams.

Wood’s report of the growth results of the Epicure study
of infants born at less than 26 weeks’ gestation in the UK in
1995 provides important information on the growth of very
immature infants in the 1990s.61 The population included
271 children who were followed to 30 months corrected
age. At this age they were smaller on average when com-
pared with the British Growth Reference Norms.36 Their
mean z-scores for weight were 0.27 at birth. Due to neona-
tal growth failure the mean z-scores dropped to −1.72 at
the expected date of delivery (EDD) and then increased to
−1.19 by 30 months corrected age. The mean z-scores for
head circumference were 0.09 at birth, −0.86 at the EDD
and −1.40 at 30 months corrected age, and the mean z-
scores for length/height were −2.49 at the EDD and −0.70
SD at 30 months corrected age. At 30 months corrected age
25% of the children had subnormal weight (<−2 SD), 37%
subnormal head circumference, 13% subnormal height,
24% subnormal BMI, and 7% a subnormal arm circum-
ference. Eight percent of the children had a weight <−3
SD and 16% a head circumference <−3 SD. Significant cor-
relates of poor growth included feeding problems, neuro-
developmental disability, severe chronic lung disease
requiring home oxygen and postnatal steroid therapy.61

Of note is the fact that the head circumference z-score
decreased between the EDD and 30 months corrected age.
Follow-up of this cohort to age 6 years revealed further
catch-up in weight and height to mean z-scores of −1.21
and −0.97, respectively. There was also some catch-up in
head circumference.62

Finnstrom reported on the outcomes of 367 ≤ 1000 g
birth weight and ≥ 23 week gestation children born 1990–
1992 in Sweden. At 36 months corrected age 24% of the
children had subnormal (z-score <−2) weight, 17% sub-
normal height, and 10% subnormal head circumference,
respectively.63 O’Callahan reported similar results for an
Australian cohort of 58 < 1000 g birth-weight children born
1988–1990 of whom 17% had a weight below the 3rd per-
centile at age 2 years and 10% had a height below the 3rd
percentile.64
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The only recent reported growth outcomes of preterm
children born in the USA pertains to an abstract descri-
bing the growth of 1136 500–1000 g birth-weight children
included in the NICHD Multicenter Neonatal Research Net-
work Follow-Up Program who were followed to 18 months
corrected age. Seventeen percent of the children had a
birth weight <10th percentile for gestational age. Because
of neonatal growth failure, 99% were <10th percentile at
36 weeks corrected age (i.e., 4 weeks before the expected
date of delivery). Some catch-up growth occurred during
infancy. However, at 18 months corrected age 46% of chil-
dren were still <10th percentile in weight, 43% < 10th
percentile in length and 43% < 10th percentile in head
circumference.65

The above review reveals that catch-up growth may occur
during infancy and early childhood among ELBW and
preterm infants, as evidenced by an increase in the z-scores
and/or a decrease in the rates of subnormal growth with
increasing age. However, as a group, the children remain
significantly smaller in size during childhood than normal
birth-weight controls or population norms. These results
are similar to those described for very low and ELBW chil-
dren born in the 1980s.9–13,18,24,26 See also results of lon-
gitudinal studies below. Since there have been no recent
studies, it is unknown whether VLBW children who have
relatively low rates of neonatal morbidity, such as those
with birth weights of 1000–1499 g, have better growth out-
comes in the 1990’s than those born before this time. For
preterm children born at less than 32 weeks gestation in
Switzerland, Bucher reported that at 2 years of age, when
compared with term-born controls, the preterm popula-
tion had significantly lower weights (−1.0 z-scores), shorter
length (−1.23 z-scores) and smaller head circumference
(−0.64 z-scores).66

Adolescent outcomes of VLBW children

Reported adolescent outcomes of VLBW and ELBW chil-
dren pertain to births in the 1980s. Some of the studies
report on growth at one point in time21 and some report lon-
gitudinal growth.22,24 The age of puberty is reported to be
similar for VLBW and control subjects,18,21,22,24,67 but exam-
ination of growth at fairly wide ages which span the pubertal
growth spurt might confound comparisons between stud-
ies. The most recent reports are reviewed below.

Powls in the UK compared a cohort of 137 VLBW adoles-
cents who had been treated at the Mercy Regional Neonatal
Unit between 1980 and 1983 to school-mate controls. At age
11–13 years, 7% of the participants remained < the 3rd per-
centile and 23% <10th percentile in height. The mean dif-

ference in height, weight, and head circumference between
the VLBW subjects and controls were 4.1 cm, 2.5 kg, and 0.89
cm, respectively.21

Ford in Australia compared the growth outcomes of
two birth-weight-specific groups of neurologically normal
VLBW infants born 1977–1982, and treated at a tertiary level
referral hospital in Melbourne, to a normal-birth-weight
comparison group.22 The children were measured at ages
2, 5, 8, and 14 years old. At age 14 years the population
included 73 < 1000 g birth-weight children, 92 children of
1000–1499 g birth weight, and 41>2499 g birth-weight chil-
dren. The VLBW children had significantly lower weight,
height, and head circumference z-scores than the normal
birth weight group at all ages examined but the differ-
ences in weight and height decreased with increasing age,
indicating continued catch-up growth up to age 14 years,
such that there were no significant differences between the
VLBW and NBW groups in the rates of subnormal (<−2
SD) weight or height at age 14 years (3% v. 0% and 4% v. 2%,
respectively). The < 1000 g birth-weight subgroup had a
significantly lower head circumference than the 1000–1499
g subgroup at all ages but by age 14 years they did not differ
in mean weight or height z- scores. In an additional publi-
cation pertaining specifically to the <1000 g group, Doyle
noted that catch-up growth occurred mainly between 8 and
14 years.26

Peralta Carcelana in the USA compared 53 neurologically
intact <1000 g birth-weight children born in Birmingham,
Alabama with term-born controls at age 12–18 years. At this
time the <1000 g birth weight group had significantly lower
mean weight, height, and head circumference scores than
the controls. Six percent had subnormal weight, 6% sub-
normal height, and 8% a subnormal head circumference.
Body composition as measured by DEXA scans was similar
between groups.67

Hirata, in San Francisco, USA followed 32 < 1000 g birth-
weight infants born 1972–1981 to ages ranging from 12–18
years and reported catch-up of weight, height, and head
circumference to the 50th percentile. Since only 31% of the
subjects were followed, the results might not represent the
whole cohort. Furthermore, the age span studied was very
wide.68

Saigal in Canada compared 154 < 1000 g birth-weight
children born 1977–1982 in a geographically defined region
of Ontario (including those with neurologic impairments)
with a normal-birth-weight control group.24 At age 12–16
years the < 1000 g birth-weight group had a significantly
lower mean weight, height, and head circumference and
lower respective z-scores. Eight percent of the children were
subnormal (<−2 SD) in height, 6% subnormal in weight,
and 16% subnormal in head circumference. Males had
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higher rates of subnormal height and weight than females
when compared with their sex-specific controls.

In a study of bone mineralization of VLBW adolescents,
Weiler et al. reported that 25 VLBW subjects followed to age
17 years were significantly shorter than controls but that
their bone age was appropriate for their body size.69

This review of adolescent growth attainment reveals that
although catch-up growth occurs between childhood and
adolescence, as a group the VLBW subjects remain signi-
ficantly smaller than their normal birth weight controls in
weight, height, and head circumference.

Correlates of growth and catch-up during
childhood and adolescence among VLBW
and preterm populations

Factors which may affect growth and catch-up after neona-
tal discharge include sociodemographic factors and eth-
nicity, pregnancy risk factors, infant birth data, measures
of neonatal morbidity, the quality and quantity of neonatal
nutrition, maternal behaviors, chronic illness of the infant
during childhood, rehospitalizations, neurologic impair-
ment, gender of the child and parental size.

Intrauterine growth failure is one of the major predic-
tors of poor catch-up in growth. 11,14,15,16,21–24,33,41,67,70,71

When catch-up of VLBW SGA infants does occur, it occurs
during infancy and early childhood whereas AGA children
may demonstrate catch-up at later ages.16 Low birth weight,
irrespective of growth in-utero, is also a major determinant
of poor catch-up growth following neonatal growth fail-
ure 12,14,15,16 as are low gestational age 14,15 and indices of
neonatal morbidity.11,14,15,70 Specific neonatal complica-
tions associated with poor growth and catch-up include
necrotizing enterocolitis 61 and chronic lung disease or
bronchopulmonary dysplasia.12,61 Length of hospital stay,
an index of many neonatal risk factors including extremely
low birth weight, low gestational age and the severity of
neonatal morbidity, is also associated with later growth
and catch-up.12,14,18,70,72 Rate of growth during infancy and
early childhood and the size of the infant at each age also
predicts growth attainment at later ages. Methods of neona-
tal nutrition have, as yet, not been shown to determine
long-term growth attainment, although Fewtrell reported
that the neonatal level of alkaline phosphatase, a measure
of bone disease, predicted later height attainment at age 7
years.33 Use of a postdischarge nutrient-enriched formula
has been found to improve growth attainment at 18 months
corrected age.73,74

Factors influencing growth during infancy and early
childhood also include the persistence of chronic medi-

cal complications, mainly chronic lung disease,14,61,75–77

rehospitalization during infancy,14 neurologic impairment,
mainly due to cerebral palsy,11,12,16,41 feeding problems61,78

and maternal caretaking behaviors79 or disorders.77

Positive effects on growth of parental sociodemographic
status, as measured by social class12,80 and parental
education12 have been reported. In other studies these
effects have varied.11,13 In one study, black low birth
weight children tended to put on more weight than white
children.81

Poor growth and catch-up is more prevalent in male than
female VLBW children.13,20,24,33,63 This may be related to the
fact that males have higher rates of neonatal morbidity.82

Inferior growth attainment has also been reported
for term-born SGA males compared with term SGA
females.48,83

Genetic effect as measured by maternal or mid-parental
height is also a major determinant of growth attainment
among VLBW and preterm children.12,13,16,21,24,26,33,67

Failure to thrive, i.e., catch-down growth after the neona-
tal period, has not received much attention in the litera-
ture but may play an important role in the lack of ultimate
catch-up growth seen among VLBW children. We previ-
ously reported that 16% of AGA VLBW children demon-
strated failure to thrive as evidenced by a fall off in the
growth percentiles to below the 3rd percentile between
40 weeks and 8 months corrected age. These children had
higher rates of neurologic impairment and lower develop-
mental scores than children who had a normal or acceler-
ated growth velocity during infancy.14 Casey and Kelleher
reported failure to thrive in 20% of the Infant Health and
Development Program low birth weight infant cohort.41,45

Growth failure peaked at 8 months corrected age and was
more common in children who were both SGA and very low
birth weight, or who had an abnormal neurologic exam. Of
interest is the fact that failure to thrive occurred equally
among the children who received an intervention program
and those who did not, and more often among infants of
mothers with a college education.

Young adult growth outcomes of VLBW children

There have, to date, been only two reports of the adult
growth attainment of VLBW infants. Ericson reported that
19-year-old male conscripts to the Swedish army were
shorter and lighter than the rest of the Swedish population84

and we have reported on the growth outcomes of 20-year
VLBW men and women as compared with normal birth
weight controls.18 This study will be described in more
detail.
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20-year growth outcomes of VLBW men and women
born 1977–1979 in Cleveland

As part of a comprehensive long-term study of VLBW out-
comes, we examined gender-specific growth projectiles
and correlates of growth from birth to age 20 years among
a cohort of VLBW children born 1977–1979 in Cleveland,
Ohio.18,85

Description of the population
The study population included 103 male and 92 female
VLBW infants who had a mean birth weight of 1189 grams
and mean gestational age of 29.8 weeks who were free of
neurosensory impairment. Male VLBW had poorer health
during infancy than female VLBW as evidenced by signifi-
cantly higher rates of rehospitalization during the first year
of life (39% v. 21%, p < 0.001). A population-based sam-
ple of 101 male and 107 female normal birth weight (NBW)
subjects who had been selected at age 8 years served as
controls.

Methods
Among the VLBW subjects, gender-specific longitudinal
growth measures were examined at five points in time; at
birth, at the expected term date (40 weeks corrected age),
at 8 and 20 months, at 8 years corrected age, and at 20 years
postnatal age. Weight and length z-scores were computed
at birth and 40 weeks corrected age using the intrauterine
growth standards of Usher.31 Weight and height z-scores
were computed at 8 and 20 months, and 8 and 20 years,
from the revised CDC growth norms.35 BMI z-scores were
computed at 8 and 20 years. The results of the compar-
isons between the VLBW and NBW subjects were adjusted
for maternal level of education and race via multiple linear
regression analysis.

Results

Growth from birth to 20 years
Among the VLBW males, mean weight for age z-scores at
birth, 40 weeks and 8 years were −0.7, −1.8, and −0.5;
and height for age z-scores were −1.2, −2.6, and −0.5,
respectively. For VLBW females, mean weight for age z-
scores were −1.1, −2.0, and −0.2 and height for age z-
scores were −1.2, −2.4, and −0.2, respectively (see Fig-
ure 45.1). At 8 years of age VLBW males had a signifi-
cantly lower mean weight, height, and BMI than NBW
controls whereas VLBW females differed significantly from
their NBW controls in mean weight and BMI but not in
height. Further catch-up growth in weight, height, and

BMI occurred between 8 and 20 years among VLBW
females but not among VLBW males who remained sig-
nificantly smaller than their controls at age 20 years (Fig-
ures 45.1, 45.2). At this time the mean weight of VLBW
males was 69 kg v. 80 kg for controls (z-score −0.4 v. +0.5,
p < 0.001); mean height was 174 cm v. 177 cm (z-score −0.4
v. +0.03, p < 0.01) and mean BMI was 23 v. 26, p < 0.001
respectively. For VLBW females mean weight was 65 kg v.
68 kg for controls (z-score +0.3 v. +0.5, NS), mean height
was 162 versus 163 cm (z-score −0.3 v. −0.1, NS) and
mean BMI was 25 v. 25 (NS), respectively. Rates of obesity
(BMI > 30) for VLBW males were 7% compared with 15% for
controls (p = 0.02) and for VLBW females 15% compared
with 18% (p = 0.4) for controls.

There was a significant relationship between the mater-
nal height z-score and that of her young adult child. The
mothers of the VLBW males tended to be shorter than
mothers of controls (mean height 161.6 v. 163.5 with z-
scores of −0.26 and 0.02 respectively, p = 0.06) whereas
the mean height of mothers of the VLBW females was sim-
ilar to that of their control mothers (162.3 v. 163.1 cm with
z-scores of −0.16 and −0.04 respectively, p = 0.48).

Nineteen (18%) male and 20 (22%) female VLBW subjects
were born small for gestational age (SGA, weight<−2 SD for
gestational age). The rates of subnormal growth attainment
for the AGA and SGA children at the various time points of
the study are presented in Figure 45.3. SGA females caught
up to their AGA peers in height by 20 months and in weight
by 8 years. At 20 years the rates of subnormal growth did
not differ between AGA and SGA females. In contrast at
age 20 years significantly more SGA than AGA VLBW males
remained subnormal (<−2 SD) in weight (32% v. 6%, p <

0.005) and height (21% v. 4%, p < 0.02).

Correlates of growth among VLBW subjects
The multivariate correlates of weight and height attainment
at the five time points of study are presented in Tables 45.1
and 45.2. Among VLBW males the birth-weight z-score, a
measure of intrauterine growth, was significantly associ-
ated with weight attainment at 40 weeks, 8 and 20 months
and 8 years, and with height at all five time points of study.
Among females the birth-weight z-score was associated
with weight at 40 weeks, 8 and 20 months and with height
at 40 weeks, 8 months and 20 years. Among both males
and females the neonatal hospital stay, used as a meas-
ure of neonatal illness, was associated with weight only
at 40 weeks. It was more strongly associated with height
and more so among males than among females. Among
males the association between the neonatal hospital stay
and height was significant at 40 weeks, 8 and 20 months
and at 20 years, whereas among females the relationship
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Figure 45.1. Weight and height z-scores at each age, contrasted between males and females. Box plots show median (solid line in box),
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subnormal (<−2 SD)35 weight or height for age at birth, 40 weeks, 8 months, 20 months, and 8 years corrected age and at 20 years

postnatal age.

was significant only at 40 weeks. Maternal height was sig-
nificantly related to VLBW height from 8 months among
males and from 20 months among females. Among females
black race and chronic illness, such as asthma, predicted
20-year weight, whereas no specific factor predicted the
20-year weight of the males.

Conclusion
The results of this study indicate that although male and
female VLBW have similar rates of intrauterine and neona-
tal growth failure, VLBW females demonstrate greater
catch-up in growth than males with the result that VLBW
males remain significantly smaller than their NBW con-
trols at age 20 years whereas VLBW females do not differ
from their NBW controls. The effects of maternal height on
child height were similar for males and females whereas
intrauterine growth failure tended to play a greater role
among males than among females. The negative effect of
neonatal illness was greater among males whereas the pos-
itive effects of black race and chronic illness were greater
among females.

Health implications of growth failure and
catch-up growth

It has generally been felt that long-term beneficial effects
will accrue from optimizing neonatal and postdischarge
nutrition to prevent growth failure and/or accelerate
catch-up growth during infancy. There is, however, growing
evidence that children who grow rapidly during childhood
are more likely to be obese as adults and at risk for metabolic
disturbances such as insulin resistance. Based on epidemi-
ologic evidence among predominantly term-born popu-
lations, it has been hypothesized that adaptations that the
fetus and young infant make when undernourished induce
alterations in metabolism, hormonal output and cardiac
output which result in central obesity, diabetes and cardio-
vascular disease in middle age.3,4,6,7 The subjects who grow
rapidly i.e., those with catch-up in growth are at greatest
risk for these sequelae.4–7 Recent evidence from two stud-
ies from the Medical Research Council Childhood Nutri-
tion Research Center in London, England suggests that
similar effects may be seen among preterm survivors of
neonatal intensive care.86,87 Mortaz examined cholesterol
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synthesis at age 8–12 years in a cohort of preterm chil-
dren born 1982–1985 with birth weight <1750 g who had
participated in a randomized trial of nutrition compar-
ing lower nutrient diets of breast milk or term formula
to a high nutrient preterm formula. Cholesterol synthe-
sis was not affected by nutrition. However, children with
lower birth-weight z-scores had lower predicted cholesterol
absorption efficiency. Furthermore, predicted endogenous
cholesterol synthesis was higher and cholesterol absorp-
tion efficiency was lower among children with the great-
est catch-up growth between birth and follow-up, irrespec-
tive of growth in-utero.86 Singhal followed this same pop-
ulation to adolescence and at age 13–16 years measured
fasting 32–33 split proinsulin concentrations, a measure of
insulin resistance. Only 216 of the original neonatal cohort
of 926 subjects participated at this time, although the chil-
dren followed did not differ in neonatal characteristics from
those lost to follow up. The results indicated that the rel-
ative undernutrition among infants given the breast milk
or term formula had possible beneficial effects on insulin
resistance. Furthermore, greater weight gain in the first 2
weeks of life, irrespective of type of nutrition was associ-
ated with greater insulin resistance.87 In this same popu-
lation lower leptin levels were associated with breast milk
feeding.88

These reports indicate that attempts to optimize neona-
tal nutrition and growth may possibly have long-term dele-
terious metabolic effects in preterm children. However,
catch-up growth may also have beneficial effects. Positive
short-term health benefits of early rapid growth have been
reported among both SGA and AGA Brazilian children, as
evidenced by lower rates of hospitalization during infancy
and early childhood.89,90 Rapid growth of preterm children
during infancy, especially among those who failed to grow
adequately in-utero or during the neonatal period, is regar-
ded as a sign of health and resolution of chronic complica-
tions of prematurity. Catch-up of head size may also have
beneficial effects on cognitive development. These posi-
tive effects of rapid growth need thus to be weighed against
potential long-term deleterious metabolic effects. Based on
information available at this time, there is not yet enough
evidence to advocate a change in the current attempts to
optimize growth of preterm infants both during the neona-
tal period and during infancy after discharge home.
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Post-hospital nutrition of the preterm infant

Precise nutrient requirements and achievable growth
remain to be defined for the premature infant post-hospital
discharge. While fetal growth serves as the standard for the
infant less than 37 weeks gestation and breastfeeding meets
the needs of the healthy term infant, neither goal meets the
needs of the premie graduate. The graduate of the newborn
intensive care unit (NICU) frequently enters into the home
setting at a physical size which is significantly less than that
of the fetus of the same postmenstrual age.1 Nutrient need
may be further altered by gender, ethnicity, hospital course
and post hospital clinical status.2,3

The limited number of investigations on nutrition post-
hospital discharge differ in their infant population, study
diet, duration of study diet, and final results. Post discharge
formulas have recently been developed and may meet the
nutrient demands for selected premature infants. Contin-
ued monitoring of the infant’s dietary intake, anthropomet-
ric measurements, and clinical status will help to determine
if the infant’s needs are met or if nutrient supplementation
is indicated.

Growth

Premature infants can grow at the fetal growth rate of at least
15 g kg−1day−1 in the NICU.4 This rate results in growth that
parallels fetal growth, but because adequate weight gain
commences only after 1–2 weeks it does not result in catch-
up growth during the hospital stay.4,5 Although most pre-
mature infants begin life appropriately grown, they are

frequently discharged at a weight less than the 10th per-
centile for age.6 This smaller size may be related to deficient
nutrient intakes as well as clinical complications which
have heightened nutrient demand and/or interfere with
nutritional intake.4,7 Illnesses such as chronic lung disease,
late onset sepsis, necrotizing enterocolitis, and severe intra-
ventricular hemorrhage have been associated with lower
rates of growth compared with infants not manifesting
these conditions.4

To achieve catch-up growth, premature infants must
grow at a rate greater than what the term infant achieves.1 As
a group, low birth weight premature infants remain smaller
than term infants for the first 3 years of corrected age.8 At
8 years of age, very low birth weight (VLBW) infants are
reported to remain smaller in all growth measurements
than term infants.9 During adolescence, there have been
reports of VLBW infants catching up in physical growth.10,11

By 20 years of age female infants have demonstrated catch-
up growth in their weight, length, and body mass index,
and male infants remain smaller in all three parameters
as compared to term infants.12 The small-for-gestational-
age (SGA) male infant has a greater incidence of remaining
small in weight and height at 20 years of age. These stud-
ies demonstrate that catch-up physical growth can occur
beyond the first 3 years of life.12 However, at 20 years of age,
premature infants remain at high risk for neurodevelop-
mental problems including low cognitive and achievement
scores and failure to complete secondary education.10 Poor
head growth as defined by a head circumference 2 SD below
the mean at 8 months of age has been linked to poor neu-
rodevelopment at 8 years of age.13 To what degree appro-
priate nutrition during infancy affects ideal brain growth
and adult neurodevelopment is unknown.
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Table 46.1. Selected nutrient comparison of human milk and US infant formulas per liter

Nutrient Human milk

Standard term

formula

Enriched, postdischarge

formula

Premature infant

formula

Energy (kcal) 670 670 730 810

Protein (g) 10 14 21 24

Fat (g) 35 36 40 43

Carbohydrate (g) 70 73 76 87

Calcium (mg) 280 530 835 1400

Phosphorus (mg) 147 320 475 740

Sodium (mmol) 8 8 11 18

Iron (mg) 0.4 12.2 13.3 14.6

Zinc (mg) 1.2 6 9 12.2

Vitamin A (mg) 0.7 0.6 1 3.0

Vitamin D (µg) 0.5 10 14 40

In many of these studies, the nutrient intake of the infants
was not explored. This important link of dietary intake
may shed light on the growth and developmental out-
comes. Clinical management including nutrition support
has changed in the NICU and may be reflected in the out-
comes of the present premature infants.

Studies of formula-fed infants

Postdischarge nutrition has been studied in random-
ized trials of formula-fed infants. Occasional studies have
included a breastfeeding reference group. Postdischarge,
premature infants have been fed premature infant formula
(PTF), premature discharge formula (PDF), or standard-
term formula and the outcomes of physical growth and
neurological development have been examined.14–16 The
PDFs have a nutrient composition that is between that of
standard infant formula and the PTFs, and PDFs are avail-
able for use in the home setting. The PDF formula provides
increased amounts of energy, protein, calcium, phospho-
rus, magnesium, and vitamin D. See Table 46.1 for nutrient
comparison. Investigations have varied in the study pop-
ulation, study milk, length of time that the study milk was
consumed, and the infant’s age that growth and develop-
ment was assessed.

In a preliminary study done in England, a PDF was fed to
32 formula-fed infants postdischarge.17 Infants who had a
birth weight less than 1850 g were recruited from one NICU
and they were discharged home feeding either a standard
term formula or a PDF. The formulas were fed in the NICU
beginning at approximately 37 weeks’ gestation and con-
tinued to 9 months corrected age (CA). The infants fed the

PDF displayed greater weight and length gain at 9 months
of CA. On entry, both groups had a mean weight between
the 3rd and 10th percentile. The infants fed the term for-
mula remained at the lower percentile at 9 months CA,
whereas the weight of infants fed PDF was closer to the 25th
percentile for age. At study entry the mean length in both
groups was near the 25th percentile, and at 9 months CA the
infants fed term formula remained at the 25th percentile,
but the length of the infants fed PDF was closer to the 50th
percentile. No differences were observed between the two
groups regarding head circumference growth, subscapu-
lar and triceps skinfold thicknesses, feeding tolerance, or
milk consumption. Also, at 9 months CA infants fed the
PDF formula demonstrated greater bone mineralization
and skeletal growth (bone width).18 Metabolic bone disease
during the neonatal period may lead to shorter stature at
18 months and continue to be a factor for linear growth
through 12 years of age.2,19 It is unknown if the use of PDF
in the postdischarge period can enhance height growth
for the infant who suffered from osteopenia in the NICU.
Neurodevelopmental outcomes were not assessed in this
investigation.17

Lucas et al. expanded their 1992 investigation by con-
ducting a randomized trial of standard formula or PDF in a
large sample (n = 284) of infants from 5 NICUs and evalu-
ated the outcomes of physical growth and neurodevelop-
ment at 9 and 18 months of age.16 Entry criteria included
a birth weight of less than 1750 g and gestational age of
less than 37 weeks. Standard term formula or PDF was
begun around 36 weeks gestation in the NICU and contin-
ued until 9 months CA. Infants who were fed the PDF were
larger in weight and length at 9 months CA. At 18 months
there were no differences in attained weight and length, but
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the z-score for length was significantly closer to the 50th
percentile in the PDF group. When examined by gender,
male infants demonstrated a greater difference between
the two formula-fed groups for differences in weight and
length at 9 and 18 month CA. As reported before, head cir-
cumference, mid arm circumference and skinfold thick-
ness did not differ between the two groups. The incidence
of illness and feeding tolerance did not vary between the
two groups. Neurodevelopment was assessed at 9 and 18
months CA using the Bayley Scales of Infant Development
II and the Knobloch, Passamanick, and Sherrards’ Devel-
opmental Screening Inventory. There were no differences
between groups for any of these tests.

In addition to the two formula-fed groups in the above
study, 65 breastfed infants were followed for the first 9
months of CA to serve as a reference group.16 This group
of infants was supplemented with standard term formula
when breast milk was not available. The breastfed group
differed from the other groups in that the mothers were
older, had more education, were of a higher social eco-
nomic group, and breastfed for a minimum of 6 weeks. The
breastfed infants were significantly smaller by weight and
length than both formula groups at 6, 12, and 26 weeks,
but at 9 months CA the breastfed groups’ body weight only
differed from the PDF group. At enrollment into the study
the breast-fed group had significantly smaller mid upper
arm circumferences (MUAC) and triceps and subscapular
skinfold thickness and weight standard deviation scores.
At 9 months CA the breastfed group remained smaller in
MUAC and triceps measurement. The breastfed group was
not followed beyond 9 months. Intake of solid foods was
significantly less for the breastfed group than the formula-
fed groups at 12 and 26 weeks CA. Although this decrease in
size suggests that the breastfed premature infant may need
nutrient supplementation postdischarge,16 the lesser rate
of growth of the human milk-fed premature infant has been
associated with better health and shorter hospital stay than
those fed formula.20

One study in the US evaluated infants with a birth weight
≤ 1800 g from six cities.14 Study infants were not breastfed
and were enrolled into a randomized trial of feeding a stan-
dard term formula or PDF for 12 months CA. Study formula
was initiated 2 to 4 days prior to discharge. Infants fed the
PDF displayed greater body weight at 1 and 2 months CA.
This trend continued to 6 months CA for infants whose birth
weight was less than 1250 g, but disappeared at 3 months
CA for larger premature infants. For male infants fed PDF
whose birth weight was less than 1250 g, weight gain was
greater from study day one to term and total body weight
was greater at 12 months CA than for infants fed standard
formula. Length was also greater at 3 and 6 month CA for

the infants fed PDF. Head circumference was greater in the
PDF group who were less than 1250 g birth weight at term,
1, 3, 6, and 12 months of CA. Here again improved growth
was more pronounced with male infants. Dietary intakes
were examined. For the PDF group, milk intakes were less in
the first month, and protein intakes were greater at term, 2,
and 3 months compared with the standard formula group.

Biochemically, the group fed PDF had higher blood levels
of prealbumin, retinol binding protein, and urea nitrogen at
term and 9 months CA. No difference was noted between
the two groups for their blood albumin and hemoglobin
levels. Noteworthy in this study is that only 53 (42%) of the
125 study infants completed the study at 12 months CA.
In summary, it appears that for male infants with a birth
weight<1250 g feeding PDF confers an advantage for phys-
ical growth during the first 6 months of CA compared with
standard term formula. Thus, the results do not provide
clear guidelines for postdischarge feeding.

A study in Newcastle, England, compared the nutri-
ent intake, physical growth, biochemical parameters, body
composition, and neurological development of premature
infants fed one of three different discharge diets.3,15,21 At
discharge, group one was fed PTF until 6 months CA, group
2 was fed PTF until term age and then switched to term
infant formula and the third group was fed standard term
formula. In this study, the infants had a birth weight ≤
1750 g, birth gestation was ≤ 34 weeks and growth was
occurring at ≥ 25 g day−1 at discharge. The period of inter-
vention was 6 months, with follow up at 12 and 18 months.

Milk intakes were greater for the groups fed stan-
dard term formula versus those fed the premature infant
formula, but energy intakes remained equal, suggesting
dietary intake adjusted to meeting energy needs.15 Since
the PTF is more nutrient dense, the nutrient intakes were
higher for infants fed premature infant formula.15,22,23 Girls
had greater milk intakes than boys from discharge to 6
months CA, but no difference in energy or nutrient intakes
were reported.15 Milk intakes decreased from term to 6
months CA for both boys and girls.15 The timing of solid
food introduction did not vary by gender or formula group,
and was generally introduced around 7 weeks CA.15

The results of this study identified male gender and PTF
as major factors affecting outcome. At 6 months CA, weight
and length were greater for boys fed the PTF until 6 months
CA than boys fed the standard term formula or those fed
PTF until term. At 18 months CA boys who had been fed
the PTF until 6 months CA continued to be larger (1.0 kg
in weight, 2 cm in length, and 1 cm in head circumference)
than boys fed standard term formula.3 Boys fed the PTF
were larger than girls fed the premature infant formula at
all ages.15
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With increasing age, serum total protein, albumin, and
blood urea nitrogen (BUN) levels increased.15 No differ-
ences were noted by gender in BUN, or serum total pro-
tein, albumin, or calcium levels.15 BUN was higher in those
infants fed the premature infant formulas which provided
greater protein intakes.15 Girls had higher serum phospho-
rus levels and lower serum alkaline phosphatase levels than
boys.15

Body composition in the Newcastle study was described
by the use of dual energy x-ray absorptiometry at discharge,
term and CA of 12 weeks, 6 months, and 12 months.21

Between discharge and term, gains in weight, lean body
mass, fat mass, and bone mineral mass were similar for
the groups receiving PTF. From term to 12 months of age,
the groups receiving standard term formula were similar in
gains of weight, lean body mass, fat mass, and bone mineral
mass. Girls displayed no difference in growth velocity by
formula group, but boys gain more weight, lean body mass,
and fat mass if fed PTF. With time, weight, lean body mass,
and fat mass increased in all infants significantly.21 The per-
cent fat mass increased from discharge to 6 months CA, but
the percentage decreased from 6 to 12 months CA. In girls
fed the PTF, increased weight and lean mass were demon-
strated, but not percent fat mass from term to 12 weeks CA.
These differences were not noted in girls at either 6 or 12
months CA by diet. At 12 months CA, boys fed preterm for-
mula for 6 months CA were larger in weight, lean body mass,
fat mass, but not percent of fat mass. Bone area and bone
mineral mass was greater in girls fed preterm infant formula
at term and 12 weeks CA, but this difference was not seen at
6 and 12 months CA. Bone mineral density never varied by
diet in the girls. For the first 12 months of CA with boys fed
the premature infant formula bone area and, bone mineral
mass were greater than those fed standard term formula.21

The percent fat mass was always larger in girls although the
absolute fat mass did not differ from boys.15 No differences
were noted between girls or boys fed the PTF in gains of
bone area, bone mineral mass, bone area or, bone mineral
density.21

The investigators noted that boys and girls fed the PTF
had the same intakes of energy, protein, calcium, and phos-
phorus, but yet they displayed differences in weight gain,
lean body mass gain, weight, and lean body mass. This sug-
gests that gender may influence nutrient utilization and/or
need during infancy. Boys fed the PTF displayed an increase
in body weight which was reflected by an increase in lean
body mass and fat mass without an increase in the per-
cent of fat mass.15 The PTF-fed infants received greater
nutrient intake without an increase in energy intake, which
may more closely meet the needs of the premature infant.
Not only were differences noted between the use of PTF

versus the use of term formula, but gender differences were
present. For male infants, premature infant formula fed to
6 months CA resulted in differences in physical size and
growth composition.

At 18 months CA, the Bayley Scales of Infant Devel-
opment II was used to assess mental and psychomotor
development.3 Diet had no effect on the test scores among
the males or between male and female infants fed PTF until
6 months CA.3 However, when all infants were compared
by gender, females displayed a higher mental development
index.3 This difference is due to the lower developmental
scores displayed by male infants fed term formula.3

The most noteworthy finding in the Newcastle studies is
that the small differences attributed to PTF at 6 months per-
sisted well beyond the period of dietary intervention, with
continuing advantages at 12 and 18 months. This obser-
vation suggests that if intervention is planned, it should
continue for at least 6 months if a beneficial outcome is
desired. The study also presents data on gender differences
which need to be explored further. Whether an enriched
diet, such as fed in the other studies of Carver et al. and
Lucas et al.14,16 would provide the same benefits as a PTF
is not known. Use of premature formula designed for use
in the nursery has not been recommended as a formula
for postdischarge.24 The high mineral and vitamin content
may be excessive for the infant who weighs more than 2500
g and is not fluid restricted. However, it should be noted
that PTF used in the studies in England differs markedly
from the PTF used in the USA. The English PTF more closely
resembles the American PDF formula. Thus, these data may
be interpreted overall as showing marginal benefit for an
enriched diet in the postdischarge period.

Studies of breastfed infants

The provision of human milk postdischarge has received
limited study. No randomized trials have been conducted
on former premature infants breastfed in the postdischarge
period. Chan followed 43 formula-fed and 16 breastfed
infants up to 16 weeks postdischarge.25 The formula-fed
infants received either standard, premature, or low birth
weight formulas for 8 weeks postdischarge and the breast-
fed infants received a 400 IU supplement of vitamin D
per day. From 8 weeks to 16 weeks, all formula-fed infants
received standard infant formula. The formula-fed infants
always weighed more than the breast-fed infants. Head
circumferences and body length did not differ among the
groups, but the infants fed premature or low birth weight
formulas displayed a greater rate of growth in these param-
eters from discharge to 16 weeks than the breast-fed infants.
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Biochemically, serum calcium and 25-hydroxy vitamin D
levels did not vary among groups, but the breastfed group
displayed lower serum phosphorus levels at 8 weeks post-
discharge and higher serum alkaline phosphatase levels
at 8, and 16 weeks postdischarge. Bone mineral content
was lower in breastfed infants at discharge, 2, 8, and 16
weeks postdischarge. At 8 weeks postdischarge bone min-
eral content was greater in the infants fed PTF than those
fed term formula, but the difference was not present at
16 weeks postdischarge. Although these observations were
not derived from randomized studies, clinicians should be
aware of a potential problem with growth of the premature
breastfed infant in the postdischarge period. Furthermore,
the data support the need to have standards of growth and
nutrient intakes in the postdischarge period.

Studies in small for gestational age infants

There is one report of SGA term infants who experience
improved growth with the use of the PDF in place of stan-
dard term formula for the first 9 months of life.26 Length was
greater at 1 cm at 9 months of age and remained greater
by 0.9 cm at 18 months. Growth parameters of weight,
head circumference, and skinfold measurements did not
differ between groups. At 9 months of age the infants fed
PDF had a lower developmental quotient of 99.5 versus the
infants fed term formula at 102.27 When analyzed by gen-
der, the difference was only noted for female infants. By
18 months of life, this difference disappeared. At present,
the use of PDF for the growth-restricted, term infant is
not recommended.27 Additional long-term developmental
follow-up is indicated.

In this investigation, a group of breastfed, SGA infants
were followed for 18 months of age to assess growth.26 At
9 months, the breastfed infants had greater gain in head
circumference than the infants fed term formula. At 18
months, the breastfed infants had larger weights, lengths,
and head circumferences than infants fed term formula and
were longer than those infants fed PDF. However there were
no differences between the growth of breastfed and formula
fed SGA infants when the factors of social class, maternal
education, parental size, infant gender, size at enrollment,
age at follow-up, and birth order were controlled.26 The
mothers in the breastfed group were older, had more edu-
cation, were of a higher social class, were taller and the head
circumferences of both mothers and fathers were greater
for the breastfed group as compared with the parents of
the formula-fed infants.26,27 Most important, the breastfed
group had higher developmental scores than both formula-
fed groups at 18 months.27 Human milk does offer the SGA

infant the advantages of greater developmental outcomes
andphysicalgrowththatisequaledbyformula-fedinfants.

Goals for discharge

Before discharge the infant should have an established pat-
tern of weight gain while consuming the diet for discharge.
Physiologically the infant should be able to breast or bottle
feed without cardio-respiratory compromise. Nutritional
risks should be assessed and the appropriate therapies
and dietary modification should be made. Parents should
demonstrate the ability to feed their infant by breast, bottle,
or alternative methods if indicated. In addition, they should
demonstrate correct formula preparation and supplement
dosage.

The American Academy of Pediatrics, Committee on
Fetus and Newborn has provided goals to be achieved for
the infant to have a successful transition home from the
hospital.28 These goals include that the infant is physio-
logically stable, the family is prepared to provide care, the
primary care physician is established, support services are
established in the community and medical specialists are
linked as indicated. An appointment within the first week
of discharge to ensure early and appropriate follow-up care
is indicated.

Multidisciplinary support of the family is an ongoing pro-
cess and continues after discharge. Additional resources
may include, but are not limited to: the NICU developmen-
tal follow-up clinics, pulmonary clinics, feeding clinics and
community support programs which often provide home
visitation programs by healthcare professionals. These
community programs may include Children’s Rehabilita-
tive Services, Children with Special Health Care Needs, Spe-
cial Supplemental Nutrition Program for Women Infants
and Children (WIC), and Early Intervention Programs.
The primary physician needs to receive follow-up infor-
mation from the hospital personnel as well as the com-
munity setting personnel to ensure coordination of the
infant’s care.

Suggested approach for post-discharge nutrition

There are several options for milk selection and sup-
plementation at discharge, but the appropriate selection
remains controversial because of the lack of data to sup-
port one recommendation over another.29 An individual
approach is indicated.



Post-hospital nutrition of the preterm infant 659

Table 46.2. Selected nutrient comparison of post-discharge formula, human milk, and milk combinations per liter

Nutrient

Enriched or post-discharge

formula (PDF) Human milk (HM)

Human milk + PDF

powder = 24 kcal per oz

6 feeds of HM + 2 feeds

of PDF 22 kcal per oz

Energy (kcal) 730 670 810 686

Protein (g) 21 10 12.5 12.8

Calcium (mg) 835 280 424 419

Phosphorus (mg) 475 147 228 229

Iron (mg) 13.3 0.4 2.7 3.6

Zinc (mg) 9 1.2 2.7 3.2

Vitamin D (mcg) 14 0.5 3.0 1.2

Breastfeeding premature infants

Strategies to support breastfeeding success and profes-
sional and parent breastfeeding resources need to be
identified.30 Prior to discharge, it must be determined if
the infant can breastfeed successfully and continue to grow
at an adequate rate. If the infant is breastfeeding well,
weight gain is adequate (more than 20 g day−1), and there
are no persisting abnormal nutritional biochemical meas-
ures, then the postdischarge diet should include exclu-
sive breastfeeding. In this scenario, the infant also should
receive a multivitamin and an iron supplement. Follow-up
weight checks at 1 week, and serially thereafter, must be
encouraged. Measurement of biochemical indices (serum
alkaline phosphatase, phosphorus, albumin, BUN) may be
helpful.

If the infant has a rate of growth less than 20 g day−1,
is unable to consume ad libitum quantities of breast milk
(more than 180 ml kg−1day−1), or has persistent biochem-
ical abnormalities (elevated alkaline phosphatase and/or
low serum phosphorous, albumin, and BUN), then supple-
mental nutrition must be provided in addition to breast-
feeding. The supplemental nutrition usually is in the form
of commercially prepared formula. The enriched PDFs
have been used for this purpose because the nutrient den-
sity is greater than that of term formula, and there are pow-
dered preparations that can be mixed to whatever strength
is desirable/needed. Mothers may express milk and add
the powdered supplement to breast milk, or breastfeed and
provide 2–3 feedings of PDF each day. The PDF can be used
in the standard 22 kcal per oz strength or concentrated as
needed. For the infant who requires fluid restriction, breast-
feeding may be possible if the powdered formula is used
as a supplement. When breastfeeding and supplemental
PDF are used, the infant’s vitamin and iron status should
be considered. Vitamin supplements are needed. Iron at
2 mg kg−1 day−1 should be given unless ≥ 90 ml kg−1 day−1

of PDF is consumed; then 1 mg kg−1 day−1 of iron is indi-
cated. See Table 46.2 for nutrient comparison.

Formula feeding premature infants

For the formula-fed premature infant the same criteria
should be considered: infants who are unable to ingest
quantities of milk in excess of 180 ml kg−1 day−1, have
rates of weight gain less than 20 g day−1, or have persisting
biochemical abnormalities should be given PDF near dis-
charge. In general, these infants tend to have birth weights
< 1250 g, restricted milk intake, and/or biochemical evi-
dence of rickets or hypoproteinemia. If the exclusive diet
is PDF, then no additional vitamins or iron are required. If
term formula is fed, the infant should be given iron-fortified
formula. If term formula is fed, the infant also should be
given multivitamins for about 2 months.

Duration of feeding postdischarge diets

When supplemented, specialized postdischarge nutrition
is provided it should be continued for 6 months or to
approximately 9 months CA.24,31 Iron supplements at
2 mg kg−1 day−1 for the exclusive breastfed infant should
be provided for the first year of life.23 Only iron-fortified
formulas should be given and, if used, no additional iron
supplementation is indicated. Multivitamins are needed
to provide 200 IU per day of vitamin D for the breastfed
infant.32 Multivitamins are not indicated for infants receiv-
ing PDF, and those premature infants who have achieved
3 kilograms of weight and are consuming standard term
formula.24 The introduction of solid foods should be when
the infant is at the corrected developmental age such that
this skill can be accomplished.33

Monitoring

The frequency of office or home visits will be determined
by the clinical condition of the infant. Infants who have had
concerns about milk intake, growth or abnormal biochem-
ical indices should be seen more frequently, beginning
at 1 week postdischarge. Infants who have active chronic
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Table 46.3. Growth velocities for corrected gestational age

Age Weight (g day−1)29,37 Length (cm week−1)29,37

Head circumference

(cm month−1 (age))33

0–3 months 25–30 0.7–1.0 1.6–2.5 (1 month)

3–12 months 10–15 0.4–0.6 0.8–1.4 (4 months)

0.3–0.8 (8 months)

0.2–0.4 (12 months)

lung disease and are discharged home on oxygen and/or
mechanical support requiring fluid restriction will need fre-
quent assessments to ensure that nutrition provided meets
the needs of the individual infant. Within the first week of
discharge, weekly and then monthly visits become appro-
priate as the infant demonstrates growth.

When plotting growth parameters of the premature
infant, corrected age should be used for the first 3 years
of life.34 Without adjusting for prematurity, the use of
chronological age leads to a significant increased num-
ber of infants labeled as having poor weight or length
growth.

There are two types of growth charts that can be utilized
to monitor the growth of premature infants postdischarge.
This first type is based on the actual growth of premature
infants.8 On these charts, the infant’s growth can be com-
pared with the growth of other premature infants. The plot-
ted premature infant should grow as well as, if not greater
than, the growth curves since they are based on the growth
of premature infants. However, growing well on these charts
does not signify that catch-up growth has occurred since
the growth of term infants is not included in these charts.

The second type of chart is the 2000 Centers for Disease
Control and Prevention (CDC) growth charts based on the
growth of infants who weighed ≥ 1500 g at birth.35 Plotting
onto the CDC charts will allow the assessment that catch-
up growth has occurred.36

Growth velocity can be utilized to monitor growth.
Weekly weight trends are helpful to assess the infant who
is demonstrating poor growth and requires diet manipula-
tions. See Table 46.3 for growth rates.

Laboratory assessment for mineral status should include
serum alkaline phosphatase activity levels, serum calcium,
and serum phosphorus for infants who have a history of
osteopenia or are considered at risk for this disease due to
poor calcium and phosphorus intakes while in the NICU.
For protein status, albumin, and BUN can be followed.
When growth is poor or laboratory values are abnormal
the diet should be reevaluated. Increased concentration of
a PDF or additional formula feedings per day for the breast-
fed infant are possible considerations.

Summary

There is little evidence to support strong recommendations
for nutrition management of the postdischarge premature
infant. Suggested guidelines are provided, but it is expected
that research will continue to elucidate more clearly the
specific nutrient needs of this high-risk infant population.

The goal is to provide nutrition to facilitate optimal
growth and development for premature infants. Contin-
ued evaluation of growth and development must take place
to ensure the best outcome for these small infants. Early
detection of problems can facilitate a quick change in
nutritional management as indicated. Since the nutrition
required to achieve this goal remains unknown, constant
monitoring must occur to ensure the health of each child.
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cow’s milk-based formulas 426, 634

gestational 24

bone metabolism and 200

nutritional factors 25

hypomagnesemia and 241

permanent neonatal diabetes (PNDM) 461

placental development and function 39

amino acid transport 39

glucose transport 39

transient neonatal diabetes (TNDM) 461

see also glucose; hyperglycemia; infants of diabetic mothers

(IDM)

diet-induced thermogenesis (DIT) 136

dietary intake see feeding

dietary supplements 427, 428

carbohydrate 427

fat 427–9

protein 429

see also nutrient supplementation

digestion see gastrointestinal tract

direct calorimetry 134, 610

diuresis, in respiratory distress syndrome 108–9

DNA methylation 637

docosahexaenoic acid (DHA) 8, 27, 149–50, 157

adverse effects 155–7

in formulas

cow’s milk-based term formula 416–7

preterm formula 420

in human milk 352, 353, 354, 391

lung surfactant synthesis and 509–10

role in cognitive/behavioral development 153–5

role in visual function 150–2, 416

doubly labeled water technique 135, 613–14, 627

dual energy X-ray absorptiometry (DEXA) 51–52, 194–5, 589

use in body composition assessment 604, 605–6

duodeno-gastric reflux (DGR) 445

management 450

see also gastrointestinal reflux (GIR)

duodeno-gastroesophageal reflux (DGER) 445

management 450

see also gastrointestinal reflux (GIR)

E-selectin 373

early weight loss 47–48

edema 105

in respiratory distress syndrome 108

electrolytes

disturbances in extremely low birth weight infants 109–11

avoidance strategy 111

hyperosmolar state 109–10

hyponatremia 110–1

in parenteral nutrition 320

laboratory assessment 588

electroretinography 151

endemic cretinism 284

endoscopy, gastrointestinal reflux evaluation 450

endotoxin, in necrotizing enterocolitis 485–7

energy 134

digestible energy 134

metabolizable energy 134

see also carbohydrates; glucose

energy balance 134, 609

measurement of 609

direct calorimetry 610

doubly labeled water technique 613–4

energy expenditure 610

energy intake 609–10

heart rate variability 615

indirect calorimetry 610–3
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infrared thermographic calorimetry 614–5

labeled sodium bicarbonate 614

parenteral nutrition and 513–4, 572–3

intravenous lipid emulsion effect 514–5

protein–energy metabolism and balance 139, 318–19,

513–14

see also energy expenditure; energy intake; energy

requirement

energy expenditure 570

congenital heart disease effects 536

differences between term and preterm infants 441–2

influencing factors 136–8

age 136

clinical status 137

dietary intake 136

energy cost of growth 138

environmental temperature 137

physical activity 136–7

size for gestational age 137

measurement 134–6, 610, 627

direct calorimetry 610

doubly labeled water technique 613–4, 627

heart rate variability 615

indirect calorimetry 610–3

infrared thermographic calorimetry 614–5

labeled sodium bicarbonate 614

operative trauma effects 570–1

very low birth weight infants 511–2

see also energy balance

energy intake 340

congenital heart disease and 536–7, 540, 541

effect on nitrogen balance 139–42

lung development and 508–9

measurement of 609–10

parenteral nutrition 318–9

with acute respiratory disease 511–2

preterm infants 52–53, 139

see also energy balance

energy requirement 134

neonates 134, 569–70

term infants 138–9

with bronchopulmonary dysplasia 525–6

preterm infants 139–42

see also energy balance

enteral nutrition (EN) 255, 257–9

clinical perspectives 336–7

intake assessment 588

minimal enteral nutrition 373–5

composition 374

definition and purpose 373–4

methods of delivery 374

surgical patients 578–9

with parenteral nutrition 326, 578–9

preterm infants 336–7

lack of 369–70

problems with 370–1

necrotizing enterocolitis 369, 371, 482–3

transition to 370–1

problems with lack of 371–3

gastrointestinal hormone secretion 371–2

intestinal inflammation 372–3

loss of mucosal mass 371

sepsis 372

vascular inflammatory responses 373

reasons to withhold 369, 370

short bowel syndrome and 496–9

surgical patients 578–80

administration 579–80

benefits of 578

complications 580

feeding routes 579

selection of feeds 579

see also feeding; formulas; human milk

Enterobacter sakazakii 429

enteroglucagon 494

epidermal growth factor (EGF), amniotic fluid 13

epigenetic mechanisms 25

epinephrine, in infants of diabetic mothers 477

erythromycin 451

essential fatty acids see fatty acids

estrogen, bone mass regulation 189–91, 193

exercise, bone mineral density and 193

extracellular water (ECW) spaces 104

interstitial and plasma compartments 105

oncotic pressure 105

Starling’s equilibrium 105

regulation in neonate 105–7

extraembryonic coelom 3–4

extremely low birth weight (ELBW) infants

bronchopulmonary dysplasia risk 522

see also bronchopulmonary dysplasia (BPD)

electrolyte disturbances

avoidance strategy 111

hyperosmolar state 109–10

hyponatremia 110–1

see also neonate; preterm infants; very low birth weight (VLBW)

infants

Fagan Test of Infant Intelligence 152–3

familial hypocalciuric hypercalcemia (FHH) 236, 243

fat necrosis 237

fats see fatty acids; lipids

fatty acid binding protein (FABP) 8, 360–1

fatty acids 147, 350, 351

essential fatty acids 147–9

deficiency 148

dietary requirements 148–9

in formulas 148–9, 352–4

in milk 149, 350–4, 381, 391

differences between cow’s and human milk 412
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fatty acids (cont.)

long chain polyunsaturated fatty acids (LC-PUFA) 8, 147–8,

149–57

adverse effects 155–7

role in cognitive/behavioral development 152–5

role in visual function 150–2, 416

metabolism 8–9, 626

following birth 617

measurement 626

placental transfer 8–9

see also lipids

naming 147

parenteral nutrition requirements 319–20

polyunsaturated fatty acids (PUFA) 8, 27

antioxidant capacity and 26–27

re-esterification 361–2

pathways 361

role in immune function 72–73

short chain fatty acids (SCFA) 340–1, 345

transport within enterocyte 360–1

uptake at brush border membrane 360

see also lipids

feces, measurement of energy losses 609–10

feed thickeners 450

feeding

dietary intake effect on energy expenditure 136

difficulties, with congenital heart disease 536–7

preterm infants, complementary foods 54–55

protein accretion relationships 116–8

tolerance 371

human milk fortifiers and 405

see also enteral nutrition; formulas; human milk; parenteral

nutrition

Fenton reaction 295

fermentation, of carbohydrates

lactose 343–4

significance of 345

ferritin assessment 593

fetal growth see intrauterine growth

fetal growth factors 9–10, 28

amniotic fluid 13

insulin-like growth factors (IGF) 9–10, 28

IGF-I 9, 28

IGF-II 9–10

see also hormones

fetal nutrition 1, 27

after placentation is established 4–9

amino acid metabolism 7–8, 27

fatty acid metabolism 8–9

glucose metabolism 6–7, 122–4, 342

lactate metabolism 7

oxygen consumption 4–6

before placentation 3–4

significance of early nutritional factors 4

fetal growth factors and 9–10

maternal nutrition influence 1–3, 76–8, 79, 81–2

global caloric restriction 80–81

protein restriction 78–79

metabolic capacity development and 76–77

metabolic programming 76–78, 81–2

animal models 78–81

global caloric restriction 80–81

maternal protein restriction 78–80

mineral homeostasis 212–3

paraplacental routes 11–13

placenta and 10

response to reduction in substrate supply 10–11

fetal origins hypothesis 77–78

fetal programming 23

Fick principle 4

flavin adenine dinucleotide (FAD) 173

flavin mononucleotide (FMN) 173

fluid balance see water balance

fluoride 285

fluoroscopy studies 449

folate

birth weight relationships 2–3, 175–6

deficiency 175–6

in human milk 175

neonatal requirements 175

status assessment 176

follow-up formulas 426–7

indications for use 427

formulas 333, 336, 409, 655, 659

amino acid supplementation 117

arginine content 304

bronchopulmonary dysplasia and 525, 526–8

carbohydrate content 342–3, 415, 419

choice of 413

for short bowel syndrome 498

form of formula 429

choline content 299–300

compositional differences between cow’s and human milk 410,

412–13

carbohydrate 413

lipid 412

mineral 413

protein 412

congenital heart disease management 541

evaporated milk formulas 411

fatty acid content 148–9, 157

adverse effects of supplementation 155–7

cognitive/behavioral development and 152–5

long chain polyunsaturated fatty acids 149–50

visual acuity and 151–2, 416

federal regulations 429–30

follow-up formulas 426–7

indications for use 427

history of formula feeding 410–1

inborn errors of metabolism management 544–8
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increasing the nutrient density 430

osmolality and 430

inositol content 301

lactose-free formulas 422–3

indications for use 423

lipid content 352–4, 415, 419–20

arachidonic acid (ARA) 416–7, 420

docosahexaenoic acid (DHA) 416–7, 420

mineral content 252, 257–9, 420–1

iron 417

minimal enteral feeding 374

models used in formula development 411–2

preterm infants 411–2

term infants 411

modular formulations 427, 428

carbohydrate 427

fat 427–9

protein 429

prebiotics 73

preterm infant formulas 257–9, 411–12, 419, 655–7,

659

carbohydrate content 342–3, 419

cow’s milk-based 417–8, 419, 421–2

growth and 52, 53–4, 55, 257, 655–6

iron content 276

lactose responses 342–3

lipid content 419–20

metabolic bone disease prevention 251–4

mineral content 420–1

post-discharge formula 421–2

small-for-gestational-age infants 658

studies of formula-fed infants 655–7

protein content 413–5, 417–19

protein hydrolysate-based formulas 423, 425–6

indications for use 425–6

protein–energy balance 141–2

rates of usage 409

short bowel syndrome and 497–8

soy-based formulas

indications for use 424

phytoestrogen concerns 424

specialized formulations 427

taurine content 302, 303

vitamin content 163

biotin 176

folate 175

niacin 176

pantothenic acid 177

vitamin A 162–5

vitamin B1 (thiamine) 172

vitamin B2 (riboflavin) 173

vitamin B6 (pyridoxine) 174

vitamin B12 (cobalamin) 175

vitamin C 177

vitamin E 167–8

vitamin K 170

see also feeding

free radicals, parenteral nutrition and 577–8

fructose metabolism disorders 462

galactose 128, 345–6

galactosemia 395, 461–2, 562–4

outcomes 562

presentation 562

therapy 562–4

gas chromatography-combustion-mass spectrometry

(GC-C-IRMS) 618

gas chromatography-mass spectrometry (GCMS) 618

gastric acid

gastroesophageal reflux and 446

secretion 70

gastrin 495

gastroenteritis, breastfeeding benefits 393

gastroesophageal reflux (GER) see gastrointestinal reflux (GIR)

gastrointestinal reflux (GIR) 445, 448

applied physiology 445–6

clinical presentation 448

differential diagnosis 448

evaluation 449–50

management 450–2

acid reduction strategies 451

avoidance of aggravating factors 450

dietary/feeding changes 450

posture 450

prokinetic agents 451

surgical treatment 451

thickening agents 450

pathophysiology 446

protective mechanisms 446

significance of 445

gastrointestinal tract

adaptation to small bowel resection 494–6

intestinal dilation and transit time 495–6

intestinal hypertrophy and hyperplasia 494–5

residual bowel length 496

blood flow 534–5

regulation 485

digestive function development 11–12, 67–70

breastfeeding benefits 393

carbohydrate digestion 69

gastrointestinal hormones and peptides 67–68, 371–2

lipid digestion 69

liver 68

milk components affecting 392

mucosal differentiation 67

pancreas 68

protein digestion 69

role of nutrients 69–70

digestive function distribution 492–4

diseases of, bone mass and 196–7
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gastrointestinal tract (cont.)

see also gastrointestinal reflux (GIR); necrotizing enterocolitis

(NEC); short bowel syndrome (SBS)

glutamine effects 305

immune function 70–73

gut flora 70

immune system 71

innate immune system 70–71

role of enteral nutrients 71–73, 372–3

length of 492

see also short bowel syndrome (SBS)

malabsorption in congenital heart disease 537–8

nucleotide role 306

parenteral nutrition effects 323–4

preterm infants

bacterial colonization 484–5

motility 484

protein metabolism 118

see also enteral nutrition

genetic conflict hypothesis 25

genetic factors in fetal growth 1, 25

genomic imprinting 25

relevance in ART pregnancies 25

gestational age

bone turnover and 200–1

estimation 24, 48–9

size for gestational age

energy expenditure relationship 137

gestational diabetes 24

bone metabolism and 200

nutritional factors 25

see also diabetes; infants of diabetic mothers (IDM)

ghrelin 10

Gibbs-Donnan equilibrium 105

Gitelman syndrome (GS) 241

glomerular filtration development 106

glucagon

changes at birth 125–6

enteroglucagon 494

proglucagon

glucocorticoids see steroids

gluconeogenesis (GNG) 126–9

differences between term and preterm infants 440–1

glucose-6-phosphatase (G6P) 127–8

measurement 620–4

[2-13C]glycerol MIDA 622, 623–4

deuterium oxide method 622–3

[U-13]glucose MIDA 621–2, 623–4

phosphoenol pyruvate carboxykinase (PEPCK) 126–7

pyruvate carboxylase (PC) 126

substrates 128

alanine 129

glycerol 128

lactate 129

pyruvate 128–9

glucose 340, 590–2

absorption 344

amniotic supplementation 12

disorders of homeostasis 454

see also diabetes; hyperglycemia; hypoglycemia

in parenteral nutrition 572, 573

respiratory disease and 513–4

in preterm infant formulas 419

measurement 454–5, 590–2

metabolism 6–7, 124–9, 340–1, 620–4

brain 91, 92, 100, 341, 617

differences between term and preterm infants 439–41

during cold injury 61

fetal 122–4

gluconeogenesis development and regulation 126–9

glycogen mobilization 125–6

infants of diabetic mothers 469–70, 477

measurement 620–4

placental 6, 10

postnatal nutrition influence on subsequent health 633

regulation 96–97

oligosaccharide digestion 342

placental transfer 6–7, 122–3, 617

alterations in IUGR 36–37

in diabetic pregnancies 39

tolerance

maternal protein restriction effects 80

parenteral nutrition 321–2

see also diabetes; insulin

transport

across the placenta 6–7, 36–7, 122–3, 617

alterations in IUGR 36–37

glucose transporters (GLUT) 6–7, 36–7, 92–3, 122–3

into brain 92–93

see also carbohydrates; hyperglycemia; hypoglycemia

glucose transporters (GLUT) 6–7, 36–7, 92–3, 122–3

glucose-6-phosphatase (G6P) 123, 127–8

deficiency see type I glycogen storage disease (GSD)

glucosensing neurons 97

glutamine 305–6, 574

critical illness and sepsis effects 574

gastrointestinal effects 305

in human milk 333–5

in parenteral nutrition 318, 574

role in immune function 71–72, 305

supplementation for preterm infants 305–6

glutamine-glutamate placenta-hepatic shuttle 8

glutaric acidemia type I (GA1) 558–9

therapy 559

glutaryl-CoA dehydrogenase deficiency 558

glutathione peroxidase (GSHPx) 280

selenium deficiency diagnosis 280–1

glycerides 350

glycerol 128, 617

metabolism measurement 626
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glycine

deficiency 2, 3

isovaleric acidemia management 556

glycine-serine placenta-hepatic shuttle 8

glycogen metabolism

fetus 123–4

hormonal regulation 124

mobilization 124

glycogen stores at birth 124–5

mobilization 125–6

see also type I glycogen storage disease (GSD)

glycogen phosphorylase (GP) 124, 125

glycogen synthase (GS) 125

glycogenin 123–4

goblet cells 70–71

growth see intrauterine growth; neonate; preterm infants

growth charts/curves 596–7, 641

intrauterine growth curves 23–24, 33, 48–9

growth factors

intestinal resection and 495

see also fetal growth factors

growth hormone 10

bone mass and 193

congenital heart disease management 538

intestinal resection and 495

gut atresia 12

gut flora 70

necrotizing enterocolitis and 484–5

preterm infants 484–5

gut-associated lymphoid tissue (GALT) 372

H2 blockers 451, 499

head circumference 596

heart rate variability 615

heat response, neonate 60

see also hyperthermia

hemochromatosis 293

hemolytic anemia of prematurity 168

hemorrhage, iron deficiency and 293

heparin, effects on bone 197

hepatic development see liver

hepatic rickets 245

histone modification 636–7

HIV, breastfeeding and 395

homocystinuria (HCU) 554–5

pryidoxine responsiveness 554–5

screening 554

therapy 554–5

hormones

bone mass regulation 189, 193

bone remodeling regulation 203–6

fetal growth regulation 28

bone growth 192

growth hormone 28

insulin 9

leptin 10, 28

placental growth hormone (PGH) 28

thyroid hormones 10

see also fetal growth factors

gastrointestinal 67–68

effects of lack of enteral feeding 371–2

glucose metabolism regulation 96

glycogen synthesis 124

hypoglycemia responses 458

lactation initiation 385–6

mineral metabolism regulation 206–16

calcitonin (CT) 208

calcitonin gene-related peptide (CGRP) 208

parathyroid hormone (PTH) 206

parathyroid hormone-related peptide (PTHRP) 206–8

water balance regulation 107

arginine vasopressin (AVP) 107

atrial natriuretic peptide (ANP) 107–8

kallikrein and bradykinins 108

prostaglandin-E 108

renin, angiotensin and aldosterone 107

see also specific hormones

host defense see immune function

human milk 332, 333

amino acid content 333–5

bile salt-dependent lipase (BSDL) 356, 359–60

carbohydrate content 341–2, 391

choline content 299–300

composition 377–8, 390–3, 655, 659

changes at initiation of lactation 384–5

components affecting gastrointestinal function 392

components affecting host defense 392–3

differences from cow’s milk 410, 412–13

nutritional aspects 390

preterm milk 401, 402

variability 402–3

deficiencies for preterm infants 249, 257, 401, 403

growth and 52, 403

metabolic bone disease and 249, 251

mineral status 403

protein status 403

ejection 383–4

‘let down reflex’ 377, 382

fortification for preterm infants 251–4, 257, 403–4

fortifier compositions 404

in-hospital feeding practices 406

methods 406

non-nutritional outcomes 405–6

reformulations of human milk fortifiers 404–5

inositol content 301

lipid content 149, 350–4, 381, 391

formula comparison 352–4

influences 354

lipid synthesis 379–80

long chain polyunsaturated fatty acids 149–50
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human milk (cont.)

mineral content 391–2

minimal enteral feeding 374

nucleotide content 306, 392

parathyroid hormone-related peptide 207

preterm availability 401–2

protein (nitrogen) content 390–1

secretion of see lactation

superiority of 336

vitamin content 162, 392

biotin 176

folate 175

niacin 176

pantothenic acid 177

vitamin A 162

vitamin B1 (thiamine) 172

vitamin B2 (riboflavin) 173

vitamin B6 (pyridoxine) 174

vitamin B12 (cobalamin) 175

vitamin C (ascorbic acid) 177

vitamin D 392

vitamin E 166–7

vitamin K 170, 392

see also specific vitamins

volume production 382–3

local regulation 383

see also breastfeeding; feeding; formulas; lactation

hydroxyproline 199, 200

hyperammonemia see urea cycle disorders

hyperbilirubinemia, infants of diabetic mothers 475–6

hypercalcemia

causes 234, 235

maternal 234–5

neonatal 235–8

familial hypocalciuric hypercalcemia (FHH) 236,

243

hyperparathyroidism and 235–6

treatment 237–8

see also calcium

hyperglycemia 454, 460–1

consequences 461

macrosomia and 38, 39

management 461

parenteral nutrition and 575

placental effects 39

see also diabetes; glucose

hyperinsulinemia 456

fetal 468

macrosomia and 39–40, 468

hypoglycemia and 456–7

hyperinsulinemic hypoglycemia (HIHG) 457, 459–60

transient hyperinsulinemia 456–7

infants of diabetic mothers 468

see also hypoglycemia; insulin

hypermagnesemia 242–4

treatment 243–4

see also magnesium

hypernatremia, extremely low birth weight infants 109

avoidance strategy 111

see also sodium balance

hyperosmolar state, extremely low birth weight infants 109–10

hyperparathyroidism

maternal

hypercalcemia and 232, 234

magnesium balance and 242

neonatal 235–6

secondary 235

hyperphosphatemia 239

see also phosphorus

hyperprostaglandin E syndrome (HPS) 236

hypertension, maternal protein restriction effects 80

hyperthermia 61–62

fetal 61

neonatal 61–62

hypertrophic cardiomyopathy, infants of diabetic mothers 472

hypocalcemia

causes 229, 230

maternal 229–30

neonatal 230–4

critically ill infants 232

early-onset 231–2, 233

identification of 233

infants of diabetic mothers 231, 474–5

late-onset 232–3

preterm infants 231

treatment 233–4, 475

vitamin D deficiency and 232

see also calcium

hypoglycemia 454–60

brain responses to 96–98, 458–9

consequences 459–60

neuronal apoptosis/necrosis when adaptation fails 98–100

repeated hypoglycemia effects 98

synaptic adaptation 98

clinical presentation 454

definition 91–92, 455

etiology 455–6, 458

hyperinsulinemia and 456–7

hyperinsulinemic hypoglycemia (HIHG) 457, 459–60

transient hyperinsulinemia 456–7

identification of 454–5

incidence 454, 455

increased metabolic demand 457–8

infants of diabetic mothers 456–7, 468, 473–4

management 460, 475

physiological responses to 458

unusual causes 458

see also glucose

hypomagnesemia

diabetes and 241
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maternal, causes 240–1

neonatal 240–2

familial 241

infants of diabetic mothers 475

management 242, 475

wasting diseases 241–2

see also magnesium

hyponatremia, very/extremely low birth weight infants 110–1

avoidance strategy 111

see also sodium balance

hypoparathyroidism, neonatal 232

neonatal

hypomagnesemia and 242

hypophosphatasia 236

hypophosphatemia 238–9

causes 238

renal hypophosphatemic rickets 229, 232, 247

treatment 247

see also phosphorus

hypothermia see cold injury

hypothyroidism, neonatal 236, 284–5

hypoxia

during hypothermia 61

IUGR and

post placental hypoxia 35–36

pre-placental hypoxia 35

utero-placental hypoxia 35

immune function

gastrointestinal tract 70–73

gut flora 70

immune system 71

innate immune system 70–71

role of enteral nutrients 71–73, 372–3

human milk fortifiers and 405–6

milk components affecting 392–3

necrotizing enterocolitis and 484

nucleotide role 306–7

preterm infants 70, 484

inborn errors of metabolism 544

effects of 546

nutrition management 544

nutritional support 545, 546–7, 548

pathophysiology 546

symptoms 546

see also specific disorders

incubators 62–63

humidity requirements 63

indirect calorimetry 134–5, 610–13

practical limitations 611–3

requirements for 611–2

theoretical limitations 610

indomethacin 108, 516

infant formulas see formulas

infants of diabetic mothers (IDM) 81, 466

bone properties 199, 200–1, 210, 231

cognitive development 477–8

congenital anomalies 470–2

cardiovascular malformations 471–2

pathogenesis 471

hyperbilirubinemia 475–6

hypocalcemia 231, 474–5

hypoglycemia 456–7, 468, 473–4

hypomagnesemia 475

ineffective erythropoiesis 476

iron deficiency 292–3

long-term prognosis 477–8

macrosomia 38, 468, 472–3

birth injury and asphyxia 472–3

fetal hyperinsulinemia and 468

hormonal environment 39–40

insulin prophylaxis 467

management 474

metabolic analyses 469–70, 477

pathogenesis of maternal diabetes effects on fetus 468

perinatal mortality and morbidity 466–8

polycythemia 476

renal vein thrombosis 476–7

respiratory distress syndrome 473

symptoms 474

see also diabetes

inflammation

in necrotizing enterocolitis 485–6

lack of enteral feeding and 372–3

intestinal 372–3

vascular 373

infrared thermographic calorimetry 135–6, 614–15

innate immune system, gastrointestinal tract 70–71

inositol 300–1

bronchopulmonary dysplasia prevention 523–4

in formulas 301

in human milk 301

lung surfactant biosynthesis and 510

supplementation in preterm infants 301, 302

insulin

changes at birth 125–6

fetal growth and 9

fetal response to glucose 38–39

glucose regulation 96

glycogen synthesis regulation 124

macrosomia prevention 467

metabolic programming effects

caloric redistribution during suckling period and 82, 83–4

consequences of diabetes during pregnancy 81

litter size manipulation studies 82, 633

maternal protein restriction effects 78, 79–80

potential mechanisms 86

parenteral nutrition and 321–2

see also hyperinsulinemia

insulin dependent diabetes mellitus (IDDM) see diabetes
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insulin-like growth factors (IGF) 9–10, 28, 595

amniotic fluid 13

congenital heart disease and 538

glycogen synthesis regulation 124

IGF-I 9, 28, 595

laboratory assessment 594–7

role in bone regulation 188, 193, 203

IGF-II 9–10

intestinal resection and 495

laboratory assessment 595

macrosomia and 40

intestine see gastrointestinal tract

intracellular water (ICW) spaces 104

cell volume regulation 104

intrauterine growth 1, 23–4, 28

bone 190–1

fetal movement and 190–1, 248–9

congenital heart disease and 533

definitions of normal and abnormal growth 23–24

determinants of 24–28

genetic factors 1, 25

hormones 28

excess intrauterine growth 24

growth rates 33–34

macrosomia and 39

nutritional factors 25–27

fetal nutrition 27

maternal nutrition 1–3, 26–7

placental function 5, 27

response to maternal fasting 10–11

preterm infants 49

reference standards 48–51

significance of early nutritional factors 4

twin pregnancies 4

see also birth weight; intrauterine growth restriction (IUGR)

intrauterine growth curves 23–24, 33, 48–9

intrauterine growth restriction (IUGR) 24, 32–8

cold injury risk 60

definition 24

hypoglycemia and 455–6

nutritional factors 25

placental nutrient transfer alterations 36–38

glucose transporters and 36–37

placental vasculature development 34–36

oxygen and angiogenic development 34–35

post-placental hypoxia 35–36

pre-placental hypoxia 35

utero-placental hypoxia and preeclampsia 35

significance for later life 77–78

symmetrical and asymmetrical IUGR 34

see also intrauterine growth

intravenous feeding see parenteral nutrition

iodide 284–5

biological role 284

deficiency 284

cretinism 284

maternal 284

neonatal hypothyroidism 284–5

metabolism 284

requirements 285

toxicity 285

iron 275–6, 291

balance 291–3

overload 293, 294, 295–6

postnatal 292, 293–4

preterm infants 293–4

biological role 275

deficiency 26, 275, 291–3

anemia 275

assessment 592–3, 594

maternal 291–2

potential consequences 294–5

preterm infants 295

in cow’s milk-based term formula 417

in human milk 392

laboratory assessment 592–3

metabolism 275

requirements 276, 296

preterm infants 276, 296

short bowel syndrome and 498

supplementation in preterm infants 294

toxicity 275–6, 294, 296

isoflavones 424

isotope ratio mass spectrometry (IRMS) 619

isovaleric acidemia 555–6

therapy 556

kallikrein 108

kangaroo care 63

Keshan disease 280

ketone bodies 93–94

metabolism measurement 626

monocarboxylate transporters (MCTs) 94

ketotic hyperglycinemia see methylmalonic acidemia; propionic

acidemia

kidney, neonatal 106–7

distal tubule and collecting system development 106

extracellular water regulation 105–7

glomerular filtration development 106

potassium balance 107

proximal tubular development 106

sodium balance 106–7

knee-heel length (KHL) 49

lactate metabolism 7, 94, 129

lipid synthesis 379–80

monocarboxylate transporters (MCTs) 94–95

see also lactose

lactate transporters 7

lactation 377
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bone loss and 207–8, 211–12

calcitriol concentrations 210

initiation of 384–6

changes in milk composition 384–5

hormonal requirements 385–6

milk transfer to infant during secretory activation 384

milk secretion 377, 379–84

delay in onset 386

exocytosis 379

lipids 379, 380

paracellular pathway role 381

regulation 382–4

secretory activation 384, 386

secretory differentiation 384

transcytosis of interstitial molecules 380–1

transport across apical membrane 380

milk volume production 382–3

local regulation 383

parathyroid hormone-related peptide and 207–8

prolactin secretion 383

see also breastfeeding; human milk

lactic acidosis 566

during hypothermia 61

lactoferrin 392

lactose

calcium absorption and 344–5, 422

digestion 69, 343–4

versus fermentation 343–4

in human milk 341–2, 391

intolerance 419, 423, 461

preterm infant formulas 419

preterm infant responses to 342–3

see also lactate metabolism

lactose-free formulas 422–3

indications for use 423

see also soy-based formulas

large for gestational age (LGA) 24

length 596

leptin 10, 28

bone metabolism relationships 202, 203, 205

macrosomia and 40

leucine

placental transfer in IUGR 38

tracer 624

linoleic acid (LA) 147–9

conversion to arachidonic acid 150

deficiency 148

dietary requirements 148–9

parenteral nutrition 320

dietary supplements 428

linolenic acid see alpha-linolenic acid (ALA)

lipases 69, 355

carboxylester (CEL) 358

gastric 355–7

ontogeny 356–7

lingual 355, 356

milk bile salt-dependent (BSDL) 356, 359–60

genetic organization 359

pancreatic colipase-dependent (CDL) 356, 357–8

pancreatic lipase-related proteins (PLRP1/PLRP2)

358–9

lipid-binding proteins 361

lipids 350, 589–90

absorption 360

digestion 69, 354–64

intestine 357–60

luminal phase 355

stomach 355–7

function 352

in formulas

cow’s milk-based term formula 415

dietary supplements 427–9

for short bowel syndrome 497

preterm formulas 419–20

in milk 149, 350–4, 381, 391

comparison with formula 352–4

differences between cow’s and human milk 412

influences 354

secretion 379, 380

variability 402–3

in parenteral nutrition 572

complications 323, 575–6

effect on energy metabolism 514–5

effect on lung function 515–6

improving tolerance 322

monitoring 325–6

requirements 319–20

tolerance 572–3

laboratory assessment 589–90

major lipids in infant nutrition 350

metabolism 8–9, 626

development related to nutritional environment 76–78

following birth 617

measurement 626

placental transfer 8–9

postnatal nutrition influence on subsequent health 632–3

synthesis during lactation 379–80

see also fatty acids

lipolysis, intragastric 355–7

lipoproteins 9

liver

development 68

caloric redistribution during suckling period effects 84

maternal protein restriction effects 80

disease, short bowel syndrome and 502–3

glycogen store mobilization 124, 125–6

hepatic rickets 245

vitamin turnover

vitamin A 162

vitamin E 166–7
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long chain polyunsaturated fatty acids (LC-PUFA) 8, 147–8, 149–57

adverse effects 155–7

lung surfactant synthesis 509–10

role in cognitive/behavioral development 152–5

role in visual function 150–2, 416

loperamide hydrochloride 499

low-density lipoprotein (LDL) 9

lower esophageal sphincter (LES) 446

gastroesophageal reflux and 446

LES pressure 446

lung

defense mechanisms 510

development, nutritional status effects 508–9

connective tissue composition 509–10

surfactant synthesis 509–10

intravenous lipid emulsion effect on function 515–6

see also bronchopulmonary dysplasia (BPD)

M cells 70–71

macrosomia 24, 32, 40, 468, 472–3

birth injury and asphyxia 472–3

fetal hyperinsulinemia and 39–40, 468

growth patterns 39

hormonal environment 39–40

insulin prophylaxis 467

magnesium (Mg)

disorders of homeostasis 239–44

management 242, 243–4

maternal hypomagnesemia 240–1

neonatal hypermagnesemia 242–4

neonatal hypomagnesemia 240–2

enteral nutrition requirements 255

formula supplementation 252, 258

fetal 212–3

laboratory assessment 589

maternal supplementation 240

metabolism 185

parenteral nutrition requirements 254, 255, 256, 320

serum concentrations 187–8

total body content 185–7

malabsorption, in congenital heart disease 537–8

malaria, birth weight and 3

malignant infantile osteopetrosis 232–3

malnutrition, respiratory consequences

impact on lung development 508–9

respiratory muscles 510–1

surfactant synthesis 509–10

mammary gland see breast anatomy; human milk; lactation

manganese 285–6

deficiency 285, 286

metabolism 285–6

physiologic role 285

requirements 286

manometry

esophageal 449–50

gastroduodenal 450

maple syrup urine disease (MSUD) 552–4

therapy 552–4

variants 552

mass isotope distribution analysis (MIDA)

[2-13C] glycerol MIDA 622, 623–4

[U-13] glucose MIDA 621–2, 623–4

mast cells 71

mastitis 381

maternal nutrition 1

birth weight relationships 1–3

nutrient supplementation effects 1–2

fetal growth and 1–3, 26–7

response to maternal fasting 10–11

fetal nutrient supply and 1–3

glucose 122, 123

vitamin D 215

maternal immunity relationship 27

metabolic programming 76–78, 79

animal models 78–81, 82–5

global caloric restriction 80–81

maternal protein restriction 78–80

persistent effects in adult life 79

relevance to obesity and metabolic syndrome epidemic

86–87

mineral homeostasis disorders

hypercalcemia 234–5

hypocalcemia 229–30

hypomagnesemia 240–1

iron deficiency 275–6

medical record review 586

menaquinones 169, 170

see also vitamin K

Menke’s Steely Hair Syndrome 282

metabolic bone disease of prematurity (MBDP) 248–54

biomechanical factors 249–50

bone resorption 249

characteristics 249

management 254

prevention 251–4

see also osteopenia; rickets

metabolic coupling, brain 95

metabolic differentiation 635–6

metabolic programming 76–78, 79, 81–2

animal models 78–81, 82–5

caloric redistribution during suckling period 82–85

litter size manipulation 82, 633

diabetic pregnancies 81

maternal global caloric restriction 80–81

maternal protein restriction 78–80

immediate effects on fetus and neonate 78–79

persistent effects in adult life 79

postnatal period 82–83, 85, 631, 638

caloric redistribution during suckling period 82–85

see also postnatal nutrition influence on subsequent health

potential mechanisms 86, 635

alterations in cell number 635
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chromatin structure alterations 636–7

clonal selection 635

DNA methylation 637

metabolic differentiation 635–6

regulatory pattern of DNA binding proteins 636

relevance to obesity and metabolic syndrome epidemic 86–87

metabolic rate see energy balance; energy expenditure

metabolic research 617–20

analytical principles 619–20

carbohydrate metabolism 620–4

lipid metabolism 626

protein metabolism 624–5

stable isotopes 618–9

gas chromatography-combustion-mass spectrometry

(GC-C-IRMS) 618

gas chromatography-mass spectrometry (GCMS) 618

isotope ratio mass spectrometry (IRMS) 619

see also energy balance; energy expenditure

metabolic syndrome, metabolic programming relevance 86–87

metabolism 544–6

see also inborn errors of metabolism

methionine 2

methylcobalamin 174

see also vitamin B12 (cobalamin)

3-methylhistidine (3-MH), urinary excretion quantification 115–6,

594

methylmalonic acidemia 556–7

diagnosis/presentation 557

therapy 557–8

metoclopramide 451

microsomal triglyceride transfer protein (MTP) 361

milk see formulas; human milk

minerals

bone mineral content (BMC) see bone

disorders of homeostasis 229–44

calcium 229–38

magnesium 239–44

phosphate 238–9

see also specific minerals

fetal 212–3

vitamin D role 215

hormonal regulation 206–16

calcitonin (CT) 208

calcitonin gene-related peptide (CGRP) 208

parathyroid hormone (PTH) 206

parathyroid hormone-related peptide (PTHRP) 206–8

in formulas 252, 257–9

preterm formula 420–1

in milk 391–2

differences between cow’s and human milk 413

fortification for preterm infants 403

in parenteral nutrition 254–6, 315, 317, 320–1

maternal 209–11

metabolism 185

short bowel syndrome and 498

see also specific minerals

minimal enteral nutrition 373–5

composition 374

definition and purpose 373–4

methods of delivery 374

surgical patients 578–9

with parenteral nutrition 326, 578–9

modular formulations 427, 428

carbohydrate 427

fat 427–9

protein 429

molybdenum 287

monocarboxylate transporters (MCTs) 94–95

mortality

breastfeeding benefits 393–4

infants of diabetic mothers 466–8

short bowel syndrome 501

mucosal addressin adhesion molecule-1 (MadCAM-1) 372

mucus, protective function in gut 70

myelination, long chain polyunsaturated fatty acid effects 155

N-acetylcysteine (NAC), bronchopulmonary dysplasia prevention

523

N-acetylglutamate synthetase (NAGS) deficiency 560

N-telopeptides 199, 200–2

nasogastric feeding, with congenital heart disease 540

necrosis 98–99

hypoglycemia and 100

necrotizing enterocolitis (NEC) 482, 487

arginine and 304

breastfeeding benefits 394, 483

clinical presentation 482

congenital heart disease and 538–40

inflammatory cascade 485–6

intestinal fermentation and 345

pathophysiology 482

bacterial colonization 484–5

enteral feeding 369, 371, 482–3

host defense 484

intestinal blood flow regulation 485

motility 484

prematurity 484

short bowel syndrome and 492

neonatal short bowel syndrome see short bowel syndrome

(SBS)

neonatal surgical patients

critical illness effects 571

enteral nutrition 578–80

administration 579–80

benefits of 578

complications 580

feeding routes 579

selection of feeds 579

nutritional management 569

operative trauma effect on energy expenditure 570–1

parenteral nutrition 571–8

complications 575–8
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neonatal surgical patients (cont.)

composition 571–5

indications 571

neonate 569

bone growth and development

mineral status 194

regulation 191–2

see also bone

energy expenditure 570

influencing factors 136–8

measurement 134–6

operative trauma effects 570–1

energy requirement 134, 569–70

glucose metabolism 124–9

gluconeogenesis development and regulation 126–9

mobilization of liver glycogen stores 125–6

growth

bronchopulmonary dysplasia effects 522, 525–6,

528–30

congenital heart disease effects 533–4, 535, 536–7, 541

energy cost of 138

fatty acid supplementation effects 155–6

VLBW infants 115, 595

gut flora 70

hyperparathyroidism 235–6

secondary 235

hypothyroidism 284–5

innate immune system 70–71

iron balance 292, 293–4

consequences of early deficiency 294–5

consequences of overload 295–6

requirements 296

see also iron

kidney 106–7

distal tubule and collecting system development 106

extracellular water (ECW) regulation 105–7

glomerular filtration development 106

proximal tubular development 106

metabolic capacity development 76–77

metabolic programming 76–78, 82–3, 85

animal models 82–85

maternal protein restriction 78–79

metabolic research 617–20

carbohydrate metabolism 620–4

lipid metabolism 626

protein metabolism 624–5

mineral content

calcium 185, 187

magnesium 185–8

phosphorus 185, 187

serum concentrations 187–8

mineral homeostasis disorders

hypercalcemia 235–8

hypermagnesemia 242–4

hyperphosphatemia 239

hypocalcemia 230–4

hypomagnesemia 240–2

hypophosphatemia 238–9

potassium balance 107

protein metabolism 119

accretion of specific tissues 118

age and feeding effects 116–8

quantification 115–6

sodium balance 106–7

surgical treatment see neonatal surgical patients

thermal regulation 59–64

clinical interventions 62–64

cold injury 60–61

cold response 59

heat response 60

hyperthermia 61–62

neutral thermal environment 58–59, 137

vitamin deficiency see specific vitamins

vitamin requirements 167, 168

see also specific vitamins

water balance

extracellular water (ECW) regulation 105–7

hormone regulation 107–8

water spaces 104

see also neonatal surgical patients; postnatal nutrition influence

on subsequent health; preterm infants

neurodevelopment, postnatal nutrition relationship 635

see also brain

neutral thermal environment 137

niacin 176

deficiency 176

in human milk 176

neonatal requirements 176

status assessment 176

nitric oxide (NO) 304

acute respiratory disease and 513

2-(2-nitro-4-trifluoro-methylbenzoyl)-1, 3-cyclohexanedione

(NTBC) 550

nitrogen balance 573

acute respiratory disease and 512–3

amino acid metabolism quantification 115

effect of energy and protein intakes 139–42

effect of other nutrient intakes 142

nitrogen content of milk 390–1

see also amino acids; protein

norepinephrine, in infants of diabetic mothers 477–8

nucleotides (NT) 306–7

gastrointestinal role 306

immune responsiveness and 306–7

in human milk 306, 392

nutrient supplementation

amniotic glucose supplementation 12

dietary supplements 427

long chain polyunsaturated fatty acids (LC-PUFA) 150, 157

adverse effects 155–7



Index 681

cognitive/behavioral development and 152–5

lung surfactant biosynthesis and 509–10

visual acuity and 151–2

maternal

birth weight relationships 1–2

calcium 212

magnesium 240

vitamin D 215

vitamin K 170, 171

neonates

amino acids 117

calcium 233–4

fatty acids 155–6

magnesium 242

short bowel syndrome and 498

zinc 278, 279

preterm infants

fatty acids 155–6

glutamine 305–6

inositol 301, 302

iron 294

metabolic bone disease prevention

251–4

milk fortification 251–4, 257, 403–4

minerals 257, 403

vitamin A 162–5

vitamin E 167–8

see also formulas; specific nutrients

nutritional assessment 586

anthropometrics 595–7

growth charts 596–7

head circumference 596

length

skinfold measurements 597

weight 596

laboratory assessment 588–95

albumin 593

blood urea nitrogen 588–9

carnitine 592

electrolytes 588

glucose 590–2

insulin-like growth factor (IGF) axis 595

iron 592–3

lipids 589–90

minerals 589

transferrin 594

transthyretin (prealbumin) 594

urinary 3-methylhistidine 594

visceral proteins 593

vitamin A 592

vitamin E 592

medical record review 586

nutritional intake 586–8

enteral intake 588

parenteral intake 586–8

obesity

breastfeeding benefits 393

early postnatal nutrition influence 631–2

infants of diabetic mothers 478

metabolic programming relevance 86–87

oncotic pressure 105

ornithine transcarbamoylase (OTC) deficiency

560

osmotic pressure 104

osteoblasts 188

differentiation 188

osteocalcin 198–9, 200, 201, 203

during pregnancy 210–1

fetal 213

osteoclasts 188, 205

osteocytes 188

osteogenesis imperfecta 202

osteomalacia 244, 248

osteopenia 248, 249

parenteral hyperalimentation-induced 247–8

soy-based formulas and 238, 249

osteoporosis 194

copper deficiency and 282

otitis media, breastfeeding benefits 393–4

over-heating see hyperthermia

oxidative stress

in bronchopulmonary dysplasia (BPD) 522

parenteral nutrition and 577–8

oxygen consumption 4–6

congenital heart disease and 536

oxytocin 382, 383–4

P-selectin 373

palmitic acid 147, 415–16

pancreas development 68

consequences of diabetes during pregnancy 81

maternal protein restriction effects 78–79, 80

see also insulin

pancreatic colipase-dependent lipase (CDL) 356,

357–8

pancreatic lipase-related proteins (PLRP1/PLRP2)

358–9

pantothenic acid 177

deficiency 177

in human milk 177

neonatal requirements 177

status assessment 177

parathyroid hormone (PTH) 206

during pregnancy 210, 211

fetal 214

mineral metabolism regulation 206

hypocalcemia and 229

role in bone remodeling 203–4

vitamin D metabolism regulation 209

calcitriol and 209
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parathyroid hormone-related peptide (PTHRP) 206–8

during pregnancy 210

fetal 212, 214

lactation and 207–8

parenteral nutrition (PN) 571–8

acute respiratory disease and 511–4, 516–17

energy 511–2

glucose 513–4

lipid emulsions 514–6

protein and amino acids 512–3

complications 248, 256–7, 322–4, 575–8

aluminum contamination 256

free radicals 577–8

hepatic complications 576–7

infections/sepsis 372, 496, 575

infusion-related complications 322, 576

metabolic complications 322–4, 575–6

minimization of 324–6

vascular inflammatory responses 373

composition 315–6, 571–5

amino acids 316–8, 573–4

electrolyte content 320

energy 318–9, 572–3

fluid requirements 572

lipids 319–20, 572–3

minerals 254–6, 315, 317, 320–1, 574–5

recommended nutrient intakes 315, 316–21

trace elements 317, 321, 574–5

vitamins 255, 256–7, 317, 321, 574–5

history of 312–3

improving tolerance 321–2

indications 314, 571

infusate delivery 315–6

intake assessment 586–8

intravenous lipid emulsions 514–6, 572, 573

effects on energy metabolism 514–5

effects on lung function 515–6

management strategies 326–7

minimal enteral feeding and 326, 578–9

monitoring 324–6

osteopenia and 247–8

research needs 327

short bowel syndrome and 496, 498–9

surgical patients 569, 571–8

techniques 313–4

when to start 326

when to stop 326

pepsin 356–7

periventricular-intraventricular hemorrhage (PIVH) 171

Peyer’s patches 71, 372

pH studies, esophageal 449

phenylalanine metabolic pathway 335, 548–9

phenylalanine tracer 624–5

phenylketonuria (PKU) 2, 548–50

therapy 549–50

phosphatidylcholine (PC), lung surfactant 509, 510

phosphatidylglycerol (PG), lung surfactant 509

phosphoenolpyruvate carboxykinase (PEPCK) 123,

126–7

phospholipids 350

in human milk 352

phosphorus (P) 185

deficiency 236

phosphorus deficiency syndrome 250

disorders of homeostasis 238–9

neonatal hyperphosphatemia 239

neonatal hypophosphatemia 238–9

enteral nutrition requirements 255

human milk fortification 257, 403

fetal 212–3

hormonal regulation

calcitonin 208

parathyroid hormone 206

in formulas 252, 258

preterm formula 420–1

in human milk 391–2

fortification for preterm infants 257, 403

laboratory assessment 589

parenteral nutrition requirements 254–6, 320–1

serum concentrations 187

total body content 185

phylloquinone 169, 170

see also vitamin K

physical activity, energy expenditure relationship 136–7

phytoestrogens 424

placenta 10, 27, 213–16

amino acid uptake and metabolism 7, 8

ammonia production 7

glucose uptake 6, 10

in diabetic pregnancies 39

lactate production 7

nutrient demands of 1

nutrient transfer 5, 27, 617

alterations in IUGR 36–38

amino acids 7–8, 37–8, 39

fatty acids 8–9

glucose 6–7, 36–7, 39, 122–3, 617

in diabetic pregnancies 39

minerals 213

vitamin D 215

vasculature development in IUGR 34–36

oxygen and angiogenic development 34–35

post-placental hypoxia 35–36

pre-placental hypoxia 35

uteroplacental hypoxia and preeclampsia 35

placental growth hormone (PGH) 28

plasma 105

oncotic pressure 105

Starling’s equilibrium 105

polycythemia, infants of diabetic mothers 476



Index 683

polymorphonuclear neutrophils (PMNs) 373

polythene bags 64

polyunsaturated fatty acids (PUFA) 8, 27

antioxidant capacity and 26–27

postnatal growth see neonate; preterm infant; very low birth weight

(VLBW) infants

postnatal nutrition influence on subsequent health 631,

638

atopy, allergy and asthma 635

carbohydrates 633

feeding volume and energy density 631–2

lipids 632–3

mechanisms 635

alterations in cell number 635

chromatin structure alterations 636–7

clonal selection 635

DNA methylation 637

metabolic differentiation 635–6

regulatory patterns of DNA binding proteins 636

neurodevelopment 635

protein restriction 632

type I diabetes 634

see also metabolic programming

postnatal period see neonate

potassium balance 107

parenteral nutrition 320

total body potassium (TBK) 603

Potential Renal Solute Load (PRSL) calculation 430

prealbumin (transthyretin) assessment 594

prebiotics 73

short bowel syndrome management 499

preeclampsia, IUGR and 35

pregnancy

diabetes in, consequences for progeny 81

bone metabolism 199, 200–1

see also diabetes; gestational diabetes; infants of diabetic

mothers (IDM)

maternal physiology 209–11

PreKUnil tablets 550

preterm infants 47, 437

anemia of prematurity 275, 294

body composition 51–52

diet effects 52

bone characteristics

accretion 257

mineral content 51, 250, 257–8

strength assessment 195

turnover 201–2

see also metabolic bone disease of prematurity (MBDP)

breastfeeding 657–8, 659

supplementation 659

bronchopulmonary dysplasia see bronchopulmonary dysplasia

(BPD)

copper requirements 283

early weight loss 47–48

energy expenditure 441–2

energy intake 52–53, 139

energy requirement 139–42

enteral feeding 336–7

fetal growth and 49

reference standards 48–51

formulas 257–9, 411–12, 419, 655–7, 659

carbohydrate content 342–3, 419

cow’s milk-based 417–8, 421–2

growth and 52, 53–4, 55, 257, 655–6

iron content 276

lactose responses 342–3

lipid content 419–20

metabolic bone disease prevention 251–4

mineral content 420–1

post-discharge formula 421–2

protein content 417–9

small-for-gestational-age infants 658

studies of formula-fed infants 655–7

gastrointestinal tract

bacterial colonization 484–5

motility 484

glucose absorption 344

glucose metabolism 439–41

endogenous glucose production 439–40

gluconeogenesis 440–1

regulation of endogenous glucose production 440

glutamine supplementation 305–6

growth 49–51, 52–5, 640, 654–5, 660

adolescent outcomes 643–4

adult growth outcomes 644–7

breastfed infants 657–8

catch-down growth 641

catch-up growth 47–48, 641–2, 654

complementary food (CF) effects 54–55

correlates of growth and catch-up 644, 648, 649

crown-heel length (CHL) 49

diet effects 52, 53–5

early childhood outcomes 642–3

fatty acid supplementation effects 155–6

formula-fed infants 655–6

growth failure 640

health implications of growth failure 647–50

monitoring 659–60

post-discharge growth 53–55

pre-discharge growth 52–53

study methodology 640–1

weight gain 49–51

hospital discharge goals 658

human milk deficiencies 249, 257, 401, 403

growth and 52, 403

metabolic bone disease and 249, 251

mineral status 403

protein status 403

requirements 402
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preterm infants (cont.)

human milk fortification 251–4, 257, 403–4

fortifier compositions 404

in-hospital feeding practices 406

methods 406

non-nutritional outcomes 405–6

reformulations of human milk fortifiers 404–5

hypocalcemia 231

hypoglycemia 455

immune function 484

innate immune system 70

inborn errors of metabolism 544

inositol supplementation 301, 302

iron balance 293–4

deficiency 295

overload 294

requirements 276, 296

supplementation 294

toxicity 294

kidney development and function 106, 107

lack of nutritional support 369–70

lactose digestion 343–4

lactose responses 342–3

metabolic differences from term infants 437, 442–3

necrotizing enterocolitis 484, 486–7

post-hospital nutrition 654, 660

breastfeeding 657–8, 659

discharge goals 658

duration of feeding post-discharge diets 659

formula-feeding 655–7, 659

monitoring 659–60

small-for-gestational-age infants 658

suggested approach 658–60

protein metabolism 119

accretion of specific tissues 118

age and feeding effects 116–8

differences from term infants 437–9

proteolysis 437–9

quantification 115–6

respiratory distress syndrome (RDS) 108–9

rib fractures at birth 191

sodium balance 107

taurine levels 302–3

thermal regulation

clinical interventions 62–64

cold injury risk 60

vitamin deficiency

vitamin A 165

vitamin E 168, 169

vitamin supplementation

vitamin A 165

vitamin E 167–8

water balance 47, 107

abnormalities 108–9

hormonal regulation 107, 108

see also extremely low birth weight (ELBW) infants; neonate;

very low birth weight (VLBW) infants

probiotics 73

short bowel syndrome management 499

procollagen 199

type I C-terminal propeptide (PICP) 199, 200–2

progesterone, milk production inhibition 385–6

proglucagon

proglycogen 123–4

Prognostically Bad Signs in Pregnancy (PBSP) 466, 467

prokinetic agents 451

prolactin 382

secretion 383

propionic acidemia 556

diagnosis/presentation 557

therapy 557–8

prostaglandins, water balance and 108

protein 332, 337

accretion

age and feeding effects 116–8

protein–energy metabolism and balance 139, 318–19

quantification 115–6

specific tissues 118

digestibility 332–3

digestion 69

in formulas

cow’s milk-based preterm formula 417–9

cow’s milk-based term formula 413–5

dietary supplements 429

for short bowel syndrome 497–8

in milk 390–1

differences between cow’s and human milk 412

fortification for preterm infants 403

infant responses to 336

clinical implications 336–7

intake

effect on nitrogen balance 139–42

preterm infants 257–8

metabolism 573–4, 624–5

diabetic pregnancies 470

differences between term and preterm infants 437–9

measurement 624–5

postnatal protein restriction influence on subsequent

health 632

requirements 332, 573

supplementation

maternal, birth weight relationships 1–2

neonatal 117

visceral protein assessment 593

see also amino acids; nitrogen balance

protein hydrolysate-based formulas 423, 425–6

indications for use 425–6

protein induced by vitamin K absence or antagonism (PIVKA-II)

171–2

proteolysis, differences between term and preterm infants 437–9
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proton pump inhibitors 499

pseudohypoparathryoidism, neonatal 239

‘pup in a cup’ model 82–85

adaptation during period of dietary intervention 83–85

generational effects 85

programmed effects in adulthood 85

pyridoxine see vitamin B6
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