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Notice

Medicine is an ever-changing science. As new research and clinical experience broaden 
our knowledge, changes in treatment and drug therapy are required. The authors and 
the publisher of this work have checked with sources believed to be reliable in their 
efforts to provide information that is complete and generally in accord with the stan-
dards accepted at the time of publication. However, in view of the possibility of human 
error or changes in medical sciences, neither the authors nor the publisher nor any other 
party who has been involved in the preparation or publication of this work warrants 
that the information contained herein is in every respect accurate or complete, and they 
disclaim all responsibility for any errors or omissions or for the results obtained from 
use of the information contained in this work. Readers are encouraged to confirm the 
information contained herein with other sources. For example and in particular, readers 
are advised to check the product information sheet included in the package of each 
drug they plan to administer to be certain that the information contained in this work 
is accurate and that changes have not been made in the recommended dose or in the 
contraindications for administration. This recommendation is of particular importance in 
connection with new or infrequently used drugs.
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The provision of optimal nutrition to the critically ill child, 
to offset the catabolic effects of the illness or injury and to 
enhance clinical outcomes, is an important objective for 
healthcare providers. The last decade has seen a resurgence 
in interest in this area of critical care, with an increasing 
number of research publications and consensus docu-
ments. The field of critical care nutrition has evolved, and 
clear associations between bedside nutrient delivery and 
outcomes have been demonstrated. Nutrition delivery is 
no longer just supportive care, but it is now recognized as 
an important therapy with nutrients that can modulate dis-
ease. Despite the enthusiasm and the explosion in research 
on the subject, there are many unanswered questions, and 
the quest for best practices remains elusive, especially in 
the pediatric intensive care unit (PICU). The individual 
practitioner—the trainee, the intensivist, the dietitian, the 
nurse—is left with a number of practical questions on the 
nutritional management of the individual child in the PICU. 
 We are delighted to present the first edition of Pedi-
atric Cr itical C are Nutrition, a comprehensive textbook 
that addresses nutrition therapy for the critically ill new-
born infant and child. To our knowledge, this is the first 
and currently only available textbook on this subject. The 
book has been divided into three sections, with chapters 
that describe nutritional aspects of a variety of pediatric 
critical illnesses. The book includes contributions from 
some of the leading experts in this area from around 
the world. The authors represent a multidisciplinary 
group consisting of critical care physicians, critical care 
nurses, gastroenterologists, pediatric surgeons, dietitians, 
and pharmacists. Each author sees the critically ill child 
from a distinct vantage point based on their practice area 
and hence, provides a unique perspective. The chapters 

represent collaborations between authors from different 
institutions, regions, and specialties. We aimed for a book 
that is eminently readable, whether one chooses to read it 
from cover to cover or to focus on individual chapters. We 
have emphasized certain themes throughout this book, 
such as our belief in enteral nutrition as the best mode of 
nutrient delivery, screening for nutritional status, indirect 
calorimetry to accurately determine energy requirements, 
the role of a multidisciplinary team of nutrition champi-
ons, and the importance of studying the impact of nutri-
tion therapy on clinical outcomes. 
 We believe that nutrition therapy has been ignored 
in the PICU, and it is time to emphasize its importance 
during critical illness and realize its potential impact on 
clinical outcomes. We hope that this book summarizes the 
important work done by several champions over the past 
decade, and that it will kindle an interest in researching 
the vast expanses of PICU nutrition knowledge that need 
to be explored. It is our sincere belief that by adopting and 
implementing the best practices in this book, hospitals 
and healthcare professionals can achieve safer care and 
make meaningful and long-lasting improvements to bed-
side nutrient delivery, with the ultimate aim of improving 
outcomes in the vulnerable child in the PICU. We also 
hope that this book will serve to encourage future research 
in this field so that we can continue to build on the strides 
that have already been achieved.
 Finally, we would like to express our deep gratitude to 
all our authors for their time and tremendous contribu-
tions. Without them, this book would not have been pos-
sible. They are the true leaders and pioneers in our field, 
and we will continue to look to them for collaboration and 
guidance in the future.

Preface

   xiii
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Metabolic Alterations and  
Nutrients in the Critically ill Child

1
Section
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The Acute Metabolic Response  
to Injury in Children
Walter J. Chwals
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 ■  Overview

In response to a variety of injurious stimuli, such as 
trauma, sepsis, and acute inflammatory conditions, 
a series of metabolic changes occur that characte
rize the acute metabolic stress (AMS) response in 
humans (Figs. 1-1A and 1-1B). This response is basi
cally stereotypical in nature in all patient populations 
(children and adults).14 This response may vary to 
some degree with respect to the nature (e.g., sepsis, 
burn,) and severity of the insult, as well as factors 
that impact the endogenous metabolic reserve and/
or reserve mobilization capacity (e.g., malnutrition, 
recent previous tissue injury, underlying systemic 
disease, age, pharmacologic intervention,) of the 
acutely injured host. In infants, especially those born  

prematurely, functional immaturity is a particularly 
important responsemodifying variable.5 Among the 
early features of the injury response is the release of 
cytokines, followed rapidly by important alterations 
in the hormonal environment. Increased counter 
regulatory hormone concentrations are associated 
with insulin and growth hormone (GH) resistance. 
As a result of this response, a sequence of metabolic 
events is initiated that includes the catabolism of 
endogenous stores of protein, carbohydrate, and fat to 
provide essential substrate intermediates and energy 
necessary to fuel the ongoing response process. Amino 
acids from catabolized proteins flow to the liver where 
they provide substrate for the synth esis of acute
phase proteins and glucose (gluconeogenesis). There
fore, the AMS response represents a hypermetabolic, 

 ■OVERVIEW ■  NEUROENDOCRINE/AUTONOMIC NERVOUS  
SYSTEM RESPONSE ■CYTOKINE RESPONSE ■COUNTER-REGULATORY HORMONAL RESPONSE

 aMS-associated anabolic hormone resistance 
Metabolic alterations associated with acute  

Metabolic Stress
energy Metabolism associated with acute  

Metabolic Stress
clinical Significance

 ■ �OVERf EEDING ASSOCIATED WITH ACUTE  
METAbOLIC STRESS

 pulmonary pathophysiology
 hepatic pathophysiology
 immune System pathophysiology

 ■ �SERIAL AMS RESPONSE ASSESSMENT ■ �KeY pointS
references
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4        c h a p t e r  1

hypercatabolic state that results in the loss of endoge
nous tissue stores with associated increases in glucose 
and free fatty acid (FFA) production and oxidation, 
increased energy expenditure, and increased pro
tein turnover and breakdown. Growth, which is an 
anabolic process, is thought to be inhibited during 
periods of AMS. As the AMS response resolves, adap
tive anabolic metabolism ensues to restore catabolic  

losses. In children, this phase is characterized by the 
resumption of somatic growth.

 ■  NeUrOeNDOCriNe/AUTONOMiC  
NervOUS SYSTeM reSPONSe

Evolution of the stress response in mammals has resulted in 
the development of an intricate system of reflex neural injury
induced stimuli that trigger the central nervous system (CNS),  

FiGUre 1-1. b Gh, growth hormone; iGF-1, insulin-like growth factor i; U3Mh, urinary 3-methyl histidine.
reproduced with permission from Mehta n, Jaksic, t. the critically ill child. in: Duggan W, Walker., ed. nutrition in pediatrics. 4 ed. 
hamilton, ontario: B. c. Decker inc.; 2008

a

Amino acid
pool

Acute-phase reactants ↑
(C-reactive protein ↑)

Gluconeogenesis ↑
(Total urinary nitrogen ↑)

Resting energy
expenditure ↑

Cytokines ↑
Counterregulatory hormones ↑

GH ↑/IGF-1 ↓

LIVER

Fatty acid oxidation ↑ and
carbohydrate oxidation ↑

Constitutive proteins ↓
(Prealbumin ↓ )

Muscle mass ↓
(Urinary 3MH ↑)

Acute Metabolic Response to Tissue Injury

B

Metabolic Stress Response

KETONES
TISSUE REPAIR

WOUND HEALING
Fuel for brain

AMINO
ACIDS

Loss of lean
body massLipolysis

↑ Fatty acids

Acute in�ammatory
proteins

Hyperglycemia

Critical
illness

Muscle
breakdown

Protein synthesis

Gluconeogenesis

Urea
Fuel for
brain,
RBC, and
kidneys

Trauma

Sepsis

Burn
Surgery

Glycolysis
↓ Utilization

↑↑ GLUCOSE

FiGUre 1-1. A acute metabolic stress response to acute injury. 
reproduced with permission from Baker SS, Baker rD, Davis aM: pediatric nutritional Support energy Metabolism. Jones & Bartlett; 
2007
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 the acUte MetaBolic reSponSe to inJUrY in chilDren         5

causing alterations in the hypothalamicanterior  
pituitary axes, including the adrenal (increased cortisol 
secretion), the somatotrophic (increased GH secretion), the 
thyrotrophic (decreased triiodothyronine [T3] and increased 
reverse T3 [rT3] secretion), and the gonado/lactotrophic 
(decreased testosterone, increased prolactin) axes.3,6 The 
CNS also acts through the peripheral sympathetic nervous 
system to increase catecholamine secretion. Generally, these 
responses are directly proportional to the severity of the 
insult. In concert, these changes have a profound effect on 
cardiovascular tone, respiratory rate, immune and inflam
matory reactions, and intermediate metabolism, initiating 
an intricate response cascade as described next.

 ■  CYTOkiNe reSPONSe

The metabolic response to tissue injury is initiated by acti
vation of the cytokine cascade. Cytokines are a group of 
proteins, glycoproteins, and peptides with short halflives, 
which are synthesized by various tissue and white blood cell 
populations and have important and diverse cellsignaling 
functions. As a group, they have both proinflammatory 
and antiinflammatory effects, as well as both stimula
tory and suppressive immunoregulatory functions.7,8 As 
such, the cytokine cascade acts as an essential homeostatic 
regulator during the AMS response. Regulatory response 
imbalances caused by an overwhelming insult and/or inad
equate host metabolic/immunologic response capacity can 
undermine response homeostasis, leading to an increased 
risk of injuryinduced morbidity and mortality.9 

Tissue injury induces an early hyperinflammatory 
response, mediated principally by proinflammatory  
cytokines—initially tumor necrosis factor alpha (TNFα) 
and interleukin (IL)1—followed shortly thereafter by 
IL6 and IL8.3 These cytokines are produced by activated 
macrophages, monocytes, and endothelial cells, and their 
release triggers the upregulation of antiinflammatory  
cytokines such as IL10.10 The hepatic acutephase 
response is primarily mediated by IL6.8 Furthermore, 
injuryinduced cytokine release has been shown to pro
mote catabolic metabolism by inhibiting the GH:insulin
like growth factor 1 (IGF1) axis1115 (see “AMSAssociated 
Anabolic Hormone Resistance”). 

 ■  COUNTer-reGUlATOrY HOrMONAl 
reSPONSe

Acute metabolic stress is characterized by substan
tial increases in serum concentrations of catechol
amines, glucagon, and cortisol, which are referred to as  

counterregulatory hormones because they oppose the 
anabolic effects of insulin. Serum concentrations of these 
metabolic stressrelated hormones increase as a result of 
injuryinduced cytokine release.3,16

Catecholamines are the primary agents of the hyper
metabolic response.3,17 They cause hyperglycemia by pro
moting hepatic glycogenolysis—causing conversions of 
skeletal muscle glycogen to lactate (which is then trans
ported to the liver for conversion to glucose through the 
Cori cycle)—and by suppressing the pancreatic secretion 
of insulin. Catecholamines also induce lipolysis, which 
results in the mobilization of FFAs. Finally, catechol
amines, in addition to glucagon and cortisol, induce 
hypermetabolism, which is associated with an increase in 
the basal metabolic rate.

Glucagon induces glycolysis and gluconeogenesis. 
These effects counteract the anabolic effects of insulin. 
Increased glycolysis results in increased serum lactate 
and alanine concentrations. These amino acids provide 
the substrate necessary for the endogenous regeneration 
of glucose (the Cori cycle and alanine cycle). These cycles 
are major contributors to altered carbohydrate metabo
lism during AMS.

Cortisol principally affects protein catabolism. It induces 
muscle proteolysis and promotes gluconeogenesis, although 
it also significantly contributes to hypermetabolism in syn
ergy with catecholamines.17 Glucocorticoids cause this 
muscle proteolysis associated with cytokine release, and 
they have been shown to be a predictor of protein break
down and hypermetabolism in both acutely stressed adult 
and pediatric populations. The major amino acid sources 
for gluconeogenesis are alanine and glutamine from skeletal 
muscle and gut, respectively. Hepatic uptake of these amino 
acids is accelerated during AMS.18 Like glucagon, cortisol 
also causes insulin resistance. Although insulin concentra
tions may be increased during AMS, its anabolic effects are 
inhibited. Serum cortisol levels have also been shown to 
predict survival in critically ill children.19 

Much of what is currently understood concerning 
the metabolic response to injury is based on the study 
of healthy adult subjects who were administered a triple  
intravenous infusion of cortisol, glucagon, and epi
nephrine in concentrations reported in various acutely 
injured critical care populations.17 This triple hormone 
infusion, compared with saline controls, resulted in sig
nificant hypermetabolism, glucose intolerance, hyper
glycemia associated with hyperinsulinemia, insulin 
resistance, negative nitrogen balance, peripheral leuko
cytosis, and increased potassium excretion. Together, 
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6        c h a p t e r  1

these counterregulatory hormones demonstrated addi
tive and synergistic interactions to generate an overall 
metabolic effect greater than that observed with indi
vidual hormone infusions. These hormoneinduced 
changes included significant protein catabolism with 
resultant increases in protein breakdown and nitrogen 
excretion in association with stable protein synthesis 
rates. In concert with increased potassium excretion, 
these findings are associated with losses of lean tissue 
mass, specifically body cell mass (which constitutes the 
metabolically active tissue pool of the host)20, observed 
in critically ill populations in proportion to injury 
severity.3,17 When this study was repeated with the addi
tion of octreotide to suppress serum insulin concentra
tions to levels nearer those observed in acutely injured 
patients, skeletal muscle protein breakdown and whole
body nitrogen losses were substantially accelerated, 
resulting in substantially greater negative nitrogen and 
potassium balances.21 In total, all of the findings noted 
in this section are emblematic of the AMSresponse–
associated clinical profile in both critically ill children 
and adults.

AMS-Associated Anabolic Hormone resistance 

Throughout human existence, the metabolic response 
to acute injury and disease has been characterized by 
an associated decrease or absence of exogenous nutri
ent intake (anorexia). A predominant clinical feature 
of serious illness in children is feeding intolerance or a 
decreased willingness to feed. This phenomenon causes 
the body to rely on the mobilization of endogenous fuel 
stores for the provision of substrates and energy required 
during the period of AMS. Because normal anabolic 
metabolism, which essentially results in the uptake of 
substrates from the circulation and their deposition in 
tissue stores, is counterproductive in the face of increased 
demands for substrate mobilization (and because the 
advent of exogenous tube feeding and intravenous nutri
tional support have appeared too recently within the 
overall time frame of human development for evolution
ary adjustment to occur), the attenuation of anabolic hor
mone effects in response to acute injury states represents 
an important teleological evolutionary compensatory 
mechanism. This mechanism is characterized by the sup
pression of, or resistance to, the anabolic effects of several 
key hormones.

Because the anabolic effects of these hormones depend 
on a variety of associated mechanisms and conditions, it is 

important when interpreting published studies to under
stand which of these mechanisms and associated condi
tions are altered in regard to “resistance”; for example:

•	 the nature of the injury insult (e.g., sepsis versus burn)
•	 the substrate pool affected (e.g., glucose versus protein)
•	 the body pool sampled (e.g., splanchnic, hepatic, 

peripheral muscle, or systemic circulatory beds)
•	 the timing of serum samples taken relative to the onset 

of injury 
•	 the use of exogenous intervention (nutritional, hor

monal, etc.) 

Lack of attention to these details has led to consider
able controversy, especially in relation to the nature of 
insulin resistance.2228

Insulin is a potent anabolic hormone responsible for 
glycogen synthesis and the storage of carbohydrate, lipo
genesis and the storage of fat, and net protein synthesis. 
Insulin stimulates glucose uptake into skeletal and cardiac 
muscle cells, suppresses hepatic glucose production and 
release, inhibits FFA release from adipose tissue, decreases 
proteolysis, and stimulates the process by which amino 
acids are incorporated into protein. Insulin and IGF1 are 
essential hormones for somatic growth in infants and chil
dren. Insulin resistance is a condition in which adequate 
serum insulin levels do not appropriately stimulate the cel
lular uptake of glucose. Instead, glucose production, lipol
ysis, fatty acid oxidation, and proteolysis are all increased 
in association with decreased muscle glucose uptake. Both 
injuryinduced oxidative stress29 and increased FFA pro
duction during acute injury states30 have been implicated 
as putative mechanistic factors contributing to insulin 
resistance. Normally, the rate of skeletal muscle glucose 
uptake is directly proportional to serum glucose concen
trations (as determined by the rate of glucose production 
in the absence of exogenous glucose delivery) and is aug
mented by insulin. In response to tissue injury, however, 
glucose production increases despite normal, or even 
elevated, serum insulin concentrations, while the normal 
insulinstimulated cellular uptake of glucose by skeletal 
muscle and adipose tissue is attenuated. While insulin 
levels in burned children have been shown to increase in 
proportion to severity, insulin resistance also increases.3 
Acute injury states in critically ill adults and children are 
thus characterized by hyperglycemia despite atypically 
high serum insulin concentrations.3,17 Most of the glucose 
uptake during this period occurs in insulinindependent 
tissues (brain, erythrocytes, wound tissue), so peripheral 
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glucose clearance (glucose utilization divided by plasma 
glucose) usually remains elevated.31 

Early studies in patients with burns and other injuries 
demonstrated hyperglycemia in association with elevated 
serum insulin concentrations24,25 that could not be reversed 
by the administration of exogenous insulin. Subsequent 
studies in septic adults and severely burned children have 
reported failure of exogenous insulin to suppress hepatic glu
cose production despite concomitant provision of exogenous 
glucose.27,32 Reduced glucosestimulated insulin secretion33 
and decreased insulinstimulated wholebody oxidation of 
carbohydrate (relative to healthy controls) have been docu
mented in septic adult patients.28 

Conflicting data relative to whether glucose oxidation 
is appropriate to circulating insulin levels may, in part, be 
explained by the fact that pyruvate dehydrogenase activ
ity is dependent on the nature of the injury or insult. The 
activity of this enzyme has been shown to be depressed by 
2 to 3fold in sepsis (thus reducing aerobic metabolism 
and glucose oxidation),34,35 whereas activity in adult burn 
patients is increased by 300%.32

Because insulin is known to promote net protein anabo
lism, primarily by decreasing proteolysis, the protein break
down observed in AMS states has been ascribed to insulin 
resistance.36 However, despite the presence of proteolysis, 
the protein anabolic effect of insulin has been reported 
to be intact.37 Furthermore, decreased leucine oxidation 
and improved nitrogen retention have been observed in 
hyperinsulinemic burned patients.38 These findings suggest 
that exogenous insulin might be used to reverse or retard 
injuryinduced protein catabolism. The exogenous provi
sion of extremely large insulin doses (10 times higher than 
the range generally observed in injured patients) in severely 
burned adults has been shown to increase muscle protein 
synthesis (approximately 350% relative to that of control 
subjects), but without improvement in the rate of burn or 
wound healing compared with that of the control group.39

More recently, insulininduced reduction in pro
inflammatory cytokine expression with decreased acute
phase and increased constitutive hepatic protein synthesis 
has been demonstrated in burned rats,40 possibly due to 
reduced hepatic endoplasmic reticulum stress.41,42 This 
antiinflammatory effect associated with insulin admin
istration has also been documented in critically ill chil
dren.43,44 Moreover, randomized prospective evaluation of 
the use of insulin to treat injuryinduced hyperglycemia 
has demonstrated decreased morbidity and mortality in 
both critically ill children and adults4446 (see “Overfeeding 
Associated with Acute Meta bolic Stress”).

In health, the major actions of GH are to decrease pro
tein catabolism and promote protein synthesis, promote 
fat mobilization and the conversion of FFAs to acetyl 
coenzyme A, and decrease glucose oxidation while increas
ing glycogen deposition. However, the anabolic effects of 
GH, particularly as they relate to protein metabolism, result 
from the GHstimulated synthesis and secretion, princi
pally by the liver, of an extremely potent anabolic agent: 
IGF1. Insulinlike growth factor I synthesis and activity is 
modulated by a specific group of IGF1binding proteins 
that either facilitate or suppress the synthesis and activity 
of IGF1. Of these, IGFbinding protein (BP) 3 (IGFBP3)  
is the predominant IGF1 facilitator, and IGFBP1 is the pre
dominant suppressor. During AMS, the GH/IGF1 axis is 
suppressed, in part due to injuryinduced cytokine expres
sion (notably of TNFalpha, IL1, and IL6).1315 While GH 
levels rise, both serum IGF1 and IGFBP3 concentrations 
decrease and serum IGFBP1 concentrations increase.3,6,13,47 
In this state, the substratemobilizing effects of GH domi
nate, resulting in increased lipolysis and fatty acid oxidation. 
These findings reflect anabolic GH resistance during AMS 
states. Serum GH concentrations increase and serum IGF1 
concentrations decrease in direct proportion to the severity 
of the injury or insult and can be used to predict clinical 
outcome.3,18 Elevated GH levels with decreased IGF1 levels 
have been shown to differentiate critically ill children with 
sepsis and septic shock from healthy subjects,19 and to dif
ferentiate sepsis from trauma in critically ill adults.48 

As noted earlier, recent studies suggest that acute 
injuryinduced catabolism can be partially reversed by the 
administration of insulin. Along these lines, recombinant 
human GH (rhGH) administration in burned children 
has been shown to increase serum IGF1 and IGFBP3 
concentrations in association with increased protein syn
thesis and nitrogen balance, improved recovery of catabo
lized lean body mass, and improved clinical outcome.3,49 
Also in burned children, rhGH (with propranolol) admin
istration has been shown to stimulate hepatic constitutive 
protein synthesis while suppressing hepatic acutephase 
protein synthesis, modulating cytokine expression, and 
increasing IGF1 concentrations,50 similar to catabolism
reversing effects observed in acute injury animal models 
following exogenous insulin administration.40,41

Metabolic Alterations Associated with Acute 
Metabolic Stress
As a consequence of counterregulatory hormone release 
and anabolic hormonal resistance described earlier 
in association with acute injury, a series of important 
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alterations of protein, carbohydrate, and lipid metabo
lism ensue, primarily involving the liver but also includ
ing the circulating constitutive protein pool, skeletal 
musculature, intestine, and adipose tissue reserves. This 
response is predominantly catabolic. The circulating 
proteins are most immediately affected, resulting in a 
precipitous decrease in serumconstitutive protein con
centrations in direct proportion to the severity of the 
catabolic insult,3,18,51 returning toward normal values as 
the AMS response subsides.18,5154 In terms of skeletal 
muscle, there is a precipitous and substantial increase in 
protein breakdown, while protein synthesis rates remain 
relatively stable, resulting in a negative net protein bal
ance3,17 and increased free amino acid concentrations.55 
Net protein balance equates to net nitrogen balance, 
which can be determined by measuring 24hour total 
urinary nitrogen excretion and subtracting daily protein 
intake. Serial net nitrogen balance determinations reflect 
the magnitude and duration of the catabolic response 
to injury.56,57 An increased amount of amino acids is  
mobilized—primarily alanine and glutamine from skel
etal muscle and intestinal pools—and flows to the liver58 
to facilitate hepatic gluconeogenesis and the synthesis of 
acutephase proteins. Hepatic protein synthesis is repri
oritized away from the constitutive proteins, including 
albumin, prealbumin (transthyretin), transferrin, and 
retinolbinding protein, to instead synthesize acute
phase reactants during acute injuryresponse states.59 As 
a result, serum acutephase protein pool marker concen
trations, such as Creactive protein (CRP), increase while 
constitutive protein levels, such as prealbumin, remain 
depressed.3,56 

Resolution of the AMS response is characterized by 
decreasing serum acutephase protein concentrations 
in conjunction with increasing serum constitutive pro
tein levels.53,56,60 This response pattern is associated with 
a return of hepatic constitutive protein synthesis and 
resumption of anabolic metabolism. 

Prominent alterations in glucose homeostasis are 
characteristic of the acute injury response, and hyper
glycemia is its hallmark. The normal suppressive effect of 
exogenous glucose administration on endogenous glucose 
production is ablated during metabolic stress states.31,61 
Glucose production increases in direct proportion to the 
magnitude of the stress response, and production rates 
depend principally on epinephrine and glucagondriven 
glycogenolysis and cortisoldriven gluconeogenesis. 
Hepatic glycogen stores represent an immediately avail
able endogenous resource, capable of lasting 2 to 3 days 

in wellnourished older children, down to several hours 
or less in stressed infants, particularly preterm babies, 
because the increase in energy requirements to support 
brain metabolism in these patients easily exhaust circulat
ing glucose levels, thus impeding hepatic glycogen storage 
during nonstress periods.62 Gluconeogenesis is de novo 
glucose production from noncarbohydrate precursors, 
most notably from lactate and alanine. Plasma glucose 
is taken up by the cell and undergoes glycolysis to form 
pyruvate, which can then (1) undergo decarboxylation 
to enter the Krebs cycle, (2) undergo reduction to form 
lactate, or (3) undergo transamination to form alanine. 
The fate of pyruvate is largely determined by pyruvate 
dehydrogenase complex activity, which is injurytype 
dependent (e.g., highly stimulated by burn injury and 
suppressed by sepsis).32,34,35 There is a redundant process 
in which plasma glucose is taken up by a skeletal muscle 
cell, where it undergoes glycolysis to form lactate which 
then reenters the bloodstream. This lactate is taken up by 
hepatocytes for use as a substrate for gluconeogenesis to 
resynthesize glucose, which is then returned to the blood
stream, thus repleting plasma glucose levels, and com
pleting the Cori cycle. Alanine is the major amino acid 
precursor for gluconeogenesis, and while injuryinduced 
skeletal muscle catabolism provides a wide variety of free 
amino acids to fuel gluconeogenesis, much of the alanine 
comes from the peripheral glycolytic breakdown of glu
cose.63 Peripheral glycolysis yields pyruvate, which can 
either enter the Krebs cycle for complete oxidation or can 
be transaminated, using aminogroup nitrogen derived 
from muscle valine, leucine, and isoleucine, to form  
alanine. Alanine is then transported to the liver where it 
is deaminated to reform pyruvate, which then under
goes gluconeogenesis to regenerate plasma glucose. This 
redundant process is called the alanine cycle and is the 
reason why considerably more alanine is released from 
skeletal muscle than actually constitutes skeletal muscle 
protein. Nitrogen derived from the hepatic deamination 
of amino acids is predominantly used to synthesize urea, 
but can also be incorporated into ammonia and used to 
buffer ketone bodies in the urine.64 Thus, total urinary 
nitrogen reflects muscle protein catabolism.

Injuryinduced alterations in lipid metabolism are 
principally catecholamine driven, under the control of 
β2adrenergic stimulation, and include increased lipolysis 
and fatty acid oxidation proportional to the severity and 
duration of the insult, as well as the adequacy of endog
enous adipose reserves to meet catecholaminemediated 
demands. Free fatty acid production rates are independent 
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of the rate of FFA oxidation and, during AMS, can sub
stantially exceed oxidation rates. Approximately 50% of 
nonoxidized fatty acids undergo reesterification with 
glycerol 3phosphate under normal metabolic condi
tions, primarily in the liver. This lipidrecycling pathway 
is called the triglyceride–fatty acid cycle. During AMS, re
esterification percentage can be considerably greater due 
to increased lipolysis, suggesting that FFA availability can 
surpass energy needs.65 While it was initially thought that 
glucose metabolism was limited by the rate of FFA release 
via lipolysis, it has instead been more recently proposed 
that FFA oxidation is largely limited by glucose avail
ability at the site of oxidation.66 Because FFA transport 
to liver and skeletal muscle is serum albumin dependent, 
and because malnutrition reduces adipose lipid stores, 
the degree of injuryassociated protein catabolism and/or 
malnutrition can have a detrimental effect on FFA avail
ability for energy metabolism during critical illness.

energy Metabolism Associated with Acute 
Metabolic Stress
The assessment of energy expenditure has been widely 
used to characterize alterations in metabolism and to 
determine daily caloric requirements accompanying a 
variety of clinical states in both health and disease. Energy 
requirement can be partitioned into (1) maintenance met
abolic needs (basal metabolic rate, activity, and heat loss 
to the environment) and (2) energy required for growth. 
A small amount of energy is also required to digest food 
and enable its conversion into the nutrients that the body 
needs. Energy requirements are age related and may be up 
to 3 to 4 times higher per unit of body weight for infants 
than for adults.67 Energy requirements are also depen
dent on metabolic status and nutritional reserve, and can 
change rapidly in response to acute injury stimuli. 

However, acute injury markedly alters pediatric energy 
needs. First, acute injury induces a catabolic response that 
is proportional to the magnitude, nature, and duration of 
the injury. Increased serum counterregulatory hormone 
concentrations induce insulin and GH resistance. This 
results in the catabolism of endogenous stores of protein, 
carbohydrate, and fat to provide essential substrate inter
mediates and energy necessary to support the metabolic 
stress response. Approximately 30% to 35% of predicted 
energy requirements for healthy infants are needed for 
growth. These requirements diminish during childhood 
to approximately 10% for adolescents, finally approaching 
normal adult maintenance requirements in the late teen
age period. Growthrelated requirements are inversely 

proportional to gestational age and approach 50% in very
lowbirthweight babies. During the injuryinduced cata
bolic response period, however, somatic growth cannot 
occur. Second, children treated in the intensive care set
ting are frequently sedated and their activity level is mark
edly reduced, further lowering energy needs. Third, the 
intensive care environment is temperature controlled and 
insensible energy losses are substantially reduced. This 
is especially true for children who are mechanically ven
tilated because, in addition to reduced energy needs for 
the work of breathing, these patients are ventilated with 
warmed, humidified air. This practice alone can reduce 
insensible losses by onethird. In concert, these factors 
result in substantial decreases in energy needs. Although 
increments in energy expenditure associated with the 
magnitude and duration of injury response per se have 
been documented, these positive values are substantially 
less than the reduction in daily needs due to inhibited 
growth, decreased activity, and decreased insensible heat 
losses.68 Therefore, if calorie repletion based on the pre
dicted requirements for healthy infants and children is 
administered during the acute phase of metabolic stress 
in critically ill infants, clinically significant overfeeding is 
likely.56,69,70

To account for these alterations in energy metabolism, 
caloric amounts equal to measured energy expenditure 
values or basal energy requirements should be provided. 
The significance of this therapeutic strategy is that it avoids 
the provision of calories and/or nutritional substrates in 
excess of the energy required to maintain the metabolic 
homeostasis of the injury response. Genderbased basal 
energy expenditure data are available in the publications 
of Talbot71 and/or Schofield72 for infants and children up 
to 18 years of age.

The value of indirect calorimetry in the intensive care 
setting lies in the fact that estimations of energy expen
diture based on equations derived from other clinical 
criteria are notoriously inaccurate.7375 Although average 
measured energy expenditure (MEE) values in large series 
of patients tend to differentiate various degrees of injury, 
individual subjects can respond to similar injury states 
with widely diverse MEE values.68,69,76 The actual MEE is 
frequently much less than predicted values based on the 
clinical grounds.77 For this reason, predictive equations, 
even those specifically derived from pediatric popula
tions, are significantly inaccurate (in approximately 75% 
of critically ill children) and most frequently overestimate 
the daily energy expenditure, which leads to excess caloric 
administration,73 especially if an arbitrary incremental 
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amount is added to account for metabolic stress.77 During 
the course of the metabolic stress response, energy expen
diture may change substantially in response to alterations 
in the insult (magnitude, duration, second injury or insult, 
etc.). For this reason, it is important to measure energy 
needs daily during the acute injury response period. Mea
surements can be carried out at bedside within 30 minutes 
or less, depending on patient stability.69,77

Pediatric energy expenditure after elective, complication 
free surgical procedures does not increase substantially 
above measured baseline values.78 The characteristics of 
injury metabolism will be present only during the acute 
stress response period. For surgical stress alone, this 
period is relatively short, generally less than 48 hours. 
For this reason, studies that attempt to evaluate surgically 
related acute stress changes during later postinjury peri
ods are potentially flawed79 and may introduce misleading 
conclusions. High response variability, in large part, may 
be attributable to substantial differences in the acute meta
bolic demands imposed by the underlying disease process 
(e.g., trauma, burns, sepsis) and the ability of the host to 
meet these demands (size and recruitability of host endog
enous metabolic reserves).3,5 In the final analysis, the most 
accurate way to currently manage nutritional resuscitation 
and avoid overfeeding during AMS is to measure energy 
expenditure daily and provide caloric repletion in exactly 
the MEE amount.56

Clinical Significance 
Clinical Assessment of Injury Severity
Currently, adult injury severity analysis tools are still 
frequently used in critically ill children, notably in pedi
atric trauma patients. While a number of assessment 
instruments for determining injury severity have been 
developed specifically for children, metabolic param
eters of injury response do not play a prominent role 
in currently available pediatric scoring systems.8085 As 
previously discussed, serum concentrations of acute
phase reactants, constitutive proteins, and blood glucose 
levels have been shown to reflect the magnitude and 
duration of the inflammatory, catabolic, and glycemic 
response to injury insult, respectively, in critically ill chil
dren.35,18,51,52,54,68,8688 As such, these metabolic response 
indices constitute a basis for injury severity analysis. A 
number of these studies have demonstrated a correlation 
between the patterns of metabolic response, based on 
serial monitoring of acutephase and glycemic response 
parameters, and clinical outcome.3,5,18,51,87 These findings 

support the development of acute injury scoring systems 
that incorporate such metabolic response indicators. As 
further substantiation of this concept, a modified Nutri
tional Index (NI) score utilizing serum acutephase and 
constitutive protein metabolic stress response indices has 
recently been found to correlate well with injuryinduced 
cytokine release and pediatricadjusted injury severity 
scores.86

Relative to the way scoring systems are currently 
designed to be utilized, assessment tools—which are 
meant to be applied over a limited time interval, usually 
relying on a single evaluation of selected parameters at the 
onset of injury or upon admission to the intensive care 
unit—serve principally to delineate the magnitude of the 
insult and may describe the initial pathophysiologic status 
of the patient. They may even be used to predict outcome 
based on generally established trends, but provide little 
insight into the course of the individual patient response, 
which may be highly variable. In this regard, metabolic 
response markers, such as those previously discussed, can 
easily be serially monitored and thus provide a useful basis 
upon which to develop a dynamic injury assessment tool 
that could be applied on a daily basis to better character
ize the evolving metabolic response to injury in critically 
ill children.8788 The putative value of this dynamic scor
ing system would be to more effectively adjust therapy to 
better address individual patient injury response status. 
As noted earlier, ample literature now exists to support 
the use of these metabolic response parameters, both to 
characterize the severity of injury or insult and to serve 
as a basis for the implementation of clinical therapeutic 
strategies.

 ■  OverFeeDiNG ASSOCiATeD wiTH 
ACUTe MeTAbOliC STreSS

Overfeeding occurs during AMS, when the administration 
of calories or specific substrate exceeds the requirements 
to maintain metabolic homeostasis. These requirements, 
which vary according to the patient’s age, state of health, 
and underlying nutritional status, are substantially altered 
during periods of injuryinduced AMS. Excess nutritional 
delivery during this period can further increase the meta
bolic demands of acute injury.89 Stress metabolism cannot 
be reversed by overfeeding during critical illness. Instead, 
overfeeding further increases the negative impact of meta
bolic stress by increasing hyperglycemiaassociated risks 
and by augmenting the pulmonary and hepatic work
load.75,90 Excess caloric delivery has been shown to increase 
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injuryassociated morbidity and mortality in both pediat
ric and adult studies.56,70,9192 Younger children are particu
larly vulnerable in this regard. Therefore, it is important to 
ensure that calorie intake not exceed demand during the 
period of AMS in critically ill infants and children.

Pulmonary Pathophysiology
Excess caloric delivery, particularly excess carbohydrate 
administration, causes lipogenesis. Glucose administered 
in excess of maximum oxidation rates undergoes fat bio
synthesis (lipogenesis), resulting in substantial increases 
in carbon dioxide production.75,89,90,9395 Since fatty acid 
oxidation is the predominant energygenerating pathway 
during acute injury response, excess lipid administration 
also promotes lipogenesis by reducing carbohydrate oxida
tion.66 Pulmonary functional compromise results from the 
increased work of breathing due to excess carbon dioxide 
production.75,89,91 This effect is harmful in critically ill post
operative children and can induce or prolong the require
ment for mechanical ventilation and intensive care length 
of stay.70 Preterm infants are especially vulnerable to the 
respiratory effects of overfeeding because of their immature 
pulmonary development and limited respiratory reserve.75 

Hepatic Pathophysiology
Overfeeding also negatively affects hepatic morphology 
and function. Acute metabolic stress increases lipolysis 
and FFA oxidation. Counterregulatory hormoneinduced 
insulin resistance reduces the efficiency with which 
exogenous carbohydrate is metabolized. With excessive 
carbohydrate delivery, serum insulin, glucose, glucose 
oxidation, and fatty acid oxidation increase and lipo
genesis remains high.96 These metabolic events increase 
the hepatic workload and further predispose the liver to 
hepatic cellular injury, resulting in hepatic dysfunction.56,89 
Lipid overfeeding with longchain triglyceride (LCT)  
formulations can inhibit the ability of the reticuloendothe
lial system of the liver to clear bacteria during acute injury 
states.97 Decreased hepatic bacterial clearance is associated 
with increased bacterial sequestration in the lung, result
ing in increased pulmonary neutrophil activation and 
the release of inflammatory mediators. Enteral replace
ment of LCT with mediumchain triglyceride (MCT),  
which is absorbed directly into the blood from the gut, 
preserves liver reticuloendothelial system function and 
reduces lung bacterial sequestration.98 Parenteral lipid 
overfeeding heightens the risk of induced hepatic dysfunc
tion, because standard lipid emulsions (e.g., Intralipid)  

contain high concentrations of linoleic acid. This omega6 
fatty acid and arachidonic acid precursor selectively 
stimulates the synthetic pathways of prostaglandins with 
high inflammatory activity, thus increasing inflammatory 
changes (steatosis, cholestasis, fibrosis) within the liver 
parenchyma.99,100 In contrast, the use of lipid emulsions 
with omega3 fatty acid (fish oil), which stimulates ara
chidonic acid pathways with lesser inflammatory activity, 
has been suggested as a strategy to improved or reverse 
parenteral nutritionassociated liver disease (PNALD).101 
This strategy may be particularly important in critically 
ill infants and children requiring longterm parenteral 
nutrition (e.g., with necrotizing enterocolitis, gastroschi
sis, short gut syndrome, etc.). Furthermore, the admin
istration of even minimal amounts of enteral feedings 
can stimulate intestinal trophic hormone secretion, thus 
reducing the inflammatory effects of bacterial transloca
tion and decreasing PNALD.102

immune System Pathophysiology
As discussed previously (see “Acute Metabolic Stress 
Response”), the response to acute injury can itself result 
in hyperglycemia. Excess caloric delivery can result in an 
immunocompromised state by causing hyperglycemia. 
Deficiencies in white blood cell activation and func
tion, including impaired granulocyte adhesion, chemo
taxis and phagocytosis, decreased respiratory burst, and 
impaired intracellular killing, as well as decreased immu
noglobulin function and complement fixation, have been 
demonstrated in vitro in direct association with hyper
glycemia and have been shown to improve with glucose 
control.103,104 Functional leukocyte abnormalities have 
been associated with sustained blood glucose levels 
greater than 200 mg/dL (11.1 mmol/L) and become more 
severe as serum levels increase. A number of studies have 
associated hyperglycemia with increased mortality and 
morbidity in critically ill adults and children.46,49,70,105 
Furthermore, exogenous insulin therapy to control blood 
glucose concentrations below 120 mg/dL (6.7 mmol/L) 
has been shown to improve morbidity and mortality in 
certain critically ill adults and children4446,49 in associa
tion with improved insulin sensitivity and mitochondrial 
oxidative capacity, a decreased inflammatory response, 
and decreased infectionrelated complications.45,49

Hyperglycemia can also result from excess caloric 
delivery from either parenteral or enteral routes. 
Parenteral nutrition is more typically associated with 
overfeedingrelated hyperglycemia,106 in part due to 
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the absence of natural physiologic mechanisms, such as 
ileus and malabsorption, resulting in vomiting and diar
rhea, which can help to protect the body against exces
sive caloric nutrition administered enterally. Overfeeding 
can be particularly harmful in critically ill patients during 
acute injury (catabolic) states where, in contrast to ana
bolic states, excess calories cannot be effectively depos
ited in storage compartments such as adipose tissue.56,96 
Thus, excess caloric delivery in this patient population 
can further increase injuryrelated hyperglycemia. Indi
rect calorimetric assessment in the adult intensive care 
setting has shown that, in the absence of serious burns, 
multiple trauma, or severe head injury, most patients 
have a resting energy expenditure of approximately  
25 kcal/kg per day107 and that if caloric delivery does not 
exceed this amount, overfeedingassociated hyperglyce
mia can be avoided.108 Moreover, when energy delivery 
in adult patients substantially exceeds this amount, par
ticularly parenteral delivery, hyperglycemia and infectious 
complications increase.106,109111 

Numerous studies have associated hyperglycemia 
with increased mortality and morbidity in critically ill 
adults and children.44,46,70,87,105 Furthermore, some stud
ies in adult and pediatric intensive care populations 
using insulin therapy have demonstrated significantly 
improved mortality and morbidity associated with tight 
glycemic control (blood glucose 80110 mg/dL (4.46.1 
mmol/L)).44,46 This therapy has also resulted in higher 
rates of transient hypoglycemia that were substantially 
greater in enterally versus parenterally fed patients. 
Therapeutic glycemic target adjustment (<150 mg/dL 
(8.3 mmol/L) versus <110 mg/dL(6.1 mmol/L)), more 
accurate monitoring (pointofcare), parenteral nutrition, 
and appropriately applied algorithms have been shown to 
reduce insulininduced hypoglycemia.112

 ■SeriAl AMS reSPONSe ASSeSSMeNT

Nutrition assessment of critically ill infants must 
account for the acute metabolic impact due to injury 
severity and can be best accomplished clinically by 
serial measurement of (1) the visceral (or constitu
tive) protein pool, (2) the acutephase protein pool, 
and (3) energy expenditure (see “Energy Metabo
lism Associated with Acute Metabolic Stress”).  
The variations of the injury response can thus be estab
lished on the basis of serial changes (response pattern) in 
the serum concentrations of CRP, an acutephase protein 
pool marker, and prealbumin, a visceral protein pool 
marker.3,18,68 Serum CRP and prealbumin concentrations 

 ■keY POiNTS

•	 The adaptive AMS response to injury in humans is  
stereotypical, but the hypermetabolic state is atten
uated in children.

•	 The response is characterized by a cytokinemediated 
increase in serum levels of counterregulatory hor
mones with GH and insulin resistance.

are readily measured in most hospital clinical laborato
ries. Albumin should not be used because acute catabolic 
and anabolic changes, which occur in association with 
the evolving metabolic response to injury, have a smaller 
impact on overall serum levels of this visceral protein 
due to its substantially larger pool size and much lon
ger endogenous serum halflife. Within 12 to 24 hours 
following injury, serum prealbumin levels fall, reflect
ing catabolism, and CRP levels rise because of hepatic 
reprioritization of protein synthesis in response to 
injury. During this acute metabolic injury response state, 
calories should be administered to match only MEE
established needs. If indirect calorimetry is unavailable, 
only basal metabolic needs should be administered.7172 
Serum prealbumin and CRP levels are inversely related 
(i.e., serum prealbumin levels decrease and CRP  
levels increase with a magnitude proportional to injury 
severity and then return to normal as the acute meta
bolic response to injury resolves) and should be mea
sured serially to establish the injury response pattern. 
Acutephase protein changes have been shown to cor
relate well with glycemic response changes.3,87 Serum 
blood glucose, prealbumin, and CRP concentrations 
have also been shown to be useful in predicting clinical 
outcome in critically ill children.3,5,18,86,87 Furthermore, 
serum CRP concentrations have been shown to correlate 
well with MEE in this patient population.88 Decreases 
in serum CRP values in conjunction with increases in 
serum prealbumin indicate resolution of the postinjury 
inflammatory (metabolic stress) response and cessation 
of catabolic metabolism.3,18,75 In this regard, increasing 
serum prealbumin levels are particularly important, 
signifying the resumption of somatic growth (adaptive 
anabolic phase) at which time calories can be advanced 
to promote growth recovery.52 This method provides a 
potentially useful guide to advance calorie delivery and 
optimize growth recovery without overfeeding infants 
during the acute phase of the metabolic response to 
injury.56
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 ■  MALNUTRITION IN THE CRITICALLY  
ILL CHILD 

Critical illness greatly influences one’s nutritional status; 
therefore, assessment of nutritional status should be an 
integral part of patient care. During a child’s intensive care 
stay, however, attention is mostly focused on the primary 
medical problem, e.g., hemodynamic instability, serious 
infection, congenital anomaly, and nutritional status is 
often neglected. 

Critically ill children are at high risk of develop-
ing nutritional deficiencies and altered nutritional sta-
tus. Much more than adults, critically ill children are at 
high risk of clinical depletions because they have limited 
body reserves of fat and protein, higher energy expendi-
ture, and increased energy requirements for growth and  
development. 

Studies performed in the 1980s revealed that about 
20% of the children admitted to a pediatric intensive 
care unit (PICU) were in poor nutritional state. Despite 

improvements in intensive care technology, feeding possi-
bilities, and increased awareness of the significance of ade-
quate nutritional support, the prevalence of malnutrition 
over the last 30 years still remains high—up to 45%.1,2 The 
fact that the incidence has not decreased may be explained 
by certain developments in the care for critically ill chil-
dren in recent years. As a result of these developments, 
more and more children with chronic disease or major 
congenital anomalies survive to an older age, and these 
children are more likely to be in poor nutritional state on 
admission to the PICU than are previously healthy chil-
dren. One has also to take into account the high prevalence 
of underlying growth-affecting disease in those with acute  
malnutrition.1

The acute effects of malnutrition include poor wound 
healing, higher risk of infections due to poor immune 
defense, reduced gut function, longer dependency 
on mechanical ventilation, and longer hospital stays.3 
Considering that malnutrition might also jeopardize 
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future growth and development,4 it seems all important 
to identify on admission to the PICU those children with 
preexisting poor nutritional status and those at risk for 
developing malnutrition, with a view to tailoring their 
nutritional care.

With this specific aim in mind, we need to identify 
nutritional assessment tools that can easily be used in the 
intensive care setting, are patient friendly, are portable, 
and that have enough sensitivity/specificity to distinguish 
children with poor nutritional status from children with 
normal nutritional status.

 ■  CHALLENGES AND STRATEGIES  
TO DEFINING MALNUTRITION

Although both under- and overnutrition are forms of 
malnutrition, the term malnutrition used in the con-
text of the PICU commonly refers to undernutrition. 
(Please see chapter 21 for details on care of the obese 
child in the PICU.) Malnutrition has been defined as a 
disorder of body composition characterized by macro- 
and/or micronutrient deficiencies and resulting from 
reduced nutrient intake or impaired metabolism. It 
describes a broad spectrum of clinical conditions 
ranging in severity from mild to very severe, which 
may result in reduced organ function, reduced body 
mass (muscle wasting and loss of subcutaneous fat), 
abnormal results in blood chemistry studies, and less 
favorable clinical outcomes.5 In developed nations, 
malnutrition is generally secondary to disease and 
caused by inadequate dietary intake, increased meta-
bolic demands, impaired absorption, or increased 
nutrient losses. Critically ill children may show a com-
bination of these factors.6 Malnutrition can be of the 
acute, chronic, or mixed type. Acute malnutrition is the 
type that usually occurs in critical illness, but children 
with underlying chronic diseases who are admitted 
to a PICU because of an acute illness can also pre-
sent with chronic malnutrition. The recently released 
American Society for Parenteral and Enteral Nutrition 
(A.S.P.E.N.) definitions of pediatric malnutrition pro-
posed a new classification of malnutrition based on 
its etiology: as illness related when it is secondary to 
disease/injury, as non-illness related when it is caused 
by environmental/behavioral factors, or both.7 Vari-
ous criteria based on anthropometry exist for classify-
ing children as malnourished; these will be discussed 
in the section “Assessment of Body Composition”  
(see Table 2-2).

 ■  PRINCIPLES OF NUTRITIONAL  
ASSESSMENT 

Nutritional assessment is defined as a structured way to estab-
lish the nutritional status and energy requirements of a child 
by objective measurements in relation to specific disease indi-
cations, whereby an adequate nutritional treatment can be 
developed and monitored. In general, a multidisciplinary set-
ting is preferred, including physicians, dietitians, and nurses. 

Different data must be interpreted together in order to 
perform a comprehensive nutritional assessment: 

•	 General evaluation (including dietary and medical  
history and physical signs) 

•	 Severity of illness assessment and determination of risk 
for malnutrition 

•	 Assessment of body composition
•	 Measurement of nutrient balance
•	 Laboratory studies, including measurement of inflam-

matory activity, functional assessment, and estimation 
of energy requirements

The results of nutritional assessment in a critically ill 
patient reflect metabolic consequences of both undernutri-
tion and the underlying disease. In this context, nutritional 
assessment and subsequent nutritional support are directed 
not only at treating malnutrition, but also at supporting 
the patient nutritionally and metabolically to prevent fur-
ther physiologic deterioration while undergoing primary 
disease-directed therapy. Furthermore, in critically ill chil-
dren, we must also aim at improving their nutritional status 
to maintain normal growth and development. 

 ■  ASSESSING AND SCREENING FOR  
MALNUTRITION, USING CLINICAL  
AND LABORATORY PARAMETERS 

Nutritional assessment is necessary to identify patients who 
have already developed or are at risk of developing protein 
energy malnutrition (PEM) to establish the degree of mal-
nutrition and the risk of developing malnutrition-related 
complications, and to monitor the adequacy of nutritional 
support.8 Accurate assessment of nutritional status in chil-
dren is complicated by ongoing growth, changing energy 
needs, varying body composition, and disease.9

All critically ill children should undergo nutrition 
screening within 24 hours of admission. Currently, 5 screen-
ing tools are available for children admitted to the hospi-
tal: (1) the Nutrition Risk Score (NRS),10 (2) the “pediatric 
nutritional risk score” (PNRS),11 (3) the Screening Tool for 
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the Assessment of Malnutrition in Paediatrics (STAMP),12 
(4) the Paediatric Yorkhill Malnutrition Score (PYMS),13 and 
(5) the STRONGkids tool.14 These scores have not yet been 
used for children admitted to the PICU. Children identified 
as malnourished or at risk for malnutrition should undergo 
more detailed nutrition assessment, ideally by a dietitian.

General Evaluation
A full medical and dietary history is necessary for an 
extensive nutritional assessment. Items such as food 
intake, anorexia, feeding problems, and underlying dis-
ease should be addressed. Critically ill children with a 
history of chronic disease may at admission show poor 
initial nutritional status and thus need extra attention. 
Physical signs of malnutrition usually do not appear until 
the malnutrition has been developing for some time and 
reached a severe stage, but the first impression of the child 
and subjective assessment of muscle and fat mass can help. 
Subjective global nutrition assessment (SGNA) is a clini-
cal technique that assesses nutritional status based on fea-
tures of the history and physical examination.15,16 

Severity of illness Assessment and Risk for  
Malnutrition Assessment
Objective illness-severity scores are quite important in the 
overall nutritional assessment of a critically ill child during 
PICU admission. They provide insight into the degree of 
metabolic stress and help to determine the turning point 
from catabolism to anabolism in the course of disease. 

Several illness-severity scoring systems are available for use 
in children: the Pediatric Risk of Mortality Score (PRISM), 
the Pediatric Index of Mortality (PIM), and the Paediatric 
Logistic Organ Dysfunction (PELOD) score. Furthermore, 
changes in metabolic, endocrine, and inflammatory param-
eters over time might help to evaluate the severity of illness 
during PICU admission. At the moment, however, there is 
no universal scoring system for severity of disease in relation 
to nutritional assessment that can be used in daily practice. 

Assessment of Body Composition
Currently, there is no consensus on the best method to 
assess body composition of children admitted to the PICU. 
Body composition can be assessed by classic anthropom-
etry or by more sophisticated methods—e.g.; bioelectrical 
impedance analysis (BIA) and dual-energy x-ray absorp-
tiometry (DEXA). Most of these newer methods have 
significant limitations in the intensive care unit, seeing 
that practical application is limited because of technical 
problems and that validated reference data are lacking. In 
general, results of body composition measurements may 
also be affected by the frequent alterations in the child’s 
hydration status during the initial stages of critical illness.

Table 2-1 summarizes the practical and theoretical 
advantages and limitations of body composition measur-
ing techniques for use in critically ill children. 

Anthropometry 
Classic anthropometry is the term describing the measure-
ment of body weight, body length, and head circumference. 

Assessment Tool What Is Assessed? Advantages Limitations

Subjective  
Global Nutrition 
Assessment (SGNA)

Identifies risk factors for 
malnutrition

•	  Good sensitivity and  
specificity

•	  Good interobserver  
agreement

•	  Validated in critically  
ill children

•	 Subjective 
•	 depends on parental cooperation

Functional tests  
(skeletal muscle  
function)

Grip strength  
Respiratory muscle 
strength 
Response to electrical 
stimulation

•	  Not possible in neonates and young 
children

•	 Relies on degree of patient cooperation
•	  No standardized equipment and  

procedures
•	  Interference of muscle relaxants and 

other drugs

■  TABLE 2-1. Nutritional Assessment Techniques: Practical and Theoretical Advantages and Limitations for Use in  
Critically ill Children

(Continued)
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Assessment Tool What Is Assessed? Advantages Limitations

Classic anthropometry 
(weight, height, head 
circumference)

Total body mass, growth 
(weight), Linear growth 
(length) Brain growth (hC)

•	  Reference standards 
available for all ages 
and both sexes

•	 unreliable when edema is present
•	  Special equipment necessary at the 

bedside

Knemometry
knee heel length (KhL)

Short-term linear growth •	  Sensitive to short-term 
changes

•	 difficult in older children
•	 No reference values available

Circumferences 
(MuAC, CC)

Body composition:  
indirect measure of 
somatic protein  
Indication of fM

•	  Reference standards 
available for all ages 
and both sexes

•	  Values may fall in the normal range in 
the presence of PEM

•	 unreliable when edema is present

Skin folds 
(TSf, SSf)

Body composition: 
Indication of fM

•	  Reference standards 
available for all ages 
and both sexes

•	  Large intra- and interobserver  
variability

•	 Poor accuracy for individuals
•	 unreliable when edema is present
•	 Equations are population specific

Bioelectrical  
impedance analysis 
(BIA)

Body composition 
Body water: estimation 
of ffM

•	 Noninvasive
•	 Possible at the bedside
•	 Quick and safe
•	  Small interobserver 

variability 

•	  No reference standards/equations for 
all ages

•	  Equations mostly validated in healthy 
children

•	  Assumes constant hydration of lean 
tissue; not useful in children with fluid 
imbalance problems

•	  Influenced by many factors (e.g., skin 
temperature, prior food, body position)

DEXA Body composition: 
ffM, fM, and BM

•	 Accurate
•	 Low radiation dose
•	  Not relying on  

equations

•	 Expensive
•	 Technically difficult
•	  difficult to interpret when edema is 

present

Stable isotope  
studies

Body composition  
(deuterium-labeled water 
[2h2O]): TBW (ffM)
Estimation of EE (doubly 
labeled water [2h2

18O])

•	 few exclusion criteria
•	 Very precise

•	 Invasive
•	 Long-term assessment
•	 Expensive and scarce
•	 Not routinely possible

Indirect calorimetry Estimation of EE/24 hr, RQ
Accurate monitoring of 
energy needs

•	 Possible at the bedside
•	  Can be used in 

mechanically  
ventilated patients

•	 Noninvasive
•	  Accounts for individual 

differences
•	  Good follow-up tool of 

nutritional therapy

•	 Some exclusion criteria
•	  Influenced by metabolic status, fever, 

activity, thermal effect of food
•	 Expensive
•	 Maintenance of equipment

BM, bone mass; CC, calf circumference; dEXA, dual x-ray absorptiometry; EE, energy expenditure; fM, fat mass; ffM, fat-free mass; hC, head circumference; 
L, length; LBM, lean body mass; MuAC, mid-upper arm circumference; RQ, respiratory quotient; SSf, subscapular skinfold thickness; TBW, total body water 
TSf, triceps skinfold thickness

■  TABLE 2-1. (Continued) 
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Additional anthropometric measurements include limb 
circumferences, skinfold thicknesses, and measurements 
of limb lengths, e.g., lower leg length (knemometry). Age- 
and sex-specific reference data of anthropometric measures 
are widely available for both international and national use. 
Furthermore, growth references exist for various popula-
tions and diseases (e.g., Down syndrome preterm infants).

Diagnostic criteria for malnutrition using anthropometry  
In order to diagnose acute malnutrition (wasting), different 
criteria have been proposed for weight-for-age (WFA) and 
weight-for-height (WFH). Length-for-age (LFA) or Height-
for-age (HFA) usually serves to diagnose chronic malnutri-
tion (stunting). An overview of the currently used criteria for 
defining malnutrition and failure to thrive in children based 
on anthropometry measurements are shown in Table 2-217,18

For children with serious conditions and a high risk of 
malnutrition due to the primary disease or its treatment, the 
criteria for malnutrition screening at the population level, 
such as the Waterlow criteria or World Health Organization 
(WHO) criteria, may be too low in clinical practice. 

Furthermore, there are several important problems 
involved with the use of anthropometry in critically ill 

children. These children tend to gain extra weight due to 
third spacing of fluid in acute metabolic stress, and standard 
anthropometric measurements may thus result in false-
negative assessments. The individual child, however, may 
benefit from the initial assessment and follow-up over time.

Body weight is still the most important parameter for 
nutritional assessment of the critically ill child. However, 
weight is not easy to assess in this group, and changes in 
weight cannot be ascribed to growth only, because edema 
also plays an important role. 

Body length is generally of limited value for nutritional 
assessment during PICU admission because linear growth 
changes over a short period of admission are minimal. 
Length measurements are nevertheless important in the 
initial assessment to obtain WFH indices and to evalu-
ate chronic nutritional status. Length is also an important 
consideration in chronically critically ill children who 
spend prolonged periods of time in the PICU.

For newborn infants and children up to 24 months 
old, heel-to-knee measurement (knemometry) is a 
method for measuring short-term linear growth. It 
makes use of a handheld device that can be used inside 

■  TABLE 2-1. (Continued) 

Criteria for Acute Malnutrition

Weight-for-height SdS less than −2 [WhO9]

Weight for height less than 80% of median [Waterlow]

Weight-for-height less than 5th percentile [Tanner]

Body mass index SdS less than −2 [Cole]

% ideal body weight for height less than 80

Criteria for Chronic Malnutrition

height-for-age SdS less than −2 Sd (WhO)

height for age less than 90% of median

height for age hfA less than 5th percentile

Criteria for Failure to Thrive and Immediate Nutritional Intervention

Inadequate growth or weight gain for >1 mo in a child <2 y of age

Weight loss or no weight gain for >3 mo in a child >2 y of age

Change in weight for age >−1 Sd in 3 mo for children <1 y of age on growth charts

Change in weight for height >−1 Sd in 3 mo for children >1 y of age on growth charts

decrease in height velocity 0.5–1 Sd/y at <4 y of age and 0.25 Sd/y at >4 y of age

decrease in height velocity >2 cm from preceding year during early/mid-puberty

SdS, standard deviation score.

■  TABLE 2-2. Criteria for Acute Malnutrition, Chronic Malnutrition, and Failure to 
Thrive Based on Weight and Height Measurements17,18

02_Goday_Ch02.indd   23 18/07/14   6:00 PM

https://t.me/Medicalbooksstored



24        C h a p t e r  2

an incubator and is less interruptive than total body 
length measurements. 

The measurement of head circumference (HC) is an 
important aspect of nutritional assessment in young chil-
dren, as brain growth is highest in the first 4 years of life. 
In the PICU, this parameter is used predominantly in 
preterm and term neonates, but hardly in children out-
side this age group. Assessment of HC at admission could 
signal the presence of severe chronic malnutrition in the 
past, whereas serial measurements in neonates can help in 
detecting the development of malnutrition. 

Anthropometric measurements that can provide infor-
mation on fat mass (FM) and fat-free mass (FFM) include 
body circumferences (mid-upper arm, calf) and skin-
fold thickness. Mid-upper arm circumference (MUAC) 
is a measure of muscle, fat, and bone. It has served as 
an index of malnutrition in rapid nutritional surveys in 
which weight and length measurements were not fea-
sible. Triceps skinfold (TSF) thickness is one of the most 
valuable anthropometric measures of nutritional sta-
tus because (1) it is a good indicator of energy reserves;  
(2) it correlates well with total body fat stores; and  
(3) recent reference data are available for all age groups and 
from different countries. Combining the TSF measurement 
with MUAC enables one to estimate upper-arm muscle 
(muscle circumference = MUAC (cm) − (0.314*TSF (cm)))  
and fat stores. The latter correlate well with total body 
measures of FM and FFM. Furthermore, measuring arm 
muscle circumference is quite feasible—the arm is usually 
free of edema, and the outcome correlates with muscle 
wastage. Calf circumference was found to be useful for 
screening of nutritional status in healthy infants, but its 
utility in disease has not been well documented yet. 

Bioelectrical impedance analysis Bioelectrical imped-
ance analysis is a form of body composition analysis that is 
based on the physical principle that fat tissue has low elec-
trical conductivity and high impedance relative to lean tis-
sue (FFM). This is due to the much greater content of water 
and electrolytes in FFM. This technique consists of pass-
ing a sensation-free alternating current between electrodes 
on hands and feet to obtain total body impedance. Total 
body impedance combines resistance (R) and reactance 
(Xc) across tissues. These two measures can be converted 
with age-specific prediction equations to estimate body 
composition (total body water [TBW] or FFM). Several 
age-specific prediction equations of TBW and other body 
components, including length and mostly also weight and 
sex, derived from numerous small cross-sectional studies 

are available. There are almost as many different BIA equa-
tions in the literature as there are studies, denoting the 
population-specific character of these equations. Moreover, 
equations for neonates and young children are scarce. 

For the population in the PICU, studies are limited. 
Bioelectrical impedance analysis was used to study 
changes in TBW in children <3 years post-cardiac surgery 
and was found to be valuable in researching the major 
water fluxes associated with cardiopulmonary bypass 
techniques.19 Furthermore, BIA has been used in children 
on dialysis, and in one of these studies it was shown that 
BIA was more sensitive to body changes than the anthro-
pometric measurements.20.21

The bioelectrical impedance vector analysis (BIVA) 
generated normal values of the bioelectrical impedance 
vector from birth to puberty in healthy children.22,23 This 
method holds an advantage over the conventional BIA 
method in that no assumptions regarding body composi-
tion and models need be made.22 Its application in children 
with altered body composition still needs to be tested. 

One of the limitations of BIA is the need for a constant 
hydration condition. Certain pathophysiological factors may 
interfere with TBW and make this technique difficult to use 
in patients who present with abnormal hydric distribution. 

Although BIA has not been investigated in critically 
ill children, it has potential value, as it can be carried out 
easily, quickly, and safely at the patient’s bedside, and 
may show less interobserver variation than do traditional 
anthropometric measurements. 

Dual energy x -ray absorptiometr y Dual energy x-ray 
absorptiometry provides a method to assess three body 
components: bone mass, FM, and FFM. Because of their 
varying densities, these tissues attenuate the energy beams 
or dual photons differentially as they pass through. Dual 
energy x-ray absorptiometry causes extremely low radiation 
exposure and yields precise body composition in infants and 
children within a few minutes. However, large errors may 
be anticipated in children with abnormal hydration status 
because attenuation of water is similar to that of FFM. Nev-
ertheless, DEXA has a wide application for assessing bone 
mineral content and body composition in preterm and term 
neonates,24 as well as patients with cystic fibrosis; Crohn dis-
ease; anorexia nervosa; severe neuromuscular disease; and 
chronic liver, cardiac, and renal disease.9 Compared with 
bioelectrical and anthropometric methods of body compo-
sition assessment, DEXA has the added advantage of being 
independent of sample-based equations. A portable DEXA 
device would be necessary in the PICU setting. 
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Muscle function tests Muscle function tests such as grip 
strength, respiratory muscle strength, and the response of 
specific muscles to electrical stimulation are used nowa-
days for evaluating nutritional status. It has been shown 
that skeletal muscle function can be altered rapidly by 
undernutrition.25 These tests do not apply very well to the 
PICU patient below 6 years of age, but deserve to be inves-
tigated, however, in older children. 

Research t ools Many other methods, such as isotope 
studies, total body potassium, neutron activation analy-
sis, ultrasonography, computed tomography scanning, 
and magnetic resonance imaging, have been developed to 
accurately estimate the body composition of children.26,27 
Data on the use of these methods in critically ill children 
are lacking. So far, these methods have shown practical 
and logistical limitations in a nonresearch clinical setting, 
but they are important as gold standards to which easier 
methods can be evaluated against. 

Total body water and consequently FFM can be esti-
mated by dilution methods using stable isotopes of water 
(deuterium, 18O) that are ingested or infused. They can 
safely and effectively measure TBW volumes in infants 
and children.28 Protein status can be accurately measured 
using an amino acid labeled with a stable isotope (e.g., 13C 

leucine).29 Routine use of stable isotope studies is difficult, 
however, since the analyses require mass spectrometers, 
which are not available in most hospitals for these purposes.

Laboratory Assessment
In general, laboratory tests are only of relative importance 
in nutritional assessment, e.g., all values can be normal in 
a malnourished child. Selected laboratory tests, however, 
may be useful to identify nutritional deficiencies before 
clinical findings are evident, and may be helpful to moni-
tor clinical recovery from malnutrition, but practically all 
of these tests are affected by inflammation and cannot be 
relied upon in the PICU (Table 2-3). 

Visceral Proteins 
Synthesis of visceral proteins is inhibited in the acute 
phase of trauma and sepsis. In the recovery phase, how-
ever, the liver will return to produce visceral proteins, 
which are needed for repair of injured tissue and in chil-
dren for somatic growth. Various parameters and indices 
can describe protein status. Proteins with a short biologic  
half-life, such as prealbumin (t1/2 = 2 days) and retinol-
binding protein (t1/2 = 10 hours), are more suited to predict 
changes in acute nutritional status than are albumin (t1/2 = 
20 days) and transferrin (t1/2 = 8 days), which have longer 

■  TABLE 2-3. Clinical Use and Limitations of Laboratory Parameters in Nutritional Assessment of Critically ill Children 

Clinical Use Limitations

BIOCHEMICAL

Albumin •	 Valuable as a prognostic indicator
•	 useful for long-term assessments

•	  Affected by many other factors present in ICu patients 
(e.g., infusion of fluids, capillary leak syndrome)

•	  Long t1/2 (15-20 d): levels reflect chronic rather 
than acute protein depletion

Prealbumin •	  Short t1/2 (2-3 d) and small body 
pool: sensitive in evaluating acute 
changes in nutritional (protein and 
energy) adequacy

•	  Influenced by liver, renal, and inflammatory  
disease

Transferrin •	  More sensitive than albumin in 
reflecting protein depletion

•	  Long t1/2 (8 d): more reflective of chronic changes 
in nutritional status.

•	  Influenced by iron status, liver, and inflammatory 
disease

Retinol-binding protein •	 Short t1/2 (12 h)
•	 decreases rapidly with PEM

•	 Low plasma concentrations 
•	  Shows minimal changes in short-term nutritional 

repletion
•	  Influenced by liver, renal, and inflammatory disease

(Continued)
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half-lives. Clinical studies in critically ill infants and preterm 
infants showed prealbumin and retinol-binding protein to 
be the most suitable proteins to evaluate protein nutritional 
status and protein-energy adequacy.30,31 Moreover, in grow-
ing preterm infants, changes in prealbumin occurred 1 week 
before changes in anthropometric measurements. 

Various acute-phase proteins rise after serious injury 
or sepsis in association with a drop in visceral proteins. 
The measurement of a visceral protein as a nutritional 
index should, therefore, at least be complemented by a 
C-reactive protein (CRP) measurement as an indicator 
of the presence of an acute-phase response, aiding in the 
interpretation of sequential easurements.32 Chwals et al 
used levels of pre-albumin and CRP in combination with 
total urinary nitrogen excretion and values obtained with 
indirect calorimetry as guidelines for infant metabolic 
monitoring during acute stress.33 Nutritional intake was 
increased when serial measurements of these metabolic 
parameters demonstrated a resolution of the acute-phase 
response.

Total Urinary Nitrogen and Nitrogen Balance 
Acute metabolic stress will intensify protein breakdown and 
urinary nitrogen loss. Since urinary excretion is, in fact, the 
predominant (>90%) mechanism of nitrogen removal, mea-
suring urinary nitrogen excretion is sufficient. Patients with 
uremia and/or renal failure will also experience important 
gastrointestinal and skin losses. Furthermore, infants after 
digestive tract surgery may have increased fecal nitrogen 
losses, as well as losses via nasogastric tubes, enterostomies, 
and wound drains. Daily assessment of nitrogen intake 
and nitrogen excretion (nitrogen balance) has been used 
in studies of critically ill children, newborn infants, and 
infants after surgical procedures to estimate needs, to assess 
nutritional therapy, and to follow metabolic status and the 
capacity to synthesize protein. Protein need is calculated 
from urinary nitrogen excretion using the formula protein 
(g/kg per day) = 6.25 × urinary urea nitrogen excretion.34An 
adjustment can be made for the 10% to 20% of other uri-
nary nitrogen loss such as ammonia, creatinine, and uric 
and amino acids. A 24-hour urinary collection is preferred, 

Clinical Use Limitations

Urinary nitrogen excretion •	 Marker of protein metabolism
•	  Estimates daily protein losses with 

reasonable accuracy

•	  Many factors affecting: adequacy of collection, 
diuretics, renal function, and protein intake

Muscle metabolites  
(urine 3-methylhistidine/
urine creatinine)

•	 Reflects muscle mass and loss
•	  Correlates with ffM assessed by 

anthropometry

•	 Influenced by renal function and protein intake
•	  Not reliable as marker of body composition in 

conditions in which accelerated rates of protein 
degradation occur

CRP •	  Reflects illness severity/acute  
metabolic response and inflammation

•	 Not a direct measure of nutritional status

ENDOCRINE

IGF-1 •	  Small body pool and short t1/2 (2-8 h): 
sensitive in evaluating acute changes 
in nutritional (protein and energy) 
adequacy

•	 Not a routine laboratory assessment

Thyroid hormones: TSH, T3, 
rT3, T3/rT3 ratio

•	  Possible parameter for signaling 
return to anabolism

•	 Related to severity of illness 

•	 Not a direct measure of nutritional status

Glucose/insulin ratio •	  Possible parameter for signaling 
return to anabolism 

•	 Not a direct measure of nutritional status

CRP, C-reactive protein; IGf-1, insulin-like growth factor 1; ffM, fat-free mass; PEM, protein energy malnutrition; T3, triiodothyronine;  
TSh, thyroid-stimulating hormone; rT3, reverse T3. Note: As discussed in the text, practically all of these tests are affected by inflammation and cannot be 
relied upon in the PICu population.

■  TABLE 2-3. (Continued) 
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but is not always easy in clinical practice; a 6-hr collection 
or 12-hr collection (preterm neonates) may be sufficient. 

Micronutrients 
Certain micronutrients have antioxidant properties and a role 
during critical illness. A complex system of special enzymes, 
their cofactors (selenium, zinc, iron, and manganese), sulf-
hydryl group donors (glutathione), and vitamins (E and C) 
form a defense system to counter the oxidant stress seen in 
the acute phase of injury or illness.35 Critically ill patients may 
have variable deficiencies of micronutrients in the course of 
the disease. Because hypocalcemia, hypomagnesemia, and 
hypophosphatemia commonly occur in the critically ill, it is 
essential to determine their levels. Low plasma levels of sele-
nium and zinc will be present as well, but in daily practice, 
it might be difficult to perform laboratory measurements of 
these micronutrients.36 In prolonged critical illness it might 
be vital to assess levels of vitamins and carnitine sequentially, 
as decreased nutrient intakes and increased requirements 
may easily lead to a deficiency state.37-39

Endocrine Methods
Endocrine parameters might be used to signal the turning 
point from catabolism to anabolism in critically ill children 
and thereby help in optimizing individual nutritional support. 

Insulin sensitivity Initial screening for hypo- and hyper-
glycemia should be performed in all critically ill children. 
Both low and high blood glucose levels worsen outcome and 
should be treated; however, there is ongoing debate over how 
tight serum glucose levels should be controlled. In a random-
ized controlled study of young children undergoing heart 
surgery, tight glycemic control did not significantly change 
the infection rate, mortality, length of stay, or measures of 
organ failure.40 Hyperglycemia with high plasma insulin 
concentrations is the result of insulin insensitivity that occurs 
during stress. Both insulin resistance and (relative) β-cell 
dysfunction play a role in the occurrence of hyperglycemia 
in critically ill children. The gold standard for quantifying 
insulin sensitivity in vivo is the hyperinsulinemic euglycemic 
clamp technique. This is a complex and invasive technique, 
and therefore not easily applied in studies with critically ill 
children. The search for uncomplicated and inexpensive 
quantitative tools to evaluate insulin sensitivity has led to the 
development of other assessments. The fasting glucose-to-
insulin ratio and homeostasis model assessment (HOMA) 
of insulin resistance also have been proven to be useful esti-
mates of insulin sensitivity in critical illness. There is a good 
correlation between estimates of insulin resistance derived 
from HOMA and from the hyperinsulinemic euglycemic 
clamp. The assessment of β-cell function is difficult because 

the β-cell response to secretory stimuli is complex. There is 
no gold standard for β-cell function. The HOMA method for 
assessing β-cell function (HOMA-%B) is based on measure-
ments of fasting insulin or C-peptide concentration to calcu-
late prehepatic insulin secretion in relation to blood glucose 
levels. So far, methods to quantify insulin sensitivity are used 
in the research setting and not for bedside use in the PICU. 
Although it has been applied in many centers, based on 
results from adult populations, routine strict glycemic con-
trol in the PICU should not be considered as standard care 
until the results of ongoing multicenter studies are available.
Thyroid hormones Critical illness causes multiple altera-
tions in the thyroid axis, both in adults and in children. 
Described as the “low T3 syndrome,” the “euthyroid sick syn-
drome,” or “nonthyroidal illness,” this syndrome combines 
a low serum triiodothyronine (T3) level with an increased 
reverse T3 (rT3) concentration and a normal or low thyrox-
ine (T4) level, all with a normal functioning thyroid gland. 
This syndrome is generally thought not to produce hypo-
thyroidism, but rather to constitute an adaptation aimed at 
preventing protein catabolism and lowering energy require-
ments. In critically ill children with meningococcal sepsis, 
it was shown that levels of rT3, T3, and rT3/T3 ratio showed 
a quick return to normalization, indicating that these levels 
might be used to prelude anabolism.41 In a group of critically 
ill children, it was shown in the first week after admission 
that an increase in T3 and T3/rT3 ratio and a decrease in rT3 
were significantly associated with a decrease in CRP levels, 
indicating the influence of inflammation on the anabolic 
response.42 Measurement of thyroid hormones in the PICU 
might be useful to determine the return of anabolic function. 
Insulin-like growth factor The anabolic hormone insulin-
like growth factor 1 (IGF-1) is often propagated as a marker of 
nutritional status, as its short half-life allows rapid responses 
to alterations in nutritional status and because changes in 
IGF-1 reflect the changes in nitrogen balance and the sever-
ity of the nutritional insult. In healthy children or children 
with a chronic disease, IGF-1 concentrations are regulated by 
energy and protein intakes and are related to anthropometric 
parameters of nutritional status. Studies among critically ill 
children show conflicting results, however, on the relation-
ship between IGF-1 concentration and nutritional status.43,44 

The IGF-1 concentration can be expected to increase when 
the acute stress response has come to a halt and increase fur-
ther when the nutritional status improves. Studies in criti-
cally ill children in which IGF-1 levels are assessed over a 
prolonged period in relation to other nutritional indices and 
nutritional therapy are lacking. Such studies are needed to 
assess the utility of IGF-1 in screening for malnutrition. 

■  TABLE 2-3. (Continued) 
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Energy Requirements
Measuring Energy Expenditure
Measuring energy expenditure allows for a more accurate 
monitoring of the child’s varying energy needs during the 
course of critical illness. In the research setting, total and 
resting energy expenditure can be estimated by using the 
following methods: indirect calorimetry, doubly labeled 
water (DLW), whole-body calorimetry, thermic effect of 
food assessment, and heart rate monitoring. The DLW 
method is mostly used in research settings and evaluates 
energy expenditure (EE) over a longer period. Since the 
results are not readily available, its use to estimate EE and 
adjust energy intake in clinical practice is of limited value 
and restricted to the research setting. Measuring EE by 
indirect calorimetry is well applicable clinically, in the 
intensive care unit, and more accurate than estimating 
individual EE from standard prediction equations.
Indirect calorimetry Indirect calorimetry provides non-
invasive, reliable, repeatable, and affordable measurements 
of actual EE—i.e., resting EE (REE) in nonventilated chil-
dren and total daily EE (TDEE) in ventilated children. 
Quantification of EE is also important for diagnostics in 
the critically ill child because it can reveal hyper- or hypo-
metabolic conditions directly related to the individual 
prognosis. The greatest asset of indirect calorimetry is its 
potential in designing a nutrition regimen that exactly 
meets a patient’s energy requirements while avoiding the 
complications of overfeeding.45 

Several factors commonly present in the PICU popu-
lation that might affect measured EE and must be taken 
into account when interpreting the outcome, e.g., fever 
can increase EE, and sedatives can decrease EE.46 

The second parameter obtained from indirect calorim-
etry, the respiratory quotient (RQ), may help in evaluating 
substrate utilization and/or nutritional support and in 
determining overfeeding and underfeeding.34,47 Fat oxida-
tion results in an RQ of 0.7, whereas protein and carbohy-
drate oxidation result in RQs of 0.83 and 1.0, respectively. 
Net lipogenesis is shown by an RQ >1.0, which is indica-
tive of overfeeding. However, it is not clear if the RQ 

should be used to guide adequacy of nutrition support for 
individual patients, and at least 2 studies suggest caution 
in its application in the adult and pediatric ICU.47,48 

Indirect calorimetry is being widely used as a clinical 
and research tool to determine energy requirements. In 
most PICUs, however, its routine use is hampered by lim-
ited space at the bedside, the cost of the metabolic cart, 
and the lack of trained staff to operate and maintain these 
devices. In addition, several criteria need to be fulfilled 
before accurate indirect calorimetry measurements can be 
performed, some of which are described here:

•	 Regular and correct calibration of the calorimeter 
•	 A sufficient period of measurement to achieve steady 

state VO2 and VCO2 levels 
•	 Endotracheal tube leakage <10%
•	 Inspired oxygen fraction (FiO2) stable and below 60%
•	 Steady hemodynamic, respiratory, and metabolic states 

to ensure that respiratory gas exchange is equivalent to 
tissue gas exchange

Estimating E E In clinical practice, the use of equations 
based on weight and sex to estimate REE (e.g., Schofield 
equation)49 can be helpful to guide nutritional support. 
None of these equations will predict EE with acceptable 
precision for use in the individual, especially in disease 
states. Nevertheless, in the absence of equipment to mea-
sure EE, equations such as the Schofield equation may be 
used to calculate REE and aid the initial energy prescription  
(Table 2-4). 

 ■ IMPLICATIONS FOR CLINICAL PRACTICE

It is important to include a form of routine nutritional 
assessment in the daily care of critically ill children. This 
will allow us to identify those children at nutritional risk 
on admission and those children with deteriorating nutri-
tional status during admission. This does not mean that 
a full nutritional assessment—anthropometry, laboratory 
parameters, and metabolic monitoring—should be per-
formed in all children admitted to an ICU. In Fig. 2-1 , 

Age Boys Girls 

0-3 y 60.9 × (kg) − 54 61.0 × (kg) − 51

3-10 y 22.7 × (kg) + 495 22.5 × (kg) + 499

10-18 y 17.5 × (kg) + 651 12.2 × (kg) + 746

 ■  TABLE  2-4. Calculation of Resting Energy Expenditure (kcal) According to Schofield 
Equation Based on Age and Weight49
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Initial nutritional screening in all children on admission to the ICU

Weight (SDS)

Height (SDS)

Primary diagnosis

illness severity score (PRISM, PIM, PELOD)

Nutrition risk score (e.g., STRONGkids)

Presence of comorbidities

Surgery needed

Expected duration of mechanical ventilation

Expected length of ICU stay

LOS < 48 h LOS ≥ 48 h

No further
assessment

Term neonates and older children with poor nutritional status on admission or at high risk∗
Anthropometry

Weight twice a week†

MUAC adm, weekly
KHL (<2 y) adm, weekly
TSF adm, weekly

Energy requirements
Indirect calorimetry ASAP after admission, twice weekly thereafter
Alternative 1–2∗Schofield

Laboratory parameters
CRP adm
Micronutrients (Mg, Ca, P) adm

on indication
daily or weekly

Glucose adm
Tg adm
N-balance

SDS standard deviation score; PRISM pediatric risk of mortality; PIM pediatric index of mortality; PELOD pediatric logistic
organ dysfunction; ICU intensive care unit; LOS length of stay; MUAC mid-upper arm circumference; KHL knee-heel length;
TSF triceps skinfold; adm admission; CRP c-reactive protein; Tg triglyceride; N-balance nitrogen balance; RQ respiratory
quotient; adm, admission; ASAP, as soon as possible; CC, calf circumference; CRP, C-reactive protein; EE, energy expenditure;
KHL, knee-heel length; LOS, length of stay; MUAC, mid-upper arm circumference; PELOD, Pediatric Logistic Organ Dysfunction
Score; PIM, Pediatric Index of Mortality; PRISM, Pediatric Risk of Mortality; RQ, respiratory quotient; SDS, standard deviation score;
Tg, triglycerides; TSF, triceps skinfold.

adm

Adjustment of intake
Daily calculation of nutrient intake compared to prescribed intake (energy and protein => interruptions?

Daily calculation of actual energy intake compared to 1–2∗Schofield or measured EE => deficits?

Evaluation of RQ (twice a week): RQ > 1.0   => decrease carbohydrate or energy intake
RQ < 0.85 => increase intake

Weekly calculations of cumulative energy and protein deficits in relation to growth/anthropometry

FIGURE 2-1.  Standard Nutritional Assessment in the PICu Population
*Poor nutritional status: weight-for-age SDS or height-for-age; SDS or weight-for-height; SDS < −2; risk groups: prolonged expected PICU stay, prolonged duration of 
mechanical ventilation, children undergoing surgery, children with underlying growth-affecting disease such as children with major congenital malformations, cardiac 
anomalies, cystic fibrosis, inflammatory bowel disease, human immunodeficiency virus infection (see text for details); †depending on age of the child.
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 ■  ENERGETIC DERANGEMENTS DURING 
CRITICAL ILLNESS

The metabolic response to tissue injury and the stress 
of critical illness is a cascade of events supported by an 
intricate, complex network of mediators, cytokines, 
growth factors, and hormones that significantly alter 
energy requirements.1 The initial response after injury is 
manifested by a decrease in energy expenditure (the ebb 

phase), lasting 2 to 3 days and aimed at the preservation 
of energy; this is followed by the flow phase, which is 
characterized by an increase in energy expenditure and a 
catabolic response that varies in duration, depending of 
the nature of the initial insult.2 Critically ill patients are 
characterized by alterations in the metabolism of car-
bohydrates, proteins, and lipids. During critical illness, 
typical alterations include increased secretion of cortisol, 
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glucagon, and catecholamines; decreased secretion of 
insulin-like growth factor 1 (IGF-1); and resistance to the 
combined effects of insulin and growth hormone3 and 
growth hormone alone.4 

 ■METHODS TO MEASURE ENERGY NEEDS

Accurate measurement of energy requirements, when 
available, must be used to guide energy prescription dur-
ing critical illness. Energy expenditure may be measured 
by indirect calorimetry, tracer dilution studies or by the 
reverse Fick method.

Gas Exchange Measurement – Indirect 
Calorimetry
Indirect calorimetry (IC) is the method by which metabolic 
rate and substrate utilization are estimated from respiratory 
gas exchange measurements and urinary nitrogen excre-
tion. Indirect calorimetry measures minute-to-minute 
whole-body oxygen consumption (VO2) and carbon diox-
ide production (VCO2). The gas exchange method provides 
both VO2 and VCO2 by measuring the absolute amounts 
of O2 and CO2 in inspired and expired gas. Accurate mea-
surements of inspired as well as expired gas volumes are 
necessary for this testing, and are potential sources of error. 
The Haldane transformation is applied to prevent the need 
to measure both inspired and expired volumes, and hence 
decreases the potential for error, as follows: (1) VO2 = [(1 
− FEO2 − FECO2)/(1 − FIO2) × FIO2] − (FEO2 × VE), where 
FEO2 is expired oxygen concentration, FIO2 is inspired 
oxygen concentration, FECO2 is expired CO2 concentra-
tion, and VE is expired minute ventilation; (2) VCO2 = VE 
(FECO2) − VI (FICO2). Then, the VO2 and VCO2 values 
are converted to a caloric equivalent based on equations 
developed by Weir: REE = [VO2 (3.941) + VCO2 (1.11)] × 
1440.5 These values can be used to calculate the substrate 
oxidation rates by the Consolazio formulas once total uri-
nary nitrogen is measured in a 24-hr urine collection.6 Gas 
exchange reflects the composition of oxidized substrates— 
1 kcal energy requires 0.236, 0.214, and 0.199 liters of oxy-
gen for protein, lipid, and carbohydrate oxidation, pro-
ducing 0.190, 0.151, and 0.199 liters of carbon dioxide as 
a byproduct, respectively.7 It is important to mention that 
the use of IC and urinary nitrogen allows the calculation 
of “net” oxidation rates for carbohydrates, protein, and fat.

The VCO2/VO2 ratio is known as the respiratory quo-
tient (RQ), and its value is constant and specific for each 
substrate; however, RQ is adimensional and is unable to give 

any details about absolute values of VO2 and VCO2, whose 
values are influenced by the cardiopulmonary function.8 It 
is well known that the conversion of glucose to fat elevates 

the RQ and reflects the proportion of substrate utilization in 
the body. The nonprotein RQ (npRQ) represents the ratio of 
glucose and fat utilization by excluding the participation of 
protein, and varies in value from 0.70 to 1.0, with values >1.0 
indicating net fat biosynthesis from glucose (lipogenesis). 
Studies of critically ill children have shown that changes in 

the metabolic condition, or excessive energy intake in the 
form of glucose, modify the npRQ value. Two studies in 
critically ill patients have concluded that RQ should not be 
used to finely adjust the nutrition support regimen.9,10

The correct interpretation of IC results implies an 
understanding of the assumptions and technical consid-
erations of this methodology. Recent advances in technol-
ogy and the availability of precise and portable metabolic 
carts have made IC practical at the bedside even in critically 
ill patients on mechanical ventilatory support. However, 
there are several sources of error and many technical dif-
ficulties in applying this methodology in the intensive care 
unit, including (1) model of calculation and assumptions,  
(2) calorimetric factors used, (3) leak around the endotra-
cheal tube, (4) inspired oxygen concentration above 0.60,  
(5) use of high levels of positive end expiratory pressure 
(PEEP), (6) unstable gas analyzers, (7) inability to reach 
steady state, (8) human factors, etc.11-13 The duration of the 
test is important in relation to the achievement of steady state, 
defined as a coefficient of variation less than 10% for VO2 
and VCO2, and as a reflection of a 24-hr energy expenditure 
equivalent by IC test. Studies in mechanically ventilated adults 
and children have suggested that the use of an abbreviated IC 
protocol of 3 to 5 minutes’ duration may be enough to achieve 
steady state and obtain reasonable accuracy;11,13 although in 
most cases, the energy expenditure result from a 30-min IC 
test is preferred as a surrogate for a 24-hr test result.14,15

In healthy individuals, total energy expenditure (TEE) 
can be partitioned into three main components: basal 
metabolic rate (BMR), thermogenesis, and physical work. 
Basal metabolic rate represents 60% to 70% of TEE, while 
thermogenesis represents 10%, and physical work accounts 
for 20% to 30% of TEE.16 During conditions of stress, the 
proportions of these components vary depending of the 
severity of the insult, management strategies in the pediat-
ric intensive care unit (PICU), amount of substrate intake, 
and physical activity. Diet-induced thermogenesis (DIT) 
refers to the amount of energy required to absorb, process, 
and store nutrients and accounts for an increase in energy 
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expenditure with respect to post-absorptive state.16 Energy 
supply greater than 2 to 3 times the resting energy expendi-
ture gives rise to a DIT that increases from 10% up to 20%, 
with resultant increases in VO2 and VCO2 and higher ven-
tilatory and cardiocirculatory demands on the patient;17 
therefore, it is important not to supply excessive calories in 
relation to measured energy expenditure or BMR during 
the acute phase of the injury or surgical stress.

The potential clinical applications of IC in critically 
ill patients can be summarized as follows: (1) assessment 
of energy expenditure in patients who fail to adequately 
respond to estimated nutritional needs; (2) assessment 
of energy expenditure in patients with single or multiple 
organ dysfunction who need prolonged ICU care and 
artificial nutritional support; (3) assessment of the effects 
induced by artificial nutrition on the cardiocirculatory and 
respiratory systems in mechanically ventilated patients 
with acute and chronic respiratory failure; and (4) monitor-
ing of VO2 while weaning from mechanical ventilation.18 
Recently, Mehta et al suggested indications for targeted 
measurement of resting energy expenditure (REE) in the 
PICU that are included in the American Society of Paren-
teral and Enteral Nutrition (A.S.P.E.N) Clinical Guidelines 
for the Nutrition and Support of the Critically ill Child.19 
In summary, IC has allowed an increased understanding 
of how energy is utilized during critical illness; this has yet 
to be translated into improving patient outcomes. Studies 
examining the role of a simplified IC technique, its role in 
optimizing nutrient intake, its ability to prevent overfeed-
ing or underfeeding in selected subjects, and the cost− 
benefit analyses of its application in the PICU are needed.20

Other methods used to measure energy expenditure 
in humans include direct calorimetry, isotope dilution, 
24-hr heart rate measurements, and activity monitors.21,22 
Direct calorimetry measures heat dissipation, and in a 
steady-state condition under resting conditions, heat loss 
is identical to heat production. Indirect calorimetry mea-
sures heat production based on respiratory gas exchange 
and measures REE. Total energy expenditure takes into 
account physical activity and can be measured using 
the doubly labeled water (DLW) technique. The isotope 
dilution technique uses stable isotopes (2H2O, H2

18O, 
NaH13CO3) to measure energy expenditure. 

Tracer Methodology
The DLW method was developed about 50 years ago and 
is based on the differences in turnover rates of 2H2O and 
H2

18O in body water. After equilibration, both 2H and 18O 

are lost as water, whereas only 18O is lost by respiration as 
carbon dioxide. The difference in the rate of turnover of 
the two isotopes can be used to calculate VCO2. Assum-
ing a mean RQ (i.e., VCO2/VO2) of 0.85, the energy 
expenditure can then be calculated from VO2 and VCO2. 
The DLW technique has been validated against IC and 
is now considered a gold standard for measurements of 
TEE under free-living conditions. Sources of error are 
analytical errors in the mass spectrometric determina-
tion of isotopic enrichment, biological variations in the 
isotope enrichment, isotopic fractionation during forma-
tion of carbon dioxide and during vaporization of water, 
the calculation of total body water, and the assumption 
or calculation of the 24-hr RQ.23 The use of the DLW 
method is not possible in the critically ill child because 
of the fluid shifts and imbalances, which restrict the use 
of this method to the outpatient setting.

The carbon dioxide production during respiration 
has long been used as an index of substrate oxidation 
and energy expenditure. The isotopic dilution tech-
nique allows the 13C from infused labeled bicarbonate 
(NaH13CO3) tracer to be diluted by metabolically pro-
duced carbon dioxide. By measuring the extent of isoto-
pic dilution in expired air or blood, VCO2 rates can be 
estimated. The assessment of energy expenditure must 
involve knowledge of the amount of energy released per 
liter of carbon dioxide produced, or the energy equiva-
lents of CO2 (E EqCO2), which constitutes the food quo-
tient, which serves as a surrogate for RQ under conditions 
of nutrient balance.24,25 Two important concerns in rely-
ing on this technique relate to (1) errors in quantifying 
the tracer dose (or infusion rate) of labeled bicarbonate 
and (2) the possibility that the labeled bicarbonate does 
not adequately trace total CO2 formed in the mitochon-
dria.26 Another limitation is the need to know accurately 
the labeled bicarbonate correction factor(s) required for 
the physiological condition investigated (recovery factor). 
Sy et al 27 published average values of fractional recovery 
rate of bicarbonate of 0.63, 0.69, and 0.70 in critically ill 
children receiving a mixture of glucose and electrolytes 
intravenously, enteral feeds, and total parenteral nutri-
tion, respectively. In a study by Kingdon et al,28 the mean 
fractional recovery rate of bicarbonate in a group of 11 
spontaneously breathing, continuously fed, very-low-
birth-weight infants was 0.95. The results of these stud-
ies emphasize the importance of measuring the fractional 
recovery rate of bicarbonate for a given study population 
rather than assuming a value based on adult studies.
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In summary, isotopic tracer techniques and IC should 
be considered complementary techniques, in particular, 
since the tracer techniques require the measurement of 
carbon dioxide production obtained by IC. However, it 
should be kept in mind that the assessment of substrate 
oxidation by IC may involve large errors, especially over 
a short period. By using IC, energy expenditure (heat 
production) is calculated with substantially less error than 
substrate oxidation rates.12,29 

Reversed Fick Equation
In critically ill patients who have thermodilution pulmo-
nary catheters in place, it is possible to measure VO2 and 
VCO2 by measuring cardiac output (CO) and arterio-
venous oxygen and CO2 content differences using the Fick 
method. The method uses the reversed Fick equation: 
VO2 Fick = CO × [(SaO2 − SvO2) × Hb × 0.0134 + (paO2 −  
pvO2) × 0.003], where CO is cardiac output (L/min), Hb 
is hemoglobin concentration (g/L), SaO2 and SvO2 are 
measured arterial and mixed venous hemoglobin oxygen 
saturations (%), and PaO2 and PvO2 are arterial and mixed 
venous oxygen tensions (torr).30 There are methodologi-
cal concerns regarding the accuracy and precision of the 
Fick method in the measurement of VO2 , including: (1) 
underestimation of whole-body VO2 because it does not 
include the oxygen consumption of the bronchial and The-
besian circulation;31,32 (2) it may not reflect actual fluctua-
tions and trends in VO2 in the early post-injury phase;33 and  
(3) when this method is used to calculate both oxygen delivery 
and VO2, the formulas for both are mathematically linked.34 

Several studies in critically ill adults have concluded 
that IC is the preferred noninvasive method to measure 
VO2 compared to the Fick method.30,35-39 Currently, the 
use of this method in critically ill children is limited 
because the indications to place a thermodilution cath-
eter are rare, there are technical difficulties in placing this 
catheter in infants and small children, and in recent years 
metabolic monitors have become available that are more 
accurate and easier to use at the bedside.

 ■  METHODS TO ESTIMATE CALORIC 
REQUIREMENTS

Critically ill children in the PICU differ in their energy 
needs from healthy children in terms of underlying metab-
olism and growth, comorbidities, and preexisting energy 
reserve, and therefore, it is difficult to estimate energy 

needs in this population.40 In addition, frequent monitor-
ing of their energy expenditure is necessary to accommo-
date any variations throughout the course of illness.41 In 
the absence of metabolic equipment to measure energy 
needs in the PICU, caution should be used when reference 
values are used to estimate energy needs in this population.

Reference Values for Pediatric Patients
The BMR reference values appropriate for children  
include the Harris-Benedict; the Food Agricultural Orga-
nization, the World Health Organization, and the United 
Nations University (FAO/WHO/UNU); the Talbot; and the 
Schofield equations. The Harris-Benedict equation42 (Har-
ris-Benedict 1919), one of the most widely used to estimate 
BMR, was based on measurements made on 97 infants <8 
days of age and 239 individuals >16 years of age. This equa-
tion has never been validated in children. The FAO/WHO/
UNU equations were based on data derived from 6,100 indi-
viduals under a variety of conditions and represent BMR.43 
Talbot published guidelines in 1938 for the estimation of 
BMR based on measurements made in children, and these 
values were based on studies performed by the author com-
bined with ones previously published in the literature.44 The 
Schofield equations45 were based on data from the FAO/
WHO/UNU report with some additional data (Table 3-1). 
It is important to mention that the use of these reference 
values in critically ill children could lead to underfeeding or 
overfeeding because of the variability of the metabolic state 
of patients during their stay in the PICU.46 A recent study by 
Kyle et al47 found that in a cohort of 240 critically ill children 
admitted to the PICU for more than 48 hours, on average, a 
cumulative negative caloric balance was accrued during the 
first 8 days of admission to the PICU when Schofield equa-
tions were used as a reference value to assess energy needs.

Correction Factors
The use of stress and activity factors in addition to the 
BMR reference values has been reported to overestimate 
and underestimate energy needs in critically ill chil-
dren.48-52 In a study by Coss-Bu et al48 of 55 critically ill 
children on mechanical ventilation, the use of Harris-
Benedict and Talbot methods with correction factors of 
1.3 and 1.5 to estimate energy needs was found to have 
significant differences when compared to measured 
energy expenditure by IC, reinforcing the concept that IC 
should be used as the only reliable strategy to measure 
energy needs in this population of patients.
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Predictive Equations
The use of regression equations based on multiple vari-
ables (sex, weight, height, body temperature, heart rate, 
inotrope dose, sepsis, days of admission to the ICU, 
minute ventilation, etc.) has been reported in both adults 
and children admitted to the ICU53-56 and has shown to 
be more accurate than reference values when compared 
to measured energy expenditure by IC. However, these 
equations were derived from healthy populations and 
are, therefore, often inaccurate when applied to criti-
cally ill children, resulting in unintended underfeeding 
or overfeeding. Caution should be exercised when using 
predictive equations because of the dynamic nature of 
the metabolic condition of critically ill patients.

 ■  ENERGY PROVISION IN  
THE CRITICALLY ILL 

During acute illness, the aim should be to provide energy 
as close as possible to the measured REE in order to avoid 

energy deficits.57 There is inconclusive evidence that caloric 
restriction offers an advantage to overcome critical illness, 
while excessive calories are associated with hyperglycemia 
and worse outcomes. Once accurate determination of the 
energy goal has been made, the optimal delivery route 
needs to be determined for individual patients.

Enteral Nutrition
Enteral nutrition (EN) should be the feeding method of 
choice in critically ill children because it replicates the 
normal pattern of nutrient consumption required for 
circulation and hormonal homeostasis, maintains and 
improves gastrointestinal integrity, and reduces the inci-
dence of multiorgan failure.19,58-60 Early EN appears to be 
well tolerated in the general PICU population and is asso-
ciated with early attainment of nutritional goals.61 The 
impact of early EN and optimal energy balance on clinical 
outcomes might be most relevant in children with pre-
existing malnutrition, who cannot afford further nutri-
tional worsening during the course of the acute illness.62 

Equation Gender Age Basal Metabolic Rate Estimate

Harris-Benedict42 Infants [22.1 + (31.05 × Wt) + (11.6 × Ht)

Female [665.0955 + (9.5634 × Wt) + (1.8496 × Ht) − (4.6756 × age )

Male [66.473 + (13.7516 × Wt) + (5.0033 × Ht) − (6.755 × age)

FAO/WHO/uNu43 Female 0-3 y [(61 × Wt) − 51]

3-10 y [(22.5 × Wt) + 499]

10-18 y [(12.2 × Wt) + 746]

Male 0-3 y [(60.9 × Wt) − 54]

3-10 y [(22.7 × Wt) + 495]

10-18 y [(17.5 × Wt) + 651]

Schofield45 Female 0-3 y [(16.252 × Wt) + (10.232 × Ht) − 413.5]

3-10 y [(16.969 × Wt) + (1.618 × Ht) + 371.2]

10-18 y [(8.365 × Wt) + (4.65 × Ht) + 200.0]

18-30 y [(13.623 × Wt) + (2.83 × Ht) + 98.2]

Male 0-3 y [(0.167 × Wt) + (15.174 × Ht) − 617.6]

3-10 y [(19.59 × Wt) + (1.303 × Ht) + 414.9]

10-18 y [(16.25 × Wt) + (1.372 × Ht) + 515.5]

18-30 y [(15.057 × Wt) − (0.1 × Ht) + 705.8]

FAO, Food and Agriculture Organization; WHO, World Health Organization; uNu, united Nations university. Basal Metabolic Rate estimate in kcal/day; 
Weight (WT) in kg; Height (Ht) in cm.

■  TAbLE  3-1. Prediction Equations
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Please see chapter 8 for details on EN in the critically  
ill child.

Parenteral Nutrition
Enteral nutrition is preferable to parenteral nutrition (PN), 
but if the EN route is contraindicated or not tolerated, PN 
should be considered as soon as the patient has been sta-
bilized.63 If EN is partially tolerated or advanced slowly 
but does not cover energy and protein needs, then supple-
mental PN should be considered based on age-appropriate 
guidelines for PN.60,64,65 It has been suggested that PN is not 
associated with increased mortality rates, yet it does show 
an increase in the incidence of infections.60,66 In a recent 
multicenter study by Goday et al,67 the authors retrospec-
tively reviewed a total of 2,069 children that received no 
EN for the first 4 days of admission to the PICU and con-
cluded that early PN was strongly associated with higher 
mortality, as well as with longer duration of mechanical 
ventilation and PICU length of stay. Since infants, and 
particularly PICU patients, are highly dependent on sub-
strate availability to maintain growth, have lower protein 
reserves, and have been shown to be at risk of malnutrition, 
PN may be initiated as soon as clinically feasible. In pedi-
atric critically ill patients, current recommendations agree 
on beginning total parenteral nutrition (TPN) if EN has 
failed or is contraindicated.19,63 If low-volume EN is started 
and is inadequate to cover nutritional needs, supplemental 

PN should continue and be gradually decreased as EN is 
advanced until full volume of enteral feeds covering nutri-
tional requirements is achieved.68 A more detailed account 
of PN in critically ill children is provided in chapter 7.

Clinical Considerations for Energy Expenditure 
Assessment in the Critically ill Child – Targeted 
Indirect Calorimetry
To accurately account for the dynamic alterations in 
energy metabolism during critical illness, measured REE 
via IC remains the gold standard to determine energy 
needs in this population. This is supported by recent 
A.S.P.E.N) guidelines19 suggesting that IC measurements 
be obtained when possible in pediatric patients with sus-
pected metabolic alterations or malnutrition. These guide-
lines recommend that special attention should be given 
to any imbalance between energy intake and expenditure 
to prevent over- and underfeeding in this population,69,70 
given the potential for adverse consequences.

The most recent nutritional guidelines for the critically 
ill child by A.S.P.E.N.19 suggested that IC could have a role 
in a select group of patients in the PICU, where inaccuracy 
in estimated REE is related to clinical suspicion of hyper-
metabolism or hypometabolism (Table 3-2). In a study by 
Mehta et al,46 IC measurements were performed in criti-
cally ill children admitted to a multidisciplinary PICU and 
concluded that targeted IC on selected high-risk patients 

1.    underweight (BMI <5th percentile for age) or at risk for overweight (BMI >85th percentile for age) or overweight (BMI 
>95th percentile)

2.    Children with >10% weight gain or loss during PCu stay
3.    Failure to consistently meet prescribed caloric goals (for >5 days)
4.    Failure to wean or need to escalate respiratory support
5.    Need for muscle relaxants for >7 days
6.    Neurological trauma (traumatic, hypoxic, and/or ischemic) with evidence of dysautonomia
7.    Oncologic diagnoses (including children with stem cell or bone marrow transplant)
8.    Children with thermal injury
9.    Children requiring mechanical ventilatory support for >7 days

10.     Children suspected to be severely hypermetabolic (status epilepticus, hyperthermia, systemic inflammatory response 
syndrome, dysautonomic storms, etc.) or hypometabolic (hypothermia, hypothyroidism, pentobarbital or midazolam 
coma, etc.)

11.    Any patient with ICu length of stay >4 weeks may benefit from indirect calorimetry to assess adequacy of nutrient intake

BMI, body mass index; ICu, intensive care unit.
Reproduced with permisison from Mehta NM, Compher C; A.S.P.E.N Board of Directors. A.S.P.E.N Clinical Guidelines: nutrition support of the critically ill 
child. J Parenter Enteral Nutr. 2009;33(3):260-76

■  TAbLE 3-2. Criteria for High Risk for Metabolic Alterations and Candidates for Targeted Indirect Calorimetry per  
American Society for Parenteral and Enteral Nutrition (A.S.P.E.N)

03_Goday_Ch03.indd   38 18/07/14   5:59 PM

https://t.me/Medicalbooksstored



ENERGY AND MACRONuTRIENT REquIREMENTS IN THE CRITICAllY Ill CHIlD         39

may prevent cumulative excesses and deficits in energy 
balance. Most recently, Kyle et al40 performed a prospec-
tive study in 150 critically ill children to determine the 
number of patients who would meet criteria for IC dur-
ing the first week of stay in the PICU according to the 
A.S.P.E.N 2009 guidelines for targeted IC. The authors 
found that 3 out of 4 patients were candidates for targeted 
IC and approximately one-third had ≥ 2 indications. These 
results emphasize the need for future studies to determine 
the cost-benefit ratios of performing IC in critically ill 
children. Given the flux of energy requirements during 
the course of critical illness, it is also recommended that 
repeated measurement of IC be performed on a timely 
basis.19 

Nutritional Support in the Obese Child
Calculation of nutritional requirements in obese critically 
ill patients is controversial in both adults and children. 
Caloric restriction has been proposed for critically ill 
obese adults.71 In the absence of evidence to support it, 
diet and caloric restriction has no place when feeding a 
critically ill obese pediatric patient;72 however, overfeed-
ing should be avoided.51,73 Critically ill obese pediatric 
patients are at risk of overfeeding because calculations of 
BMR yield higher requirements due to larger body weight 
and the wide variability in body composition among 
obese patients.72 Moreover, energy needs estimations vary 
considerably between measured and predicted resting 
metabolic rate by various equations and tables.74,75 Sub-
stituting an adjusted body weight leads to underestimated 
resting metabolic rate, and adding stress correction fac-
tors leads to overfeeding.76 Therefore, calculating energy 
needs based on actual weight, without adjusting for the 
degree of metabolic stress, is recommended to avoid over-
feeding.76 Frankenfield et al found that measurement of 
REE in obese adults by IC remains the most accurate way 
to estimate energy needs.77 Critically ill obese children 
should be carefully monitored for tolerance of glucose and 
protein, and energy delivery and nutrient intake should 
be adjusted accordingly. Patients must also be monitored 
for prediabetic conditions and hyperglycemia. Protein and 
fat should not be restricted in critically ill obese pediatric 
patients.78,79 With increasing incidence of obesity among 
children, the need for clinical studies is required to be 
able to develop evidence-based recommendations for the 
nutritional support of critically ill obese children. The 
nutritional management of the obese child in the PICU is 
discussed in detail in chapter 21 of this book.

Malnutrition and Chronic illness
Malnutrition has been shown to affect patient outcomes 
and represents a continuous spectrum ranging from mar-
ginal nutrient status to severe metabolic and functional 
alterations, with different degrees of relative alterations 
of body weight and body composition.80 Previous studies 
have reported a prevalence of malnutrition ranging from 
15% to 30% in hospitalized children,81,82 while the preva-
lence of malnutrition in critically ill children has been 
reported from 16% to 45%.47,83-85 

The presence of a chronic condition makes the patient 
more likely to become malnourished, and this risk is accen-
tuated upon admission to the PICU. The report by Kyle 
UG et al47 of 240 children admitted to the PICU showed 
that patients with chronic diagnoses were significantly 
more likely to exhibit moderate or severe chronic malnu-
trition compared to patients without chronic diagnoses. 
A recent study by de Souza et al83 of 385 children admit-
ted to the PICU showed that almost half of the patients 
were malnourished on admission, and malnutrition was 
associated with longer length of mechanical ventilation 
and length of PICU stay, but not with mortality. Two 
recent studies have reported nutritional support practices 
in critically ill children with acute kidney injury (AKI)  
and in children receiving chronic renal replacement ther-
apy (CCRT).84,86 The study by Kyle et al84 of 167 children 
admitted to the PICU found that a third of the children 
with AKI had acute malnutrition and were more likely to 
be malnourished compared to the children with no AKI; 
also, AKI patients were more likely to be fasted and to 
receive less than 90% of BMR compared to patients with-
out AKI. The report by Castillo et al86 of 174 children 
receiving CRRT found that mortality for patients with 
weight <3rd percentile was greater compared to children 
with weight >3rd percentile and that the risk of mortal-
ity doubled in patients with malnutrition. Hence, care-
ful consideration of energy needs in these populations is 
paramount.

Hypermetabolism and Hypometabolism 
The metabolic response to injury, surgery, and trauma is 
proportional to the severity and duration of the stress, 
resulting in the catabolism of endogenous stores of pro-
tein, carbohydrate, and fat in order to provide substrate 
and energy to support the metabolic stress response. The 
traditional concept is that the critically ill patient exhibits 
a hypermetabolic response preceded by an initial phase of 
conservation of energy. 
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Critically ill children have been reported to have, on aver-
age, a hypermetabolic condition,41,48,87 while other authors 
have reported, on average, a normal metabolic state88-90 or 
a tendency toward decreased energy expenditure.27,46,91-94 
The aggregate result of all these reports of measured 
energy expenditure by IC results in an average metabolic 
index (measured energy expenditure/predicted BMR) of 
1.02±0.1 (SD), indicating, on average, a normal metabolic 
condition. Children with burns (at least 60% body sur-
face area [BSA])52,95 have been reported to be hypermeta-
bolic, with an average metabolic index of 1.37± 0.21 (SD).  
The importance of measuring energy needs with IC in 
this heterogeneous population of critically ill children is 
it avoids the likelihood of unintended underfeeding and  
overfeeding.40,46,48,87,96,97 Several authors have reported 
measured energy expenditure in postsurgical infants and 
neonates using indirect calorimetry and tracer meth-
odology .50,98-101 The results of these studies suggest that 
postsurgical infants and neonates do not show increased 
energy expenditure and, therefore, the routine adminis-
tration of excessive calories is not recommended in this 
population.98 

In summary, energy needs of critically ill children are 
variable and often difficult to estimate. Commonly used 
equations may be inaccurate and must be used with cau-
tion. Both underfeeding and overfeeding may be preva-
lent in the PICU, with an undesirable impact on clinical 
outcomes. Indirect calorimetry is recommended as the 
gold standard for determining energy expenditure in this 
population. 

 ■  PROTEIN AND AMINO ACID  
REQUIREMENTS IN PEDIATRIC  
CRITICAL ILLNESS

Proteins are folded, three-dimensional macromol-
ecules constituted by diverse amino acids (AA). Amino 
acids cannot be stored and for that reason must be par-
titioned between incorporation into protein or oxida-
tion.102 In normal conditions, dietary protein provides 
the AA requirements, which are frequently measured and 
expressed based on their nitrogen content. Nitrogen con-
stitutes 16% of the weight of a protein, and thus a factor 
of 6.25 is used to convert grams of nitrogen to grams of 
protein. 

Normally, body protein is continuously degraded 
and resynthesized, a process known as protein turnover. 
When energy intake is insufficient to satisfy the metabolic 
demands, body proteins are catabolized from tissues and 

oxidized to produce energy. Amino acids released from 
the protein structure may be reutilized for accretion of 
tissue protein, or may perform intracellular or physiologic 
functions. In adults, AA released from the breakdown of 
endogenous proteins are recycled inefficiently; catabo-
lized; and the nitrogen disposed in skin, urine, and feces. 
Nitrogen losses drive further dietary AA needs for the net 
accretion and maintenance of body protein. In children, 
maintenance protein and AA needs must also include 
fractional needs required for growth. Protein intake must 
be adjusted based on the conversion rate of dietary pro-
tein to body proteins, or the biological value of protein 
after absorption.103 In pediatric patients, the efficiency 
with which dietary protein is used for growth is 58% from 
0.5 to 13 years of age and 43% from 14 to 18 years.104

Lean body mass (LBM) accounts for the largest protein 
reserve in the body. Skeletal muscle mass accounts for a 
major component of the LBM, and may vary across ages, 
gender, and body sizes from 30% to 45% of human body 
weight.105-107 Circulating proteins, such as visceral proteins, 
acute-phase reactants, hemoglobin, leucocytes, and immu-
noglobulins, constitute a smaller and unmeasured compart-
ment of the body protein reserve. When caloric expenditure 
is adequate, the aim is to achieve a balance between protein 
and AA intake, protein turnover, and nitrogen loss. This 
ensures maintenance of LBM and protein homeostasis, as 
well as growth of the lean mass component for children.108 

Infants and children differ from adults in their need for 
a continuous supply of nutrients to maintain growth, even 
when faced with a critical illness. In contrast to adults, 
pediatric patients in periods of rapid growth have better 
utilization of dietary protein and AA released from endog-
enous protein breakdown.109 Whole-body protein turnover 
and muscle breakdown are highest in the neonatal period 
when tissues are maturing and the growth rates are at their 
highest.103,110,111 In infants and children, an influx of AA to 
the tissues from the diet rapidly stimulates protein synthe-
sis.109,112,113 For infants and pediatric patients, accretion of 
skeletal muscle mass is a dominant component of growth, 
since the majority of their mass increase occurs in skeletal 
muscle.108 Rapid growth in the neonatal animal occurs, in 
large part, due to very high protein synthesis rates in skel-
etal muscle, which are extremely sensitive to stimulation 
by insulin and AA.114,115 In healthy neonates, muscle pro-
tein degradation is not affected in response to this anabolic 
stimulation;116 this highly anabolic response is reduced as 
the infant matures;117 and in adults, protein consumption 
primarily reduces whole-body protein breakdown with 
only a moderate change in protein synthesis.103,110,118 
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Alterations in Protein and Amino Acid  
Metabolism During Critical illness in Pediatrics
Critical illness is associated with catabolism of body protein 
due to several mechanisms, including starvation, immobil-
ity, stress, and inflammation.119 Patients in the PICU, espe-
cially those with a longer stay, may have depleted or low 
protein reserves. This is a particularly challenging group, 
with mortality and morbidity associated with chronic ill-
ness and the risk of nutritional deterioration.120,121 Subopti-
mal macronutrient intake in the PICU has been associated 
with higher mortality.122 Mechanical ventilation, organ 
transplantation, exogenous steroids, sedatives, immuno-
suppression, organ dysfunction, and life support devices 
(dialysis, extracorporeal support) cause prolongation of the 
catabolic state. With time, such conditions create a cumula-
tive nitrogen deficit.123 In addition to protein requirements 
to sustain LBM and growth, PICU patients need a protein 
intake to supplement their daily nitrogen loss, recover their 
cumulative protein deficit from their ICU stay, and reverse 
a chronic state of protein deficiency, sometimes defined as 
“catch-up growth,” induced by their chronic ailments.124 

Nitrogen Shuttle and Metabolic Partitioning
Figure 3-1B illustrates compartmental protein kinetics dur-
ing critical illness in the absence of dietary protein. Injury, 

sepsis, and inflammation induce protein breakdown from 
endogenous protein stores, and the skeletal muscle releases 
AA and nitrogen to the systemic circulation to supply AA 
for whole-body protein metabolism.125-127 This response 
is driven by stress hormones, neural mediators, and cyto-
kines, and it is not reversed by providing exogenous protein. 
Circulating plasma AA are cleared from the circulation for 
oxidation and energy production, gluconeogenesis, fuel 
and substrate for immune cells and enterocytes, and to sup-
ply the hepatic needs for nitrogen to synthesize acute-phase 
reactants. If not enough energy is provided, AA may be 
channelized for oxidation to produce energy.126,127 There-
fore, circulating plasma AA concentrations are lower in 
patients with critical illness.126,128 Whole-body protein syn-
thesis is increased due to high protein synthesis in the liver 
and immune cells. If dietary protein is not provided, the 
splanchnic bed does not receive AA from absorbed protein 
and the synthesis of visceral protein such as albumin and 
prealbumin decreases and intestinal epithelial breakdown  
occurs.129,130 

Critically ill children have a high protein turnover due 
to increased whole-body protein synthesis and break-
down.124,131 In contrast to the net increase in whole-body 
protein synthesis during inflammation, skeletal muscle 
protein synthesis decreases and protein degradation 

FIGURE 3-1. Schematic representation of the compartmental model used to study whole-body protein kinet-
ics in normal conditions (A), and during critical illness/inflammation when fasting (B). Red indicates pathways 
toward catabolism, while blue follows contributions toward protein and AA intake and attrition. In healthy neo-
nates, muscle protein turnover is high, and their anabolic drive toward synthesis is very sensitive to stimulation, 
such that muscle protein breakdown may not be worsened by a catabolic insult, and muscle protein synthesis 
rates may still remained elevated compared to adults. This response dampens as the organism matures.
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increases to decrease utilization and release and to 
shuttle AA and nitrogen to visceral tissues and immune 
cells.124,132 Partitioning in protein metabolism also occurs, 

as different organ systems may have specific AA require-
ments or certain AA may exert particular functions in 
critical illness, as shown in Table 3-3A. 

Physiologic or Metabolic Function

EAA Must be provided exogenously. Close to one-third of protein requirement in infancy and about one-
tenth in adulthood.

Histidine Protein methylation; histamine precursor. Supplier of around 25% of EAA; limiting for hemoglobin and 
myofibrillar protein synthesis.

Isoleucine Synthesis of glutamine and alanine; BCAA balance.

Leucine Direct activation of muscle protein synthesis; interorgan metabolism of nitrogen and carbon; HMB  
precursor (muscle anabolism and immune modulation); component of acute-phase reactants; BCAA  
balance.

Lysine Regulation of NO and collagen synthesis; protein methylation. Carnitine precursor.

Methionine Precursor of cystein, taurine, homocysteine, and phospholipids. Methylation of DNA and thus gene 
expression; acetyl choline synthesis; NO metabolism; redox balance. 

Phenylalanine Synthesis of tyrosine; neurological development and function.

Threonine Synthesis of intestinal mucin: intestinal integrity and function; immune function.

Tryptophan Precursor of neurotransmitters, niacin and melatonin; inhibits production of inflammatory cytokines and 
superoxide immune function.

Valine Synthesis of glutamine and alanine; balance among BCAA.

BCAA leucine, isoleucine, and valine. Constitute about one-third of EAA in muscle. Provision suggested in liver 
failure.

NEAA Can be synthesized endogenously. 

Alanine Major nitrogen shuttle for gluconeogenesis; precursor of coenzyme A and pantothenic acid; constituent 
of 3-methylhistidine.

Asparagine Cell metabolism and physiology; regulation of gene expression and immune function; ammonia  
detoxification.

Citrulline Antioxidant; precursor for arginine synthesis; osmoregulation; ammonia detoxification; nitrogen  
reservoir. Nonprotein α −AA.

Ornithine Ammonia detoxification; syntheses of proline, glutamate, and polyamines; mitochondrial integrity; 
wound healing. Nonprotein α −AA.

Serine Gluconeogenic substrate; protein phosphorylation for intracellular signaling; synthesis of cysteine, 
purine, pyrimidine, ceramide, and phosphatidylserine; antioxidant; neurotransmitter; activation of 
NMDA receptors.

Homocysteine Recycling from methionine. Oxidant; prothrombotic, especially when coexisting with vitamin B deficien-
cies; inhibition of NO synthesis. Nonprotein α −AA.

BCAA, branched-chain amino acids; EAA, essential amino acids; NEAA, nonessential amino acids; AA, amino acids; HMB, β-hydroxy-β-methylbutyrate;  
NO, nitric oxide; NMDA, NMDA: N-methyl-D-aspartate.

■  TAbLE  3-3A. Potential Physiologic Roles of Essential and Nonessential Amino Acids in Pediatric Critical illness
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The sustained imbalance between muscle protein syn-
thesis and protein degradation eventually lead to muscle 
atrophy and loss of LBM, which is associated with growth 
failure in children.133,134 In critically ill adults, more than 
14% of total body protein can be lost over 3 weeks, achiev-
ing maximal loss rate in the first 10 days,135 estimating 3% 
to 4% of muscle fiber cross-sectional area loss per day.105 

Intracellular Protein Turnover in Critical illness
In skeletal muscle, as well as in most cells, the cellular pro-
tein mass is maintained by a balance between protein syn-
thesis and degradation, as shown in Figure 3-2. In animal 
models and humans, protein synthesis occurs through 
activation of a signaling pathway that stimulates transla-
tion of messenger RNA (mRNA) into protein. Translation 

involves activation of the mammalian target of rapamy-
cin (mTOR), which stimulates mRNA binding to the 43S 
ribosomal complex; eIF2B, which stimulates the binding 
of the initiator methionyl-tRNA (met-tRNAi) to form the 
43S preinitiation complex; and dephosphorylation of the 
eukaryotic elongation factor 2 (eEF2) for elongation of 
the peptide chain, as shown in Figure 3-2.136,137 High pro-
tein synthesis rates in the neonatal animal are due to an 
enhanced translational process that declines as the animal 
develops because of decreased translation activation and a 
reduced abundance of the signaling proteins.117,138 Sepsis 
and systemic inflammation impair the efficiency of trans-
lation of mRNA into protein in muscle, while in the liver, 
they increase protein synthesis by activating the transla-
tional machinery.136,139 

■  TAbLE  3-3A. Potential Physiologic Roles of Essential and Nonessential Amino Acids in Pediatric Critical illness

Physiologic or Metabolic Function

Conditionally EAA AA that normally can be synthesized endogenously, but become deficient or insufficient 
under certain conditions, such as critical illness and pediatrics, and therefore must be  
provided exogenously. 

Arginine Direct activation of tissue protein synthesis; nitric oxide precursor; regulation of hormone 
secretion; regulation of gene expression and immune function; nitrogen reservoir; methyla-
tion of proteins (epigenetics). Needs enteral provision in preterm infants and newborns due 
to immature gut metabolism.

Glutamine Major fuel for rapidly proliferating cells, lymphocytes, and enterocytes; nitrogen reservoir  
and shuttle; regulation of protein turnover, gene expression, and immune function; inhibition 
of apoptosis.

Proline Maintenance of intestinal integrity; collagen structure and function; DNA synthesis;  
lymphocyte proliferation.

Glycine May be CEAA in preterm infants and newborns due to small amount in milk. Calcium influx; 
inhibitory neurotransmitter in CNS; NMDA receptors; sleep; constitution of heme proteins.

Cysteine Transport of sulfur; taurine precursor. Needs provision in preterm infants and newborns due 
to immature synthesis from precursors.

Tyrosine Protein phosphorylation, nitrosation, precursor of vasoactive amines and neurotransmitters; 
regulation of immune response. Needs enteral provision in preterm infants and newborns 
due to immature synthesis from precursors.

Taurine Functional AA not incorporated into proteins. Antioxidant; osmoregulation; organ develop-
ment; anti-inflammation.

Carnitine Functional AA not incorporated into proteins. Enteral formulas may be insufficient for its  
synthesis in infants. Transport of long-chain fatty acids into mitochondria for oxidation;  
storage of energy as acetylcarnitine; antioxidant.

CEAA, conditionally essential amino acids; AA, amino acids; CNS, central nervous system; NMDA, N-methyl-D-aspartate.

■  TAbLE  3-3b. Potential Physiologic Roles of Conditionally Essential Amino Acids in Pediatric Critical illness
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As shown in Figure 3-2, protein degradation in skeletal 
muscle is controlled by signals that are also involved in 
translation.140 Caspase-3 is a protease that facilitates the 
destruction of intact muscle fibers to release monomeric 
contractile proteins such as actin and myosin for degra-
dation by the ubiquitin-proteasome system into AA.141  
Caspase-3 activity is inhibited by protein kinase B (PKB, 
also known as Akt), an insulin-signaling protein. 5ʹ-AMP-
activated protein kinase (AMPK), a sensor of cellular 
energy, is activated in the presence of energy starvation 
and limits mTOR inhibition and protein synthesis and 
increases the expression of the E3 ubiquitin ligases, mus-
cle atrophy F-box (MAFbx, atrogin1), and muscle RING 
finger 1 (MuRF1), which have been associated with activa-
tion of the ubiquitin-proteasomal system.142,143 

Protein Catabolism and Anabolic Resistance 
Critical illness may induce a catabolic response and a loss 
of lean body mass that may be unresponsive to exogenous 
nutrient support, in contrast to simple starvation.133 Even 
when AA are provided, insulin resistance, the effects of 
stress, cortisol, cytokines, and alterations in growth hormone 
may limit an adequate response to protein provision. Injury, 
sepsis, and inflammation diminish the anabolic response to 
hormones and nutrients that stimulate protein deposition in 
the major protein reservoir, skeletal muscle.135,136 

Insulin is crucial for skeletal muscle protein deposition, 
as it stimulates protein synthesis, inhibits muscle protein 
degradation, and improves energy homeostasis.144 In criti-
cal illness, insulin stimulates skeletal muscle protein synthe-
sis and inhibits muscle protein degradation,145,146 but has 

FIGURE 3-2. Schematic representation of the sequence of molecular events that lead to protein balance 
in tissues, cells, and organs. Muscle is the major protein reservoir in the body. In muscle, protein synthesis is 
regulated by amino acids, hormones, and contractility, and such events promote mRNA translation into pro-
tein. The regulation of protein degradation involves myofibrillar degradation by caspases, activation of the 
ubiquitin-proteasome system, and autophagy. AA degraded from muscle can be released into the free AA 
pool or reutilized by skeletal muscle. Inflammation and stress stimulate, suppress, or modulate synthesis and  
degradation pathways differently, depending on the role of the tissue or cell during critical illness.
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failed to attenuate whole-body proteolysis when provided 
at higher-than-physiological concentrations.147,148 Systemic 
inflammation and circulating cytokines such as tumor 
necrosis factor α (TNF-α) have shown to decrease whole-
body protein metabolism responsiveness to insulin during 
critical illness.149 -151 However, assessment of the response of 
protein metabolism to insulin at the whole-body level may 
not reflect the beneficial effects of insulin in muscle, since 
insulin does not affect visceral protein synthesis,130 which is 
highly elevated due to elevated protein synthesis in the liver 
in response to systemic inflammation.146,152 In addition, the 
beneficial effects of insulin on whole-body protein metabo-
lism are permissive for protein synthesis and suppressive 
for protein breakdown only with adequate availability of 
AA,132,148,149 and in skeletal muscle are also related to glucose 
and energy homeostasis,134,153 stimulation of translation that 
leads to protein synthesis,154 modulation of protein degrada-
tion,134,148 and intrinsic anti-inflammatory effects.155 

Other important mediators that cause protein catabo-
lism in pediatric critical illness are the mediators of the 
stress response. Corticosteroids cause insulin resistance, 
hyperglycemia, net release of glutamine from muscle,126 
decrease in translation initiation, and enhancement of 
protein degradation in muscle.156 Although the adrener-
gic system actions of epinephrine and norepinephrine on 
energy metabolism are usually associated with catabolic 
processes, evidence suggests that catecholamines may have 
an anabolic effect on skeletal muscle protein metabolism.157 
Critical illness is associated with complex alterations in the 
growth hormone (GH)/IGF axis, acquired GH resistance, 
reduced levels of IGF-1, and a decreased anabolic response 
to GH administration. However, in prolonged critical ill-
ness, patients are no longer overtly GH resistant.135 

Functional Role of AA 
Potential functional roles of plasma AA in critical illness 
are described in Table 3-3. Seventy-five percent of the 
body’s nitrogen requirement is supplied by 5 amino acids: 
branched-chain AA (leucine, isoleucine, valine), threo-
nine, and lysine.158 Several AA have been used to improve 
outcomes in intensive care, mostly in adults. However, AA 
metabolism and requirements are affected by development. 

AA are intrinsically anabolic and can stimulate a marked 
rise in muscle protein synthesis even in the face of basal 
insulin.148 In critical illness, Ala, Glu, Gln, and Asp can act 
as gluconeogenic substrates, shuttling nitrogen from periph-
eral skeletal muscle to the circulating AA pool. Glutamine is 
a major component in muscle protein, shuttling about one-
third of all AA nitrogen.159 Glutamine also serves as fuel 

for enterocytes and cellular immune response. Arginine is a 
precursor of nitric oxide, creatine, agmatine, and other poly-
amines, and modulates protein anabolism,160,161 but some of 
its effects may be affected by development. In adults, citrul-
line released from the small intestine is converted into argi-
nine, primarily in the kidneys, while in neonates, citrulline 
from the intestine is utilized locally for arginine synthesis.162 
Leucine, and its metabolite β-hydroxy-β-methylbutyrate, 
exert a primary anabolic effect in skeletal muscle and have 
been used to stimulate nitrogen retention.163,164 Parenteral 
branched-chain AA (BCAA) have been used to improved 
outcomes in critical illness without success.127 Arginine, 
glutamine, and leucine are insulin secretagogues.162 

To date, A.S.P.E.N does not recommend the use of spe-
cific AA therapies in pediatric critical care due to lack of 
proven efficacy.19 Even though certain AA may modulate a 
specific cellular or physiologic effect, AA imbalances may 
also be detrimental for metabolic homeostasis. All 20 pro-
tein AA and their metabolites are required for normal cell 
physiology and function.162 More studies are needed to 
understand the use of AA for specific therapeutic targets 
to modulate pediatric critical illness physiology.124

Assessment of Protein and Amino Acid  
Turnover in the Critically ill Child 
Critical illness is a rapidly changing physiologic state in which 
protein requirements, utilization, and balance are evolving in 
accordance to the progression of the acute physiologic altera-
tions.165 Clinical examination, weight-for-height, body mass 
index (BMI), historically charted weight velocity, and anthro-
pometry may help to detect risk factors for protein deple-
tion, such as cachexia, limited muscle bulk, the presence of 
edema, obesity, and stunted growth.57 Routine methods to 
assess body protein stores do not reflect the evolving protein 
and AA needs of a pediatric critically ill patient. Fat deposi-
tion may determine weight gain in chronically ill children in 
response to nutrition support without restitution of LBM.166 
Skinfold thickness to measure body composition is inaccu-
rate in children with severe neurologic impairment.167 Body 
mass index does not discriminate between alterations in 
LBM and body fat in pediatric patients with chronic inflam-
matory conditions.166 Pediatric patients have rapid fat accu-
mulation during the first year of life,108 and in the presence 
of excess body fat, BMI may obscure deficits of LBM.168-170 

Body Composition
Estimations of body composition to assess whole-body 
protein reserves have shown that clinically undetected 
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decreases in LBM may exist despite preserved BMI.170 
Body composition estimates have been used to detect 
protein reserves and assess the response to nutritional 
interventions in critically ill patients.171 Muscle and LBM 
correlate with disease severity, respiratory function, 
inflammation, and clinical outcomes during pediatric and 
adult illness.170,172,173 In normal adult subjects, changes in 
diet may result in changes in body composition within 
7 days.171,174 In contrast to adults, neonatal and pediatric 
patients have high rates of protein turnover and accretion 
of skeletal muscle, the largest component and contribu-
tor to weight gain and body mass during periods of rapid 
growth.106,114 Moreover, expansion of the fat mass com-
partment occurs rapidly during infancy, thus obscuring 
evaluations of LBM.108,168,169 Accordingly, estimations of 
LBM and body fat determination in pediatric critically 
ill patients with prolonged PICU or chronic illness can 
provide valuable information for patient assessment.171 

Body composition techniques, such as dual-energy 
x-ray absorptiometry (DEXA), computed tomography, and 
magnetic resonance imaging, provide information related 
to tissue density or volume of the protein compartments, 
but lack practicality or validation in the PICU.57,175,176 Air-
displacement plethysmography,177 bioelectrical impedance 
analysis, and the use of tracer dilution with stable isotopes 
may allow measurement of body composition in select crit-
ically ill children, in the absence of major fluid shifts. These 
methods need further validation in the PICU setting.

Circulating Proteins, Amino Acids, and Degradation Markers 
Visceral proteins are circulating proteins that are synthe-
tized by the liver in response to AA, and their circulat-
ing levels have been used to evaluate nutritional status.130 
These include plasma albumin, prealbumin, and retinol-
binding protein. However, none of the visceral proteins 
reflect losses or gains in total body protein, as 35% to 45% 
of the body mass resides in muscles. Therefore, protein 
wasting may occur despite adequate visceral protein con-
centrations.57,176 The presence of capillary leak and hemo-
concentration from third-space fluid shifts limits the 
interpretation of plasma concentration of serum proteins, 
and thus plasma proteins with a lower half-life, such as 
prealbumin and retinol-binding protein, are better indica-
tors of acute changes in the formation of a de novo plasma 
pool of proteins in response to dietary protein than pro-
teins with a longer half-life such as albumin.176,178 

Acute-phase reactants, such as plasma C-reactive pro-
tein (CRP), help evaluate whether the liver preferentially 
makes acute-phase reactants rather than normal visceral 

proteins in response to nutrition support.129,179 In inflam-
matory states, anabolism and catabolism are driven by the 
systemic inflammatory response, and not just by the appro-
priate availability of macronutrients.133,180,181 Low preal-
bumin levels, despite provision of the calculated protein 
requirements, may occur in the presence of elevated plasma 
CRP.182 In normal conditions, blood urea nitrogen (BUN)  
decreases during starvation and increases during  
dehydration,176 renal insufficiency, in the presence of 
excessive dietary protein, or in the presence of blood in the 
gastrointestinal (GI) tract. However, in the PICU patient, 
circulating BUN can also be affected by the presence of 
decreased muscle mass, high protein utilization, and AKI. 

Plasma AA concentrations are lower in patients with 
critical illness.126,128 Amino acid profiles have been studied 
in the postsurgical and critically ill adult patient, and they 
appear to be highly variable and difficult to interpret due to 
the phase and intensity of the injury response; prior exist-
ing nutritional, metabolic, and hemodynamic status; and 
the characteristics of the nutritional therapy provided.126 

3-methylhistidine (3-MH) is a component of the myo-
fibrils that is liberated when the muscle structure is dam-
aged or degraded, and it has been linked to proteolysis and 
muscle degradation in humans.183,184 3-methylhistidine 
released from muscle is not metabolized and is excreted in 
the urine.185 Hence, levels of 3-MH may provide an indirect 
measure of skeletal muscle breakdown. Although 3-MH 
was initially studied in urine, plasma concentrations can 
also be used.183 Similarly, full-length (42 kDa) α-actin is a 
product of myofibrillar degradation that is released when 
the muscle structure is damaged or degraded, and has been 
linked with muscle damage during injury in animals.186,187 
Some investigators have advocated that the cleaved frac-
tion of α-actin (14 kDa) may be used as an accurate tool to 
assess muscle protein degradation in humans.187-189 

Estimation of Whole-Body and Organ Protein and AA Kinetics
Critical illness evolves, and protein requirements, utiliza-
tion, and balance also change in accordance to the evo-
lution of the acute physiologic alterations.165 Continuous 
adjustments of protein, nitrogen, and AA needs require a 
sound understanding of this dynamic state of protein flux 
during the course of illness.

Nitrogen balance 
The hypercatabolic state of injury or sepsis has been char-
acterized by a marked negative nitrogen balance.87,97,132,190 
Adequacy of nitrogen intake is calculated and compared 
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to nitrogen losses in urine, stool, skin, and other fluids, 
such as dialysate and thoracic or abdominal drainage, 
to assure equality to losses or retention.191-193 Maintain-
ing positive protein balance has been used as a surrogate 
measure of LBM preservation, but it does not evaluate 
protein or AA utilization, quality of intake, or protein 
reserves. Whole-body nitrogen utilization is affected by 
energetic deficits, and protein can be oxidized for energy 
in catabolic conditions.87 In addition, adequate amounts 
of energy are needed to effectively utilize the supple-
mented protein. During sepsis in adults, variable increases 
in nitrogen intake improved nitrogen balance.97,132 When 
protein and energy are supplied during critical illness, 
whole-body protein synthesis rates are increased without 
affecting protein breakdown. Therefore, improvement in 
protein balance at the expense of higher protein synthesis97  
may occur despite resulting ongoing losses of body pro-
tein.194 In this regard, achieving protein balance may not 
prevent loss of LBM or skeletal muscle mass in adults.195 

Nitrogen balance has significant limitations to assess 
protein metabolism in the ICU. The rapidly changing 
physiology and nutritional interventions during the acute 
phase in the critically ill do not allow a steady state of 
nitrogen intake or loss immediately following the 24-hr 
period of nitrogen loss estimation.165 In addition, mea-
surements of nitrogen loss through urinary excretion are 
difficult to compare among published evidence,196 where 
nitrogen excretion and balance, illness severity, and  
age are highly variable.97,196 Protein balance studies require 
standardization in the method used to estimate nitrogen 
in the biologic samples and require dedicated personnel to 
perform and interpret them.196 Excretion of urea is highly 
variable in critical illness, and measurement of total uri-
nary nitrogen is more accurate.87,196 

Total urinary nitrogen losses have been reported 
between 170 and 347 mg·kg−1·d−1 in critically ill chil-
dren.97 Enterally fed infants with low severity of illness 
may require protein intake of >1.5 g/kg/day and energy 
intake >57 kcal/kg/day to achieve positive nitrogen bal-
ance, but a protein intake of 2.8 g kg/day with higher 
severity of illness.97,196

Tracer Methodologies 
By labeling AA with molecules that can be traced, isotope 
techniques follow interorgan and systemic movement 
of the labeled AA, their metabolic fate, their interaction 
with hormones and body substances, and the degree of 
incorporation into tissue protein or fluids. Most studies in 

humans use stable isotopes and measure protein kinetics 
at the whole-body level. In animal models or tissue biopsy, 
the incorporation of the labeled molecule into tissue can 
be traced while manipulating substrate and hormonal 
relations. Tracer methodologies can be used to determine 
the extraction of the tracee by organs or splanchnic or 
limb beds, or to establish whole-body protein balance in 
relation to insulin, protein prescription, and synthesis of 
specific proteins in healthy and ill neonates, children, and 
adolescents.

The indicator AA technique has been used to deter-
mine specific AA requirements in children. It assumes that 
AA cannot be stored and must be partitioned between 
incorporation into protein or oxidation. With increas-
ing intake of the limiting AA, oxidation of the indicator 
AA will decrease, reflecting increasing incorporation into 
protein. Once the requirement is met for the limiting AA, 
there will be no further change in the oxidation of the 
indicator AA.102

Tracer methodologies have significant limitations to 
assess protein metabolism in the ICU. While these meth-
ods are very accurate to measure protein kinetics, they are 
expensive and require specialized equipment and exper-
tise to understand and perform the studies. The use of a 
specific AA as a tracee to interpret whole-body protein 
kinetics may be potentially altered by the metabolic fate 
and the characteristics of such specific AA and thus, the 
proper indicator must be chosen. For pediatric patients, 
the applicability of this method is limited further by 
the need to provide exogenous substances to pediatric 
patients and the inability to obtain tissue in infants and 
children due to its cost and invasiveness. 

Prescription and Provision of Protein  
and AA in the Critically ill Child
The estimated protein requirements in grams/kg/day in 
the critically ill child should be based upon an under-
standing of protein metabolism, as most recommenda-
tions are based on expert opinion.19 Protein requirements 
in critically ill children recommended by A.S.P.E.N are 
higher than protein recommendations for healthy chil-
dren recommended by WHO.165,197 This is because protein 
recommendations by WHO cover requirements needed 
for age-appropriate growth and development in healthy 
children, but they do not cover the increased needs driven 
by critical illness.19,194 

Even though provision of adequate protein require-
ments to maintain nitrogen balance may not prevent 
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whole-body catabolism and loss of skeletal muscle 
mass,194,195 early administration of protein- and energy-
enriched formula in critically ill infants has shown to 
promote protein balance by increasing protein synthesis 
without adverse effects.198 The effects of excessive dietary 
protein have not been studied extensively, and the findings 
are equivocal.199 In infants, empiric increase of enteral 
protein provision above requirements has been well tol-
erated without increased amino acid oxidation and urea 
formation.111 Even when provided with the appropriate 
estimated requirements, the critically ill may lose more 
protein than they are able to assimilate.194 

Enteral Protein Delivery 
Enteral delivery of protein is the preferred way to provide 
protein to replenish the AA pool during critical illness. Fig-
ure 3-3A shows the effect of enteral feeding on AA kinetics 
during critical illness. Enteral delivery of protein may allow 
enteric and portal AA delivery to the liver and splanch-
nic bed. In this regard, not all the dietary protein reaches 
the plasma AA pool (Figures 3-1A and 3-3A). Thirty 
percent to fifty percent of essential amino acids (EAA)  
in the diet may be catabolized by the small intestine in 
first-pass metabolism for enteral utilization by the entero-
cyte162 and splanchnic extraction.111 In noncritically ill 
conditions, portal rather than arterial AA are preferen-
tially used for hepatic protein synthesis of visceral protein 
after enteral feeding.130 

Therefore, when calculating enteral feeding in the 
pediatric critically ill patient, it is safe and necessary to 
increase protein delivery above the age-appropriate esti-
mated requirements for children.165,197 Nitrogen balance 
in critically ill infants has been achieved within the first 
days after admission to the PICU by increasing enteral 
protein above dietary reference levels using a protein−
energy-enriched formula, but not with a standard infant 
formula, and this intervention was well tolerated.111 

The type of protein provided enterally to the critically 
ill child may affect tolerance, absorption, and utiliza-
tion. Fast proteins, such as whey, are rapidly digested and 
absorbed and quickly induce an anabolic drive, possibly 
from their high leucine content.200,201 Conversely, slow 
proteins such as casein have a longer enteric transit time, 
allowing a less robust but more sustained AA delivery to 
the AA pool.201 In this regard, slow proteins will require 
more digestion and may promote the use of the derived 
AA toward energy precursors, inducing a smaller anabolic 
response than fast proteins.201 The use of fast proteins or 
enteral formulas with predigested protein in the form of 

dipeptides or AA may be better tolerated in the critically 
ill due to the risk of impaired digestion. However, a com-
bination of both types of protein may be beneficial for the 
recovery phase, when feasible.200 

Continuous enteral tube feeding is frequently used in 
the ICU setting due to better tolerance to small enteral 
volumes, the use of transpiloric feeding, and with hopes to 
reduce bronchial aspiration. Continuous enteral delivery 
lacks the pulsatile effect that a rapid rise in AA provides.116 
In neonatal animal studies, intermittent boluses of protein 
have improved feeding efficiency by inducing a greater 
stimulatory effect on skeletal muscle protein synthesis 
than continuous feeding.116 

Parenteral Protein Delivery
Parenteral protein is delivered to critically patients while 
awaiting readiness of the GI tract to tolerate dietary pro-
tein. Protein is provided as AA solutions, which can be 
designed with several profiles, based on their composition of 
branched-chain, sulfur, or EAA. Free AA mixtures provide 
17% less protein substrate than does whole protein.202 More-
over, the conventional factor 0.16 to convert AA nitrogen to 
its protein equivalent does not apply to free AA mixtures.202 
Infant parenteral solutions containing more essential AA are 
recommended.203 Currently, we lack evidence-based recom-
mendations to design an ideal, target-oriented parenteral 
AA composition for the critically ill child.

Figure 3-3B shows the effect of parenteral protein  
delivery on AA kinetics during critical illness. Parenteral 
protein bypasses the splanchnic extraction of a meal-
derived AA, replenishing the plasma AA pool, but limit-
ing enteral cells from surface substrate. Visceral protein 
synthesis is less responsive to parenteral than enteral pro-
tein. Intravenous AA bypass the splanchnic uptake and are 
presented to the liver through the portal venous circula-
tion in lower concentrations.130 Portal rather than arterial 
AA are preferentially used for hepatic protein synthesis.130 
Moreover, parenteral delivery of AA also lacks the ana-
bolic pulsatile effect of a protein bolus meal, as parenteral 
nutrition is provided continuously throughout the day. 
However, parenteral nutrition is associated with a higher 
risk of mortality in mechanically ventilated children.122 

Protein−Energy Interactions
The ideal caloric proportion (50% to 60% of calories from 
carbohydrates, 25% to 35% from protein, and 10% to 25% 
from fat) is most commonly appropriate, but such parti-
tioning should be adjusted if an increased protein need 
arises. In order to avoid overfeeding, calories provided 

03_Goday_Ch03.indd   48 18/07/14   6:00 PM

https://t.me/Medicalbooksstored



ENERGY AND MACRONuTRIENT REquIREMENTS IN THE CRITICAllY Ill CHIlD         49

FIGURE 3-3. Schematic representation of the compartmental model used to study whole-body protein 
kinetics during critical illness/inflammation when supported with enteral (A) and parenteral protein (B).  
Red indicates pathways toward catabolism, while blue follows contributions toward protein and AA 
intake and attrition. Critical illness and inflammation drive the metabolic response despite provision of 
protein and AA. Parenteral protein bypasses the portal circulation and accesses the free AA pool directly.

Intestine
Dietary
protein

Splanchnic
viscera

Injured
tissues from

lean mass

AA
oxidation

NH3 and
urea excretion

Plasma-free
AA pool Muscle

Cellular immune
response

Liver

Visceral
protein

Acute-phase
reactants

A.

Plasma-free
AA pool

Muscle

Intestine

AA
oxidation

NH3 and
urea excretion

Parenteral
protein

Splanchnic
viscera

Cellular immune
response

Liver

Visceral
protein

Acute-phase
reactants

Injured
tissues from

lean mass

B.

03_Goday_Ch03.indd   49 18/07/14   6:00 PM

https://t.me/Medicalbooksstored



50        C h a p t e r  3

homeostasis.102,162 Further studies are required to rec-
ognize adequate protein and AA requirements and pre-
scription for high-risk infants and children in the PICU. 
Comprehensive understanding of protein metabolism and 
metabolic partitioning in the critically ill child emphasizes 
the need to individualize protein support therapy toward 
achievement of proteostasis (protein metabolic homeo-
stasis) rather than simply balancing nitrogen expendi-
ture.207,208 Eventually, the goal of nutrition therapy is to 
optimize protein delivery and modulate protein catabo-
lism, with the aim to prevent the loss of LBM and muscle 
function during critical illness.

 ■KEY POINTS

from protein should be included in the predictions of 
nutrition requirements and in the calculation of the nutri-
tion prescription.204 

The calculation of calorie-to-nitrogen ratio, whether 
total or nonprotein calories, was historically proposed to 
appraise specific enteral formulas, but supports the concept 
of providing adequate caloric intake when high protein is 
provided.57 In critical illness, the recommended calorie-
to-nitrogen ratio has been suggested around 130-150 kcal/
gram of nitrogen (1 gram of protein = 6.25 grams of nitro-
gen). This recommendation was based on expert opinion. 
For healthy active young men, a calorie-to-nitrogen ratio 
of 382:1 has been shown to promote nitrogen balance.194 

For intensive care patients, protein underfeeding 
is more pronounced than caloric underfeeding.47,84,126 
Currently, patients in the PICU receive less than  
50% of estimated caloric and protein requirements in the 
first 10 days of ICU care.47,119,122 Protein underfeeding 
during critical illness exaggerates the cumulative protein 
deficit, which is most notable in infants with low reserves 
of LBM.122 Metabolic utilization rate of macronutrients, 
dynamic changes in protein requirements, variation in 
nutrition practice, and cumulative deficits should be 
considered when providing protein support during criti-
cal illness. The underfed patients may benefit from safely 
increasing protein and energy intakes.111,123,194 

Proteostasis in the Critically ill Child
Scientific developments will provide new insight into protein 
metabolism and adaptation to stress. Early studies on pro-
tein metabolism in natives of Papua New Guinea revealed 
human adaptation to chronic low protein intake with main-
tenance of appropriate health.205 These concepts have been 
widened by our understanding of metabolic adaptation 
and plasticity, nutriogenomics,206 metabolomics, and epi-
genetics.162 Recently, it has been shown that during condi-
tions of protein starvation, cells respond to the stress of AA 
deprivation by sensing the AA deficiency, leading to modu-
lation of global protein synthesis to save energy expenditure 
through translation reprogramming to maintain metabolic 
homeostasis206 In the future, advances in molecular and AA 
biology may offer promising targets to modulate the protein 
metabolic response during critical illness. 

In pediatric critical care, the global evaluation of out-
come in nutrition therapy is inherently difficult. Critically  
ill children with chronic protein malnutrition and 
depleted or low protein reserves47,84,120,122 due to chronic 
diseases may have different AA requirements to achieve 

•	 The metabolic stress response to injury, surgery, or 
illness is characterized by variable energy require-
ment and profound protein catabolism. The goal 
of nutrition therapy is to provide optimal energy 
and protein to offset these demands and facilitate 
healing and growth.

•	 A sound understanding of energy and protein 
metabolism during illness must guide macronutrient 
prescription.

•	 In contrast to starvation, the protein catabolism 
in critical illness cannot be eliminated with exog-
enous caloric provision. However, adequate mac-
ronutrient provision may help offset protein losses 
by increasing synthesis and thereby maintaining 
protein balance.

•	 The objectives of macronutrient intake during 
critical illness include prevention of underfeed-
ing and overfeeding of calories and provision of 
enough protein to prevent loss of lean body mass.

•	 Indirect calorimetry, where available, should be 
used as the gold standard for assessing energy needs. 
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 ■ INTRODUCTION

Inflammation and the generation of free radicals is the 
hallmark pathology of critical illness. Micronutrients with 
antioxidant properties have received much attention due 
to their role in these reactions. Reactive oxygen species, 
produced by leukocyte aerobic metabolism and free radi-
cal generation from nitric oxide metabolism, facilitate the 
release of nuclear transcription factor kappa B (NFκB). 
Cytoplasmic NFκB translocates to the nucleus, where it 

binds to DNA and increases acute-phase mediators like 
tumor necrosis factor α (TNFα), interleukin 2 (IL-2), 
and IL-2 receptors. Micronutrients such as selenium act 
to down-regulate NFκB.1,2 Micronutrient deficiency may 
be due to suboptimal premorbid intake; redistribution 
from the circulation to tissues; and excessive losses from 
the kidneys, gastrointestinal (GI) tract, skin, and drains. 
Iron, selenium, zinc, vitamin D, and water-soluble vita-
mins are decreased in critical illness, whereas copper and 
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Zinc (Zn)
Selenium (Se)
chromium (cr)
copper (cu)
Manganese (Mn)
Iron (Fe)

 ■VITAMINS ■FAT-SOLUBLE VITAMINS
Vitamin a 
Vitamin D
Vitamin e 
Vitamin K 

 ■WATER-SOLUBLE VITAMINS
thiamine (Vitamin B1) 
riboflavin (Vitamin B2)
Niacin 
pantothenic acid (Vitamin B5) 
pyridoxine (Vitamin B6)
cyanocobalamin (Vitamin B12)
ascorbic acid (Vitamin c) 
Folic acid 
Biotin 
choline 
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manganese levels may be increased. Administration of 
micronutrients during illness is an area of great interest.  
Trace elements and vitamins that support antioxidant 
function—particularly high-dose parenteral selenium, 
alone or in combination with other antioxidants—are 
reportedly safe and may be associated with a reduction 
in mortality in critically ill patients.2 Studies investigat-
ing the role of supplementation with selenium, vitamin 
E, and vitamin C in the critically ill have shown prom-
ising results, although there are still a number of unan-
swered questions.3 Systematic reviews and meta-analyses 
in adults have shown that micronutrient supplementation 
may be associated with a decrease in overall mortality and 
specifically 28-day mortality. Decreased mortality seems 
to be mainly associated with combination products rather 
than any single micronutrient. However, supplementa-
tion does not affect infectious complications or length 
of stay in the intensive care unit (ICU) or hospital. The 
majority of trials have reported no adverse effects from 
micronutrients, with the exception of one study, which 
reported a worse outcome in patients with severe acute 
pancreatitis.4

 ■TRACE ELEMENTS

Current daily recommendations for pediatric trace ele-
ments and vitamins are provided in Table 4-15 and  
Table 4-2, respectively, for reference, and the commoner 

manifestations of deficiency states are shown in  
Table 4-3. A brief description of the role of individual 
micronutrients and a summary of the literature related 
to their supplementation during pediatric illness are pro-
vided in this chapter. 

Zinc (Zn)
Zinc is important during critical illness, mainly because 
of two properties: (1) it is a component of metallothio-
neins, which act as free radical scavengers (and, hence, 
are important as anti-inflammatory and antioxidant 
agents); and (2) it is a component of transcription factors 
and metalloproteinases that aid in keratinocyte migration 
during wound healing.6 In view of these properties, most 
of the evidence for zinc supplementation in the critically 
ill comes from studies of patients following sepsis and 
burns.

Plasma Zinc Levels in the Critically ill
In a recent UK survey, only 18% of adult ICUs tested 
plasma zinc levels routinely.7 Unlike most other trace 
elements, zinc has no functional reserve or store. When 
intake is insufficient and demand for zinc is high, tis-
sue zinc is conserved by a reduction/cessation of growth 
and a decrease in its excretion.5,8 In addition, decreased 
plasma zinc levels have been observed in a number of 
different settings. These include situations of increased 
losses (burns), increased cellular turnover (bone marrow 

 
Zinc (mcg/kg) 

Copper 
(mcg/kg)

Chromium 
(mcg/kg) 

 
Iodine (mcg/kg) 

Manganese 
(mcg/kg) 

Selenium 
(mcg/kg) 

 
Iron (mcg/kg) 

preterm infant 
<3 kg

400 20 0.05-0.2 30 Monitoring 
required

5-7 [15] 200-4000

term infant  
3-10 kg

250 20 0.2 0-1 Monitoring 
required

2 50-100 

child 10-40 kg 50 20 0.2 0-1 Monitoring 
required

2 50-100 

Zinc
(mcg)

Copper
(mcg)

Chromium
(mcg)

Iodine
(mcg)

Manganese
(mcg)

Selenium
(mcg)

Iron
(mcg) 

adolescent  
>40 kg

2000-5000 200-500 5-15 No recommen-
dations

50-100 30-60 1000 

adult 2500-5000 300-500 10-15 Not defined 60-100 20-60 1000 

reproduced with permission from Wong t. parenteral trace elements in children: clinical aspects and dosage recommendations, curr Opin clin Nutr Metab 
care  2012;15(6):649-656

■  TAbLE  4-1. Suggested Daily Pediatric Parenteral Trace Element Provision
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transplantation), and increased production of acute-phase 
reactants (inflammation/sepsis).9 Low plasma zinc in 
critically ill children has also been reported in association 
with lymphopenia.10 The mechanism for this has yet to be 
elucidated. 

Although earlier studies in adults with burn injury did 
not show a significant drop in plasma zinc levels,11 sub-
sequent studies have established it is a common observa-
tion12 that has also been found in children. Cunningham 
et al.13 found decreased plasma zinc in severely burned 
children despite supplementation with parenteral zinc. 
The mechanism of the low plasma zinc has been attributed 
to a redistribution of zinc from muscle and skin to liver 
and bone marrow, initially as an acute response14 and high 
urinary losses,11,15,16 although poor premorbid zinc intake 

cannot be excluded. Zinc moves into tissues with rapid cell 
proliferation and intense acute-phase protein synthesis.11 
This is mediated via IL-6 and induction of metallothio-
nein and zinc transporter expression.17 Nonsurvivors, in 
particular, seem to have increased expression of two iso-
forms of metallothionein.18 This raises further questions 
into how septic shock triggers genomic-level alterations 
in zinc homeostasis and affects survival. 

Low serum zinc concentrations are associated with 
severity of illness.17 In a prospective study that included 
20 children with at least 1 organ failure or an unadjusted 
pediatric risk of mortality III score >5 admitted to the 
pediatric intensive care unit (PICU), all patients had low 
plasma zinc levels on admission.19 Furthermore, patients 
with a lower plasma zinc level on day 3 of admission 

■  TAbLE  4-1. Suggested Daily Pediatric Parenteral Trace Element Provision

 
Vitamins

DRI for Oral Intake Daily Parenteral Dose

Infants Children Infants Children

Vitamin A 400-500 (rae1) mcg/kg 400-500 mcg/kg 150-300 mcg/kg 150 mcg

Vitamin D 10-15 mcg 10-15 mcg 0.8 mcg/kg 10 mcg

Vitamin E 4-5 α-te2 mg 6-7 α-te mg 2.8-3.5 mg/kg 7 mg

Vitamin K 2.0-2.5 mcg 30-55 mcg 10 mcg/kg 200 mcg

Vitamin B1
(Thiamine)

0.2-0.3 mg 0.5-0.6 mg 0.35-0.5 mg/kg 1.2 mg

Vitamin B2
(Riboflavin)

0.3-0.4 mg 0.5-0.6 mg 0.15-0.2 mg/kg 1.45 mg

Niacin 2-4 mg 6-8 mg 4.0-6.8 mg/kg 17 mg

Pantothenic Acid 1.7-1.8 mg 2-3 mg 1.0-2.0 mg/kg 5 mg

Vitamin B6
(Pyridoxine)

0.1-0.3 mg 0.5-0.6 mg 0.15-0.2 mg/kg 1.0 mg

Folic Acid 65-80 mcg 150-200 mcg 56 mcg/kg 140 mcg

Vitamin B12
(Cyanocobalamin)

 0.4-0.5 mcg 0.9-1.2 mcg 0.3 mcg/kg 1.0 mcg

Vitamin C
(Ascorbic Acid)

40-50 mg 15-25 mg 15-25 mg/kg 80 mg

Biotin 5 mcg 8-12 mcg 5.0-8.0 mcg/kg 20 mcg

Choline 125-150 mg 200-250 mg 125-150 mg 200-250 mg

1rae, retinol activity equivalents, I rae = 1 mcg of retinol; rae from plant sources calculated based on 12 mcg β-carotene. 
2α-te, c-tocopherol equivalents; DrI, Dietary reference Intakes.

■  TAbLE  4-2. Summary Recommendations for Vitamins in Pediatric Critical Care
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were associated with 2 or more organ failures. An inverse 
correlation with C-reactive protein (CRP) and the degree 
of organ failure at day 3 of the study was also reported. 
Possible etiologies such as decreased albumin (which 
binds zinc in the circulation) and increased urinary losses 
have been suggested.20 Amino acid infusions and hyper-
glycemia may also increase urinary zinc losses through 
proximal renal tubule secretion.17 

Effect of Zinc Supplementation in the Critically ill
At present, there are no reports of the effects of isolated 
zinc supplementation in critically ill children. Low plasma 
zinc has been found in burns, despite supplementation 
with doses that are 300% above the recommended daily 

amount (RDA)21 and in adults may persist for up to 2 to  
3 months.12 One explanation for the persistently low 
plasma zinc levels is the large exudative losses from the 
skin where wound zinc concentration exceeded plasma 
concentrations.21,22 Barbosa et al. showed that supplemen-
tation of zinc, together with vitamin E and vitamin C, in 
children decreased lipid peroxidation and time needed 
for wound healing (5.3 vs. 7.5 days in the nonsupple-
mented group).23 In adults, delayed wound healing and 
infections were seen more than a month after injury in 
nonsupplemented burn patients despite the fact that no 
signs of trace element deficiency were present at the time 
of supplementation.12 A combination product contain-
ing zinc and other trace elements modulated pulmonary 

Fat-soluble vitamins

Vitamin a Ocular manifestations: night blindness, dry eyes, poor growth, papillary hyperkeratosis, and 
impaired resistance to infections

Vitamin D rickets (enlargement of costochondral junctions, cranial bossing, persistently open anterior 
fontanelle, bowed legs, and epiphyseal enlargement)

Vitamin e hemolytic anemia in the newborn, hyporeflexia and spinocerebellar, and retinal degeneration

Vitamin K prolonged bleeding and hemorrhagic manifestations

Water-soluble vitamins

Thiamine (vitamin B1) Peripheral neuropathy, cardiac failure, lactic acidosis

riboflavin (vitamin B2) cheilosis, glossitis, corneal vascularization, and photophobia

Niacin pellagra: diarrhea, dermatitis, dementia

pyridoxine (vitamin B6) Microcytic anemia, seizures

Vitamin B12 Megaloblastic anemia, neurological changes

Folate Megaloblastic anemia

Vitamin C Scurvy, petechial hemorrhages, bleeding gums

trace elements

Iron Microcytic anemia, irritability

Zinc Hypogonadism, growth failure, diarrhea, decreased taste acuity, hair loss, and skin rash

chromium Glucose intolerance

Copper Neutropenia, anemia, neurological manifestations

Selenium Myalgia, cardiomyopathy

Deficiencies that may be more commonly apparent during care in the intensive care unit are shown in bold.31 

■  TAbLE  4-3. Symptoms Seen in Deficiency States of Trace Elements and Vitamins
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infections and decreased length of hospital stay in burn 
patients.24 In a recent double-blinded comparative effec-
tiveness trial, children in the PICU were randomized to 
receive either supplementation with zinc, selenium, glu-
tamine, and metoclopramide or whey protein.25 The pri-
mary endpoint was time to development of nosocomial 
sepsis or infection. The study showed no difference in the 
outcome between the groups. In a subgroup of children 
in this study who were immunocompromised (9% of the 
cohort), supplementation with a combination of zinc, 
selenium, glutamine, and metoclopramide was associated 
with a reduction in the rate of nosocomial infection/sepsis. 

Recommendations for Zinc Supplementation in the Critically ill Child
Agarwal et al.20 have recommended enteral zinc intake of 
25 mg per day or a parenteral dose of 50 mcg/kg per day 
in children with major burns, but the basis for this rec-
ommendation is unclear. Children weighing 10 to 40 kg  
would require a parenteral dose of 50 mcg/kg per day 
for their daily requirement, but this does not take into 
account additional requirements of burn patients.5

Otherwise, there is insufficient evidence for extra 
supplementation of zinc in the critically ill child. There 
appears to be a therapeutic window for zinc supplemen-
tation, as adult patients supplemented with more than  
30 mg/d of parenteral zinc have been shown to have 
increased IL-6 and inflammatory response.26 When enteral 
supplementation of zinc is being considered, competition 
with copper and iron for absorption may lead to deficiencies  
of the latter elements as an unintended consequence. 

Selenium (Se)
Selenium’s role in glutathione peroxidase (GPx) which 
inhibits proinflammatory cytokines up-regulated by 
NFκB, has made it an attractive pharmaconutrient. 

Even though up to 50% of plasma selenium is found 
as selenoprotein P,27 plasma selenium level reflects dietary 
intake rather than selenium stores or bioavailability, 
and may be a good reflection of short-term changes in 
selenium status. As selenium levels drop during the first 
weeks of life, selenium-dependent enzyme activity in tis-
sue and body fluids may be a better measure of selenium 
status than serum selenium in the neonatal period.28 

Plasma Selenium Levels in the Critically ill
Plasma selenium is lower in critically ill patients due to 
inflammation29 and cannot be solely relied upon as a 
marker of selenium status.10 Erythrocyte selenium concen-
tration might be an alternative test of selenium status.29 In 

adults, low selenium in the critically ill correlates directly 
with disease severity, as well as with morbidity and mor-
tality.30 Like other micronutrients, reduced plasma mea-
surements may reflect redistribution of selenoproteins to 
the tissues and/or increased losses. Similarly, urinary sele-
nium losses are associated with urinary nitrogen losses, 
which signifies catabolism and injury severity.17 

Selenium Supplementation
There is some promising evidence for selenium mono-
therapy in critically ill adults, with possible reduction 
in infections and a trend toward reduced mortality in 
patients with systemic inflammatory response syndrome 
(SIRS), severe sepsis, or septic shock.31 However, a recent 
meta-analysis of phase III clinical trials did not show clear 
benefit of selenium supplementation in these cohorts.32,33 
A Cochrane review by Darlow et al.34 showed that high 
doses of selenium supplements may be able to reduce 
some complications (such as sepsis) in preterm neonates, 
but most of the evidence comes from a country where 
selenium levels were unusually low. Moreover, selenium 
was supplemented parenterally at doses ranging from  
1.5 mcg/kg per day to 7 mcg/kg per day and in various  
forms (selenious acid, sodium selenate, and sodium 
selenite). Supplementation in critically ill adults often 
includes an initial bolus dose over 30 minutes, followed 
by daily infusions for up to 14 days.17

Because the major route of selenium excretion is 
via the kidneys, a decrease in parenteral selenium sup-
plementation is recommended in patients with renal  
impairment.35 

Chromium (Cr)
The role of chromium as a regulator of insulin action and 
hence glucose metabolism might be important in the criti-
cally ill.36,37 Up to 75% of critically ill nondiabetic children 
may have persistent hyperglycemia.38 Plasma chromium 
can be reduced in acute illnesses,39 probably due to 
increased urinary losses from metabolic stress, trauma, 
or ascorbic acid deficits.17 Although not all of these chil-
dren will have chromium deficiency–related hypergly-
cemia, a therapeutic trial of intravenous chromium over 
several days might be beneficial, especially if inadequate 
intake is suspected.40 Chromic chloride at 0.2 mcg/kg  
per day (daily pediatric parenteral requirement)5 can 
be given unless there are other contraindications such 
as renal failure, as chromium is excreted via urine.36,41 
In addition, excessive amounts of chromium have been 

■  TAbLE  4-3. Symptoms Seen in Deficiency States of Trace Elements and Vitamins
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found to accumulate in the livers of patients on long-term 
parenteral nutrition (PN),36 and their chromium provision 
will need to be revised when they become critically ill. 

Copper (Cu)
Copper is a component of several metalloenzymes, mainly 
oxidases, hydroxylases, and superoxide dismutases. The 
liver is the key organ involved in maintaining plasma cop-
per levels. Like zinc, copper is mainly stored in enterocytes 
as metallothionein and is lost with intestinal cell turnover 
every 2 to 3 days. Copper is absorbed in the ileum and 
largely excreted in the bile.

Berger et al. reported that plasma copper levels were 
normal in critically ill patients on continuous venovenous 
hemodiafiltration (CVVHDF),42 but ceruloplasmin, the 
major copper-carrying protein in blood, is an acute-phase 
protein and is increased during inflammation and critical 
illness.17 

Supplementation is not usually warranted unless cop-
per deficiency is suspected. Excessive losses through bili-
ary drains, high-output stomas, or burns may quickly lead 
to a deficiency characterized by a microcytic, hypochromic 
anemia that is unresponsive to iron therapy, poor wound 
healing, and osteoporosis,43-46 with neutropenia being 
one of the earliest manifestations of copper deficiency.44 
Recent studies have found no correlation between cho-
lestasis and serum copper levels,47 nor copper toxicity or 
worsening of liver disease in cholestatic infants with sup-
plementation of 20 mcg/kg per day.46,48 Although there is 
poor correlation between hepatic tissue copper levels and 
serum copper levels,49 patients with biliary obstruction 
should have their supplementation reduced or stopped in 
this circumstance with frequent monitoring.50,51 Pediatric 
copper-balance studies have not been reported, but the 
available literature suggests that infants and children on 
PN should receive 20 mcg/kg per day, with a maximum up 
to 0.3 mg/d.46 Decreased copper recovery in patients with 
a jejunostomy or exterior biliary drainage may require an 
increased provision of 10 to 15 mcg/kg per day of copper, 
depending on the amount of stomal losses.35

Manganese (Mn)
Manganese (Mn) is a nonspecific enzyme activator. It is  
a component of the metalloenzymes superoxide dis-
mutase and pyruvate carboxylase, which play a significant 
role in antioxidant protection and energy metabolism. 
Manganese concentrations are typically elevated in 
critically ill patients, mainly due to manganese being a 

contaminant in intravenous products.52,53 Urinary losses 
appear to be greater in patients with functioning kidneys 
on continuous venovenous hemofiltration (CVVH) and 
CVVHDF, which may also be due to contamination in 
the dialysate.17

Earlier studies have shown that bilirubin infusions in 
manganese-loaded animals can cause cholestasis,54 and as 
the biliary tract is the major route of excretion, manga-
nese provision needs to be revised in patients with biliary 
obstruction or hepatobiliary dysfunction.55 Furthermore, 
hepatic dysfunction and cholestasis are suspected risk fac-
tors for increased manganese accumulation in the brain.52 
In addition, it is important to understand that it may take 
5 to 6 months for elevated manganese levels in the blood 
to normalize after discontinuation of therapy.52 There is 
currently no evidence for manganese supplementation 
during critical illness unless a true deficiency has been 
identified. 

Iron (Fe)

Iron is an essential component of heme proteins such as 
hemoglobin, myoglobin, and cytochrome P450. The main 
manifestation of iron deficiency is anemia, although ini-
tial symptoms are nonspecific and can include lethargy,  
tachycardia, dizziness, and headache. 

Anemia in the critically ill is not an uncommon phe-
nomenon; the two main factors are inflammation and iron 
deficiency. Low serum iron and high ferritin levels are 
typical for critically ill patients, and this profile is indica-
tive of inflammation. Anemia found in this setting has 
been termed “anemia of inflammation.”56 Inflammation-
related IL-1 secretion stimulates ferritin synthesis, which 
is independent of iron stores, and so, despite a profile 
that might signify iron overload, iron deficiency might be 
present.57 Reviewing the serum iron and transferrin satu-
ration might be a better guide to iron deficiency in this 
circumstance. 

 ■VITAMINS 

The following recommendations are largely updated from 
our previous review on micronutrient deficiencies in 
intestinal failure58 and subsequent literature.59

Serum levels of some vitamins decrease with the inflam-
matory response,60 but vitamins B1, B2, B12, and folate are 
not affected by inflammation. Decreased levels of these 
vitamins may represent a true deficiency when observed 
in patients with inflammatory bowel disease (IBD)  
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from losses through high-output GI fistulas or with diar-
rhea. Refeeding of upper GI secretions into the jejunum, 
either via a nasojejunal tube or jejunostomy,61 will facili-
tate uptake of fat-soluble vitamins that require bile and 
pancreatic secretions for optimal absorption.62 Most 
water-soluble vitamins are absorbed easily from the prox-
imal GI tract, and deficiencies may be seen in patients 
with relatively short lengths of jejunum or residual ileum. 
Fat-soluble vitamins are absorbed in the mid- and distal 
ileum, as digestion of fat by bile and pancreatic lipase 
is required. If the terminal ileum is missing, then these 
vitamins plus B12 become depleted. In conditions where 
fat malabsorption can occur, such as pancreatic insuffi-
ciency and bile loss, deficiency of fat-soluble vitamins is 
common. 

Drug–nutrient and other complex interactions 
between vitamins and/or trace elements during com-
pounding, storage, and administration of PN admixtures 
can substantially reduce the amounts of individual vita-
mins delivered to the pediatric patient. Protection from 
air and sunlight can minimize many chemical losses,63 but 
it may also be necessary to compensate for vitamin losses 
with an increased dosage. 

 ■FAT-SOLUbLE VITAMINS

Vitamin A 
Vitamin A (retinol) comprises a number of beta-ionone 
derivatives of beta-carotene, the most biologically active 
of which is all-trans-retinol. It is required for vision, bone 
development, and immune function. Supplementation 
of excess vitamin E may antagonize vitamin A func-
tion. There is considerable epidemiological evidence of 
an important relationship between vitamin A and iron 
metabolism. Recent animal data confirm that vitamin A 
deficiency may inhibit release of iron from the liver and 
adversely affect iron homeostasis.64 Since postoperative 
patients exhibit decreased levels of vitamin A and septic 
patients excrete high levels in the urine, it is important 
to ensure that both vitamin A and iron are supplemented 
in the critically ill child. Retinol is highly sensitive to 
daylight, undergoing rapid degradation by more than 
90% during infusion if no precautions are taken.65 It 
is, therefore, essential to cover the PN container with a 
light-protecting overwrap when infusing in daylight. 
Pediatric dosage recommendations for vitamin A supple-
mentation are 150 to 300 mcg/kg per day, as summarized in  
Table 4-2.

Vitamin D
Ergocalciferol (vitamin D2) and cholecalciferol (D3) have 
similar sterol-like structures. They are considered to be 
biologically equivalent in humans, but 25-hydroxyvitamin 
D3 (25-OH-D) is the form measured to determine vitamin 
D status. Hypovitaminosis D is generally present at serum 
levels <20 ng/mL and is common in critically ill children, 
especially in those with heart disease. Thus, serum levels 
should be routinely monitored in the critically ill child and 
maintained at 30 to 100 ng/mL by daily supplementation at 
0.8 mcg/kg (see Table 4-2).66 Vitamin D is required for bone 
synthesis, immunomodulation, and cardiovascular func-
tion. Diseases such as Crohn disease, or any malabsorption 
syndrome, will interfere with vitamin D absorption in the 
GI tract67 Small-bowel absorption of calcium is dependent 
upon an adequate supply of vitamin D. It regulates induc-
tion of proteins that enable the gut enterocytes to transport 
calcium into plasma. Calcium losses combined with insuf-
ficient vitamin D can lead to hypocalcemia, osteomalacia, 
and increased risk of fractures. Hypovitaminosis D is asso-
ciated with alterations in glucose and lipid metabolism, and 
increases the risk of osteoporosis, heart disease, and rick-
ets. It has also been associated with higher levels of illness 
severity, infection, septic shock, and mortality in adults. The 
inverse association of vitamin D levels with septic shock 
may be partly due to fluid resuscitation, but pre-PICU 
dietary supplementation of vitamin D can protect against 
deficiency.68 An Australian study reported hypovitaminosis 
D in one-third (34.5%) of children on admission to PICU. 
This is lower than adults in the ICU, but higher than the 
18% prevalence in healthy American children. A correla-
tion between vitamin D levels and ionized calcium has been 
observed, but no association was seen between vitamin D 
deficiency and mortality.69 Similarly, in the United States, a 
31% prevalence of vitamin D deficiency in infants and 46% 
depletion in children in a PICU have been reported.68 The 
capacity to synthesize vitamin D from sunlight is likely to 
be reduced during long-term hospitalization, but bioavail-
ability studies in children have suggested that vitamin D 
status can be maintained during long-term home parenteral 
nutrition (HPN).70 However, losses may be incurred in PN 
admixtures: Gillis et al.71 reported significant cholecalciferol 
depletion from non-fat-containing PN bags during simu-
lated administration, speculating that binding to the plastic 
bag and administration set occurs. In contrast, no losses 
were reported during vitamin D infusion in a lipid emul-
sion, which may have a protective effect.72 Nevertheless, 
light protection of PN systems is always advisable.58
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Vitamin E 
Vitamin E (tocopherol) deficiencies are rare, but absorption 
of vitamin E requires adequate biliary and pancreatic func-
tion. A serum ά-tocopheral:cholesterol ratio < 2.47 mg/g is 
consistent with deficiency,73 and repletion should be at a 
dosage up to 3.5 mg/kg (Table 4-2). Moreover, vitamins E 
and C are synergistic, so a deficiency of the latter in post-
operative patients also decreases vitamin E function.74,75 
The 4 tocopherol isomers (the usual artificial sources of  
vitamin E) have variable biological activity but are rela-
tively stable after addition to PN mixtures, at least when 
light protected.76 Exposure to daylight causes degradation 
by a photo-oxidative reaction in the presence of oxygen. 
This can account for losses amounting to 30% to 50% dur-
ing administration.71 Some lipid emulsions also contain 
alpha-tocopherol and may be partially light protective.

Vitamin K 
Vitamin K has an important role in bone health, blood 
clotting, and regulation of several enzymatic reactions. 
However, ingested vitamin K in the form of phylloquinone 
is poorly absorbed. Antimicrobial drugs that alter the intes-
tinal flora responsible for synthesis of vitamin K may also 
cause depletion. Measurement of phylloquinone in serum 
is a useful indicator of vitamin K status, whereas the inter-
national normalized ratio (INR) is an insensitive method.77 
Plasma levels of PIVKA-II (proteins induced by vitamin K  
absence) are a sensitive method of assessing subclinical 
vitamin K deficiency. The natural form of the vitamin is also 
present in relatively high levels in soybean oil lipid emul-
sions, while the synthetic derivative used in some additives 
is a mixture of cis and trans isomers, but contains more 
than 80% of the natural trans isomer. The U.S. Food and 
Drug Administration (FDA) has recommended that paren-
teral multivitamin products should provide 150 mcg/d, but 
nutrition support teams (NSTs) need to be aware that this 
amount could be almost doubled from the lipid emulsion 
content when considering supplementation.78 Vitamin K is 
stable in PN mixtures during storage for at least 20 days at 
4ºC, but losses may occur from daylight exposure. 

 ■WATER-SOLUbLE VITAMINS

Thiamine (Vitamin b1) 
Thiamine diphosphate (cocarboxylase), employed in many 
parenteral multivitamin products, is the coenzyme form 
of vitamin B1. Most malnourished patients are thiamine 
deficient, and without concurrent supplementation, as 

indicated in Table 4-2, large carbohydrate loads will trigger 
thiamine deficiency. Thiamine is rapidly consumed in gly-
colysis and can cause lactic acidosis with impaired glucose 
metabolism. Thus, when levels become depleted, pyruvate 
cannot be decarboxylated and cannot enter the Krebs cycle. 
This leads to failed synthesis of adenosine triphosphate and 
an energy deficit,79 resulting in hypotension, tachycardia, 
and severe metabolic acidosis that does not respond well 
to bicarbonate therapy. Other symptoms include altered 
mental status, diplopia, vomiting, and abdominal pain. 

Riboflavin (Vitamin b2) 
Riboflavin has numerous roles as a coenzyme in critical 
oxidation reduction reactions. Deficiency symptoms are 
nonspecific and include nausea, vomiting, abdominal 
pain, weight loss, and fatigue, but can be easily reversed 
by supplementation at the doses indicated in Table 4-2 
through its beneficial effect on mitochondrial function.62 

Niacin 
Nicotinamide, or niacin, the physiologically active form 
of the vitamin, is the amide derivative of nicotinic acid 
and the form of the vitamin found in plasma and tissues.  
Vitamin C; copper; zinc; iron; and the amino acids leucine, 
methionine, and especially tryptophan are all involved 
in the metabolism of nicotinamide. Requirements are 
directly related to dietary tryptophan and energy intake, 
and are increased when pyridoxine (vitamin B6) and ribo-
flavin (vitamin B2) deficiencies are present.62 

Recommended dosages range from 5 to 6 mg/d for 
infants and 9 to 12 mg/d for older children. Preterm 
babies can be given doses between 380 and 5500 mcg/kg 
per day. The amount of tryptophan usually included in 
pediatric PN admixtures, together with the nicotinamide 
in commercially available multivitamin products, pro-
vides a good proportion of daily requirements.59,80 

Pantothenic Acid (Vitamin b5) 
Pantothenic acid is a key component of coenzyme A, and is 
essential for many acetylation reactions, especially the tri-
carboxylic acid cycle. Deficiencies are rare in humans, and 
diarrhea is the only reported evidence of any toxicity.62 Only 
the D (+) enantiomer of this vitamin has biological activity, 
and it is usually provided as the alcohol, D-pantothenyl  
alcohol (dexpenthanol), which is the form incorporated 
into the various multivitamin preparations used for rou-
tine PN supplementation, at daily doses ranging from 2 mg  
for infants up to 10 mg for older children (Table 4-2).
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Pyridoxine (Vitamin b6) 
Pyridoxine plays an essential role in maintenance of brain 
function, where many key enzymatic reactions are depen-
dent upon adequate levels of B6. Pyridoxal-5-phosphate is 
also involved in lipid metabolism. The intravenous pedi-
atric dose is normally between 4 and 10 mg/d (Table 4-2). 

Cyanocobalamin (Vitamin b12) 

Cyanocobalamin is a complex molecule, comprising 4 pyr-
role groups joined in a large ring with a cobalt atom attached 
to a cyanide group. The vitamin requirement is similar 
for adults and children, but malabsorption, gastrectomy, 
or terminal ileum resection may lead to vitamin B12 defi-
ciency, which alters intestinal mucosal cell morphology and 
intestinal cell wall transport function. Typically, patients at 
greatest risk for B12 deficiency include those with a history 
of surgical resection greater than 15 to 45 cm of ileum as 
infants. Loss of the ileum (>100 cm) is metabolically much 
more significant than loss of the jejunum, since it is the site 
of absorption of intrinsic factor-bound B12. Nitrous oxide 
administration during anesthesia and use of proton pump 
inhibitors (PPIs) or H2 receptor antagonists can also inter-
fere with B12 metabolism.81,82 Vitamin B12 deficiency is 
associated with megaloblastic anemia and potentially irre-
versible neurocognitive complications. Detecting increased 
levels of methylmalonic acid is often used for diagnosis of 
deficiency states, as serum vitamin B12 assays are less precise. 
Patients with vitamin B12 deficiency secondary to ileal resec-
tion will not respond to oral supplementation and should be 
treated with daily intranasal administration of the vitamin. 
Vitamin B12 levels have been shown to correlate with Acute 
Physiology and Chronic Health Evaluation (APACHE)  
II score (in adults), and in a study where 95% of 
patients had a diagnosis of SIRS, an increase of serum  
vitamin B12 was recorded for those patients who did not 
survive beyond 90 days in ICU.83 Since the symptoms of 
vitamin B12 deficiency may be masked by high folate intake, 
careful monitoring is imperative so as to avoid neurological 
complications. Recommended doses are shown in Table 4-2. 

Ascorbic Acid (Vitamin C) 
Scurvy is the best-known manifestation of severe vitamin 
C deficiency, but in the critically ill, vitamin C depletion 
is also associated with poor wound healing and decreased 
vitamin A function. Ascorbate is an important antioxidant 
and a cofactor for several enzymes involved in the synthe-
sis of carnitine, dopamine, serotonin, and the metabolism 
of cholesterol. Nevertheless, there is no clear indicator 

of inadequate vitamin C status. A serum level less than  
20 mmol/L has been advocated, but plasma concentrations 
will be altered by inflammation.84 The U.S. Dietary Refer-
ence Intakes (DRI) recommends 75 mg/d for females and 
90 mg/d for males, increasing to 200 mg/d for parenteral 
use.59 A parenteral dosage of 100 to 150 mg/d has been stan-
dard European practice,85 but PN supplementation requires 
care. Ascorbic acid is the least stable vitamin in solution. 
The compound reacts directly with oxygen to form dehy-
droascorbic acid, which in turn is rapidly hydrolyzed to 
2,3-diketogluconic acid. This reaction is catalyzed by heavy 
metals, in particular, copper and iron. The final stage of the 
degradation pathway leads to oxalate formation, which is 
toxic. Both the rate and extent of losses of ascorbic acid 
in PN mixtures depend on the quantity of oxygen present 
during storage and administration. Losses due to this pro-
cess can be prevented by multilayered plastic bags, which 
are largely impermeable to oxygen, and mixtures prepared 
in such containers may be assigned extended shelf-lives.86 
Some initial loss of ascorbic acid after addition to a PN mix-
ture is inevitable, but the reaction with dissolved oxygen 
will be complete within a few hours and can be compen-
sated for by increasing the recommended dose (Table 4-2).

Folic Acid 
Folic acid is a B-complex vitamin consisting of a pteri-
dine molecule linked through a methylene bridge to 
p-aminobenzamide, which is bonded to glutamic acid. 
This structure enables folate to function as a coenzyme in 
single-carbon (methylene) transfers for the metabolism of 
amino acids and nucleic acids. Folate intake may have been 
limited by special diets or its uptake reduced by interfer-
ence from certain medications. Continuous renal replace-
ment therapy (CRRT) may also affect nutrition status. In a 
study of 15 children (mean age 7.7 yrs) receiving CVVHD, 
selenium balances were negative and serum folate concen-
trations decreased significantly, supporting the suggestion 
that standard pediatric folate supplementation (Table 4-2) 
may not be adequate during replacement therapy.87 

biotin 
Biotin is important for carboxylase enzymes involved 
with carbohydrate and fat metabolism. Deficiencies are 
rare in the critically ill, but symptoms include dermati-
tis, conjunctivitis, alopecia, and paresthesia. A scaly, red 
rash, often confused with that seen with zinc deficiency 
or essential fatty acid deficiency, can develop around the 
eyes, nose, mouth, or genital area. However, insufficient 
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information precludes making firm recommendations for 
doses above the level of 20 mcg/d for children (Table 4-2). 
Data on the stability of biotin in PN mixtures are sparse. 

Choline 
Choline is a quaternary amine salt synthesized from 
methionine. It is not actually a vitamin, but is required to 
be supplemented in infant enteral formulas in the United 
States. No parenteral product is currently available, but 
dosage recommendations have been made59 (Table 4-2).

 ■KEY POINTS

•	 Critically ill patients have variable deficiencies of 
micronutrients during the course of illness.

•	 Thiamine, vitamin C, zinc, copper, and selenium 
are the most common micronutrient deficiencies 
seen in adults with critical illness.

•	 A high degree of clinical suspicion is required to 
anticipate, diagnose, and treat micronutrient defi-
ciencies during critical illness.

•	 A systematic approach to assessing micronutrients 
is essential to prevent complications due to defi-
ciencies in calcium, magnesium, phosphorus, zinc, 
selenium, and multivitamins.

•	 In the future, there may be a role for routine supple-
mentation of certain micronutrients during critical 
illness.
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 ■  FLUID MANAGEMENT
Fluid management is essential in caring for the critically 
ill child and can be challenging, given the alteration of 
normal fluid and electrolyte physiology in critical illness.

Fluid Homeostasis
Fluid and electrolyte derangements are common in criti-
cally ill children and either can be related to the patient’s 
underlying disease or can be a consequence of therapy. 

Estimating fluid and electrolyte needs in the critically ill 
child requires an understanding of normal basal metabo-
lism as well as knowledge of fluid homeostasis. Further-
more, the derangements that occur in critical illness must 
be appreciated in order to adapt fluid and electrolyte 
management appropriately. It is important to note that 
many of the principles that guide fluid and electrolyte 
management in children are based on normal physiologic 
principles, which can be severely altered in critical illness. 
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Body Water Distribution and the Intracellular 
and Extracellular Compartments 
Total body water (TBW) accounts for 50% to 80% of body 
weight and varies by gender and age.1-4 Water is largely 
distributed into the intracellular fluid (IFC) compart-
ment and the extracellular fluid (ECF) compartment. The 
ICF compartment comprises approximately two-thirds of 
TBW, or 40% of total body weight, while the ECF com-
partment comprises approximately one-third of TBW, 
or 20% of total body weight. The ECF is further divided 
into interstitial fluid and plasma.2-4 The ECF decreases 
over time in infants, reaching 30% at 1 year of age, and 
approaching 20%, or adult values, in early childhood. 
The ICF volume remains relatively constant throughout 
infancy to adulthood.1-2 

The ICF and ECF space each have a primary solute that 
is generally restricted to that compartment by a semiper-
meable membrane. This primary solute helps regulate 
the osmolality of the compartment and the movement of 
water between spaces. The primary solute in the ICF com-
partment is potassium (K+), while the primary solute in 
the ECF is sodium (Na+). Potassium (K+) and magnesium 
(Mg+) are the major cations in the ICF, while proteins and 
organic phosphates are the major anions. The primary  
cation in the ECF is sodium (Na+), while the major anions 
are (Cl) and (HCO3

−).1-2 
Lastly, TBW content is inversely correlated with adi-

pose tissue content and decreases with age. Total body 
water accounts for 75% of body weight in the term infant. 
By 6 months of age, TBW content decreases to 65%, and 
by 1 year of age, TBW approaches 60% of body weight.1-4 
On average, males have slightly higher TBW (as a percent-
age of body weight) than females, which is attributed to 
the slightly higher percentage of adipose tissue in females. 
Understanding the relationship between TBW content 
and weight and the electrolyte components in each space 
are important when calculating fluid deficits.

Maintenance Parenteral Fluid Requirements 
The estimates for parenteral fluid requirements are based 
on the understanding of normal basal metabolism; to 
achieve homeostasis, fluid intake must balance fluid 
losses. Fluid losses primarily consist of insensible losses 
and urine output. Evaporative losses account for approxi-
mately two-thirds of insensible losses, approximating  
30 mL/100 kcal/day, while respiratory losses account for 
the remaining one-third, approximating 15 mL/100 kcal/
day.3-6 Sensible losses, which are primarily composed of 

Body Weight (kg) Water Requirements (ml/day)

 0-10 kg 100 ml/kg/day

11-20 kg 1000 ml + 50 ml/kg for each kg > 10 kg

>20 kg 1500 ml + 20 ml/kg for each kg > 20 kg

■  TABLE  5-1. Water Requirements for Maintenance 
Fluids 

urinary losses, account for approximately 55 mL/100 kcal/
day. In 1957, Holliday and Segar calculated the mainte-
nance water requirements for children based on normal 
metabolism and estimates from water evaporation (heat 
dissipation) and caloric expenditure (heat production).7 
Accounting for the net water production from oxidative 
metabolism, a 10-kg child has a net insensible loss of  
34 mL/kg/day and a urinary loss of 66 mL/kg/day. As 
shown in Table 5-1, Holliday and Segar7 estimated main-
tenance water requirements of an infant/child using the 
following formula: 100 mL/kg/day for each of the first  
10 kg, 50 mL/kg/day for each additional 1 kg from 11 to 
20 kg, and 20 mL/kg/day for each subsequent kilogram 
over 20 kg.

It is important to note that this model was based 
on healthy children and does not take into account the 
insensible losses and energy expenditure in the critically 
ill child. The loss from the respiratory tract is minimal in 
the mechanically ventilated child, while evaporative losses 
increase with increasing body temperature. Therefore, in 
the critically ill child, fluid must be titrated based on fac-
tors such as decreased fluid excretion in renal failure and 
elevated antidiuretic hormone (ADH) states, as well as 
decreased insensible losses in the mechanically ventilated 
patient.4 

Special Considerations in the Critically Ill Child 
The prescription of intravenous (IV) fluids should be 
carefully considered in all critically ill patients, taking 
into account the disease state, current electrolytes, glu-
cose, body weight, and fluid balances.4 Holliday and Segar 
established the tool for prescribing maintenance paren-
teral fluids in healthy children, which needs to be individ-
ualized to each child, with the primary goal to maintain 
adequate end-organ perfusion while minimizing pulmo-
nary edema. The Surviving Sepsis Guidelines published 
in 2012 by Dellinger and colleagues recommend early 
fluid resuscitation in the critically ill child with hypovo-
lemic shock using 20 mL/kg boluses of isotonic fluids, up 
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to 40 to 60 mL/kg, with the goal to reverse hypotension; 
increase urine output; and attain normal capillary refill, 
peripheral pulses, and level of consciousness without 
inducing hepatomegaly or rales. In the child who devel-
ops signs of fluid overload, hepatomegaly, or rales, fluids 
should be tailored and inotropes administered to reverse 
hypotension.8

Further consideration must be given to fluid manage-
ment in the critically ill child with respiratory failure. 
Mechanically ventilated children are at risk for developing 
acute lung injury (ALI) and its more severe form, acute 
respiratory distress syndrome (ARDS). The goal of fluid 
administration in critically ill patients with ARDS is to 
maintain intravascular volume to ensure adequate end-
organ perfusion while minimizing extravascular lung 
water and pulmonary edema. Guidelines for fluid man-
agement in mechanically ventilated children are extrap-
olated from adult studies on ALI and ARDS. In 2006, 
the ARDS Network found a significant reduction in the 
duration of mechanical ventilation (p < 0.001), length of 
stay (LOS) in the intensive care unit (ICU) (p < 0.001), 
and oxygenation index in patients with ALI exposed to a 
conservative versus liberal fluid strategy.9 Similarly, both 
prospective and retrospective studies have shown that 
increasing fluid balance in children with ALI is associated 
with worse outcomes.10-18 In 2012, a multicenter retro-
spective cohort study of 168 children with ALI revealed 
that increasing fluid balance at day 3 was indepen-
dently associated with fewer ventilator-free days.11 This  
association between increasing fluid balance and increased 
duration of mechanical ventilation was similarly shown in 
studies by Flori and Arikan.12-13 Fluid requirements must 
be carefully altered in the child with respiratory failure 
to maintain intravascular volume status while avoid-
ing pulmonary edema. The electrolyte composition of  
IV fluids for critically ill children must have equal  
consideration.19,20

 ■  ELECTROLYTE COMPOSITION FOR  
PARENTERAL FORMULATIONS

Holliday and Segar established the tool for prescribing 
maintenance parenteral fluids in healthy children.4 The 
electrolyte composition of maintenance parenteral flu-
ids is calculated based on estimates for sodium of 2 to  
3 mmol/100 kcal/day and potassium 1 to 2 mmol/100 kcal/
day. These estimates were originally calculated from the 
sodium and potassium concentration of cow’s milk and 
breast milk and represent normal electrolyte hemeostasis.1-2 

Using these assumptions, hypotonic IV solutions are often 
recommended; however, hypotonic IV fluids can cause 
hyponatremia in children with altered electrolyte needs 
or increased ADH states. Hospital-acquired hyponatremia 
has been observed in children where hypotonic fluids were 
prescribed. In these children, ADH levels were greater than 
expected for their degree of hyponatremia.4 

Sodium
Dysnatremias are one of the most common electrolyte 
abnormalities in patients in the ICU.21-22 Although these 
abnormalities can be related to the disease process, selec-
tion of IV fluids can also be a contributor. Changes in 
serum [Na+] generally reflect changes in water balance 
despite total body Na+ levels being high, low, or even  
normal.23 Sodium equilibrium is directly related to serum 
osmolality, and water will shift from the compartment 
with lower osmolality to that of higher osmolality to 
maintain osmotic equilibrium. 

Hyponatremia
Hyponatremia, defined as a serum [Na+] of less than  
135 mEq/L, has been reported to occur in up to 40% of 
ICU patients and is more common in women and chil-
dren.4 Hyponatremia can occur from Na+ loss, water excess, 
or both. To assess the cause of hyponatremia, it is useful 
to first categorize the serum osmolarity as hypo-, iso-, or 
hyperosmolar. Hypo-osmolar hyponatremia is the most 
common cause of hyponatremia in critically ill patients.24,25 
Hypo-osmolar hyponatremia is then further subdivided 
into hypovolemic, hypervolemic, and isovolemic hypo-
osmolar hyponatremia based on the overall extracellular 
fluid status.

Hypovolemic hypo-osmolar hyponatremia is often 
caused by both volume and Na+ loss. Gastrointestinal (GI)  
losses from vomiting and diarrhea are one of the most 
common offenders in pediatric hypovolemic hypo- 
osmolar hyponatremia. Blood loss from hemorrhage, sur-
gical drain outputs, nasogastric suctioning, and insensible 
skin losses from burns or excessive sweating can also con-
tribute. Likewise, other causes include excessive diuretic 
use (e.g., furosemide) and cerebral salt wasting, which 
is seen in patients with traumatic brain injury or brain 
tumors.18 Isovolemic hypo-osmolar hyponatremia in criti-
cally ill patients is most commonly caused by inappropri-
ate secretion of antidiuretic hormone (despite normal 
plasma volume) . Syndrome of inappropriate antidiuretic 
hormone (SIADH) can be associated with intracranial 
lesions, such as brain tumors, brain abscesses, or subdural 
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hematomas, or an inflammatory processes, such as men-
ingitis, systemic lupus erythematosus, severe pneumonia, 
or tuberculosis. In order to diagnose SIADH, one must 
have a low serum osmolarity and a high urine osmolar-
ity with high urine [Na+]. Hypervolemic hypo-osmolar 
hyponatremia often results from both an excess of free 
water and total body Na+; however, the excess water is 
disproportionate to the excess Na+ and results in hypo-
natremia. Congestive heart failure, renal failure, cirrhosis, 
and nephrotic syndrome all fit into this category. 

Management of hyponatremia is focused on symptoms. 
While [Na+] below 130 mEq/L should be addressed, most 
patients are not symptomatic until [Na+] levels drop below 
130 mEq/L. Initial signs of hyponatremia are often vague: 
nausea, vomiting, restlessness, and headache. When serum 
[Na+] drops below the low 120s, symptoms increase and 
can include altered mental status (AMS), seizures, respira-
tory failure, cerebral edema, and even death. In critically ill, 
sedated patients, these symptoms may not be apparent. In 
the patient with isovolemic hypo-osmolar hyponatremia, 
water restriction can be used to correct the disturbance. 
In patients with hypervolemic hypo-osmolar hyponatre-
mia, fluid and Na+ restriction should occur, often in con-
junction with loop diuretics. Treatment of the underlying 
condition should be optimized, and in some cases may 
necessitate the use of extracorporeal ultrafiltration. 

Severe symptomatic hyponatremia (AMS, seizures, 
etc.), regardless of the cause, should receive correction with 
hypertonic saline to bring serum [Na+] levels above 120 
mEq/L. Once the [Na+] levels rise above 120 mEq/L, the 
Na+ deficit should be calculated and replaced. One can cal-
culate the sodium deficit using the following equation: Na+ 
deficit = TBW × (140 − serum Na+), where TBW for infants 
equals 0.7 × (weight in kg), and for children greater than a 
year, 0.6 × (weight in kg). It is important to note that this 
formula only calculates the deficit and does not account for 
maintenance needs, and most recommend correction by no 
more than 8 to 12 mEq/L in a 24-hr period. Correction that 
is too quick can result in irreversible osmotic central ner-
vous system demyelination (central pontine myelinolysis).

Hypernatremia
Critically ill patients are at risk for developing hypernatre-
mia (Na+ > 145 mEq/L). Hypernatremia may result from GI 
losses from vomiting and diarrhea; excessive water losses 
from fever, drains, or wounds; or renal losses via osmotic 
diuresis from glucose or mannitol.2 In these instances, 
serum osmolality and urine osmolality are high. In the hos-
pitalized patient, excess Na+ may also be seen with the use 

of sodium bicarbonate infusions used to correct metabolic 
acidosis or large volumes of normal saline for fluid resusci-
tation. Determining urine [Na+] is helpful in differentiating 
Na+ overload from excessive fluid loss; if the Na+ level is 
high, then Na+ overload is likely the culprit. Acute diabe-
tes insipidus (DI), central or nephrogenic, can also cause 
hypernatremia. Central DI is more common and is caused 
by a deficiency in vasopressin secretion. It can be associated 
with neurological insult from entities like traumatic brain 
injury, hypoxic ischemic encephalopathy, and brain tumors, 
as well as leukemia or lymphoma. Conversely, nephrogenic 
DI is caused by a relative resistance to the effects of vaso-
pressin in the kidney and can be induced by a metabolic 
derangement, such as hypokalemia and hypercalcemia, or 
drugs such as amphotericin B.7 Patients with DI typically 
have elevated serum [Na+] and serum osmolality levels; 
however, the urine osmolality is not as high as expected, 
since there is a defect in the ability to concentrate the urine. 
To differentiate central DI from nephrogenic DI, one can 
administer exogenous vasopressin. In central DI, the urine 
osmolality should increase by at least 50% from baseline.24

The signs and symptoms of hypernatremia are very 
similar to those of hyponatremia and can include restless-
ness, irritability, nausea, vomiting, fatigue, seizure, and 
coma. If serum osmolality increases significantly, there 
is a risk of intraparenchymal hemorrhage and venous 
thrombosis.19 Management of hypernatremia is based 
on etiology and symptoms. As with hyponatremia, large 
shifts in the serum Na+ are generally not well tolerated 
and, therefore, the Na+ should not be corrected more  
than 1 to 2 mEq/L/hr to prevent cerebral edema. As a rule, 
approximately half the fluid deficit is repleted over the first 
24 hours and the remaining deficit over the 48 hours. 

The water deficit can be calculated in one of two ways:

1.  The expected change in serum [Na+] levels after a liter 
of a given concentration of fluid can be calculated 
using the following equation:

  Change in serum [Na+] = (Infusate [Na+] − serum 
[Na+]) / (TBW + 1)

  So, for example, if the infusate was normal saline, 
the [Na+] would equal 154 mEq/L and TBW is 0.6 × 
(weight in kg).

2.  Alternatively, the water deficit can be calculated using 
the following equation:

  Water deficit (Liters) = TBW × (1 − [140 mEq/L /serum 
[Na+]])
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In unusual cases of hypernatremia caused by excessive 
administration of Na+, one should review the type and 
quantity of fluids being delivered and consider options 
to limit the Na+ delivery. This should include mixing 
compatible drips in dextrose rather than saline. In cases 
of central DI, fluid replacement and administration of 
exogenous vasopressin are generally required. For cases 
of nephrogenic DI, one should correct metabolic derange-
ments and look for causative agents. The administration of 
thiazide diuretics may also be beneficial.

Potassium 
Potassium is the most abundant intracellular cat-
ion and plays a significant role in many physiologic 
functions. It is especially important in the resting 
membrane potential of muscle and nerve cells. The 
regulation of K+ in and out of the cell is largely limited 
by the activity of the sodium-potassium-adenosine 
triphosphate pump (Na+, K+-ATPase). The activity of 
this pump can be affected by many factors, including 
insulin, glucagon, catecholamines, acid–base status, 
and intracellular K+ levels.23 

Hypokalemia
Hypokalemia can occur due to inadequate intake; how-
ever, abnormalities are much more likely to occur due to 
an increase in losses or a shift in K+ from the extracel-
lular space to the intracellular space. Some losses may 
be obvious, as those seen with excessive vomiting, diar-
rhea, or nasogastric losses. However, many of the inter-
ventions that regularly occur in the ICU setting may also 
contribute to potassium depletion. For example, loop 
diuretics cause inhibition of Na+ reabsorption in the loop 
of Henle, leading to an increased sodium load in col-
lecting ducts—potassium then is excreted as sodium is 
reabsorbed. In addition, several medications, including 
amphotericin B, aminoglycosides, and corticosteroids, 
may play a role in K+ depletion. Likewise, hypokalemia 
may also be exacerbated by magnesium deficiency, ren-
dering it refractory to treatment until the magnesium 
deficiency is corrected. One theory is that low levels 
of intracellular magnesium inhibit renal outer medul-
lary potassium channel (ROMK) function, leading to 
an increase in K+ efflux and wasting.26 Moreover, in ill 
patients, hypokalemia can be a result of shifts of extracel-
lular potassium into the intracellular space. Insulin, beta 
agonists, catecholamines, and metabolic alkalosis can all 
contribute to this shift. 

Hypokalemia results in hypopolarization of cell mem-
branes. Therefore, symptoms of hypokalemia are generally 
related to impaired muscular contraction. These symp-
toms may be mild (muscle cramping, vomiting), mod-
erate (ileus, weakness), or severe (cardiac dysrhythmias 
and arrest). When levels begin to decrease, electrocardio-
graphic (EKG) changes may become apparent. These can 
include ST segment depression, flattening of the T wave, 
and presence of U waves. Levels below 2.5 mEq/L are criti-
cal and warrant urgent treatment.

Treatment for hypokalemia should be aimed at correct-
ing the underlying cause and driven by the K+ level and 
clinical condition. In the nonemergent settings, either oral 
potassium supplements or supplementation via IV fluids 
and/or parenteral nutrition (PN) may be sufficient. Cor-
rection of severe hypokalemia via PN supplementation is 
not recommended. Parenteral nutrition should be started 
after severe hypokalemia has been corrected. In severe 
hypokalemia, a bolus of IV K+ may be necessary. For chil-
dren, the dose ranges between 0.3 mEq/kg and 1 mEq/kg, 
with a maximum single dose of 40 mEq. The rate of the 
infusion should not exceed 0.5 mEq/kg/hr. This is gener-
ally given as potassium chloride, but depending on the 
clinical situation, may be given as potassium phosphate 
or acetate. Careful consideration must be used in children 
with concomitant renal failure, and if potassium supple-
ments need to be given, one should consider starting  
with 50% of the normal dosage. If K+ is being adminis-
tered through peripheral access, it should be diluted. 
Likewise, dextrose-containing vehicles should be avoided 
if possible, as they may trigger insulin release and worsen 
the hypokalemia. And, as noted earlier, correction of 
hypomagnesemia is imperative if present. 

Hyperkalemia
Hyperkalemia can occur due to increased intake, extra-
cellular shifts, or decreased elimination. Renal insuffi-
ciency is a common contributor in ICU patients due to 
impaired potassium excretion. Conditions that lead to 
rhabdomyolysis, such as heat stroke, trauma, or extensive 
burns, can lead to an increase in endogenous potassium 
release. Hyperkalemia can also occur in the initial treat-
ment of some cancers; the rapid breakdown of cancer cells 
causes a release of intracellular potassium from the dying 
cells. Likewise, acidosis will lead to shifts of the K+ from 
the intracellular to extracellular space. In addition, sev-
eral drugs commonly used in the ICU setting can lead to 
hyperkalemia. One of the most obvious is the K+ sparing 
diuretics. One of the not-so-obvious are the nonsteroidal 
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drugs, which decrease renal tubular flow and renin 
release, resulting in impaired excretion.19 Beta blockers, 
alpha agonists, angiotensin-converting enzyme (ACE) 
inhibitors, and immune modulators such as cyclosporine 
and tacrolimus can also contribute to hyperkalemia.

Patients are often asymptomatic until levels rise sig-
nificantly. Early signs may include muscle twitching and 
weakness. If left unchecked, serious dysrhythmias can 
occur. Electrocardiographic changes initially include 
peaked T waves, prolongation of the QT interval, and 
widening of the QRS complex. If this goes untreated, 
refractory ventricular fibrillation may occur, which can 
be difficult to correct.

Aggressive treatment of hyperkalemia is critical. 
Because pseudohyperkalemia can occur with hemolysis 
or contamination of the blood sample with the intrave-
nous fluid (IVF) being administered, one should confirm 
the lab value prior to action. Mild hyperkalemia may be 
monitored while trying to eliminate the inciting cause. 
Obviously, one should reduce or remove K+ from IVF or 
hyperalimentation. However, if the potassium levels are 
critical, immediate treatment may be required. If cardiac 
instability is present (i.e., EKG changes), an injection of 
calcium should be given to stabilize the cell membrane. 
Either calcium chloride (20 mg/kg with a maximum single 
dose of 1 gram) or calcium gluconate (100 mg/kg with 
a maximum single dose of 2 grams) can be used. Next, 
a combination of insulin and glucose should be admin-
istered. The general recommended dose is 1 gram of 
dextrose/kg of body weight and insulin 0.1 unit/kg. In 
addition, some recommend albuterol nebulization and 
loop diuretics. Although sodium bicarbonate is often 
administered, the data on its usage are equivocal and it 
generally should not be given as a first-line treatment.21-22 

With the exception of furosemide, none of these therapies 
cause K+ removal, but merely shift the potassium from 
one space to another. Therefore, one should consider 
dialysis or sodium polystyrene sulfonate, an enteral cat-
ion exchange resin.

Calcium
Calcium (Ca2+) availability is regulated by parathyroid 
hormone (PTH), vitamin D, and calcitonin. It plays a 
role in neuromuscular activity, contractility of the heart 
and smooth muscle, coagulation, and bone metabolism. 
Approximately half the serum calcium is bound to albu-
min, rendering it inactive. The unbound, or ionized, cal-
cium is the active form, and in critically ill patients, who 

are often hypoalbuminemic, may be a better reflection of 
functional status.6 Acidosis affects the binding of Ca2+ to 
the plasma proteins and can cause shifts in levels of ion-
ized calcium; acidosis will increase concentrations of ion-
ized calcium, and alkalosis will decrease its availability.

Hypocalcemia
Hypocalcemia is a frequent occurrence in the ICU setting. 
One study reported that close to 50% of critically ill chil-
dren had abnormal serum calcium levels, and almost 20% 
had low ionized levels.19 Many inciting factors can contrib-
ute to low levels. Citrate, which is used as a preservative 
agent in packed red blood cells (RBCs), will cause che-
lation. It is postulated that in sepsis, interleukin-1 (IL-1)  
causes an increase in intracellular calcium, which can 
suppress PTH, resulting in decreased levels. Other dis-
ease processes that affect the functioning of the PTHs, 
like DiGeorge syndrome, can lead to hypocalcemia. In 
addition, commonly used drugs can play a role in the 
development of hypocalcemia. Aminoglycosides may 
potentiate hypomagnesemia, which, in turn, can sup-
press PTH. Steroids can increase intestinal reabsorption 
and promote increased urinary secretion. Loop diuretics 
can increase renal excretion of calcium. Likewise, calcium 
levels and phosphorous levels are closely linked and regu-
lated. Generally, when the level of one ion is increased, 
the other decreases; therefore, hypocalcemia will occur in 
processes that cause hyperphosphatemia, such as in tumor 
lysis syndrome.

There are generally few signs of mild hypocalcemia. In 
moderate cases, one can see muscle cramping or twitching. 
Severe hypocalcemia leads to tetany, which can manifest 
as stridor, laryngospasm, or even apnea. Cardiovascular 
side effects of hypocalcemia include hypotension, poor 
myocardial contractility, and prolonged QT syndrome. 
Emergency treatment for symptomatic hypocalcemia is 
IV calcium repletion with calcium chloride or calcium 
gluconate. Since alterations in both magnesium and phos-
phorus can lead to hypocalcemia, one should check levels 
if experiencing refractory hypocalcemia.

Hypercalcemia
Hypercalcemia is fairly uncommon in the hospitalized 
child. It can be seen in certain malignancies, vitamin D 
intoxication, hyperparathyroidism, and with certain drugs 
like the thiazides or lithium. The most common cause of 
hypercalcemia in the critically ill child is likely immobili-
zation resulting in excessive bone resorption. 
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Symptoms of hypercalcemia are often vague: nausea, 
vomiting, weakness, and lethargy. In severe cases, myocar-
dial depolarization can be impacted, leading to bradycardia 
or ventricular fibrillation. If the kidneys are functioning, 
the most effective treatment is to increase renal excretion. 
Renal excretion of calcium is linked to urinary excre-
tion of sodium; therefore, delivering increased sodium 
to the kidneys will promote increased excretion. This can 
be accomplished through boluses of normal saline and 
loop diuretics. In patients with renal failure, dialysis may 
be necessary. In severe, life-threatening hypercalcemia,  
ethylene diamine tetra-acetate (EDTA) can also be used. 
Ethylene diamine tetra-acetate will cause calcium chela-
tion and increase excretion. However, it should be used 
with caution, as it can lead to renal insufficiency. While 
biphosphonates are potent inhibitors of bone resorption 
and are often used to treat chronic hypercalcemia, they 
are of little use in the acute treatment, as effects are not 
generally seen for a few days. 

Magnesium
Magnesium is the second most abundant cation in the 
intracellular space. It plays an important role in several 
enzymatic functions, such as muscle contractility, DNA 
synthesis, protein synthesis, and carbohydrate metabo-
lism. It is especially important in the transfer of phospho-
rus in the formation of adenosine triphosphate (ATP). 
Regulation appears to be controlled by intestinal absorp-
tion and renal excretion.

Hypomagnesemia
Hypomagnesemia is often related to increased losses or poor 
intake/absorption.27 Certainly, malnutrition and starvation 
can result in decreased levels of magnesium. Conditions 
such as diarrhea, Crohn disease, and celiac disease affect 
resorption from the GI tract and can also result in mag-
nesium deficiency. Many drugs (loop diuretics, osomotic 
diuretics, aminoglycosides, antineoplastic drugs) increase 
renal wasting and can result in low magnesium levels. 

Hypomagnesemia can manifest in several ways. With 
mild deficiencies, the symptoms are generally vague and 
include nausea, anorexia, weakness, paresthesias, and 
central nervous system irritability. Severe deficiencies 
can lead to life-threatening cardiac dysrhythmias, sei-
zures, coma, and even death. Symptomatic hypomagne-
semia should be repleted with IV magnesium—generally, 
with magnesium sulfate. Replacement can be initiated at  
40 to 50 mg/kg to a maximum of 2 grams for a single dose. 

It should be remembered that an abrupt elevation in the 
plasma magnesium concentration will cause up to 50% of the 
infused magnesium to be excreted in the urine. Furthermore, 
magnesium uptake by the cells is slow, and repletion requires 
sustained correction of the hypomagnesemia. Thus, magne-
sium either should be given as a continuous infusion or will 
require consistent IV or oral dosing to ensure correction.

Hypermagnesemia
High levels of magnesium are rather infrequent. It can 
be seen with renal insufficiency or with iatrogenic/inad-
vertent excessive administration. Symptoms include 
nausea, vomiting, and decreased deep tendon reflexes. 
With increased severity, it can cause respiratory depres-
sion, hypotension, and dysrhythmias. When levels are 
high, one should discontinue exogenous administration. 
If there are neuromuscular or cardiac complications, IV 
calcium should be given.

Phosphorus
Phosphorus is the major anion in the intracellular space. 
Most of the body’s phosphorus exists in the bone. Its existence 
is generally balanced in concert with calcium levels. Its main 
function is energy generation, mostly through its involvement 
in ATP synthesis. However, it also plays an important role in 
glucose utilization, glycolysis, and 2,3-diphosphoglycerate 
(2,3-DPG) synthesis. 2,3-diphosphoglycerate is neces-
sary for oxygen release from hemoglobin and delivery of  
oxygen to the tissues. Levels of phosphorus are regulated by 
GI resorption, renal excretion, and by PTH. Increased secre-
tion of PTH causes phosphorus to be reabsorbed from the 
bone and GI tract; however, it also increases renal excretion. 
The increase of PTH results in an overall net loss, as renal 
excretion is more efficient than the resorption.

Hypophosphatemia
The effects of low levels of phosphorus can be very serious 
given the significant role phosphorus plays in energy pro-
duction. Hypophosphatemia can result from malnutrition, 
refeeding syndrome, and the use of diuretics and antacids. 
Hypophosphatemia is also seen with sepsis and catechol-
amine release. Cytokines such as interleukin-6 (IL-6)  
could potentially affect transcellular shifts of phospho-
rus.21 Hypophosphatemia results in poor contractility 
of both cardiac and skeletal muscle. This can result in 
decreased cardiac function and ineffective skeletal muscle 
movement. In the respiratory system, this might equate 
to inadequate chest wall and diaphragm function and 
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subsequent respiratory failure and/or inability to wean 
from the ventilator. In addition, if 2,3-DPG is signifi-
cantly impaired, tissue hypoxia will occur. Low levels of 
phosphorus also lead to immunosuppression due to its 
effect on phagogytosis and lymphyocyte activity.21 Hypo-
phosphatemia can also affect platelet aggregation and 
lead to more profound bleeding in trauma or postsurgical 
patients. In critically ill patients or those with severe defi-
cits, IV phosphorous replacement is recommended. It can 
be given as either sodium or potassium phosphate.

Hyperphosphatemia
The most common cause of hyperphosphatemia in criti-
cally ill patients is renal insufficiency; however, high levels 
must be interpreted cautiously, as high levels are not nec-
essarily indicative of total body stores. Hyperphosphate-
mia can also result from laxative use, acidosis, hemolysis, 
rhabdomyolysis, and tumor lysis syndrome. The most sig-
nificant clinical concern is the resultant hypocalcemia that 
occurs due to an increase in calcium phosphorus bind-
ing. Treatment is generally phosphorus binders. These 
can include aluminum hydroxide, magnesium hydroxide, 
calcium acetate, and calcium carbonate. 

 ■  ACID–BASE PHYSIOLOGY AND  
ASSOCIATED DISORDERS

An appropriate acid–base milieu is essential for normal 
cellular function of the child.22 An acid can be defined as 
a substance that can donate H+ ions, and a base as a sub-
stance that can accept H+ ions.29 Two classes of acids are 
physiologically important: carbonic acid (H2CO3) and 
noncarbonic acids. Metabolism of carbohydrates and 
fats generates carbon dioxide (CO2), which combines 
with water to generate carbonic acid. The lung plays 
an essential role in acid–base regulation via removal of 
CO2. Noncarbonic acids are derived from the metabo-
lism of proteins and are excreted by the kidney. Extra-
cellular pH is normally regulated between 7.35 and 
7.45 by chemical buffering and by respiratory and renal 
regulatory mechanisms. Disturbances of this balance 
can frequently occur in critically ill or injured children, 
often serving as a marker of an underlying disorder, but 
acid–base disturbances may in themselves require moni-
toring and treatment in the pediatric intensive care unit 
(PICU). Assessment and treatment of acid–base imbal-
ances thus requires an understanding of terminology, 
insight into buffer systems, and recognition of the com-
pensatory interactions involved in maintaining balance.

The terms acidosis and alkalosis refer to the states 
that result in a given acid–base disturbance. The pH 
scale is used by convention to describe acid–base 
disturbances in the body. The pH of arterial blood is 
the negative logarithm of the H+ concentration. pH 
and [H+] are inversely related. An increase in [H+] is 
defined by a decreasing pH, while a decrease in [H+] is 
defined by an increasing pH. Normal limits of arterial 
pH of 7.35 correspond to an [H+] of 45 nEq/L, and 7.45 
corresponds to an [H+] of 35 nEq/L. Acidemia refers 
to an arterial pH <7.35 (H+ concentration above 45 
nEq/L), while alkalemia refers to an arterial pH >7.45 
(H+ concentration below 35 nEq/L). 

Primary acid–base disorders are further classified 
as either metabolic or respiratory. A primary deviation 
of plasma bicarbonate concentration (HCO3

−) from the 
normal range leads to a metabolic acidosis or alkalosis. 
A respiratory acidosis or alkalosis results from a pri-
mary abnormality in the arterial carbon dioxide tension 
(PaCO2). Secondary compensatory mechanisms attempt 
to restore the extracellular pH back to normal. Secondary 
respiratory compensation to a primary metabolic acid–
base disturbance by an alteration in minute ventilation 
to change PaCO2 occurs within minutes and is usually 
complete within 12 to 24 hours (although arterial pH is 
not fully restored to a normal pH). Conversely, second-
ary metabolic compensation by the kidney to a primary 
respiratory acidosis may require 3 to 5 days for compensa-
tion.24 Most acid–base disturbances are simple acid–base  
disorders, with a primary disruption producing a physi-
ologic compensatory response, but mixed acid–base 
disorders can also result from more than one primary 
disturbance.

Acid–Base Terminology and Mechanisms
A buffer is defined as any substance that can absorb or 
donate H+ ions and thereby diminish the effects on the pH 
of a solution. The inherent tendency of a particular acid 
to dissociate or ionize determines the degree to which it 
can act as a buffer, denoted by the ionization constant, pK. 
The most effective buffers have pKs that approximate the 
physiologic range of pH. The most important buffer pairs 
in blood are carbonic acid/bicarbonate (H2CO3/HCO3

−), 
phosphate (H2PO4

−/HPO4
2−), and certain proteins, e.g., 

hemoglobin.30 The most important buffer system is the 
H2CO3/HCO3

− system:

CO2 + H2O ↔ H2CO3 ↔ H+ + HCO3
−
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Carbonic anhydrase catalyzes the conversion of carbonic 
acid to CO2 and H2O. When chemical buffering is not suf-
ficient to maintain normal pH, either metabolic or respira-
tory compensation occurs. Changes in pH, therefore, result 
entirely from changes in the respiratory response and the 
subsequent effect on volatile acids (PaCO2), changes in the 
metabolic response, and the subsequent effect on nonvola-
tile acids (hydrochloric, sulfuric, lactic acids), or changes 
in nonvolatile weak acids (chemical buffers).

Respiratory Compensation – Volatile Acids (CO2  )
CO2 is transported through the arterial blood primarily 
as bicarbonate (80% to 90%) following combination in 
the RBC membrane with water to form carbonic acid, 
dissociation to HCO3

− and H+, buffering of H+ by hemo-
globin, and leaving the RBC. CO2 is then excreted in the 
lungs by a reversal of this process to diffuse freely into the 
alveolar space. Changes in the arterial or cerebrospinal 
fluid pH stimulate central medullary and carotid body 
chemoreceptors to regulate minute ventilation. Maximal 
compensatory response to a severe metabolic acidosis can 
decrease PaCO2 to a lower limit of 10 to 12 mm Hg. Con-
versely, minute ventilation slows and PaCO2 generally 
increases to approximately 50 mm Hg to compensate for 
a metabolic alkalosis with plasma bicarbonate concentra-
tions of 35 mEq/L or greater, but response generally does 
not exceed 65 mm Hg with normal lung function.

Metabolic Compensation and Nonvolatile Acids/Strong Ion Difference 
Nonvolatile acids are also produced by cellular metabo-
lism, and their resultant effect on acid–base homeostasis 
is controlled by the kidney. The metabolism of sulfur-
containing amino acids, such as cysteine and methionine, 
to sulfuric acid provides the major source of nonvolatile 
acids, but other sources include phosphoric acid, uric acid, 
lactic, and keto acids. Excretion occurs together with the 
regeneration of HCO3

−. In addition, the kidneys filter large 
amounts of circulating plasma HCO3

− with almost com-
plete reabsorption with sodium in the proximal tubule. 
Metabolic compensation for respiratory volatile acid effects 
occurs via the kidney. Volume contraction also increases 
proximal HCO3

− reabsorption by resetting the glomerulo-
tubular balance upward and increasing the fractional rate 
of Na+ and HCO3

− reabsorption. Hypokalemia increases the 
rate of bicarbonate reabsorption as well, probably by rais-
ing intracellular H+ concentration. Thus, correcting hypo-
kalemia may be necessary to correct a metabolic alkalosis, 
particularly in children with volume contraction.

Metabolic contribution to acid–base homeostasis is 
based on the presence of strong anions and cations. Ion 
strength is based on the tendency of an ion to dissociate in 
aqueous solutions. Strong ions are always free and remain 
charged because they do not combine with other ions. Strong 
cations, which include sodium (Na+), potassium (K+),  
calcium (Ca++), and magnesium (Mg++), outnumber 
strong anions (predominantly chloride [Cl−] and lactate) 
in blood plasma. The concentration difference between 
the sum of all strong anions and strong cations is defined 
as the strong ion difference (SID). If other unmeasured 
anions are excluded, the apparent SID (SIDa) can be esti-
mated by the following:

SIDa = (Na+ + K+ + Ca++ + Mg++) − (Cl− + lactate)

Because of electrical neutrality, plasma cannot be charged, 
and the SID difference is balanced by negative charges, 
primarily from CO2 and from weak acids (A−). Thus, SID −  
(CO2 + A−) = 0 or SID = CO2 + A−. This measure is known 
as the effective SID (SIDe), where A− can be estimated by 
the following formula: 

A− = 2 × (albumin, g/dL) + 0.5 × (phosphorus, g/dL)

Strong ion difference drives water dissociation and with it, the 
generation of H+ ions; as SID increases, H+ decreases and pH 
increases. Strong ion difference in healthy humans is typically 
between 40 and 42 mEq/L, but can be significantly decreased 
with critical illness, resulting in a rapid decline in pH.

Nonvolatile Weak Acid Buffers
In contrast to strong ions, weak nonvolatile acids (or anions) 
exist as either charged (dissociated) or uncharged forms in 
vivo. Weak acids can be forced to combine with other ions 
and thus lose their charge. HCO3

− is the most important 
weak acid in the buffer system, as it can readily combine 
with another weak ion, H+, to form H2CO3, which dissoci-
ates into CO2 and water. Weak acids serve as a buffer to take 
up protons within the human physiologic plasma pH range.

Quantification of Acid–Base Status
Three different methods can be used to quantify acid–base 
disorders, based on assessing HCO3

− concentration in the 
context of PaCO2, standard base excess (BE) supplemented 
by anion gap (AG) determination, or strong ion gap (SIG) 
based on the SID. The first approach has been the most com-
monly accepted one. As discussed earlier, the bicarbonate-
carbonic acid pair provides the primary buffer system for 
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extracellular fluid. The relationship between this buffer 
pair and PaCO2 is defined by the Henderson-Hasselbalch 
equation, in which pH = pK + log [HCO3

−] / 0.03 ×  
PaCO2. Thus, an increase in PaCO2 will lead to a decrease 
in pH and later a compensatory increase in [HCO3

−]. An 
alternative expression of buffering capacity in whole blood 
can be performed by calculation of the BE: 

BE = −1.2 × (24 − measured bicarbonate concentration)

However, the plasma bicarbonate–carbon dioxide system 
only accounts for approximately 75 percent of the buffer 
action of blood. Buffering is also provided by hemoglo-
bin, phosphates, and plasma proteins, particularly albu-
min. Use of the Siggaard-Andersen nomogram utilizes 
pH, PaCO2, and HCO3

− to calculate a BE that takes into 
account the remaining buffer systems. Positive BE signi-
fies metabolic alkalosis, and negative BE implies meta-
bolic acidosis. Standard base excess (SBE) represents the 
base excess of whole blood together with the surrounding 
interstitial fluid, comprising total extracellular fluid (ECF). 

Calculation of BE and SBE does not allow determina-
tion between types of metabolic acidosis, for which AG is 
more useful. Anion gap is based on the principle of elec-
troneutrality: The net ionic charge in a given solution is 
zero. In extracellular fluid, sodium is the primary cation 
and is balanced primarily by the strong cation Cl− and the 
weak cation bicarbonate. The difference between these 
measured ions normally exists due to the presence of 
unmeasured anions (sulfates, lactate, and ketoacids), but 
primarily due to phosphates and negatively charged pro-
teins such as albumin. The AG is the difference between 
measured cations and anions, represented by the equation: 

AG = [Na+ + K+] − [Cl− + HCO3
−]

Under normal conditions, the AG is equal to 12 ± 4 mEq/L.  
Potassium is often omitted from the calculation because 
of its low extracellular concentration. Because albumin is 
the major anion in the blood, for every 1 g/dL decrease in 
serum albumin, the anion gap will decrease by approxi-
mately 2 to 3 mEq/L. As hypoalbuminemia is relatively 
common in critically ill children, a correction factor of AG 
for albumin concentration can be used:31

AGcorr = AG + 0.25 × (40 g/L − observed albumin)

Strong ion gap refers to the difference between the SIDa 
and the SIDe: SIG = SIDa − SIDe. In contrast to AG, a 
normal SIG is zero. Strong ion gap does not change with 

changes in pH or in albumin concentration, but AG can 
be significantly altered by abnormal albumin or phosphate 
concentrations. Thus, AG is an estimate of the sum of SIG 
plus weak acids (A−), where A− can be estimated as pre-
viously described. The SID and SIG concepts are helpful 
conceptually, but AG is more commonly used in clinical 
practice for assessment and management.

Diagnosis and Management of Acid–Base  
Disorders
Awareness of the acid–base physiology and a stepwise 
approach will facilitate management of in-blood gas and 
electrolyte disturbances in critically ill children.32 Based 
on the primary etiology, acid–base disorders are classified 
as respiratory, metabolic, or mixed.

Respiratory Acidosis
A primary respiratory acidosis is due most commonly to 
a decreased CO2 clearance (e.g., alveolar hypoventilation) 
and less commonly to increased CO2 production. The 
arterial pH will acutely decrease by 0.08 units for every 
10 mm Hg increase in PaCO2. Chronic renal compensa-
tion through proximal reabsorption of filtered HCO3

− and 
excretion of H+ as ammonia generally occurs within 12 to 
24 hours, such that the [HCO3

−] increases by 0.3 mEq/L for 
each 1 mm Hg increase in PaCO2 to a maximal increase 
of approximately 45 mEq/L.26 Similarly, pH will decrease 
by 0.03 units for each 10 mm Hg increase in PaCO2. The 
bone provides additional buffering of chronic respiratory 
acidosis as calcium phosphates and carbonates, and thus 
osteoporosis is a common finding in children with chronic 
lung disease. Chronic respiratory acidosis also results in 
chloride depletion due to increased chloride excretion by 
the kidney and a shift of chloride ions into the RBC (in 
exchange for bicarbonate), which usually takes place over 
3 to 5 days, and also necessitates adequate chloride sup-
plementation during correction of the chronic respiratory 
acidosis to prevent posthypercapnic alkalosis.

The clinical implications of respiratory acidosis depend 
largely upon the acuity of the event, as well as the degree 
of hypoxemia that is present. Treatment of respiratory aci-
dosis is directed at the underlying ventilatory cause.33 

The role of sodium bicarbonate (NaHCO3) in the treat-
ment of acute respiratory acidosis is not well defined. 
Administration of NaHCO3 has several theoretical dis-
advantages. CO2 freely and rapidly diffuses across the 
blood–brain barrier, while HCO3

− does not, leading to 
the potential for worsening intracellular pH in the brain, 
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cardiomyocytes, and other cells, leading to further cellular 
damage and dysfunction.34-37 Additional concerns include 
the potential for transient PaCO2 increase, displacement of 
the oxyhemoglobin dissociation curve, acute intracellular 
shift of potassium, and calcium binding to serum pro-
teins. Given the absence of significant clinical benefit and 
the potential inherent risks, the routine administration of 
NaHCO3 in the clinical setting of primary respiratory aci-
dosis is probably not justified. 

Respiratory Alkalosis
Respiratory alkalosis most commonly occurs in children 
due to tachypnea secondary to anxiety, pain, agitation, or 
fever. Hypoxemia can induce a hyperventilatory response 
in association with parenchymal lung disease, conges-
tive heart failure, pulmonary edema (of any etiology), 
or pulmonary thromboembolism. Neurogenic causes to 
consider included increased intracranial pressure due to 
major head trauma, infection, or tumor. Respiratory alka-
losis could also arise from either deliberate or uninten-
tional overventilation in a child with respiratory failure. 
The initial fall in PaCO2 is titrated by a mild decrease in 
arterial HCO3

− (a decrease by approximately 0.2 mEq/L for 
every 1 mm Hg decrease in PaCO2), which occurs rapidly, 
and the pH will increase by 0.08 units for each 10 mm 
Hg decrease in PaCO2. The compensatory response to a 
chronic respiratory alkalosis by the kidneys usually occurs 
within 2 to 4 days via decreased tubular reabsorption of 
HCO3

−, resulting in an increase in pH by 0.03 units for 
each 10 mm Hg decrease in PaCO2. Respiratory alkalosis 
leads to acute decreased serum potassium, phosphate, and 
ionized calcium.38 Clinical manifestations include AMS, 
confusion, and seizures (due to the effects of hypocarbia 
on cerebral perfusion), tachycardia, arrhythmias, muscle 
cramping, and muscle spasms. Treating the underlying 
cause is the therapeutic approach to respiratory alkalosis. 

Metabolic Acidosis
Primary metabolic acidosis is generally caused by loss of 
HCO3

− (from GI or renal sources), an increase in endoge-
nous acid production, decreased excretion of endogenous 
acids, or accumulation of exogenous acids from toxins. 
The lungs respond to an acute metabolic acidosis with 
increased minute ventilation. The expected compensatory 
decrease in PaCO2 may be determined using the Winters 
equation: PaCO2 = 1.5 × [HCO3

−] + 8 ± 2. If the observed 
and calculated (i.e., expected) PaCO2 differ, then a mixed 
acid–base disorder is present. The etiology of metabolic 
acidosis can be generally characterized by the AG.

M = MethaNOL

U = UreMIa

D = DIaBetIc KetOacIDOSIS (DKa)

P = paraLDehYDe

I = IrON, ISONIaZID, Or INBOrN errOrS OF MetaBOLISM

L = LactIc acIDOSIS

E = ethYLeNe GLYcOL

S = SaLIcYLateS

■  TABLE  5-2. Causes of High Anion Gap Metabolic  
Acidosis: MUDPILES

Elevated A G acidosis  Elevated AG acidosis is due to 
either the retention of endogenous acids or the addition of 
exogenous acids and has a variety of causes that are easily 
recalled by the classic mnemonic MUDPILES (Table 5-2). 
Lactic acidosis is by far the most common type of high 
AG acidosis in the PICU. Ketoacidosis may develop with 
starvation (i.e., free fatty acids are metabolized to keto-
acids rather than being used for triglyceride formation), 
but more commonly develop during diabetic ketoacidosis 
(DKA). Starvation is usually associated with a mild meta-
bolic acidosis, while DKA is commonly associated with 
profound metabolic acidosis. Inborn errors of metabolism 
(i.e., endogenous organic acids) also are associated with 
an elevated AG. 

The normal arterial lactate concentration is 1.0 ±  
0.5 mmol/L, representing equilibrium between produc-
tion and consumption during normal metabolism.39 
Several studies have examined the correlation between 
lactic acidosis and subsequent outcome in both chil-
dren and adults with critical illness from myriad 
causes,39,40 The initial lactate level, as well as the change 
in lactate over time, predict outcome in children with 
septic shock41,42 and low cardiac output syndrome fol-
lowing cardiopulmonary bypass.43,44 Hyperlactatemia 
thus appears to be a useful indicator of poor tissue per-
fusion, and serial measurement may provide a more 
useful assessment tool. 

Severe metabolic acidosis (pH<7.20) can produce 
decreased cardiac output, decreased systemic vascular resis-
tance, increased susceptibility to ventricular arrhythmias, 
increased pulmonary vascular resistance, and decreased 
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responsiveness to both endogenous and exogenous cat-
echolamines39; effects of moderate acidosis are uncertain. 
Furthermore, there is evidence to suggest that acidosis may 
have protective effects in critical illness.45,46 Treatment of 
metabolic acidosis is, therefore, determined primarily by 
its etiology. In general, the focus of treating an increased 
AG acidosis should be on treating the underlying cause 
of the increased acid accumulation. Sodium bicarbonate 
could be harmful in children with DKA and is, therefore, 
contraindicated in this setting.47 Theoretical concerns exist 
for treating lactic acidosis with sodium bicarbonate. Acido-
sis shifts the oxyhemoglobin dissociation curve to improve 
oxygen delivery at the tissue level; by shifting the oxyhe-
moglobin dissociation curve back to the left, correction of 
acidosis with bicarbonate could theoretically worsen oxy-
gen delivery to hypoxic tissues. Controlled trial evidence 
is lacking to suggest either a benefit or harmful effect of 
sodium bicarbonate in treating metabolic acidosis in either 
children or adults with shock. Therefore, small, titrated 
doses of sodium bicarbonate to achieve a pH >7.15 to 7.20 
in children with shock should be considered in concert 
with attempts to improve oxygen delivery and minimize 
oxygen consumption. 

Non-AG acidosis A metabolic acidosis in the presence 
of a normal AG suggests loss of HCO3

− (usually via the 
kidneys or GI tract) or rapid dilution of the ECF, with 
a proportional increase of chloride. Common causes 
of a normal AG, hyperchloremic metabolic acidosis 
(Table 5-3) include diarrhea (diarrheal fluid contains 
a high concentration of HCO3

− relative to plasma) and 
renal tubular acidosis (RTA). Renal tubular acido-
sis results from failure of bicarbonate reabsorption/
regeneration (i.e., decreased H+ secretion) in the dis-
tal tubule (type 1, or distal RTA), bicarbonate wast-
ing in the proximal tubule (type 2, or proximal RTA), 
or aldosterone deficiency with decreased clearance of 
potassium (type 4, distal or hyperkalemic RTA). Cer-
tain diuretics can also induce the hyperchloremic aci-
dotic state by inhibiting proximal sodium bicarbonate 
absorption (acetazolamide) or distal reabsorption 
(spironolactone). Dilutional acidosis can also occur, 
with large-volume ECF expansion, such as during 
resuscitation of shock with non-HCO3

−-containing flu-
ids such as normal saline (154 mEq/L of sodium and 
chloride).48-50 For this reason, use of Ringer’s lactate 
solution (Na+ 130 Eq/L, Cl− 109mEq/L, K+ 4 mEq/L, 
and lactate 28 mEq/L) could be a recommended 

alternative for use during resuscitation. The lactate is 
generally metabolized by the liver and does not typi-
cally contribute to lactic acidosis.

Metabolic Alkalosis
Metabolic alkalosis is maintained when the kidneys fail to 
compensate by excreting excess HCO3

− due to volume con-
traction, low glomerular filtration, or associated depletion 
of chloride or potassium. It is typically accompanied by an 
elevated PaCO2 due to compensatory alveolar hypoventi-
lation. The appropriate compensatory increase in PaCO2 
may be calculated by:

PaCO2 = 0.7 Δ [HCO3
−].

Conditions can either be temporary and corrected 
by chloride replacement (chloride responsive) or those 
in which hormonal mechanisms produce ongoing acid 
and chloride losses that are not effectively corrected 
by chloride (chloride resistant).51 Chloride-responsive 
causes (characterized by low urine chloride concen-
tration) include GI losses from vomiting or excessive 
nasogastric suction, renal losses from loop diuretics, 
and as compensation for chronic hypercarbia. These 
states are exacerbated by volume contraction and/or 
hypokalemia, which both augment distal H+ secretion. 
Chloride-resistant causes (characterized by a high 
urine chloride concentration) can be related to miner-
alocorticoid excess from hyperaldosteronism, acetate in 
PN, use of diuretics, exogenous alkali loads related to 
massive citrated blood transfusions, or citrated sodium 
in replacement solutions for continuous renal replace-
ment therapies. 

Treatment of metabolic alkalosis is based on etiology. 
Chloride-responsive disorders benefit from replacement 
of chloride through normal saline infusion, though potas-
sium chloride can also provide a dual replacement ben-
efit. Ammonium chloride can be helpful if liver disease 
is not present. Discontinuation of diuretics may also be 
helpful. If ongoing diuresis is desired, the carbonic anhy-
drase inhibitor acetazolamide may be effective. Treat-
ment of chloride-resistant states is directed at treating 
mineralocorticoid excess. Agents blocking distal tubular 
sodium reabsorption, restriction of sodium intake, and 
potassium supplementation are used to treat primary 
hyperaldosteronism, and ACE inhibitors or discontinua-
tion of exogenous corticosteroids are used for secondary 
hyperaldosteronism.
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■  TABLE  5-3.  Causes of Normal Anion Gap (Hyperchloremic) Metabolic Acidosis [Modified from Fortenberry et al.]

BICARBONATE LOSS

GASTROINTESTINAL

DIarrhea

eXterNaL paNcreatIc Or SMaLL-BOWeL DraINaGe

UreterOSIGMOIDOStOMY, JeJUNaL LOOp, ILeaL LOOp

DrUGS

caLcIUM chLOrIDe (acIDIFYING aGeNt)

MaGNeSIUM SULFate (DIarrhea)

chOLeStYraMINe (BILe acID DIarrhea)

RENAL

hYpOKaLeMIa

prOXIMaL reNaL tUBULar acIDOSIS (rta) (tYpe 2)

DIStaL (cLaSSIc) rta (tYpe 1)

hYperKaLeMIa

GeNeraLIZeD DIStaL NephrON DYSFUNctION (tYpe 2 rta)

– MINeraLOcOrtIcOID DeFIcIeNcY

– MINeraLcOrtIcOID reSIStaNce

– DecreaSeD SODIUM DeLIVerY tO DIStaL NephrON

– tUBULOINterStItIaL DISeaSe

– aMMONIUM eXcretION DeFect

DRUG-INDUCED HYPERKALEMIA (WITH RENAL INSUFFICIENCY)

pOtaSSIUM-SparING DIUretIcS (aMILOrIDe, trIaMtereNe, SpIrONOLactONe)

trIMethOprIM

peNtaMIDINe

aNGIOteNSIN-cONVertING eNZYMe INhIBItOrS

NONSterOIDaL aNtI-INFLaMMatOrY DrUGS

cYcLOSpOrINe

OTHER

acID LOaDS (aMMONIUM chLOrIDe, pareNteraL NUtrItION)

LOSS OF pOteNtIaL BIcarBONate: KetOSIS WIth KetONe eXcretION

DILUtIONaL acIDOSIS (rapID SaLINe aDMINIStratION)

hIppUrate

catION eXchaNGe reSINS

Modified with permission from Wheeler DS, Wong hr, Shanley tp ed: pediatric critical care Medicine: Basic Science and clinical evidence. Spriinger-Verlag 
London; 2007
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Mixed Acid–Base Disorders
Salicylate ingestions classically produce both a respi-
ratory alkalosis (via direct stimulation of the respira-
tory centers in the brain) and a metabolic acidosis 
(elevated AG). Normal compensatory response to a 
primary acid–base disorder is not considered a mixed 
acid–base disorder. Proper analysis and interpretation 
of acid–base disorders requires a systematic approach  
(Table 5-4).28,52,53 

 ■KEY POINTS

■  TABLE  5-4.  Systematic Approach to Analysis of Acid-Base Disorders [Modified from Fortenberry et al.]

1. Interpret the arterial ph to determine whether an acidemia or alkalemia present:

if ph > 7.45, an alkalemia is present

if ph < 7.35, an acidemia is present

2. Determine whether the primary disturbance is respiratory or metabolic in origin:

respiratory acidosis: ↓ ph, ↑ paco2

respiratory alkalosis: ↑ ph, ↓ paco2

metabolic acidosis: ↓ ph, ↑ [hco3
−]

metabolic alkalosis: ↑ ph, ↓ [hco3
−]

3. calculate anion gap (aG = [Na+] − [hcO3
− + cl−]). correct for hypoalbuminemia if indicated.

Generally, an anion gap >10 meq/l suggests the presence of a metabolic acidosis, while an anion gap >20 meq/l is always 
associated with a metabolic acidosis. review causes of elevated anion gap metabolic acidosis to determine most likely 
causes.

4.  Using the formulas listed in the chapter, determine whether the degree of compensation is appropriate. if it is not, then a 
mixed acid–base disorder is likely.

5.  calculate the delta anion gap: delta gap = (calculated aG − normal aG), i.e., (aGcalc − 12). For every 1 meq/l increase in the 
calculated anion gap, there should be a 1 meq/l decrease in [hcO3

−]:

If the [hcO3
−] is lower than predicted by this relationship, a normal anion gap (hyperchloremia) metabolic acidosis is also 

present.

If the [hcO3
−] is higher than predicted by this relationship, a metabolic alkalosis is also present.

6. Measure urine ph and urine electrolytes if a metabolic alkalosis is present.

Modified with permission from Wheeler DS, Wong hr, Shanley tp ed: pediatric critical care Medicine: Basic Science and clinical evidence. Spriinger-Verlag 
London; 2007

•	 Accurate estimation of fluid and electrolyte needs is 
crucial in caring for the critically ill child and requires 
an understanding of basal metabolism and fluid 
homeostasis. 

•	 The goal of fluid administration in critically ill 
patients with ARDS is to maintain intravascular 

volume to ensure adequate end-organ perfusion 
while minimizing extravascular lung water and 
pulmonary edema.

•	 Increasing fluid balance is associated with worse 
outcomes in adults and children with ALI.

•	 Dysnatremias, particularly hypo-osmolar hypona-
tremia, are the most common electrolyte abnormal-
ities in patients in the intensive care unit. Awareness 
as well as a systematic approach to determining the 
etiology (disease related and iatrogenic) and a pro-
active intervention strategy will help decrease mor-
bidity from severe hyponatremia in the PICU.

•	 Assessment and treatment of acid-base imbalance 
in the critically ill child requires an understand-
ing of terminology, insight into the buffer systems, 
and recognition of the compensatory interactions 
involved in maintaining balance.
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 ■ INTRODUCTION

From the time a fetus is viable through adolescence, the 
body is undergoing exponential growth and develop-
ment. However, the development of organ function and 
body composition does not occur in a linear fashion. How 
the body processes nutrients and medications from birth 
through age 2 changes rapidly. There is also a significant 
change as the body begins the growth spurt through ado-
lescence.1 Critical illness, whether in the setting of extreme 
prematurity, sepsis, or chronic illness, may significantly 
impact growth and development as well as organ func-
tion. Electrolyte abnormalities, glucose intolerance, and 
protein malnutrition are common in the pediatric inten-
sive care unit (PICU) patient.2 Medications may impact 
these changes, and likewise the organ function disrup-
tions that occur in critical illness may affect how the body 
processes medications.3 When considering drug–nutrient 
interactions within the PICU setting, the clinician should 
consider the physiologic state of the patient, as well as 
the pharmacokinetic, pharmacodynamic and therapeu-
tic properties of both medications and nutrients. There 
is a delicate balance between maintaining nutritional and 
therapeutic goals in the PICU setting, but these should 
never be considered mutually exclusive. 

Chan defines drug–nutrient interactions as “physical, 
chemical, physiologic, or pathophysiologic relationships 
between a drug and a nutrient.”4 Numerous conditions and 
disease states involve a countless number of medications 
that are used in the neonatal intensive care unit (NICU)  
and PICU. Various classifications of drug–nutrient inter-
actions have been proposed, but one useful classification 
that is based on the drug’s course through the body is as 
follows4: 

1.    Ex-vivo bioinactivation refers to the interaction between 
the drug and the nutritional formulation through bio-
chemical or physical reactions. A classic example of this 
form of interaction is the creation of a precipitate in an 
enteral feeding tube by a drug that has been administered 
before all the enteral formula has been flushed through. 
This form of interaction occurs when the drug and the 
nutrient are in physical contact, and usually occurs in the 
feeding tube or the central venous catheter.

2.    Interactions affecting absorption affect drugs and 
nutrients delivered orally or enterally. These interac-
tions have the potential to cause either an increase 
or decrease in the bioavailability of the drug. A  
variety of medications, including carbamazepine, 
quinolones, phenytoin, and warfarin, have significantly 

  87

06_Goday_Ch06.indd   87 18/07/14   5:59 PM

https://t.me/Medicalbooksstored



88        C h a p t e r  6

impaired absorption in the presence of enteral  
formulas.

3.    Interactions affecting systemic disposition occur after 
the drug and the nutrient have entered the systemic 
circulation. The mechanisms may involve changing 
the tissue distribution and/or systemic metabolism or 
transport. In this case, the classic example is grapefruit 
juice causing inhibition of the cytochrome P450 3A4 
system and increasing the bioavailability of drugs like 
cyclosporine.

4.    The final type of drug–nutrient interaction affects 
the elimination of drugs or nutrients, which may 
involve the modulation of renal or enterohepatic 
elimination.

This chapter will focus on the most common condi-
tions and medications and potential nutrient interactions. 
Unanticipated drug–nutrient interactions may result 
in an adverse outcome or effect of the medication and/
or decrease the effectiveness of the nutrients needed for 
optimal growth and development.

 ■RESPIRATORY

Respiratory distress is one of the most common reasons 
for admission to the PICU for a child. This can either be 
acute (respiratory distress syndrome, bronchiolitis, asthma 
exacerbation) or chronic (bronchopulmonary dysplasia, 
or BPD). Maintaining adequate hydration without com-
promising respiratory efficiency is particularly important. 
In addition, providing adequate nutrition while restricting 
fluids may be a challenge.5

Caffeine is a respiratory stimulant primarily used in 
the NICU to treat apnea of prematurity. Caffeine can 
increase the resting metabolic rate, which may result in a 
higher caloric requirement for the patient.6 Theophylline, 
like caffeine, is a respiratory stimulant, but is used more 
commonly in older children. It has a narrow therapeutic 
window, and levels should be monitored to routinely to 
check for toxicity. The bioavailability of oral theophylline 
is greatly influenced by food intake. High-fat and high-
protein meals increase gut transit time of theophylline and 
may cause the sustained-release product to release sud-
denly and result in a short-term toxic level of the medica-
tion. Increased protein intake and decreased carbohydrate 
intake both decrease the half-life of theophylline, which 
may result in decreased efficacy of the medication.7-9

Albuterol and other beta agonists used to treat bron-
chiolitis, asthma, or BPD can all cause hyperglycemia, 

particularly in those patients who are diabetic. Blood 
glucose should be monitored whenever a patient is 
started on a scheduled beta agonist. In addition, use 
of beta agonists may result in hypokalemia. Clini-
cians should carefully monitor electrolyte status and 
replace potassium as necessary to avoid potential cardiac  
dysrhythmias.10,11

Furosemide, a loop diuretic, may be used to optimize 
fluid balance in the setting of respiratory insufficiency 
by decreasing fluids in the interstitial space. Furosemide 
can cause acute depletion of magnesium, sodium, and 
potassium. Chronic use can result in calcium depletion 
and thiamine deficiency. Acute electrolyte changes can 
affect cardiac function, so electrolytes should be moni-
tored regularly while the patient is receiving furosemide. 
Long-term electrolyte depletion (addressed later in this 
chapter) can affect metabolic efficiency and growth, par-
ticularly bone metabolism, which can result in nonstress-
related fractures and osteopenia.12,13 Thiamine deficiency 
can lead to poor cardiac function. If a patient is placed 
on chronic therapy with furosemide, electrolytes— 
particularly calcium, magnesium, and phosphorus—and 
thiamine should be monitored monthly and/or prophy-
lactically replaced.11,14,15

Systemic corticosteroids are used for numerous indi-
cations within the PICU setting. In the management of 
respiratory distress, steroids can be used in the acute 
phase or for long-term management of chronic respi-
ratory diseases. Steroids have a lengthy list of drug– 
nutrient interactions, most commonly hyperglycemia.16 

Blood glucose should be monitored closely upon ini-
tiation and with dose adjustments.17,18 Steroids may cause 
sodium retention, whether used acutely or chronically. 
This effect can subsequently lead to fluid imbalance; there-
fore, fluid intake and output and serum electrolytes should 
be monitored routinely and replaced or restricted as nec-
essary. Long-term steroid use may also cause changes in 
fat metabolism. The patient can experience an increase in 
total cholesterol and triglycerides, with a decrease in high-
density lipoprotein (HDL) levels. A lipid panel should be 
evaluated at baseline and every 6 months if the patient 
will require an extended course of steroids.19 In addition, 
and particularly concerning in the growing child, is the 
effect on bone metabolism. Long-term steroids can lead 
to bone demineralization. Therefore, calcium, vitamin D, 
and phosphorus supplements should be given through 
a complete multivitamin and levels monitored on a  
quarterly basis.20
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 ■SEIZURES

Children with seizures are frequently managed in the 
PICU and the NICU. Many of the medications used to 
treat seizures, whether given orally or intravenously, can 
have nutrient interactions.

Both phenobarbital and phenytoin interfere with vita-
min D metabolism. Vitamin D plays a role in bone develop-
ment and maintains calcium homeostasis. It is crucial that 
25 OH-vitamin D levels are monitored and replaced appro-
priately while patients are receiving either phenobarbital or 
phenytoin.21 There are limited options to replace vitamin D 
if the patient is completely nil per os (NPO). Current paren-
teral multivitamin formulations do not meet the American 
Academy of Pediatrics or the Academy of Nutrition and 
Dietetics recommendations for vitamin D replacement. In 
addition, hypocalcemia may cause the patient to experience 
seizures even when drug levels are therapeutic.22 Phenytoin, 
phenobarbital, and valproic acid can all decrease levels of 
folate. If not adequately replaced, folic acid deficiency may 
cause megaloblastic anemia. The dose of supplementation 
will depend on the age of the patient and if the patient is 
receiving a multivitamin.23,24 Recommendations for vita-
min D and folic acid by age are shown in Table 6-1.25,26 
Pyridoxine (vitamin B6) may decrease the effectiveness of 
phenobarbital, and levels should be monitored if pyridoxine 
is administered outside of a daily multivitamin regimen.21

Valproic acid (VPA) may induce a deficiency in L-car-
nitine, which is considered a conditionally essential amino 
acid in neonates and infants. This deficiency usually pres-
ents as hyperammonemia that can lead to mental status 
changes and encephalopathy. In addition, L-carnitine  
plays a role in both glucose and lipid metabolisms. 

Age Folate Vitamin D

Birth-6 months 65 mcg* _

7-12 months 80 mcg* _

1-3 years 150 mcg 600 IU

4-8 years 200 mcg

9-13 years 300 mcg

14-18 years 400 mcg 600IU

*These are adequate intakes (aIs).

■  TAblE 6-1. Folate and Vitamin D Recommended 
Dietary Allowances (RDAs) by Age

Patients may develop hypertriglyceridemia and in severe 
deficiency, may develop hypoglycemia. L-carnitine can 
be supplemented at 50 mg/kg per day to prevent or treat 
VPA-induced deficiency.27

Oral phenytoin absorption is greatly influenced by 
enteral feeds. Phenytoin should be taken on an empty 
stomach 1 hour before a meal or 2 hours after. If the patient 
is on continuous tube feeds, then the tube feeding should 
be held for 2 hours before and 2 hours after each dose.28,29

 ■ANTI-INFECTIVES

Sepsis can be a reason for admission or can occur after admis-
sion to the PICU. Anti-infectives are one of the most widely 
used classes of medications in the PICU and are the most 
prone to drug–nutrient interactions. These medications can 
affect nutrient absorption, as well as cause organ dysfunction 
that can lead to disruption in metabolism. Conversely, many 
oral forms of anti-infectives are affected by food administra-
tion. Enteral feeds can decrease or increase the absorption of 
many oral anti-infectives, as seen in Table 6-2.12,30,31

Decreased absorption when 
given with food

Increased absorption when 
given with food

ampicillin Cefuroxime

azithromycin Erythromycin estolate or 
ethyl succinate

Cefaclor ganciclovir

Cefixime griseofulvin

Cephalexin Itraconazole

Ciprofloxacin Ketoconazole

Doxycycline Nelfinavir

Famciclovir Nitrofurantoin

Indinavir Ritonavir

Isoniazid Saquinavir

Nafcillin

Penicillin g or V

Rifampin

Tetracycline

■  TAblE  6-2. Anti-infective and Food Interactions
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 ■PARENTERAl NUTRITION

Parenteral nutrition (PN) may be indicated for the PICU 
patient who is unable to tolerate adequate enteral nutri-
tion. One of the challenges to delivering PN is appropriate 
central venous access. Often, the PICU patient will need 
several intravenous (IV) therapies but will have limited 

IV access. The clinician should be aware of the compat-
ibility of medications with PN to avoid complications such 
as precipitation of PN, loss of central access from throm-
bophlebitis, and potential embolization in cases where 
an inline filter is not present. Table 6-3 shows common 
medications used in the PICU setting and their compat-
ibility with PN.32-34

Admixture Type

Medication 2-in-1 3-in-1 Lipids

acyclovir I I I

amikacin C C I

aminophylline C C I

amphotericin I I I

ampicillin sodium C C C

ampicillin-sulbactam C C

Bumetanide C C

Calcium gluconate C C

Cefazolin C C C

Cefotaxime C C

Cefotetan C C

Ceftazidime C C

Ceftriaxone C C

Clindamycin C C C

Cyclosporine I I C

Dexamethasone C C C

Digoxin C C C

Dobutamine C C

Dopamine C I

Famotidine C C C

Fentanyl C C

Fluconazole C C

Furosemide C C C

gentamicin C C C

haloperidol C I

■  TAblE  6-3. Medication Compatibility with Parenteral Nutrition

(Continued)
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(Continued)

Admixture Type

Medication 2-in-1 3-in-1 Lipids

heparin C I I

hydralazine C

hydrocortisone C C C

hydromorphone C I C

Insulin, regular C C C

Lorazepam C I I

Magnesium sulfate C I I

Methotrexate I C

Methylprednisolone C C

Metronidazole C C

Midazolam C I

Morphine C C*

Nafcillin C C

Norepinephrine I I

Octreotide C C

Ondansetron C C

Penicillin gK I C C

Pentobarbital C I

Phenobarbital C I I

Phenytoin I I I

Piperacillin sodium C C

Piperacillin-tazobactam C C C

Potassium chloride C C

Potassium phosphate I I

Promethazine I C

Propofol C

Ranitidine C C C

Sodium bicarbonate I C

Sodium phosphate I I

Sulfamethoxazole- 
trimethoprim

C C

■  TAblE 6-3. (Continued) 
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respiratory failure, or death. Table 6-5 summarizes medi-
cations that can affect electrolyte balance.4,10,16,38,39 As with 
blood glucose, the imbalance may be due to the disease 
state itself or can be a combination of factors. For example, 
decreased kidney function will decrease potassium 
elimination that subsequently leads to increased serum 
potassium levels. If a patient is also receiving a medication 
that increases potassium levels (e.g., spironolactone), then 
the patient could become dangerously hyperkalemic very 

Another consideration for the patient on PN is fluid 
status. Patients in the PICU may require multiple continu-
ous IV infusions that can contribute to the total daily fluid 
intake. If a patient is fluid restricted and on numerous med-
ications, it becomes difficult for the clinician to write a PN 
formula that will meet energy requirements but not cause 
fluid overload. In some cases, the pharmacist can concen-
trate the medications being delivered so there is more fluid 
available to compound the appropriate PN formula.35, 36

 ■GlUCOSE HOMEOSTASIS

Blood glucose abnormalities are one of the most common 
adverse events that occur in the PICU setting. Both hyper- 
and hypoglycemia are associated with increased morbidity 
and mortality in the PICU setting. These conditions can 
result from the endogenous response to critical illness, such as 
increased levels of glucagon, cortisol, and catecholamines or 
increased levels of insulin. However, many medications used 
in the PICU setting can affect blood glucose levels (Table 6-4). 
Many IV medications are delivered in a dextrose-based solu-
tion, and this may also contribute to hyperglycemia. When 
evaluating blood glucose abnormalities, the clinician should 
consider the total glucose infusion rate (GIR) from all sources, 
including medications and maintenance IV fluids.12,37

 ■ElECTROlYTE METAbOlISM

Maintaining appropriate electrolyte balance is crucial to 
vital organ function. Acute changes in electrolyte levels can 
cause severe consequences such as seizures, heart failure, 

Admixture Type

Medication 2-in-1 3-in-1 Lipids

Tacrolimus C C

Ticarcillin-clavulanate C

Tobramycin C C

Vancomycin C C

Zidovudine C C

all compatibility information refers to terminal site (“Y-site” injection port or other access port) 
between the parenteral nutrition solution and the central venous catheter. 
C, Compatible; I, Incompatible.
2-in-1: Dextrose and amino acids; 3-in-1: Dextrose, amino acids, and lipids.
*Morphine in a 1 mg/ml concentration is compatible.

■  TAblE 6-3. (Continued) 

Medication/Drug Class Response 

Corticosteroids hyperglycemia

Diuretics hyperglycemia

Epinephrine hyperglycemia

Fosphenytoin hypoglycemia

glucagon hyperglycemia

Megestrol hyperglycemia

Nelfinavir hyperglycemia

Octreotide hyper/hypoglycemia

Penicillamine hypoglycemia

Phenytoin hyperglycemia

Sertraline hyperglycemia

Tacrolimus hyperglycemia

■  TAblE 6-4. Medications That May Affect Glucose  
Response

06_Goday_Ch06.indd   92 18/07/14   5:59 PM

https://t.me/Medicalbooksstored



DRUg–NUTRIENT INTERaCTIONS         93

quickly.40 Therefore, it is crucial that electrolytes be moni-
tored on a regular basis, especially when medications that 
can affect electrolyte balance are started or stopped.

 ■CONClUSION

The PICU patient undergoes a tremendous metabolic 
response to meet the hormonal and energy demands of 
critical illness. Every aspect of nutrient and medication 
management, from delivery to elimination, is affected 
by critical illness. Understanding the delicate balance 
and interactions between nutrients and medications 
can help the clinician deliver safe and effective care and 
thereby optimize outcomes for the critically ill child. 
A dedicated pharmacist in the PICU is an invaluable 
resource to facilitate safe therapeutic prescriptions, for 
monitoring and avoiding undesirable drug-nutrient 
interactions.

Medication/Drug Class Nutrient Interaction

aminoglycosides Potassium, magnesium, sodium, calcium Electrolyte wasting

amphotericin Magnesium, potassium, sodium Electrolyte wasting

Digoxin Calcium, magnesium, potassium hypomagnesemia or hypokalemia 
may increase digoxin toxicity, cardiac 
arrhythmias

Fluconazole Potassium hypokalemia

Foscarnet Calcium, magnesium, potassium, sodium Electrolyte depletion

Furosemide Calcium, magnesium, potassium, sodium, 
chloride

Electrolyte depletion

h2 receptor antagonists (ranitidine, 
famotidine) 

Vitamin B12, zinc Depletion of vitamin B12 and zinc

Methotrexate Folic acid Folate deficiency; folic acid replacement 
may decrease methotrexate efficacy

Nonsteroidal anti-inflammatory 
agents

Potassium hyperkalemia in renal deficiency or  
in patients receiving potassium  
supplements

Proton pump inhibitors Iron, vitamin B12 Decreased absorption 

Spironolactone Sodium, potassium hyponatremia, hyperkalemia

Warfarin Vitamin K, vitamin E Vitamin K may inhibit effectiveness  
of warfarin; vitamin E may enhance  
anticoagulation effect

Zidovudine Carnitine, folic acid May cause carnitine deficiency,  
megaloblastic anemia

■  TAblE  6-5. Medication-Nutrient Interactions

 ■KEY POINTS

•	 A variety of potential drug-nutrient interactions 
occur frequently in the intensive care unit. Diuret-
ics, beta agonists, steroids, antiepileptics, antimi-
crobials are drugs that require careful consideration 
of these interactions and close monitoring.

•	 Unanticipated drug–nutrient interactions may 
result in an adverse outcome or effect of the medi-
cation and/or decrease the effectiveness of the nutri-
ents needed for optimal growth and development.

•	 Awareness of the compatibility of commonly used 
medications with parenteral nutrition (PN) is essen-
tial to avoid complications such as precipitation.

•	 A dedicated pharmacist is invaluable for delivering 
safe and effective therapies in the complex PICU envi-
ronment.
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 ■ INTRODUCTION

The prevalence of both acute and chronic malnutrition in 
the critically ill child continues to be documented.1 Vigi-
lant nutrition screening to assess for malnutrition and the 
development of an appropriate nutrition prescription are 
important goals for nutrition support in the critically ill 
child.2 During critical illness, energy and macronutrient 
utilization is altered, resulting in glucose and lipid intol-
erance, as well as altered protein metabolism, making 
the design of appropriate nutrition support a challenge.3 
Other barriers to nutrition delivery also commonly exist 
during critical illness, including fluid restrictions, inter-
ruptions in the advancement of nutrition support due to 
procedures, and the inability to obtain dedicated venous 
or enteral access.4

Compared to adults, critically ill neonates and chil-
dren are at increased risk of loss of lean body mass due to 
their decreased energy stores and increased basal energy 

requirements, which can ultimately place them at risk for 
increased morbidity and mortality.5 A nutrition prescription 
consisting of a mixed substrate fuel system, including ade-
quate protein, will not fully suppress the ensuing metabolic 
response, but can offset the catabolism and eventually lead to  
anabolism, ensuring continued growth and development.6

The field of parenteral nutrition (PN) dates only from 
the 1960s, when pioneering studies by Dudrick and oth-
ers were described in patients with chronic gastrointes-
tinal diseases, which set the stage in supporting the use 
of PN to address malnutrition in hospitalized patients.7 
In this chapter, we will discuss the role of both primary 
and supportive PN in terms of delivering adequate nutri-
tion to critically ill children. We will also discuss the 
importance of delivering a PN solution that will reduce 
the risk of morbidity and mortality. PN has consider-
ably improved the survival of previously fatal pediatric 
conditions. Specialized enteral and PN solutions have 

  99
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made significant advancements and play an essential role 
in the overall management of critically ill children.8

 ■  INDICATIONS FOR PARENTERAL  
NUTRITION

Although current research supports enteral nutrition (EN) 
as the preferred mode of nutrition support, PN can be a 
judicious choice in terms of delivering adequate nutrition 
prescriptions when the function of the gastrointestinal 
tract is altered. Table 7-1 lists common clinical conditions 
that result in altered gastrointestinal function wherein PN 
use should be considered.8,9

Determining the timing of PN initiation in the pediatric 
population is related to the age and underlying nutritional sta-
tus of the patient. Premature, very-low-birth-weight (VLBW) 
infants have minimal nutritional reserves; therefore, early 
nutrition support is commonly initiated within the first 
12 to 24 hours after birth to optimize energy and protein 
balance, as well as to prevent growth failure and delays in 
neurodevelopment. In comparison, it is common for full-
term, appropriate-for-gestational-age (AGA) infants to be 
started on PN by day 3 to 4 if no EN support is planned, and 
in older children, PN is often initiated by day 5 to 7 of EN 
deprivation.8 Children with preexisting malnutrition and an 
inability to be fed by the enteral route should be initiated on  
PN sooner. 

Deciding whether a patient should be initiated on PN 
should involve a thoughtful discussion with a dedicated 

nutrition support service to weigh the benefits versus the 
known risks associated with PN. These risks include meta-
bolic, mechanical, and infectious complications. A patient 
with significant fluid and electrolyte derangements associ-
ated with hemodynamic instability should not be initiated 
on PN. Parenteral nutrition is safe to start once a patient’s 
fluid and electrolyte status is corrected. Other conditions in 
which PN may be contraindicated include if a patient has 
a severe egg or soy allergy, due to the presence of egg yolk 
phospholipids and soybean oil in the sterile fat emulsion. 

Parenteral nutrition can serve as a primary therapy 
for some patients, and for others, a supportive therapy in 
combination with EN support. Examples of when PN is 
used in combination with EN include when a patient is 
unable to advance to the prescribed goal volume of enteral 
feeds over an extended period or when a patient is receiv-
ing only trophic enteral feeds for gastrointestinal benefit 
versus energy intake, such as in intestinal failure. (Please 
see chapter 8 in which EN is discussed in greater detail.) 

It is important to ensure that patients for whom PN is 
considered have a dedicated venous catheter access. For cen-
tral venous access, the distal tip of the catheter must be in the 
central venous circulation in order for a hypertonic PN solu-
tion to safely infuse into the circulation. Similar to adults, 
central venous access in pediatrics is defined by the distal tip 
of the catheter being located in the superior vena cava (SVC),  
the junction of the SVC and the right atrium (RA), or the 
inferior vena cava (IVC). These venous locations allow  
for maximum flow and distribution of hypertonic PN 

Clinical Condition

Surgical gastrointestinal disorders Gastroschisis, omphalocele, intestinal atresias, meconium ileus, hirschsprung  
disease, diaphragmatic hernia, gastrointestinal fistula, postoperative ileus

prematurity

Short bowel syndrome

congenital heart disease compromised blood supply to the mesentery

intestinal disease Severe inflammatory bowel disease, chronic or secretory diarrhea, microvillus  
inclusion disease and tufting enteropathy

Motility disorders intestinal pseudo-obstruction, total colonic hirschsprung disease, mitochondrial  
and metabolic disorders

Bone marrow transplant anorexia, mucositis, feeding intolerance related to side effects of therapy

hypermetabolic states trauma, burns, sepsis

■  TAbLE  7-1. Indications for PN8,9 
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solutions: >900 mOsm/L. The determination of catheter 
tip location usually involves radiographic confirmation.10,11 

In general, PN administered through a peripheral 
venous catheter provides inadequate energy for those 
completely unable to meet nutrient needs enterally, and is 
associated with increased infectious and mechanical risks 
compared with central PN.10 In patients who are able to 
tolerate high intravenous fluid volumes, peripheral PN 
use can be a way to meet energy and nutrient goals, or as 
a bridge while awaiting the placement of central venous 
access. In some instances, a patient can continue on 
peripheral PN for 5 to 7 days if they have stable electrolytes 
and are not hypermetabolic.12 Peripheral PN solutions are 
recommended to be limited to ≤ 900 mOsm/L to reduce 
the risk of venous thrombosis, phlebitis, or infiltration. 

When deciding on the mode of nutrition support 
that best suits the patient, the route of administration of 
macro- and micronutrient prescriptions are often the first 
to be determined. However, current research in nutrition 
support is also focusing on the optimal timing in which 
nutrition support should be initiated, specifically with PN. 
Recent studies in adult critical care have evaluated the 
effects of early versus late initiation of PN, as well as using 
PN as a supplement, when energy goals are not being met 
with EN alone. In a large, randomized, multicenter adult 
trial, Casaer et al. compared early initiation of PN within 
48 hours (2,312 patients) with late initiation after day 7 
(2,328 patients) in the intensive care unit (ICU) to sup-
plement insufficient EN. They found that late initiation of 
PN was associated with fewer infections, faster recovery 
from organ failure, and reduced hospital stay as compared 
to the group that received PN earlier.13 In contrast, Doig 
and colleagues showed that early initiation of PN in adult 
patients that have short-term contraindications to EN led 
to fewer invasive ventilation days and less muscle and fat 
mass losses without any mortality difference.14 The inves-
tigators enrolled 1,372 patients from 27 centers who were 
ineligible or unable to receive EN. They were randomized 
to receive either early PN (on day 1) or to receive standard 
care (as determined by the bedside team). No difference 
was reported in 60-day mortality between groups (22.8% 
vs. 21.5%). Although patients receiving early PN had lower 
duration of mechanical ventilation, their ICU or hospital 
stay was similar to the standard care group. There were no 
differences in infectious morbidity or PN-related adverse 
events between the groups. Due to the limited number of 
published studies available that are specific to the critically 
ill child, nutrition support practice continues to be based 
in part on interpretation of these adult data. 

 ■  PARENTERAL NUTRITION  
REQUIREMENTS

Hospitalized pediatric patients may have reduced total 
energy requirements compared to healthy children. The 
components of total energy expenditure (TEE) are as  
follows:

 TEE = BMR + SDA + Eactivity + Egrowth + Elosses

 Where BMR =  basal metabolic rate, which is the  
largest component of TEE (energy 
required by the body at rest while 
fasted, 60% to 70%), 

 SDA =  specific dynamic action of food or thermic 
effect of food (energy produced as heat  
during digestion and metabolism of food,  
8% to 10%), 

Eactivity = energy required for physical activity, 

Egrowth = energy required for somatic growth, and

Elosses =  obligatory energy lost in urine and stool  
due to inefficiencies of absorption and  
metabolism.

Of the 5 components of TEE, 4 are often significantly 
reduced in the critically ill hospitalized patient. Energy 
required for physical activity is minimal due to bed rest and 
use of sedative and paralytic agents. Energy required for 
growth is often reduced, since the catabolic response follow-
ing severe injury or illness presumably results in a temporary 
halt to anabolism (accretion of lean body mass). The thermic 
effect of food is reduced in patients receiving PN support as 
opposed to patients receiving EN. Also, in patients receiving 
PN, obligatory gastrointestinal losses of nutrients are gener-
ally less.15 A clinician who is not aware of these facts may end 
up prescribing an energy goal that exceeds a patient’s actual 
energy expenditure, resulting in overfeeding. 

Estimated energy prescriptions obtained from pre-
dicted energy equations continue to be used, despite 
studies demonstrating a high rate of inaccuracy. The most 
accurate clinical measure of resting energy expenditure is 
obtained through indirect calorimetry (IC). Mehta et al. 
developed criteria to select patients at increased risk of 
metabolic derangements in the pediatric intensive care 
unit (PICU) who would greatly benefit from IC.16 (Please 
see chapter 3 for more details on energy and macronutrient  
requirements in the PICU.)

■  TAbLE  7-1. Indications for PN8,9 
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As discussed in earlier chapters in this book, under- 
and overfeeding a critically ill child can result in signifi-
cant complications that affect both treatment and recovery. 
Under- and overfeeding not only apply to EN, but also to 
the nutrition prescription provided via PN. Concerns exist 
that by providing both PN and EN, patients may be at 
increased risk of overfeeding, which can result in a longer 
time on mechanical ventilator support, infection, hypergly-
cemia, and organ dysfunction.16 The presumed altered met-
abolic response following critical illness cannot always be 
accurately predicted due to the dynamic changes that occur 
throughout the hospital course. This alteration in metabo-
lism, specifically in children with less substrate reserves, can 
result in malnutrition. Appropriate provision and necessary 
modifications to both macro- and micronutrients during 
critical illness will help guide the composition of PN.17 

 ■FLUIDS AND ELECTROLYTES

Fluid management plays a significant role in a critically ill 
child’s hospital course. A detailed account of fluid and elec-
trolyte management during critical illness can be found in 
chapter 5 of this book. Following the resuscitation phase, 
which aims to increase cardiac output and optimize tis-
sue blood flow and oxygen delivery to vital organs, fluid is 
often allotted to nutrition support.18 A child’s overall fluid 
status, as well as their age, size, and underlying disease 
condition, may influence the daily fluid balance goals. 

If a patient has increased insensible losses related to fever 
or tachycardia, or increased sensible losses related to vom-
iting, diarrhea, urine, ostomy, or nasogastric output, they 
may require fluid intake greater than their maintenance 

needs. If only a small amount of fluid is available for nutri-
tion support due to fluid overload or renal and kidney dys-
function, optimizing the PN solution can be a challenge. 

Fluid available for the PN prescription should be 
reviewed daily with the critical care and nutrition support 
teams to ensure the patient does not become fluid over-
loaded or dehydrated. The PN infusion rate should not be 
rapidly titrated up and down to account for fluid shifts or 
used as replacement fluids to avoid wide variation in the 
delivery of glucose, electrolytes, and other components of 
PN. Maintenance fluid requirements in children can be 
assessed using the Holliday-Segar method (Table 7-2).19 It 
is important to consider fluids from all sources, as many 
critically ill patients are receiving additional infusions 
such as medications and/or blood products. 

Electrolyte contents in PN solutions will vary, depend-
ing on the patient’s underlying condition and organ func-
tion. Table 7-3 lists electrolyte requirements of children. 
Of note, these are not specific to critical illness; electrolyte 
requirements in critically ill children are often altered by 
the effects of illness, medications (diuretic use), and other 
factors.20 If a patient develops electrolyte derangements, 
it is important to understand all potential causes to 

Body Weight Fluid Requirements

0-10 kg 100 ml/kg

10-20 kg 1000 ml + 50 ml/kg over 10 kg

>20 kg 1500 ml + 20 ml/kg over 20 kg

■  TAbLE  7-2. Holliday-Segar Method19

Nutrient

Standard Daily Requirements

Preterm Neonate Infants/Children Adolescents

Sodium (meq) 2-5/kg 2-5/kg 1-2/kg

potassium (meq) 2-4/kg 2-4/kg 1-2/kg

phosphorus (mmol) 1-2/kg 0.5-2/kg 10-40/day

calcium (meq) 2-4/kg 0.5-4/kg 10-20/day

Magnesium (meq) 0.3-0.5/kg 0.3-0.5/kg 10-30/day

chloride as needed to maintain acid–base balance

acetate as needed to maintain acid–base balance

reproduced with permission from Mirtallo, J., canada, t., Johnson, d., task force for the revision of safe practices for parenteral nutrition. Safe practices for 
parenteral nutrition, J Parenter Enteral Nutr 2004;28(6):S39-S70

■  TAbLE  7-3. Electrolyte Requirements in Children
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assist with properly adjusting the composition of the PN 
solution. When possible, PN should be modified to sup-
port therapeutic efforts intended to re-establish fluid and 
electrolyte balance.21 Daily monitoring of a patient’s hydra-
tion status, including daily intakes and outputs, as well as 
electrolyte trends, is crucial in any patient receiving PN. 

 ■CARbOHYDRATE

Carbohydrate (CHO) metabolism during critical illness is 
characterized by an increase in glucose production. Glu-
coneogenesis ensures a steady energy source for glucose-
dependent organs, such as the brain, erythrocytes, and 
renal medulla. 

In PN solutions, dextrose (D-glucose) provides the pri-
mary source of nonprotein energy, with an energy density 
of 3.4 kcal/gram. Dextrose infusions are often initiated at a 
glucose infusion rate (GIR) of 5 mg CHO/kg/minute, which 
is thought to be the endogenous glucose production of pre-
mature infants and neonates. Advancement of the GIR is 
done daily, pending tolerance, increasing by 2 to 5 mg/kg/
min until goal energy needs are met. For infants, the recom-
mended upper range of the GIR is 12 to 14 mg CHO/kg/
min; however, other clinical reasons may require a patient to 
receive a GIR that exceeds this range.22 It is important to be 
mindful of the possible risk of overfeeding with an excessive 
GIR, which some studies have shown can lead to the devel-
opment of hyperglycemia, hepatic steatosis, and cholestasis.23

Tolerance of the GIR advancement often depends 
on the patient’s age and size, as well as their underlying 
condition, such as sepsis. A critically ill child may also be 
receiving other dextrose-containing infusions that need 
to be taken into account, or medication requirements that 
are affecting adequate glycemic control despite their GIR 
seeming appropriate for their age. Blood glucose checks 
as well as checking the urine for glucose are two methods 
of assessing a patient’s tolerance of dextrose provided via 
PN. Temporary adjustments can be made to the GIR if 
a patient demonstrates inadequate glycemic control with 
hyperglycemia and glucosuria. Insulin may also need to 
be considered to ensure a patient receives an adequate 
nutrition prescription and is utilizing CHO appropriately. 

Many current studies are evaluating the relationship 
between elevated serum glucose levels and morbidity and 
mortality during critical illness.24-26 This relationship has 
prompted studies examining the role of tight glucose con-
trol using insulin in the ICU. In a large, randomized trial 
of tight glycemic control in children after cardiac surgery, 
this approach was not associated with decrease in infec-
tions, rates of mortality, or length of hospital stay.27 

 ■PROTEIN

Provision of optimal protein delivery and intake during 
critical illness to prevent unintended loss of lean body 
mass is one of the primary goals of nutrition support in 
critically ill children. Critical illness is characterized by 
increased protein turnover, with ongoing protein degra-
dation and synthesis.28.29 This adaptive response allows 
amino acids to be available to the free amino acid pool, 
which are then redistributed away from skeletal muscle for 
tissue repair, wound healing, and participation in a variety 
of inflammatory response pathways. This contribution to 
the amino acid pool, as well as overall protein breakdown 
during critical illness, can exceed dietary protein intake, 
creating a net negative nitrogen balance. Recent studies 
have suggested that a minimum of 1.5 gram/kilogram 
of protein intake may be necessary to maintain a posi-
tive balance during critical illness.30,31 This is consistent 
with the recommendation made by the American Society 
of Parenteral and Enteral Nutrition (A.S.P.E.N) pediatric 
critical care nutrition guidelines.32 

Providing amino acids parenterally affects their utiliza-
tion and recommended requirements, in comparison to 
when they are being provided enterally. Parenteral nutri-
tion bypasses the splanchnic area, and amino acids arrive 
at the liver via the hepatic arterial circulation instead 
of the portal venous circulation. Amino acid needs are 
influenced by age, but specific amino acid needs are also 
thought to change during critical illness.3

With the variety of amino acid formulations available for 
use, studies have evaluated the composition of both essen-
tial and nonessential amino acids. A balance of these amino 
acids needs to exist in order to optimize protein synthesis.3  
If essential amino acids are limited, protein breakdown 
will continue to occur in order to maintain the synthesis 
of essential amino acids. This is also thought to be the case 
with conditionally essential amino acids, such as during a 
period of critical illness. Glutamine, a nonessential amino 
acid, has been considered conditionally essential during 
critical illness. In a recent study by Heyland et al., a random-
ized, blinded trial was conducted in which 1,223 critically 
ill adults in 40 ICUs with multiorgan failure on mechani-
cal ventilation were assigned to receive glutamine, antioxi-
dants, glutamine and antioxidants together, or a placebo. 
Both intravenous and enteral supplementation were initi-
ated within 24 hours after admission. They concluded that 
early administration of glutamine in critically ill adults with 
multiorgan failure was harmful, reporting a nonsignificant 
increase in 28-day mortality and significant increases in 
in-hospital and 6-month mortality.33 Additional parenteral 
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glutamine supplementation in the pediatric critically ill 
population is not well supported at this time.3 

Crystalline amino acids make up the protein source 
in PN solutions. In the United States (US), the common 
amino acid solutions used in the pediatric population 
include TrophAmine® (B. Braun Medical), Aminosyn PF® 
(Hospira), and Premasol® (Baxter). The compositions of the 
amino acid solutions vary, aiming to meet the specific needs 

of infants, children, and adults. Pediatric amino acid solu-
tions contain more glutamic and aspartic acid and taurine, 
while having less glycine, methionine, and phenylalanine.9 
(9). Table 7-4 outlines the composition of the common 
amino acid solutions available in the United States. Prema-
ture infants, especially those weighing less than 1,000 grams 
at birth, are not able to efficiently metabolize methionine 
into cysteine and taurine; therefore, cysteine is considered a 

Product
(Manufacturer)

Solutions Designed for Infants Solutions Appropriate for >1+ year of age

Aminosyn PF
(Hospira)

TrophAmine
(B. Braun)
Premasol
(Baxter)

Aminosyn
(Hospira)

Aminosyn II
(Hospira)

FreAmine III
(B. Braun)

Novamine
(Hospira)

Travasol
(Baxter)

Prosol
(Baxter)

Nitrogen
mg per 100 mL 
of 1% solution

152 155 157 153 153 158 165 161

Amino Acids (Essential) mg per 100 mL of a  1% solution

Isoleucine    76    82    72    66    69    50    60    54

Leucine 120 140    94 100     91    69    73    54

Lysine    68    82    72 105    73    79    58    68

Methionine    18    34    40    17    53    50    40    38

Phenylalanine    43    48    44    30    56    69    56    50

Threonine    51    42    52    40    40    50    42    49

Tryptophan    18    20    16    20    15    17    18    16

Valine    67    78    80    50    66    64    58    72

Amino Acids (Nonessential) mg per 100 mL of a 1% solution

Alanine    70    54 128    99     71 145 207 138

Arginine 123 120    98 102    95    98 115    98

Histidine    31    48    30    30    28    60    48    59

Proline    81    68    86    72 112    60    68    67

Serine    50    38    42    53    59    39    50     51

Taurine       7      2.5

Tyrosine      4      4.4       4.4    27       2.6       4       2.5

Glycine    39    36 128    50 140    69 103 103

Glutamic Acid    62    50    74    50    51

Aspartic Acid    53    32    70    29    30

Cysteine <1.6 <2.4

N-ac-L-tyrosine      0    24       0       0       0       0

reproduced with permission from Sonneville K, duggan c: Manual of pediatric nutrition, 5th edition, Shelton, ct: pMph-uSa; 2013

■  TAbLE  7-4. Brand-Specific Pediatric Parenteral Amino Acid Solutions
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conditionally essential amino acid in this population. Amino 
acid solutions specific to the infant population are designed 
to maintain the plasma amino acid composition compared 
to healthy breastfed infants. Because of the added cysteine, 
it also has a reduced pH, which allows for a greater amount 
of calcium and phosphorus to be added to the PN solution, 
avoiding precipitation.34 The small amount of taurine added 
to these solutions aids in solubilizing bile salts for adequate 
biliary secretion and reabsorption from the ileum.35

Recent studies examining early PN and amino acid provi-
sion in VLBW infants support initiation within hours after 

birth, with amino acid dosing at 2 to 2.5 grams of protein/kg/
day and advancing daily by 1 gram/kg to an upper range of 3 to 
4 grams/kg/day. Results demonstrated positive nitrogen reten-
tion with no noted increase in metabolic derangements.36,37 
For older children and adolescents, an upper range of 1.5 to 
2 grams/kg/d is thought to be adequate. One study examined 
the relationship of protein and energy intake together and its 
response to nitrogen balance in PICU patients. Results of this 
systematic review suggest that administration of >1.5 grams  
protein/kg/day and >57 kcal/kg/day is associated with 
achievement of positive protein balance (see Fig. 7-1).30 
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FIGURE 7-1. protein balance associated with corresponding level of a, protein intake (Spearman r = 0.729; 
p = .011) and B, energy intake (r = 0.721; p = .012) in critically ill children.
reproduced with permission from Bechard lJ, parrott JS, Mehta nM: Systematic review of energy and protein intake on protein 
Balance in critically ill children, J pediatr 2012;161(2):333-339
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Due to the current research supporting the impor-
tance of providing adequate protein provision, it is often 
recommended that protein provided in the PN not be 
included in the calculation of energy intake to allow for effi-
cient utilization and accretion of lean body mass. This ratio 
of nonprotein calories to protein is also a way to ensure that 
the macronutrient distribution provided is balanced. The 
recommended ratio of nonprotein (kcal) to nitrogen (g)  
is 150 to 200:1. Critically ill conditions that support 
increased protein needs, such as burn patients, may ben-
efit from a ratio closer to 100:1. 

Despite being aware of minimum protein goals during 
critical illness, delivering these recommendations is not 
always achieved, and in some studies, found to be much 
lower.38 Current protein recommendations for injured 
children with the aim to achieve protein balance are based 
on limited data and consensus, which supports the need 
for further research.30,31 In addition, upper intake limits of 
amino acids provided via long-term PN in children need 
to be further investigated.

 ■FAT

Similar to protein and CHO, lipid turnover increases dur-
ing critical illness, with free fatty acids acting as the primary 
source of energy for patients under inflammatory stress.39 
Adequate delivery of essential fatty acids is crucial during 
critical illness in order to prevent deficiency. This is usu-
ally achieved by providing 30% to 40% of the total calories 
from fat, which is the recommended upper limit to main-
tain a mixed fuel system of macronutrients while prevent-
ing associated complications. In the critically ill pediatric 
patient, most nutrition support teams initiate intravenous 
fat emulsion (IVFE) at 1 gram/kg/day and advance daily 
by 1 gram/kg to an upper limit of 2 to 3 grams/kg/day, 
depending on the age of the patient.32 At our institution, 
we commonly restrict the IVFE dose to 1 gram/kg/day in 
infants who are anticipated to be dependent on PN for an 
extended period due to the perceived link between intrave-
nous fat intake and a the risk of PN-associated liver disease.

Currently in the United States, the IVFE choice is 
limited to a soy-based 18-carbon omega-6 fatty acid 
preparation, which studies have demonstrated have pro-
inflammatory characteristics in the ICU population.40 

Carnitine plays a role in the transport and metabolism 
of long-chain fatty acids. It is not routinely included in PN 
solutions, but can be added if deficiency is suspected. In neo-
nates receiving PN, carnitine has been shown to aid in mobi-
lization of hepatic fat stores and prevention of steatosis.41

Assessing tolerance to IVFE is done by routine moni-
toring of serum triglyceride (TG) levels. It is not uncom-
mon during periods of critical illness that IVFE are poorly 
tolerated, with serum TG levels >300 to 400 mg/dL. Medi-
cations can also cause hypertriglyceridemia.42 Increasing 
the duration of time that lipid is infused, reducing the lipid 
dose, or infusing lipids on limited days during the week 
are examples of strategies that nutrition support teams will 
trial in attempts to improve serum TG levels. It is impor-
tant to be aware of essential fatty acid deficiency (EFAD) 
if a reduced lipid dose is required. To prevent against 
EFAD, it is recommended that at least 3% to 5% of total 
calories be provided as fat. In infants, this often equates to  
0.5 gram of IVFE/kg/day.9

The role of omega-3 fatty acids as an anti-inflammatory 
agent in critical illness is an area of current research. Studies  
have demonstrated that fish oil–based fat emulsions are 
effective in reducing serum bilirubin levels in infants with 
intestinal failure.43 Further studies of omega-3 fatty acids 
in the critically ill population are needed. 

 ■MICRONUTRIENTS

Micronutrients include both vitamins and minerals and 
serve an important role in metabolism and critical illness. 
Critically ill pediatric patients are at risk of micronutrient 
deficiencies even at the onset of the injury/illness, due to 
the redistribution of micronutrients to certain tissues, losses 
from wounds, or third spacing of fluid, any of which can 
create an imbalance of micronutrients.44,45 Micronutrients 
in critical illness are described in more detail in chapter 4. 
This section highlights standard micronutrients available in 
PN solutions, as well as specific vitamins and minerals that 
are at risk for abnormalities during periods of critical illness. 

Minerals or trace elements serve an important role for 
many functions related to metabolism. The 4 trace ele-
ments commonly available in PN solutions include zinc, 
manganese, chromium, and copper. Iron, molybdenum, 
and iodine are other trace elements that can be supple-
mented in the PN solution, depending on patient needs. 
Copper and manganese should be reduced in the PN if a 
patient has chronic cholestasis, since they are excreted via 
the biliary system. Patients with renal dysfunction should 
avoid standard doses of selenium and chromium.9

Pediatric multivitamin solutions contain more vitamin D 
and K and less of the B vitamins in comparison to adult mul-
tivitamin solutions.9 It is recommended that patients who are 
not able to receive the standard age-appropriate multivitamin 
solution at least receive parenteral thiamine to avoid thiamine 
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deficiency.46 Currently, parenteral multivitamin solutions 
specifically designed for premature infants do not exist.47

Depending on the center, selenium is not always ini-
tially included in the PN, but is often added once a patient 
has remained on PN for an extended period. Depressed 
selenium levels have been reported in patients who dem-
onstrate systemic inflammatory response syndrome (SIRS). 
Further research is needed to evaluate the role of selenium 
supplementation for antioxidant benefits.48,49

Zinc acts as a cofactor in multiple metabolic processes, 
including immune function, with antioxidant properties 
and wound healing. During critical illness, depressed 
serum zinc levels have been reported, although evaluating 
zinc status via serum levels is not always reliable.50

Calcium and phosphate needs are greater in infants 
and children in comparison to adults due to the increased 
demands for bone growth. It is important to evaluate the 
dosing being provided via the PN to optimize bone mineral-
ization and attempt to prevent metabolic bone disease when 
a patient is unable to receive any enteral supplementation.51,52

It is important to be aware of certain medications that 
can alter micronutrient blood concentrations due to side 
effects such as increased urinary losses while on loop 
diuretics. Water-soluble vitamins may be excreted at a 
higher rate during stress or illness, and certain medical 
conditions may require altered dosing of multivitamin 
solutions to account for increased losses.8 

As with most nutrients, if a vitamin or mineral dose 
is adjusted outside of the standard, it is important to 
closely follow serum levels to make sure a patient does not 
become deficient or develops signs of toxicity. Pediatric 
parenteral vitamin and trace element formulations were 
designed to meet the rapidly changing nutrient needs 
of children. However, currently, there exist widespread 
shortages of vitamins and minerals, making it more chal-
lenging to consistently meet their needs. Most recently, 
the Centers for Disease Control and Prevention (CDC)  
reported zinc deficiency dermatitis in cholestatic, 
extremely premature infants following a nationwide 
shortage of injectable zinc. The infants all had severe 
cholestasis and had received PN for a prolonged period 
that included 1 month without any zinc due to short-
ages. Zinc deficiency was confirmed with serum levels 
and skin biopsy. Once enteral zinc supplementation was 
initiated, the infants’ serum zinc levels improved, as well 
as their dermatitis.53 This case supports the importance 
of practitioners being aware of the vitamin and mineral 
solutions available at their institution and the need for 
routine monitoring of both serum levels and correlation 

with physical exam findings. When feasible, enteral sup-
plementation should be undertaken. 

 ■  PARENTERAL NUTRITION  
COMPLICATIONS

Complications from PN are commonly categorized as 
being mechanical, infectious, or metabolic. Due to this 
wide variety of systemic complications, patients receiving 
PN, both short term and long term, require close monitor-
ing by the nutrition support team. Experienced clinicians 
who are familiar with what to monitor may prevent com-
plications from becoming severe. 

Mechanical complications include catheter occlu-
sions, thrombotic occlusions, cracking of the catheter, or 
malfunctioning of the intravenous fluid pump. Catheter 
occlusions are the most common noninfectious compli-
cation that can occur in which the clinician is unable to 
infuse parenteral solutions or aspirate blood without resis-
tance. Thrombotic occlusions are related to vessel wall 
damage, changes in blood flow, or coagulation changes.11

Infectious complications are one of the most common 
complications associated with venous catheters, specifically 
catheter-related blood stream infections (CR-BSI). Patients 
with CR-BSI are at an increased risk of mortality.54 Strict  
aseptic precautions during line placement, use of tunneled 
catheters, appropriate dressing techniques, avoidance 
of the femoral venous site, hand hygiene, sterilization of 
the catheter hub, and other infection-control practices at 
the time of accessing the catheter; use of ethanol locks in 
home PN-dependent patients; and prompt removal of the 
catheter when no longer needed or when infection is con-
firmed are some of the strategies often incorporated as a 
care bundle to minimize the incidence of CR-BSI. These 
practices need to be supported by adoption of uniform 
definitions, diligent monitoring for new cases, prompt and 
prudent antimicrobial therapy, and a multidisciplinary 
commitment to preventing CR-BSI in vulnerable patients.

Hyperglycemia is a metabolic complication that can 
occur frequently in patients receiving PN. As discussed 
earlier in this chapter, critically ill patients may be at 
increased risk of developing hyperglycemia due to stress or 
sepsis that is associated with insulin resistance, increased 
gluconeogenesis and glycogenolysis, and reduced insulin 
sensitivity.55 Other metabolic complications seen with 
patients receiving PN include hypertriglyceridemia and 
fluid and electrolyte imbalances. Hyperglycemia and 
hypertriglyceridemia observed in critically ill children 
have been correlated with a greater length of time on 
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 ■ INTRODUCTION

Enteral nutrition (EN) is the preferred method of nutri-
tion support in critically ill children, as parenteral nutri-
tion (PN) is associated with increased costs, infections, 
and other complications.1 Enteral feeding is tolerated by 
most pediatric intensive care unit (PICU) patients and can 

effectively meet energy and protein goals. The time from 
admission to initiation, route, composition, and cumula-
tive intake of EN have the potential to positively influence 
the course of critical illness. Multiple obstacles to enteral 
feeding are common to the PICU environment; these 
must be anticipated and minimized to achieve improved 
outcomes with EN therapy.

 ■ INTRODUCTION ■EARLY ENTERAL NUTRITION
 Benefits of early enteral Nutrition
 risks of early enteral Nutrition

 ■ENTERAL NUTRITION ROUTE
 Gastric versus postpyloric Feeding
 advantages and Disadvantages of Gastric Feeding

 advantages and Disadvantages of postpyloric 
Feeding

 ■POSTPYLORIC FEEDING TUBE PLACEMENT
 Blind Feeding tube placement
 Fluoroscopic Feeding tube placement
 electromagnetic Feeding tube placement

 ■ENTERAL NUTRITION FORMULA SELECTION
 Infant and pediatric enteral Formulas
 high-calorie and/or high-protein enteral Formulas
 high-carbohydrate enteral Formulas

 ■  EVALUATION AND MAINTENANCE OF ENTERAL 
NUTRITION

 enteral Nutrition tolerance
 Barriers to Optimal enteral Nutrition
 Strategies to Optimize enteral Nutrition

 ■  SUMMARY OF ENTERAL NUTRITION BEST  
PRACTICES

 ■KeY pOINtS references

08_Goday_Ch08.indd   111 18/07/14   5:58 PM

https://t.me/Medicalbooksstored



112        c h a p t e r  8

 ■EARLY ENTERAL NUTRITION

Although there is enthusiasm for EN, the optimal tim-
ing for introducing enteral feeds in a critically ill child 
remains unclear. In an effort to maximize the benefits of 
EN and to achieve nutrient delivery goals, the concept of 
early EN is gaining traction. The benefits of this approach 
need to be balanced against the potential of EN intoler-
ance in the early phase of illness or injury.

Benefits of Early Enteral Nutrition
Few randomized controlled studies have evaluated the 
effects of early versus delayed EN in pediatric critical illness, 
and those conducted in children with burn injuries have 
demonstrated multiple benefits. In a large study, 688 chil-
dren with a mean of 20% total body surface area (TBSA) 
burns were randomized to early (fed within 6 hours) or 
delayed (no sooner than 48 hours from injury) EN.2 Length 
of hospital stay (12.6 + 1.3 days vs. 16.4 + 3.7 days, P < .05) 
and mortality (8.5% vs. 12%, P < .05) were significantly 
lower in the group that received early EN. 

In another study, 21 children with a median of 30% TBSA 
burns were randomized either to early enteral resuscitation 
and early EN or intravenous resuscitation with late EN.3 All 
children were fed via nasojejunal tubes (NJT) placed under flu-
oroscopy or at the bedside. Enteral nutrition was initiated by a 
median of 10.7 hours and reached the target in 16 hours in the 
early group. In children randomized to late EN, feeding com-
menced at a median of 54 hours, with the goal rate achieved 
in the next 10 hours. Significantly higher serum insulin and 
lower growth hormone levels were demonstrated in the early 
compared to delayed group, suggesting an improved anabolic 
response with early enteral resuscitation and feeding. Recipi-
ents of early EN were reported to have decreased incidence of 
weight loss (3% vs. 7.75%), antibiotic treatment (11 days vs.  
14 days), and diarrhea. In a similar study, 77 critically ill chil-
dren with severe burns of approximately 50% TBSA were ran-
domized to EN via postpyloric feeding tube within 24 hours or 
delayed after 48 hours.4 Significantly reduced caloric deficits 
and protein breakdown were demonstrated in the early EN 
group. Serum insulin was also significantly higher in children 
receiving early EN. The definition of early EN in these studies 
was varied in terms of time to initiate EN, time required to 
reach goal, and the definition of daily goal. Nevertheless, these 
studies demonstrate that early EN can be safely delivered in 
children with burn injury, and may be associated with attenu-
ation of the stress response. In a recent retrospective study of 
5,105 critically ill children from 12 PICUs in North America, 
early EN was achieved with approximately a quarter of the 

cohort, with lower odds of mortality (odds ratio, 0.51; 95% 
confidence interval, 0.34-0.76; P = .001) compared to those 
who did not receive early EN.5

Risks of Early Enteral Nutrition
Although early compared to delayed EN can improve the 
postinjury anabolic response and reduce hospital stay and 
mortality, the potential risks and benefits must be care-
fully balanced (see Table 8-1). Increased incidence of bowel 
necrosis and mortality were reported in children with burn 
injury randomized to early EN.4 Patients with bowel infarc-
tion had a mean 71% TBSA burns, and 4 (80%) also had 
inhalation injury. All children with bowel necrosis had 
preceding fever, tachycardia, hypotension requiring vaso-
pressor support, leukocytosis, and increased abdominal 
pressure. Critically ill children with shock are at risk for 
gastrointestinal (GI) intolerance with early EN, which is 
likely associated with decreased gastric and intestinal perfu-
sion and motility. To evaluate cytokines in septic shock, 38 
children received an immune-enhanced or standard formula 
via nasogastric tube (NGT) within 12 hours of admission.6 
Enteral nutrition was gradually advanced to meet esti-
mated caloric requirements in 4 days. Eight patients (21%) 
were excluded from the study for feeding intolerance, 
although the symptoms were not further described. Of 
the 30 children included, 16% receiving the immune-
enhanced formula and 7% on standard formula experi-
enced transient diarrhea. In a prospective investigation 

Potential Benefits Potential Risks

Improved gastrointestinal  
tolerance

Decreased small-bowel  
permeability

Increased serum insulin 

reduced protein breakdown 

positive nitrogen balance

reduced caloric deficits

Improved weight retention

Decreased length of hospital stay

reduced mortality

Gastrointestinal  
intolerance 

abnormal small-bowel 
permeability

Bowel necrosis,  
necrotizing  
enterocolitis

Bowel perforation

■  TABLE  8-1. Benefits and Risks with Early Enteral  
Nutrition
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of critically ill children who received postpyloric feeding, 
44/65 (67.7%) of those with shock and 284/461 (61.6%)  
of patients without shock received EN within 48 hours.7 
Gastrointestinal complications were significantly higher in 
children admitted with shock. Abdominal distention (15.4% 
vs. 5%, P = .004), diarrhea (20% vs. 4.6%, P = .0001), necro-
tizing enterocolitis (1.5% vs. 0.4%, P = .432), and other com-
plications were more prevalent in the children with shock 
versus other diagnoses. One death was related to duodenal 
perforation during feeding tube placement in a child with 
shock. In another retrospective study of 55 critically ill 
children receiving EN concomitant with cardiovascular 
medications, 16 (29.1%) experienced vomiting, abdomi-
nal distention, diarrhea, and constipation.8 Significant GI 
bleeding occurred in 2 patients (3.6%), but was believed 
to be secondary to underlying disease. 

These studies emphasize the importance of balanc-
ing the risks and benefits of early EN. Careful selection 
of patients with a low risk of serious GI complications 
and close monitoring for tolerance, especially in infants 
and children with vasopressor requirement or shock, will 
allow safe administration of early EN in the PICU.

 ■ENTERAL NUTRITION ROUTE

Once the amount and timing for initiating EN are con-
firmed, the most appropriate route or site for delivering the 
nutrients needs to be determined. While feeding into the 
stomach is most physiologic, the risk of aspiration of gastric 
contents in the setting of altered GI motility has prompted 
the consideration for feeding into the small bowel.

Gastric versus Postpyloric Feeding
The selection of gastric or postpyloric feeding has the 
potential to affect timing of initiation, feeding tolerance, 
daily intake, and outcomes in pediatric critical illness (see 
Table 8-2). To compare the incidence of aspiration, 44 
mechanically ventilated critically ill children were prospec-
tively randomized to NGT or NJT feeding.9 Two patients 
unable to achieve NJT placement within 24 hours of ran-
domization were moved to the NGT group, resulting in 17 
assigned to NJT feeding and 27 NGT. Endotracheal tube 
aspirates were analyzed every 8 hours for the presence of 
glucose, and spectrophotometry was used to detect methy-
lene blue added to color the enteral formula. No patient 
developed aspiration pneumonia or had tracheal secretions 
positive for glucose. A significant delay (median 24 hours 
vs. 6 hours, P = .0002) in initiating EN and an increase in 
radiographs for feeding tube placement (median 4 vs. 1,  
P = .0001) occurred in the NJT compared to the NGT 
group. Authors of this study concluded that selection of 
the NGT versus NJT feeding route can result in faster ini-
tiation of EN without an increased risk of aspiration. 

In another evaluation of critically ill children random-
ized to gastric or small-bowel feeding, aspiration was 
defined by the presence of pepsin in endotracheal tube 
aspirates.10 Twelve of the 42 randomized to the small-bowel 
group were excluded from the study due to unsuccessful 
bedside feeding tube placement, and 32 were assigned 
to NGT feeding. Several children required feeding tube 
replacement during the study; 5 in the small-bowel group 
could not be repositioned beyond the stomach. These 
children received NGT feeding for the remainder of the 

Advantages Disadvantages

Gastric Feeding Faster initiation
easy tube placement
Meets requirements 
Well tolerated
physiologic
More options for administration

risk of aspiration of gastric contents, especially in 
patients with history of delayed emptying, severe 
reflux, or unprotected airway 

Postpyloric Feeding Improved intake
Shorter time to goal
reduced fasting
Decreased pN use and cost
Well tolerated
May decrease pneumonia

Delayed initiation
Increased radiographs
May not prevent aspiration

■  TABLE 8-2. Gastric versus Postpyloric Feeding
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study, but following an intent-to-treat design, were included 
for analysis in the small-bowel group. Pepsin was identified 
in 59% of tracheal aspirates in the NGT group and 67% 
of the small-bowel group (P = 0.8). No differences in time 
to initiate EN, abdominal distention, vomiting, diarrhea, 
number of feeding interruptions, duration of mechanical 
ventilation, length of stay, or mortality were demonstrated 
between feeding routes. Children randomized to small-
bowel feeding received a higher proportion of the caloric 
goal versus those in the NGT group (47 + 23% vs. 30 + 
23%, P = .01), possibly due to shorter feeding interruptions. 

Neither of these 2 studies revealed a significant differ-
ence in aspiration risk between the 2 feeding strategies; 
however, the methods of detection and the incidence of 
tracheal aspiration varied. While 1 study showed earlier 
initiation of EN and fewer x-rays in the gastric group,9 
the other demonstrated increased caloric intake with 
small-bowel feeding.10 When these 2 pediatric studies 
were combined with 13 adult trials in a meta-analysis 
including 966 critically ill patients, those randomized to 
postpyloric versus gastric feeding demonstrated a sig-
nificant reduction in the incidence of pneumonia (risk 
reduction 0.63, 95% confidence interval 0.48-0.83, P = 
.001).11 No difference in vomiting or aspiration was seen 
between groups. Differences in institutional practices 
may influence success with placement of enteral access1 
and the duration of fasting prior to procedures accord-
ing to the route of feeding. Larger randomized trials are 
required to determine whether postpyloric versus gastric 
EN reduces the incidence of pneumonia in critically ill 
infants and children. Until then, individual centers must 
base their practice on resources available to place and 
maintain postpyloric tubes. Ultimately, the success of this 
strategy will be dependent on careful selection of patients 
that are most likely to benefit from postpyloric feeding.

Advantages and Disadvantages  
of Gastric Feeding
Compared to the postpyloric route, gastric feeding is more 
physiologic and easier to implement. The stomach pro-
vides a larger reservoir than does the small intestine, which 
helps regulate GI osmotic load and transit. The simplicity 
and lack of specialized procedures required for NGT place-
ment may promote early initiation of EN.9,12 Prospective 
investigations have demonstrated early gastric feeding is 
well tolerated and meets predicted energy requirements 
in acutely ill and injured children.13,14 A majority (67/71, 
94.4%) of critically ill children with sepsis, traumatic brain 

injury, respiratory failure, and burns received early EN via 
NGT and met 150% of predicted basal metabolic rate by 
the fifth day.13 Furthermore, EN implemented via NGT 
within hours of admission met the energy target by an 
average of 18.5 + 15.2 hours in 92 critically ill pediatric 
patients.12 Early EN per NGT was also achieved in 30/38 
children admitted with septic shock.6 The gastric feed-
ing route appears to offer many potential benefits for the 
majority of critically ill children, including the ease of early 
implementation and the ability to achieve energy and pro-
tein targets. However, those with delayed gastric emptying, 
severe gastroesophageal reflux, intractable vomiting, an 
unprotected airway, and others at high risk for aspiration 
may be inappropriate candidates for gastric feeding.

Advantages and Disadvantages  
of Postpyloric Feeding
In critically ill children unable to receive adequate EN 
via the gastric route, postpyloric feeding can successfully 
meet caloric goals, avoid use of PN, and reduce associated 
costs.14,15 In a 12-month retrospective review, 110 patients 
received EN via postpyloric tubes placed at bedside, of 
whom 42 were too unstable to transport for fluoroscopic 
feeding tube placement.14 All required mechanical venti-
lation, and most were on at least 1 vasoactive medication, 
and 50% were on neuromuscular blockade. A majority 
(31/42, 74%) achieved the estimated caloric goal within 
24 hours from the initiation of feeding, and the remain-
der (11/42, 26%) within 48 hours. Postpyloric EN was 
reported to be well tolerated without incidence of reflux, 
aspiration, or necrotizing enterocolitis. With the charges 
for PN approximately 10 times that of EN, the cost savings 
from 42 patients utilizing EN instead of PN for a total of 
256 days was considered clinically significant. 

During the second year of a 4-year retrospective study, 
postpyloric EN was implemented to replace PN in PICU 
patients with intolerance or contraindication to gastric 
feeding.15 Of 1,636 children admitted, 240 (14.6%) received 
PN or EN. Over the course of the study, exclusive PN use 
declined from 16% to 5.5%, P = .01, while utilization of post-
pyloric EN as the sole means of nutrition support increased 
from 3.2% to 10.5%, P < .05. Although there were no signifi-
cant outcome differences between those who received exclu-
sive EN versus PN, the total estimated costs for nutrition 
therapy per patient were reduced by approximately 55%.

Critically ill children fed via the postpyloric route may 
experience abbreviated periods of fasting for procedures 
and subsequently an improved caloric intake.10,16 Fifty-nine 

08_Goday_Ch08.indd   114 18/07/14   5:59 PM

https://t.me/Medicalbooksstored



 eNteral NutrItION IN the crItIcallY Ill chIlD         115

PICU patients receiving postpyloric EN and mechanical 
ventilation were randomized to continuous or interrupted 
feeding in which feeds were held 4 hours prior to and after 
tracheal extubation.17 Adverse events, including abdomi-
nal distention, emesis, and diarrhea, were not different 
between the continuous and interrupted groups (4/29, 
13.4% vs. 3/30, 10%), and aspiration did not occur. The 
percent of caloric goal achieved was significantly higher 
on the day prior to (92 + 2.5% vs. 76 + 4.2%, P < .004) and 
the day of tracheal extubation (93 + 3.2% vs. 43 + 4.3%, 
P < .001) in the continuous versus the interrupted feed-
ing groups. Postpyloric EN may also reduce the time to 
achieve the energy target in some patients. In a multicenter 
trial of 102 infants and children with acute lung injury ran-
domized to supine or prone positioning, those fed via NJT 
reached the caloric goal in a median of 4 days versus 7 days 
with NGT feeding, P = .03.18

While studies report that the majority of critically ill 
children tolerate postpyloric EN and achieve the energy 
goal within 48 hours of initiation,3,4,14 this feeding route 
confers potential disadvantages. Delays in EN initiation, 
higher exposure to abdominal radiographs, and feeding 
interruptions have been demonstrated with postpyloric 
compared to gastric EN.9,18 Additional research is needed 
to evaluate postpyloric feeding in critically ill children. 
Until more evidence is available, the American Society for 
Parenteral and Enteral Nutrition recommends consider-
ation of postpyloric EN for critically ill children at high 
risk of aspiration, or for those intolerant to gastric feeding.1

 ■  POSTPYLORIC FEEDING TUBE  
PLACEMENT

A variety of techniques to facilitate bedside postpyloric 
feeding tube placement in children have been studied. 
Important considerations when evaluating methods of 
feeding tube placement include safety, risk of adverse 
events, efficacy, and resources required, such as time, 
expertise, technology, and cost. 

Blind Feeding Tube Placement 
Some critically ill children who are appropriate candi-
dates for postpyloric feeding are too unstable to transport 
for feeding tube placement under fluoroscopy. In these 
patients, bedside insertion of a feeding tube into the small 
bowel may be the only option to achieve optimal EN.14 
Blind placement of postpyloric feeding tubes necessitates 
the least technology compared to other techniques, but 

may require more expertise and increase the risk of com-
plications. A case series described feeding tube misplace-
ment in the respiratory tract in 5 PICU patients; 2 were 
unharmed, 1 developed a pneumothorax requiring a chest 
tube and mechanical ventilation, and 2 died.19 Early rec-
ognition of tube misplacement can be achieved by manda-
tory abdominal radiography prior to the usage of blindly 
placed NJTs.

The combination of metoclopramide administration, 
body positioning, and air insufflation led to small-bowel 
feeding tube placement in 84/90 (93%) of critically ill 
children by a mean of 15 minutes,20 and in 63/71 (89%) 
in an average of 7 minutes.21 In 2 randomized controlled 
trials of critically ill children, postpyloric feeding tube 
placement was significantly more successful with air 
insufflation in 33/38 (87%) of patients versus 18/40 (45%)  
without air insufflation.22 Critically ill children were 
randomized to bedside small-bowel feeding tube place-
ment using positioning with addition of air insufflation 
or erythromycin; all methods were equally effective, with 
success in 71/75 (95%) by the second attempt.23 No major 
complications were related to feeding tube placement in 
any of the patients. Potential concerns regarding neurologic 
and cardiac side effects of prokinetics and gastric perfora-
tion from air insufflation may limit use of these adjuncts 
in some patients. Skilled providers have demonstrated a 
high achievement rate of successfully placing postpyloric 
feeding tubes without prokinetics or air insufflation.23 In 
addition, a training and audit process can improve success-
ful bedside NJT placement in pediatric patients.24 

Fluoroscopic Feeding Tube Placement
Methods of bedside postpyloric tube insertion that can 
improve safety and accuracy are desired. Fluoroscopic 
feeding tube placement is highly accurate and can help 
prevent malposition, but radiation exposure is a concern, 
and it is not widely available for use at the bedside. After 
implementation of a training session, the mean time for 
postpyloric tube placement in pediatric burn patients 
using bedside fluoroscopy was reduced from 4.1 minutes 
to 2.3 minutes, P < .0001.25 

Electromagnetic Feeding Tube Placement
Electromagnetic technology is similar to fluoroscopy, 
with use of three-dimensional, real-time imaging. Bedside 
small-bowel feeding tube placement was achieved in 
41/50 (82%) of critically ill children randomized to an 
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electromagnetic device, versus 22/57 (38%) assigned to 
standard institutional protocol of blind insertion using 
a tube without a stylette, P < .0001.26 Median placement 
time was shorter (1.7 hours vs. 21 hours, P < .0001) and 
fewer mean abdominal radiographs were required (1.3 +  
.06 vs. 2.4 + 1.4, P < .0001) with the electromagnetic 
device compared to the standard group, and no complica-
tions occurred during the investigation. In another ran-
domized trial in critically ill children, the electromagnetic 
device was equally successful as the standard method of 
positioning, air insufflation, and metoclopramide for 
postpyloric tube placement (22/22, 100% vs. 24/26, 92%, 
P = .49).27 Although feeding tubes were rapidly placed by 
skilled practitioners, more time was required with use of 
the electromagnetic technology versus standard method 
(median 9.5 minutes vs. 5 minutes, P = .03). 

A multicenter prospective study was conducted to 
compare confirmation of bedside feeding tube place-
ment by interpretation of electromagnetic device or by an 
abdominal radiograph.28 Of 194 enrolled, 18 (9%) were 
children, with methods of feeding tube confirmation in 
agreement for all except 1 adult patient. A majority of tubes 
were successfully placed in the small bowel (191/194, 98%; 
100% of children), with airway malposition prevented 
in 15/194 (8%), including 4/18 (22%) children. Feeding 
tube placement required a median of 12 minutes for the 
entire study group, and 20 minutes per child. To attain the 
benefits of EN therapy, feeding tube placement is usually 
necessary; therefore, the risks must be minimized. Elec-
tromagnetic technology appears to be accurate and may 
help prevent feeding tube malposition. In centers where 
specialized equipment is not available, a training program 
can improve successful feeding tube placement at the bed-
side. An abdominal radiograph is recommended following 
blind feeding tube insertion in children, as all other con-
firmation methods have been shown to be inaccurate.29

 ■  ENTERAL NUTRITION FORMULA  
SELECTION

Enteral formulas are available for specific age groups, and 
with specific nutrient content.

Infant and Pediatric Enteral Formulas
An increasing number of EN formulas are available for 
infants and children with a variety of conditions, but none 
have been specifically manufactured for critical illness 
or wound healing.30 A majority of the formulas are based 

on cow milk protein and contain casein and/or whey, but 
some include soy protein, amino acids, or food ingredients  
(see Table 8-3). Compared to those with casein as the pre-
dominant protein source, whey-based formulas accelerate 
gastric emptying in infants with gastroesophageal reflux and 
in children with cerebral palsy.31,32 Whey protein provides 
cysteine to synthesize glutathione, provides branched-chain 
amino acids to aid tissue repair, and may positively impact 
GI motility and absorption during critical illness.33 These 
potential benefits of whey protein have not been studied 
in critically ill children. Some polymeric or intact protein 
pediatric formulas are available with whey as the predomi-
nant protein source, while semielemental formulas are 
manufactured with hydrolyzed whey and/or casein. In an 
observational study, variables significantly associated with 
the initial choice of a peptide-based formula in the PICU 
included malnutrition, use of vasoactive medications, and 
prior fasting >2 days.34 Research is needed to determine 
if the increased costs of hydrolyzed formulas can be offset 
with improved nutrition and clinical outcomes. 

High-Calorie and/or High-Protein Enteral  
Formulas
Modified enteral formulas may be required to meet 
increased protein requirements of critically ill infants and 
children.35 Standard-term infant formulas can be recon-
stituted with less water to yield a proportionately higher 
concentration of energy, macronutrients, vitamins, miner-
als, and electrolytes. This method fails to supply the sug-
gested 2 to 3 g/kg/d protein1 to the acutely ill or injured 
infant unless intake provides ~100 to 140 kcal/kg/d. In 
a systematic review of 6 studies including 239 mechani-
cally ventilated children, intake >1.5 g/kg/d protein and 
>57 kcal/kg/d was required to achieve positive protein 
balance.36 Severe catabolism induced by burn injury or 
extracorporeal membrane oxygenation may necessitate 
higher protein intakes approaching 3 to 4 g/kg/d.1,37 To 
achieve the increased protein requirements of critically ill 
pediatric patients, enteral protein supplements or higher-
protein formulas are needed.

In some countries, a high-protein and high-energy 
formula is available for infants up to 18 months with 
growth faltering, increased nutrient requirements, or fluid 
restriction. In a randomized, controlled, double-blind 
design, 20 critically ill infants with respiratory syncytial 
virus requiring mechanical ventilation were assigned to 
high protein-energy (100 kcal, 2.6 g protein per 100 mL)  
or standard infant formula (67 kcal, 1.4 g protein 
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per 100 mL).38 Enteral nutrition was started within  
24 hours from admission and reached the target within  
36 hours of initiation. Formulas were well tolerated 
without vomiting, diarrhea, or abdominal distention. As 
per the protocol, the intervention group demonstrated 
increased energy (112 + 13 kcal/kg/d vs. 82 + 4 kcal/kg/d) 
and protein intake (2.8 + 0.3 g/kg/d vs. 1.5 + 0.1 g/kg/d) 
on day 5 compared to the standard cohort. Nitrogen bal-
ance was significantly higher on study days 2 through 5 
in the high protein-energy group. Mean resting energy 
expenditure measured by indirect calorimetry was similar 
(54 + 3 kcal/kg/d vs. 50 + 3 kcal/kg/d) during the 5-day 
investigation, but respiratory quotient (0.96 + 0.02 vs. 
0.91 + 0.01, P < .01) was increased in the high protein-
energy versus standard group on day 5. The durations of 
mechanical ventilation and PICU stay were not statisti-
cally different between groups. Using stable phenylalanine 
and tyrosine isotope tracers, whole-body protein synthesis 
and balance were significantly increased, despite higher 
breakdown, indicating positive anabolic function in the 
high protein-energy versus standard group.39 High-energy 

density feeding improves caloric and protein balance in 
critically ill infants and appears to be well tolerated.

To meet increased protein requirements during critical 
illness or following severe traumatic injury, enteral pro-
tein supplements are often administered. To evaluate the 
safety and efficacy of this practice, 51 critically ill infants 
and children were randomized to receive standard feeding 
with or without a cow milk protein supplement.40 Infants 
up to 12 months received human milk (70 kcal, 1.1 g pro-
tein per 100 mL) or infant formula (70 kcal, 1.6 g protein 
per 100 mL), while those >12 months received a standard 
pediatric formula (122 kcal, 2.6 g protein per 100 mL). 
The intervention group received 1.1 g of the protein sup-
plement added to every 100 mL human milk or formula. 
Patients in both groups were a median 7 months of age, 
and 85% were postoperative from cardiac surgery. Enteral 
nutrition was initiated via NGT or postpyloric tube within 
24 to 36 hours from admission and reached goal within 
the next 24 hours. From days 1 to 5, the range of median 
energy expenditure (46 to 52 kcal/kg vs. 44 to 53 kcal/kg) 
and caloric intake (65 to 77 kcal/kg vs. 62 to 68 kcal/kg) 

Category Types

Infant Formula
•	 Most contain docosahexaenoic and arachidonic acids
•	 Some available with nucleotides, prebiotics, probiotics

cow milk protein 
hydrolyzed casein and/or whey
Soy protein 
amino acids 
lactose free
added rice starch
added fiber
carbohydrate free/reduced
high medium-chain triglycerides
high protein energy
reduced electrolytes and minerals
For preterm infants
For inborn errors of metabolism

Pediatric Formula
•	 Most are lactose free, gluten free
•	  Some available with fiber, prebiotics, docosahexaenoic acid

cow milk protein
hydrolyzed casein and/or whey
Soy protein
amino acids
Food ingredients
high calorie
reduced calorie
low fat 
high medium-chain triglycerides
high fat, low carbohydrate (ketogenic)
For inborn errors of metabolism

■  TABLE 8-3. Enteral Nutrition Formulas
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were similar, while protein intake was higher according to 
design (2.6 to 3.1 g/kg/d vs. 1.5 to 1.7 g/kg/d) between the 
protein-enriched and standard groups. Nitrogen balance 
became positive on day 5 only in the protein-enriched 
group. None of the patients developed feeding intolerance 
or abnormal biochemical parameters. Enteral protein sup-
plementation is an important adjunct to optimize protein 
intake and achieve positive nitrogen balance in critically 
ill infants and children.

High-protein and high-energy feeding is also benefi-
cial during recovery from critical illness, injury, or sur-
gery. Infants with acute perinatal brain injury randomized 
to 120% versus 100% of usual energy and protein intake 
demonstrated improved weight, length, head circumfer-
ence, and brain growth.41 After surgery for congenital 
heart disease and transfer to the ward, 46 infants were 
randomized to rapid advancement to high-energy and 
high-protein formula (from 80 kcal/100 mL to 100 kcal/ 
100 mL in 3 days) or usual care (from 67 kcal/100 mL to 
90 kcal/100 mL in 6 days).42 Energy intake 3 days prior 
to hospital discharge reached a higher percentage of esti-
mated requirements (98% vs. 78%, P = .01) and weight 
gain improved in the rapid advancement versus usual care 
groups. One patient had emesis, likely related to the high-
energy and high-protein formula.

High-Carbohydrate Enteral Formulas
A high-carbohydrate (CHO) diet may promote anabo-
lism in children with severe burn injuries by stimulating 
endogenous insulin production. Fourteen children with 
a mean of 65% TBSA burns were randomized to a high 
CHO or high-fat formula for 1 week and crossed over to 
the other diet for 1 week.43 Protein kinetics using cross-
leg stable isotope infusions demonstrated no change in 
protein synthesis, but a significant reduction in protein 
breakdown with the high-CHO diet. In all patients, net 
protein balance significantly improved and plasma insulin 
levels were higher during the high-CHO diet. 

In a retrospective cohort study, children with severe 
burns >40% TBSA were divided into groups according to 
type of diet.44 A total of 944 children were evaluated; from 
1985 to 1995, a high-fat diet was given to 426 patients, 
and from 1996 to 2004, 518 received a high-CHO for-
mula. Demographics were not different between groups; 
however, the incidence of sepsis and length of ICU stay 
were significantly reduced in children who received the 
high-CHO diet. Autopsy results of 135 patients demon-
strated significantly less hepatic steatosis in those fed the 

high-CHO formula. Although advancements in burn and 
ICU care were achieved during the period studied, the 
type of feeding also likely contributed to the observed 
outcomes.

Enteral formulas with arginine, glutamine, omega-3 
fatty acids, and/or other ingredients designed to modulate 
immune function are reviewed in chapter 19.

 ■  EVALUATION AND MAINTENANCE  
OF ENTERAL NUTRITION

Despite early initiation of EN, a number of barriers 
impede ongoing EN delivery in the PICU. A multidisci-
plinary commitment to maintaining EN during critical 
illness is necessary. 

Enteral Nutrition Tolerance
Effective management of feeding tolerance is essential to 
maximize the benefits of EN. Use of objective parameters 
or technology to assess GI function, perfusion, motility, 
absorption, and aspiration in critically ill children are 
highly desirable, but may not be readily available at the 
bedside. Feeding intolerance is not associated with sever-
ity of illness; therefore, regular monitoring of GI function 
is necessary for all patients receiving EN.45 A variety of 
signs and symptoms are used as surrogate markers for EN 
intolerance in critically ill children, and there is lack of 
uniformity in defining intolerance.

Measurement of abdominal girth is a simple assess-
ment tool to detect abdominal distention in children. 
Increased abdominal girth may be alleviated with treat-
ment of constipation, venting air from the GI tract, or 
smaller volume, more concentrated feedings.46 Severe 
abdominal distention can lead to altered GI motility and 
perfusion and impaired respiratory mechanics, requiring 
temporary cessation of EN.47 

Opioid-related constipation is prevalent in critically ill 
children, but can be reduced with a step-wise approach 
using stool softeners, prokinetics, laxatives, and enemas.11 
Enteral naloxone effectively increased stool output com-
pared to a randomly sampled matched control group, but 
caused opiate withdrawal in 2 out of 23 patients.48 Diar-
rhea, more than 4 to 6 loose stools per 24 hours, is asso-
ciated with altered GI flora or transit due to antibiotics, 
sorbitol-containing medications, opioid withdrawal, and 
underlying illness; less frequently, malabsorption, Clos-
tridium diἀ cile, or the type of formula.49-51 Efforts should 
be taken to address the etiology of diarrhea and avoid 
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cessation of EN while monitoring fluid and electrolyte 
status. If all other factors have been ruled out, a change 
to an isotonic, semielemental formula or the addition 
of soluble fiber may be considered.51 Probiotics are not 
recommended for critically ill children due to inadequate 
safety and efficacy data.52,53 

Vomiting may require short-term interruption of 
EN, but can be ameliorated with head of bed elevation, a 
change to postpyloric feeding, medications to reduce gas-
tric acid and nausea, and decreasing the infusion rate. In 
46 critically ill children randomly assigned to continuous 
or intermittent feeding every 2 hours via the gastric route, 
there was no difference in vomiting or diarrhea between 
groups.54 In a secondary analysis of these patients, the pro-
portion of patients with gastric residual volume >5 mL/kg  
was similar with continuous and intermittent feeding.55 
Gastric residuals are a poor predictor of vomiting and 
aspiration in adults,56 and no uniform threshold has been 
identified for critically ill children. In addition, no safe 
and accurate bedside tool to detect aspiration is avail-
able.57 Until more research clarifies the markers and pre-
dictors of EN intolerance in the PICU population, safe EN  
delivery requires careful monitoring of abdominal girth, 
stool pattern, clinical signs of perfusion and oxygenation, 
and symptoms of overt intolerance such as vomiting and 
aspiration. Appropriate patient selection, uniform defini-
tions and approach to intolerance, and multidisciplinary 
commitment are key factors that will ensure safe and 
effective EN in critically ill children.

Barriers to Optimal Enteral Nutrition
Achieving and maintaining optimal EN requires that 
feeding interruptions are consistently minimized and 
prevented. Cessation of EN is appropriate in many cir-
cumstances, such as prior to endotracheal intubation, 
extubation, or general anesthesia, and in cases of pneu-
matosis intestinalis, hemodynamic instability, significant 
GI bleeding, vomiting, and aspiration. Use of arbitrary 
gastric residual volume cutoffs without other significant 
findings results in inappropriate EN deprivation and 
negatively effects nutrition status.46 In 80 consecutive, 
prospectively evaluated critically ill children receiving 
EN, feeds were interrupted an average of 3.7 + 3.1 times 
in 24 (30%) patients.18 A majority (58%) of the episodes of 
EN cessation were deemed avoidable and were associated 
with an increased utilization of PN. Mechanically venti-
lated patients were at the highest risk for inadequate EN. 
Significantly, more avoidable and unavoidable feeding 

interruptions were observed in 20 children receiving post-
pyloric EN compared to 60 fed via the gastric route. In 55 
critically ill children, failure to meet energy goal for >50% 
of EN days was associated with airway and other proce-
dures, clinical instability, and feeding tube removal; how-
ever, vasoactive medications and GI complications were 
the only significant factors identified.58 Requirement for 
vasoactive or neuromuscular blocking medications also 
correlated with inadequate EN in 84 mechanically venti-
lated children in another study.59 Fluid restriction was a 
major barrier to adequate nutrition in 42 PICU patients, 
and the 22 who were postoperative from cardiac surgery 
suffered a significant decline in weight-for-age Z-scores.60 
Cumulative energy and protein deficits were also associated 
with decreased weight and arm circumference Z-scores in 
261 critically ill children prospectively evaluated.61 

Strategies to Optimize Enteral Nutrition
Several strategies can reduce the impact or duration of 
inadequate enteral intake (see Table 8-4). Interruptions 
can be minimized by adhering to objective definitions of 
intolerance and guidelines for withholding feeds before 
procedures, use of technology and expertise for postpyloric 
tube insertion, and prompt reinstatement of feeding as 
soon as feasible. When gastric residuals are not measured 
in critically ill mechanically ventilated adults, enteral for-
mula intake is significantly higher without an increase in 
the incidence of ventilator-associated pneumonia.62 Neuro-
muscular blocking agents paralyze skeletal muscles, not the 
smooth muscles of the GI tract, and therefore should not 
prevent optimal EN. In addition, low-volume enteral feed-
ing may be initiated and cautiously advanced in hemody-
namically stable patients requiring consistent or decreasing 
doses of vasoactive medications with adequate perfusion 
and oxygenation. Reduction or elimination of fasting prior 
to bedside, operative, and airway procedures has also been 
demonstrated to improve EN intake in critically ill children 
and adults.16,63 When enteral feeding interruptions are 
unavoidable, the administration rate may be temporarily 
increased to achieve the 24-hour volume goal in a shorter 
period (catch-up).64-66 In addition, concentrated enteral for-
mulas can be provided to meet protein and energy require-
ments despite fluid restriction.64 Implementation of dietitian 
recommendations has been shown to increase delivery of 
early EN, energy, and protein intake in critically ill adults.67 
Computerized information systems can track energy and 
protein intake versus requirements and help prompt initia-
tion of early EN.68 Ongoing audits and updates of nutrition 
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practices and guidelines over several years in one PICU led 
to a continued reduction in the time to start EN and in the 
use of PN.69 A protocolized, step-wise approach to EN in 
the PICU has been shown to improve nutritional outcomes 
and achievement of daily goals in single centers, and needs 
to be examined in larger studies. 

 ■  SUMMARY OF ENTERAL NUTRITION  
BEST PRACTICES

Early EN within 24 hours of admission or injury not only 
reduces energy and protein deficits, but may also decrease 
length of hospital stay and mortality in critically ill 
children. Selection of the gastric feeding route promotes 
a faster implementation of EN, but for those intolerant or 

at high risk for aspiration, postpyloric feeding should be 
considered. Although the postpyloric versus gastric route 
has not been shown to reduce aspiration in critically ill 
children, it may help avoid the use of PN and the asso-
ciated increased costs and complications. A high-protein 
enteral formula or protein supplementation is necessary 
to meet the increased requirements of critical illness and 
injury, and objective measures of feeding tolerance should 
be monitored. Cumulative feeding interruptions result in 
caloric deficits, deterioration of nutritional status in the 
hospital, and an increased reliance on PN; barriers must 
be expected and prevented to maximize the benefits of 
EN. A regular audit of enteral feeding practices can iden-
tify areas for improvement to promote positive outcomes 
in the PICU.

Barrier Strategy

lack of enteral access use education and technology for rapid tube placement

Vasoactive medications If hemodynamics, perfusion, oxygenation adequate: start low  
volume feeds, monitor, slowly increase to meet nutrition goals

Neuromuscular blocking medication Initiate feeds, monitor, increase to meet nutrition goals

Fasting for procedure reduce period of fasting when appropriate
Increase hourly formula administration rate

Fluid restriction use concentrated enteral formula

elevated gastric residuals use objective measures of feeding tolerance
postpyloric feeding route

Vomiting elevate head of bed 
Medications to reduce gastric acid and nausea 
postpyloric feeding route

constipation Medications: stool softeners, laxatives, enemas
Increase enteral fluid intake 
to maintain stool output in hemodynamically stable patients,  
change to fiber-containing formula

Diarrhea Discontinue or reduce laxatives
rule out enteric infection and malabsorption
eliminate sorbitol from medications
change to isotonic or semielemental formula
hemodynamically stable patients: add soluble fiber

abdominal distention treat constipation
Vent air from the gastrointestinal tract
use lower volume, more concentrated formula
postpyloric feeding route

■  TABLE 8-4. Barriers and Strategies to Achieve Optimal Enteral Nutrition
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infants.2 The American Society for Parenteral and Enteral 
Nutrition (A.S.P.E.N) guidelines (Please see Table 9.1) rec-
ommend early enteral nutrition (EN) in critically ill chil-
dren with a functional gastrointestinal (GI) tract.6 

There are emerging data supporting the role of 
enteral feeds in critically ill children. Enteral nutrition 
in this population is well tolerated,7-11 is associated with 
reduced complications compared with parenteral nutri-
tion (PN),4,7 and can be delivered via the gastric or trans-
pyloric route.12,13 Enteral nutrition is also associated 
with reduced mortality and length of stay in this popu-
lation.4,14 Despite its perceived benefits, EN delivery in 
the PICU remains challenging. When enteral feeding is 
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 ■ INTRODUCTION 

Optimal nutrition therapy of critically ill children has 
emerged as an important goal. Studies indicate up to 
64% of children admitted to pediatric intensive care units 
(PICUs) are malnourished,1-4 and these children are at 
a greater risk for prolonged mechanical ventilation and 
hospital stay, compared to their well-nourished counter-
parts.4,5 The degree of malnutrition depends on the dis-
ease type, duration, and comorbidities. The provision of 
adequate nutrition to the critically ill child is paramount 
to reducing further nutritional deterioration in an already 
compromised host. Malnutrition evolves during criti-
cal illness and most prominently affects newborns and 

 ■ INTRODUCTION ■  COMMON GUIDELINE AND ALGORITHM 
COMPONENTS
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which may ultimately facilitate the development of clini-
cal trials.

 ■  COMMON GUIDELINE AND ALGORITHM 
COMPONENTS

Nutrient delivery guidelines or protocols provide recom-
mendations related to screening for malnutrition, determi-
nation of macronutrient goals, selection of the best route 
(enteral or parenteral), site (gastric or postpyloric) and rate 
of nutrient administration, detection and management of 
feeding intolerance, and the use of adjuncts for enteral 
nutrition. Please see Figure 9-1 for an example of an EN 
algorithm from a North American PICU. 

protocolized or supported through a nutrition support 
team, time to feeding and tolerance improve.15,16-20 Chil-
dren who are in intensive care units (ICUs) for whom a 
feeding protocol is implemented experience fewer infec-
tions4 are more likely to meet energy needs19 and achieve 
positive protein and energy balance21 sooner than do 
those who do not received protocolized enteral feeding. 
However, a majority of critically ill children do not meet 
recommended daily allowance of energy and protein 
intake,3 and even with feeding protocols, children may be 
under- or overfed when using respiratory quotient (RQ) 
as a measurement.22 

Determining algorithmic approaches to the provision 
of enteral feeds will enable standardization of processes, 

Nutrition Support Guideline Recommendations in the Critically iII Child

# Guideline Recommendations Grade

1 1a) children admitted with critical illnesses should undergo nutrition screening to identify those with 
existing malnutrition and those who are nutritionally-at-risk.
1B) a formal nutrition assessment with the development of a nutrition care plan should be required, 
especially in those children with premorbid malnutrition.

D

e

2 2a) energy expenditure should be assessed throughout the course of illness to determine the energy needs of 
critically ill children. estimates of energy expenditure using available standard equations are often unreliable. 
2B) In a subgroup of patients with suspected metabolic alterations or malnutrition, accurate measurement of 
energy expenditure using indirect calorimetry (Ic) is desirable. If Ic is not feasible or available, initial energy  
provision may be based on published formulas or nomograms. attention to imbalance between energy 
intake and expenditure will help to prevent overfeeding and underfeeding in this population.

D

e

3 there are insufficient data to make evidence-based recommendations for macronutrient intake in critically ill 
children. after determination of energy needs for the critically ill child, the rational partitioning of the major 
substrates should be based upon understanding of protein metabolism and carbohydrate- and  
lipid-handling during critical illness.

e

4 4a) In critically ill children with a functioning gastrointestinal tract, enteral nutrition (eN) should be the  
preferred made of nutrient provision, if tolerated.
4B) a variety of barriers to eN exist in the pediatric intensive care unit (pIcU) clinicians must identify and  
prevent avoidable interruptions to eN in critically ill children.
4c) there are insufficient data to recommend the appropriate site (gastric vs postpyloric/transpyloric) for 
enteral feeding in critically ill children. post-pyloric or transpyloric feeding may improve caloric intake when 
compared to gastric feeds. post-pyloric feeding may be considered in children at high risk of aspiration or 
those who have failed a trial of gastric feeding.

c

D

c

5 Based on the available pediatric data, the routine use of immunonutrition or immune-enhancing diets/ 
nutrients in critically ill children is not recommended.

D

6 a specialized nutrition support team in the pIcU and aggressive feeding protocols may enhance the overall 
delivery of nutrition, with shorter time to goal nutrition, increased delivery of eN, and decreased use of par-
enteral nutrition. the affect of these strategies on patient outcomes has not been demonstrated.

e

reproduced with permission from Mehta NM, compher c, a.S.p.e.N. Board of Directors: a.S.p.e.N. clinical Guidelines: nutrition support of the critically ill 
child, J parenter enteral Nutr  2009 ;33(3):260-276.

■  TAbLE 9-1. A.S.P.E.N Pediatric Nutrition Support Guideline Recommendations
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FIGURE 9-1. components of the pIcU enteral Nutrition algorithm at Boston children’s hospital.

Select Route of Nutrition: Enteral or Parenteral
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to meet nutrition

goals orally?
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Yes No
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Yes No
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Start CONTINUOUS postpyloric feeds at
1 mL/kg/hr or 25 mL/hr (max)

--Record baseline abdominal girth (AG)
--Gastric residual volume (GRV) is not
   measured

Yes

Start CONTINUOUS gastric feeds at
1 mL/kg/hr or 25 mL/hr (max)

--Record baseline AG
--GRV is measured before initiation and
   at each advancement step

No

Is patient 
ready to advance to 

full enteral 
nutrition?

Consider trophic feeds
0.5 mL/kg/hr (max 20 mL/hr)

NoYes

Consider parenteral nutrition

Reassess Daily

AFTER 4 HOURS
Measure GRV and assess for signs of intolerance

Does patient
have GRV > 3 mL/kg or

evidence of EN
intolerance?

HOLD RATE FOR 1 HOUR
Replace GRV up to 3 mL/kg
OR max of 150 mL (unless

contraindicated)

Yes

Advance feeds (q 4hrs),
measure GRV and assess
for signs of intolerance

(q 4 hrs)

No

Reassess after
1 hour for signs
of intolerance

Does patient
still have signs of EN
intolerance or GRV >

3 mL/kg?

Stop feeds for
4 hours

Yes

No

Has goal volume
been met?

Yes

Consider the following:
- Promotility agent
- Post pyloric feeds (if gastric fed)
- If PN is indicated
- Implement bowel management guideline
- Anti-diarrheal agents

No

- Review energy and protein adequacy
- Consider increasing density of formula
- Monitor weight
- Consider indirect calorimetry
- Implement bowel management guideline
- Monitor for signs of overfeeding
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undergoing thoracic or abdominal surgery, showed the 
SGNA nutrition classification to correlate fairly to mod-
erately with nutritional assessments based on anthropo-
metric measurements.24,25 Ultimately, whether assessment 
is performed by a validated tool or traditional anthropo-
metric measurements, a skilled provider, likely a dietitian, 
is critical to reliable assessments. 

Defining Energy Intake Goal
The metabolic demands of critically ill patients vary 
depending on pre-illness nutritional status, disease sever-
ity, and stages of that disease. Consequently, the most 
accurate and gold standard measure of energy require-
ment is indirect calorimetry (IC). IC is not widely imple-
mented, however, given that it requires trained personnel 
and resources.26 The current A.S.P.E.N. guidelines recom-
mend the consideration of IC, and studies have shown 
that up to 71% of pediatric critically ill patients meet indi-
cations for IC.27

Alternatively, the most common practice is the use 
of population-based equations to estimate the energy 
requirements, with the possible inclusion of stress factors 
accounting for altered metabolic states. The most common 
equations used include the WHO, Schofield, and White 
equations.28-30 Estimated energy requirements (EER)  
have been shown to be inaccurate when compared to 
measured resting energy expenditure by IC in critically 
ill patients; this could result in the risk of overestimating 
or underestimating energy requirements.28-31 Use of EER 
for determining energy needs should include accurate 
anthropometric measurements, close follow-up for pos-
sible energy imbalance, and consideration of IC in spe-
cial populations, such as those at higher risk of energy 
imbalance as recommended by A.S.P.E.N.6 Algorithms 
should include guidance on the best available method for 
assessing energy requirements for individual institutions. 
Energy prescriptions must be based on this assessment 
and must be regularly revisited during the course of ill-
ness as the clinical condition changes.

Considerations for Route of Nutrient Delivery
Enteral nutrition is recommended over PN in patients 
with a functional GI tract. Adult studies have consistently 
shown decreased infection morbidity associated with 
EN over PN.32 Individual studies have shown decreased 
mortality, shorter length of stay, and decreased nutrition 
costs as well.33,34 Parenteral nutrition may be used in cases 
where delays in initiating EN could result in prolonged 
suboptimal nutrition intake in a vulnerable host.

Preinitiation

Nutrition assessment is among the few evidence-based 
recommendations in the 2009 A.S.P.E.N. Clinical Guide-
lines on nutrition support of the critically ill child.6 Per-
forming a nutrition assessment prior to implementing 
a nutrition plan is critical, given the high prevalence of 
both acute and chronic malnutrition in the pediatric 
critically ill population. The aim of a nutrition screen is 
to identify patients who would require a more in-depth 
nutrition assessment, targeting those who are already 
malnourished or at a high risk of nutritional deteriora-
tion. Objective nutrition assessment includes anthro-
pometric measurements and biochemical assessment. 
Anthropometric measurements should at least include 
height or length and weight, which are then normalized 
to classify the nutritional state based on Z-scores for 
weight-for-age, height/length-for-age, weight-for-length 
or body mass index (BMI)-for-age.23 Skinfold measure-
ments and mid-upper-arm circumference measurements 
are used to assess body composition, particularly fat con-
tent. All values should be evaluated in the context of chal-
lenges to obtaining measurements in critically ill patients 
(e.g., recumbent lengths or the use of bed scales) and the 
patient’s fluid balance. Algorithms should include recom-
mendations for the type and frequency of measurements 
and describe standard techniques and the personnel 
assigned to anthropometry on admission and during the 
course of PICU stay. 

Biochemical testing has been suggested to assess 
duration and severity of malnutrition and inflammation. 
Albumin and prealbumin are most commonly tested to 
assess nutritional status; however, these are not reliable 
in the critically ill patient due to alterations in fluid bal-
ance and inflammation resulting in decreased levels of 
both. Inflammation in particular alters prealbumin lev-
els due to a shift in the liver toward increased produc-
tion of acute-phase reactants such as C-reactive protein.6 
Consequently, some have suggested obtaining C-reactive 
protein, procalcitonin, and interleukin-6 levels to assess 
the patient’s inflammatory state and assess its influence 
on nutritional status. 

Nutrition assessment tools as a means to determine 
nutritional status exist, but are not widely implemented or 
recommended by national nutrition guidelines. Subjective 
global nutritional assessment (SGNA) is a pediatric modi-
fication of a nutrition assessment tool developed for adults 
that has been evaluated in children. Two separate stud-
ies, one in critically ill children and another in children 
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has been described, the real utility of this approach 
instead of using human milk or formula as the first step 
is questionable.15 

Evidence is lacking on the benefits of bolus versus con-
tinuous feeds in critically ill children. Using tolerance and 
risk for aspiration as a guide, critically ill children may 
progress from continuous to bolus feeds as their clinical 
condition directs.41 

The overall limiting factors related to the volume of 
enteral feeds are intolerance (diarrhea, high gastric resid-
ual volume, abdominal distention, constipation) and fluid 
restriction. For children who develop feeding intolerance, 
reducing the feed volume may improve tolerance. For 
children whose enteral feeds are limited by fluid restric-
tion, maximizing energy density may improve nutritional 
intake; however, monitoring the child for feeding intoler-
ance is critical with hyperosmolar feeds.

Enteral Nutrition Intolerance
Enteral feeding intolerance is described in the critically 
ill population with prevalence rates of approximately 
60% in both adult and pediatric populations.42-44 Critical 
illnesses such as sepsis, increased intracranial pressure,45 
certain medications, and poor systemic perfusion can 
result in abnormal GI motility.46 Diagnostic tests of poor 
GI motility such as the paracetamol absorption test47 are 
not practical for routine use. Bedside clinical signs, such 
as gastric residual volume measurement, abdominal dis-
tension, emesis, diarrhea, and lack of bowel sounds, are 
commonly used as markers of feeding intolerance in 
the PICU.48,49 Perceived intolerance to EN is one of the 
principal factors resulting in failure to reach EN goals. A 
uniform definition and approach to managing EN intoler-
ance in the algorithm is highly desirable.

Gastric Residual Volume
Increased gastric residual volume (GRV) is the most cited 
cause for stopping feeds and subsequently the most com-
mon definition of enteral feeding intolerance reported. 
Adult studies report increased GRV in 35% to 45% of 
enterally fed critically ill patients.32,50,51 However, the 
threshold for defining increased GRV is highly variable. 
Stopping feeds for GRVs <500 mL is not recommended in 
adult nutrition guidelines.51 In the pediatric population, 
GRV thresholds for defining feeding intolerance have 
not been studied. They vary greatly between institutions, 
and hence their use as a lone marker of intolerance is not 
recommended in pediatric guidelines.6 In the pediatric 

For EN delivery, the gastric or postpyloric route may 
be considered. In adults, systematic reviews have not 
revealed a significant difference in total energy intake, 
risk of aspiration pneumonia, and length of stay between 
gastric or postpyloric EN delivery.35,36 Some studies have 
suggested that feeds are initiated earlier when using the 
gastric route, likely due to delays in initiating feeds when 
choosing the postpyloric route, which in turn are due to 
difficulties in bedside postpyloric tube placement.37,38 
Notwithstanding the limited evidence, the postpyloric 
feeding route should be considered in patients receiving 
gastric feeds with feeding intolerance and subsequent 
poor advancement of feeds, or patients with known high 
risk or history of aspiration.6,39 Algorithms for EN in the 
PICU may include the indications for postpyloric feeding 
based on the available local expertise and resources for 
placing postpyloric feeding tubes.

Contraindications for Enteral Nutrition
Most contraindications for EN are relative and based 
on clinical judgment. Abdominal surgery or pathology  
(e.g., GI bleeding) and active ongoing resuscitation with 
escalation of vasopressor support are the most commonly 
stated contraindications for EN.39 In well-nourished older 
patients, if it is projected that nutrition goals will not be 
met enterally by 5 to 7 days due to a contraindication or 
as a result of feeding intolerance and failure to advance 
calories, initiation of PN may be considered. Parenteral 
nutrition is usually initiated earlier in newborns and in 
malnourished children.

Initiation and Advancement  
of Enteral Nutrition 
This section of the algorithms is probably the most impor-
tant. Bedside teams benefit from stepwise guidance on 
starting and advancing EN. In particular, specific start-
ing rate and frequency of rate increase are desirable. Most 
institutions recommend early EN initiation—within 24 
to 48 hours after admission. If the goal of nutrition is to 
provide trophic feeds, initiation of feeding volumes with 
isotonic formula or human milk range from 0.5 mL/kg/hr  
to 2 mL/kg/hr, depending on the condition and size of 
the patient.40 In children for whom the plan is to pro-
vide full nutrition via enteral feeds, feedings may start 
at this volume and be advanced by 1 to 5 mL/hr every  
4 hours in infants40 and 5 to 20 mL/hr every 2 to 4 hours in 
children.7,40 While initiating trophic feeds with electrolyte 
solution for infants with hypoplastic left heart syndrome 
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abdominal distention has not been correlated with 
other signs of feeding intolerance such as increased 
GRV.54,55 The reported prevalence of abdominal dis-
tension is between 6%56 and 9.5%34 in the pediatric 
population, though higher in the adult population, 12%  
to 28%.57,58

Presence or absence of bowel sounds is an imprecise 
clinical sign of feeding tolerance or altered GI motility. 
Auscultation of bowel sounds does not correlate accu-
rately with feed tolerance, as even in the setting of an ileus, 
bowel sounds may be appreciated. 

Management of Intolerance
Many strategies are employed to overcome feeding intol-
erance despite minimal to no scientific evidence to sup-
port any one of them. Most interventions address slow GI 
motility and its associated clinical signs: abdominal dis-
tension and high GRVs. The simplest of these is reducing 
the volume or slowing the rate of advancement of feeds. 
Feeding tolerance may improve when changing the rate of 
advancement, but it may delay the achievement of energy 
goals or result in failure to meet energy goals. Prokinetics 
can improve GI motility—mostly delayed gastric empty-
ing and partially small-bowel dysmotility. Prokinetic use is 
limited by the associated adverse drug reactions, medica-
tion interactions, and loss of effect with prolonged use or 
tachyphylaxis.59 The postpyloric feeding route is a com-
monly adopted strategy to overcome the intolerance to 
gastric feeds. However, it does require a skilled provider 
for placement, may be challenging to place at the bedside, 
and there is no convincing evidence to favor the postpy-
loric route to the gastric route in critically ill children.6 
A stepwise escalating bowel regimen helps promote regu-
lar bowel movements, prevents constipation, and might 
improve feeding tolerance in critically ill children. Hence, 
it is incorporated into the enteral feeding guidelines in the 
PICU.

Enteral Nutrition Maintenance and Adjuncts
The benefits of early initiation of EN have been well 
described and hence adopted at most centers. The ongo-
ing challenge lies in maintaining optimal EN over time 
for critically ill patients that have a longer ICU length of 
stay. Ongoing intolerance, fasting for procedures, tube 
malfunction, and changes in patient condition, as well as 
rotating practitioners caring for these patients, have all 
been implicated as reasons why a patient may not be able 
to maintain goal EN.41,60 Enteral nutrition algorithms may 

population, aspiration by small enteric tubes might make 
GRV measurements inaccurate. After measurement, 
the residual volume may be wasted or refed. Though no 
definitive data are available, refeeding GRVs, and possibly 
holding ongoing feeds if needed, is a common practice in 
PICUs. In the absence of pediatric data, it may be reason-
able to consider GRVs in association with other symptoms 
of feeding intolerance, particularly abdominal distention 
and emesis. While a high GRV by itself is probably not 
an indication of feeding intolerance, the additional pres-
ence of other GI symptoms may indicate a true feeding 
intolerance.

Diarrhea, Constipation, and Emesis
The second most commonly cited clinical sign of pos-
sible feeding intolerance is diarrhea. Diarrhea has been 
reported in one-third to one-half of the critically ill 
population, including pediatric subsets.48,52 The most 
common definition of diarrhea is more than 3 loose 
stools a day, though broader definitions such as sud-
den increase in frequency, volume, and fluidity of stool 
have also been used.7,42,44 Constipation, lack of bowel 
movements, or infrequent bowel movements are also 
poorly defined, with prevalence ranging between 33% 
and 79%.46,47,53 Slowed GI motility, though multifac-
torial in etiology, is highly influenced by commonly 
administered medications in ICUs, such as narcotics, 
and is treated with stimulants and softeners. Algorithms 
may include a uniform institutional approach to diar-
rhea and constipation.

Emesis and reflux of gastric contents are concerning 
possible symptoms of GI intolerance due to the risk of 
aspiration in the critically ill patient. Both may be com-
mon, gastroesophageal reflux (GER) more so, as critical 
illness and many medications used in the PICU cause 
relaxation of the lower esophageal sphincter, facilitating 
the retrograde flow of gastric contents into the esophagus 
and potentially the upper airway.7 Increased gastric con-
tents possibly due to delayed gastric emptying can poten-
tiate these symptoms, and medications can also lead to 
nausea and emesis. Emesis is reported in in 10% to 45.2% 
of the PICU population.7,44

Abdominal Distension and Bowel Sounds
Abdominal distension is a potential sign of feed intol-
erance, as poor GI motility results in accumulation of 
contents and subsequently GI distension. However, it is 
unclear what degree of change in abdominal girth is an 
indication of poor feeding tolerance. More importantly, 
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admissions and chronic illnesses. In newborns and 
infants, who have faster growth rates, frequent measure-
ment of head circumference and length is vital to con-
firm matching of energy expenditure to energy intake 
and provision. Protein malnutrition due to protein loss 
and inadequate intake is common in critically ill patients, 
resulting in risk of morbidity, including delayed wean 
from mechanical ventilation, poor wound healing, and 
loss of skin integrity. Monitoring lean body mass via 
anthropometric variables such as the mid-upper arm cir-
cumference can gauge loss or gain in lean body mass as 
protein intake is maximized. Finally, routine biochemical 
and micronutrient testing, including vitamin levels, may 
be necessary in prolonged illness and must be included 
as part of the institutional algorithm. 

Feeding Tube Management
In PICUs that use nasally or orally inserted feeding tubes, 
there is the risk of tube dislodgement or obstruction. 
Gastric feeding tubes are easily replaced, but specialized 
skills are necessary for replacing postpyloric feeding tubes. 
In a study by Mehta et al., 43% of patients with postpyloric 
feeding tubes experienced prolonged EN deprivation due 
to tube-related complications.41 Development of strate-
gies that expedite tube replacement and limit the amount 
of time of EN deprivation are worthwhile as part of an 
EN guideline.

Other Enteral Nutrition Adjuncts
Providing guidelines for the use of adjunctive therapies 
such as a bowel management, motility agents, and ant-
acids are pivotal to the success of preventing and treating 
EN intolerance.
Bowel r egimen Underlying severity of disease, pro-
longed nil per os (NPO) status, abdominal surgery, 
negative fluid balance, and medications, particularly 
narcotics, sedation, and muscle relaxants, are all reasons 
why critically ill patients may have changes in their bowel 
movements, including constipation. Constipation can 
result in abdominal distension and subsequent concern 
for feeding intolerance and interruption of feeds, as well as 
possible small intestinal bacterial overgrowth and, in some 
studies, has been associated with prolonged ICU stay.62,63 
Application of a bowel regimen has been shown to reduce 
constipation,64 and some studies have suggested that early 
defecation is associated with shorter hospital length of 
stay.65 Insufficient evidence is available to guide the use 
of specific stool softeners and laxatives. In the setting of 
multifactorial etiology for constipation, preventive agents 

include some of the following guidelines to help maintain 
EN delivery.

Fasting Guidelines
Critically ill children undergo a variety of procedures and 
tests that may require fasting. As such, adhering to fasting 
guidelines is required. The American Society of Anesthe-
siologists published an updated guideline in 201161 that 
addresses fasting recommendations for the healthy child 
(see Table 9-2). 

Ongoing Nutrition Surveillance
Ongoing nutritional surveillance is important to evalu-
ate the success of a patient’s EN regimen. Monitoring for 
weight gain may serve as an indicator of meeting the EER 
and energy goals. However, obtaining accurate weight 
data can be challenging in the PICU. In a recent survey 
of nutrition practices in the UK, less than one-third of 
the units had a specific policy for frequency of weigh-
ing patients on the unit.60 The actual act of obtaining a 
weight may place some critically ill patients at risk for 
extubation or hemodynamic instability, and the risk/ben-
efit ratio must be considered prior to obtaining a weight 
in such cases. Weight data can sometimes be difficult to 
interpret due to fluid shifts. New and innovative strate-
gies for accurately weighing patients are greatly needed. 

Other anthropometric measures may also be relevant, 
particularly in the setting of patients with prolonged 

Ingested Material Minimum Fasting Time

clear liquids 2 hours

human milk 4 hours

Infant formula 6 hours

Nonhuman milk 6 hours

Light meal (toast and  
clear liquid)

6 hours

fried or fatty food meal 8 hours or more

reproduced with permission from american Society of anesthesiologists 
committee: practice guidelines for preoperative fasting and the use of 
pharmacologic agents to reduce the risk of pulmonary aspiration: appli-
cation to healthy patients undergoing elective procedures: an updated 
report by the american Society of anesthesiologists committee on Stan-
dards and practice parameters, anesthesiology  2011;114(3):495-511.

■  TAbLE  9-2. ASA Recommended Fasting Times
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EN in and of itself can constitute prophylaxis in a criti-
cally ill child. In their review of the literature on this 
topic, Quenot et al. found that routine use of antacid 
medications for stress ulcer prophylaxis could not be 
justified in an adult population.76 The authors recom-
mend that patients should be screened for risk for stress 
ulcer bleeding and those patients found to be at risk 
should receive prophylaxis. The most commonly cited 
risk factors are mechanical ventilation for >48 hours, 
coagulopathy, splanchnic hypoperfusion, history of 
GI bleeding within 1 year, sepsis, ICU admission >1 
week, and glucocorticoid therapy.76,77 The practice of 
prescribing antacid therapy varies widely from ICU 
to ICU, and standardized risk assessment is not com-
monly undertaken. The most common agents currently 
used for ICU stress ulcer prophylaxis are proton pump 
inhibitors, which block acid secretion, and histamine 2 
receptor antagonists, which decrease acid secretion. The 
American Society of Health System Pharmacists suggest 
that both agents are safe for acid suppression in criti-
cally ill patients, but the proton pump inhibitors offer 
the advantage of fewer drug interactions and decreased 
need to adjust the dosing for renal insufficiency.78

 ■  DEVELOPMENT AND IMPLEMENTATION 
OF AN ENTERAL NUTRITION GUIDELINE/
ALGORITHM

This section describes some of the key steps and strategies 
involved in the successful implementation of a uniform 
feeding guideline or algorithm in the PICU.

Key Stakeholders
Prior to developing EN guidelines, it is necessary to iden-
tify key stakeholders to participate in the development 
process, as well as who the end users will be. While it is the 
physician, nurse practitioner, or physician’s assistant who 
prescribes EN, the bedside nursing staff implements any 
guidelines. The more specific and self-directed the guide-
line is, the greater the likelihood that it will be adhered 
to. It is necessary to have full cooperation from all levels 
of staff.

Minimum recommendations of disciplines to be 
involved in guideline development include:

•	 Pediatric critical care physicians with an interest in 
critical care nutrition and an understanding of insti-
tutional hierarchy

against constipation, such as stool softeners and fiber, and 
active agents against constipation, such as enemas and 
laxatives, should be considered. One special consider-
ation is the use of peripherally acting mu-opioid recep-
tor antagonists (PAMORAs), such as methylnaltrexone, 
which reverses the effect of narcotics primarily on the GI 
tract and the bladder, or oral naloxone in patients where 
narcotic use is thought to be a primary cause of constipa-
tion.66 Peripherally acting mu-opioid receptor antagonists 
have been studied primarily in adults and most promi-
nently in the chronically ill patient population, though 
recent published case reports of a pediatric patient and a 
neonate proved methylnaltrexone to be effective in pro-
moting bowel movements with no major side effects.67-69

Prokinetics Prokinetics, drugs that increase motility 
of the GI tract, are considered first-line treatment for 
feeding intolerance.50 The most commonly studied and 
approved prokinetics are erythromycin and metoclo-
pramide. Erythromycin, a macrolide antibiotic, improves 
contractility of the stomach and duodenum.59,70 Meto-
clopramide, a selective dopamine and serotonin recep-
tor antagonist, improves contractility not only of the 
stomach and the duodenum, but also the esophagus 
and jejunum, and is hence used to facilitate nasojeju-
nal tube placement.64,66 Both agents, as monotherapy or 
combined therapy, have been shown to improve motil-
ity, and in some studies result in faster attainment of 
feeding goal volume.71,72 However, not all studies have 
reached a similar conclusion, and both agents result 
in decreased effect with time due to tachyphylaxis and 
have significant side effects.73,74 Erythromycin most  
importantly can cause QT prolongation, an important 
side effect given that ICU patients are often on mul-
tiple QT-prolonging medications. Metoclopramide has 
a black box warning for its risk of permanent tardive 
dyskinesia, a disorder of involuntary movements, when 
used long term. The risk from short-term use in the ICU 
is smaller, but not zero.

Antacids Gastric stress ulcers are thought to develop 
commonly in ICU patients, but the incidence of actual 
significant bleeding is quite low. Cook et al. place the 
risk of clinically significant bleeding at 1.5% for adult 
ICU patients.75 Most published studies to date have 
focused on adult ICU patients. There is a paucity of 
evidence in the PICU population. To date, there are no 
evidence-based data to confirm the need for stress ulcer 
prophylaxis while receiving EN in the ICU or whether 
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for bolus versus continuous gastric feeds? What are the 
indications for postpyloric feeds? What patient popula-
tions are at risk for pulmonary aspiration of gastrointes-
tinal contents?

•	 Assign team members to answer specific directed  
questions.

•	 Convene as a group to review evidence.
•	 Create a guideline based on a review of literature, 

expert consensus, and the specific needs or challenges 
of the PICU.

•	 Create a document in a form that is user friendly, easy 
to follow, explicit, and self-directed whenever possible.

The entire process is time consuming and cannot be 
expected to be completed quickly. Disseminating the results 
of presurvey data during the development process may be 
helpful to maintain focus on EN issues during this time.

Implementation of an EN Guideline
The implementation of a nutrition guideline requires a 
stepwise effort to educate, using multiple avenues to dis-
seminate the information to the entire group. Nutrition 
champions play an important role in providing bedside 
support to nursing and physician groups as the new 
guidelines are being adopted.

Education
Prior to implementing the new guideline, support/
approval should be garnered from the appropriate over-
seeing bodies, such as an ICU governance committee or 
a nutrition oversight committee. An assessment of the 
multidisciplinary team’s knowledge of critical care nutri-
tion may be helpful in identifying areas of concentration 
for education at the time of guideline implementation. A 
pretest or survey can be implemented online, with ques-
tions focused on each component of the guideline. Results 
of the pretest can be objectively shared with members of 
the multidisciplinary team to highlight areas for growth/
improvement. It can also be used to highlight areas of 
needed education.

Implementing any type of comprehensive prac-
tice change takes a multipronged approach to ensure 
success. Enrolling the assistance of a nurse educator to 
help plan a sequential rollout that meets the needs of all 
disciplines may be prudent. Widespread introduction to 
the guideline by all disciplines is necessary. Education 
can be personalized to fit the needs of each discipline. 

•	 Intensive care unit staff nurses
•	 Clinical registered dietician
•	 Clinical pharmacist
•	 Gastrointestinal/nutrition specialist
•	 Pediatric surgeon

Others may include:

•	 Administrative support
•	 Nurse educator/leader

If special patient populations are involved, it is critical to 
have input from those specialists that have a vested interest in 
the population. Examples of special populations may include 
neonates, children with congenital heart disease, solid organ 
transplant patients, and stem cell transplant patients.

Guideline Development Process
In the first half of this chapter, we discussed key compo-
nents of an EN guideline that are important to implement-
ing a successful protocol. Each unit is unique, however, 
with its own distinct challenges. Developing guidelines 
without surveying current practices in the PICU may 
result in missing local practice challenges. Mehta et al.41 
found in a presurvey of EN practices that avoidable inter-
ruptions accounted for 58% of all EN interruptions. These 
interruptions were mostly related to excessive fasting 
times around intubation/extubation and subjective symp-
toms of intolerance. These interruptions led to higher PN 
use in these patients with associated higher costs.

Components of a presurvey may include collecting 
data of daily EN usage over a specified period, including 
time to goal feeds, feed interruptions, feeding route, staff 
perceptions of feed intolerance, fasting times, and the use 
of adjunctive therapies.

Recommended steps to developing an EN guideline 
include:

•	 Develop a multidisciplinary team.
•	 Establish a timeline for each phase of guideline  

development. 
•	 Conduct a presurvey of current EN practices.
•	 Analyze predata and utilize to identify priorities for 

guideline development.
•	 Develop evidence-based questions for each area of 

concern.

Example: Preferred route for feeding in the PICU. 
Questions may include the following: What are indications 
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Deficiencies in the guidelines may also become evident 
from the results of the postimplementation survey. Ongoing 
refinements to the actual guideline document based on new 
evidence and feedback from the institutional implementa-
tion are an expected and necessary part of the process.

 ■CONCLUSIONS

The development of guidelines and algorithms to support 
the initiation and management of enteral feedings can be 
done successfully when the right multiprofessional team is 
gathered. These guidelines should include steps to assess the 
nutritional needs, selection of the appropriate route of nutri-
ent delivery, emphasis on enteral feeding in eligible patients, 
uniform guidelines to address intolerance, and the use of 
adjuncts to maintain the nutrient delivery during the PICU 
course. The guidelines should be based on institutional chal-
lenges and barriers. Once implemented, outcomes should 
be monitored and guidelines should be modified as patient 
outcomes, institutional feedback and new evidence emerge.

The A.S.P.E.N. guidelines recommend providing EN 
to critically ill children. While the existing data overall 
support the use of enteral feeds to improve outcomes in 
critically ill children, challenges continue, given the lack 
of definitive randomized controlled trials evaluating this 
practice. It remains unclear whether the unfounded con-
cerns about feeding critically ill children enterally will be 
supported or refuted. For now, given our best evidence, 
enteral feeding is known to reduce mortality, reduce infec-
tion risk, and reduce hospital length of stay. 

A learning module may be created to highlight impor-
tant aspects of the guideline. Visual reminders, such as 
posting the guideline on the front page of a unit’s web-
site or at the bedside, are helpful. Developing a plan to 
include discussion of nutritional goals in multidisci-
plinary rounds is paramount in creating a culture that 
values nutritional care. Weekly rounds by members 
of the guideline development team for the first 1 to 2 
months after implementation to maintain a focus on the 
guidelines may also be helpful.

barriers to Successful Implementation
Any time a new practice is introduced, there is the poten-
tial for resistance. Some components of a new EN guide-
line may call for a re-evaluation of long-held clinical 
practices and caregiver beliefs. Status quo can be difficult 
to affect. A study of nutritional practices in the UK and 
Ireland found that among the reasons that clinicians did 
not start feeds in the PICU, some were highly subjective, 
such as nurses did not start feeds in a timely manner or the 
patient was “too ill” to be fed.60 In a survey of adult ICUs 
in the UK that had either a local or national EN guideline, 
Judges et al.79 found that the more experienced a clinician 
was, the more their EN practice was influenced by experi-
ence over a written guideline. A lack of definitive evidence 
for some nutritional practices may be put forward as an 
argument to not adhere to newly established guidelines. 
Overcoming an ingrained culture can be difficult, but it 
has been shown that the more comprehensive a guideline 
is, the more likely it will be followed with good outcomes.7

Auditing Practice Change
Any comprehensive practice change that is implemented 
will take a minimum of 3 to 6 months to become ingrained 
in daily practice. The timing for collecting postimplemen-
tation data will be contingent on the size of the unit, the 
numbers of staff that require training, how homogeneous 
or heterogeneous the patient population is, and other 
competing initiatives.

The postimplementation survey should closely mimic 
the preimplementation survey. When feasible, the survey 
should be implemented by the same data collectors as the 
presurvey to maintain reliability. Demographic variables can 
be compared for similarities in the 2 patient populations. 
Time to EN initiation; time to goal volume feeds; PN usage; 
and the number, duration, and reasons for feed interruptions 
can be compared. Challenges not met after implementation 
can then be identified and prioritized for ongoing education. 

 ■KEy POINTS

•	 Nutrition algorithms facilitate uniform stepwise 
nutrient delivery and are associated with higher 
likelihood of achieving nutrition goals in the PICU.

•	 Nutrition algorithms must include recommenda-
tions for screening, assessment of nutritional status, 
route of feeding, EN initiation, and EN maintenance.

•	 Definition and management of EN intolerance are 
important considerations in an algorithm.

•	 A multidisciplinary approach, involvement of key 
stakeholders, assessment of local barriers, and 
review of best available evidence are important 
when developing an institutional feeding algorithm. 
Implementation of an algorithm requires educa-
tion, phased implementation, and regular audits to 
examine problems with adherence.
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the best nutrition for any high-risk, critically ill neonate is 
an evolving field, and determining how to deliver the best 
nutrition for gut maturation as well as effective nutrient 
absorption is still debated. Previous nutritional strategies 
emphasized catch-up growth through increased calories, 
with an emphasis on carbohydrate and lipid intake. This 
nutritional plan led to late catch-up growth, with infants 
that were shorter and fatter than term infants at the same 
corrected gestational age.4 In addition to providing higher 
calories, new data have shown protein to be an impor-
tant component for lean muscle mass synthesis and linear 
growth.5 Appropriate nutrition is also important to pre-
vent anemia of prematurity and osteopenia of prematurity, 

 ■ IntroductIon

Over the last 30 years, survival rates have improved among 
preterm infants of all gestational ages.1 With increasing 
survival rates, it has become evident that neonatal nutri-
tion is important to prevent postnatal growth restriction, 
achieve appropriate body composition, and prevent neu-
rodevelopmental impairment.2 Nutrition previously pro-
vided by the placenta can now be provided as parenteral or 
enteral support in an effort to allow these infants to mimic 
intrauterine growth as closely as possible. Studies have 
shown growth velocity alone to be associated with develop-
mental outcomes, emphasizing the importance of appro-
priate nutrition for the neonatal population.2,3 Providing 
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longer, obtaining direct bilirubin is important to evalu-
ate for cholestasis (direct bilirubin ≥2 mg/dL (≥34.2 
mmol/L)).Electrolytes such as potassium, sodium, cal-
cium, and phosphorus are important to evaluate 1 to 2 
times in the first week of nutrition support and then can 
be spaced to biweekly or as needed. Bone health screening 
should also include alkaline phosphatase in the first week 
and then biweekly to evaluate for osteopenia.

clinical Assessment tools
New tools are currently being investigated for better 
assessment of neonatal nutrition, since the current stan-
dard use of anthropometrics has limits. Head circumfer-
ence varies based on placement of the measuring tape. 
Length requires at least 2 individuals to measure accu-
rately and can be difficult to obtain in neonates that can-
not be moved easily. Weight is more standardized, but can 
vary based on fluid/hydration status. Air displacement 
plethysmography is a new technology that is noninvasive 
and can measure fat and fat-free mass.12,13 Other methods 
of measurement, such stable isotope measurement and 
dual-energy x-ray absorptiometry (DEXA) scan to asses 
bone mineral density have been utilized for research pur-
poses, but are not feasible in the clinical setting. 

Energy
The resting energy expenditure (REE) in a growing fetus 
is estimated to be a minimum of 35 kcal/kg per day, which 
is provided by maternal glucose, placental lactate, and 
maternal amino acids.9 The growing neonate, however, has 
a higher metabolic demand due to added demand of cold 
stress, nutritional processing, activity, and growth. The 
neonate has an REE of 45 kcal/kg per day.14 Each gram of 
new tissue requires 4.5 to 5 kcal/g for synthesis. In order to 
achieve fetal accretion rates of 16 g/kg per day requires 72 
to 80 kcal/kg above REE.15,16 To provide adequate calories 
for REE and growth, a minimum of 80 to 90 parenteral 
kcal17 or 120 enteral kcal/kg per day should be provided 
to the preterm infant,18 or 100 to 110 kcal/kg per day for 
the full-term critically ill neonate.19 The amount of nutri-
tion provided should create a positive energy balance to 
prevent further nutritional deficits in a population with an 
already increased metabolic demand. Caloric deficits can 
result in the use of amino acids for anabolism, creating a 
possible protein deficit.20 Younger gestational age and low 
birth weight can increase this baseline requirement.15,21 
See Table 10-1 for the estimated energy and protein intake 
recommendations for VLBW infants.

and appears to play an important role in prevention of 
necrotizing enterocolitis (NEC).6

 ■GoAls for Growth And nutrItIon 
AssEssmEnt

The goal set forth by the American Academy of Pediatrics 
is to provide neonatal nutrition to best mimic fetal accre-
tion rates for the appropriate gestational age of each infant.7 
These intrauterine growth rates are estimated to be 20 to 
30 grams per day, increasing with gestational age nearing 
a full-term fetus. Postnatal growth rate goals for preterm 
infants range from 16 to 18 g/kg per day.8 Goal increase 
for length is 1.1 cm per week, while goal increase for head 
circumference is 0.7 to 1 cm per week. Once infants near 
term-corrected gestational age, a goal of 20 to 30 grams per 
day is appropriate, and infants should follow the trajectory 
of growth in the World Health Organization charts.7 

Intrauterine growth rates are often not achieved until 
near the time of discharge from the neonatal intensive 
care unit (NICU), while needed catch-up growth does 
not occur until after discharge.1 When growth mimick-
ing fetal rates are achieved, infants are often found to 
be shorter than their term counterparts.9 Achievement 
of appropriate postnatal growth will reduce the risks of 
developing morbidities such as cardiovascular disease and 
neurodevelopment impairment.10 

Assessment of neonatal nutritional status
Assessment of nutritional status can be difficult in the 
preterm infant where normative standardized data are 
limited, especially among the extremely low birth weight 
(ELBW) (<1500 gm) and very low birth weight (VLBW)  
(<1000 gm) populations. Anthropometric analysis 
remains the standard of care (head circumference, length, 
and weight), but can vary widely from infant to infant. 
These data are also difficult to obtain in a consistent 
manner on smaller, critically ill infants with endotracheal 
tubes, umbilical catheters, and large fluid fluctuations. 
Monitoring growth with at least weekly measurements 
plotted on the Fenton premature infant growth curves8 not 
only shows whether adequate growth is being achieved at 
that time, but also displays trends of growth over time. 
Protein adequacy can be evaluated acutely by using the 
blood urea nitrogen (BUN), which has been established as 
an important tool to assess protein accretion, with levels 
less than 9 often a sign of suboptimal protein intake.11 If 
the neonate is on parenteral nutrition (PN) for 2 weeks or 
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increase as gestation age decreases.28 Whey and casein are 
the major protein sources in human milk and formula 
for the neonate. Whey has increased solubility, provides 
more rapid gastric emptying, and an increased amount 
of branched-chain amino acids (BCAA). The content of 
BCAA in whey protein has also been found to be asso-
ciated with increased skeletal muscle protein synthesis 
and transient rise in leucine oxidation.29 Protein con-
tent has been shown to decrease as breast milk matures.  
Whey-to-casein ratio in colostrum is 80:20, which later 
changes to 55:45 in mature milk.30 Preterm formulas are 
higher in protein content than standard-term formulas, 
providing a 60:40 composition of protein, more closely 
mimicking that found in breast milk, but only providing 
3 to 3.6 g/kg per day without fortification.31 Current for-
mulas and fortifiers require volumes of 165 to 180 mL/kg 
per day in order to achieve protein goal intakes of 4 g/kg 
per day.27 Often, pasteurized donor milk is provided to ill 
infants for its vital biological value when mother’s milk is 
not available, but nutritionally, the protein content aver-
ages only 0.4 to 0.7 g/dL of protein. Donor milk is also 
significantly lower in glycine, aspartate, valine, phenyl-
alanine, proline, lysine, arginine, and serine.32 Unfortified 
human milk would need to be provided in volumes of 
180 to 200 mL/kg per day to achieve appropriate protein 
accretion rates.33 Higher-protein formulas are now avail-
able, providing up to 4.6 g/kg per day. Studies have shown 
that initial concerns of acidosis and elevated BUN do not 
occur with the use of these formulas,20 and adequate 
growth parameters are achieved when infants fed human 
milk are supported with these products.

Prevention of proteolysis and promotion of skeletal 
muscle synthesis in the preterm infant require an adequate 
protein-to-energy ratio. Studies comparing early amino 
acid intake 1 g/kg per day vs. 3 g/kg per day showed a 
35% higher protein synthesis rate when infants were given  
3 g/kg per day.16 A linear relationship has been observed with  
increased amino acid intake and accretion when infants 
were provided with at least 3 g/kg per day of protein.25 

special disease considerations
During times of stress, the REE may not necessarily 
increase in the critically ill neonate. For example, neo-
nates on extracorporeal membrane oxygenation may 
have highly variable changes in REE, but require 20% 
more protein due to high metabolic turnover. As a whole, 
infants immediately postprocedure may transiently need 
double the protein support to promote tissue healing.22 
The REE did not change in infants pre- and postpatent 
ductus arteriosus (PDA) ligation on PN.23 

Protein
Protein accretion is dependent on protein intake, whether 
enteral or parental. A minimum of 1 to 1.5 g/kg per day 
of protein is required to prevent catabolism of protein 
or cumulative deficits.18 Protein deficits occur quickly in 
neonates for many reasons. Although early enteral feeding 
within 24 hours of life is encouraged, infants are often not 
fed due to cardiorespiratory instability at the time of deliv-
ery.24 Feedings are often slowly increased over time due to 
concern for the development of NEC, decreased perfusion 
to the intestinal vascular bed, and/or hypoxic injury in 
cases of traumatic birth. This is especially true in the ELBW 
and VLBW populations, where many centers currently fol-
low protocols with gradual increases in feeding. This leaves 
the amino acid composition of PN as the primary source 
of protein, which may be less effective at preventing prote-
olysis.25 Even if protein is provided parenterally within 24 
hours of life, infants often begin life with an overall protein 
deficit,26 which affects growth velocity in the short term 
and mental and motor developmental outcomes later.3 

Providing ill neonates with the appropriate protein-
to-calorie ratio is paramount, as this promotes skeletal 
muscle synthesis, prevents proteolysis, and allows for pro-
tein accretion. Estimated protein requirements for fetal 
growth and accretion range from 4.3 g/kg per day for the 
700- to 1000-g fetus, 4.0 g/kg per day for the 1000- to 
1500-g fetus, and 3.6 g/kg per day for the 1500- to 2000-g 
fetus.27 Protein requirements for growth and accretion 

esPGhan  (2009) aa Pc on  (2009) lsro  (2002) c Ps  (1995)

Energy (kcal/kg per day) 130-150 105-130 110-135 105-135

Protein (g/kg per day) 3.8-4.4 3.4-4.2 3.4-4.3 3.0-3.6

■  tAblE 10-1. estimated energy and Protein n eeds of the Very l ow Birth weight Infant
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Skeletal muscle synthesis has been shown to increase 
with the postprandial rise in insulin and amino acids 
in the neonate. Both insulin and essential amino acids 
appear to promote synthesis independently.29 Providing 
nutrition with an increased protein-to-energy ratio has 
been shown to increase lean muscle mass weight gain in 
neonates.34 The protein-to-calorie ratio should be main-
tained close to 4.3 g:120 kcal. Excessive calories provided 
by a nonprotein source will be stored as fat, which can lead 
to detrimental side effects later in life based on the theory 
of “programming.” Following this theory, former preterm 
infants with increased fat mass are at greater at risk for 
development of hypertension, diabetes mellitus, and renal 
disease as they age.2 

lipids
Preterm infants miss a large portion of the accretion of the 
longer-chain fatty acid docosahexaenoic acid (DHA) that 
occurs over the last trimester of pregnancy,35,36 making 
it essential that they receive this nutrient in their dietary 
management in the NICU.

All mammals require the fatty acids linoleic (C18:2n-6) 
and alpha-linolenic acid (C18:3n-3) in the diet because 

they are incapable of inserting the cis double bond at 
the n-6 and n-3 position from the carboxyl terminus.35 
The liver is the predominant organ that receives the tri-
glyceride form of the fat in the diet and, using a series of 
lipases, extracts the nonesterified fatty acid37 and in the 
endoplasmic reticulum desaturates (adds a double bond) 
and elongates the acyl chain of the parent fatty acid to its 
longer chain and more unsaturated compounds arachi-
donic acid (ARA) (C20:4n-6) and docosahexaenoic acid 
(DHA) (C22:6n-3)38 (see Fig. 10-1 ). These long-chain 
polyunsaturated fatty acids (LCPUFA) not only produce 
different prostaglandins, but DHA has related products 
called resolvins that can promote the resolution of inflam-
mation.39 Docosahexaenoic acid is also the predominant 
fatty acid in the cerebral cortex, retinal rods, and cones 
and significantly influences function.40 Historically, there 
was a balance of the n-6 and n-3 fatty acids to provide a 
homeostasis between the two, but as dietary habits have 
changed over the 20th century,41 there has been a dramatic 
increase in n-6 fatty acid consumption, thus altering the 
balance between pro- and anti-inflammatory events.42 

In addition, the biosynthesis dependent on the desatu-
rase and elongase enzyme activities may not be able to 
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fIGurE 10-1. Lipid metabolism in the newborn infant.
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but preterm infants have demonstrated slow growth when 
ratio of their intake with ARA was altered in earlier fish oil 
supplement studies.52 

The preterm infant, unlike the term infant, is not 
ingesting 750 mL per day of human milk or formula for 
months, and is often on small amounts of enteral milk at 
20 mL/kg for days and is supplemented with intravenous 
nutrition as feedings are advanced. Current intravenous 
sources of lipid emulsions in the United States provide 
adequate essential fatty acids but only trace amounts of 
ARA and DHA. Compassionate therapy with an intrave-
nous emulsion that contains fish oil that has DHA in the 
product has been prescribed in the NICU, but has primar-
ily been reserved for the infant with hepatic cholestasis.53 
Reliance on enteral sources of DHA is, therefore, vital. 
The biosynthesis of LCPUFA from the dietary ingestion 
of the precursor fatty acids can be of concern, however, 
for the preterm infant, unlike the term infant, because of 
additional confounders. Preterm infants have enzymes 
available for conversion, but total quantity of DHA pro-
duced may be small.50 In preterm infants, the effects of 
DHA on developmental indices is even more striking, 
particularly in the most premature infants.54 Henriksen 
et al. directly supplemented preterm infants with 32 mg 
of DHA and 31 mg ARA to their human milk feedings 
in the NICU and found that the supplemented group 
had higher problem-solving scores at 6 months of age.55 
Most recently, increased whole-blood concentrations of 
DHA have been retrospectively found to correlate with 
decreased bronchopulmonary dysplasia.56 

Based on the clinical evidence, milk sources with 1% to 
1.5% fatty acid as DHA have been suggested for the pre-
mature infant.57 Preterm formulas contain both DHA and 
ARA but not at these suggested concentrations. The prac-
tice of direct supplementation of the neonate’s milk with an 
exogenous supplement is compelling, but can be difficult 
in the intensive care unit (ICU). Most practical is the direct 
supplementation of the mother ensuring her optimal 
health, preventing premature deliveries, and improving 
the quality of her milk to ensure an adequate balance of 
fatty acids. It appears an intake of DHA of 1 gram per day 
in the maternal diet would meet the dietary needs of the 
high-risk infant that is receiving human milk.58 

 ■mIcronutrIEnts

In utero, infants have a high accretion rate of micronutri-
ents during the third trimester, while neonates born pre-
maturely have an increased demand for micronutrients 

produce enough DHA because of the competition the 
fatty acids have for the same enzymes.43 Maternal dietary 
sources for linoleic and alpha-linolenic acid are found 
primarily in plant oils such as corn, olive, poppy seed, 
palm, soybean, rapeseed, safflower, sunflower, and wheat 
germ.39 Dietary sources of preformed ARA are in animal 
products; DHA can be found in oily marine sources such 
as salmon, mackerel, tuna, and herring. Eggs that are the 
product of hens fed omega-3s are also good sources of 
DHA for the nursing mother.44 The advisable intakes (AIs) 
for a nursing mother are 13 grams per day of linoleic acid 
and 1.3 grams of alpha-linolenic acid per day.45 The rec-
ommendation for the infant is to ingest 4.4 grams per day 
of linoleic acid and 0.5 grams per day of alpha-linolenic 
acid to prevent essential fatty acid deficiency.46 Recom-
mendations have not been officially made for DHA, but 
based on randomized controlled trials, it is suggested that 
women who are pregnant or nursing receive a minimum 
of 200 mg/day of DHA in the diet.47 For the preterm 
infant, an enteral intake of 12 to 30 mg/kg per day of DHA 
is recommended by the European Society for Pediatric 
Gastroenterology, Hepatology, and Nutrition Committee 
on Nutrition.48 

Term infants fed human milk receive 750 mL/day of 
milk, and that dietary fat provides 55% of the total calories 
and 4 grams per deciliter, which provides ample essential 
fatty acids.40 Commercial term and preterm formulas are 
designed to provide a minimum of a 5:1 ratio of linoleic to 
alpha-linolenic acids to reach a minimum standard when 
compared to human milk samples. Formulas with a lower 
4:1 ratio resulted in a fatty acid erythrocyte composition 
of the formula-fed infants to be lower than in the refer-
ence breastfed group.41 

Dietary fatty acid intake is reflected in the plasma 
or erythrocyte fatty acid measurements.49 A significant 
correlation can also be measured in red blood cell phos-
pholipids, which increase with corresponding increases 
in dietary DHA intake.43,49 Laboratory documenta-
tion of essential fatty acid deficiency is determined by 
an increased concentration of either the nonessential  
fatty acid eicosatrienoic (“triene”) or mead acid of the 
n-9 family compared to the ARA concentration from the 
n-6 family (“tetraene”), or the triene-to-tetraene ratio 
measured in the plasma >0.4 mg/dL.42 Preterm neonates 
exhibit laboratory evidence of fatty acid deficiency by  
5 days of life when they are not fed essential fatty acids.50 
Clinical deficiency signs for the essential fatty acids 
include a scaly dermatitis and platelet dysfunction.51 
Deficiency symptoms have not been described for DHA, 
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in the face of peroxide or other reactive oxygen species, 
anemia, thrombocytosis, and neurological deficits.67 

Vitamin K is required for carboxylation of prothrom-
bin into active form in the coagulation cascade.68 The 
dietary recommended intake (DRI) is easily achieved by a 
standard intake of formula, but maternal milk is deficient 
in vitamin K. Deficiency can lead to hemorrhagic disease 
of the newborn,69 which is now prevented with recom-
mended intramuscular injections of vitamin K after birth 
in the United States.7,68 Vitamin K does require optimal 
factors in the intestinal tract for absorption enterally, and 
thus innate deficiency, maternal medications (anticonvul-
sants and warfarin), malabsorptive or intestinal injury, 
the immature preterm liver, or lack of intestinal micro-
organisms that synthesize vitamin K could each lead to 
deficiency.68,70 While most infants do not need further 
supplementation of vitamin K beyond the recommended 
injection provided to the newborn, infants with cholestatic 
liver disease and other conditions that interfere with vita-
min K absorption will need additional supplements.

trace Elements
Trace elements play an important role in regulation of 
metabolic pathways and cofactor function, but there is 
a paucity of research in the neonatal field. Chromium is 
important for insulin metabolism and can affect glucose 
regulation. Copper is integral for red blood cell production 
and iron absorption.71 Iron is a component of hemoglobin, 
critical for oxygen and carbon dioxide transport, as well as 
neurodevelopment.72 Manganese plays a role in activation 
of superoxide dismutase and is a component of normal 
bone structure and carbohydrate metabolism. Zinc plays 
a role in several enzymes and is important for growth.73 
Derangement of these pathways can lead to detrimental 
effects such as anemia, osteopenia of prematurity, failure 
to thrive, neutropenia, dermatitis, and malabsorption.72,73 

 ■PArEntErAl nutrItIon

In order to achieve adequate intake of nutrients for REE 
and growth, PN is initiated due to a preterm or critically ill 
infant’s inability to tolerate large volumes of enteral nutri-
tion immediately after birth.28,74,75 It is used as a bridge to 
full enteral nutrition, as well as the sole source of nutrition 
for those conditions where enteral nutrition is contrain-
dicated. Parenteral nutrition should be initiated within 
hours after delivery to help prevent starvation, normalize 
glucose levels, and improve nitrogen balance.28,76 

due to their targeted catch-up growth and ineffective 
metabolism. They are, therefore, at high risk for micronu-
trient deficiency if they are not provided with the appro-
priate vitamins and minerals through enteral or parenteral 
nutrition during this period. Neonates are also at risk for 
vitamin toxicity due to their altered urinary excretion rates.

Vitamins
Water-soluble vitamins, such as the B and C vitamins, do 
not accumulate in the body (with the exception of vita-
min B12), and therefore need to be provided on a daily 
basis to prevent neonatal deficiency from developing.59,60 
The human milk fortifiers and commercial preterm for-
mulations are adequate to meet the needs of the high-risk 
infant. Infants on PN require special dosing based on term 
compared to preterm standards.61 Fat-soluble vitamins 
such as A, D, E, and K are produced by precursors and 
are stored in the body. They do not need to be provided in 
addition to the diet on a daily basis, with the exception of a 
few disease states such as cystic fibrosis. Vitamin D is now 
recommended for all infants on human milk or <500 mL 
of formula.7 Because these vitamins are stored, potential 
for toxicity exists. 

Vitamin A (retinol) is important for pulmonary epi-
thelial growth and cellular differentiation. Deficiency may 
play a role in chronic lung disease, and a randomized con-
trol trial of 5000 IU administered intramuscularly 3 times 
per week in a preterm cohort was associated with 55% 
incidence of chronic lung disease when compared to 62% 
in control patients.62 However, an oral dose of vitamin A 
did not demonstrate similar effects.63 

Vitamin D is necessary to prevent rickets and hypocal-
cemia.64 Free vitamin D is not increased in the infant until 
the third trimester, leaving preterm infants at greater risk 
for rickets or osteopenia. Vitamin D plays an active role in 
the absorption of calcium and phosphorus in the neonatal 
gut, as well as metabolism of bone.65 In the face of vitamin D  
deficiency in the neonate, calcium is not adequately 
absorbed from the intestine, minerals are reabsorbed 
from the bone, and new bone is not adequately mineral-
ized, creating a rachitic and weak skeleton.64 Breast milk 
is naturally low in vitamin D, and therefore infants require 
supplementation. Neonates being fed human milk are at 
high risk for vitamin D deficiency and should receive 
supplementation of at least 400 IU per day to prevent the 
development of rickets and hypocalcemia.66 

Vitamin E (tocopherol) provides antioxidant proper-
ties. Deficiency leads to increased hemolysis, especially 
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occurred, a goal of 2 to 5 mEq/kg/day of sodium and 2 to 
4 mEq/kg/day of potassium should be provided to achieve 
optimal fluid and electrolyte balance.77 These amounts 
should be adjusted based on clinical findings such as 
edema and laboratory values.

Vitamins/minerals
Calcium and phosphorus are vital during PN to help 
prevent/minimize osteopenia of prematurity.76 A Ca:P ratio 
of 1.7:1 by weight is recommended for mineral retention.76 
Magnesium should be provided at 0.3 to 0.5 mEq/kg per 
day, as magnesium is important in calcium and potassium 
homeostasis, as well as activation for coenzymes needed 
for metabolism of carbohydrates and protein.76 Zinc, 
involved in tissue building and skin integrity, is important 
for a neonate due to the loss of in utero accretion during 
the third trimester, and therefore must be included in PN 
solutions at 400 mcg/kg per day.76,89,90 Copper deficiency, 
although rare, can occur in neonates if supplementation 
does not occur. It is recommended that PN solutions con-
tain 20 mcg/kg per day, with a reduction if cholestasis 
occurs.76,91 However, if copper provision is decreased due 
to cholestasis, regular monitoring is recommended to pre-
vent deficiency. Manganese should be avoided for those 
infants receiving short-term PN due to the potential for 
toxicity, as trace element mixtures often contain manga-
nese as a contaminant.92 Selenium, an important antioxi-
dant, should be included in PN solutions at 2 mcg/kg per 
day.93 Neonates receiving long-term PN may benefit from 
carnitine administration of 2 to 5 mg/kg per day due to 
carnitine’s involvement in transporting fatty acids to mito-
chondria for oxidation. Carnitine may also help prevent 
cholestasis as well as hypertriglyceridemia.77,94 

Parenteral nutrition support is maximized when pro-
vided via a central catheter. However, central catheters are 
often a cause of bloodstream infections, which are responsi-
ble for nosocomial infections and account for approximately 
three-quarters of all health care–associated infections.95 The 
use of PN should be minimized, if possible, with the goal to 
advance to full enteral nutrition support as quickly as pos-
sible after birth based on the infant’s stability. 

 ■EntErAl nutrItIon

Trophic enteral nutrition, or minimal enteral nutrition, 
is initiated to promote gut maturity as well as to prevent 
gut atrophy and should begin as soon as the infant is 
medically stable.28,75,76,96-98 This is usually initiated at 10 to  

The provision of carbohydrate is an immediate priority 
because of the fetal abruption of glucose delivery and the 
brain’s requirements.9 The exact glucose infusion rate (GIR) 
(usually expressed in mg/kg of body weight per minute) has 
yet to be determined; however, for euglycemia, it may be 
beneficial to begin with a GIR that is similar to the fetus, 
such as of 4 to 8 mg/kg per minute (with a tighter range 
of 4 to 6 mg/kg per minute for ELBW infants and infants 
that are critically ill).77,78 Factors to consider when initiating 
and advancing GIRs are gestational age, enteral nutrition 
advancement, glucose concentration levels, and laboratory 
values.78 Glucose infusion rates should be increased as toler-
ated to reach a goal of 10 to 13 mg/kg per minute.77 Insulin 
is necessary if a normal GIR is not obtainable.79 The opera-
tional threshold for blood glucose goals is >40 mg/dL.80 

Along with glucose, a parenteral source of amino acids 
for protein should be initiated. Early administration of 
intravenous amino acids has been shown to be beneficial for 
preterm infants with no known harm.81-85 Early amino acid 
administration is essential to prevent catabolism, improve 
nitrogen balance, decrease growth failure, and improve  
neurodevelopmental outcomes.76,81,85,86 Hyperglycemic epi-
sodes in neonates can be reduced by administering amino 
acids, and the reduction in episodes can be maximized with 
early administration of amino acids.82 This is possibly due 
to the promotion of insulin secretion by amino acids.78 Full 
enteral nutrition can be achieved sooner and PN duration 
shortened with the administration of amino acids.85 It is sug-
gested that early amino acid administration of 3 gm/kg per day  
be initiated to match in utero accretion rates.28,87 

Next, lipids are important for overall nutrition and 
allow for increased energy intake early in life, as well as 
prevention of essential fatty acid deficiency.76,88 An intra-
venous lipid dose of 0.5 to 1 gm/kg per day is needed 
to prevent essential fatty acid deficiency.76,81 Lipids also 
influence oxidative stress, immune responses, and inflam-
mation.57 Early lipid administration amounts are still con-
troversial; however, lipid administration should occur as 
soon as possible, ideally on the day of birth or by the day 
after birth.28 A review of intravenous lipids suggests that 
lipids not be started any greater than 0.5 to 1 gm/kg per day  
for the preterm infant and specifically for those with birth 
weights <800 gm.77,88 Hypertriglyceridemia (defined as 
>201 mg/dL) is more likely to occur when lipids are initi-
ated at 2 gm/kg per day.86 

Electrolytes in PN should include sodium and potas-
sium. Early administration, however, should be restricted 
to allow for appropriate diuresis.89 Once diuresis has 
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nal milk supply.106 Pasteurized donor milk from milk 
banks such as the Human Milk Banking Association of 
North America (HMBANA)101 has become a more widely 
accepted and utilized alternative to mother’s own milk. 
Donor milk has been associated with lower rates of NEC 
than in formula-fed infants.96,105 Donor milk has also been 
shown to provide many of the immunoprotective qualities 
of mother’s own milk, as well as protection from cardiovas-
cular risks.108 Breast milk pumped by mothers of preterm 
infants is higher in protein, calcium, sodium, and calories 
for several weeks.101,105,109 One downside to the use of donor 
milk is the decreased amounts of protein and other nutri-
ents such as DHA, which may affect neurodevelopment and 
retinal maturation.105,108 This is likely due to the donor milk 
being a product that is produced during later lactation.

Human milk has been shown to be low in nutrients 
(calories, protein, calcium, phosphorus, vitamin D, and 
sodium) necessary for a preterm infant or high-risk criti-
cally ill infant on volume restriction and, therefore, fortifi-
cation of human milk is necessary for appropriate growth 
and to minimize osteopenia risk, late hyponatremia, and 
negative nitrogen balance.57,81,87,99,109 The previously avail-
able human milk fortifiers have been inadequate in terms 
of protein concentration to meet the increased protein 
needs of the preterm infant.102 Often, fortified human milk 
feedings need to be further fortified with additional pro-
tein to meet these increased protein needs.28,99 Increased 
protein administration via a human milk fortifier has been 
shown to improve weight gain and result in fewer length 
measurements plotted less than the tenth percentile on 
preterm growth charts without adverse side effects.102 A 
higher-protein human milk fortifier and a liquid protein 
fortifier are currently available in the United States. 

Previously, only powder forms of human milk forti-
fiers were available. Two liquid versions of human milk 
fortifiers are now available: a bovine-based fortifier and 
a human milk-based fortifier. These liquid versions pro-
vide for a more sterile method of fortifying human milk. 
Another method for increasing the caloric content of 
breast milk is the use of hindmilk, which is higher in calo-
ries and fat than foremilk101 and therefore may be benefi-
cial in terms of weight gain. Fortification, however, is still 
required for essential nutrient provision110 and to increase 
protein content. 

formulas
Preterm infant formulas are designed to meet the nutritional 
needs of a preterm infant in the absence of maternal breast 

20 mL/kg per day, with advancement in increments of 
20 to 35 mL/kg per day thereafter.99 Preterm infants with 
early enteral nutrition administration reach full enteral 
nutrition quicker and achieve better growth than those 
with delayed initiation.74,96-98 Early enteral nutrition has 
also been associated with faster maturation of motor pat-
terns and less feeding intolerance with no increases in 
the incidence of NEC.98 It is beneficial to create feeding 
protocols in NICUs to establish when to initiate trophic 
feedings and how and when to advance them.28,96,100 Once 
enteral nutrition is at volumes that can provide adequate 
nutrients, PN should be discontinued. In addition to 
human milk, many milk products and choices are avail-
able in the United States to feed a neonate. Deciding on 
the most appropriate feeding product can be crucial to 
survival, growth, and neurodevelopmental outcomes.

human milk
Human milk contains immunoprotective properties such as 
immunogloblulins, lactoferrin, lymphocytes, oligosaccha-
rides, and lysozyme that inhibit bacterial growth and mini-
mize inflammation74,98,101 and is therefore considered the 
best feeding choice for all infants, regardless of gestational 
age.81,102 The use of human milk has been shown to decrease 
the risk for such conditions as late-onset sepsis and NEC 
compared to the use of formula in preterm infants.74,81,96,103-105 
Human milk is also associated with improved neurodevel-
opmental outcomes104,106 and improved gastric emptying.74 
There is evidence to suggest that the benefit of human milk 
increases as the amount of human milk provided to the 
infant in the first weeks of life increases.96,100,104,107 When 
breast milk is pumped and stored for later use, it should be 
provided to the infant in chronological order of pumping to 
maximize these benefits.101 Colostrum, which can only be 
provided by an infant’s own mother, has been shown to stim-
ulate growth in the intestinal mucosa and stimulate digestive 
enzymes when provided as the first feed.107 

Pasteurized donor human milk
Human milk has been shown to have such beneficial quali-
ties that the American Academy of Pediatrics states all 
infants less than 1500 grams at birth receive human milk, 
and if the mother’s own milk is not available, then donor 
milk should be utilized.104 It is often difficult for mothers 
of preterm infants to provide an adequate initial supply 
of breast milk. Early and frequent pumping is necessary 
to establish and maintain a milk supply.106 Skin-to-skin 
contact has also been shown to increase/maintain mater-
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every 2 to 3 hours by gravity.113 This administration of 
enteral nutrition is more physiologic for an infant; how-
ever, there may be an increase in energy expenditure, 
reflux, and abdominal distention.76,113 

continuous feedings
A continuous feeding consists of a set volume of milk 
infused continuously on a pump.113 If there are any 
issues with tolerance to bolus enteral nutrition and/or 
reflux or respiratory distress, then continuous feedings 
may be warranted.76 It has been noted that there are 
more significant nutrient losses (calcium, phosphorus, 
and fat) of fortified human milk in continuous feeding 
administration as opposed to bolus feedings.114 It has 
also been noted that a decrease in fat content of human 
milk occurs when enteral nutrition is given via continu-
ous feeding administration and that the decrease in fat 
content could be minimized if the syringe is in a vertical 
position.115 

The critically ill neonate requires nutrients for growth 
and development. A systematic approach to providing 
early parenteral and enteral nutrition can improve these 
outcomes. 

milk. Preterm infant formulas contain ~50% of calories as 
fat, ~10% of calories as protein (cow’s milk), and ~40% of 
calories as carbohydrates (glucose polymers to aid in diges-
tion).110 They were also designed to provide increased calo-
ries and protein for improved growth, as well as additional 
calcium and phosphorus to aid in the prevention of osteope-
nia of prematurity; furthermore, they are iron fortified.110-111 
With the knowledge of the role that DHA and ARA play in a 
preterm infant’s cognitive and visual development, preterm 
infant formulas now contain DHA and ARA.48,104 Protein 
hydrolysate formulas (where protein is in the form of di- 
and tripeptides) can be helpful in cow milk allergy, and ele-
mental formulas (where protein is in the form of free amino 
acids) can be helpful in intestinal injury, where they have 
been shown to reduce the time to get off PN when human 
milk is not available.112 Soy formulations should not be used 
for the preterm infant because of concerns that they may 
adversely affect bone mineralization.7 

See Fig. 10-2 for an algorithm suggested to choose a 
formulation based on physiology.

Intermittent bolus feedings
An intermittent bolus feeding is a set volume of milk pro-
vided over a short period, usually over 10 to 20 minutes 

Cow

Soy

Hydrolyzed

Preterm

Cow-based: Human milk not available

Soy: Galactosemia, religious, vegan

Whey hydrolysis: gastric emptying
Casein hydrolysate: allergy or malabsorption

Premature infants <37 weeks

fIGurE 10-2. Choosing the appropriate nutritional formulation.
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intrauterine nutrition.

•	 Human milk is recommended for all neonates 
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 ■ INTRODUCTION 

Metabolic alterations following injury in children signifi-
cantly affect survival. Though the response occurs in a 
predictable manner, much controversy exists in the medi-
cal literature on the mode, timing, and amount of feeding. 
With better understanding of the various approaches to 
providing nutrition support, additional opportunities for 
decreasing mortality after trauma can be identified.

Improving nutrition support of the pediatric trauma 
patient can not only affect survival, but also shorten 
the time needed for rehabilitation. Caloric support can 

ameliorate the protein catabolism that occurs following 
trauma. Wound healing and immune response are also 
reliant on adequate protein stores. Muscle breakdown can 
be ameliorated using nutrition support with parenteral 
and enteral approaches. 

Enteral nutrition (EN) should be an early priority 
soon after achieving hemodynamic stability using ade-
quate resuscitation. Parenteral nutrition (PN) can be an 
adequate substitute until injuries have been addressed and 
enteral access has been obtained. Both underfeeding and 
overfeeding can lead to unintended consequences. 
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Specific injuries after trauma require additional nutri-
tion support and careful monitoring of nutritional needs. 
Burns, traumatic head injury, multiorgan system injury, 
and concomitant abdominal compartment syndrome all 
have unique characteristics that need to be addressed. In 
this chapter, we will focus on the metabolic response after 
injury, followed by parenteral and enteral approaches to 
providing nutrition, and finally, specific traumatic injuries 
that require distinct practices.

 ■METABOLIC RESPONSE TO TRAUMA

As originally outlined by Cuthbertson in 1932, injury 
leads to a series of metabolic events that in turn lead to a 
loss of nitrogen in the urine from protein breakdown.1 The 
response follows an “ebb and flow” pattern where there is 
an initial decrease in blood pressure, cardiac output, and 
temperature, with a subsequent increase in temperature, 
heart rate, and release of catabolic enzymes. Though the 
normal state of health prior to injury differs among indi-
viduals, the response involves release of catabolic enzymes 
promoting glycolysis, lipolysis, gluconeogenesis,2 and an 
increase in the basal metabolic rate, which correlates with 
the severity of the injury.3 Details of the metabolic stress 
response can be found in chapter 1.

In children, the metabolic response can be more chal-
lenging to predict than in adults. Children have a higher 
per weight baseline energy expenditure, which does not 
increase with injury. Instead, calories are shunted away 
from growth, as exhibited by the high rates of protein 
turnover.4 Children are also more vulnerable to protein 
loss and more readily demonstrate complications second-
ary to this loss. Misinterpreting the metabolic response 
can lead to either underfeeding or overfeeding, and each 
may produce unintended consequences.

Adverse effects of the response also include insulin 
resistance and hyperglycemia; sarcopenia, osteopenia, 
and growth restriction; and deficient immune response 
and sepsis. Long-term metabolic effects of injury from a 
prolonged response or severe injury have been reported, 
including cardiovascular events, type 2 diabetes melli-
tus, and early-onset obesity.2 Mucosal ischemia can also 
occur, since children require higher intestinal perfusion 
to absorb nutrients.4 The metabolic response and poten-
tial for complications highlight the importance of precise 
measurements of the energy expenditure.

Measurement of Energy Expenditure
While body weight is considered the easiest and most 
convenient way of measuring baseline nutritional status,5 

indirect calorimetry (IC) is considered the gold standard 
for measuring caloric expenditure.6 When IC is unavail-
able, traditionally equations include those by including 
Harris-Benedict, World Health Organization, Schofield, 
and White4 have been used despite their limitations.

In addition to type and location of injuries, sedation 
and paralysis, pain, fever, and infection all play a role on 
the basal energy expenditure and calorie needs. Burns 
increase calorie needs and metabolic demand, while 
spinal cord injury resulting in paralysis may decrease the 
caloric requirement. The number of wounds and broken 
bones increase calorie needs, while sedation and paraly-
sis result in decreased demand. Pain, fever, and infection 
all increase metabolism and concomitant calorie needs; 
therefore, frequent measurement and monitoring are 
required for precise estimation of baseline metabolism 
and targeting of calorie needs.

Overfeeding leads to adverse effects such as increased 
production of carbon dioxide and fat deposition in the 
liver.4,7 Overfeeding can be detrimental to weaning from 
ventilator support and can create long-term changes in 
other systems.8 Furthermore, giving excess protein has not 
been shown to stifle the posttraumatic catabolic response.9 
In some adult studies, underfeeding actually improved sur-
vival and lengths of hospital and intensive care unit (ICU) 
stays, but it is unclear if the same is true for children.10

Hormones, Hyperglycemia, and Protein 
Catabolism
Glucagon release causes gluconeogenesis and glycolysis, 
increasing glucose in the bloodstream. Children have 
decreased stores of hepatic glycogen,4 and this sup-
ply is quickly exhausted, increasing the importance of 
gluconeogenesis in the maintenance of serum glucose. 
Certain organs, such as the brain, which incidentally 
is proportionately larger per kilogram in children, rely 
on a steady supply of glucose for nutrition. Hypergly-
cemia and protein loss can result from excess glucagon 
production.4 

Another hormone causing hyperglycemia and pro-
tein loss is cortisol, released secondary to increases in 
adrenocorticotropic hormone production in the anterior 
pituitary. Through stimulation of cytokine release, corti-
sol promotes protein breakdown and gluconeogenesis.4 
Breakdown of protein releases alanine from muscle and 
glutamine from the gut. These amino acids are converted 
to glucose in the liver.4 Loss of glutamine, the primary 
nutrient for enterocytes and lymphocytes, creates addi-
tional intestinal and immune dysfunction.4 Similar to 
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glucagon, cortisol also acts on the liver and stimulates 
glycolysis, promoting further hyperglycemia.

Hyperglycemia is further augmented by catechol-
amines (epinephrine, norepinephrine, and dopamine) 
released from the adrenal medulla after stimulation by 
the sympathetic nervous system. Through suppression of 
insulin release by the pancreas and promoting glycogenol-
ysis (breakdown of glycogen) in the skeletal muscle, cate-
cholamines worsen hyperglycemia.4 Lipolysis (breakdown 
of fat into free fatty acids and glycerol) is also increased by 
catecholamines.

The effect of protein loss is intensified in children 
because they have a smaller lean body mass. Loss of dia-
phragmatic and intercostal muscle mass can lead to respi-
ratory compromise, while loss of cardiac muscle can lead 
to hemodynamic compromise and fatal arrhythmias.4 
Though significant protein loss can have catastrophic 
effects, protein catabolism more commonly leads to gas-
trointestinal dysfunction (feeding intolerance, mucosal 
bleeding, and bacterial translocation), immune deficiency 
(infections, poor or delayed wound healing, wound break-
down), and need for prolonged rehabilitation.11 

 ■  PARENTERAL NUTRITION  
AND SUPPLEMENTS

The ability to reach calorie and protein needs in such a 
hypermetabolic state as described earlier remains a sig-
nificant challenge in the management of trauma patients. 
Enteral nutrition remains the preferred route for nutrition 
support over PN in trauma patients because it is safer, 
more physiologic, promotes better gastrointestinal func-
tion, prevents bacterial translocation, and improves out-
come. Parenteral nutrition should be reserved for patients 
in whom the intestinal tract will remain unavailable and 
nonfunctional for a prolonged period, resulting in even-
tual malnutrition. Patients with questionable gastroin-
testinal function should be fed using a combination of 
EN and PN when possible. The enteral feeding should 
be increased or decreased according to tolerance, with 
PN adjusted accordingly. If the patient requires frequent 
procedures with inability to advance enteral feeds to 
caloric goals, then PN could be used preferentially. 

Merits of Parenteral Nutrition

Parenteral nutrition provides intravenous administration 
of macronutrients and micronutrients to meet the nutri-
tional requirements in patients when adequate EN is not 
feasible. In a study of patients with closed head injury, 

only a quarter of patients were able to spontaneously eat 
enough to meet their nutritional needs by discharge.12 
In another study of patients with traumatic brain injury 
(TBI), nutritional deficiencies and weight loss at 14 days 
were common, partially ameliorated by starting nutrition 
early (before 72 hours) and the presence of a dietitian.13 
The European Society for Clinical Nutrition and Metabo-
lism (ESPEN) recommends that PN be considered in 
patients when enteral feeds cannot be started by 24 hours 
after ICU admission or injury.14 

When compared head to head in the setting of a con-
trolled study, short-term outcomes have been similar 
for PN and enteral feeds. In one study of patients with 
moderate-to-severe TBI, the PN group had increased 
protein intake, improved nitrogen balance, and improved 
outcome at 3 months over the enteral group without neg-
atively affecting intracranial pressure.15 Another study 
randomizing patients to early PN versus jejunal feed-
ing found that both approaches were equally effective at 
achieving nutritional goals based on measured energy 
expenditure with equivalent hospital costs and infec-
tion rates.12 A third prospective randomized study also 
demonstrated that PN use resulted in a more positive 
nitrogen balance, higher serum albumin and lymphocyte 
levels, and less mortality than standard EN in patients 
with TBI.16 These patients also achieved higher calorie 
intake and reached full nutritional replacement by 7 days 
postinjury (compared with 14 days for those fed enter-
ally). Finally, in a review of prospective studies examin-
ing the comparative efficacy of EN and PN on gut-barrier 
function and other clinical outcomes, no advantage was 
demonstrated between the two routes, aside from the fact 
that in patients with acute abdominal trauma, enteral 
feeding was associated with a reduction of sepsis.17 More 
recently, in a retrospective cohort study of patients with 
blunt trauma across 8 centers, use of early PN was asso-
ciated with increased infectious complications.18 The 
literature commonly discusses the failures of achieving 
appropriate nutritional goals in a timely manner. The 
amount of nutrition provided during the first 5 days 
after a TBI is an independent risk factor for mortality.19 
Every 10 kcal/kg decrement was associated with a 30% to 
40% increase in mortality rate.19 Discrepancies between 
prescribed and delivered nutrients are mainly attribut-
able to interruptions due to digestive intolerance and 
procedures such as surgery, diagnostic tests, and extuba-
tion attempts.20 This phenomenon has led to measures to 
minimize the effects of such nutrition interruptions by 
(1) increased use of postpyloric feeding in children; (2) 
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reduced length of fasting for procedures when postpylo-
ric feeds are used; (3) resumption of enteral feeds at the 
preinterruption rate when stopped; (4) anticipating and 
compensating for predicted caloric deficits by increasing 
rates periprocedurally; and (5) considering the combina-
tion of EN and PN early in patients with increased injury 
severity scores and anticipated procedures.13 

Complications of Parenteral Nutrition
Although widespread in its application, PN is associated 
with mechanical, infectious, and metabolic complica-
tions and hence, should only be used in carefully selected 
patients. Parenteral nutrition in critical illness is discussed 
in more detail in chapter 7 of this book. Parenteral nutri-
tion requires central venous access, which by itself can lead 
to complications. In a Cochrane review of central venous 
access, infectious complications included line sepsis, 
bacteremia, and colonization with gram-negative bacteria, 
while mechanical complications ranged from inadvertent 
arterial puncture, minor bleeding and hematoma to a dis-
placed or broken catheter or thrombotic events.21 Analysis 
of septic states in blunt trauma demonstrated that patients 
who received at least 40% of their nutrition by the enteral 
route developed less sepsis.22 

There is considerable concern that the lipid component 
of PN is the primary factor in the metabolic complica-
tions associated with it. Battistella et al. suggest lipids be 
withheld from the PN of trauma patients able to tolerate 
at least 10% of their nutrition enterally. In their study, this 
group received fewer calories, but no intravenous lipids. 
They had fewer infections, shorter lengths of stay, and 
fewer days on a ventilator.23 

 ■  ENTERAL NUTRITION AND FEEDING 
STRATEGIES

Enteral nutrition should be considered whenever possible 
because it is safer, more physiologic, promotes better 
gastrointestinal function, prevents bacterial translocation, 
and improves outcome.

Indications and Contraindications
Enteral nutrition remains the preferred method of pro-
viding nutritional support for the acutely injured child. 
In fact, even in the early postoperative abdominal trauma 
and open abdomen scenarios, enteral feeding may be 
of benefit.24 Only a handful of situations exist where 
enteral support cannot be initiated in the postinjury 

state, including the child with a (1) mechanical bowel 
obstruction—either due to mass effect (e.g., duode-
nal hematoma) or due to surgically created disconti-
nuity as part of a staged, damage-control laparotomy;  
(2) prolonged ileus; (3) distal or high output enterocuta-
neous or enteroenteric fistula where distal feeding access 
cannot be obtained; (4) severe feeding intolerance with 
refractory vomiting or osmotic diarrhea; and (5) need 
for high-dose or escalating vasoactive agent support due 
to hemodynamic instability. Further discussion on these 
scenarios is outlined later in this chapter. In these situ-
ations, the use of PN would be the preferred method of 
nutritional support.

Benefits
Enteral nutrition has been shown to have a number of 
metabolic and clinical benefits in addition to being a 
much more cost-effective strategy for nutrition support 
in the ICU. Numerous studies show that early EN blunts 
the systemic inflammatory response and attenuates the 
metabolic response, including attenuating the body’s 
breakdown of glycogen, fat, and protein stores.25 Over the 
last 20 years, use of EN in the postinjury patient has been 
shown to promote immune competence by maintaining 
gut mucosal integrity, decreasing bacterial translocation, 
and improving nitrogen retention and thus providing 
a significant decrease in infectious complications and 
enhanced wound healing.25-28 Three separate small, ran-
domized control trials in adult trauma have shown sig-
nificant reductions in mortality in patients fed enterally 
within the first 48 hours of injury.28-31

Timing and Amount
In complex multitrauma, initiation of nutrition often 
takes a back seat to multiple other acute issues and needs. 
While this may be clinically appropriate postinjury day 1,  
expert opinion encourages initiation of a nutritional sup-
port plan by the third postinjury day.13 Early initiation 
of nutritional support has consistently been associated 
with improved recovery in trauma patients.12,32 This has 
been proven to be true even in the postoperative trauma 
patient after laparotomy, with early feeding initiated 12 
to 18 hours after surgery in one study,31 and some small 
retrospective reviews indicating that enteral feeding in 
patients with an open abdomen may actually decrease 
the time required to fascial closure.33 In the case of com-
plex abdominal trauma, it is important that the intensiv-
ist and the trauma surgeon formulate plans for enteral 
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access during the initial or return trips to the operating 
room.

Trophic feeds are the amount of EN needed to supply 
the minimum support needed by enterocytes to maintain 
villous structures, mucosal barrier, and immunologic 
function. In situations where full goal calories cannot be 
achieved through the enteral route, a combination effort 
with trophic volume of enteral feeds and provision of the 
remaining calories through the parenteral route may be 
indicated. While there is evidence to support the use of 
trophic feeding strategies, determining this ideal amount 
can be difficult. Cook et al. make the argument that energy 
needs can be calculated based on oxygen delivery of the 
splanchnic system, estimated at 25% of the cardiac out-
put.4 Because approximately half of the splanchnic blood 
flow is received by the gut, they make a logical argument 
that 12% of per kilogram daily calories should provide 
adequate substrate support for enterocytes.4 As recovery 
proceeds, the feeds can be slowly advanced to achieve goal 
caloric needs enterally.

Enteral Access
Short-term enteral access can be obtained by nasogas-
tric or nasoenteric routes. Each route has a unique set 
of associated risks and benefits. The most common and 
easiest method of access is the orogastric or nasogastric 
route. Children receiving gastric feeds tolerate a higher 
osmolarity and volume than those being fed into the small 
bowel. Gastric acid may also benefit digestion and have 
a bactericidal effect; gastric feeds are associated with less 
frequent gastrointestinal complications such as diarrhea.34 
Complications of gastric feeding include some evidence 
of an increase in ventilator-associated pneumonia (VAP), 
feeding intolerance, and an inability to reach feeding 
goals. Small-bowel feeds have been used with the aim of 
decreasing aspiration, the rate of VAP, and the time to 
achieve caloric goals. However, the putative benefits of 
jejunal feeding have not been demonstrated in adult stud-
ies.35,36 In a randomized controlled study of gastric versus 
jejunal feeding in critically ill mechanically ventilated 
children, children receiving jejunal feeds achieved higher 
percentage of goal calories delivered compared to those 
fed via the gastric route.37 There was no significant differ-
ence in the rates of aspiration of gastric contents between 
the 2 groups. Despite the lack of evidence of benefit, naso-
duodenal/nasojejunal access is often the standard in many 
ICUs. Jejunal feeds must be run at a continuous rate, as 
bolus feeds are contraindicated by this route. Placement 

and maintenance of placement in the small bowel can be 
time consuming and expensive: There is also a 40% inci-
dence of dislodgement of nasoenteral tubes in ICUs.38 
There is also a reported increase in the rate of Clostridium-
associated diarrhea with small-bowel feeding.39

For patients requiring more than 4 weeks of feeding 
access or in those undergoing abdominal surgery, surgical 
enteral feeding access should be considered and obtained. 
There are several methods by which a gastric feeding tube 
can be placed, the most common of which is the percuta-
neous endoscopic gastrostomy (PEG).40 While the actual 
incidence of complications from gastrostomy tubes is 
low, several complications are known to occur, including 
improper placement of PEG, inadvertent placement of 
tube through or into other portions of the bowel, necrosis 
of tube tract, technical failure requiring laparotomy, and 
leak into the abdomen with subsequent peritonitis.41 Inter-
estingly enough, the PEG tube has been shown to con-
fer the same decrease in VAP rates as nasojejunal feeds; 
therefore, a trial of gastric feeding to confirm intolerance 
is indicated prior to proceeding to the operating room for 
a jejunal feeding tube. Surgical jejunostomy tubes can be 
placed in patients who have undergone extensive foregut 
surgery and need for distal feeding is anticipated, or in 
patients in whom gastric feeding is contraindicated due 
to reflux and aspiration. Complications associated with 
jejunostomy tubes include intra-abdominal abscess, vol-
vulus with bowel infarction, intestinal obstruction, and 
more commonly, diarrhea and other symptoms of dump-
ing and catheter obstruction by inspissated feedings/
medications.42 

Our recommendations are to attempt to feed the child 
into the stomach with aspiration precautions, such as 
keeping the head of the bed elevated >30 degrees. Only 
if the child does not tolerate gastric feeds do we advance 
the feeding tube to the postpyloric position. If the child 
appears to require long-term feeding tube access, we pre-
fer to place a PEG tube. In the child who has been receiv-
ing jejunal feeds, we will either attempt to trial gastric 
feeds again or obtain contrast studies prior to proceeding 
to surgical enteral access.

 ■APPROACH TO SPECIFIC INJURIES

Certain traumatic injuries require distinct nutrition prac-
tices, and these include traumatic brain injury, the open 
abdomen, enterocutaneous fistula, duodenal hematoma, 
and the obese patient with trauma.
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Traumatic Brain Injury
Traumatic brain injury is followed by a hypermetabolic, 
severely catabolic response. The subsequent need for 
sedation, paralytics, and muscle relaxants will further 
modulate this response. Energy requirements in the para-
lyzed or comatose patient are quite difficult to interpret 
and estimate. Indirect calorimetry for measured energy 
expenditure (MEE) has been found to be useful in these 
patients. In the first 48 hours, energy expenditure ranged 
from 75% to 200% predicted.43 The average respiratory 
quotient was 0.68, indicating consumption of lipids as a 
predominant fuel. Borzotta and colleagues demonstrated 
that this hypermetabolic state not only occurs immediately 
after injury, but persists for 4 weeks as the MEE remains 
between 135% and 146% of predicted.12 They also noted 
that both PN and EN were equally effective at meeting 
these needs. 

The ability to reach nutritional needs and goals in 
within a timely matter has significant effect on morbid-
ity and mortality. Taylor and colleagues demonstrated 
that an accelerated feeding regimen to meet nutritional 
goals within 7 days demonstrated improved outcomes 

at 3 months and decreased numbers of infections.25 
Other studies have shown that continuously fed TBI 
patients and/or those that receive nasojejunal feedings 
have increased caloric delivery, less feeding intolerance, 
and reach goals more quickly.16,44 Our focus (Fig. 11-1) 
is to start feeds within a couple of days and reach nutri-
tional goals by 7 days postinjury. The use of a dietitian 
and frequent measurements of caloric needs are pivotal to 
attempting to meet the TBI patient’s needs and ameliorat-
ing the catabolic state.

Early nutrition support can be achieved, but special 
attention must be paid to prevent hyperglycemia, which 
has been shown to exacerbate ischemic brain injury. 
Hyperglycemia early after TBI has been shown to be asso-
ciated with poor outcomes on bivariate analysis. These 
outcomes remained significant in multivariate analysis, 
adjusting for Glasgow coma score, type of trauma, 
hypoxia, hypotension, disseminated intravascular coagu-
lation, and early posttraumatic seizures.45 Furthermore, 
the level and severity of hyperglycemia at admission had 
direct correlation with mortality associated with moderate 
and severe TBI.46

FIGURE 11-1. algorithm for the management of nutrition in the pediatric trauma patient.

1. Check calorie counts for PO intake
2. Indirect calorimetry if ventilated

Trauma ICU patient

Functional GI tract

Enteral access
& begin feeding

in 24–48 hrs

Aspiration risk?

Nasogastric access
and feeding
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TPN & EN
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*

Start TPN in 24–48 hrs
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Hemodynamically stable
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Obese Trauma Patient
Nutritional support for injured obese pediatric patients 
can pose unique problems for critical care physicians. 
(Please see chapter 21 for a detailed account on nutritional 
aspects of the obese child.) These patients often suffer 
from chronic diseases secondary to their obesity, includ-
ing diabetes, hyperlipidemia, hypertension, sleep apnea, 
respiratory difficulties, and biliary disease. They also are 
more likely to develop complications from their injuries, 
such as nosocomial infections, wound dehiscence, and 
cardiorespiratory complications.47 The MEE of obese 
pediatric patients is difficult to predict accurately, as many 
dietitians and physicians will attempt to find nutritional 
goals somewhere along the spectrum of a calculated ideal 
body weight and the patient’s actual body weight. Thus, 
overfeeding and underfeeding can easily result.

The idea of a hypocaloric, high-protein feeding regi-
men has become increasingly attractive in the critically 
injured obese patient. Dickerson et al. examined outcomes 
of adult obese patients who received eucaloric or hypoca-
loric enteral feeds.48 While obtaining an equivalent nitro-
gen balance, the hypocaloric group required significantly 
fewer ventilator days, fewer antibiotic days, and fewer ICU 
days. Working closely with our dietitian, we attempt to 
match MEE needs by utilizing a high-protein regimen to 
meet ideal body weight goals.

The Open Abdomen
In the context of trauma, the open abdomen is usually the 
result of surgery abbreviated due to a patient’s unstable 
clinical condition or failure to achieve fascial closure due 
to large fluid shifts and edema of the bowel wall. First 
described in the 1980s, the principles of damage-control 
laparotomy are to stop acute hemorrhage, control enteric 
spillage into the abdominal cavity, and transfer to the ICU 
for continued resuscitation prior to performing any type 
of definitive repair.49,50 The patient then returns to the 
operating room a number of times after resuscitation for 
eventual fascial closure over a period of days thereafter. 
The principles employed in damage-control laparotomy 
with the open abdomen have also been used in accessory 
trauma diagnoses of abdominal compartment syndrome 
and intra-abdominal sepsis.51,52 Regardless of the under-
lying diagnosis, the burden of ongoing resuscitation then 
transfers from the operating room to the ICU. 

While leaving the abdomen open has been shown to 
improve survival in the face of catastrophic abdominal 
injuries or abdominal compartment syndrome,50 this 

strategy also places patients at risk for complications. 
Patients who are too sick to tolerate definitive surgical 
repair can be considered as being in a constant inflam-
matory and catabolic state, with ongoing protein and 
fluid loss from a large surgical wound with exposed vis-
cera until the abdomen is closed.53 Miller et al. described 
their experience with 344 adults and children with open 
abdomen, with a 25% complication rate, including wound 
infection, abscess, fistula, VAP, abdominal hernia, and 
fluid and protein losses.54 

While there is minimal literature describing feeding 
limitations in management of the open abdomen, there 
is a body of evidence to support that EN can significantly 
dampen the inflammatory response to the catabolic 
state.25-28 A handful of retrospective studies have shown 
the safety of early EN in the open abdomen,24,55-57 with 
few complications associated with feeding, no difference 
in the ability to close the abdomen, and earlier achieve-
ment of goal feeds. Additional retrospective studies actu-
ally indicate that early feeding may allow for faster time 
to abdominal wall closure and fewer associated complica-
tions such as fistula formation and VAP.33,58

Given the known benefits of EN and the additional 
support to the safety of its use in the patients with an 
open abdomen, it is our recommendation that enteral 
feeds be initiated once the patient is fully resuscitated and 
hemodynamically stable. Parenteral nutrition should be 
reserved for the catastrophic abdomen where enteral feeds 
would not be anatomically feasible for prolonged periods 
(greater than 7 days).

Duodenal Hematoma
The duodenum is the fourth most commonly injured 
organ after blunt abdominal trauma, with an incidence 
of 2% to 10% in the pediatric population.59 The duodenal 
hematoma can be a consequence of child neglect or abuse 
and is classically considered a nonoperative condition.60 
In the vein of all hollow-viscous injuries, the duodenal 
injuries are difficult to diagnose, and up to a third present 
with obstructive symptoms up to 72 hours after the injury. 

The treatment algorithm for the isolated duode-
nal hematoma is conservative therapy with bowel rest, 
nasogastric decompression, and PN for up to 3 weeks of 
therapy, though the average length is 9 days.59,61 Clinical 
symptoms of obstruction and repeat imaging with con-
trast studies (upper gastrointestinal series or computed 
tomography scan) are used to monitor for resolution of 
the hematoma and introduction of enteral feeds. If the 
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symptoms do not resolve, operative exploration is recom-
mended to evaluate for strictures, duodenal perforation, 
or injury to the head of the pancreas or some other factor 
contributing to the nonresolution of the obstruction.59,61 
It is important to realize that while the initial treatment of 
duodenal hematoma is nonoperative, there is a high rate 
of associated pancreatic injury, which may require some 
form of intervention and complicate the feeding plan.59,60

If the hematoma is encountered during trauma laparot-
omy, it is usually evacuated with mobilization and evalua-
tion of the hematoma, and the child is treated like any other 
postoperative patient. If evaluation of the hematoma iden-
tifies a full-thickness duodenal wall injury, the operative 
management of this injury is complex and usually involves 
creating a proximal fistula, some form of diversion (pyloric 
exclusion and/or gastrojejunostomy), and a distal feeding 
plan (gastrojejunostomy or jejunostomy). The operative 
approach is similar for a duodenal hematoma treated non-
operatively for several weeks without resolution.

Enterocutaneous Fistula
The enterocutaneous fistula (ECF) and entero-entero fis-
tula (EEF) are devastating complications of the trauma 
laparotomy associated with significant morbidity and 
mortality.62 Enterocutaneous fistula develops in 1% to 2% 
of patients who have undergone a trauma laparotomy.62 
Risk factors of ECF development include penetrating 
trauma, multiple hollow viscous injuries, and the open 
abdomen. The open abdomen is a major risk factor for fis-
tula development. Technically speaking, a fistula formed 
in this setting does not have a second epithelialized 
surface to which it opens, and is often referred to as an 
enteroatmospheric fistula.54,62 The EEF is a fistulous tract 
between two areas of bowel, such as the small and large 
intestine. Any child with a history of abdominal trauma 
and feeding intolerance in the form of diarrhea refractory 
to medical management should be evaluated with a con-
trast study. Once the diagnosis is confirmed, the patient 
will require PN for nutrition until operative repair.

The initial management of the ECF is to manage fistula 
output, correcting associated fluid and electrolyte imbal-
ances, protecting the skin and associated wound. The ECF 
is initially managed by bowel rest and PN. The manage-
ment plan diverges depending on the location and vol-
ume of the fistula. Once the output is quantified, contrast 
studies are obtained to define the anatomy and location 
of the fistula. Approximately 60% of ECF will spontane-
ously heal with conservative management.63 Most will heal 

within 2 weeks; if the fistula does not heal by 4 to 6 weeks 
of therapy, the fistulous portion will require surgical resec-
tion. The child is not limited to PN for nutrition at this 
time, as enteric feeds may be initiated with close monitor-
ing and management of output. For the proximal, high-
output fistula (e.g., duodenal perforation), a distal feeding 
access can be obtained and enteral feeds initiated similarly.

 ■KEY POINTS

•	 Traumatic brain injury elicits a variable metabolic 
response. Resting energy expenditure measured by 
IC must guide energy prescriptions where available.

•	 When the gut is functional, enteral access available 
and the patient is hemodynamically stable, early 
EN is preferred. Where enteral feeding is not fea-
sible, PN may be considered.

•	 Hyperglycemia should be anticipated in children 
with TBI and managed appropriately to improve 
outcomes.
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complement and coagulation cascades are hypothesized 
to all play a major role in the regulation of the hypermeta-
bolic response.5 

The clinical consequences of these biochemical 
changes in burn victims can be profound and include 
elevated resting energy expenditure (REE), muscle and 
bone catabolism, and insulin resistance.1 Despite aggres-
sive treatment, a loss of up to 25% of total body mass is 
commonplace after large burn injuries.7 Untreated burn 
injuries will result in severe wasting of lean body mass  
(Fig. 12-1).8 Extensive lean body mass depletion is associ-
ated with morbidity and mortality.9-12 

Strategies to blunt or counter the postinjury response 
include 2 general themes: (1) supportive care and  
(2) surgical intervention (Table 12-1). Supportive efforts  
focus on adequate nutrient intake; pharmacologi-
cal interventions, including analgesia and infection 

 ■METABOLIC RESPONSE TO BURN INJURY

Adequate nutrition is required to support the metabolic 
alterations associated with burn injury. Although a surge in 
protein, carbohydrate, and fat catabolism occurs in all crit-
ically ill patients, the duration and intensity of the response 
are exaggerated in patients with large burn injuries.1,2

The basic etiology of the hypermetabolic response fol-
lowing a burn injury remains poorly understood despite 
years of well-funded investigation. Presumably, it is driven 
by the intensity of catecholamine, glucocorticoid, glu-
cagon, and dopamine secretion, which activate several 
complex mediator cascades.1,3-6 Endotoxin, tumor necro-
sis factor, interleukins 1 and 6, platelet-activating factor, 
arachidonic acid metabolites through the cyclooxygenase 
and lipooxygenase pathways, reactive oxygen species, 
neutrophil-adherence complexes, nitric oxide, and the 

 ■METABOLIC RESPONSE TO BURN INJURY ■NUTRITION ASSESSMENT
 Determining Nutritional Status and risk
 Nutrition assessment tools
 Monitoring Nutritional Status
 Determining energy requirements
 estimating protein requirements
 Vitamins and Minerals

 ■NUTRITION SUPPORT
 enteral Nutrition
 enteral Formula Selection

 ■PHARMACOLOGY
 Glutamine
 Oxandrolone
 propranolol
 Insulin

 ■KeY pOINtS
references
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anthropometric, laboratory, and dietary data must be col-
lected in order to perform a complete nutritional assessment  
(Table 12-2). Subsequently, nutritional status and nutri-
tional risk must be determined in tandem. 

Determining Nutritional Status and Risk

Obesity and malnutrition should be identified on admis-
sion, since these factors will affect nutrition support strat-
egies. Nutritional risk factors include all elements that can 
influence nutrient absorption and utilization, such as the 
severity of burn injury, age, and the presence of inhalation 
injury and organ dysfunction. In addition, it should be 
expected that, due to the physiologic response to trauma, 
nutritional status will decline over time, independent of 
the baseline status.14 

Nutrition Assessment Tools

Anthropometric and laboratory data should be mind-
fully interpreted, as the physiological features of metabolic 
stress often confound these values. Body weight may be 
unreliable due to the influence of extracellular water expan-
sion following acute burn injury.15 Despite this limitation, 

control; and environmental manipulation. Continuous 
nutrition support, which focuses on optimal protein 
intake, is expected to offset muscle catabolism and pre-
serve lean body mass. Optimal aseptic techniques help 
to minimize infectious complications. Sepsis increases 
protein catabolism and metabolic rate by approximately 
40% in burn patients.1 Evaporative losses and accom-
panying heat loss also increase the metabolic rate. 
Bacteria-controlled nursing units (BCNUs) (Fig. 12-2 )  
provide a warm, isolated environment for patients with 
>30% total body surface area (TBSA) burn injuries. Inside 
the plastic walls of the BCNU, temperatures range from 
84°F to 88°F with 80% humidity, and a laminar airflow 
unit reduces bacterial cross-colonization.13 Overall, sur-
gical interventions are the most successful approach to 
reducing the hyperdynamic effects of burn injury. Early 
excision and grafting of large full-thickness burn wounds 
significantly reduce metabolic rate.1 

 ■NUTRITION ASSESSMENT

The nutritional assessment of burn patients is an ongo-
ing dynamic process that is directly related to the stage 
of injury. Upon admission, important demographic, 

Nutrition Support Pharmacologic Environmental Surgical

•	  early initiation of nutri-
tion support with minimal 
interruption

•	 high nitrogen:calorie ratio

•	  adequate sedation and 
pain control

•	 anabolic steroids
•	  Beta-andrenergic 

blockade

•	 Infection control
•	 Warm environment

•	  early excision and wound 
closure

•	 Drainage of septic foci

■  TABLE 12-1. Strategies to Blunt the Metabolic Response to Burn Injury

FIGURE 12-1. Severe wasting of lean body mass following an untreated burn injury.
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FIGURE 12-2. Bacteria-controlled nursing unit.

longitudinal weight data, when judiciously evaluated, can 
be useful. 

Similarly, obtaining accurate measurements of visceral 
proteins is nearly impossible, as most reasonable measures 
of nutritional status are down-regulated by the acute-phase 
response. Trending prealbumin measurements with the 
C-reactive protein, an acute-phase protein, is a common 
practice among burn units. There is evidence that pre-
albumin and C-reactive protein are related to morbidity 
and mortality among burn patients, but it is unclear that 
the prealbumin is truly related to nutrition status in these 
patients.16,17

Monitoring Nutritional Status
Nutritional parameters should be monitored regularly 
(Table 12-2). During the acute phase, weight should be 
obtained twice a week so that trends can be easily moni-
tored. It is important to recognize that fluctuations in 
weight during the early acute phase of care are influenced 
by fluid shifts and may not indicate changes in dry weight. 
Once wound closure is achieved and the patient enters 
the rehabilitative phase, weekly weight checks may be  
sufficient. 

The reliability of visceral protein levels also improves 
with wound closure. If nutritional intake is optimal 
throughout the course of injury, a gradual increase in 
prealbumin should occur as the acute phase subsides, 
evidenced by a decrease in C-reactive protein. Failure of 
prealbumin to rise despite declining C-reactive protein 
levels may indicate protein or calorie malnutrition.14 

Evaluation of energy and protein intake is an impor-
tant part of nutritional monitoring. Daily energy intake 
should be compared preferably to measured requirements, 
or when that option is unavailable, to estimated require-
ments by standard equations. If energy and protein intake 
are less than optimal, nutrition support strategies should be 
reevaluated. 

Routine monitoring of biochemical parameters  
(Table 12-2) is necessary for assessing fluid and electrolyte 
balance, metabolic acidosis, organ function, and hyper-
glycemia. A decline in electrolytes, phosphorus, calcium, 
and magnesium levels is expected during the acute-phase 
response and may also occur during the initiation of 
aggressive nutrition support. Sodium levels are also influ-
enced by silver-based dressing solutions. Hyperglycemia 
is common during burn injuries due to increased rates of 
glucose production and utilization accompanied by insu-
lin resistance.18 Other prominent burn-related changes in 

Measurement Monitoring Frequency

Weight twice a week

prealbumin Weekly

c-reactive protein Weekly

calorie and protein intake Daily

electrolytes, phosphorus, 
ionized calcium, magnesium

every 6 hours for the first  
48 hours, then twice daily

Glucose every 6 hours for the first  
48 hours, then twice daily

liver function tests Weekly

triglycerides every 2 weeks

Serum lipase, amylase Weekly

BuN Daily

creatinine Daily

■  TABLE  12-2. Elements of Nutrition Assessment
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physiology and organ function include pancreatitis, renal 
failure, and liver dysfunction. 

Determining Energy Requirements
Elevated energy expenditure is a well-recognized conse-
quence of the inflammatory response. However, rates of 
energy expenditure following burn injury have gradu-
ally declined over the years, from historic measures 
of up to 200% of REE to a more manageable 120% to 
130%.19,20 Advances in burn care, including medical, 
surgical, environmental, and pharmacological strate-
gies, can significantly reduce energy expenditure.14 
Early excision and grafting,21 utilization of occlusive 
bandages,22 and the provision of a bacteria-controlled, 
heated environment all reduce metabolic rate, regard-
less of open wound area. Similarly, vigilant management 
of pain and use of appropriate sedation lower energy 
requirements significantly.2 

The American Society for Parenteral and Enteral 
Nutrition (A.S.P.E.N.) recommends that indirect calo-
rimetry be used for measuring energy expenditure in 
critically ill patients.23 This tool may be particularly useful 
among burn patients, as indirect calorimetry will capture 
the stress of disease as well as the various clinical factors 
that may be unique to each patient. An activity factor of 
20% to 30% is added to the measured energy expenditure 
to account for daily activities (repositioning, dressing 
changes, physical therapy) that may contribute to the total 
energy expenditure.24 

Serial indirect calorimetry measurements can provide 
early warning of over- and underfeeding,25 which may 
occur when standard equations for energy expenditure 
estimation are utilized to prescribe the energy delivery 
goal. If indirect calorimetry is unavailable, energy goals 

may be based on the patient’s estimated basal metabolic 
rate (BMR) with a stress factor.14 Wound healing can be 
achieved if energy intake equals BMR with a stress factor 
of 1.3 to 1.4 and optimal dietary protein is provided.23 
For convalescent children, the stress factor of 1.2 is rec-
ommended.23 In today’s pediatric intensive care units 
(PICUs), severely burned patients are one of the few 
instances where addition of a stress factor to REE may 
be appropriate. When calories were delivered at 1.5 ×  
REE, the patients accrued fat instead of muscle.26 

Estimating Protein Requirements 
Skeletal muscle catabolism after severe burn injury 
accommodates amino acid needs for wound healing, 
immune function, synthesis of acute-phase proteins, 
and gluconeogenesis.1 Inadequate protein intake com-
promises these critical functions. It is now well known 
that exogenous protein will not completely abate protein 
breakdown during burn injury.27,28 The goal of protein 
therapy after burn injury is to support wound healing 
and immune function by fostering protein synthesis. 
A positive protein balance can be achieved by supply-
ing 3 to 4.5 g/kg of protein for children 0 to 6 years of 
age and 2.5 to 3 g/kg of protein to children older than  
6 years.29,30 

Vitamins and Minerals
Evidence-based practice guidelines for vitamin and min-
eral supplementation in burn patients are not available. 
Vitamins and minerals play an essential role in wound heal-
ing and immune function, and data are available to show 
that several of them are depleted following burn injury 
(Table 12-3). Regrettably, describing true micronutrient 
deficiencies following a burn injury can be a challenge, as 

Micronutrient Adults Children Reference

Vitamin c x 70

Vitamin D x 71

Vitamin e x x 70,72

copper x x 73-77

Selenium x x 78-80

Zinc x x 73, 75-77

■  TABLE 12-3. Micronutrients Depleted During Burn Injuries 
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plasma levels are complicated by the acute-phase response. 
Many micronutrients rely on a protein carrier, which is 
often down-regulated during the inflammatory response.

Studies that focus on micronutrient supplementation 
for patients with burn injuries are scarce. Multitrace-
mineral supplement cocktails receive the most attention 
in the burn literature, compared to specific vitamin or 
mineral supplements. Several randomized controlled tri-
als among adults report that an intravenous trace-mineral 
cocktail, including selenium, copper, and zinc, resulted in 
reduced infection rates and graft loss among adult burn 
patients.31-34 Corresponding pediatric data are not avail-
able. One small randomized control trial among pedi-
atric burn patients did show improved rates of wound 
healing with a vitamin C, vitamin E, and zinc enteral 
cocktail.35 Unfortunately, specific nutrient requirements 
cannot be elucidated from this data. It is also not clear as 
to what route—intravenous or enteral—is the most effec-
tive vehicle for micronutrient administration. 

More data are needed to create evidence-based guide-
lines for micronutrient supplementation following burn 
injury. Of note, burn patients often receive 100% or more 
of the recommended dietary allowance for each micro-
nutrient with their enteral feeding regimen. In fact, adult 
enteral nutrition (EN) products most likely provide pedi-
atric patients with an ample supply of all required micro-
nutrients. Unless a preexisting deficiency is suspected, 
additional supplementation is not warranted. 

 ■NUTRITION SUPPORT

Once the optimal nutrient delivery goals are determined, 
the best route for administration needs to be determined. 
As in other critical illnesses, there are many challenges to 
nutrient delivery in the child with burn injury.

Enteral Nutrition
When practical, EN is the ideal mode of nutrition sup-
port, as it may help to protect immune function, preserve 
gastrointestinal integrity, mitigate whole-body inflamma-
tion and stress, and provide the appropriate macro- and 
micronutrients the body requires.36 Early initiation of EN 
(within 24 hours) among adult burn patients is associ-
ated with decreased length of ICU stay and wound infec-
tions.37 The European Society for Clinical Nutrition and 
Metabolism (ESPEN) recommends that nutritional ther-
apy be initiated early (within 12 hours) and by the enteral 
route.38 Early enteral feeding, which is started within the 

first 12 hours after injury by the gastric route, is associated 
with numerous advantages, such as amelioration of the 
hypermetabolic response,39 and also causes increased 
immunoglobulin production40 while reducing the risk of 
malnutrition and of energy deficit.41,42 

Most pediatric burn patients are capable of tolerating 
early EN. Of concern is the higher rate of adverse events, 
including bowel necrosis, reported with provision of early 
EN in pediatric burn patients. In one study, bowel necrosis 
seemed to be associated with burn size, resuscitation vol-
umes, and inotropic requirements.43 Exclusion criteria for 
aggressive early EN support include hemodynamic insta-
bility, high-dose vasopressor requirement, or significant 
abdominal distention. This practice is consistent with the 
A.S.P.E.N. guidelines, which state that EN should be held 
or delayed in patients with severe hemodynamic compro-
mise until the patient is fully resuscitated or more stable.44

Since these children require frequent operative proce-
dures, achieving nutritional requirements via the enteral 
route alone may not be practical.36,45 Energy and protein 
deficits quickly accumulate when EN cannot be advanced 
to goal rate. In these situations, an alternative method of 
nutrition support that includes a combination of enteral 
and parenteral nutrition (PN) may be necessary to prevent 
consequences of suboptimal nutritional intake. 

Historically, PN was associated with morbidity and 
mortality among burn patients.46 However, we now know 
that when PN is used prudently, particularly when glucose 
infusions are capped at rates consistent with carbohydrate 
oxidation, PN is a safe alternative to suboptimal nutri-
tional intake by the enteral route alone.47

When a patient is expected to receive inadequate EN 
support for longer than 12 hours, a high-nitrogen, hypo-
caloric PN formula (Table 12-4) should be started in con-
junction with the abbreviated supply of EN.48 The high 
amino acid content of this formula includes a nonprotein 
energy-to-protein ratio (85:1) that allows protein needs 
to be met without excessive volume infusion rates. To 
minimize the risk of overfeeding and hyperglycemia, it 
is imperative to limit glucose infusion to 5 mg/kg/min.49 
Unfortunately, with this limitation, PN can only approxi-
mate basal energy requirements. Supplemental EN may 
be needed to reduce the energy deficit associated with PN. 

Two studies have shown that restricting lipid provision 
to patients with significant burns may be of benefit.50,51 It 
has been recommended that lipid be kept <35% of total 
calorie intake while accounting for extraneous sources of 
lipid such as propofol.

■  TABLE 12-3. Micronutrients Depleted During Burn Injuries 
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nutrients, such as glutamine, arginine, and omega-3 
fatty acids, all believed to improve wound healing and/
or immune function. Currently, there is no consistent 
evidence to suggest that immune-enhancing formulas 
reduce morbidity or mortality in critically ill patients52 or  
burn patients.53,54

The gastric route is recommended for most patients; 
however, postpyloric placement has some distinct advan-
tages in burn patients. Since these patients undergo fre-
quent procedures in the operating room, use of postpyloric 
feeds leads to less nil per os (NPO) time, and some centers 
feed patients throughout their procedures. Postburn ileus 
typically involves the stomach and colon, and a postpylo-
ric tube bypasses the stomach. 

Enteral Formula Selection
Standard high-protein EN formulas are sufficient to meet 
the heightened nutrient requirements of burn patients. A 
useful strategy in the pediatric burn unit is to utilize adult 
formulas, which typically contain more protein (~40 to  
60 g/L) compared to pediatric versions (~30 g/L) with 
children >1 year of age. Adult formulas also supply higher 
amounts of electrolytes and micronutrients, which may 
reduce or eliminate the need for supplementation. Fiber-
containing formulas may reduce the constipation seen 
almost invariably in these children.38 

Many specialty EN formulas are also available 
on the market today, although their availability may 
exceed scientific support. Popular products contain key 

Nutrient Recommended Intake Key Points

total solution
Dextrose 20%/7.4% amino acids

1.75 ml/kg/hr for infants and  
children <20 kg

1.5 ml/kg/hour for children >20 kg

can be initiated at goal rate.

carbohydrate 5 mg/kg/min this is consistent with the maximum 
rate of glucose oxidation in burned 
children. 

protein Goals of 2.5 to 4.0 g/kg ideal body 
weight

the high amino acid content enables 
protein goal to be met without exces-
sive volume. 

Fat (20% intravenous lipids) Initiate at 0.5 g/kg for 12 hours
Goal volume: 1.0 to 1.5 g/kg/day fat
ensure that fat is not >35% of total 

calories

propofol contains a 10% soybean oil 
solution.

Sodium/potassium 100/50 meq/l enhanced electrolytes to provide higher 
baseline needed for increased losses.

calcium/magnesium 9/18 meq/l

phosphorus 15 mmol

acetate/chloride 120/71 meq/l acetate maximized to avoid acidosis 
with high amino acid content.

Intravenous multivitamin with trace 
minerals

5 ml/l, 0.5 ml/l Vitamin K is added to pN weekly as 1 
weight-based dose: 10 kg = 1 mg; 10 
to 50 kg = 2 mg; >50 kg = 4 mg

trace mineral amounts: Zinc = 2,500 mcg;  
copper = 500 mcg; Selenium = 30 mcg

■  TABLE 12-4. Parenteral Nutrition Composition and Administration Guidelines in Burned Children
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propranolol titrated to reduce heart rates by 20% signifi-
cantly lessen cardiac work62 and REE.63 It is not possible 
to generalize this data to all critically ill children with 
burns, but side effects seem to be few and costs are low.5 
Although the impact of pain and anxiety control on post-
burn metabolism has not been well studied, propranolol 
may have a similar mechanism of action by reducing the 
intensity of catecholamine secretion. 

Insulin
The inflammatory response associated with burn injuries 
is characterized by stress-induced hyperglycemia insti-
gated by increased hepatic glucose production and cellu-
lar insulin resistance. Hyperglycemia is associated with 
increased incidence of infection, sepsis, and mortality 
among pediatric burn patients.64,65 Correction of hyper-
glycemia may ameliorate these complications; however, 
the target range for serum glucose levels that is both safe 
and optimal remains ambiguous. Aggressive insulin ther-
apy designed to maintain serum glucose levels between 
80 and 121 mg/dL was reported to be associated with 
decreased infection and sepsis among pediatric burn 
patients.66 However, strict glucose control was also related 
to mild hypoglycemia events (blood glucose <60 mg/dL)  
in 43% of the patients and severe hypoglycemic events 
(blood glucose <40 mg/dL) in 26% of the patients. 

Given the hypoglycemic risks of intensive insulin ther-
apy, a more liberal approach to glucose control is recom-
mended. A blood glucose target of less than 140 mg/dL  
for critically ill patients appears effective and reason-
able.64,66-68 Recent Society of Critical Care Medicine guide-
lines on glucose control were developed for adult patients, 
but their relevance in children is unclear.69 To optimize 
safety, some centers use a sliding-scale insulin proto-
col as the first line of therapy for hyperglycemia (serum  
glucose >140 mg/dL). If this approach is not effective, an 
insulin drip may be initiated. 

 ■KEY POINTS

 ■PHARMACOLOGY

The use of micronutrients or drugs that modify and alleviate 
the postburn catabolic response has been an area of great 
interest. A variety of interventions have been studied in this 
population with the intention of blunting the hypermeta-
bolic response, promoting muscle mass accrual and wound 
healing, preventing infections, or controlling hyperglycemia.

Glutamine

Glutamine has several attractive features for adult burn 
patients, including improved wound healing55,56 and fewer 
infections.55,57 It is reasonable to assume that the benefits 
of glutamine supplementation in pediatric burn patients 
may be similar to those found in adults; however, no data 
exist to support this assumption. In fact, the only published 
study available among pediatric burn patients reported that 
enteral glutamine was not associated with improved pro-
tein turnover.58 Therefore, no glutamine recommendation 
for pediatric burn patients can be proposed at this time.

Oxandrolone
Oxandrolone is an anabolic steroid used among burn 
patients to counteract the hypermetabolic response by pro-
moting protein synthesis.59-61 Data from one study showed 
that oxandrolone therapy (0.2 mg/kg/day) increased total 
body mass and lean body mass, and reduced length of stay 
among pediatric burn patients.60 Treatment was also asso-
ciated with increased liver function tests, but no hepatic 
failure was reported. Careful utilization of oxandrolone 
is necessary, as this drug comes with a black box warn-
ing from the Food and Drug Administration about lipid 
abnormalities, peliosis hepatitis, and hepatic tumors. 
Symptoms of peliosis hepatitis and hepatic tumors may 
be silent until they become life threatening. Withdrawal 
of oxandrolone often results in regression or cessation of 
symptoms. Pediatric patients can have a successful recov-
ery following burn injury without the use of anabolic 
steroids. Due to the potential serious complications asso-
ciated with oxandrolone, the decision to administer this 
drug to children should be carefully considered. 

Propranolol
Propranolol is a nonselective, beta-adrenergic recep-
tor antagonist. The rationale behind propranolol treat-
ment is to blunt the catecholamine surge associated with 
the hypermetabolic response to burn injury. Doses of 

•	 Enteral nutrition should be initiated within 12 
hours of injury, if at all possible.

•	 Indirect calorimetry is a gold standard to assess 
energy requirements.

•	 Children with significant burns require large 
amounts of protein.
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•	 Carbohydrate delivery should not exceed 5 mg/kg 
per minute in children.
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energy intake.
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Although the exact pathophysiology of this process is 
not fully understood, many different mechanisms within 
the disease process can contribute to the early onset of 
malnutrition. The nutritional care of infants and children 
with end-stage liver disease requires diligent monitoring 
and aggressive support by the entire health care team to 
ensure optimal transplant outcomes. 

The rapid deterioration of nutritional status and the 
profound complications of end-stage liver disease have 
made early liver transplant evaluation imperative. Mal-
nutrition is one of the major factors adversely affecting 
the survival of infants and children on transplant waiting 

 ■NutritioN after Liver  
 traNspLaNtatioN

The rates of morbidity and mortality following liver 
transplantation are directly related to the degree of  
malnutrition at the time of transplantation. Pediatric 
patients, like adults, are predisposed to all of the con-
sequences of end-stage liver disease, such as ascites, 
pruritus, encephalopathy, and portal hypertension, but 
the impact on growth and development is unique to the 
pediatric population.1 Protein-energy malnutrition and 
growth failure are an inevitable consequence observed in 
60% of infants and children with chronic liver disease.2 

 ■Nutritio N after  Liver  t r a NspLa Nt atio N ■  Nutritio N after  s ma LL iNtesti Na L  
t r a NspLa Nt atio N

 pretransplant Nutritional care
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posttransplant period

Nutrient requirements within the Intensive  
care Unit

Nutrition care During the Late posttransplant 
period (and Long-term care)
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lists, and the one in which we can have the greatest impact 
on outcome.3 Therefore, the goals of nutritional support 
prior to transplant should be focused on the prevention 
of any further liver injury, the minimization of nutritional 
depletion, conservation of growth, maintenance of lean 
body mass (LBM), and control of disease-related compli-
cations. One valuable recommendation is that children 
with mid-upper arm muscle circumference (MUAC) 
falling below the fifth percentile be initiated on aggressive 
nutrition support regimens prior to transplantation.4

Liver transplantation has become a standard and effec-
tive life-saving intervention for infants and children with 
acute and chronic liver failure. With significant advances 
in surgical techniques, the development of variant tech-
nical procedures involving allograft reduction, and the 
improvement of long-term immunosuppressant medi-
cations, liver transplantation has now become a valid 
therapy for pediatric patients.5 In the past, the need to 
size-match cadaveric livers had severely restricted pediat-
ric transplantation and led to inflated rates of death among 
patients on transplant waiting lists. With the ability to use 
reduced-sized cadaveric grafts or living-related dona-
tion, more donor organs are now available. Survival rates 
in most experienced pediatric liver transplant centers 
approach 90% at 1 year, and the quality of life for most 
patients after transplant has significantly improved.6 These 
advances have now shifted our principal focus from purely 
supportive disease management to treatment measures for 
improving the patient’s clinical status before transplanta-
tion. The one metric that can make the most impact upon 
outcome is nutritional status. A child who is experienc-
ing growth failure due to progressive liver disease is more 
likely to succumb prior to transplantation.7

Patients who have advanced liver disease are unable 
to maintain nutritional status, even with intakes above 
normal, because of increased energy requirements, the 
interference of the metabolism of nutrients, and vitamin/
mineral deficiencies.8 Infant formulas containing medium-
chain triglyceride (MCT) oil, preferably those highest in 
MCT oil, are progressively calorie concentrated, up to a 
goal of 30 calories/oz (1 calorie/mL) with a balance of 
concentrated infant formula bases and modular additives 
of glucose polymers and/or MCT oil. (See chapter 16.) 
Children greater than 1 year of age should be trialed on 
oral MCT oil-containing pediatric formulas and modular 
nutrients added to food items in order to further boost cal-
orie intake. These formulas generally contain at least 60% 
MCT oil and will enhance fat absorption. When patients 

are unable to consume adequate calories to maintain LBM 
measurements of MUAC and triceps skinfolds (TSF) in the 
normal range, supplemental enteral tube feeding should 
be initiated. Nasogastric tubes are the preferred route of 
administration if patients can tolerate adequate formula 
volume to achieve growth. However, in some instances, 
nasojejunal placement must be utilized because of reflux 
from gastric distension caused by ascites and organomeg-
aly. Gastrostomy tubes are generally not placed because 
of this reason, as well as the predilection for developing 
peristomal varices due to portal hypertension.9 These 
varices are particularly difficult to treat locally. Noctur-
nal drip feedings are commonly used so that preservation 
of oral feeding skills during the day can be maintained. 
This allows for supplementation during the normal hours 
of fasting, which may also prove beneficial in end-stage 
liver disease patients, particularly infants, who are unable 
to maintain fasting glucose levels overnight. Quite often, 
these patients will progress to require 24-hour continuous 
tube feeding infusions to achieve the increased nutrient 
intakes required to maintain nutritional status, as well as 
blood sugar control from a continuously delivered glu-
cose infusion rate. Attempting to maintain oral motor 
function is essential during pretransplant care to ensure 
appropriate and opportune transition to normal feedings 
posttransplantation. In many instances, enteral tube feed-
ing supplementation may be required for a short duration 
posttransplant until adequate oral intakes can be achieved. 
As posttransplant patients are able to normalize their daily 
schedules, pain subsides, and the added effect of appetite 
stimulation from higher-dose steroids is seen, oral intakes 
can quickly achieve and sometimes surpass goals.

Parenteral nutrition (PN) is employed pretransplant 
when complications such as severe varices, gastrointesti-
nal (GI) bleeding, or excessive emesis make it difficult to 
safely provide the required nutrients enterally, or it can be 
employed as an adjunctive nutritional therapy in patients 
who are severely malnourished and in whom the goal 
enteral nutrient delivery is unattainable.10 Parenteral nutri-
tion solutions should be composed of a balance of standard 
amino acids, dextrose, lipids, electrolytes, and minerals 
designed to meet nutritional needs while minimizing 
metabolic complications. Amino acid mixtures enriched in 
branched-chain amino acids (BCAA), which are designed 
specifically for patients with liver disease have not been ben-
eficial for pediatric patients with liver disease.11,12 Whatever 
the modality of nutritional support is utilized pretransplant, 
serial anthropometric measurements are recommended to 
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follow the effects and adequacy of nutritional interventions 
once deficiencies have been identified.13

The goals of nutritional therapy during the immedi-
ate posttransplant period are to manage the catabolic 
effect of the surgery, facilitate weaning from the ventila-
tor, minimize infection risk, improve wound repair, and 
anticipate metabolic/electrolyte issues associated with liver 
regeneration, medications, and malnutrition, such as those 
seen in refeeding syndrome. Refeeding syndrome is a seri-
ous complication associated with aggressive nutritional 
rehabilitation of malnourished patients and is character-
ized by metabolic disturbances in potassium, magnesium, 
and phosphate levels; glucose and fluid intolerance; and 
potential cardiac and pulmonary dysfunction.14 

Parenteral nutrition via a central venous catheter 
is generally initiated within 24 to 48 hours posttrans-
plant after hemostasis is achieved with intravenous 
(IV) electrolyte and mineral replacement. In most 
instances, substantial potassium, phosphorus, and mag-
nesium replacements are required. Parenteral nutrition 
is maintained until the patient is able to take 50% to 
75% of his or her total caloric requirements enterally.15 
The intermittent shortages of some PN constituents in 
the United States have made parenteral replacement  
challenging and have led to the earlier use of enteral 
mineral replacements. 

Oral or specialized enteral feeding should be reinsti-
tuted as soon as gut function is restored. If patients are 
unable to achieve nutrition goals with an oral diet and 
the use of high-calorie oral supplements or fortified infant 
formula, supplemental tube feeding support should be 
initiated to facilitate weaning from PN. Post-liver trans-
plant, patients can be given standard infant or pediat-
ric formulas or supplements, as liver function has been 
restored and long-chain fats can again be absorbed. As 
oral intake improves, tube feedings can be weaned and 
ultimately discontinued. Most children will resume a nor-
mal diet before discharge from the hospital after trans-
plantation, although some may require additional oral 
supplements to achieve catch-up goals. A small portion 
of children and infants, particularly those with behavioral 
feeding issues secondary to pretransplant reliance on tube 
feeding, may require supplemental nocturnal enteral feed-
ings for several months posttransplant. Some infants and 
younger children who have received enteral tube feeding 
supplementation pretransplant may have never developed 
normal feeding practices because they missed their nor-
mal developmental milestones for chewing and swallow-

ing. These feeding problems can contribute to persistent 
growth failure during this posttransplant period through 
lack of adequate caloric intake. Data have shown that 
behavioral feeding problems are fairly common in chil-
dren who were tube fed pretransplant, and are a major 
cause of growth failure in 10% of children.16 Persistent 
inadequate caloric intake can sometimes be a factor in 
patients who experience posttransplant complications 
and necessitate longer term nutritional supplementation 
with tube feedings post-hospital discharge. Other iatro-
genic factors such as the immunosuppressive drugs used 
posttransplant carry significant side effects that may affect 
nutrition (Table 13-1). However, with adequate support, 
80% of children who survive liver transplantation will 
achieve normal growth patterns, body habitus, weight, 
MUAC, and TSF within 1 year posttransplant.16,17 

Catch-up growth is defined as linear growth velocity 
that exceeds the limits of normal for age after a transient 
period of growth inhibition. Initial catch-up linear growth 
is slow during the first posttransplant year in most patients 
(possibly related to the effects of corticosteroids adminis-
tered in the first 3 to 6 months posttransplant), but 80% 
achieve their ideal height by the twelfth posttransplant 
month. Virtually all children have satisfactory height stan-
dard deviation scores by 4 years posttransplant.16,17 

Posttransplant maintenance goals ultimately revolve 
around quality of life issues. Long-term goals are focused on 
maximizing linear growth potential, as well as the develop-
ment of optimal cognitive, physical, and emotional states.6,19 
Optimal nutrition support can improve these long-term 
quality of life issues in pediatric patients by reducing or 
avoiding linear growth failure, rickets from osteomalacia 
with related pathologic fractures, and neurodevelopmen-
tal delay.20 Clearly, reaching a normal height is an impor-
tant aspect of quality of life for these children because it 
affects social reintegration and self-esteem. The causes of 
poor growth after liver transplantation can be summarized 
as those caused from pretransplant growth failure, poor 
graft function, and the long-term use of glucocorticoid 
treatment. The efficacy and safety of recombinant growth 
hormone (rhGH) as a treatment of linear growth failure in 
liver transplant patients is presently under investigation. 
It has been used successfully to treat children after renal 
transplantation.21 One of the primary goals posttransplan-
tation is to decrease the complications associated with the 
chronic use of immunosuppressive drugs while optimizing 
graft survival. Reduced drug doses are the key to minimiz-
ing the potential for long-term complications. Target blood 
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levels of cyclosporine or tacrolimus can usually be reduced 
within the first 1 to 2 years posttransplant pending no 
episodes of acute rejection. Aggressive prednisone wean is 
attempted over the first 3 to 6 months posttransplant.

Complications for younger children are generally 
related primarily to growth impairment and osteopenia 
from steroid use and are more serious than those observed 
in older children. These children frequently have metabolic 
bone disease from their chronic liver disease, as well as the 
secondary osteoporosis seen with chronic glucocorticoid 
use.22 Multiple factors contribute to the development of 
osteopenia in patients with chronic liver disease awaiting 
liver transplantation, including immobility, malnutri-

tion, poor muscle mass, poor renal function, and chronic 
cholestasis. In the posttransplant period, high-dose corti-
costeroids have long been implicated as the main cause of 
bone loss. In a retrospective study of children with end-
stage liver disease who underwent orthotopic liver trans-
plantation, 16% had bone fractures in the postoperative 
period. Irrespective of the postoperative bone density, most 
liver transplant recipients lose bone mass for 3 to 6 months 
after transplantation, but by 6 months, the bone loss typi-
cally ceases in patients with normal allograft function and 
then stabilizes or increases.23,24 Adequate calcium and 
vitamin D supplementation during the pre- and posttrans-
plant phases, as well as the promotion of physical activity 

primary immunosuppressants: 

Cyclosporine: Immunosuppressant used in the prophylaxis of graft rejection. 

adverse reactions: Nephrotoxicity, hepatotoxicity, increased susceptibility to infection and lymphoma, hypertension,  
hirsutism, and gum hyperplasia.

methylprednisolone: Immunosuppressive adjunct for the prevention and treatment of solid organ rejection.

adverse reactions: Increased calcium excretion leading to osteoporosis,* sodium and fluid retention leading to cushingoid 
state,* hypertension, suppression of linear growth in children,* secondary decreased carbohydrate tolerance,* impaired 
wound healing, peptic ulcers, pancreatitis, muscle weakness, steroid myopathy, subcapsular cataracts, and glaucoma.

t acrolimus: Immunosuppressant. prophylaxis of graft rejection in liver and kidney transplants. adverse reactions: Increased 
incidence of posttransplant diabetes mellitus,* neurotoxicity, acute nephrotoxicity characterized by non-anion gap metabolic 
acidosis, hypomagnesemia and hyperkalemia* due to type Iv renal tubular acidosis, chronic nephrotoxicity characterized by 
glomerulosclerosis and chronic renal failure, increased risk of infection and lymphomas, hypertension that may require treat-
ment with antihypertensive agents, and headaches.

a ntithymocyte globulin (thymoglobulin): Immunosuppressant sometimes used for induction of immunosuppression or to 
treat severe rejection refractory to corticosteroids. 

adverse reactions: anaphylaxis, cytokine-release syndrome (cytokine storm characterized by tachycardia, pulmonary edema, 
adult respiratory distress syndrome, myocardial infarction), thrombocytopenia, neutropenia, fever, chills, flulike symptoms.

immunosuppressants used to t reat a cute r ejection:

mycophenolate mofetil: prophylaxis of graft rejection.

adverse reactions: Increased susceptibility to infection and lymphoma, neutropenia, and gastrointestinal hemorrhage  
may occur.

r apamycin prevention and treatment of allograft rejection.

adverse reactions: thrombocytopenia and hyperlipidemia. 

Key: *adverse reactions with nutrition support implications

■  tabLe  13-1. most Commonly employed posttransplant medications and Nutrition r elated s ide effects18
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and minimizing the use of osteopenia-producing medica-
tions, are keys in the preservation of bone mass during the 
early posttransplant phase. 

Nephrotoxicity and abnormal renal function charac-
terized by decreased glomerular filtration rate (GFR) have 
been associated with the long-term use of immunosup-
pressive drugs such as cyclosporine and tacrolimus, other 
nephrotoxic drugs, rejection episodes, and hypertension. 
Hypertension occurs in approximately one-third of all 
children at any given time posttransplant,25 and remains 
a serious posttransplant complication, with 10% to 28% 
of children requiring long-term antihypertensive treat-
ment.26 Blood pressures should be routinely monitored 
during postoperative medical follow-ups.

 Hyperlipidemia following liver transplantation is pri-
marily associated with the use of cyclosporine, rapamy-
cin, high-dose corticosteroids, obesity, and diabetes 
mellitus, and is seen more in prepuberty and adolescence. 
Familial predisposition to hyperlipidemia can also be a 
contributing factor. Using tacrolimus as the primary 
immunosuppressive drug has a relatively minor effect 
on serum lipid levels as compared to rapamycin.27 One 
major focus of treatment for hyperlipidemia remains 
dietary intervention. Patient and family education on 
proper food-purchasing selections and low-fat substi-
tutions, preparation techniques, and menu planning, as 
well as lifestyle modifications that include an exercise 
regimen, are essential.

Posttransplant diabetes mellitus (PTDM) is a com-
plication sometimes seen in children post-liver trans-
plantation. The most significant factor that influences 
the development of PTDM is the use of diabetogenic 
immunosuppressive medications.28 Hyperglycemia may 
occur in some children on tacrolimus alone or in combi-
nation with high-dose corticosteroids used to treat rejec-
tion episodes. In most instances, hyperglycemia resolves 
when corticosteroid doses are weaned. In those instances 
when hyperglycemia is sustained, treatment with insulin 
injections will be required. Detailed diabetes education 
on dietary modifications (carbohydrate counting), moni-
toring, and insulin therapy should be implemented upon 
diagnosis. Patients with a family history of diabetes mel-
litus or a diagnosis of an autoimmune liver disease appear 
to have a greater risk of developing diabetes mellitus in 
this postoperative period.29 

Obesity after liver transplantation is seen more 
frequently in adult patients than in children, but can affect 
adolescent patients and children who are transplanted 

during their prepubertal years. The goal of treatment 
should focus on lifestyle changes and behavior modifica-
tion rather than calorie-restricted diets, as the tendency 
for weight gain will be present throughout their life.

In summary, the provision of nutrition therapy to 
pediatric patients with liver disease who are listed for 
liver transplantation is a concerted multidisciplinary 
team effort. Pretransplant goals are to preserve LBM and 
to medically manage the innate complications associated 
with the disease process. Posttransplant goals should 
focus primarily on quality of life issues: the development 
of cognitive, physical, and emotional states and minimiz-
ing the side effects inherent to the use of posttransplant 
medications. Rigorous attention to metabolic manage-
ment and aggressive nutritional support during all phases 
of the disease are essential in maximizing outcomes for 
transplantation. Liver transplantation offers patients a 
therapeutic option for an otherwise fatal disease and the 
ultimate goal of offering a new beginning with a better 
quality of life.

 ■ NutritioN after smaLL iNtestiNaL 
 traNspLaNtatioN

With the development of PN in the early 1970s, those with 
irreversible intestinal failure are now capable of surviving 
much longer on waiting lists before intestinal transplanta-
tion is completed. Another factor that has been essential 
to the survival of these patients is the care provided by 
multidisciplinary teams within intestinal rehabilitation 
programs.30 The outcomes and cost effectiveness of intes-
tinal transplantation are directly related to the quality of 
care delivered by these intestinal rehabilitation programs. 
These teams should be composed of gastroenterologists, 
general surgeons, transplant surgeons, dietitians, social 
workers, pharmacists, and nurse clinicians, as well as many 
outside consultants such as intensivists, neonatologists, 
pulmonologists, nephrologists, and speech/occupational 
therapists, depending on the comorbidities of these 
infants and children with intestinal failure.31 The spec-
tacular improvements in liver protection by either reduc-
ing the parenteral soybean oil–based lipid load32 or using 
fish oil–based lipid33 have reduced the need for combined 
liver/bowel transplantation. Furthermore, the utilization 
of ethanol locks34 and improved central line care have 
increased the average age of patients undergoing trans-
plantation. Hence, according to the Scientific Registry 
of Transplant Recipients (SRTR), the annual number 

■  tabLe  13-1. most Commonly employed posttransplant medications and Nutrition r elated s ide effects18
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of transplants performed in 2011 is less than half the 
annual number performed during the earlier part of the  
millennium.35 

Several variants of intestinal transplantation are utilized 
today. In patients with surgical short-bowel syndrome but 
without liver disease, an isolated intestinal transplantation 
may be performed. Patients with diffuse motility disorders 
involving stomach and duodenum who have not devel-
oped significant liver dysfunction may undergo a modi-
fied multivisceral transplant, which implies that the patient 
is completely eviscerated of native organs, which are then 
replaced by the stomach and small intestine en bloc. If 
severe intestinal failure–associated liver disease has devel-
oped, the patient may undergo a liver/intestine transplant 
or a multivisceral transplant including the liver. The details 
of the surgery and immunosuppressive regimens are too 
complex for this chapter, but are covered extensively by 
several excellent review articles.36,37 Most patients emerge 
from surgery with a gastrostomy and an ileostomy. The 
gastrostomy is for feeding and venting of the stomach, and 
the ileostomy is to facilitate frequent ileoscopic monitoring 
of graft appearance and histopathology in order to rule in 
or rule out rejection or allograft enteritis. Generally, the 
immunosuppressive regimens are similar to, but more rig-
orous than, those utilized for liver transplantation, but the 
characteristics of typical immunosuppressive agents are 
identical to those utilized for liver transplantation and are 
cited in Table 13-1. 

There are three chief periods of concentrated nutri-
tional care management of these patients to assure the best 
achievable outcomes throughout their continuum of care, 
which the following sections describe.

pretransplant Nutritional Care

Optimal pretransplant care depends heavily on minimizing/
delaying intestinal failure–associated liver disease (IFALD) 
and maximizing the patient’s chance for survival with a 
successful outcome. 

Keys in this pursuit include diligent PN delivery 
and monitoring of nutritional substrates, vitamins, 
minerals, and fluids to ensure appropriate hydration to 
replace losses, yet avoid overfeeding. Attempts to cycle 
PN and initiate trophic enteral feeding if possible have 
been shown to impede IFALD. This strategy is, in many 
instances, very difficult to accomplish in small infants 
with liver insufficiency or injury. These infants may expe-
rience hypoglycemia due to impaired glycogenolysis or 
hyperinsulinism if PN delivery is compressed into too 

few hours. The deleterious effect of excessive phytosterols 
on the liver can be attenuated by the delivery of either 
a reduced lipid load or a reduced lipid load with fish 
oil–based lipid.32,33 However, the calories not provided 
by lipid must be replaced by glucose calories, and many 
infants may then receive glucose infusion rates beyond 
their maximum oxidative capacity.38 

Monitoring and maintaining proper vitamin and min-
eral levels are definite challenges. It is important to provide 
appropriate, yet not excessive, intakes of zinc and copper. 
Copper, in particular, is difficult to dose because too little 
may result in copper deficiency manifested by pancytope-
nia that mimics the hypersplenism of portal hypertension, 
and too much may produce oxidative hepatic damage. 
Ultimately, frequent measurements of serum copper and 
ceruloplasmin are crucial for guiding therapy. 

Maintaining some form of oral stimulation is fun-
damental for infants and children pretransplant, as it 
will facilitate the transitioning from enteral tube feed-
ings to oral feedings during the posttransplant period. 
Infants and children who have not received adequate oral 
stimulation during this early phase of care can require 
years of intensive therapy posttransplant to achieve ade-
quate oral feeding to eliminate the need for enteral tube 
feeding supplementation.39

The choice of gastrostomy versus gastrojejunostomy 
as the route for enteral feeding must be evaluated indi-
vidually for each patient based upon whether the patient 
is prone to vomit and based upon how much functioning 
residual bowel is present. 

Nutritional Care During the immediate  
posttransplant period

Parenteral nutrition support is generally initiated within 
the first 24 to 48 hours postoperatively when the patient 
is hemodynamically stable. Parenteral nutrition is run 
over 24 hours and, in many instances, is maintained with 
less than maintenance volumes to accommodate the 
additional IV fluid requirements of replacement fluids and 
IV medications. Fluid restriction during this early postop-
erative period may be essential for weaning from assisted 
ventilator support. Concentrating PN ensures adequate 
caloric and protein intake during this metabolically erratic 
period of support.

Indirect calorimetry can be used to obtain a more 
accurate assessment of resting energy expenditure.40 Many 
clinicians will utilize baseline caloric assessment formulas, 
but these could over- or underpredict actual needs.41
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Intensive laboratory monitoring during the early 
postoperative period is critical, as numerous metabolic 
complications can develop, such as steroid-induced 
hyperglycemia, renal insufficiency, refeeding syndrome, 
and medication-induced electrolyte and mineral losses. 
Biochemical markers need to be monitored carefully by 
the transplant team and appropriate adjustment must be 
made in PN fluids.42

The electrolyte and mineral components of PN solu-
tions need to be adjusted regularly based on metabolic 
requirements; titrating drug effects; and losses from urine, 
enterostomy, and vacuum dressings. It is customary to 
deliver large quantities of potassium, phosphorus, and 
magnesium during the immediate postoperative period 
because the allograft organs, having suffered ischemia/
reperfusion, become profoundly depleted of these ele-
ments. Furthermore, tacrolimus-induced renal tubular 
magnesium wasting is greatest when the tacrolimus level 
is highest in the first days posttransplantation. Sometimes, 
supplemental albumin is added to total parenteral nutri-
tion (TPN) for Jackson Pratt drain replacements.

Nutrient requirements within the  
intensive Care unit 

Caloric requirements are determined based on age, 
weight, preoperative caloric requirements, and current 
level of respiratory and medical support, as well as post-
operative complications such as infection and surgical 
problems. The dietitian needs to take into account these 
frequent changes in a patient’s early postoperative course 
and adjust nutritional intakes accordingly. Consider the 
potential for increased energy needs in the setting of 
infection, spontaneous respiration with increased work of 
breathing, steroid-induced catabolism, and wound heal-
ing. There is a potential for decreased energy requirements 
in the setting of ventilator-assisted respiration, sedation/
paralysis, and decreased activity. Hence, measurement 
of resting energy expenditure can be helpful during this 
assessment period.43

Protein requirements are normally estimated at 
150% to 200% of the age-related recommended dietary 
allowances (RDAs) for protein, but vary greatly based 
on wound losses or protein losses in urine and enter-
ostomy. Nitrogen balance studies may be performed to 
determine actual losses, but in many instances, are not 
practical clinically in children, and the factor used for 
stool output must be estimated and based on current 
enterostomy output.44

During the immediate postoperative period, patients do 
not need high quantities of fat, but essential fatty acid defi-
ciency should be prevented or treated. A fat intake of only 
4% of the total calorie requirement is enough to prevent 
essential fatty acid deficiencies. However, it is important to 
be aware that some patients may be deficient in essential 
fatty acid prior to their transplant. Many of these patients 
have been managed on lipid-sparing PN regimens (0.5 to 
1 gram of fat/kg per day) preoperatively, and essential fatty 
acid levels should be measured before and after transplanta-
tion. Lipids can be an excellent source of calories in patients 
with drug- or stress-induced hyper-glycemia, but need to 
be monitored closely to prevent hypertriglyceridemia. 

The initiation of continuous enteral feeding gener-
ally occurs after bowel viability is assured by a screen-
ing ileoscopy 4 to 7 days after the transplant. The graft is 
evaluated by both gross observation and histology before 
feedings are initiated. At our institution, initial feedings 
are started with a very-low-fat elemental formula at half-
strength (isotonic at 1.0 kcal/mL) and advanced every  
12 hours by 0.2 mL/kg to a goal rate. Once two-thirds 
of the goal rate is achieved, the strength is advanced by 
25% and TPN weaning is initiated. Parenteral nutrition is 
weaned gradually as enteral tube feedings are advanced. 
Advancement to full-strength formula is attempted once 
goal rate is achieved, but if the high osmolality is not toler-
ated, the formula is maintained at three-quarters strength 
and the rate is increased further to achieve estimated 
goals. The rationale for the use of a very low-fat enteral 
formula is that the surgical division of all of the mesen-
teric lymphatics prevents significant long-chain triglycer-
ide absorption for several weeks. Eventually, lymphatics 
regenerate, but until that time, long-chain triglyceride 
absorption is severely perturbed.45 

At our institution, nasojejunal tubes are placed at the 
time of transplant proximal to the transplanted jejunum 
and maintained until the patient is able to tolerate full 
gastric feeding through the gastrostomy. Most patients 
have indwelling gastrostomy tubes at the time of trans-
plant for trophic feedings or drainage. Jejunal feedings are 
converted to gastric feedings as soon as tolerated to take 
advantage of increased emptying time from the stomach 
to the duodenum. This sometimes decreases enterostomy 
output and increases intestinal transit time.

After 4 to 6 weeks, patients are transitioned to an 
elemental hypoallergenic MCT-containing formula. 
Hypoallergenic formulas are utilized post-small-bowel 
transplant because these patients are predisposed to develop  
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eosinophilic bowel disease and food allergies. Posttrans-
plant eosinophilic enteritis is increasingly recognized after 
solid organ transplants, presumably due to immune dys-
regulation induced by calcineurin inhibitors and the loss 
of optimal antigen processing because of increased macro-
molecular penetration after transplant. Many patients have 
clear-cut symptoms when challenged with specific foods 
such as cow’s milk, soy, eggs, nuts, or other highly aller-
genic foods. Therefore, the use of hypoallergenic enteral 
formulas and avoiding foods with high allergenicity for the 
first 6 posttransplant months are recommended.46

Supplemental fluid and electrolyte replacements are 
based on enterostomy losses and urine sodium levels. In 
many instances, these patients require magnesium sup-
plementation in their supplemental IV fluids during the 
early postoperative period to replace the prodigious losses 
incurred in urine (due to high tacrolimus levels) and in 
the ileostomy effluent. Enteral magnesium supplementa-
tion is generally poorly tolerated by these patients, as it 
has a strong laxative effect. After the immediate posttrans-
plant period, as lower tacrolimus levels are accepted and 
the renal tubular wasting diminishes, parenteral magne-
sium needs are reduced. Because serum magnesium lev-
els poorly reflect total body magnesium stores,47 serum 
levels of <1.5 mEq/L (<0.75 mmol/L) but >1.0 mEq/L  
(>0.5 mmol/L) are customarily acceptable. 

Oral feeding rehabilitation usually starts with a speech 
therapy assessment of swallowing and incorporation of 
oral desensitizing techniques. For infants, significant use 
of oral foods is usually not begun until the patient’s tube 
feedings can be held for a few hours and the patient shows 
some interest in the tastes and textures of foods. Older 
children may begin eating solids within a few days of the 
time that enteral tolerance is established. Depending upon 
age at transplant, patients are offered by mouth small 
amounts of hypotonic fluids (formulas or Pedialyte for 
infants or electrolyte sport drinks low in sugar for older 
children) and small tastes of pureed or mechanically soft 
foods. Dietary advancement is customarily according to 
patient tolerance. Large quantities of water or ice chips 
are to be avoided insofar as water is not a contributor of 
significant nutrition or electrolytes.

Careful monitoring of intake and output is essential for 
maintaining appropriate fluid balance between oral, enteral 
tube, and parenteral fluid intakes and enterostomy and urine 
losses. Intravenous fluids are weaned as appropriate free-
water-containing fluids can be administered enterally without 
causing a significant increase in enterostomy losses.48

Nutrition Care During the Late posttransplant 
period (and Long-term Care)

In general, infants and children who have undergone 
small-bowel, liver/intestine, or multivisceral transplant 
can be weaned from PN support and onto all enteral 
tube feedings or a combination of tube feedings and oral 
intake within 2 to 4 weeks. Until their ileostomies are 
closed (approximately 6 to 12 months after transplant), 
they may require additional IV fluids administered 
overnight to maintain fluid balance and to compensate 
for enterostomy losses. As the new bowel adapts and 
enteral fluid volumes are tolerated, IV administration 
of supplemental fluids can sometimes be eliminated 
(even prior to ileostomy closure) during uncomplicated 
periods of recovery.

Again, multidisciplinary teams with an intestinal reha-
bilitation/transplant focus are essential in maximizing 
appropriate and rapid transition to normal feeding pat-
terns, as well as minimizing long-term complications of 
infections, rejection, growth stunting, and food allergies. 
Any of these complications can lead to impaired absorp-
tion and weight loss requiring periods of PN support. An 
overriding principle that should inform nutrition therapy 
is that allograft intestines, which are impeccable in most 
aspects of function, display nutrient-absorptive deficits. 
Fat and energy balances are rarely better than 75% and 
85%, respectively.49,50

Before small-bowel transplant, patients are severely 
nutritionally challenged, with height/length affected more 
than weight. Posttransplant patients show linear growth 
improvement over a 1- to 2-year period.51-53 Periods 
of rejection and high-dose steroid cycles are primary 
reasons for these delays in catch-up growth.53 Despite 
assiduous monitoring, many macro- and micronutrient 
deficiencies may occur. More than 90% of patients will 
experience one or multiple micronutrient deficiencies 
after weaning onto full oral or enteral feedings.51,54 The 
most commonly deficient elements are magnesium, iron, 
and zinc, respectively. While most water-soluble vitamins 
are expected to be normally absorbed following trans-
plantation, a curious deficiency in pyridoxine levels has 
been reported following intestinal transplantation.55 The 
mechanism is unknown, but it is possible that calcineu-
rin inhibitors such as tacrolimus accelerate catabolism of 
this vitamin. 

After patients’ ileostomies are taken down and conti-
nuity with colon is established, a new set of nutritional 
and developmental issues arises. Most younger children 
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undergoing transplantation have never undergone toi-
let training and now must learn and experience the 
elimination of stool and urine into a toilet. Their buttocks 
are prone to a great deal of skin breakdown during the 
early transition period, and liberal use of skin protection 
ointments and sealants is encouraged. Fiber supplemen-
tation in formulas and/or foods or fluids can sometimes 
prove helpful in bulking the stool.

The number of long-term survivors with functioning 
intestinal grafts is growing yearly. These patients are faced 
with a lifetime of immunological and nutritional challenges. 
These patients have to learn for the first time how to sustain 
themselves through oral feeding, and their nutritional status 
must be closely monitored for life. Hence, they are best fol-
lowed chronically by a multidisciplinary intestinal rehabili-
tation and transplant center long term in order to prevent 
late adverse nutritional events. If they are followed assidu-
ously, restoration of nutritional independence to these 
patients is an achievable goal, and many children having 
undergone intestinal transplantation can be fully integrated 
with their family, their peers, and the community at large. 
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standardized terminology and includes a broad range 
of acute impairment of renal function. This definition is 
referred by the acronym RIFLE,4 which stands for risk, 
injury, failure, loss of function, and end-stage renal disease 
(ESRD). These criteria have been modified in children to 
account for normal variations in serum Cr with somatic 
growth, referred to as pRIFLE (Table 14-1).3

Etiology

In the past, the etiologies of ARF in the pediatric hos-
pital setting were limited to primary renal diseases such 
as hemolytic uremic syndrome and acute glomerulone-
phritis. However, ARF is now more likely secondary to 
systemic illness or its treatment, such as sepsis, neph-
rotoxic medications, and ischemia due to other organ 
involvement.3,5 Acute renal failure in the current inten-
sive care setting is due to multiple organ dysfunction 
syndrome (MODS) following cardiopulmonary bypass 
surgery for congenital heart disease, liver failure, or stem 

 ■AcutE REnAl FAiluRE 

The term “acute renal failure” (ARF) for alteration in 
kidney function in an acute setting was first introduced by 
Smith1 to define changes in kidney function due to trau-
matic injuries. Since the kidney’s physiological role is the 
excretion of water-soluble solutes and urine production, 
changes in these parameters are often included in the defi-
nition of ARF. However, since the magnitude of changes is 
not uniformly defined, there is a large ascertainment bias 
when epidemiology of ARF is examined. For example, in 
a pediatric intensive care unit (PICU) study that defined 
ARF as doubling of serum creatinine (Cr), the incidence of 
ARF in all children admitted to the PICU was reported as 
4.5%. However, in another PICU study that defined ARF 
as elevation of serum Cr to 1.5 times the normal value, the 
incidence of ARF was 82% in children with severe illness .2,3  
This discrepancy led to the adoption of a consensus defini-
tion of ARF by the Acute Dialysis Quality Initiative. The 
objective was to arrive at a definition of ARF that uses 
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improve outcomes has not been tested in any interven-
tion trial in pediatric ARF. Moreover, available evidence 
regarding nutrient requirements during ARF and the 
effect of meeting these requirements on both organ recov-
ery and overall recovery has not been tested rigorously in 
children. 

Energy Requirements
Energy requirements in ARF seem to be determined by 
the underlying disease and its complication rather than 
by ARF itself. Overfeeding should be avoided, since it can 
cause hyperglycemia, excess lipid deposition, and wors-
ening azotemia. In hypermetabolic situations such as 
sepsis or MODS, energy requirements should be 100% to 
130% of basal energy expenditure, which can be derived 
from the Caldwell-Kennedy equation.12 Resting energy 
expenditure (REE) should be measured in patients with 
renal insufficiency when possible. The effect of renal 
replacement therapy (RRT) on indirect calorimetric 
testing remains unclear. Indirect calorimetry (IC) may 
be performed when the child is not receiving RRT. In  
the absence of IC, when relying on basal energy expen-
diture estimations using standard equations, it is pru-
dent to use an ideal body weight or previous known 
weight, since actual body weight can be influenced by 
fluid overload. 

Glucose Metabolism and the Kidney
Plasma glucose is freely filtered across the glomerulus, 
and if the efficient reabsorptive capacity of the tubules 
is compromised, it may result in enormous losses in 

cell transplantation. This poses difficult challenges in pre-
scribing fluid and meeting nutrition needs, since each of 
these conditions has unique requirements. 

Outcome
Pediatric ARF has a definite and serious impact on both 
short-term and long-term outcomes. Previous thinking 
was that children in the PICU would die with ARF and 
not necessarily due to ARF. However, recent studies have 
reported mortality rates between 15% and 50% in chil-
dren with ARF.6,7 Even small changes in serum Cr are now 
recognized to contribute to adverse patient outcomes.7 
Long-term outcome data from pediatric ARF have not 
been studied in detail. Recent small studies indicate that 
about 30% of children with hospital-acquired ARF either 
had reduced renal function or were dialysis dependent at 
the time of discharge.8 On follow-up of this cohort for 3 
to 5 years, 60% of patients had some evidence of kidney 
damage as evidenced by hypertension, hyperfiltration, or 
microalbuminuria.9 So similar to adults, pediatric ARF 
can have profound consequences. 

Metabolic consequences of Acute Renal Failure
Acute renal failure is considered a pro-inflammatory 
state,10 with even a mild degree of acute kidney injury 
eliciting systemic immune responses, which can at times 
lead to a catabolic state. This can lead to lean body mass 
wasting and fat mass depletion.11 Protein-energy wast-
ing is thought to be a prognostic indicator of outcomes 
in ARF. However, whether addressing this state would 

c ategory
estimated c reatinine c learance 
(ec c l) using Schwartz Formula urine Output

risk eccl decrease by 25% Less than 0.5 mL/kg per hr for 8 hours

Injury eccl decrease by 50% Less than 0.5 mL/kg per hr for 16 hours

Failure eccl decrease by 75% or eccl  
<35 mL/min/1.73 m2

Less than 0.5 mL/kg per hr for 24 hours or 
anuric for >12 hours

Loss of function persistent failure for >4 weeks

end-stage renal disease persistent renal failure >3 months

■  tAblE 14-1. Pediatric RiFle  (pRiFle ) c riteria3
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the urine. Glucose is primarily reabsorbed in proximal 
tubules. The transfer of glucose from the tubular lumen 
to the interstitial space is executed by an active process 
via sodium-dependent glucose transporters (SGLTs) on 
the apical membrane that take glucose from the lumen 
to the cell and facilitate diffusion of glucose on the baso-
lateral membrane to release it into the interstitium. Best 
characterized among the apical transporters are SGLT1 
and SGLT2. Once glucose has been concentrated in epi-
thelial cells to a level above interstitial glucose levels, it 
diffuses out to the interstitium across specific facilitative 
glucose transporters (GLUTs), which are localized to the 
basolateral membrane. The arrangement of the transport-
ers in series enables the kidney to reabsorb glucose in an 
energy-efficient manner. In experimental models of sep-
sis, differential expression of both the apical and basolat-
eral transporters causing altered glucose metabolism have 
been shown.13 Also, the kidney is an important organ for 
gluconeogenesis, with defective mechanisms in ARF fur-
ther increasing risk for hypoglycemia. Exogenous insulin 
is metabolized mainly in the kidneys, further complicat-
ing glucose metabolism in critically ill patients. All these 
changes can often lead to hypoglycemia; however, the 
most common abnormality seen in critical illness seems 
to be hyperglycemia due to insulin resistance observed 
in “stress states.” The results of 2 large-scale studies in 
critically ill adults14,15 suggest that intensive glycemic 
control (maintaining blood glucose 80 to 110 mg/dL) 
results in fewer episodes of ARF. However, a recent large 
randomized control trial has shown increased mortality 
with intensive glucose control when compared to a less 
intensive regimen in critically ill adult.16 Thus, the kidney  
disease–improving global outcomes (KDIGO) recommen-
dations do not support intensive glycemic control and rec-
ommend less rigorous control of blood sugar between 110 
and 150 mg/dL.12 

Protein Metabolism 

As alluded to before, ARF is a pro-inflammatory state 
characterized by release of several cytokines such as tumor 
necrosis factor-α causing protein breakdown. Acute renal 
failure is a catabolic state with excessive protein break-
down, mainly from skeletal muscle, resulting in a nega-
tive nitrogen balance.17 This protein breakdown seems 
to result from insulin resistance.18 However, acidosis can 
also result in protein breakdown, as often seen in chronic 

kidney disease.19 Hyperparathyroidism occasionally seen 
in ARF can worsen this protein breakdown. Provision 
of inadequate nutrition and protein losses seen in renal 
replacement therapy can further worsen the protein 
balance.17

The optimal requirement of protein is not known; 
however, in hypercatabolic states and in patients on con-
tinuous renal replacement therapy (CRRT), higher protein 
intake is needed to offset the catabolic losses and main-
tain a positive nitrogen balance. Adult studies have indi-
cated nearly twice the dietary recommended intake (DRI)  
protein delivery goals for hypercatabolic states and 
CRRT. Since children have a higher DRI to begin with, 
it is reasonable to provide ~2 to 2.5 gm/kg of protein per 
day in younger children. A recent survey of daily pro-
tein intake in pediatric patients receiving CRRT revealed  
2.4 gm/kg provided for infants, 1.9 gm/kg for children 
ages 1 to 13, and 1.3 gm/kg for children older than  
13 years.20 These are good starting points for protein pro-
vision in children receiving CRRT.

lipid Metabolism
Though it is customary to observe lipolysis in critical ill-
ness, acute kidney injury is associated with an impairment 
of lipolysis, which causes hypertriglyceridemia.21 The 
impaired lipolysis can decrease the elimination of enteral 
or parenterally delivered lipids in ARF, complicating criti-
cal illness.22 It is reasonable to provide 0.8 to 1.2 gm/kg 
of lipids for patients with ARF, with close monitoring of 
triglyceride levels in these patients. 

Fluid and Electrolyte Management 
Careful attention to fluid and electrolyte balance is criti-
cal in preventing or reducing morbidities associated 
with ARF. Fluid-responsive or otherwise prerenal ARF 
requires fluid resuscitation, while acute tubular necro-
sis, which is often seen in the critical care setting, may 
require fluid restriction. Some causes of ARF, such as 
nephrotoxic medications or acute interstitial nephri-
tis, may not have oliguria and may have increased fluid 
needs. It is important to realize that “maintenance fluids” 
are not appropriate in ARF, since two-thirds of mainte-
nance fluids are determined by adequate urine output. 
A safe method to start fluid calculation would be to pro-
vide insensible fluid losses and replace urine output as 

■  tAblE 14-1. Pediatric RiFle  (pRiFle ) c riteria3
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well as any other ongoing losses. Insensible losses are 
generally calculated as 400 mL/m2 per day; however, this 
fluid requirement may be reduced in children receiving 
mechanical ventilation through a humidified circuit. 
Urine output is generally replaced as 0.45% normal 
saline, but may require measurement of urine sodium 
to tailor therapy. In oliguric ARF, it is reasonable not to 
provide potassium or phosphorus unless one encoun-
ters hypokalemia or hypophosphatemia. Sodium should 
be restricted to avoid fluid overload and hypertension 
in oliguric ARF. In the setting of fluid restriction, as in 
cases of oliguric ARF, the provision of adequate energy 
and protein may be challenging due to fluid restriction, 
A concentrated parenteral solution or caloric-dense 
enteral formula may be required. Fluid overload has 
been demonstrated to be independently associated with 
increased mortality in children receiving RRT.23-25 There 
is reluctance to provide adequate nutrition in children 
with ARF because of fear of fluid overload and wors-
ening azotemia.26 However, meeting nutritional needs 
in an ARF patient should be the goal and may often be 
an important consideration to start RRT in critically ill 
children. 

impact of Renal Replacement therapy
The choice of RRT has to be tailored to the individual 
patient and clinical situation causing renal failure. Peri-
toneal dialysis (PD) is a reasonable modality to provide 
renal replacement in ARF in children and often is the 
preferred modality in neonates and infants. Peritoneal 
dialysis can cause 100 to 300 mg/kg of protein losses 
per day, which often need to be replaced.27 Since PD 
dialysate has dextrose, its absorption can contribute to 
energy intake and result in hyperglycemia. The amount 
of dextrose absorbed during PD depends on the vol-
ume infused, the dwell time, the dialysate dextrose 
concentration, and the condition of the patient’s peri-
toneal membrane. The energy derived from this dex-
trose absorbed from the dialysate must be taken into 
account when planning a child’s nutrition.28 Peritoneal 
dialysis in ARF, particularly in infants, is prescribed as 
a continuous therapy, resulting in some relaxation of 
fluid restriction. Intermittent hemodialysis (HD) can 
result in loss of water-soluble vitamins and some trace 
elements, which need to be provided while prescrib-
ing enteral or parenteral nutrition.29 Vitamins A and D 
and the water-soluble vitamins—cyanocobalamin (B12),  

vitamin C, folic acid, thiamin (B1), and pyridoxine 
(B6)—are removed with HD. Vitamin requirements with 
CRRT tend to mirror those needed in HD.30,31 However, 
the disadvantage of HD is that the very nature of inter-
mittent therapy is not well tolerated by critically ill and 
hemodynamically unstable children. Continuous renal 
replacement therapy is often the modality prescribed 
in critically ill and hemodynamically unstable children, 
but requires specialized equipment and personnel. 
The major advantage of CRRT over other modalities 
is precise control of fluid balance and adjustment of 
ultrafiltrate to meet the demands posed by ARF and 
critical illness. Continuous renal replacement therapy 
can cause profound electrolyte losses, resulting in 
hypokalemia and hypophosphatemia, which requires 
frequent monitoring and provision of these electro-
lytes and minerals in dialysate fluids. Continuous renal 
replacement therapy can also cause 10% to 20% of the 
amino acid provided to be lost in the dialysate,32,33 
which needs to be taken into account while prescribing 
nutrition needs. Some of the citrate mixed with dex-
trose (anticoagulant dextrose citrate solution), which is 
employed in some centers for regional anticoagulation, 
can enter systemic circulation and provide additional  
energy supplementation11 as well as cause dyelectroly-
temia, especially hypocalcemia.

nutrition Route
The enteral route of nutrition is preferred over the par-
enteral route, as it keeps the intestinal mucosa active 
and reduces bacterial translocation.33,34 Moreover, in 
adult studies, enteral nutrition was associated with 
improved outcomes in critically ill patients with ARF.35 
Gastrointestinal motility is often impaired in critically 
ill patients and in patients with ARF, so parenteral nutri-
tion may be needed to supplement nutrition needs. 
Enteral formulas that provide less potassium, sodium, 
and phosphorus are available for different age groups 
and are the preferred method to start nutrition in chil-
dren with ARF. In children receiving CRRT, regular 
age-appropriate enteral formula is often well tolerated, 
as excellent metabolic control is often achieved by this 
method. 

A reasonable starting point of fluid and electrolyte 
therapy is provided in the following table (Table 14-2), 
which can serve as an initial guide to providing nutrition 
in children with ARF.
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Near normal fluid requirement

electrolyte close attention to potassium and  
phosphorus

Often, additional potassium and phosphorus 
supplements

energy 100% to 130% of basal energy  
expenditure

100% to 130% of basal energy

protein at least meet rDa; in hypercatabolic state,  
may require twice rDa

twice rDa (~2 to 2.5 gm/kg per day)

Vitamins at least meet rDa twice rDa

trace elements at least meet rDa Meet rDa

rDa, recommended daily allowance.

■  tAblE 14-2. Fluid and electrolyte t herapy for c hildren with Acute Renal Failure in the c ritical c are unit

•	 The Pediatric RIFLE criteria should be used to 
describe impairment in renal function.

•	 Provision of inadequate calories and protein in 
renal failure can worsen muscle breakdown; how-
ever, optimal requirements have not been clearly 
defined.

•	 Careful attention to fluid and electrolyte balance is 
critical in preventing or reducing morbidities asso-
ciated with ARF.

•	 Peritoneal dialysis results in absorption of dex-
trose from the dialysate, which provides additional 
energy.

•	 Hemodialysis results in loss of vitamins and miner-
als in the dialysate.
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 ■ Overview Of Pediatric resPiratOry 
failure

The etiology of respiratory failure in children requiring 
mechanical ventilation is diverse. Children may develop 
respiratory failure due to primary lung disease, upper air-
way disease, central nervous system disease, or neuromus-
cular disorders. 

upper airway Obstruction
Children may require endotracheal intubation and 
mechanical ventilation due to upper airway obstruction. 
Most commonly in children this is due to (1) infections 
such as croup, bacterial tracheitis, epiglottitis, neck 
abscesses, or laryngeal papillomatosis; (2) congenital or 
acquired malformations such as vascular rings, laryngeal 
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webs, subglottic stenosis, soft tissue masses, bronchoma-
lacia, tracheomalacia, or laryngomalacia; or (3) airway 
trauma from previous intubations, foreign body aspi-
ration, burn injury, or traumatic injury.1 Some of these 
upper airway diseases, such as the congenital malforma-
tions, are chronic. As such, infants may present with an 
acute exacerbation of their chronic upper airway obstruc-
tion causing respiratory failure and may be malnour-
ished at the time of presentation. Chronic upper airway 
obstruction in infants can adversely affect their ability to 
coordinate sucking and swallowing and impede their abil-
ity to gain weight appropriately.2 Once a stable airway is 
established, these infants should have a comprehensive 
feeding plan established to help them attain catch-up 
growth.

Parenchymal lung disease
The focus of this chapter will be on nutritional consider-
ations in infants and children with respiratory failure from 
parenchymal lung disease. The most common cause of 
parenchymal lung disease requiring intubation in children 
is infectious pneumonitis caused by a variety of viruses 
and bacteria.

In a recent international epidemiologic study by the  
Pediatric Acute Lung Injury and Sepsis Investigators 
(PALISI) group, 94% of children receiving mechanical 
ventilation had a pulmonary illness. The most common 
pulmonary pathology in this population was pneu-
monia.3 Other causes of pulmonary illnesses seen in 
decreasing frequency were pulmonary edema or effusion, 
pulmonary dysfunction after surgery or trauma, apnea 
or respiratory distress, pulmonary aspiration, bronchiol-
itis, asthma, upper airway obstruction, and chest trauma. 
In this study, most (75%) of the children received con-
ventional mechanical ventilation, while 16% received 
high-frequency oscillatory ventilation (HFOV) and 8.5% 
received noninvasive mechanical ventilation. Each mode 
of ventilation is characterized by unique challenges to 
delivering optimal nutrition and will be discussed later 
in this section.

The most commonly encountered viruses causing signifi-
cant respiratory disease are respiratory syncytial virus (RSV), 
parainfluenza virus, adenovirus, and influenza. Less com-
monly described pathogens in children are cytomegalovirus, 
enterovirus, rhinovirus, measles, and human metapneumo-
virus.4,5 Common bacterial pathogens include Streptococcus 
pneumoniae, Haemophilus inἀuenza, Staphylococcus aureus, 

and Mycoplasma p neumonia.4 Children with underlying 
chronic diseases may develop infections from gram-negative 
or anaerobic bacteria. Children may infrequently develop 
fungal infections. Immunocompromised children are at 
risk of opportunistic infections such as invasive pulmonary 
aspergillosis, pulmonary candidiasis, or Pneumocystis carinii 
pneumonia.4

Noninfectious causes of pediatric lung disease leading 
to respiratory failure include chemical pneumonitis, idio-
pathic interstitial lung disease, and pulmonary hemor-
rhage. Chemical pneumonitis can be caused by aspiration 
of gastric contents or from inhalation or ingestion of toxic 
substances. Pulmonary hemorrhage in children results 
from a variety of different causes, many of which require 
endotracheal intubation and institution of mechanical 
ventilation with positive end expiratory pressure (PEEP) 
to help control bleeding.4

acute lung injury and acute respiratory  
distress syndrome
When reviewing the literature on respiratory failure, the 
terms acute lung injury (ALI) and acute respiratory dis-
tress syndrome (ARDS) are often used. The definitions 
of ALI and ARDS were developed by a consensus group 
of expert intensivists from North America and Europe 
in 1994 to aid researchers and clinicians in comparing 
patients with similar degrees of lung injury.6 The defi-
nition included (1) acute onset of hypoxia, (2) bilateral 
infiltrates on chest x-ray, (3) lack of evidence of heart 
failure as the cause of lung disease (pulmonary artery 
wedge pressure <18 mm Hg if data available), and (4) 
PaO2/FiO2 ≤300 for ALI and ≤200 for ARDS. There is 
much debate in the literature regarding the imperfections 
of these definitions, particularly in pediatrics. A consen-
sus group aiming to address some of the shortcomings of 
the previous definition developed the Berlin definition of 
acute lung injury in 2011.7 This definition has been sub-
sequently evaluated in infants and children and appears 
to be valid in pediatric ARDS.8,9 These definitions are 
used to risk-stratify patients in clinical trials for treat-
ment and/or management of respiratory failure due to 
lung injury.

Acute lung injury and ARDS can have multiple etiolo-
gies and do not imply a specific cause of lung disease. The 
etiology of ARDS is often classified as direct or indirect 
lung injury, with direct lung injury having a causative agent 
that directly attacks the lungs, whereas the mechanism  
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ventilation can develop gaseous distention of their gastro-
intestinal (GI) tract. This is generally considered a benign 
problem.11 However, in individual patients, the increased 
abdominal distention may impede pulmonary mechanics 
or cause increased vomiting and/or problems with feed-
ing intolerance. Techniques such as venting of the feed-
ing tube between feedings, preventing constipation, and 
nasojejunal feedings may help to overcome these prob-
lems. Also, if patients are at high risk of vomiting, it may 
be prudent to choose a mask that fits over their nose and 
not their mouth so that if they do vomit, it is not trapped 
in the mask and forced back into their lungs with the air-
way pressure being used to provide the CPAP or BiPAP. 
Future studies aimed at evaluating the optimal method of 
feeding children on noninvasive ventilatory support are 
desirable.

Mechanical ventilation through  
an endotracheal tube
Ventilation using an endotracheal tube placed directly into 
the trachea and connected to the ventilator eliminates some 
of the problems encountered when attempting to provide 
enteral feeding to patients on noninvasive ventilation. In this 
case, all of the air is delivered directly into the lungs and 
placement of a nasogastric (NG) or orogastric feeding tube 
will not interfere with the ability to provide good ventilation. 
However, mechanical ventilation through an invasive endo-
tracheal tube has its own set of unique problems that may 
contribute to difficulty tolerating enteral nutrition (EN). We 
will discuss some of the more common methods of venti-
lation utilizing an endotracheal tube and their effects on 
enteral feeding tolerance.

conventional Mechanical ventilation
Conventional mechanical ventilation is the most common 
ventilation strategy used in children with respiratory fail-
ure throughout the world.5 A multitude of different modes 
can be used with a conventional ventilator. All of these 
modes deliver ventilator breaths utilizing positive pres-
sure. These different modes share common characteris-
tics that have implications for the ability to provide good 
nutritional support.

Conventional ventilators deliver air into the lungs, 
using positive pressure. This differs significantly from 
the way that healthy people breathe spontaneously. In 
spontaneous, unassisted breathing, air is drawn into the 

for indirect lung injury involves injury to the lungs 
through a secondary mechanism. Examples of direct lung 
injury in children include pneumonia, aspiration pneu-
monitis, traumatic pulmonary contusions, and inhalation 
injury. Causes of indirect lung injury in children include 
sepsis, shock, cardiopulmonary bypass, burns, and  
transfusion-related lung injury.10

 ■ tyPes Of Mechanical ventilatOry  
suPPOrt

The type of mechanical ventilation used can have implica-
tions for methods of providing children with nutrition. 
Therefore, these will be discussed briefly along with their 
nutritional implications.

noninvasive ventilation
Noninvasive ventilation is accomplished by use of a mask 
that may fit either over the patient’s mouth and nose or 
just over the nose. This mask is connected to a machine 
that delivers a continuous constant positive pressure, in 
the case of continuous positive airway pressure (CPAP), 
or a higher pressure at the time of inhalation and lower 
(but still positive) pressure at the time of exhalation in the 
case of bilevel positive airway pressure (BiPAP). Bilevel 
positive airway pressure machines can be set in a similar 
manner to conventional mechanical ventilation, but with 
the use of a noninvasive mask as opposed to an invasive 
endotracheal tube.

When evaluating patients receiving noninvasive ven-
tilation (CPAP or BiPAP) for nutritional support, two 
important considerations are unique to this form of 
ventilatory support. The ability of noninvasive ventila-
tion to work effectively depends upon the mask being 
able to form a reasonably tight seal over the patient’s 
face. Unfortunately, oral and nasal feeding tubes often 
interfere with forming this seal. However, this can often 
be overcome by adjustments in the CPAP or BiPAP set-
tings. Therefore, noninvasive ventilation should not be 
considered an absolute contraindication to nasal or oral 
tube feeding. 

The second consideration in feeding patients on non-
invasive ventilation is that the air being delivered by the 
CPAP or BiPAP machine is not just being delivered to 
the lungs, as it is during ventilation through an endotra-
cheal tube; some of it is invariably delivered unintention-
ally into the stomach. Therefore, patients on noninvasive 
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lungs using negative pressure, much like sucking liquid 
through a straw. Positive pressure ventilation with con-
tinuous PEEP has been shown to contribute to both fluid 
and sodium retention in both human and animal mod-
els.12-14 Because fluid retention is known to impede ven-
tilator weaning,15 patients are often fluid restricted and 
given diuretics to combat fluid retention. The fluid restric-
tion placed on patients can inhibit the ability to deliver 
adequate calories,16 and diuretic use can cause electrolyte 
disturbances such as hyponatremia, hypokalemia, and 
metabolic alkalosis, particularly from loop diuretics such 
as furosemide.

neurally adjusted ventilatory assist
Neurally adjusted ventilatory assist (NAVA) is a form 
of ventilatory support where an NG tube with a special 
monitoring device is utilized. Electrodes embedded in 
this special NG tube are able to detect electrical activity 
of the diaphragm and transmit it to the ventilator, which 
then delivers a proportional pressure to support the spon-
taneous effort. The peak inspiratory pressure is related to 
amount of electrical activity generated by the diaphragm, 
and is terminated once the diaphragmatic activity drops 
below a certain level. The synchrony between the phrenic 
nerve activation and ventilator breath is thought to be 
more comfortable for patients, as they have greater ability 
to trigger ventilator breath effectively than in other forms 
of ventilation.17 The important nutritional consideration 
in this form of ventilation is that the NG tube used for 
sensing the phrenic nerve can be used as a feeding tube. 
If it is in the patient’s best interest to receive nasojejunal 
feedings, a second nasal tube may be placed to provide 
this, and the NG tube needed for NAVA can be used for 
venting air from the stomach.

high-frequency Oscillatory ventilation
High-frequency oscillatory ventilation is quite different 
from conventional ventilation in that a relatively constant 
mean airway pressure is set and then ventilation occurs 
through oscillations in pressure around the set mean 
airway pressure. Patients on HFOV do not have chest wall 
movement that appears similar to spontaneous ventila-
tion as they do in conventional mechanical ventilation. 
Instead, their chest wall moves in a rapid, jiggling motion. 
Because of this unconventional method of breathing, it 
is felt to be fairly uncomfortable, and patients need to be 
heavily sedated and often chemically paralyzed to tolerate 

it. Many of the drugs used to keep patients comfortable 
and sedated decrease bowel motility as an unintended 
side effect18 and can negatively affect feeding tolerance. 
In critically ill children requiring an endotracheal tube, 
it is difficult to avoid the use of these drugs for comfort, 
which can impede gastrointestinal motility. Patients being 
supported with HFOV are usually on chemical paralysis 
and will require deeper sedation and pain control, poten-
tially leading to even greater problems with gastrointes-
tinal motility.

 ■ iMPOrtance Of PrOvidinG  
nutritiOn tO critically ill  
children with resPiratOry failure

Delivering appropriate nutrition is crucial during respira-
tory failure in critically ill children. Children who develop 
critical illness or injury may be malnourished at the time 
of admission. In fact, in one recent study, 30% of children 
were malnourished at the time of admission to the pediat-
ric intensive care unit (PICU).19 A significant proportion 
of children may be either underweight or overweight or 
obese at admission.20,21 Furthermore, during critical ill-
ness or injury, the energy needs of children vary greatly, 
with some needing more than the predicted amount and 
others needing less than the predicted amount.22 While 
standard equations have been developed to predict energy 
expenditures, these equations may not be accurate dur-
ing critical illness or injury. Energy expenditure can be 
measured, but this is not always feasible during critical ill-
ness. Thus, critically ill and injured children are at risk for 
both underfeeding and overfeeding.23,24 Details of energy 
requirements and the importance of accurate estimation 
of these requirements during critical illness are described 
in chapter 3. We will further discuss techniques utilized to 
provide appropriate nutrition to critically ill children with 
pulmonary failure.

nutrition Goal
Establishing a goal for daily macronutrient delivery and 
providing a means to achieve this goal are paramount to 
the success of the nutritional strategy, particularly EN, 
in critically ill children. A retrospective study recently 
demonstrated that a documented nutrition goal was sig-
nificantly associated with achievement of EN.25 This goal 
should ideally be established via the use of indirect calo-
rimetry. The use of a feeding protocol for gastric feedings 
has been shown to be effective in meeting nutritional 
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goals and safe in terms of clinical complications.26 The 
use of a feeding protocol for postpyloric feedings has 
also been shown to be effective in meeting nutritional 
goals and safe with respect to clinical complications.27 
In one PICU, the establishment of an early enteral feed-
ing protocol resulted in a dramatic reduction in time to 
reach goal nutrition from a median of 32 hours in the 
preprotocol group to a median of 14 hours in the proto-
col group (p <0.0001).28 Furthermore, the establishment 
of a nutrition support team has been shown to be associ-
ated with increased use of EN, decreased use of paren-
teral nutrition (PN), and decreased mortality rates in one 
academic PICU.29

nutritional strategies in Mechanically  
ventilated Patients
Most of the nutritional studies in pediatric critical care 
have been performed in mechanically ventilated patients. 
Large, randomized, controlled nutrition trials in critically 
ill children are lacking. A brief synopsis of feeding strate-
gies in mechanically ventilated patients is presented next. 
For further details on EN, see chapter 8, and on PN, see 
chapter 7.

Several studies suggest that trophic enteral feeding 
(<25% of recommended calories) may be beneficial for 
critically ill children.30-35 Also, larger volumes of enteral 
feeding may be beneficial in critically ill children.19,36 Con-
versely, PN has been associated with increased morbidity 
and mortality.19,37 It is important to remember that sicker 
patients are more likely to be deemed unfit to tolerate EN 
and be provided PN instead. In an adult randomized, con-
trolled trial (RCT), late initiation of PN was associated 
with faster recovery and fewer complications, as com-
pared with early initiation.38 In another adult multicenter 
RCT of patients with relative contraindications to EN and 
expected ICU stay of over 48 hours, over 1,300 subjects 
were randomized to either pragmatic nutrition therapy 
or early PN. In this latter study, there were no significant 
differences in day-60 mortality between the 2 groups, and 
the authors concluded that the early PN strategy was not 
associated with increased harm. Although, the early PN 
strategy was associated with significantly fewer days of 
invasive ventilation, there were no differences in ICU or 
hospital length of stay between the 2 groups.39 In patients 
who are not ready for EN, the use of early PN to achieve 
target calories needs to be balanced against the likelihood 
of harm associated with PN therapy. Similar studies are 
required in critically ill children.

underfeeding and Overfeeding Mechanically 
ventilated Patients
The metabolic response to critical illness is characterized 
by hypermetabolism, hyperglycemia, increased lipolysis, 
and net protein catabolism.40 One of the cardinal metabolic 
features of critical illness is the catabolic response seen in 
skeletal muscle.40 Skeletal muscle protein is broken down, 
and the amino acids are used for gluconeogenesis and pro-
tein synthesis. This, along with prolonged immobilization 
and suboptimal nutrient intake, results in loss of lean body 
mass. Optimal nutritional support may help decrease the 
protein imbalance seen in critical illness.40,41 Underfeed-
ing can be detrimental to maintenance of muscle mass 
and function. Skeletal muscles need energy for their own 
intrinsic metabolism in addition to the energy required for 
motor activity.42 A lack of energy may compromise energy 
metabolism of muscle fibers and lead to muscle weakness.42 
When total daily energy expenditure is not matched by the 
nutrient intake, further catabolism of body energy stores 
and muscle proteins occurs.43 The respiratory musculature 
is not spared, and weakness of the respiratory musculature 
may lead to prolonged dependence on mechanical ventila-
tion in the face of inadequate nutrition support. 

It is equally important to avoid overfeeding mechani-
cally ventilated patients. When overfeeding occurs, the 
ratio of carbohydrate to fat oxidation increases over time.44 
This leads to proportionately more carbon dioxide (CO2) 
production.44 Under normal circumstances, minute ven-
tilation is increased to rid the body of the CO2. However, 
in the ventilated patients, this leads to increased ventila-
tor requirements and can prevent weaning of ventilatory  
support.44 

 ■ Oxidative stress, resPiratOry  
failure, and sPecial nutritiOnal 
cOnsideratiOns

There is growing evidence that many disease states that 
lead to respiratory failure, such as sepsis, severe burns, and 
trauma, are associated with oxidative stress, low levels of 
antioxidants, and inflammation.45,46 Because of this asso-
ciation, a number of feeding regimens involving antioxi-
dant supplementation and use of the anti-inflammatory 
omega-3 fatty acids have been tried in patients with acute 
lung injury, though the results remain equivocal to date. 
We will review some of the conflicting evidence for these 
approaches. A summary of the different adult nutritional 
trials to date is listed in Table 15-1.
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a uthor/year Patient Population t ype of study supplements f indings

Beale et al., 
200851

55 adult sepsis 
patients requiring 
mechanical ventilation

Randomized, controlled Glutamine, 
butyrate, beta-
carotene, vitamins 
E and C, Zn, Se

Faster improvement of organ dysfunc-
tion in supplement group

Pontes-
Arruda 
200648

165 adult septic 
patients requiring 
mechanical ventilation

Randomized, controlled Omega-3 fatty 
acids, alpha- 
linolenic oil,  
vitamins E and 
C, Se

Improved mortality, oxygenation, 
ventilator-free days, ICU-free days  
and less new organ dysfunction in 
supplement group

Berger 
200652

41 severely burned 
adult patients

Randomized, controlled Cu, Se, Zn Decreased nosocomial infections in 
supplement group

Berger 
200853

200 adults with organ 
failure from major 
trauma, cardiac  
surgery, or subarach-
noid hemorrhage

Randomized, controlled Vitamins C and 
B1, Se, Zn

Decreased CRP levels in supplemented 
group, no difference in infectious com-
plications; decreased length of hospital 
stay in supplemented trauma patients

Collier 
200854

4,294 adult trauma 
patients

Retrospective – before 
and after implementa-
tion of protocol for 
antioxidant supplemen-
tation in trauma patients 

Ascorbic acid, 
alpha-tocopherol, 
Se

Improved mortality, hospital, and ICU 
length of stay after implementation of 
supplementation protocol

Angstwurm 
199955

42 adult patients with 
SIRS

Randomized, placebo 
controlled

Se Improved Se levels and glutathione 
peroxidase activity and severity of 
illness scores in supplemented group

Angstwurm 
200756

294 adults with SIRS, 
sepsis, and septic 
shock

Randomized, placebo 
controlled

Se Improved Se levels and glutathione 
peroxidase activity and improved 28-day 
mortality in supplemented group

Forceville 
200757

60 adults with severe 
septic shock

Randomized, placebo 
controlled

Se No difference in mortality, hospital 
length of stay, organ failure rates, or 
nosocomial infections 

Manzanares 
201263

2,531 critically ill 
adults 

Meta-analysis of 21 
randomized controlled 
trials 1980-2011

Various  
antioxidants

Reduced mortality, decreased duration 
of mechanical ventilation; no effect on 
hospital or ICU length of stay

Rice 201150 272 critically ill, 
mechanically venti-
lated adults 

Randomized to study 
formula with supple-
ments vs. isocaloric 
formula

Omega-3 fatty 
acids, alpha-
linolenic acid and 
antioxidants

Study stopped for futility and increased 
days on mechanical ventilation and in 
ICU with study formula

Heyland 
201358

1,223 critically ill, 
mechanically  
ventilated adults

2-by-2 factorial  
randomization

Antioxidants,  
glutamine, both, 
or placebo

Increased in hospital and 6-month 
mortality and mechanical ventilation  
in glutamine group; no effect in 
antioxidant group

Zn, Zinc ; Cu, Copper; Se, Selenium.

■  table  15-1. n utritional intervention t rials in c ritically ill a dults
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Omega-3 fatty acids
In 1999, Gadek et al. published the results of a study of 146 
adult patients with ARDS randomized to receive either a 
standard feeding formula or a continuous infusion of a feed-
ing regimen enriched with eicosapentaenoic acid (EPA),  
GLA, and antioxidants. Patients fed the enriched diet had 
improved oxygenation, needed less time on the ventila-
tor, and had less development of new organ failure.47 This 
led to a similar study by Pontes-Arruda. In this study, 165 
septic adult patients requiring mechanical ventilation were 
randomized to receive continuous feeding of a standard 
formula or a formula enriched with EPA, GLA, and anti-
oxidants. In this study, the patients randomized to receive 
the study diet had better outcomes, with less development 
of organ failure, less time on the ventilator, shorter lengths 
of stay both in the ICU and the hospital, and decreased 
mortality.48 During the same time frame, Singer et al. pub-
lished the results of their study of 100 adults with ARDS 
who were randomized to receive either a similar regimen 
of standard formula or formula enriched with EPA and 
GLA. This study found that patients receiving the study 
diet had fewer days on the ventilator, but no difference in 
survival.49

Because of the promising results of the earlier studies, 
the National Heart, Lung, and Blood Institute (NHLBI) 
ARDS Clinical Trials Network undertook a similar study 
where patients were randomized to receive twice-daily 
enteral supplements of omega-3 fatty acids, GLA, and anti-
oxidants or an isocaloric-isovolemic, carbohydrate-rich 
control supplement. Patients also had plasma interleukin 6 
(IL-6), IL-8, and EPA levels and urine levels of leukotrienes 
performed. While patients fed the study supplement had 
increased EPA levels as predicted, they had no difference 
in leukotriene levels. The supplemented patients had more 
diarrhea, more days on the ventilator, and longer ICU stays. 
These results were in direct contrast to previous studies, 
and the study was stopped for futility by the Data Safety and 
Monitoring Board after 272 patients were randomized.50 It 
is uncertain if the method employed for supplementation 
in the Rice study was the reason for the different outcome, 
as they gave their supplements on a twice-daily schedule. 
The previous studies had mixed their supplements in with 
the enteral feedings and were, therefore, given on a con-
tinuous basis. The fact that there were no clinical effects 
despite increased plasma levels of EPA seems to suggest 
that this combination of fatty acids was ineffective. These 
supplements/formula are not currently recommended out-
side a clinical trial.

vitamins and trace elements
A number of small clinical trials in adults have shown 
potential benefit of vitamin and trace-element supple-
mentation in critically ill adults.48,51-57 However, the 
combinations of supplements given have been variable, 
as have the benefits seen. It is difficult to know which 
supplements are important in which situation and at 
what dose. 

In the largest blinded trial to date, 1,223 mechani-
cally ventilated, critically ill adults with multiorgan fail-
ure were enrolled. The subjects were randomized using 
a 2 × 2 factorial design to one of 4 groups: (1) glutamine 
supplements, (2) antioxidant supplements, (3) both, or  
(4) placebo. The group that received glutamine supple-
mentation showed an increase in in-hospital and 60-day 
mortality and a trend toward increased 28-day mortality.  
The glutamine group also had a longer duration of 
mechanical ventilation. The antioxidant group did not 
seem to have any harm or benefit from the supplements. 
Therefore, the best available data do not support the 
routine use of glutamine or antioxidants in critically ill 
adults.58

Data on supplementation of vitamins and trace ele-
ments in children are lacking. In one study from the 
National Institute of Child Health and Human Devel-
opment (NICHD) Collaborative Pediatric Critical Care 
Research Network (CPCCRN), 293 PICU patients were 
randomized to receive either supplementation with zinc, 
selenium, glutamine, and metoclopramide or supplemen-
tation with whey protein. There were no differences found 
in infectious complications between the 2 groups, which 
was the primary endpoint of the study.59 There was also no 
difference between groups for ICU length of stay, ventila-
tor days, or survival. In a subgroup of immunocompro-
mised patients, a decreased rate of sepsis and nosocomial 
infections was reported in the group supplemented with 
zinc, selenium, glutamine, and metoclopramide. The role 
of antioxidants and micronutrient supplementation in 
critically ill children is unclear, and this strategy cannot be 
recommended based on available evidence. Future studies 
examining the role of this intervention in immunocom-
promised patients or those with existing deficiencies of 
these components are needed. 

future complementary nutritional therapies
Recently, there has been an interest in complementary and 
alternative therapies in critical illness. Some of these ther-
apies involve nutritional substances such as resveratrol 

■  table  15-1. n utritional intervention t rials in c ritically ill a dults
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found in red grapes, curcumin found in the common 
Indian spice turmeric, and ginger.60,61

Curcumin is thought to have anti-inflammatory 
properties through inhibition of nuclear factor-kappa B 
(NF-κB). In a rat model of sepsis-induced ALI, animals 
given intraperitoneal curcumin administered 2 and  
12 hours after the initiation of sepsis showed significantly 
less lung inflammation. Rats treated with the curcumin 
also had down-regulation of the inflammatory cytokines 
tumor necrosis factor (TNF)-alpha, IL-8, and macro-
phage migration inhibitory factor.62 Curcumin has not 
been studied in humans with ALI, but it has been shown 
to have beneficial effects in human studies on a variety 
of other inflammatory diseases, such as atherosclerosis, 
cancer, neurodegenerative diseases, pancreatitis, and 
rheumatoid arthritis.60

Ginger is also felt to possess anti-inflammatory prop-
erties through inhibition of cyclooxygenase and lipo-
oxygenase. In a randomized, placebo-controlled trial 
involving 32 adult ARDS patients, patients randomized 
to receive ginger had improved outcomes. The ginger 
group had lower inflammatory marker levels, including 
IL-1, IL-6, and TNF-alpha. They also had improved oxy-
genation, shorter duration of mechanical ventilation, and 
shorter length of ICU stay.61 This study was small; there-
fore, in order for there to be widespread recommenda-
tions regarding ginger supplementation in patients with 
ALI, larger studies need to be done.

 ■cOnclusiOns

There is much that is unknown regarding optimal nutri-
tion in critically ill children with respiratory failure. What 
is known is that these patients will require some form of 
nutrition to recover from their illness. The best available 
evidence suggests that EN is preferable to parenteral. It 
is likely that early EN is better than prolonged periods of 
being without any nutritional intake. Both underfeeding 
and overfeeding of carbohydrate calories is associated 
with undesirable effects and must be avoided. However, 
the exact amount of calories needed, how quickly to 
advance feedings, and even what type of formula is best 
in a specific situation is still relatively unknown. These 
important clinical questions need to be studied in the 
pediatric population. The importance of nutrition in 
improving outcomes in this group cannot be ignored. 
Hippocrates was probably accurate when he said, “Let 
food be thy medicine and medicine be thy food.”

 ■Key POints

•	 Children with acute and chronic respiratory failure 
are at risk of worse outcomes due to underfeeding 
or overfeeding.

•	 Indirect Calorimetry allows measurement of 
energy expenditure and must guide energy pre-
scription in mechanically ventilated children.

•	 Suboptimal energy and protein intake in this popu-
lation results in depletion of lean body mass, weak-
ness, and potentially prolonged dependence on 
mechanical ventilation.

•	 On the other hand, carbohydrate overfeeding may 
result in increased carbon dioxide burden and fur-
ther worsening of respiratory status.

•	 The role of antioxidant and micronutrient supple-
mentation in critically ill children with respiratory 
failure has not been proven.
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multiple nutritional deficiencies. Liver failure requiring 
admission to the pediatric intensive care unit (PICU)  
can be divided into 2 categories: acute liver failure (ALF) 
and acute-on-chronic liver failure (ACLF). Even during 
early stages of disease, impaired nutritional status has 
been associated with poor clinical outcome and higher 
morbidity and mortality in the posttransplant period.1-3 
This chapter will review some of the underlying causes 
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of malnutrition and provide recommendations for assess-
ment and management of nutrition support for patients 
with liver disease in the PICU setting.

 ■ACUTE LIVER FAILURE 

The Pediatric Acute Liver Failure (PALF) study group 
defined the following entry criteria for ALF (Table 16-1).4

Liver failure has been further classified based on the 
timing of onset of encephalopathy. Hyperacute liver fail-
ure occurs within 1 week of onset, ALF from 1 to 4, weeks 
and subacute liver failure from 4 to 12 weeks after onset 
of hepatic disease.1,2,5 These definitions may be difficult 
to apply in pediatrics due to the complexity of assessing 
encephalopathy in young children.

The exact incidence of pediatric ALF is not known. 
Among all age groups, the incidence of ALF is estimated 
to be 5.5 per million per year.3,4 Approximately 675 pedi-
atric liver transplants are done in the United States each 
year, of which 10% to 13% are done in patients with ALF. 
These numbers do not include children who recover or die 
without liver transplantation.6,7

The etiology of ALF varies with geographical location 
and age. Data from 215 consecutive ALF patients who 
presented to King’s College Hospital in London showed a 
bimodal distribution with the highest prevalence in neo-
nates and infants followed by a smaller peak after 15 years 
of age.4,8 In the first month of life, it is prudent to consider 
metabolic disorders and herpes simplex type 1 and 2. Early 
intervention in these cases can prevent morbidity and mor-
tality. In adolescents, drug toxicity predominates as the 
cause of ALF. In the Western world, the etiology of up to 
half of ALF cases remains undetermined. Toxic exposures 
and drug toxicity account for 25%, followed by viral infec-
tions, metabolic and autoimmune liver diseases, Wilson 
disease, and hematological malignancies.4,9,10 In South-East 
Asia and Latin America, viral hepatitis, predominantly 
hepatitis A and E, are responsible for the majority of ALF 
diagnoses.4,11,12

Acute-on-chronic liver failure was defined by a 
working group from the American Association for the 
Study of Liver Disease (AASLD) and the European 
Association for the Study of the Liver (EASL) as “acute 
deterioration of preexisting, chronic liver disease, usu-
ally related to a precipitating event and associated with 
increased mortality at 3 months due to multisystem 
organ failure.”13 

Without liver transplantation, ACLF is associated with 
a mortality rate of over 70%.14 The most common causes 
of CLD in children leading to liver failure are biliary atre-
sia, alpha-1-antitrypsin deficiency, autoimmune hepa-
titis, Alagille syndrome, Wilson disease and progressive 
familial intrahepatic cholestasis (PFIC). 

 ■PAThoPhysIoLogy oF MALnUTRITIon

Protein-energy malnutrition leading to growth delay is 
reported in up to 60% of patients with CLD.3 The etiology 
of malnutrition is multifactorial and includes decreased 
dietary intake, malabsorption, increased energy expendi-
ture, and disordered substrate use. 

Decreased intake is the most common reason for mal-
nutrition. Patients with liver disease suffer from anorexia 
due to the disease process and prescription of unpalat-
able formulas. Altered taste perception may occur with 
zinc deficiency. Congestive gastropathy, dysmotility, and 
organomegaly can lead to early satiety and vomiting. Mal-
absorption is most common in cholestatic liver diseases and 
is due to decreased intraluminal concentration of bile salts, 
as well as bile salt deconjugation from bacterial overgrowth 
and from associated pancreatic insufficiency in diseases 
such as Alagille syndrome and cystic fibrosis. Decreased 
absorption of long-chain fatty acids manifests as steator-
rhea and fat-soluble vitamin deficiencies. The chronic 
disease state leads to increased utilization of energy. Mal-
nutrition is further exacerbated by major insults, such as 
variceal hemorrhage, infection, or surgery, and increased 
respiratory effort from ascites and organomegaly.11

1. hepatic-based coagulopathy not corrected by vitamin K
2. Biochemical evidence of liver injury
3. No known evidence of chronic liver disease (cLD)

prothrombin time (pt) ≥15 seconds or international normal-
ized ratio (INr) ≥1.5 with hepatic encephalopathy
Or:
pt ≥20 seconds or INr ≥2.0, regardless of encephalopathy

■  TAbLE 16-1. Diagnostic Criteria for Acute Liver Failure 
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Assessment of nutritional status
Evaluation begins with a detailed nutrition history 
focusing on intake (volumes and types of foods) and 
losses (vomiting, diarrhea), as well as recent changes in 
weight. A pediatric dietitian can be a valuable resource 
to assess current intake. On physical examination, it is 
important to assess muscle bulk and presence of sub-
cutaneous fat. Malabsorption of fat-soluble vitamins 
such as vitamin D and K may manifest as bowed limbs 
and easy bruising and bleeding. A careful skin evalu-
ation may uncover signs of zinc or essential fatty acid  
deficiencies.11

Standard assessment measures such as body mass 
index (BMI) and new assessment techniques such as 
bioelectrical impedance have proven unreliable in adult 
cirrhotic patients with ascites or edema. Due to impaired 
linear growth, weight-for-height Z-scores are often mis-
leadingly normal.11 

In children with CLD, triceps skinfold thickness is 
superior to weight-for-length Z-scores for assessment 
of malnutrition.15 Upper extremities are less likely to be 
affected by edema and produce more reliable measure-
ments. Subjective global nutritional assessment (SGNA) 
was shown to be a reliable tool for assessment of malnu-
trition in young children.16 Subjective global nutritional 
assessment includes a history of weight loss during the 
previous 6 months; changes in dietary intake, gastroin-
testinal symptoms, functional capacity, and metabolic 
demands; signs of muscle wasting; and the presence of 
presacral or pedal edema.17

The most accurate technique of nutritional assessment 
in patients with cirrhosis is the measurement of body cell 
mass, whether by whole-body potassium count, by stable 
isotope dilution, or by total-body electrical conductivity, 
but these techniques are not widely available.6,8 Subjective 
global nutrition assessment, anthropometry, and hand-
grip strength are adequate when performed by experi-
enced personnel.9-11

Estimating nutritional needs
The liver is a key organ in the production and the dis-
tribution of nutrients. Under normal conditions, the 
liver utilizes 20% to 25% of the body’s energy. In ALF, 
energy demands are increased despite a substantial loss 
of hepatocyte mass.18 Increased demands persist despite 
sedation, analgesia, muscle paralysis, and mechanical 
ventilation.7

In adults with ALF, the recommended energy intake is 
35 to 40 kcal/kg body weight per day.9 Recommendations 
based on children with biliary atresia and indirect calorim-
etry studies in children with CLD suggest a starting point 
of 130% of predicted resting energy expenditure (REE), 
with some children needing as much as 200% of REE.3,8,19 
These recommendations are based on children who are not 
critically ill. In the PICU, indirect calorimetry should be 
utilized whenever possible to assess the energy needs of 
these children. 

nutrition support in Liver Failure
There are no well-designed, randomized, controlled studies 
addressing nutrition in critically ill children with acute or 
chronic liver failure.20 A recent Cochrane review concluded 
that no standard recommendations for parenteral or enteral 
nutrition (EN) can be made based on currently available 
evidence.21 However, an international multicenter cohort 
study found an improved 60-day survival in ventilated criti-
cally ill children who received a higher percentage of their 
goal EN.22 Similarly, in critically ill adults, a negative energy 
balance (determined by indirect calorimetry) while in the 
ICU was associated with an increase in morbidity, includ-
ing respiratory distress syndrome, pressure sores, sepsis, 
renal failure, need for surgery, and total complications.23 

Implementation of an evidence-based nutrition man-
agement protocol increases the likelihood of early initia-
tion of enteral feeding in the ICU setting.24 On admission, 
all patients in the PICU should have a nutritional assess-
ment and their caloric requirements should be estimated 
or preferably measured. Hemodynamically stable, criti-
cally ill patients who have a functioning gastrointestinal 
tract should be fed within 24 hours of admission. Naso-
gastric tube feedings are well tolerated even in the pres-
ence of esophageal varices, but gastrostomy placement 
in the presence of CLD is associated with a higher risk 
of complications and is not routinely recommended.9 
For children who do not tolerate bolus feedings, con-
tinuous nasogastric or nasojejunal feeds improve nutri-
tional status.11 Parenteral nutrition (PN) is associated 
with increased mortality and infection rate in critically 
ill children and should only be utilized when EN is not 
possible.22 However, short-term PN is beneficial when 
enteral feeding is contraindicated, such as during intra-
abdominal sepsis or variceal bleeding. Short-term PN 
does not increase cholestasis, and standard amino-acid 
formulations are safe.3

■  TAbLE 16-1. Diagnostic Criteria for Acute Liver Failure 
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The European Society for Clinical Nutrition and 
Metabolism (ESPEN) recommends initiating PN if fast-
ing is expected past 72 hours in patients with moderate or 
severe malnutrition.10 In small, critically ill children with 
liver disease, PN may need to be started within 24 hours 
if prolonged fasting is expected. 

Fluid and Electrolytes
Accurate assessment and management of fluid balance 
are paramount to the safety of patients in liver failure. 
Although more pronounced in ACLF, patients with 
both ACLF and ALF can become intravascularly volume 
depleted and have low serum albumin levels. Decreased 
intravascular volume can compromise end-organ perfu-
sion and increase the risk of hepatorenal syndrome. The 
Saline versus Albumin Fluid Evaluation (SAFE) study 
conducted in adults in the intensive care setting demon-
strated the safety and efficacy of both albumin and saline 
as volume expanders. Subgroup analysis suggested pos-
sible improvement in mortality in septic patients who 
received albumin.25 However, rapid volume expansion 
with colloids or crystalloids may worsen ascites and 
increase the risk of cerebral edema and variceal hemor-
rhage. Limiting fluid therapy to 75% to 80% of mainte-
nance and restricting blood products to active bleeding 
or prior to invasive procedures decrease those risks. Giv-
ing blood products unnecessarily can increase the risk of 
rebleeding and makes ongoing assessment of liver injury 
and transplant organ procurement more difficult. Recom-
binant factor VII (r FVII a) can be used in coagulopathic 
patients who are volume overloaded.26 A blood transfu-
sion threshold of hemoglobin <7g/dL(70g/L) is toler-
ated if tissue hypoperfusion is not present.13,27 Frequent 
monitoring of serum sodium, potassium, magnesium, and 
phosphate is necessary. 

Carbohydrate
Children with ALF are at high risk for fasting hypo-
glycemia due hepatocyte loss and decreased glycogen 
storage capacity. Blood glucose should be monitored 
every 1 to 2 hours. When initiating EN or PN, glu-
cose should provide 50% to 60% of nonprotein-energy 
requirements. Children with ALF are commonly 
started on a 10% glucose-containing intravenous infu-
sion. If hypoglycemia remains an issue, glucose infu-
sions should provide at least 6 to 8 mg/kg per minute.28 
A serum glucose concentration of 144 to 180 mg/dL  

(8 to 10 mmol/L) is well tolerated and is recommended 
in the clinical management of critically ill adult 
patients, including those with cirrhosis.13 

Protein
The etiology of protein deficiency in patients with liver 
disease is multifactorial. There is decreased synthesis, 
increased degradation, and loss due to bleeding. During 
acute exacerbations, protein requirements will increase 
further.29 Adults with cirrhosis have been shown to 
shift toward catabolism and begin muscle breakdown 
after only 12 hours of fasting, 6 times faster than in the 
healthy adult.30 Hence, extreme protein restriction is 
not recommended. Enteral or parenteral administration 
of amino acids is safe and should be initiated at 0.8 to  
1.2 g/kg per day.9 

Critically ill children have significantly less protein 
reserve than adults and are more susceptible to the effects 
of catabolic stress. Protein is routinely given at 3 g/kg per 
day, but giving up to 4 g/kg per day has been shown not 
to precipitate encephalopathy in younger children.11 

An abnormal ratio of aromatic amino acids (AAA) to 
branched-chain amino acids (BCAA) has been found in 
adults and children with liver disease and has been postu-
lated to worsen hepatic encephalopathy (HE).11 Admin-
istration of BCAA has been shown to stimulate hepatic 
protein synthesis in patients with CLD and improve 
nutritional status.31 A Cochrane review published in 2003 
concluded that BCAA do not affect morbidity or mortal-
ity of cirrhotic patients, but the majority of the studies 
reviewed were small and lacked scientific rigor.32 Despite 
these findings, the ESPEN guidelines support the use of 
a BCAA-enriched formula in adult patients with HE and 
advanced cirrhosis, and recommend using amino acid 
solutions high in BCAA. The majority of hepatology units 
in Europe reported regularly using BCAA solutions.10 
Recent publications suggest possible benefits of long-
term administration of BCAA.33,34 BCAA have fallen 
out of favor in the United States and are reserved only 
for HE unresponsive to standard therapy. Development 
of more palatable and affordable formulations will allow 
further evaluation of potential benefits of supplementa-
tion. Currently, most patients in ALF can be treated safely 
with standard protein formulations. Frequent monitoring 
of serum ammonia should guide adjustments in amino 
acid prescription, with a goal of less than 140 mg/dL  
(100 mmol/L).10 
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Lipid
Decreased carbohydrate availability leads to increased 
fat oxidation in children with end-stage liver disease and 
can rapidly deplete fat stores. In ALF, hepatocytes rely 
heavily on energy derived from the oxidation of fatty 
acids and ketogenesis. Thus, adequate provision of lipid 
is an important supportive measure. Lipid can be safely 
prescribed at a rate of 0.8 to 1.2 g/kg per day in adults, 
or 30% to 35% of total caloric intake in children. Most 
infants with liver disease need 2 to 4 g/kg per day, but 
requirements of up to 8 g/kg per day (when provided 
enterally) may be necessary for adequate growth.3 In the 
presence of cholestasis, the decreased bile acid pool leads 
to impaired digestion and absorption of long-chain tri-
glycerides, which include essential fatty acids (linoleic, 
linolenic acids).11 If cholestasis is present, at least 30% 
to 60% of total fat should be provided as medium-chain 
triglycerides (MCTs), usually provided as MCT oil, which 
has been shown to decrease steatorrhea and improve 
growth.28 The most commonly used infant formulas pre-
dominantly containing MCT oil are listed in Table 16-2. 
Breastfeeding can be safely continued if the child is grow-
ing well. Expressed breast milk can be supplemented by 
powdered formula or added MCT to increase the caloric 
density.28 In addition, MCT oil can be supplemented 
separately in a total daily dose of 1 to 2 mL/kg per day 

divided in 2 to 4 doses.17 Commercially available sources 
of MCT oil are listed in Table 16-2. Care must be taken 
that the patient receives an adequate amount of essential 
fatty acids to prevent deficiency, which can manifest as 
growth impairment; a dry, scaly rash; thrombocytopenia; 
and impaired immune function. A plasma triene:tetraene 
ratio above 0.05 can indicate mild deficiency, with much 
higher values seen with moderate and severe deficiency. 
Lab turnaround time may limit the usefulness of this test 
in the PICU setting.17 

When PN is required, our center uses standard lipid 
formulations, since other lipid formulations are not eas-
ily available in the United States. On the other hand, 
two-thirds of European liver centers that participated 
in a survey used parenteral lipid mostly in the form of 
a long-chain triglyceride (LCT)/MCT emulsion for criti-
cally ill patients with liver disease.18 Care must be taken 
to decrease the lipid infusion rate when treating patients 
with ALF and mitochondrial dysfunction or microvesicu-
lar steatosis due to impaired hepatic beta-oxidation asso-
ciated with these disorders.10

Vitamins and Minerals
The intestinal absorption of vitamins A, D, E, and K is 
strongly dependent on adequate hepatic secretion of bile 
acids. 

n ame (Manufacturer) MCT Content n otes

Formulas
pregestimil (Mead Johnson) 55% Mct oil complete formula

alimentum (abbot Nutrition) 33% Mct oil complete formula

pediaSure peptide (abbot Nutrition) 50% Mct oil complete formula

enfaport (Nestle) 84% Mct oil complete formula

Nutren Junior (Nestle) 21% Mct oil complete formula

portagen (Mead Johnson) 87% Mct oil Incomplete formula

peptamen Junior (Nestle) 60% Mct oil complete formula

Modular nutrients
Mct Oil (Nestle) 100% Mct oil 7.7 kcal/mL, 8.3 kcal/gram

Mct procal (VitaFlo) 97% Mct oil 6.5 kcal/gram

Super Soluble Duocal (Nutricia) 35% Mct oil 5 kcal/gram

■  TAbLE  16-2. Formulas and Modular n utrients Used in Liver Disease
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Vitamin A
Low levels of vitamin A were found in 69% of children 
with CLD.11 Chronic deficiency in vitamin A results in 
night blindness and irreversible damage to the cornea. A 
role in the modulation of the immune system has been 
speculated due to decreased morbidity and mortality in 
patients with infectious diseases treated with vitamin A 
supplementation. Vitamin A deficiency is diagnosed when 
retinol:retinol binding protein molar ratio is less than 0.8 
or serum retinol is less than 20 mcg/dL (0.7 mmol/L) . 
Oral supplementation ranges from 5,000 to 25,000 units/
day of a water-soluble preparation.17

Vitamin D
Up to 25% of children with CLD are vitamin D deficient, 
and 17% have radiologic evidence of rickets. Breastfed 
infants are at particularly high risk due to low levels of 
vitamin D in breast milk. Vitamin D deficiency causes 
defective bone mineralization. Deficiency is diag-
nosed when the serum 25-OH-vitamin-D level is below  
30 ng/mL (75 nmol/L).17 Treatment recommendations are 
outlined in Table 16-3. 

Vitamin E
Up to 75% of children with CLD are deficient in  
vitamin E.11 Vitamin E deficiency causes peripheral 
neuropathy and poor nerve conduction. Vitamin E defi-
ciency is present if vitamin E to total lipid ratio is less than 
0.6 mg/g under the age of 1 and less than 0.8 mg/g over 
the age of 1. Treatment consists of oral administration of 
alpha tocopherol (acetate): 25 to 200 IU/kg per day or 
tocopherol polyethylene glycol 1000 succinate (TPGS) 15 
to 25 IU/kg per day.17

Vitamin K 
Vitamin K is required for the synthesis of coagula-
tion factors II, VII, IX, and X; protein C; and protein S. 
Approximately 23% of children with CLD have a coagu-
lopathy due to vitamin K deficiency. In the presence of an 
elevated INR in the setting of an ICU admission, a trial of 

intravenous vitamin K of 1 to 5 mg/day for 3 days is stan-
dard practice, with monitoring of INR for improvement. 
Vitamin K doses in adults range from 5 to 10 mg/day. 
When chronic malabsorption is suspected, the patient 
should receive 2.5 to 5 mg of oral vitamin 2 to 7 times per 
week.17 Adequate dosing can be monitored with coagula-
tion studies. 

Trace Elements
Approximately 33% of children with liver failure are iron defi-
cient, and 40% are zinc deficient. Decreased iron levels and 
increased total iron-binding capacity are diagnostic, and treat-
ment consists of enteral elemental iron up to 5 to 6 mg/kg per 
day. A plasma zinc level of less than 60 mcg/dL (9 mmol/L) 
should be treated with oral elemental zinc of 1 mg/kg per day. 

 ■PAnCREATITIs

Recent publications have documented an increased inci-
dence of acute pancreatitis in children.35,36 1-3 2-4 The esti-
mated prevalence of acute pancreatitis in adults is between 
6 and 45/100,000 person-years.37 Estimates of the inci-
dence of pancreatitis in children suggest an incidence of 
between 3.6 and 13.2 cases per 100,000 children.38,39 The 
latter number is in the range of the incidence for pancre-
atitis in adults, confirming that pancreatitis is not as rare 
a condition in children as previously thought.

Acute Pancreatitis
Pancreatitis is a condition characterized by swelling and 
inflammation of the pancreas.

Acute pancreatitis (AP) appears suddenly and typically 
lasts for several days. Complete spontaneous resolution 
is expected within 5 to 7 days. Acute pancreatitis is the 
most common disorder of the exocrine pancreas in chil-
dren.35,36 Recurrent episodes of AP may lead to chronic 
pancreatitis (CP). 

Acute pancreatitis in children has been recently defined 
by an expert committee as an episode of abdominal pain 
suggestive of, or compatible with, AP (i.e., abdominal 

25-oh -Vit D level Po  Dose <40 kg Po  Dose >40 kg

<10 ng/mL (<25 nmol/L) 100 Iu/kg per day 5000 Iu/day

11-19 ng/mL (26-47 nmol/L) 75 Iu/kg per day 4000 Iu/day

20-29 ng/mL (48-74 nmol/L) 50 Iu/kg per day 3000 Iu/day

■  TAbLE 16-3. suggested Therapy for Vitamin D Deficiency11
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pain of acute onset, especially in the epigastric region) 
associated with serum lipase and/or amylase activity at 
least 3 times greater than the upper limit of normal.40 
Lipase is the preferred test because of its higher sensitiv-
ity and specificity (lipase 82% to 100%; amylase 85% to 
98%).41 It should be noted that serum lipase returns to 
normal more slowly than serum amylase. Signs and symp-
toms of acute pancreatitis are frequently nonspecific and 
include fever, abdominal pain and tenderness, nausea and 
vomiting, guarding, and abdominal distension. Abdomi-
nal pain in young children may be vague and atypical. 
While imaging is not required in all patients, a diagnosis 
of AP can be made when the amylase and lipase are nor-
mal if imaging findings characteristic of, or compatible 
with AP, are present. Imaging is frequently normal in mild 
pancreatitis. 

Chronic Pancreatitis 
In contrast, CP is a progressive inflammatory disease of 
the pancreas, characterized by irreversible morphologic 
changes and gradual fibrotic replacement of the gland. 
Loss of exocrine and endocrine function results from 
fibrosis and parenchymal damage.40 Therefore, CP is, by 
definition, a progressive disease. Children can present 
with features diagnostic of CP without having had a prior 
diagnosis of AP. 

Pathophysiology
Traditionally, it was thought that after an initial insult 
such as ductal damage or obstruction, there is premature 
activation of trypsinogen to trypsin within the acinar 
cell;42 trypsin then activates other proenzymes, leading 
to a cascade of enzyme activation, autodigestion, further 
enzyme activation, and the release of active proteases. 
More recently, it has been demonstrated that although 
intracellular trypsin induces local pancreatic injury, local 
and systemic inflammation may be mediated by pro-
inflammatory cytokines such as nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), which 
is then followed by a pro-inflammatory response.42

Etiology
In adults, 80% to 90% of cases are due to alcohol abuse 
and gallstones. The remaining 10% to 20% are caused by 
trauma—including endoscopic retrograde cholangiopan-
creatography (ERCP)—drugs, and other less common 
etiologies. In contrast, in children, trauma, biliary tract 

disease, drugs, and systemic illness are the etiologies in 
the majority of cases.36 Other etiologies include congeni-
tal anatomic abnormalities, metabolic disorders, and fol-
lowing solid organ and stem cell transplantation. Between 
10% and 20% of cases are considered idiopathic. In recent 
series, an increasing number of cases are associated with 
mutations in the PRSS1, SPINK1, CFTR, and CTRC 
genes.43 In these patients, CP develops following recur-
rent episodes of AP. 

severity
The natural history of pancreatitis is variable, with about 
20% of adult patients having “severe” episodes.44 The mor-
tality of severe necrotizing pancreatitis is up to 20%, while 
the mortality of mild episodes is less than 1%. Because of 
this difference in mortality and morbidity, in order to pro-
vide optimal care, a variety of scoring systems have been 
devised in order to predict which patients will require 
intensive care. Unfortunately, these scoring systems are 
not useful in children because most adult cases are due 
to chronic alcohol abuse, and a significant negative pre-
dictor in most scoring systems is age >65 years. The pub-
lished pediatric scoring systems have not been validated.45 
In pediatric studies, the mortality of severe pancreatitis 
is much lower.46 Severe pediatric pancreatitis requiring 
PICU admission has been infrequently reported in chil-
dren; however, the outcome may be better than in adults.

Clinical Management
Clinical management of the patient with pancreatitis in 
the PICU includes vigorous fluid resuscitation and correc-
tion of electrolyte abnormalities. Aggressive hydration has 
been associated with better outcomes in adult patients. 
Children are usually given 1.5 to 2 times maintenance 
requirements, unless cardiovascular and/or renal comor-
bidities exist. Early aggressive intravenous hydration is 
most beneficial in the first 12 to 24 hours, and lactated 
Ringer’s solution may be the preferred isotonic crystalloid 
replacement fluid. The goal of aggressive hydration should 
be to decrease the blood urea nitrogen. Other measures, 
such as the treatment of infection and pain management, 
will not be reviewed here.

nutrition
Traditionally, the patient with AP has been treated with 
enteral fasting and PN.47 It was felt that gut rest allowed 
the pancreas to rest and thus heal more rapidly. Enteral 

■  TAbLE 16-3. suggested Therapy for Vitamin D Deficiency11
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Mirtallo et al. reviewed 8 societal reports in order to 
develop international consensus guidelines for nutrition 
therapy in AP.60 They concluded that EN is preferable to 
PN in patients with AP and should be used first, even in 
the presence of fistulas, ascites, and pseudocysts. Intra-
gastric feeding is frequently effective, and transpyloric 
feeding is not always necessary.53 Continuous feeding 
is preferred over cyclic feeding. A small, peptide-based, 
MCT-containing formula was recommended.

In his review of nutrition support for AP, Grant con-
cluded that early nutrition support—particularly EN, but 
also PN—reduces complications and improves survival.58 
Early nutritional therapy decreases the cytokine response 
and reduces the incidence of gastroparesis and intestinal 
ileus. To be effective, nutritional support must begin within 
72 hours. Since full EN may take days to establish, a combi-
nation of EN and PN should be considered at admission to 
the PICU. Since EN decreases the inflammatory response 
and decreases infectious complication, hospital stay and 
mortality EN should be considered “an active therapeutic 
intervention that improves the outcome of patients with 
pancreatitis”.57 

 Sharma reviewed the use of probiotics and found 
them to be of no benefit in adults with severe pancre-
atitis.62 In one trial, mortality was 8/152 in the probiotic 
group and 0/144 in the control group.63 Hence, until fur-
ther data are available, probiotics are not recommended in 
the treatment of AP.

Fortunately, most children with AP are otherwise 
healthy and have no specific nutritional deficits. Some 
children with CP and pancreatic insufficiency may be 
malnourished. Since in critically ill children a low weight- 
for-age is correlated with longer PICU and hospital 
lengths of stay and higher mortality, nutritional rehabili-
tation may be required in some patients.16,64

other nutrition Issues in Acute Pancreatitis
•	 A rise in serum amylase and lipase is typically associ-

ated with enteral feeding, but does not imply worsen-
ing of the pancreatitis and is not a reason to stop EN.

•	 About 4% of patients experience worsening of abdom-
inal pain during EN. These patients should be treated 
with PN. About 20% of patients have an increase in 
abdominal pain when transitioned to oral feedings. 
Specialized enteral nutrition may need to be tempo-
rarily resumed in these patients.

fasting and PN were justified by the fact that many 
patients with AP develop increased abdominal pain and 
rising serum amylase and lipase when enterally fed. How-
ever, it is now known that an important feature of pan-
creatitis is pancreastasis, defined in a similar manner as 
cholestasis—that is, poor flow of pancreatic secretions. 
Enteral feeding has been shown in a number of conditions 
to decrease morbidity and mortality in ICU patients and 
only infrequently exacerbates the pancreatitis episode. 
Enteral nutrition probably maintains the integrity and 
function of the intestinal mucosal barrier and increases 
gut contractility, which prevents bacterial overgrowth 
and translocation.48 Enteral nutrition also attenuates the 
acute-phase response.49

A Cochrane review from 2009 concluded that “there 
is little evidence to support or refute the need to provide 
nutrition to critically ill children in a paediatric intensive 
care unit during the first week of their critical illness.”50 
The authors found only one relevant randomized, con-
trolled trial (RCT) for this review. In contrast, Mehta  
et al. reported in 2013 that early nutritional therapy is 
associated with improved 60-day survival in critically 
ill children.22 Patients given early protocolized EN had 
a lower prevalence of acquired infections. In a review of 
studies examining protein balance in critically ill chil-
dren, Bechard et al. demonstrated that a positive protein 
balance could be achieved in mechanically ventilated chil-
dren with optimal protein and energy intakes.51 There are 
no published guidelines or studies relating to nutritional 
support of the child with AP. There is a single report of 
2 children with severe AP who were treated successfully 
with nasojejunal feedings in the PICU and switched to 
oral feeding when discharged to the general ward.52

In contrast, there are a number of controlled studies, 
reviews, and meta-analyses of nutritional therapy of adults 
with both severe and mild pancreatitis; thus, our recom-
mendations will be based on PICU studies in children 
without pancreatitis and on these adult studies, which are 
reviewed next.47,53-62 This section will consider only the 
most recent studies and reviews. Various formulas have 
been used, including elemental, semielemental, poly-
meric, “immunomodulating,” and high MCT. Since no 
type of formula has been found to be superior, a polymeric 
formula is usually recommended.

Yi reviewed 8 RCTs including 381 adult patients compar-
ing EN to PN in severe AP.59 Patients treated with EN had 
lower mortality, fewer infections, fewer surgical interventions, 
and less organ failure than patients treated with PN. 
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•	 Nutritional status in liver failure is linked to pre- 
and posttransplant morbidity and mortality, and 
should be assessed on admission to the PICU. 

•	 Hypoglycemia is common in liver failure, and the 
serum glucose level should be monitored closely. 

•	 Protein demands are increased during liver failure, 
and enteral or parenteral protein does not need to 
be restricted in pediatric patients. 

•	 Cholestatic diseases place children at higher risk 
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Enteral feeding is preferred in liver failure and can 
be done safely with nasogastric tube placement, but 
when EN is not tolerated, PN should be started in 
a timely fashion. 

•	 Early institution of nutritional support within 48 to  
72 hours of admission to the PICU may reduce 
complications in patients with AP. 

•	 Enteral nutrition delivered by nasogastric or naso-
jejunal tube is generally well tolerated and is the 
nutritional therapy of choice in AP. 
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to healthy children, with reductions in weight-for-age 
Z-score, head circumference, and length-for-age Z-score. 
The process of surgery and bypass, in addition to the 
effects of cardiac failure and chronic disease, involve a 
significant degree of metabolic and nutritional stress, 
such that postoperative malnutrition presents a further 
burden on restoring growth toward normal parameters. 
Early nutrition support is crucial, particularly in those 
undergoing surgery in the neonatal and infant period, 
where there is little reserve during what is a critical time 
for brain development.

Nutrition for the Infant  
or Child in the Cardiac  
Intensive Care Unit
Nazima Pathan 

Luise Marino 
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 ■MALNUTRITION AND FEEDING  
PROBLEMS IN THE CHILD WITH  
CONGENITAL HEART DISEASE

Globally, congenital heart disease (CHD) represents one-
third of all major congenital anomalies, affecting between 
0.3% and 1.5% of all pregnancies (around 40,000 chil-
dren are born with CHD per year in the United States).1 
Growth faltering is commonly seen in children with CHD, 
particularly those with cyanotic disease and univentricu-
lar physiology. Children with CHD exhibit early and 
progressive falls in their growth trajectory in comparison 
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A number of factors contribute to malnutrition in 
children undergoing surgery for congenital heart disease, 
as the following sections explain.

Type of Cardiac Lesion
Single-ventricle and complex cardiac lesions are associ-
ated with a greater risk of malnutrition. These children 
may also have had restricted feeds preoperatively in the 
setting of heart failure and fluid restriction. While there 
is no evidence that enteral feeding increases the risk of 
necrotizing enterocolitis (NEC), some clinicians withhold 
feeds if there are concerns about splanchnic perfusion 
(single-ventricle lesions, severe left ventricular outflow 
tract, and aortic arch anomalies). 

Children with cyanotic lesions usually have symmetri-
cal growth restriction and are shorter and lighter, whereas 
those with acyanotic lesions tend to have asymmetrical 
growth retardation with a low weight-for-age and nor-
mal height. In addition, children with left-to-right shunts 
tend to weigh less than cyanotic children do, which may 
be due to pulmonary hypertension. Where there is pul-
monary stenosis and/or coarctation of the aorta, linear 
growth is usually more affected than weight. The presence 
of hypoxia and breathlessness is common, and while the 
duration of the hypoxia may affect growth, the severity 
does not appear to affect tissue metabolism profoundly.2 

Inadequate Caloric Intake
Children with CHD often have comorbidities that may 
affect the ability to swallow or absorb feeds effectively. In 
addition, prolonged intubation and hospitalization are 
likely to add to swallowing problems and oral aversion. 
Gastroesophageal reflux is relatively common in neonates 
with CHD, and may reduce the success of oral feeds at 
the volumes needed to restore growth. Other factors that 
contribute to an inadequate calorie intake include:3 

1. Fatigue on feeding leading to low intake
2. Fluid restriction
3. Poor absorption
4. Increased metabolic expenditure
5. Early satiety
6. Anorexia
7. Frequent infections
8. Frequent use of antibiotics affecting gut flora

Postoperative fluid restriction will inevitably restrict 
the volume available to provide feeds. Children with heart 

failure and chronic disease may also struggle to feed well 
and achieve their caloric requirements. Some children may 
have poor enteral feed tolerance, particularly if intestinal 
mucosal blood supply is reduced or there is hypoxia. Heart 
disease has been shown to be an independent risk factor 
for the nonattainment of caloric goal during the pediatric 
intensive care unit (PICU) stay. De Menezes showed that 
by the fourth day, 93% of children undergoing congenital 
heart surgery have yet to meet 90% of their basal metabolic 
requirements (BMR) and are significantly more likely not 
to achieve optimal energy intakes compared to noncardiac 
critically ill children. However, the use of parenteral nutri-
tion (PN) (either exclusively or as a supplement to enteral 
intake) and the early identification of malnutrition were 
protective factors for achieving calorie goals.4

Prenatal Growth Restriction
It is likely that complex and chronic fetal anomalies result 
in intrauterine growth restriction. Several case series have 
reported an association between CHD and intrauterine 
growth restriction, although when babies with chromo-
somal and extra cardiac anomalies are excluded, the asso-
ciation is less well defined.5 

 ■  OPTIMAL NUTRITION FOLLOWING  
SURGERY FOR CONGENITAL  
HEART DISEASE

Given the multiple contributors to malnutrition in children 
with CHD, it is vital that these children receive the best 
possible nutrition support following surgery to mitigate 
the consequences of malnutrition. The consequences of 
malnutrition and an approach to providing nutrition post-
surgery are discussed in the sections that follow. 

Clinical Consequences of Malnutrition  
Following Congenital Heart Surgery
There is increasing evidence that malnutrition is associ-
ated with deficient growth, wound healing, and immune 
function in children undergoing surgery for CHD. In 
addition to prolonging the time for recovery from sur-
gery, long-term malnutrition is associated with a range 
of neurodevelopmental sequelae. Early intervention and 
close monitoring by specialized dietitians may improve 
feeding, developmental, and family outcomes. 

Malnutrition and growth failure during infancy are 
associated with impaired executive functioning and 
poorer scholastic performance in children with CHD. 
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Stunting or poor linear growth has the greatest influence 
on neurodevelopment6 and poor functional outcomes.7 
Poor growth postoperatively in the first few weeks to 
months is associated with increased risk of mortality.8

The Importance of Monitoring Growth
Because growth failure is so common among children 
with complex CHD—in particular, those with left-to-
right shunt lesions—it is imperative that there is a defined 
nutrition care pathway targeting weight and length gain, 
ensuring infants grow as well as possible prior to and 
following palliative/corrective surgery. It is important 
to establish early on factors that may contribute to and/
or affect optimal growth. There are numerous problems 
with accurate plotting on growth charts, which can lead 
to growth-monitoring inaccuracies. Ways of overcoming 
this involve the conversion of weight and height standard 
deviation or Z-score for length/height, weight, and body 
mass index.3 There has been a focus on the need for reli-
able screening tools and intervention thresholds, aiming 
to optimize growth in children with CHD.9,10 

The most common definition for growth faltering in 
the United Kingdom is weight crossing more than 2 cen-
tiles downward during a period of 1 month. This would be 
equal to −0.68 of a Z-score, indicating that a child may have 
weight faltering, but is not yet malnourished according to 
the World Health Organization (WHO) definition (e.g., 
moderate malnutrition using the WHO definition is ≤−2 
Z-scores). There are several different tools with a variety 
of cutoffs to define these terms (Table 17-1). The WHO 
defines moderate and severe malnutrition as a weight 
for height of −2 to −3 Z-scores and >−3 Z-score, respec-
tively.11 Ideally, an infant should gain 10 g/kg per day,12  
and if this rate of weight gain is not being achieved, the 
nutrition care plan should be amended.

For infants with chronic disease, anthropometric mea-
surements should be performed more frequently (Table 17-2). 

During a PICU admission, every attempt should be made to 
perform a length and weight measurement weekly.

The metabolic rate may vary during recovery from 
congenital heart surgery. Initially, it is likely to be high,13,14 
particularly in prolonged bypass surgery. Underdelivery 
of calories and proteins may result in catabolism and loss 
of muscle mass.

Key to adequate nutritional intake during a PICU 
admission is knowledge of energy requirements. Although 
a significant amount of research has been performed on 
exploring energy requirements in nonventilated children 
with heart disease, limited information is available on 
energy expenditure in the postsurgical cardiac child that 
is ventilated and in the PICU. 

Only a small number of studies have investigated rest-
ing energy expenditure (REE) of postsurgical cardiac 
patients using indirect calorimetry. Avitzur et al. com-
pared the energy expenditure of cyanotic to noncyanotic 
cardiac children after open heart surgery and found their 
energy expenditure to range between 59 kcal/kg per day 
and 62 kcal/kg per day.15 Li et al. found that children post-
Norwood procedure had an REE ranging from 43 kcal/kg  
to 41 kcal/kg on different days of admission.14 We inves-
tigated the relationship between measured energy expen-
diture and delivered energy in a cohort of children 

Classification
Moderate  
Malnutrition

Severe  
Malnutrition

Weight-for-height 
(acute malnutrition/
wasting)

−3 ≤ Sd score <2 
(70% to 80%)

<−3 (<70%)

Height-for-age
(chronic malnutrition/
stunting)

−3 ≤ Sd score <2 
(80% to 85%)

<−3 (<85%)

■  TABLE 17-1. WHO Classification of Malnutrition11

Preterm Term–12 m 12–24 m 2–18 y

Weight daily daily 3 × week Weekly

Length every 2 weeks every 2 months every 3 months Yearly

Head circumference every 2 weeks Monthly Monthly —

Mid upper arm  
circumference

Monthly Monthly Monthly Monthly

■  TABLE 17-2. Recommended Frequency for Anthropometrical Review
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prostaglandin-dependent cardiac lesions. In a recent 
international survey, 44% of U.S. clinicians, compared to 
7% of non-U.S. clinicians, reported that they do not give 
routine preoperative enteral feeds to this patient group. 
In those who do feed enterally, there appears to be great 
variation in how attending clinicians assess feed tolerance, 
some using clinical assessment while others rely on diag-
nostic tools, including abdominal x-ray, blood lactate lev-
els, and abdominal regional oxygen saturation (measured 
by near infrared spectroscopy).20 The lack of consensus 
suggests that further studies are needed to examine the 
safety of enteral feeding in this high-risk population. 

Vasoactive drugs are used to support cardiac output 
and blood pressure in patients with cardiac failure.21 
High doses of multiple medications, such as clonidine, 
and vasoactive drugs have been associated with increased 
risk of nonocclusive bowel injury.22,23 Splanchnic perfu-
sion may also be compromised following cardiac surgery 
due to poor cardiac output. It is, therefore, imperative to 
monitor for any signs of feeding intolerance and take early 
corrective measures.21 

Oral feeding is often difficult to achieve, and a propor-
tion of children continue to require nasogastric/nasoje-
junal (NG/NJ) tube feeds/gastrostomy feeding to achieve 
required intake by the time of hospital discharge. Inability 
to achieve oral feeds is, of course, generally associated with 
a longer hospital stay (during a crucial time for develop-
ment) and, therefore, has potential to affect long-term 
neurocognitive outcome.24 Of note, the longer the time 
taken to start oral feeds, the worse the feeding outcomes.

The National Pediatric Cardiology Quality Improve-
ment Collaborative has a focus on achieving optimal 
nutrition and makes a number of recommendations. The 
key points are to monitor growth, parental education to 
help them recognize indicators of hunger in babies with 
CHD, positioning for feeds, and creating a relaxed feed-
ing environment.10 A focus on the experience of feeding 
more than the volume fed in the early stages may help 
to encourage success in establishing oral feeds. There is 
a balance to consider in the need to use a feeding tube to 
improve weight gain versus the risk of delayed oral feeding 
skills. Early identification and management of comorbidi-
ties that might affect oral feeding (vocal cord palsy, gastro-
esophageal reflux, and cricopharyngeal incoordination) 
could improve long-term outcomes.

Choice of Feed
Breast milk has been shown to prevent NEC and as such 
should be the feed of choice in patients at risk,25 such as 

undergoing congenital heart surgery.13 Patients received 
a mean of 15.9 kcal/kg per day of intravenous or enteral 
feed on the day of measurement, versus the measured REE 
of 67.8 kcal/kg per day, leaving a mean energy deficit of  
51.1 kcal/kg per day (SD ± 23.83) in the first 48 hours 
after surgery. Undelivery of calories perioperatively and a 
decline in weight-for-age Z-score were also documented by 
Nicholson et al. in 65 infants undergoing congenital heart 
surgery, where median weight-for-age Z-score declined  
by −1.3 (IQR −1.7 to −0.7).16

Interestingly, cardiopulmonary bypass appears to 
increase energy requirements in the early postoperative 
period. In the study of De Wit et al., mean REE of patients 
requiring bypass was 73.6 kcal/kg per day (SD ± 15.11) 
in children undergoing bypass and 58.3 kcal/kg per day  
(SD ± 10.88) in nonbypass cases (p = 0.022). An impor-
tant issue in this study and in others of cardiac and non-
cardiac critically ill children is that calculation of energy 
requirements using currently available formulas does not 
adequately predict caloric expenditure compared to that 
measured using indirect calorimetry.13 

However, because only 27% of PICUs within Europe 
routinely use indirect calorimetry, alternative proxies are 
required.17 Predicted energy requirements in children con-
sist of BMR to which energy required for activity, heat loss, 
and growth is added. In healthy infants, around 30% to 
35% of predicted energy requirements are used for growth. 
In critically ill infants, the anabolic process of growth 
ceases during the catabolic phase. In addition, infants are 
maintained in a thermoneutral environment with humid-
ified air and are sedated, and on occasion paralyzed, 
reducing energy requirements with regard to those attrib-
uted to heat loss and activity. C-reactive protein (CRP)  
is well correlated with severity of disease, and in infants 
undergoing thoracic or abdominal surgery, a measure 
of >6 mg/dL is associated with high stress,18 and it has 
been suggested that in the absence of indirect calorimetry, 
measures that predict BMR be used (Food Agricultural 
Organization/Schofield height and weight equations) until 
CRP values are ~<2 mg/dL, at which point anabolism will 
resume.19

When Is Enteral Feeding Safe?
While enteral feeds are known to be protective to the 
gut mucosa and may assist in establishing a normal gut 
microbiome, concerns about intestinal hypoperfusion 
and the presence of umbilical catheters mean that some 
units routinely withhold enteral feeds in babies with 
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•	 Hyperlipidemia
•	 Hyperbilirubinemia
•	 Liver steatosis and cholestasis
•	 Micronutrient toxicity (fat-soluble vitamins may not 

be cleared well in children who are hemofiltered)
•	 Line related:

•	 Sepsis (aseptic techniques using a dedicated PN line 
are clearly of great importance)

•	 Occlusion of the PN line (prevent by flushing the 
line with heparinized saline and using inline filters)

•	 Thrombosis/embolism from the PN line (heparin-
ization or antithrombotic treatment may be needed 
in children who have a higher risk or history of 
thrombosis)

Micronutrients, Not Just Calories
The feeding of the critically ill cardiac child should take 
into account protein and micronutrient requirements 
in addition to energy deficiency. Deficiencies may result 
in muscle wasting, poor wound healing, and delayed 
organ recovery or diseases associated with micronutrient 
deficiencies.

Protein requirements during critical illness are not well 
established. A term neonate (first month of life) should 
receive between 1.5 and 3 g/kg per day, older infants and 
children require between 1 and 2.5 g/kg per day and 1 
to 2 g/kg per day, respectively.35 In critically ill children, 
although total energy expenditure is lower than antici-
pated, they are catabolic, and a negative nitrogen balance 
has been shown to occur at an intake of <2.1 g/kg per day. 
Positive nitrogen balance was only achieved with a protein 
intake of 2.8 g/kg per day.36,37 Critically ill children may 
therefore require up to 3 g/kg per day of protein to achieve 
a positive nitrogen balance.34 Sterile energy-, protein-, and 
micronutrient-rich feeds should be used instead of mod-
ular additions such as fat and carbohydrate to standard 
feeds, as this practice is associated with disturbed protein-
energy (PE) ratio, increased risk of bacterial contamina-
tion, and errors in feed preparation.38 

An ideal PE ratio for catch-up growth resulting in lean 
body mass accretion rather than deposition of adipose  
tissue has been shown to be a PE of 8.9% to 12%.39,40 
Therefore, enriching products with modular additions of 
fat and carbohydrate alone often results in a PE of 4.5% 
to 6%, which does not favor optimal catch-up growth 
in growth-faltering infants.38,39 In infants with moder-
ate growth faltering, a weight gain of 10 g/kg per day is 

babies who are in shock and those with lesions that have 
a systemic-to-pulmonary shunt or impaired mesenteric 
blood flow, including hypoplastic left heart, truncus arte-
riosus, and aortopulmonary window, where the risk of 
NEC is higher.26,27 If needed, expressed breast milk (EBM) 
can be supplemented with breast milk fortifier, which has 
a negligible effect on gastric emptying.28 If breast milk is 
not available and the patient is also on multiple high-dose 
inotropes and clonidine, then a ready-to-use, sterile, pro-
tein hydrolysate should be considered.

Feeding Route
Transpyloric feed using an NJ feed may increase the suc-
cess of enteral feeding compared to using an NG tube. 
Caution should be exercised in those infants with cya-
notic lesions, as there is some evidence of an increased 
risk of NEC with NJ feeds.29 During critical illness, feeds 
should be given continuously over 20 to 21 hours via an 
enteral feeding pump, reducing the metabolic and thermic 
response to feeds, in addition to decreasing the risk of gut 
ischemia.30

Parenteral Nutrition
Although PN is beneficial and life saving in a variety of 
clinical conditions, it can also result in numerous poten-
tially serious side effects. The risk of such complications 
can be minimized by carefully monitoring patients and 
the use of nutrition support teams. Full anthropom-
etry should be undertaken at the start of PN and weight 
monitored twice weekly during therapy with PN. Renal 
and liver function, full blood count, and plasma albumin 
should be measured at the beginning of treatment and 
weekly. In the early stages, plasma electrolytes (sodium, 
potassium, calcium, phosphate, magnesium, and chloride) 
may need to be monitored daily until daily requirements 
are established and levels appear to be stable. Triglycer-
ide levels should be monitored before therapy and weekly 
thereafter.31

Risks and complications of PN include:31-34

•	 Deficiency: 
•	 Calorie (resulting in malnutrition, wasting)
•	 Micronutrient (these include zinc – hair loss, poor 

wound healing; iron – anemia; essential fatty acids – 
scaly dermatitis; other vitamins including thiamine 
and B vitamins)

•	 Solution related:
•	 Low or elevated electrolyte levels
•	 Hypo- or hyperglycemia
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Nutritional Management of Protein-Losing 
Enteropathy
Protein-losing enteropathy (PLE) is a rare occurrence but 
is a feature of congestive cardiac heart failure and results in 
intestinal losses of protein, resulting in hypoproteinemia 
and malnutrition. Dietary management of PLE includes 
the provision of a high-protein diet supplemented with 
fat-soluble vitamins. In those patients with lymphangi-
ectasia, a low-fat diet with medium-chain triglycerides 
(MCTs) may be appropriate, aiming for a maximum of 5 
to 10 g per day of long-chain fat, although in some chil-
dren it is necessary to stop oral feeds and maintain nutri-
tion status through the provision of PN.45

Nutritional Management of Chylothorax
Chylothorax is a relatively common early postoperative 
complication, with an incidence of 6.6%.46 The postopera-
tive leakage of lymphatic fluid (protein, fat, lymphocytes) 
into the pleural space may result from the surgical disrup-
tion of the thoracic duct or one of its main tributaries, 
resulting in increased pressure within the intrathoracic 
lymph system.47 

Chylothorax can be defined by the following parameters:

•	 Triglycerides > .1 mmol/L
•	 Chylomicrons (+)
•	 Chylomicrons (−) plus lymphocyte fraction >80% 

present in the pleural fluid

Chylothorax is usually managed conservatively, with 
the principal aim of decreasing the thoracic lymph flow. 
First-line conservative management includes the use of 
very low long-chain triglyceride (LCT) and high MCT 
enteral feeding (medium-chain fatty acids [6 − 12 carbon 
lengths] are absorbed directly into the portal system and 
do not enter the lymphatic system). Adequate calories, 
fluid, protein, and electrolytes must be provided, regard-
less of feeding method.46

It is also important to provide enough essential fatty 
acids (linoleic and linolenic acid) to prevent essential fatty 
acid (EFA) deficiency. The American Academy of Pediat-
rics (AAP) recommends that at least 3% of daily calories 
come from EFAs. Others report adequate EFA if linoleic 
acid supplies 1% to 2% of total calories and linolenic acid 
supplies 0.54% of total calories.48

The aim is not to give more than 1 g of LCT per year 
of life, up to a maximum of 4 to 5 g LCT per day,3 although 
the efficacy of this has not been studied in a randomized 

considered good. In these children, where weight gain 
averages 5 to 10 g/kg per day, it is important to review 
whether intake targets are being met and/or whether an 
infection is being missed.11

Micronutrient supplementation has been shown to be 
effective in promoting catch-up growth in children under 
the age of 5 years and should be considered a routine sup-
plement in cardiac infants who are growth faltering. This 
should include a multiple micronutrient formulation that 
includes folate, and vitamin D.39 

 ■SPECIAL SITUATIONS

Conditions associated with an even higher risk of nutri-
tional complications following cardiac surgery include 
hypoplastic left heart syndrome, protein-losing enteropa-
thy, and chylothorax.

Interstage Feeding and Growth in Children  
with Hypoplastic Left Heart
Growth failure among infants with hypoplastic left heart 
syndrome (HLHS) is considered to be such a problem 
in the United States that facilitating better growth has 
been seen as a key component to improving interstage 
outcomes, particularly prior to the performance of supe-
rior cavopulmonary connection (SCPC).41 In a cohort of 
n = 50 HLHS infants undergoing the Norwood proce-
dure, their median weight at admission was unchanged at 
discharge, suggesting a period of growth failure,42 which 
is reported among other similar cohorts of infants.16 In 
addition, infants with univentricular CHD undergo-
ing surgery during the neonatal period had an average 
decline in weight-for-age Z-score of <−1.5±0.8, in addi-
tion to a significant decline in linear growth (height-
for-age Z-scores) from baseline to pre-SCPC, increasing 
postsurgery complications, which has been corroborated 
in other studies.43 

Of interest, in a recent study involving 93 infants, 47% 
of which had CHD (33% had HLHS), there was no differ-
ence in REE between healthy infants and those with CHD 
or between infants with a single-ventricular or biven-
tricular physiology,31 which has been corroborated by 
other groups.44 At 3 months of age, REE between all of the 
groups was no different; however, infants with CHD had 
significant growth faltering and lower percent fat, despite 
there being no difference in REE. It is likely that dimin-
ished fat reserves contribute to growth failure in infants 
with CHD.31 
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 ■ IntroductIon

Appropriate nutritional support is essential to the care of 
children undergoing surgery, not only to assure appropri-
ate wound healing and convalescence, but also to ensure 
normal future growth. The limited lean body mass of neo-
nates and children makes them particularly sensitive to 
injury-induced catabolism and its associated morbidity 

and mortality. Despite this catabolic response, a carefully 
designed nutritional support regimen can spur anabo-
lism. Without question, the advancement of nutritional 
therapy, including parenteral nutrition, has played a key 
role in improved survival of a number of neonatal and 
childhood surgical conditions.

Pediatric surgical intensive care unit (ICU) patients pres-
ent unique challenges: They are prone to inadequate enteral 
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subject to the patient’s tolerance of feeds in the face of post-
operative intestinal dysfunction. In these circumstances, a 
combination of PN and EN is frequently recommended. 
For postoperative pediatric patients, PN promotes nitro-
gen balance and increases levels of insulin-like growth 
factor 1.10 Postoperative PN has been recommended for 
patients unable to take oral feeds for several days after the 
surgery; however, total parenteral nutrition (TPN) may be 
associated with higher infection rates with minimal ben-
efits in wound-healing rates.2 Postoperative starvation also 
places these patients at risk, and thus PN has been recom-
mended for children who will not be able to tolerate EN 
for 5 to 7 days.11 Neonates, with even smaller reserves, may 
require more prompt nutritional intervention.

Establishing nutritional needs
Determining the optimal nutrition prescription for a sur-
gical patient is based on preexisting nutritional status, 
accurate estimation of macronutrient requirement, and 
attention to the fluid and electrolyte replacement strategy.  

Nutritional Status
The first step in addressing the appropriate dietary needs 
of surgical patients is the same as for others: assessment of 
baseline nutritional status. Growth and development are the 
essential objectives of pediatric nutrition. Term neonates 
grow at a rate of 25 to 30 grams per day for the first 6 months 
of life, doubling birth weight by 5 months, and tripling it at 
12 months. Body length increases by 50% by the end of the 
first year. Preterm infants, alternatively, tend to lose more 
weight in the first week of life and gain weight more slowly 
since they have yet to enter the high-weight-gain period that 
would have occurred during the third trimester.12 Nonethe-
less, once they recover from early prematurity and acute 
surgical illness, they should demonstrate catch-up growth.

Malnutrition is not uncommon among pediatric surgi-
cal patients.13 Specific tools to quantify nutritional status, 
including the mini nutrition assessment and subjective 
global assessment, are described elsewhere in this text. Sur-
gical patients should be evaluated using the same instru-
ments, and thus weight, height, and head circumference 
should be measured and compared against standardized 
curves and expressed as Z-scores for age. Additional growth 
charts are available for those with special health care needs 
(e.g., cerebral palsy). In the surgical critical care setting, 
weight is the essential measure, as it is a more accurate index 
of acute changes, though it can be influenced significantly 
by fluid volume status. Length, head circumference, and 
bone age reflect long-term nutritional status. Biochemical 

feeding due to anorexia, enteral nutrition (EN) intolerance, 
and perioperative ileus. Among other diagnoses, managing 
critically ill intestinal failure (IF) patients may be particu-
larly complex. Furthermore, pediatric surgical patients may 
respond differently to the stress of surgery than do adults.

The postoperative increase in energy requirement in 
neonates is remarkably transient. This adds a degree of com-
plexity in establishing the appropriate nutritional regimen 
for these patients. While many of the basic principles of 
critical care nutrition apply to the surgical patient, specific 
diagnoses and operations warrant special consideration. 

 ■  PErIoPEratIvE nutrItIon:  
an ovErvIEw

As with any patient, the essential questions in providing 
nutrition to pediatric surgical patients are (1) when to pro-
vide nutritional support, (2) how much to give, (3) what 
route to employ, and finally (4) what formulation to give.

when to Support: Preoperative nutrition
For malnourished adults undergoing planned operations, a 
period of 2 to 3 weeks of preoperative EN has been shown 
to reduce operative complications, including overall hospi-
tal length of stay, surgical site infections, anastomotic leak, 
and renal and hepatic failure.1 The application of these find-
ings in young children is unclear. The use of perioperative 
parenteral nutrition (PN) is controversial. A meta-analysis 
of preoperative PN for mild-to-moderately malnourished 
patients showed little benefit and potential increase in com-
plications.2 Patients with severe malnutrition may benefit 
from 7 to 15 days of preoperative PN and 3 days of postop-
erative PN, though infection risk is higher in this group.3 
These recommendations may not apply to neonates since 
they have exceptionally limited nutritional stores. 

There is a sizeable body of literature showing the ill 
effects of preoperative starvation on the metabolic state 
after surgery. In adult patients, preoperative starvation 
has been associated with worsening of insulin resistance, 
which is typically seen after surgery; this is an indepen-
dent risk factor for an increase in length of stay.4 Mul-
tiple adult studies have shown the reversal of this insulin 
resistance by providing a carbohydrate load (either orally 
or intravenously) about 2 hours prior to surgery.4-7 This 
concept has not been tested in children.

Postoperative nutrition
In critically ill adults, early postoperative enteral feeding 
decreases infection rates.8,9 The initiation of EN, however, is 
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amounts of luminal nutrients (trophic feeding) can be 
hepatoprotective. In short, EN should be employed when-
ever possible, even if it must be augmented with PN.

Formula types
Each individual surgical patient requires careful consider-
ation in choosing the appropriate EN formulation. Some 
postoperative pediatric patients, specifically those with IF, 
may require different types of enteral nutrients over the 
course of childhood. Thus, in surgical patients, formula 
selection must be a dynamic, ongoing process. The sec-
tions that follow detail disease-specific formula selection.

 ■  abdomInal and GaStroIntEStInal 
SurGIcal dISEaSE

The challenge of nutritional management of abdominal 
surgical diseases in neonates is how to appropriately start 
and advance enteral feeds, while properly supporting 
growth through PN. There are a few considerations for 
specific disease entities, but ultimately, those with diffi-
culty advancing to enteral feeds fall within some subset 
of the IF category. Brief disease-specific concerns are 
presented here, followed by a detailed discussion of IF.

necrotizing Enterocolitis
Necrotizing enterocolitis (NEC) is an ischemic disease of 
the gastrointestinal tract affecting premature neonates. The 
incidence of NEC among infants of birth weight less than 
1500 g is 9%.19 Mortality is inversely proportional to birth 
weight and proportional to disease severity. Infants who 
require operations have a higher mortality (about 31% over-
all) than those with mild disease that can be managed medi-
cally (between 6% and 11%).20 Though NEC is among the 
most studied disease in children, the management of feed-
ing in neonates at risk for or with a history of NEC remains 
widely varied across neonatal intensive care units (NICUs). 

enteral Feeding in n eonates at r isk for n ecrotizing 
enterocolitis This topic is covered extensively elsewhere 
in this book. Briefly, there are substantial data regarding 
feeding in very-low-birth-weight neonates at risk for NEC 
that have yielded remarkably few data-driven recommen-
dations. The risk of developing NEC is decreased when 
neonates are enterally fed with breast milk as opposed 
to formula (quality of evidence I, grade A recommenda-
tion).21 A meta-analysis of 5 studies shows a relative risk 
for NEC of 2.5 (95% confidence interval 1.2 to 5.1) when 
evaluating formula versus donor breast milk.22 (No ran-
domized controlled trials have compared mother’s milk 

markers are less reliable in this population, as they may be 
substantively altered by stress and inflammation. 

Energy Requirements
Though published tables based on consensus may provide 
gross estimations for recommended intake,14 establishing 
an individual child’s energy requirements can be chal-
lenging. Indirect calorimetry (IC) is a relatively accurate 
measure of energy expenditure in which carbon dioxide 
production and oxygen consumption are measured and 
energy expenditure (EE) can be derived using the Weir 
equation.15 Two caveats in its use in ICU patients are that IC 
may be inaccurate when a significant leak around the endo-
tracheal tube is present or in the setting of high FiO2 (>0.6). 
Using this method, a more specific starting point for under-
standing an individual’s caloric needs can be established. 
However, the physician must account for presumed varia-
tion in metabolic rate through changes in clinical course, 
which adds a degree of imprecision. For example, the eva-
nescent nature of the postsurgical metabolic response in 
children can result in overestimation of energy needs. In a 
group of children who underwent cardiac surgery, postop-
erative EE was reported to be below levels of controls who 
did not undergo surgery.16 In premature neonates, preop-
erative energy requirements appear to be a strong predic-
tor of postoperative needs.17 Overall, reports from the past 
decade appear to suggest that the EE after major surgery is 
comparable to preoperative status in infants and children.

Fluid and Electrolyte Replacement
Careful monitoring and recording of “ins” (enteral and 
intravenous [IV] provision) and “outs” (urine, emesis, 
ostomy, and stool outputs) are essential in the successful care 
of hospitalized surgical patients. While maintaining appro-
priate volume is a constant concern in ICU patients, specific 
electrolyte or micronutrient losses because of high ileostomy 
output, for example, can be overlooked. Care of critically ill 
surgical patients requires consideration of the individual’s 
specific disease, operation, and postoperative anatomy. 
These are discussed further in the following sections.

choice of route
The issue of whether to provide EN, PN, or both is cen-
tral to care of ill children. Children undergoing abdomi-
nal surgery, with its attendant postoperative dysmotility, 
frequently require a nuanced use of each route. Thus, this 
issue is brought to the forefront throughout this chapter. 
The use of EN promotes intestinal adaptation, reduces 
infectious complications, and avoids the hepatotoxic-
ity associated with PN.18 Even in patients on PN, small 
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of these can result in some degree of IF. An understanding 
of the principles of treating children with IF is, therefore, 
essential to successful management of their nutrition. 

Etiology
Necrotizing enterocolitis, intestinal atresia, gastroschi-
sis, and malrotation with volvulus can all lead to IF and 
are the most common causes. A variety of other condi-
tions make up the remaining few patients, including 
Hirschsprung disease with small intestinal agangliono-
sis. Though the management of pediatric IF has evolved 
and outcomes have improved substantially over the last  
20 years, appropriate nutritional provision for these 
patients remains challenging. The advent of multidisci-
plinary IF centers has likely been instrumental in improv-
ing outcomes. The mortality has improved from almost 
50% to about 10% over the last 40 years.31-33 

Definitions
Pediatric IF represents intrinsic bowel disease, resulting 
in an inability to sustain growth, hydration, or electrolyte 
homeostasis. Short-bowel syndrome (SBS) is generally 
considered a subset of IF created by actual small intestine 
loss or resection. Other diseases can result in IF without 
SBS—for example, mucosal enteropathies (microvillus 
inclusion disease, tufting enteropathy, etc.) and motility 
disorders (such as chronic intestinal pseudo-obstruction).  
Some disease processes incur elements of both of these 
conditions. Necrotizing enterocolitis, for example, can 
result in both SBS and elements of poor motility and 
malabsorption. 

Though the ability to wean from PN is dependent on 
the quantity of bowel remaining, SBS cannot be defined 
by a specific measurement of bowel length. In neonates, 
35 cm of small bowel is associated with a 50% probabil-
ity of weaning from PN.34 Some patients with much more 
intestine, however, still fail to wean from PN, as poor 
absorption or motility likely contributes to their disease. 
Conversely, those with as little as 10 cm have also success-
fully weaned from PN (Fig. 18-1).34

While the effect of bowel length on outcome is 
confounded by prematurity and measuring technique, 
residual small intestinal length remains the strongest 
clinical predictor of ultimate enteral feeding tolerance.34,35 

The segment of bowel lost has implications for both 
management strategies and outcomes for patients with 
SBS. Traditionally, the presence of the ileocecal valve has 
been thought to be a favorable prognostic factor. More 
than the effect of the valve itself, its presence is a marker for 

to formula.) Furthermore, the protective effects of breast 
milk are dose dependent; higher proportion of feeds as 
breast milk result in lower risk of NEC or death.23,24 

Theoretically, exposure to a small amount of enteral 
substrate should allow improved development of the gas-
trointestinal tract in premature neonates. Trophic or mini-
mal enteral feeding is defined as starting on day of life 1 
to 3 at 15 to 20 mL/kg per day divided every 2 to 3 hours 
for the first 7 days of life.18 A Cochrane review comparing 
early trophic feeding to fasting until day of life 7 found no 
difference in risk of developing NEC, time to full feeds, 
length of stay, or mortality.25 Minimal enteral feeding may 
be considered a safe alternative to fasting in this popula-
tion (quality of evidence IB).21

Advancement of enteral feeds before day of life 4 or 
after 5 to 7 days does not appear to affect the risk of NEC 
or all-cause mortality.26 Another meta-analysis found that 
fast advancement of enteral feeds (30 to 35 mL/kg per day) 
did not increase risk of NEC over slow advancement (15 to  
20 mL/kg per day), though this analysis did not include infants 
with birth weights less than 750 grams.27 Early advancement 
is a safe alternative to fasting or continuing trophic feeds  
(quality of evidence IB), and fast advancement of feeds is 
safe, especially in larger very-low-birth-weight neonates.21

Most very-low-birth-weight infants require tube feeds 
since suck and swallow coordination does not develop 
fully until 32 to 34 weeks gestation. The use of continuous 
versus bolus feeds, however, is controversial. A Cochrane 
review found no difference in the incidence of NEC, time 
to achieve full feeds, or growth when comparing continu-
ous versus intermittent feeds.28

The response to feeding intolerance in the prema-
ture neonate is probably the most controversial aspect 
of nutritional management in this population. While 
sudden increases in gastric residuals appear to be a har-
binger of NEC, the presence of any significant residual is 
not predictive. In the absence of other clinical or radio-
graphic signs of NEC, continuation of trophic feeds may 
be appropriate.21

Further research regarding medication and dietary sup-
plementation to prevent NEC is ongoing. Until then, a stan-
dardized feeding plan for very-low-birth-weight (<1,500 g) 
neonates, based on available evidence and consensus, may 
reduce NEC rates and improve overall mortality.29,30

Intestinal Failure
Though the specific management of children with various 
abdominal wall and intestinal disorders differs, a number 
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liver failure related to intestinal failure–associated liver 
disease (IFALD). 

Since most etiologies occur in the neonatal period, 
patients tend to present with initial IF symptoms in the 
NICU. While some children with NEC or gastroschisis, 
for example, may tolerate enteral feeding with relative 
ease, neonates with typical underlying IF diagnoses will 
have some degree of difficulty. Feeding intolerance may 
present as vomiting, abdominal distention, and/or high 
stool or stoma output. Over time, abdominal radiographs 
typically show progressively more dilated small intestine. 
This may be seen even in the absence of obstruction and 
is part of the physiologic intestinal adaptation. 

In both a critical care and outpatient setting, the first 
step of IF management is an accurate clinical assessment. 
The patient’s surgical history, including what length or 
which portions of the bowel remain, should be carefully 
reviewed. Presence or absence of the ileum should be noted, 
as it is essential for absorption of long-chain fatty acids, 
fat-soluble vitamins (A, D, E, K), zinc, and vitamin B12.  
Once the patient’s anatomy is clearly understood, the 
intestinal motility should be evaluated. Such investigation 
is most important in patients with specific underlying 
diseases, such as ruling out mechanical obstruction and 
Hirschsprung disease. 

having retained the terminal ileum, which plays essential 
physiologic roles in both absorption and motility. Colonic 
loss generally has a modest effect on nutrient absorption, 
with the notable exception of some short-chain fatty acid 
transfer. However, the colon effectively absorbs water and 
electrolytes, and therefore, the conservation of colon and/
or the prompt reversal of stomas significantly reduces IV 
fluid requirements and is associated with improved SBS 
outcomes.34

In the absence of direct measurement of length, or as 
an adjunct to it, enterocyte mass can also be quantified 
biochemically. Citrulline is a nonprotein amino acid that 
is produced by the intestinal mucosal cells. In enterally 
challenged patients, serum citrulline concentration has 
been shown to closely correlate with intestinal length and 
can predict the ability to successfully wean from PN.36 

Functionally, neonatal SBS can be defined as PN depen-
dence of greater than 3 months duration, though more 
complex definitions have also been employed.37

Clinical Presentation and Assessment
Patients with IF are typically treated in the clinical care set-
ting at the time of their initial illness and may return when 
they encounter severe sequelae of long-term PN, such as 
sepsis related to indwelling central venous catheters or 

FIGurE 18-1. residual small-bowel length and enteral nutrition tolerance in children with 
short bowel syndrome.
reproduced with permission from  andorsky DJ, Lund Dp, Lillehei cW, et al. Nutritional and other postoperative 

management of neonates with short bowel syndrome correlates with clinical outcomes,  J pediatr 2001;139(1):27-33. 
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As with any critically ill pediatric patient, obtaining 
precise body measurements (including weight, length, and 
head circumference) is essential in evaluating the nutritional 
status of IF patients. Assessment of body composition, as 
described in detail elsewhere in this book, is indicated. 

In this population, micronutrient and vitamin 
deficiencies are relatively common, so evaluation must 
include specific attention to zinc, iron, copper, magnesium, 
and selenium levels.38 However, such deficiencies tend to 
become apparent when PN is stopped, and therefore, they 
are more likely to present in the outpatient setting than 
in the ICU. Recent micronutrient shortages, on the other 
hand, may become problematic in critically ill patients. 
A small amount of enteral intake may provide adequate 
micronutrients in ambulatory PN patients, but those on 
PN in the ICU may not be able to tolerate any EN and 
hence, may be more susceptible. 

Metabolic bone disease is prevalent in SBS patients.39 It 
is most likely a result of inadequate parenteral phosphate 
and calcium, calcium malabsorption, reduced weight-
bearing exercise, and inappropriate vitamin D provision. 
Serum 25-hydroxy vitamin D3 levels are the most accurate 
representation of vitamin D status, as it robustly reflects 
hepatic stores. In outpatient management of IF, some 
centers utilize dual-energy x-ray absorptiometry (DEXA) 
to monitor bone mineral density in children older than 5 
years. In critically ill children, especially neonates, clinical 
experience would indicate that a sudden spike of serum 
alkaline phosphatase may be related to pathologic fractures.

As mentioned earlier, the complete accounting of 
all outputs (stomal, stool, urine) is paramount in the 
assessment of any critically ill surgical patient, especially 
those with IF. High stomal/stool outputs can be caused 
by impaired absorption, hyperosmolarity of feeds, food 
allergy/intolerance, infection, or any combination of 
these. Large stool losses are associated with nonanion gap 
acidosis from bicarbonate loss, zinc loss and deficiency, 
and sodium loss. Overall zinc level adequacy can be mea-
sured by checking serum levels. Urinary sodium concen-
trations less than 10 mEq/L better delineate total body 
sodium depletion than do serum levels, though this mea-
surement may be confounded in the ICU setting by the 
use of diuretics. Adequate sodium provision in the face 
of stool losses is essential in this population because total 
body sodium depletion is associated with growth failure.40

Nutritional Management
The goal of nutritional provision in children with IF is sim-
ilar to others: attaining optimal growth and development. 

These patients have specific challenges and barriers to these 
goals, however. 

Practically, the objective of an outpatient intestinal 
rehabilitation program is to attain complete enteral auton-
omy (wean from PN), preferably providing all calories 
orally. This process may be completed for some patients 
while still in the ICU; for many, it will take longer. Nev-
ertheless, the concepts driving advancement of feeds are 
pertinent in this context.

During the initial hospitalization or later critical ill-
ness of a patient with IF, PN is almost uniformly required. 
Amino acid and caloric allotments of PN for children with 
IF in this setting should be based on the requirements of 
healthy children and tailored as needed using the tools 
described earlier. Both underfeeding and overfeeding 
(which results in hepatic steatosis, hyperglycemia, and 
increased CO2 production) should be avoided. 

Parenteral nutrition should be cycled (given over 
less than 24 hours) as quickly as possible. This prevents 
persistent hyperinsulinism and theoretically decreases 
the likelihood of hepatic steatosis and PN cholestasis.41,42 
Serum glucose levels below 60 mg/dL while off PN are a 
contraindication to cycling. Providing EN while PN is off 
can counteract hypoglycemia. Since neonates have very 
high requirements for glucose, cycling off PN for more than 
6 hours at a time is not recommended.43 In older children, 
PN duration of 12 or fewer hours is ideal. Since PN is often 
used to maintain volume and regulate acid–base status, 
cycling may not be feasible in the ICU setting and is not 
recommended in critically ill neonates and children.

Transitioning off PN is appropriate for those who are able 
to tolerate an appropriate number of calories enterally while 
maintaining growth. In the outpatient setting, PN is weaned 
by first reducing daily calories provided, then by replac-
ing nights with IV fluid only. Some children may require  
IV hydration after PN has been completely discontinued. 

Evidence supports the use of breast milk and amino 
acid (elemental) formulas for more rapid transition to full 
EN in neonates with IF.34 The compromised mucosal bar-
rier in children with SBS places them at higher risk for cell- 
mediated allergic enteritis, as proteins are able to cross more 
freely. Amino acid formulas eliminate risk of such peptide-
mediated allergies and are thus preferred in this population. 
Allergies tend to improve over time, and eventually patients 
tolerate more complex proteins in their diets. Oral nutri-
tion is the ultimate objective. In the absence of oral stimula-
tion, neonates develop oral aversion that may be difficult to 
overcome later in life. For this reason, oral intake should be 
encouraged as early as possible in neonates with IF.
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markers, significant hepatic damage and even cirrhosis 
have been seen on subsequent biopsies.47 Any liver dam-
age short of cirrhosis is thought to be reversible. Addi-
tional measures of liver function have been investigated, 
though are not used routinely, including nonradioactive  
[13]C-methionine stable isotope studies. This test accu-
rately and noninvasively differentiates cirrhotic from non-
cirrhotic infants with IFALD.49,50

Transition to full EN (weaning from PN) is the most 
effective therapy for IFALD. In a cohort of infants with 
IFALD and severe cholestasis, institution of enteral feeds 
decreased the serum bilirubin rapidly in one-quarter of 
patients, and all patients who were able to attain full EN 
had complete normalization of serum bilirubin within 3 
to 4 months.51

Clearly, a quick transition to full enteral feeds is not 
possible in all patients with IFALD. One alternative ther-
apy is the modification of the lipid portion of PN. It has 
been clearly demonstrated that the administration of lipids 
in excess of 1 g/kg per day is associated with the develop-
ment of IFALD.52,53 However, the provision of 1g/kg per 
day of lipid or less helps prevent and treat IFALD in chil-
dren with IF.53,54 Though a theoretical risk of essential fatty 
acid deficiency exists with these low doses of lipids, it is 
rarely encountered. Some centers provide lipid allotments 
of 0.5 g/kg per day or less and have seen deficiencies at 
these doses.54

The clinical signs of essential fatty acid deficiency 
include a dry, scaly rash. Biochemically, an elevated 
triene-to-tetraene ratio is typically apparent before symp-
toms. Humans require alpha-linolenic acid and linoleic 
acid (the “essential fatty acids”) as about 2% of their 
total caloric intake. In neonates, the omega-3 fatty acids 
(eicosapentaenoic acid and docosahexaenoic acid—EPA 
and DHA) may also be essential. In patients whose lipid 
provisions are restricted, monthly lipid profile monitoring 
is recommended. 

In neonates with IF, the provision of parenteral fish 
oil–based lipids (omega-3 fatty acids) at 1g/kg per day 
is associated with the reversal of hyperbilirubinemia in 
89% of patients.32,55 In these studies, cholestasis resolved 
at a mean of 81 days. Protracted use of fish oil emul-
sions has not been associated with essential fatty acid 
deficiency in neonates.56 Omegaven® is a commercially 
available fish oil formula that has been used for paren-
teral support. It is not approved by the U.S. Food and 
Drug Administration (FDA), but it can be obtained on a  
compassionate-use basis for rescue therapy for patients 
with established IFALD after approval of an investigational 

To summarize, for IF patients, careful accounting of 
IV and enteral intake and stoma, stool, and urine output 
allows for appropriate advancement of enteral feeds while 
avoiding over- or underfeeding. The ultimate goal is to 
maintain growth while increasing enteral, and eventually 
oral, nutrition and weaning PN. This process is usually 
accomplished in the outpatient setting, but may be started 
in the ICU. 

Complications of Intestinal Failure
Consequences of IF and long-term PN may be discovered 
while a child is admitted to the ICU, or, more frequently, 
may be the cause for readmission. Hence, a review of their 
management is essential.

Intestinal F ailure-a ssociated l iver d isease Also 
referred to as PN cholestasis or PN-associated liver disease 
(PNALD), IFALD is more likely to occur in patients with 
longer duration of PN, who have lower birth weights, were 
premature, and who have had more septic episodes.34,44,45 
Because these factors are often more closely associated 
with IF rather than PN exposure alone, IFALD is prob-
ably the more accurate term. Classically, the PN-associated  
cholestasis was seen in 25% to 33% of neonates on PN.46 
Recent therapy has reduced this substantially.32 The 
pathophysiology of this phenomenon is not completely 
understood, but seems to be related to both PN formu-
lation and a number of specific patient factors. While 
biochemical markers may give an incomplete picture of 
IFALD, typically, elevated serum transaminases and direct 
bilirubin are seen initially. This tissue damage results in 
poor hepatic synthetic function late in disease, reflected in 
prolonged prothrombin time (PT), international normal-
ized ratio (INR), and hypoalbuminemia. Splenic enlarge-
ment and attendant thrombocytopenia may be seen later. 
Routine liver enzyme and function tests should be man-
datory for those on long-term PN. On physical exami-
nation, jaundice, scleral icterus, and hepatosplenomegaly 
may be appreciated. Any signs consistent with portal 
hypertension should prompt liver ultrasound to evalu-
ate for portal hypertension, including Doppler of liver, 
spleen, hepatic arteries, portal vein, and hepatic veins. 
Liver biopsies show cholestasis, bile duct proliferation, 
periportal inflammation, variable amounts of fibrosis, and 
ultimately, cirrhosis.47

Normalization of serum direct bilirubin is thought 
to be an initial marker of IFALD resolution. Serum ala-
nine aminotransferase (ALT) levels typically normal-
ize later.48 Despite improvement in these biochemical 
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(abdominal distention) is essential. Blood cultures (both 
from the line and peripheral) should be drawn, after 
which those with fever or significant concern for CABSI 
should be given broad-spectrum IV antibiotics through 
the catheter (for example, vancomycin and piperacillin/
tazobactam). Antibiotics may be discontinued if blood 
cultures are negative at 48 hours. A positive blood cul-
ture mandates a 14-day course of antibiotics, with cover-
age dictated by sensitivities. Children with hemodynamic 
instability or fungal infections should have their catheters 
removed. Alternatively, persistently positive blood cul-
tures (3 or more consecutive days) in the face of appropri-
ate IV antibiotic therapy may be an indication for catheter 
removal. 

Ethanol locks have been shown to reduce CABSI rates 
and are indicated for children who have had recurrent 
infections. A retrospective study of infants with IF on 
home PN who received 70% ethanol locks 3 times per week  
showed greater than a fourfold reduction in CABSI (from 
9.9 to 2.2 infections per 1,000 catheter days).61 Ethanol 
penetrates biofilms that form on catheters, and no patho-
gens have developed resistance to this compound.

bacterial o vergrowth Small-bowel bacterial overgrowth 
(SBBO) is a common problem among children with IF, 
affecting up to 60% to 70% of patients.63 Typical symp-
toms are bloating/distention, excess flatulence, and foul-
smelling stools. In addition, SBBO can worsen dysmotility, 
result in mucosal ulceration with bleeding, deconjugation 
of bile acids, and the generation of D-lactic acid and other 
toxic byproducts. Constipation or increased stool output 
may result. 

Given that these complaints are frequent in IF patients, 
SBBO may be difficult to diagnose. Endoscopy with 
quantitative duodenal cultures can confirm the diagnosis 
(>105 colony-forming units) may guide therapy.64,65 Typi-
cally, the initial treatment for SBBO is empiric, however. 
First-line therapy is often a schedule of enteral antibiotics 
given 7 days per month. If necessary, the frequency can be 
increased (i.e., antibiotic every other week) and/or a sec-
ond antibiotic may be added. Some children require con-
stant therapy with rotating antibiotic classes. First-choice 
antibiotic therapy should target anaerobes (i.e., metronida-
zole) or gram-negative bacteria (ciprofloxacin). 

The excess burden of bacteria can also produce harm-
ful amounts of D-lactic acid, which can produce D-lactic 
acidosis in IF patients. Whereas L-lactate is generated in 
normal anaerobic metabolism and is easily converted 
to L-pyruvate in humans, mammalian enzymes cannot 

new device (IND) application. The mechanism of Omega-
ven’s® hepatoprotective effects is not completely under-
stood, but may be due in part to the absence of certain 
compounds and the anti-inflammatory properties of 
omega-3 fatty acids. Plant-derived phytosterols found in 
standard soy-based lipids (and not in Omegaven®) have 
been shown to cause hepatic injury.57 Omega-3 fatty 
acids (EPA and DHA) are precursors to cytokines with 
anti-inflammatory effects, whereas standard soy-based, 
omega-6 fatty acids have inflammatory metabolites.58 

In addition to soy-based Intralipid and fish oil–based 
Omegaven® (Fresenius Kabi, Bad Homburg, Germany), 
another lipid emulsion is being used widely in Europe. 
SMOFlipid® (Fresenius Kabi) is a composite of 30% 
soybean, 20% medium-chain triglycerides (MCTs), 25% 
olive oil, and 15% fish oil that has been well tolerated in 
children with IF. Intestinal failure–associated liver disease 
is a significant problem with even those neonates who 
are successfully weaned from PN, carrying some degree 
of fibrosis or cirrhosis on liver biopsy.47 In light of the 
currently available data, use of hepatoprotective strategies 
at the time of initiating PN may be advisable. 

When some enteral tolerance can be established, the 
addition of enteral ursodeoxycholic acid may be helpful in 
the treatment of IFALD. This medication promotes bile flow 
with rare side effects. Efficacy has not been well established in 
IF patients, but the compound does appear to reduce trans-
aminase and bilirubin levels in cholestasis of pregnancy.59 

Lastly, there is some concern that copper and manganese 
can accumulate in the liver in the setting of IFALD.60 For this 
reason, trace minerals are typically given at half doses, and 
the levels are followed to prevent deficiency.

c atheter-a ssociated bloodstream Infections The pres-
ence of the central line required for the provision of PN is a 
substantial liability for patients with IF. Catheter-associated 
bloodstream infections (CABSIs) are likely the most com-
mon reason for ICU admission in IF patients on home PN, 
though line sepsis may also develop in neonatal inpatients 
with IF. Despite the addition of various protocols to improve 
sterility in handling central lines, the overall infection rate 
remains in the range of 10 per 1,000 catheter days.61,62 Intes-
tinal failure patients may be at higher risk, perhaps because 
of stool contamination or bacterial translocation from the 
gastrointestinal tract into the bloodstream. Two-thirds of 
the infections can be attributed to Staphylococcus species, 
while the rest include gram-negative bacteria.61

Thorough assessment of a child with a central cath-
eter and symptoms of fever, lethargy, irritability, or ileus 
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Treating chronic dysmotility is difficult, since each of the 
few prokinetic agents available has significant drawbacks. 
Erythromycin (and its longer-acting analogue azithromy-
cin) is a motilin-receptor agonist that induces phase III of 
the migrating motor complex.69 Unfortunately, both induce 
mostly gastric (and not small intestinal) motility and rap-
idly lose their effects due to tachyphylaxis. Octreotide is 
typically not used because it may accentuate intestinal isch-
emia. Metoclopramide can induce tardive dyskinesia, which 
led to an FDA “black box” warning against its prolonged 
use. Domperidone can treat gastroparesis, but is available 
only through an IND application through the FDA, given 
concerns over the potential for cardiac dysrhythmias. The 
remaining agent, cisapride, appears to improve both gas-
tric and small intestinal motility, and clinically has been 
shown to improve enteral tolerance.70 However, it was with-
drawn from the U.S. market because it can cause torsades 
de pointes in certain patients. Despite that action, it can be 
obtained from the manufacturer for patients who meet spe-
cific selection criteria (i.e., normal electrocardiogram) and 
who will be followed by physicians using a defined protocol 
and using a regulated dosing regimen. Unfortunately, the 
numerous contraindications to the use of cisapride all but 
exclude its use in the ICU. 

Patients with Increased Stoma or Stool output 
Precise monitoring of stool/stoma output in children with IF 
is an essential element in their care. Tolerance of enteral feed-
ing is often determined by its effect on the stool volume. Stoma 
outputs of less than 2 mL/kg/hr, or about 10 stools per day  
(with appropriate fluid provision), are typically acceptable in 
infants. Beyond this threshold, the risk of dehydration, elec-
trolyte abnormalities, and micronutrient deficiencies is sig-
nificant. In particular, ileostomy effluent typically contains 
high levels of zinc (17 mg/L) and thus, careful monitoring 
and replacement are essential. When mechanical, ischemic, 
and infectious causes of high output can be eliminated, lop-
eramide may be used to decrease stoma or stool volume. It 
is important to note that loperamide elixir is sometimes dis-
solved in alcohol, which, when administered, causes a para-
doxical increase in output. Crushed pills in water or specially 
requested nonalcohol elixirs are alternatives. 

chyle leak
Chylothorax occurs after about 5% of operations to cor-
rect congenital heart disease. It results in significant 
increase in length of stay and morbidity in the forms of 
worsening restrictive lung disease, increased risk of infec-
tion, bleeding or thrombosis, hypovolemia, and severe 

process D-lactate, and thus toxic levels can accumulate. In 
neonates, D-lactic acidosis may present with anion gap aci-
dosis and seizures. Older children demonstrate confusion, 
slurred speech, and delayed cognition. An elevated serum 
D-lactate level is diagnostic. Treatment consists of hydra-
tion and reduction in bacterial colonization using enteral 
antibiotics.

Finally, bacterial overgrowth can also render measure-
ment of B12 levels inaccurate by producing an analogue 
that is biochemically inert in humans. Thus, accurate 
assessment of B12 in children with IF requires measure-
ment of methylmalonic acid and homocysteine levels. An 
elevation of these substrates indicates a deficiency in the 
cofactor for their degradation, B12. 

Intestinal dysmotility
For the pediatric intensivist caring for surgical patients, 
intestinal dysmotility is of paramount concern. Such poor 
motility can occur acutely as postoperative ileus, or chroni-
cally in IF patients. Many children with SBS, specifically 
those with a history of NEC, appear to have a component of 
disordered motility that potentiates their IF. In others, such 
as patients with pseudo-obstruction and those with a history 
of NEC without resection, chronic dysmotility can lead to 
IF in the absence of anatomically short bowel. Each of these 
three circumstances is frequently encountered in the ICU. 

Despite advances in our understanding of intestinal 
physiology, many of the nuances of bowel motility remain 
unclear. For this reason, therapy to enhance motility has 
not changed appreciably in the last 3 decades. 

In the setting of a child without IF with postoperative 
gastrointestinal dysfunction, the main component of treat-
ment is bowel rest with nasogastric (NG) decompression 
in certain circumstances. While evidence is mounting that 
NG tubes are not necessary and may be harmful in adults 
and older children after intestinal operations,66,67 their use 
is clearly still indicated for certain groups of children. Ven-
tilated neonates typically require NG decompression, given 
the tendency toward aerophagia and the impact of abdomi-
nal distention on diaphragmatic excursion. Older children 
undergoing a Ladd procedure or operations like nephrec-
tomies with significant retroperitoneal dissection tend to 
have significant postoperative emesis, which can be avoided 
with prophylactic NG placement. Currently, there are no 
well-studied pharmacological agents for the treatment of 
postoperative ileus in pediatric patients. The mu opioid 
receptor antagonist alvimopan appears to shorten the dura-
tion of intestinal dysfunction after surgery in adults,68 but it 
has not yet been evaluated for use in children.
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heart–lung machine. Though ECMO has been used in 
adults and children, neonatal respiratory failure remains 
the most common indication. This intervention has been 
shown to improve mortality, however, the metabolic 
burden while on and after ECMO is substantial. Thus, 
close attention to nutritional support in such patients is 
essential. 

Energy Requirements During Extracorporeal Membrane  
Oxygenation Therapy
Extracorporeal membrane oxygenation replaces approxi-
mately 80% of cardiopulmonary work and provides addi-
tional metabolic relief in the form of thermoregulation. 
Rather than providing a metabolic “rest state,” however, 
neonates on ECMO have shown some of the highest EE 
ever recorded, as much as double those of healthy neo-
nates on PN.77 However, subsequent studies have shown 
that neonates on ECMO have a mean EE that is similar to 
age-matched healthy neonates. Thus, resting EE may be 
highly variable and is difficult to measure in these patients. 

In contrast to the variability of EE in patients on 
ECMO, the effect on protein metabolism is clear: Even 
with aggressive PN, protein turnover is doubled.78 As with 
other critically ill patients, amino acids are redistributed 
away from skeletal muscle toward healing tissues (wounds) 
and those involved in the inflammatory response, specifi-
cally the liver. Acute-phase protein production increases 
(including fibrinogen, haptoglobins, alpha-1-antitrypsin, 
transferrin, alpha-1-acid glycoprotein, C-reactive protein, 
albumin, and retinol-binding protein). In fact, neonates 
can lose up to 15% of their lean body mass during a 7-day 
course of ECMO.77 A number of strategies have been 
used to combat this catabolism. Increasing energy supply 
alone is ineffective and potentially harmful. The addition 
of high-dose insulin to appropriate protein intake has 
been shown to decrease catabolism,79 though this effect 
is not apparent with clinical doses. An adequate provision 
of protein is the most effective strategy in protecting lean 
body mass. 

Nutritional Outcomes
The effects of malnutrition while on ECMO are lasting. 
The catabolic state seen in patients on ECMO may persist 
for up to 3 weeks after completion.77 Overall, neonates who 
undergo ECMO tend to have poor long-term nutritional 
outcomes. In infants with congenital diaphragmatic hernia 
(CDH) who survived ECMO, a higher incidence of gas-
troesophageal reflux and feeding dysfunction were seen in 

protein-energy malnutrition. It also increases mortality, 
especially in children with single-ventricle physiology. 

Chyle leak appears to occur as a consequence of direct 
trauma to the thoracic duct or secondary to increased 
pressure in the central venous system (e.g., after a Fontan 
procedure, venous thrombosis, or mediastinal fibrosis). 
The diagnosis is confirmed if pleural fluid shows triglyc-
erides >110 mg/dL, white blood cells (WBC) >1,000 cells/
microL, and lymphocytes >80%. 

Surgery is typically reserved for patients who fail a 
course of medical therapy. The goal of treatment is to 
reduce the volume through the thoracic duct to less than 
10 mL/kg per day to allow it to heal. Though authors dif-
fer on the specific medical therapy algorithms, most agree 
that dietary modification, including low long-chain tri-
glyceride (LCT) formulas and MCT supplementation, 
should be first-line treatment. Whereas LCTs pass into 
the lymphatics, MCTs are absorbed directly into the por-
tal system,71 and thus, this modification leads to decreased 
flow through the thoracic duct. This intervention alone is 
effective in up to 71% of cases.72 Fat-free human breast 
milk with MCT supplementation is an alternative that 
allows preservation of immunologic benefits. If limitation 
of LCTs is unsuccessful, a trial of enteral rest with com-
plete PN is the usual next step.73

Octreotide and its long-acting analogue, somatostatin, 
have been used to treat chyle leak successfully. Though 
the mechanism is unclear, a decrease in splanchnic blood 
flow is likely involved. No randomized controlled trials 
have confirmed its efficacy, but multiple large case studies 
have shown up to 80% success rates.74 In those studies, 
dosing ranged from 10 to 40 mcg/kg per day, given sub-
cutaneously, to 0.3 to 10 mcg/kg per hour as a continuous  
IV infusion. The effect is typically seen in 5 to 6 days, with 
a median duration of therapy of 10 to 18 days.

Surgical correction is generally undertaken after 2 to 
4 weeks of failed medical therapy. In the largest series,  
thoracic duct ligation had a >90% success rate.75 Pleurode-
sis and pleuroperitoneal shunts have also been employed. 
Though classically performed as open operations, they 
can also be accomplished using video-assisted thoracic 
surgery (VATS). Successful percutaneous embolization of 
the thoracic duct is also a viable alternative.76

 Extracorporeal membrane oxygenation 
Extracorporeal membrane oxygenation (ECMO) is used 
in the setting of profound cardiopulmonary failure and 
employs a membrane oxygenator attached to a modified 
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per day.84 Toxicity has been noted with excessive pro-
tein, especially in patients with marginal hepatic or renal 
function. Low-birth-weight infants receiving 6 g/kg per 
day of protein have shown initial lethargy and pyrexia 
followed by higher rates of strabismus and low intelligence 
quotient at 3 years of age.85,86

Route of Feeding
Enteral nutrition is preferred when the clinical situation 
allows, though there are no large-scale studies evaluating 
the route of feeding for children on ECMO. As discussed at 
length in chapter 8, EN is preferable in stable ICU patients 
with normal gastrointestinal function. One small study 
found that EN is well tolerated in pediatric patients on 
ECMO,87 though the team must remain vigilant for signs 
of feeding intolerance. Because such studies have not been 
replicated in neonates, caution in starting EN before clini-
cal stability is advised, although provision of EN for these 
patients is now common practice. Small amounts of EN may 
be started (in addition to PN), despite intestinal dysfunc-
tion, and subsequently titrated up as tolerated. Small studies 
have shown no adverse effects (mortality or infections) from 
the addition of EN in neonates on ECMO.88 Tolerance of 
EN may be a marker for improved outcome; those who are 
slow to tolerate EN have 3.6-fold longer hospital length of 
stay than those feeding optimally by 4 weeks after ECMO.89

 ■  concluSIon

Nutrition provision in the pediatric surgical population 
in the ICU, especially those with intestinal dysfunction in 
the form of postoperative ileus or chronic intestinal fail-
ure, poses significant challenges. In children with surgical 
illness with a functioning gastrointestinal tract, EN must 
be the route of choice, given the risks associated with PN. 
For those who require PN, even small amounts of luminal 
nutrients promote intestinal adaptation and are protective 
against cholestatic liver disease (IFALD or PNALD). Suc-
cessful nutritional therapy for critically ill pediatric sur-
gical patients requires a nuanced understanding of their 
specific disease and operative history. Careful attention 
to energy and protein requirements will allow optimal 
nutrition prescription in this group. Increased metabolic 
demands following surgery may be evanescent in chil-
dren, even in those with significant illness, such as ECMO 
patients. Careful accounting of outputs and monitoring of 
electrolyte and micronutrient levels can help prevent acute 
and chronic sequelae of deficiencies. 

the first year after discharge, with more than a third of this 
cohort requiring tube feedings. are fully enterally fed at 12 
months following ECMO.80 The resulting growth failure 
persists to at least 12 to 24 months.81 These results under-
score the importance of a well-designed nutritional regi-
men in mitigating long-term metabolic effects of ECMO.

The preponderance of literature regarding nutritional 
interventions in the context of ECMO concerns infants 
with respiratory failure. The American Society for Par-
enteral and Enteral Nutrition (A.S.P.E.N.) has published 
clinical guidelines for nutritional support of neonates on 
ECMO.82 Given the small patient populations and diffi-
culty in assessing nutritional parameters in this population, 
guidelines are based on mostly nonrandomized cohorts 
with contemporaneous controls (level III evidence).

When to Feed
Optimum weight gain is difficult to achieve in pediatric 
patients on ECMO, both because reserves may be limited 
(especially in neonates) and fluid intolerance may limit 
nutrient infusion. Furthermore, significant catabolic 
effects are seen within days of initiation of ECMO. Hence, 
nutritional support should be initiated expeditiously.

Energy Requirements
Despite studies demonstrating variability in EE rates, over-
all, it appears that energy requirements of neonates treated 
with ECMO are equivalent to healthy subjects, with mean 
EE 55 to 57 kcal/kg per day.82 While increasing caloric 
provision may be tempting, excess calories do not decrease 
protein catabolism and can exacerbate respiratory failure 
by increasing CO2 production. Establishing EE for an 
individual patient proves difficult because IC and nitro-
gen balance are often inaccurate while on ECMO. Stable 
isotope studies are more reliable, but generally limited to 
the research realm. The A.S.P.E.N. guidelines recommend 
that caloric provisions be based on age-matched healthy 
neonates, about 100 to 120 kcal/kg per day.82,83

Protein Requirements
Neonates treated with ECMO have protein requirements 
up to 3 g/kg per day.82 The overall goal is to promote nitro-
gen balance in the face of the markedly increased whole-
body protein breakdown associated with inflammation 
and critical illness. Positive protein nitrogen balance was 
seen with nonprotein nitrogen calories >60 kcal/kg per day 
and nitrogen >240 mg/kg per day. The maximum positive 
balance occurred with nitrogen intake >400 mg/kg  
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 ■  KEy PoIntS

•	 Pediatric surgical ICU patients present unique chal-
lenges in terms of nutrient delivery, due to increased 
risk of anorexia, EN intolerance, and perioperative 
ileus. 

•	 Enteral nutrition is the preferred route in patients 
with a functional gastrointestinal tract. Postop-
erative starvation must be avoided, and PN may be 
recommended for children who will not be able to 
tolerate EN.

•	 Intestinal dysmotility is frequently encountered in 
the pediatric surgical population in the PICU. The 
use of prokinetics in this group is challenging due to 
the side effects of these drugs. 

•	 Increased stomal fluid losses need to be monitored 
and managed appropriately to prevent fluid and 
electrolyte derangements.

•	 Estimates of postoperative energy and protein 
requirements in children are often inaccurate, 
resulting in suboptimal delivery. Protein intake 
must be optimized to offset the negative effects of 
the profound protein catabolism and to achieve 
protein balance. 

rEFErEncES

1. Campos AC, Meguid MM. A critical appraisal of the use-
fulness of perioperative nutritional support. Am J  C lin 
Nutr. 1992;55:117-130.

2. Klein S, Kinney J, Jeejeebhoy K, et al. Nutrition support in 
clinical practice: review of published data and recommen-
dations for future research directions. National Institutes 
of Health, American Society for Parenteral and Enteral 
Nutrition, and American Society for Clinical Nutrition. J 
Parenter Enteral Nutr. 1997;21:133-156.

3. Buzby GP, Williford WO, Peterson OL, et al. A ran-
domized clinical trial of total parenteral nutrition in  
malnourished surgical patients: the rationale and impact 
of previous clinical trials and pilot study on protocol 
design. Am J Clin Nutr. 1988;47:357-365.

4. Nygren J, Soop M, Thorell A, Sree Nair K, Ljungqvist O. 
Preoperative oral carbohydrates and postoperative insulin 
resistance. Clin Nutr. 1999;18:117-120.

5. Ljungqvist O, Nygren J, Thorell A. Modulation of post-
operative insulin resistance by pre-operative carbohydrate 
loading. Proc Nutr Soc. 2002;61:329-336.

18_Goday_Ch18.indd   238 18/07/14   5:56 PM

https://t.me/Medicalbooksstored



NUtrItIONaL SUppOrt OF the peDIatrIc SUrgIcaL IcU patIeNt         239

34. Andorsky DJ, Lund DP, Lillehei CW, et al. Nutritional and 
other postoperative management of neonates with short 
bowel syndrome correlates with clinical outcomes. J Pediatr.  
2001;139:27-33.

35. Duro D, Kalish LA, Johnston P, et al. Risk factors for 
intestinal failure in infants with necrotizing enterocoli-
tis: a Glaser Pediatric Research Network study. J Pediatr. 
2010;157:203-208 e1.

36. Fitzgibbons S, Ching YA, Valim C, et al. Relationship 
between serum citrulline levels and progression to paren-
teral nutrition independence in children with short bowel 
syndrome. J Pediatr Surg. 2009;44:928-932.

37. Sigalet DL. Short bowel syndrome in infants and children: 
an overview. Semin Pediatr Surg. 2001;10:49-55.

38. Yang CF, Duro D, Zurakowski D, Lee M, Jaksic T, Duggan 
C. High prevalence of multiple micronutrient deficiencies 
in children with intestinal failure: a longitudinal study. J 
Pediatr. 2011;159:39-44 e1.

39. Dellert SF, Farrell MK, Specker BL, Heubi JE. Bone 
mineral content in children with short bowel syndrome 
after discontinuation of parental nutrition. J P ediatr. 
1998;132:516-519.

40. Haycock GB. The influence of sodium on growth in 
infancy. Pediatr Nephrol. 1993;7:871-875.

41. Jensen AR, Goldin AB, Koopmeiners JS, Stevens J, Wald-
hausen JH, Kim SS. The association of cyclic parenteral 
nutrition and decreased incidence of cholestatic liver 
disease in patients with gastroschisis. J P ediatr Sur g. 
2009;44:183-189.

42. Nghiem-Rao TH, Cassidy LD, Polzin EM, Calkins CM, 
Arca MJ, Goday PS. Risks and benefits of prophylactic 
cyclic parenteral nutrition in surgical neonates. Nutr Clin 
Prac. 2013;28:745-752.

43. Collier S, Crough J, Hendricks K, Caballero B. Use of 
cyclic parenteral nutrition in infants less than 6 months of 
age. Nutr Clin Prac. 1994;9:65-68.

44. Christensen RD, Henry E, Wiedmeier SE, Burnett J, 
Lambert DK. Identifying patients, on the first day of life, 
at high-risk of developing parenteral nutrition-associated 
liver disease. J Perinatol. 2007;27:284-290.

45. Kelly DA. Liver complications of pediatric parenteral 
nutrition—epidemiology. Nutrition. 1998;14:153-157.

46. Kubota A, Yonekura T, Hoki M, et al. Total parenteral 
nutrition-associated intrahepatic cholestasis in infants:  
25 years’ experience. J Pediatr Surg. 2000;35:1049-1051.

47. Fitzgibbons SC, Jones BA, Hull MA, et al. Relationship 
between biopsy-proven parenteral nutrition-associated liver 
fibrosis and biochemical cholestasis in children with short 
bowel syndrome. J Pediatr Surg. 2010;45:95-99; discussion 9.

low birth weight neonates: a prospective cohort study.  
J Am Coll Surg. 2014;218(6):1148-1155.

21. Ramani M, Ambalavanan N. Feeding practices and necro-
tizing enterocolitis. Clin Perinatol. 2013;40(1):1-10.

22. Quigley MA, Henderson G, Anthony MY, McGuire W. 
Formula milk versus donor breast milk for feeding pre-
term or low birth weight infants. Cochrane Database Syst 
Rev. 2007:CD002971.

23. Meinzen-Derr J, Poindexter B, Wrage L, Morrow AL, Stoll 
B, Donovan EF. Role of human milk in extremely low birth 
weight infants’ risk of necrotizing enterocolitis or death.  
J Perinatol. 2009;29:57-62.

24. Sisk PM, Lovelady CA, Dillard RG, Gruber KJ, O’Shea 
TM. Early human milk feeding is associated with a lower 
risk of necrotizing enterocolitis in very low birth weight 
infants. J Perinatol. 2007;27:428-433.

25. Bombell S, McGuire W. Early trophic feeding for very 
low birth weight infants. Cochrane D atabase S yst R ev. 
2009:CD000504.

26. Morgan J, Young L, McGuire W. Delayed introduction of 
progressive enteral feeds to prevent necrotising enteroco-
litis in very low birth weight infants. Cochrane Database 
Syst Rev. 2011:CD001970.

27. Fau MJ, Young L, McGuire W. Slow advancement of 
enteral feed volumes to prevent necrotising enterocolitis 
in very low birth weight infants. Cochrane Database Syst 
Rev. 2013:CD001241.

28. Premji SS, Chessell L. Continuous nasogastric milk feed-
ing versus intermittent bolus milk feeding for premature 
infants less than 1500 grams. Cochrane Database Syst Rev. 
2011:CD001819.

29. Butler TJ, Szekely LJ, Grow JL. A standardized nutrition 
approach for very low birth weight neonates improves out-
comes, reduces cost and is not associated with increased 
rates of necrotizing enterocolitis, sepsis or mortality.  
J Perinatol. 2013.

30. Patole SK, de Klerk N. Impact of standardised feeding reg-
imens on incidence of neonatal necrotising enterocolitis: a 
systematic review and meta-analysis of observational stud-
ies. Arch Dis Child Fetal Neonatal Ed. 2005;90:F147-151.

31. Modi BP, Langer M, Ching YA, et al. Improved survival 
in a multidisciplinary short bowel syndrome program.  
J Pediatr Surg. 2008;43:20-24.

32. Puder M, Valim C, Meisel JA, et al. Parenteral fish oil 
improves outcomes in patients with parenteral nutrition-
associated liver injury. Ann Surg. 2009;250:395-402.

33. Wilmore DW. Factors correlating with a successful out-
come following extensive intestinal resection in newborn 
infants. J Pediatri. 1972;80:88-95.

18_Goday_Ch18.indd   239 18/07/14   5:56 PM

https://t.me/Medicalbooksstored



240        c h a p t e r  1 8

61. Jones BA, Hull MA, Richardson DS, et al. Efficacy of etha-
nol locks in reducing central venous catheter infections 
in pediatric patients with intestinal failure. J Pediatr Surg. 
2010;45:1287-1293.

62. Lee OK, Johnston L. A systematic review for effective 
management of central venous catheters and catheter sites 
in acute care paediatric patients. Worldviews on Evidence-
Based Nurs. 2005;2:4-13; discussion 4-5.

63. Kaufman SS, Loseke CA, Lupo JV, et al. Influence of bacte-
rial overgrowth and intestinal inflammation on duration 
of parenteral nutrition in children with short bowel syn-
drome. J Pediatr.1997;131:356-361.

64. Ching YA, Modi BP, Jaksic T, Duggan C. High diagnostic 
yield of gastrointestinal endoscopy in children with intes-
tinal failure. J Pediatr Surg. 2008;43:906-910.

65. Gutierrez IM, Kang KH, Calvert CE, et al. Risk factors for 
small bowel bacterial overgrowth and diagnostic yield of 
duodenal aspirates in children with intestinal failure: a ret-
rospective review. J Pediatr Surg. 2012;47:1150-1154.

66. Kehlet H, Williamson R, Buchler MW, Beart RW. A survey 
of perceptions and attitudes among European surgeons 
towards the clinical impact and management of postop-
erative ileus. Colorectal Dis. 2005;7:245-250.

67. Nelson R, Edwards S, Tse B. Prophylactic nasogastric 
decompression after abdominal surgery. Cochrane Data-
base Syst Rev. 2005:CD004929.

68. Vaughan-Shaw PG, Fecher IC, Harris S, Knight JS. A meta-
analysis of the effectiveness of the opioid receptor antag-
onist alvimopan in reducing hospital length of stay and 
time to GI recovery in patients enrolled in a standardized 
accelerated recovery program after abdominal surgery.  
Dis Colon Rectum. 2012;55(5):611-620.

69. Di Lorenzo C, Lucanto C, Flores AF, Idries S, Hyman 
PE. Effect of sequential erythromycin and octreotide on 
antroduodenal manometry. J Pediatr Gastroenterol Nutr. 
1999;29:293-296.

70. Raphael BP, Nurko S, Jiang H, et al. Cisapride improves 
enteral tolerance in pediatric short-bowel syndrome with 
dysmotility. J Pediatr Gastroenterol Nutr. 2011;52:590-594.

71. Frazer AC. Differentiation in the absorption of olive oil 
and oleic acid in the rat. J Physiol. 1943;102:306-312.

72. Biewer ES, Zurn C, Arnold R, et al. Chylothorax after sur-
gery on congenital heart disease in newborns and infants: 
risk factors and efficacy of MCT-diet. J C ardiothoracic 
Surg. 2010;5:127.

73. Chan EH, Russell JL, Williams WG, Van Arsdell GS, Coles 
JG, McCrindle BW. Postoperative chylothorax after car-
diothoracic surgery in children. Ann ἀo rac Surg. 2005; 
80(5):1864-1870.

48. Yang CF, Lee M, Valim C, et al. Persistent alanine ami-
notransferase elevations in children with parenteral 
nutrition-associated liver disease. J P ediatr Sur g. 2009; 
44:1084-1087; discussion 7-8.

49. Duro D, Duggan C, Valim C, et al. Novel intravenous (13)
C-methionine breath test as a measure of liver function 
in children with short bowel syndrome. J Pediatr Sur g. 
2009;44:236-240; discussion 40.

50. Duro D, Fitzgibbons S, Valim C, et al. [13C]Methionine 
breath test to assess intestinal failure-associated liver  
disease. Pediatr Res. 2010;68:349-354.

51. Javid PJ, Collier S, Richardson D, et al. The role of enteral 
nutrition in the reversal of parenteral nutrition-associ-
ated liver dysfunction in infants. J Pediatr Surg. 2005;40: 
1015-1018.

52. Cavicchi M, Beau P, Crenn P, Degott C, Messing B. Preva-
lence of liver disease and contributing factors in patients 
receiving home parenteral nutrition for permanent intes-
tinal failure. Ann Intern Med. 2000;132:525-532.

53. Colomb V, Jobert-Giraud A, Lacaille F, Goulet O, Fournet 
JC, Ricour C. Role of lipid emulsions in cholestasis asso-
ciated with long-term parenteral nutrition in children. J 
Parenter Enteral Nutr.  2000;24:345-350.

54. Shin JI, Namgung R, Park MS, Lee C. Could lipid infusion 
be a risk for parenteral nutrition-associated cholestasis in 
low birth weight neonates? Eur J Pediatr. 2008;167:197-202.

55. Gura KM, Lee S, Valim C, et al. Safety and efficacy of 
a fish-oil-based fat emulsion in the treatment of par-
enteral nutrition-associated liver disease. Pediatrics. 
2008;121:e678-686.

56. de Meijer VE, Le HD, Meisel JA, Gura KM, Puder M. 
Parenteral fish oil as monotherapy prevents essential fatty 
acid deficiency in parenteral nutrition-dependent patients. 
J Pediatr Gastroenterol Nutr. 2010;50:212-218.

57. El Kasmi KC1, Anderson AL, Devereaux MW, Vue PM, 
Zhang W, Setchell KD, Karpen SJ, Sokol RJ. Phytosterols 
promote liver injury and kupffer cell activation in paren-
teral nutrition-associated liver disease. Sci Transl Med. 
2013;5(206):206.

58. Alwayn IP, Gura K, Nose V, et al. Omega-3 fatty acid 
supplementation prevents hepatic steatosis in a murine 
model of nonalcoholic fatty liver disease. Pediatr R es. 
2005;57:445-452.

59. Glantz A, Marschall HU, Lammert F, Mattsson LA. Intra-
hepatic cholestasis of pregnancy: a randomized controlled 
trial comparing dexamethasone and ursodeoxycholic acid. 
Hepatology. 2005;42:1399-1405.

60. Soden JS. Clinical assessment of the child with intestinal 
failure. Semin Pediatr Surg. 2010;19:10-19.

18_Goday_Ch18.indd   240 18/07/14   5:56 PM

https://t.me/Medicalbooksstored



NUtrItIONaL SUppOrt OF the peDIatrIc SUrgIcaL IcU patIeNt         241

74. Das A, Shah PS. Octreotide for the treatment of chylo-
thorax in neonates. Cochrane D atabase Syst R ev. 2010; 
(9):CD006388. 

75. Nath DS, Savla J, Khemani RG, Nussbaum DP, Greene CL, 
Wells WJ. Thoracic duct ligation for persistent chylothorax 
after pediatric cardiothoracic surgery. Ann ἀo rac Surg. 
2009;88:246-251; discussion 51-52.

76. Chen E, Itkin M. Thoracic duct embolization for chylous 
leaks. Semin Intervent Radiol. 2011;28:63-74.

77. Keshen TH, Miller RG, Jahoor F, Jaksic T. Stable isotopic 
quantitation of protein metabolism and energy expendi-
ture in neonates on- and post-extracorporeal life support. 
J Pediatr Surg. 1997;32:958-962; discussion 62-63.

78. Jaksic T, Wagner DA, Burke JF, Young VR. Proline metab-
olism in adult male burned patients and healthy control 
subjects. Am J Clin Nutr. 1991;54:408-413.

79. Agus MS, Javid PJ, Ryan DP, Jaksic T. Intravenous insulin 
decreases protein breakdown in infants on extracorporeal 
membrane oxygenation. J Pediatr Surg. 2004;39:839-844; 
discussion 44.

80. Bernbaum J, Schwartz IP, Gerdes M, D’Agostino JA, 
Coburn CE, Polin RA. Survivors of extracorporeal 
membrane oxygenation at 1 year of age: the relationship 
of primary diagnosis with health and neurodevelopmental 
sequelae. Pediatrics. 1995;96:907-913.

81. Van Meurs Kp Fau - Robbins ST, Robbins St Fau - Reed 
VL, Reed Vl Fau - Karr SS, et al. Congenital diaphragmatic 
hernia: long-term outcome in neonates treated with 
extracorporeal membrane oxygenation. J Pediatr. 1993; 
122(6):893-899.

82. Jaksic T, Hull MA, Modi BP, Ching YA, George D, Com-
pher C. A.S.P.E.N. clinical guidelines: nutrition support 
of neonates supported with extracorporeal membrane 
oxygenation. J Parenter Enteral Nutr. 2010;34:247-253.

83. Jaksic T, Shew SB, Keshen TH, Dzakovic A, Jahoor F. 
Do critically ill surgical neonates have increased energy 
expenditure? J Pediatr Surg. 2001;36:63-67.

84. Weber TR, Shah M, Stephens C, Tracy T, Jr. Nitrogen bal-
ance in patients treated with extracorporeal membrane 
oxygenation. J Pediatr Surg. 1993;28:906-908.

85. Goldman HI, Freudenthal R, Holland B, Karelitz S. Clinical  
effects of two different levels of protein intake on low-
birth-weight infants. J Pediatr. 1969;74:881-889.

86. Goldman HI, Liebman OB, Freudenthal R, Reuben R. Effects 
of early dietary protein intake on low-birth-weight infants: 
evaluation at 3 years of age. J Pediatr.  1971;78:126-129.

87. Pettignano R, Heard M, Davis R, Labuz M, Hart M. Total 
enteral nutrition versus total parenteral nutrition during 
pediatric extracorporeal membrane oxygenation. Crit 
Care Med. 1998;26:358-363.

88. Wertheim HF, Albers MJ, Piena-Spoel M, Tibboel D. The 
incidence of septic complications in newborns on extra-
corporeal membrane oxygenation is not affected by feed-
ing route. J Pediatr Surg. 2001;36:1485-1489.

89. Jadcherla SR, Berseth CL. Antroduodenal motility and 
feeding outcome among neonatal extracorporeal mem-
brane oxygenation survivors. J Pediatr Gastroenterol Nutr. 
2005;41:347-350.

18_Goday_Ch18.indd   241 18/07/14   5:56 PM

https://t.me/Medicalbooksstored



https://t.me/Medicalbooksstored



243

19c
h

a
p

t
e

r

Immunonutrition
Natalie Z. Cvijanovich

William Manzanares 

 ■ INTRODUCTION ■ IMMUNE RESPONSE TO CRITICAL ILLNESS
 Innate Immunity
 Adaptive Immunity

 ■ IMMUNOLOg IC Eff ECTS Of  NUTRIENTS
 Macronutrients
 Micronutrients

 ■CLINICAL TRIALS Of  IMMUNONUTRITION
 Adult Trials
 Pediatric Trials

 ■CONCLUSION ■Key POINTS
 References

 ■ INTRODUCTION

The body’s reaction to critical illness, whether from infec-
tion, surgery, or trauma, is complex and multifactorial, and 
survival from an insult requires the successful coordination 
of responses to the stress of illness. A functional immune 
system is essential for survival, but an appropriate balance 
between the pro-inflammatory and anti-inflammatory 
responses must be maintained. It has long been known 
that baseline nutritional status has effects on inflammation, 
oxidative status, and immune function. More recently, 
however, providing specific nutrients to manipulate the 
immune system independent of caloric or macronutrient 
requirements for nutrition per se has evolved as a thera-
peutic modality. This is the basis for what has come to be 
known as immunonutrition.

 ■ IMMUNE RESPONSE TO CRITICAL ILLNESS

The immune system is the body’s secondary defense 
against invasion, after skin and mucosal barriers, and is 
required for healing and repair after injury. Generally, 
this is a protective response, evolved over generations and 

across species, resulting in the systemic inflammatory 
response that is designed to make the environment of the 
body inhospitable for pathogens. This response in itself, 
however, can be overly exuberant and is primarily respon-
sible for the multiorgan dysfunction that is commonly seen 
in the critically ill. With improved survival from initial 
insults and the organ dysfunction that follows, the balance 
shifts within several days to a more anti-inflammatory 
response, termed the compensatory anti-inflammatory 
response syndrome (CARS). Ultimately, if homeostasis is 
not restored, prolonged organ dysfunction results.1 

The components of the immune system can be divided 
into 2 separate but well-integrated and interdependent 
groups. The first includes cells designed as first defenders 
that initiate the inflammatory response, comprising the 
innate immune system, while the second group is com-
posed of cells that modulate the immune response and ulti-
mately provide immune memory, known as the adaptive 
immune system. These groups act in concert to respond 
to injury and invasion by pathogens. Both are affected 
by baseline nutritional status and can be modulated by 
macro- and micronutrients.
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Innate Immunity
The innate immune system is composed of cells that can 
respond to initial injury or pathogen invasion, inciting 
the inflammatory cascade within hours to days. These are 
monocytes, macrophages, polymorphonuclear (PMN) 
cells, dendritic cells, and natural killer (NK) cells. They 
can recognize pathogens upon initial contact via constitu-
tively expressed cell surface receptors. They also function 
as phagocytes, which may directly kill pathogens intracel-
lularly and/or digest proteins into antigenic peptides that are 
subsequently presented on the cell surface. The cell surface 
protein–antigen complex is recognized by lymphocytes, 
activating the adaptive immune system. Innate immune 
cells also secrete chemokines, which function as chemical 
attractants to other immune cells, and cytokines, which 
affect the function of other cells, such as lymphocytes, 
monocytes, and macrophages.

The cytokines and chemokines expressed by innate 
immune cells have both pro- and anti-inflammatory prop-
erties. Cytokines that are generally pro-inflammatory 
are interleukin (IL) -1 beta (IL-1b) and tumor necrosis 
factor-alpha (TNF-a), both secreted by monocytes and 
macrophages and causing fever and vasodilation; inter-
feron-gamma (IFN-g); and others. Anti-inflammatory 
cytokines include IL-10 and transforming growth factor-
beta (TGF-b). Chemokines secreted by cells of the innate 
immune system include IL-8 and monocyte chemotactic 
protein (MCP)-1, which promote migration and activation 
of PMNs, monocytes, macrophages, NK cells, and dendritic 
cells.1,2 Interleukin-6, secreted by monocytes and macro-
phages as well as T-cells, induces a strong pro-inflamma-
tory response and is considered a marker of inflammation, 
but also has some anti-inflammatory properties.1

Dysfunction of the innate immune system can be mea-
sured by ex vivo stimulation of whole blood with lipo-
polysaccharide (LPS), a bacterial endotoxin recognized 
by the Toll-like receptor (TLR)—4 on monocytes and a 
potent stimulant of inflammation. Studies have shown a 
correlation between innate immune dysfunction and poor 
outcome in adult and pediatric intensive care unit (PICU) 
populations. In a recent study of 70 critically ill children, 
34% were found to have immunoparalysis, as demon-
strated by markedly decreased production of TNF-a 
following ex vivo LPS stimulation of whole blood. These 
patients were at higher risk for hospital-acquired infec-
tion (OR 3.3; 95% CI 1.8 to 6.0, p≤0.0002) and death (OR 
5.8; 95% CI 2.1 to 16, p≤0.0002).3 In another recent mul-
ticenter study of children with life-threatening influenza,  

a disease in which bacterial coinfection is common and 
implies a degree of impaired immunity, patients with 
influenza had significantly lower TNF-a production with 
ex vivo LPS stimulation than healthy controls (p<0.0001). 
Furthermore, nonsurvivors had strikingly decreased 
capacity to produce TNF-a compared to survivors 
(p<0.0001), and those patients who presented with Staph-
ylococcus aureus coinfection had evidence of significant 
innate immune dysfunction when compared with those 
without any coinfection and those with coinfection with 
bacteria other than S. aureus (p=0.0012).4 A variety of 
nutritional deficiencies affect innate immunity and some 
of the potential macro- and micronutrients involved will 
be discussed in subsequent sections of this chapter. 

Adaptive Immunity
The adaptive immune system is composed of T- and 
B-lymphocytes and is responsible for propagation of 
the immune response and building of immune memory. 
Lymphocytes require innate immune cells for activation 
via antigen presentation and secretion of cytokines and 
chemokines. With each subsequent exposure to the same 
antigen, the response of adaptive immune cells is faster 
and more robust. The activation of the adaptive immune 
response, in contrast to the innate immune response, 
peaks days to weeks following illness.1 

The adaptive immune system can be divided into  
2 main classes of lymphocytes. Activated B-lymphocytes, 
or plasma cells, produce antibodies that bind to  
antigens via the Fc receptor and are then recognized by 
the innate immune cells, further activating this system. 
T-lymphocytes function as CD8-positive cytotoxic cells, 
participating in lysis of target cells, or CD4-positive 
helper or regulatory cells, which modulate the immune 
response by secretion of either pro- or anti-inflammatory 
cytokines. T-helper 1 (TH1) cells are considered pro- 
inflammatory, secreting IFN-g, and granulocyte macro-
phage colony-stimulating factor (GM-CSF), which activate 
innate immune cells and promote B-cell antibody pro-
duction. T-helper 2 (TH2) cells, on the other hand, are 
considered more anti-inflammatory, producing cytokines 
such as IL-10 and TGF-b, which inhibit macrophage and 
monocyte activation. Regulatory T-cells (Treg) cells are  
the most pronounced anti-inflammatory cells, secreting 
large amounts of IL-10 and TGF-b, as well as inhibiting 
pro-inflammatory cells through direct cell contact.3

In the setting of critical illness, a variety of disturbances 
in adaptive immunity may occur. Initially in the septic 
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patient, there is a local inflammatory response, with robust 
activation of pro-inflammatory innate immune cells and 
predominance of TH1 lymphocytes. This is necessary for 
adequate phagocytosis and killing of pathogens, antigen 
presentation to lymphocytes, opsonization, and cytokine 
and chemokine production that result in containment 
of the offending organism. However, it has been well 
described that unopposed or overly robust inflammation 
in itself causes organ damage and leads to multiple organ 
dysfunction and the systemic inflammatory response 
syndrome (SIRS). In fact, high systemic IL-6 levels have 
been correlated with poor outcome in multiple studies in 
both adults and children.1,5 Therapies targeting inhibition 
of this hyperinflammation have not been successful, likely 
because the complex interaction between inflammatory 
mediators is incompletely understood, and we have not 
yet developed the ability to tailor the degree of inhibition 
of inflammation to prevent overt immunosuppression. 

More recently, there has been recognition of the detri-
mental effects of predominance of the anti-inflammatory 
component, or CARS, in which there is a predominance 
of TH2 cells and, therefore, increased susceptibility to 
infection. Following traumatic injury or surgery, there 
seems to be a shift toward TH2 predominance, and it is 
known that these patients are at high risk of developing 
hospital-acquired infections.6,7 In the patient with sepsis, 
although the initial response is that of inflammation, as 
described earlier, there can be subsequent development of 
CARS in a subpopulation of septic patients. This has been 
reflected on a genomic level, with children with septic 
shock exhibiting repression of genes related to adaptive 
immunity, including T-cell immunity and major histo-
compatibility complex (MHC) antigen presentation.8,9 
Again, baseline nutritional status of patients, such as 
the presence or absence of protein-energy malnutrition, 
can have significant effects on the function of the adaptive 
immune system, and in the setting of critical illness, there 
can quickly develop relative nutrient deficiencies that 
negatively affect the immune system.

 ■ IMMUNOLOgIC EffECTS Of NUTRIENTS

Both macronutrients and micronutrients can exert immu-
nologic effects. 

Macronutrients
The predominant macronutrients with immunologic effects 
include individual amino acids and omega-3 fatty acids.

Glutamine
Glutamine (GLN), the most abundant amino acid (AA) in 
plasma and the free intracellular AA pool in skeletal mus-
cle, is now regarded as conditionally essential in certain 
clinical situations where endogenous synthesis becomes 
insufficient to maintain both pools.10,11 As a preferred sub-
strate for enterocytes, GLN has been shown to support the 
normal immunological structure and function of the gas-
trointestinal tract.12 In animal studies, GLN deprivation is 
associated with loss of intestinal epithelial integrity, while 
GLN supplementation decreases gut mucosal atrophy dur-
ing parenteral nutrition (PN),13 preserves both intestinal 
and extra-intestinal immunoglobulin A (IgA) levels, pre-
vents lymphocyte and glutathione depletion in the Peyer 
patches, and does not increase nitric oxide production 
induced by pro-inflammatory cytokines. However, with 
respect to bacterial translocation in animal models, stud-
ies of parenteral or enteral GLN-supplemented formulas 
show mixed results. Some have shown decreased bacterial 
translocation;  others have demonstrated no such effect. 
Others have demonstrated that GLN administration in 
animals can protect against septic shock following endo-
toxemia. This protection may be mediated via enhanced 
tissue heat shock protein (HSP) expression and/or atten-
uated pro-inflammatory cytokine release.14 Tissue levels 
of adenosine triphosphate (ATP) and adenosine diphos- 
phate (ADP) are commonly depleted during shock and 
may lead to cell death or apoptosis. In shock and myo-
cardial injury reperfusion models, GLN supplemen-
tation preserves glutathione levels, ATP/ADP ratio, 
nicotinamide adenine dinucleotide (NAD+/NADH) con-
tent, and reduces lactate accumulation.15,16 Regardless of 
the mechanism, several animal studies have demonstrated 
improved survival associated with GLN supplementation 
in models of sepsis. 

Heat shock protein expression is vital to cellular and 
tissue protection after stress or injury, and its absence 
leads to increased cellular apoptosis. Recent animal and 
human studies have demonstrated that GLN may enhance 
tissue HSP expression and reduce inflammatory cytokine 
release, and that these increased levels are correlated with 
a decreased length of hospital stay and ventilator time in 
critically ill patients.16 Emerging evidence also suggests 
that some of the benefit of GLN supplementation may 
be as a consequence of its role as an important precur-
sor for the endogenous synthesis of arginine through an 
intestinal-renal pathway involving interorgan transport of 
citrulline.17 In addition, recent studies suggest that GLN 
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nutrition and energy to premature infants; even so, matu-
ration of their gastrointestinal tract to ensure early weaning 
from PN to oral feeding as soon as possible should be pro-
moted. Small intestinal epithelia are strongly dependent on 
an external GLN supply because of the relatively small cel-
lular GLN pool compared with liver or skeletal muscle.20 
Providing GLN supplementation to premature infants 
improves the tolerance to oral feeding, shortens duration 
of PN, and results in shorter time to full oral feeds. In addi-
tion, GLN supplementation increases serum gastrin level 
and percentage of fast waves in electrogastrography, sug-
gesting GLN supplementation may contribute to improved 
intestinal cell maturation and nutrient absorption.

In general, comparisons between all the GLN-EN 
studies may be hampered by the use of different feeding 
guidelines for both the introduction of and the reduction 
or withholding of EN. Because tolerance to enteral feeds 
depends on a number of factors, such as severity of pre-
ceding illness, duration of PN, type of EN, perturbations 
in mesenteric blood flow, and gastrointestinal motility, 
the data from these heterogeneous studies in infants are 
inconclusive. 

g lutamine, sep sis, sev ere se psis, and n ecrotizing 
enterocolitis. Three randomized studies of GLN-EN 
have been performed in preterm infants. Neu et al.21 and 
van den Berg et al.22 conducted single-center trials, and 
Vaughn et al.23 reported a large multicenter trial with 20 
participating hospitals. A lower incidence of hospital-
acquired sepsis in GLN-supplemented VLBW infants was 
described by Neu et al. and van den Berg et al.21,22 The 
multicenter trial, however, did not demonstrate a lower 
incidence of sepsis among infants treated with GLN-EN.23 

Glutamine-enteral nutrition may lead to less atopic 
dermatitis during the first year of life of VLBW infants by 
enhancing maturation of the immune response, as demon-
strated by van den Berg et al.,22 but there was no effect on the 
incidence of bronchial hyper-reactivity and infectious dis-
eases. A multicenter, double-blind RCT on extremely LBW 
infants conducted by Poindexter et al.24 failed to show any 
effect from GLN-PN on NEC, and a recent meta-analysis 
of GLN supplementation in preterm infants did not reveal 
evidence of benefit on clinically important outcomes.25

Dosing of glutamine in childr en. Infusions of GLN at 
doses up to 0.48 g/kg per day have been well tolerated in 
infants without any apparent complications.26 However, 
there are no dosing studies on GLN supplementation 

may reduce insulin resistance, another mechanism by 
which it may confer beneficial effects.

In children, there are several clinical trials of GLN sup-
plementation in heterogeneous patient populations, ranging 
from neonates to adolescents. However, high-quality random-
ized clinical trials (RCTs) are scarce and have shown conflict-
ing results, likely partly due to different effects of enteral and 
parenteral GLN supplementation. These trials have included 
premature infants; infants with gastrointestinal disease; and 
children with Crohn disease, short-bowel syndrome, malnu-
trition/diarrhea, different types of cancer, critical illness such 
as severe sepsis, burns and major trauma, sickle cell anemia, 
cystic fibrosis, and diabetes. Moreover, methodological issues 
have been noted in some studies.18 There is currently insuf-
ficient evidence to recommend routine GLN supplementa-
tion in children. A better understanding of the mechanisms 
of GLN will help us to identify the subpopulations of pediatric 
patients in whom GLN may or may not be beneficial. Given 
the abundant evidence demonstrating the safety of GLN 
therapy in all clinical scenarios, eventual evaluation in specific 
subgroups of children is warranted. 

Glutamine in Specific Pediatric Patient Populations 
Glutamine has received ample attention in various pediatric 
populations and conditions.

Premature infan ts. The fetus in utero receives a large 
amount of AA nitrogen from the mother, of which GLN is 
a major component. Glutamine is the most prevalent free 
AA in milk and in colostrum. The infant is then dependent 
on endogenous synthesis and an exogenous supply of GLN 
to meet the high metabolic demands during the first few 
months of life. Unfortunately, GLN biosynthetic pathways  
frequently cannot meet the increased demands of the GLN  
metabolizing tissue. Acutely stressed, low-birth-weight (LBW) 
infants transiently suppress the rate of whole-body GLN 
synthesis during the immediate neonatal period. Oral 
feeding, or enteral nutrition (EN), is limited in the first 2 to 
3 weeks of life because of gastrointestinal immaturity and 
susceptibility to feeding intolerance, as well as necrotizing 
enterocolitis (NEC), a serious condition that is associated 
with preterm and very LBW (VLBW) births, hypoxia, or 
respiratory distress. Therefore, premature infants may not 
receive adequate amounts of GLN, and parenteral GLN 
may be necessary to enhance GLN intake.19

glutamine a nd t olerance t o o ral feeding. Parenteral 
nutrition is one of the most important ways to supply 

19_Goday_Ch19.indd   246 18/07/14   5:56 PM

https://t.me/Medicalbooksstored



IMMUNONUTRITION         247

in different pediatric patient populations. Furthermore, 
intravenous (IV) GLN is currently not available for use 
outside research studies in the United States.

Current evidence on glutamine supplementation. Var-
ious systematic reviews and meta-analyses of RCTs per-
formed in adult ICU patients have suggested that GLN 
supplementation may be associated with significant benefit 
on mortality, length of stay, and infectious morbidity in 
critical illness. However, in the recently published REduc-
ing Deaths due to OXidative Stress (REDOXS) study,27 a 
blinded 2 × 2 factorial trial involving 40 ICUs in North 
America and Europe, 1,223 mechanically ventilated adult 
patients with multiorgan failure (MOF) were enrolled. High 
doses (0.35 g/kg per day) of IV GLN, provided as 0.5 g/kg  
per day of the dipeptide alanyl-glutamine [Dipeptiven, Fre-
senius Kabi] and an additional 30 g/day by enteral route, 
were administered in the treatment group and caused worse 
outcomes. In fact, GLN-supplemented patients exhibited a 
high hospital mortality (37.2% vs. 31.0%, p=0.02, in supple-
mented and nonsupplemented patients, respectively). Fur-
thermore, 6-month mortality was significantly higher in 
patients who received GLN (43.7% vs. 37.2%, p=0.02). Of 
note, presupplementation GLN levels were within the nor-
mal range, which was an unexplained finding in patients 
with MOF.27 

Recommendation. Based on the results of the REDOXS 
study, administration of PN/EN GLN must be avoided in 
patients with MOF. However, adult patients without MOF 
should receive PN GLN if available, as this strategy has 
demonstrated improved clinical outcomes in adults. Future 
research should define whether a baseline measurement of 
plasma GLN is required to guide exogenous GLN adminis-
tration, depending on whether the patient admitted to the 
ICU is GLN deficient or not. Studies specific to pediatrics 
are required before routine GLN supplementation can be 
recommended in this patient population.

Arginine
Arginine is a basic AA that can be classified as “conditionally  
essential,” meaning that under certain circumstances, i.e.,  
critical illness, it becomes essential and deficiency can be det-
rimental. It is, fundamentally, a donor of nitric oxide (NO)  
and is the sole AA substrate used for its production.28 It 
therefore plays an integral part in the pro-inflammatory  
response. Nitric oxide production by inducible nitric oxide 
synthase (iNOS) is stimulated by endotoxin and by TH1 

cytokines, such as IL-1, TNF-a, and IFN-g. Expression of 
iNOS increases the generation of NO, resulting in vaso-
dilation, as well as enabling the killing of pathogens. The 
availability of arginine is regulated by the enzyme argi-
nase 1, expressed in myeloid cells. Arginase 1 expression is 
induced by TH2 cytokines (IL-4 and IL-13), as well as IL-6, 
IL-10, TGF-b, catecholamines, and prostaglandins. Argi-
nase is involved in the urea cycle, generating ornithine and 
urea. Ornithine plays an important role in wound healing 
and cell proliferation.2,28 Activation of arginase results in 
depletion of arginine and effectively suppresses arginine-
dependent functions. Cells expressing arginase are there-
fore termed myeloid suppressor cells (MSCs).28 It has been 
found that in the setting of sepsis, iNOS is predominantly 
expressed, whereas arginase is induced following trauma 
and in some cancers.

T-lymphocytes require arginine for proliferation and 
the development of immune memory, though this appears 
to be through a mechanism distinct from iNOS or arginase 
induction. With arginine deficiency, the number of T-cell 
receptors on the cell membrane is decreased via decreased 
expression of the ζ-chain peptide component of the T-cell 
receptor complex. Therefore, in states of high arginase  
1 expression or depletion of arginine stores by increased 
iNOS expression, T-cell function is compromised.28 

Interestingly, neither myeloid cells nor T-lymphocytes 
utilize arginine under resting conditions. Myeloid cells  
do not express high-affinity cell membrane arginine  
transporters, nor do they express iNOS or arginase until 
stimulated. Likewise, T-lymphocytes have minimal uptake of  
arginine under normal circumstances, but with activation, 
there is marked up-regulation of transport mechanisms, 
resulting in T-cell proliferation.28 Thus, dietary supple-
mentation with arginine is likely to be beneficial only 
in the acute phase and under circumstances where the 
immunosuppression associated with depletion of arginine 
is detrimental. 

Current evidence on ar ginine supplementation. This 
principle of differential response of myeloid cells to stimuli 
leading to either pro- or anti-inflammatory effects based on 
stimulation of iNOS or arginase expression, depending on 
the clinical circumstance, has been reflected in clinical trials  
of arginine supplementation. Trauma and surgery induce a  
primarily TH2-dominated response, stimulating production 
of arginase and, therefore, depletion of arginine, leading to 
immunosuppression. These patients are at high risk of devel-
oping hospital-acquired infection, and supplementation 
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with arginine has been shown to be beneficial in a variety 
of adult surgical populations. Two recent meta-analyses 
have demonstrated that immunonutrition with formulas 
containing arginine resulted in decreased risk of acquired 
infections (OR 0.49; 95% CI 0.39-0.62, p<0.0001), wound 
complications (OR 0.60; 95% CI 0.40-0.91, p=0.02), and  
length of stay (LOS) (−3.03 days; 95% CI −3.43 to −2.64 days, 
p<0.0001).6 Arginine supplementation in the context of an 
immunomodulating formula containing fish oil and anti-
oxidants, +/− nucleotides) is now recommended by both 
the American Society for Parenteral and Enteral Nutrition 
(A.S.P.E.N.) and its European counterpart, the European 
Society for Clinical Nutrition and Metabolism (ESPEN) 
for treatment of patients undergoing elective surgery, as 
well as trauma patients.2 On the other hand, in patients 
in whom there is already potential overexpression of pro-
inflammatory mediators and iNOS is already highly active, 
such as patients with sepsis or septic shock, arginine supple-
mentation may, in fact, be detrimental. A meta-analysis of 
adult ICU patients receiving arginine supplementation via 
an immune-enhancing diet showed no benefit, and per-
haps even a potential for causing harm in the nontrauma 
patients.29 Since then, other meta-analyses have not borne 
out this trend, but concerns remain given the potential for 
arginine supplementation to promote the generation of NO 
and subsequent production of peroxynitrite.2 

In the pediatric literature, there are very few studies of 
arginine supplementation in critically ill children. In one 
study of 28 children admitted to a burn unit, the arginine-
supplemented group had increased mitogen-stimulated 
lymphocyte proliferation on day 7 of injury. This study 
was not powered to detect changes in clinically significant 
outcomes.30 

Recommendation. At this time, recommendations for 
supplementing critically ill children with arginine cannot 
be made, and further studies are needed.

Omega-3 Fatty Acids
Eicosapentaenoic acid (EPA) and docosahexaenoic 
acid (DHA) are ω-3 polyunsaturated fatty acids (PUFAs) 
found in fish oil supplements. Immunomodulation with 
the ω-3 PUFAs, EPA, and DHA is accomplished via modi-
fication of leukocyte activity; down-regulation of expres-
sion of NF-κB, peroxisome proliferator-activated receptor 
g (PPAR- g), intracellular adhesion molecule 1 (ICAM-1), 
and E-selectin; and decreasing cytokine production.31 In 
a recent systematic review and meta-analysis of studies 

supplementing IV fat emulsions (IVFEs) rich in fish oils 
in critically ill adults, it has been demonstrated that these 
IVFEs may be capable of decreasing mortality and ventila-
tion days.31 However, so far, few data are available on the 
role of IVFE in critically ill children. Larsen et al.32 con-
ducted an RCT of 2 IVFEs in critically ill neonates having 
open heart surgery with cardiopulmonary bypass. They 
reported that supplementation with the IVFE contain-
ing 50% medium-chain triglycerides (MCTs), 40% long-
chain triglycerides (LCTs) from soybean oil, and 10% fish 
oil (EPA+DHA) decreased plasma TNF-α levels in those 
neonates who developed severe sepsis in the postoperative 
period. This finding suggested that lipid emulsions con-
taining EPA and DHA may reduce systemic inflammation 
in critically ill infants. 

Regarding enteral formulas rich in EPA and DHA, there 
are no clinical trials in critically ill children. In one system-
atic review and meta-analysis in critically ill adults, the use 
of an enteral formula supplemented with fish oils (EPA), 
borage oils (g-linolenic acid, or GLA), and antioxidants in 
patients with acute lung injury (ALI) and acute respiratory 
distress syndrome (ARDS) was associated with a reduction 
in mortality and the incidence of new organ dysfunction.33 
Subsequently, the INTERSEPT study (Investigating Nutri-
tional Therapy with EPA, GLA and Antioxidants Role in 
Sepsis Treatment)34 found that enteral supplementation 
with EPA/GLA and antioxidants may play a beneficial 
role in enterally fed patients during the early stages of 
sepsis, decreasing the progression of sepsis-related organ 
dysfunction, in particular, hemodynamic and pulmonary 
dysfunction. 

Recommendation. According to current evidence, 
enteral formulas with EPA+GLA and antioxidants should 
be considered in adult ARDS patients.35 However, the 
supplementation portion of a 2 × 2 factorial trial of early 
vs. late EN combined with supplementation with ω-3 
fatty acids, GLA, and antioxidants in adults with ARDS 
(EDEN-Omega)36 was halted for futility, and a planned 
pediatric follow-up study was not initiated based on these 
results. Currently, there is no evidence in the critically ill 
pediatric population that supplementation with fish oil is 
beneficial and, therefore, cannot be recommended.

Micronutrients
Various micronutrients, including selenium, zinc, and 
vitamin C, possess immunomodulatory properties.
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Selenium 
Selenium (Se) is an essential trace element with antioxi-
dant, immunological and anti-inflammatory properties.37 
Evidence suggests that Se affects both the cell-mediated 
and humoral aspects of immune function that are linked 
to inflammatory processes involving the production of 
reactive oxygen species and redox control processes.38 
Selenium exerts its biological role largely through its 
presence in selenoproteins, where Se is incorporated into 
selenocysteine.39 These selenoproteins have numerous bio-
logical functions, especially related to redox signaling, the 
antioxidant defense system, thyroid hormone metabolism, 
and the immune response.40

Selenium has been demonstrated to inhibit the activation 
of nuclear factor kappa B (NF-ΚB), thus modulating sele-
noprotein and pro-inflammatory cytokine gene expression 
and exhibiting anti-inflammatory properties.41 Decreased 
serum selenium levels in patients with SIRS have been asso-
ciated with high levels of C-reactive protein (CRP). Recently, 
Valenta et al.42 have shown that high-dose selenite supple-
mentation is able to reduce CRP levels, demonstrating its 
anti-inflammatory effect. Selenium also has an important 
role in thyroid hormone metabolism. Thioredoxin reduc-
tases and iodothyronine deiodinases are selenoenzymes also 
involved in redox reactions, and it has been shown that low 
plasma Se levels in critically ill patients correlate with low T3 
levels, though the clinical significance of this remains to be 
determined.43

Selenium deficiency. Common clinical presentations 
of Se deficiency are congestive cardiomyopathy and 
myositis.37 Selenium deficiency was first linked to car-
diomyopathy in China (Keshan disease), where there is 
low soil Se content.44 Arthritis has also been associated 
with Se deficiency (Kashin-Beck disease). Additional 
symptoms of Se deficiency include loss of pigmentation 
in hair and skin and macrocytosis. Increased transami-
nases and creatine kinase have been noted in patients 
on long-term PN without Se supplementation. Clinical 
states that are associated with Se deficiency and can con-
tribute to the onset of related symptoms are cystic fibro-
sis, some types of cancer, acquired immunodeficiency  
syndrome, and burns.

Systemic inflammatory response syndrome is asso-
ciated with redistribution of micronutrients (vitamins 
and trace elements) from the circulating compartment 
to the interstitial compartment and different tissues.45 
Trace elements escape into the interstitial compartment 

via the capillary leakage characteristic of SIRS. Further-
more, low levels of trace elements may be explained by 
several other causes, such as losses through biological 
fluids, hemodilution, previous insufficient intake, low  
levels in enteral formulas and parenteral mixtures, and  
continuous renal replacement therapies.46 Heidemann et al.47 
evaluated serum Se concentration in 278 critically ill  
children within the first 72 hrs after admission to a PICU. 
In those patients, Se levels in the serum ranged from  
26 to 145 ng/mL and were below normal in 56.1% of 
children. Selenium levels were inversely associated with 
measures of illness severity, and those children with an 
admission diagnosis of infection or sepsis were more 
likely to have low baseline Se levels than those with 
other diagnoses (63.2% vs. 42.7%, p=0.001). However, 
the clinical implications of these findings remain unclear. 
In a recent meta-analysis of studies of 5 RCTs of Se sup-
plementation in septic adult patients, there was no dif-
ference in mortality, hospital-acquired pneumonia, or 
length of ICU stay.48

Dosing of selenium supplemen tation and monit or-
ing guidance. Normal serum Se levels are in the range 
46 to 143 mcg/L (0.61 to 1.9 mmol/L), depending on the 
geographic area around the world. Adequate intakes in 
infants range from 10 to 15 mcg/d, while 55 mcg/d is the 
recommended dietary allowance for adults. Estimates of 
parenteral sodium selenite or selenious acid requirements 
for infants vary. It has been suggested that up to 3 mcg/kg 
per day (0.04 mmol/kg per day) is sufficient to optimize 
plasma levels. Preterm and term infants can be given up to 
30 mcg/d if receiving PN for longer than 4 weeks. In VLBW 
infants, a daily dose of 5 to 7 mcg/kg per day has been rec-
ommended.49 After the sixth month of life, Se requirements 
are similar to the adult range. Since the major route of Se 
excretion is via the kidneys, the Se daily dose in PN must 
be reduced in patients with renal dysfunction.50

During short-term PN, serum or plasma Se levels 
appear to be the best indicator of Se status. However, it 
is important to realize that these Se levels reflect acute 
fluxes between body compartments rather than recent 
dietary intake. Therefore, selenoprotein P and plasma 
glutathione peroxidase (GPx-3) activities are more accu-
rate than plasma Se concentrations. Glutathione peroxi-
dase accounts for 30% of plasma Se, and erythrocyte GPx 
reflects long-term Se status.51,52 In addition, selenoprotein 
P, which accounts for up to 60% of Se in plasma, has been 
shown to be responsive to changes in dietary intake.53 
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However, selenoprotein P is difficult to measure and  
currently it is not easily available. 

Selenium t oxicity. Toxicity is highly variable between 
selenocompounds, and selenite (sodium selenite or seleni-
ous acid) is recognized as the most pro-oxidative seleno-
compound. However, current published human data on Se 
toxicity resulting from chronic Se excess cannot be extrap-
olated to short-term PN supplementation. So far, there are 
no reports of Se toxicity from selenium-supplemented PN 
or EN, nor from high-dose Se regimens in the ICU, where 
patients are already Se depleted or exhibit low plasma levels 
and supplementation has not been given for more than  
10 to 14 days. 

Recommendation. For children on PN, the recom-
mended Se daily dose depends on age. The recommended 
PN intake for all preterm/term infants and children is  
2 mcg/kg per day.54,55 In addition, preterm and term 
infants can be given up to 30 mcg/day (0.4 mmol) for 
long-term PN. By the sixth month of life, requirements 
begin to enter the adult range of 100 mcg/day.49

In critically ill adult patients with SIRS, a loading dose 
of 2000 mcg as an IV bolus plus a continuous infusion 
of 1000 mg over 10 to 14 days has been safely provided. 
However, there are currently insufficient data to routinely 
recommend PN Se supplementation for adults or children 
beyond the daily requirements for patients on PN. 

Zinc
Zinc is an essential trace element that is required for nor-
mal growth and development, neurocognitive function, 
glucose homeostasis, response to oxidative stress, and 
immune function. Although it is present in minute quanti-
ties in the body (<0.01% of total body weight), its levels are 
tightly controlled via intestinal absorption and renal and 
fecal excretion. Zinc is primarily stored in muscle and bone, 
with the remainder being found in skin and liver, and only a 
very small proportion (0.1%) is present in plasma.56 

Intact zinc homeostasis is required for normal function 
of both the innate and adaptive immune systems. Zinc defi-
ciency results in impaired NK cell and phagocytic cell func-
tion, as well as decreased secretion of IFN-g, TNF-a, and 
IL-2, all necessary for effective innate immune function. 
There is decreased production of IL-12 by macrophages 
and monocytes, and along with decreased IFN-g this leads 
to impaired killing of parasites, viruses, and bacteria.57 
The impaired innate immunity is in part secondary to the 

loss of both T- and B-cell function that is characteristic of 
zinc deficiency. This loss occurs via increased apoptosis of 
pre-B and T-cells. Interestingly, most TH2 cytokines are 
not affected by zinc deficiency, except IL-10, which may 
actually be increased. Overall, there is a shift from pro-
inflammatory TH1 to TH2 predominance. However, there 
is also stress and activation of macrophages and mono-
cytes, resulting in increased levels of IL-1b, IL-6, IL-8, and 
TNF-a. In animal studies, zinc deficiency is associated with 
increased inflammation, organ damage, and mortality in a 
murine model of sepsis, and zinc repletion shortly before 
injury mitigates these effects.58 The mechanism for this is 
being elucidated in ongoing studies.

In developing countries, where dietary zinc deficiency 
is relatively common, oral zinc supplementation has been 
shown to decrease the incidence of diarrhea and acute 
lower respiratory tract infections; zinc also decreases the 
duration and severity of diarrheal illness.59 Decreased lev-
els of plasma zinc have been shown to be prevalent among 
the critically ill, and evidence is mounting that supple-
mentation of zinc has the potential for beneficial effects in 
this population in both adult and pediatric patients. The 
differential regulation of a large number of genes depen-
dent on intact zinc homeostasis or playing a direct role 
in zinc homeostasis has been demonstrated on day 1 of 
illness among children with septic shock.9 In this popula-
tion, zinc levels of nonsurvivors were significantly lower 
than those of survivors (p<0.05). A subsequent study of 
20 critically ill children confirmed the finding of low zinc 
levels, with 100% having low levels.5 Furthermore, there 
was an inverse correlation between zinc levels and mea-
sures of inflammation such as CRP (r=–0.75, p=0.01) and 
IL-6 (r=–0.53, p=0.04). On day 3 of illness, patients with 2 
or more organ failures had lower plasma zinc concentra-
tions than those with 1 or no organ failure (p=0.03). In the 
recently completed CRISIS (Critical Illness Stress Induced 
Immune Suppression) trial, a prospective, randomized 
trial of Se, zinc, GLN, and metoclopramide supplemen-
tation in critically ill children, baseline zinc levels were 
found to be low in 84% of patients.60 The trial was halted 
for futility, and one cannot draw any conclusions about 
the specific effect of zinc on this patient population since 
it was part of a “cocktail” of nutrients. In a meta-analysis 
of 4 trials of zinc supplementation, Heyland et al found no 
effect of zinc supplementation on length of stay, infections, 
ventilator days, or mortality.59 Only one of the studies,  
however, used zinc as the sole supplement.
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Dosing and toxicity of zinc supplementation. Standard 
parenteral dosing of zinc under normal circumstances is 
200 mcg/kg per day. Under conditions of known excess 
losses, such as those patients with burns or multiple open 
wounds, additional supplementation can be considered, 
though appropriate dosing has not been determined. Zinc 
is generally well tolerated, though nausea and gastroin-
testinal discomfort are relatively common with enteral 
administration. Toxicity with PN supplementation has 
been reported only with very large unintentional inges-
tions, manifested by fever, anemia, and pancreatitis.61 
Adult trials of supplementation have used over 500 mcg/kg  
per day parenterally without deleterious effect.62 

Recommendation. The many biologic roles of zinc in 
inflammation and immunity provide a rationale for zinc sup-
plementation in critically ill children. To date, however, there 
have been no published clinical trials of zinc supplementa-
tion alone in this patient population. A dose-finding and 
safety study has recently been completed whose results may 
guide future interventional trials for this promising therapy, 
but currently, routine supplementation of zinc beyond stan-
dard daily requirements cannot be recommended.

Vitamin C
Vitamin C (ascorbic acid, ascorbate) is a water-soluble, 
essential micronutrient that serves as a co-factor in many 
chemical pathways. Its most important biochemical func-
tion is to act as a reducing agent.63 Vitamin C acts as a cofac-
tor for various enzymes, including those involved in collagen 
hydroxylation, norepinephrine synthesis, metabolism of 
cholesterol, and hydroxylation of cortisol. Ascorbic acid is 
well absorbed in the small intestine, and excess amounts of 
ascorbic acid are excreted in urine. Deficiency of vitamin 
C leads to scurvy, which has multiple symptoms and signs, 
including perifollicular petechiae, bruising, gingivitis, glos-
sitis, arthralgia, and impaired wound healing. In addition, in 
infants, there may be impaired bone growth and/or scurvy, 
including perifollicular petechiae and ecchymosis.

Vitamin C in the critically ill. Various studies in critically 
ill adults suggest that patients with sepsis and severe sepsis 
or following severe trauma exhibit a significant reduction 
in circulating ascorbate levels and a depletion of antioxi-
dant capacity.64 In this context, IV high-dose vitamin C 
inhibits endotoxin-induced endothelial dysfunction in 
humans and is able to reverse sepsis-induced suppression  

of microcirculatory control in animal models of septic 
shock.65 Vitamin C supports endothelial NO synthase (NOS) 
activity, inhibiting inflammation-induced inducible NOS 
activity in endothelium.66

Vitamin C in major burns. Severe burns, defined as ≥30% 
of the body surface area, lead to endothelial dysfunction; 
severe fluid and protein leakage from the intravascular 
space to the interstitial space, inducing fluid retention; 
expansion of the extracellular space; and hypovolemic 
shock. In thermal injury, there is a significant reduction 
in plasma ascorbate levels and thus antioxidant capacity. 
Therefore, burn injury is a scenario in which the requirement 
for vitamin C is increased. 

In animal models of burn injury, high-dose vitamin C 
treatment attenuates shock and reduces the risk of MOF. 
Dubick et al.67 demonstrated a significant reduction in 
fluid resuscitation volumes following infusion of 250 mg/kg 
vitamin C in the first 500 mL of fluids and thereafter an IV 
infusion of vitamin C at 15 mg/kg per hour. This scheme 
of supplementation was associated with an improvement 
in antioxidant status.

In a controlled clinical study, Tanaka et al.68 evaluated 
patients with ≥30% burns and treated them with vitamin 
C (66 mg/kg per hour) during the first 24 hrs. The 24-hr 
total fluid infusion volumes in the vitamin C group was 
significantly lower (P<0.1) when compared with the con-
trol group. Furthermore, fluid retention in the second  
24 hrs and the length of mechanical ventilation were  
significantly lower in the intervention group (P<0.05 and 
P<0.01, respectively). In the burn population, therefore, it 
is reasonable to consider vitamin C supplementation, but 
again, evidence in pediatrics is lacking.

Vitamin C t oxicity and adv erse ev ents. Excessive  
vitamin C may act as a pro-oxidant. In addition, vitamin C 
increases iron (Fe) absorption and free Fe can promote 
bacterial proliferation and can exacerbate hemochro-
matosis. Perhaps the most common side effect of excess 
vitamin C is hyperoxaluria with renal calculus formation, 
related to high urinary excretion.69 Furthermore, high-
dose administration may cause diarrhea and gastrointes-
tinal intolerance, although it is generally well tolerated 
during short-term consumption.

Recommendation. Existing evidence seems to sug-
gest that improved antioxidant capacity with vitamin C  
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supplementation could improve the therapeutic strategy 
in the critically ill patients with SIRS. However, with the 
exception of patients with burns, vitamin C is not part 
of standard care in critically ill adult patients. Further 
research is warranted and should define the best and safe 
dose, target patient population, optimal timing, and dura-
tion of therapy to optimize the effects on underlying sys-
temic inflammation.

 ■CLINICAL TRIALS Of IMMUNONUTRITION

There have been several trials examining the role of 
immunonutrition in critically ill adults, while such studies 
have been fewer in critically ill children.

Adult Trials
Currently, the concept of immunonutrition means the 
administration of immune-modulating nutrients such 
as arginine, GLN, and ω-3 fatty acids, which are com-
bined together with macronutrients and are provided in 
so-called immune-enhancing diets (IEDs) via the enteral 
route. Over the last 2 decades, several clinical trials have 
evaluated different IEDs in critically ill patients, although 
results have been controversial and sometimes contradic-
tory. Current evidence suggests that IEDs can be used 
in major elective surgery, trauma, burns, head and neck 
cancer, and nonseptic critically ill patients on mechanical 
ventilation. In 2009, the A.S.P.E.N. guidelines suggested 
that IEDs may be provided to surgical critically ill patients 
(grade A) and medical critically ill patients (grade B).70 
These guidelines recommend that these diets be admin-
istered with caution in severe sepsis. In contrast, on the 
basis of 4 level 1 studies and 22 level 2 studies, which have 
demonstrated potential harm of IEDs in septic patients, 
the updated version of the Canadian Clinical Practice 
Guidelines recommends against using IEDs enriched with 
arginine in critically ill patients.71 

Pediatric Trials
There have been very few clinical trials of immunonutri-
tion in critically ill children. A pediatric version of the 
EDEN-Omega study from the adult ARDSNet group (see 
the section on ω-3 fatty acids earlier) was planned pending 
results of that study. Because it was halted for futility, the 
pediatric arm was never carried out. Similarly, the recent 
closure of the REDOXS trial by the Canadian Critical Care 
Trials group, whose hypothesis was that supplementation 
of critically ill patients with GLN and/or antioxidants 

would lead to improved outcomes, was halted for futil-
ity; further subgroup analysis showed a signal toward 
increased harm among the GLN-supplemented group.27 
Although a subsequent pediatric study had been designed 
and funding had been obtained, because of the results of 
the adult study, once again, the pediatric study will not be 
done. Indeed, a systematic review of existing clinical trials 
of immunonutrition in critically ill children did not find 
evidence of benefit.72

The largest trial of an immunomodulating formula 
in critically ill children was recently completed by  
the Collaborative Pediatric Critical Care Research Net-
work (CPCCRN). This was a prospective, randomized 
trial of supplementation with enteral Se, GLN, and zinc 
and IV metoclopramide (a prolactin secretagogue with 
potential immunomodulatory effects) compared to an 
isonitrogenous whey protein supplement and IV saline. 
After enrollment of 293 subjects, the trial was halted for 
futility. There were several limitations to the trial design, 
however, including the use of enteral supplementation of 
nutrients in a population of patients whose gastric and 
small-bowel absorption is likely highly variable. In addi-
tion, whey protein, which was used in the control group, 
can itself be considered a potential pharmaconutrient; 
hence, the study was deemed a comparative effectiveness 
trial. Finally, by giving 4 pharmaconutrients at once, the 
potential beneficial effects of one may have been coun-
teracted by potential harmful effects of another.73 At this 
time, there is insufficient evidence to recommend routine 
immunonutrition in critically ill children.

 ■CONCLUSION

Nutrition as a therapeutic modality is an important aspect 
of the care of critically ill children. The inflammatory 
response to and the functional changes in the immune 
system seen in the setting of trauma, surgery, infection, 
or other illness are complex and multifactorial. As under-
standing of the interactions between the nutritional status 
of the patient and the response to illness grows, not only 
the timing of feeding, but also the specific composition 
of nutrients appropriate to the individual patient will 
become standard of care. As the body of evidence on 
macro- and micronutrient supplementation increases, the 
hope is that intensivists will be able to modulate the pro- 
and anti-inflammatory response of the host and prevent 
both excessive inflammation and the subsequent immu-
noparalysis that can lead to hospital-acquired infections, 
ultimately improving patient outcomes.
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Endocrine abnormalities, including hyperglycemia and 
hypertriglyceridemia, often result from steroids or cal-
cineurin inhibitors used in cancer and HSCT treatment, 
and may be exacerbated by critical illness. Respiratory 
failure and sepsis are frequent reasons for admission to 
a pediatric intensive care unit (PICU) for children with 
oncologic diseases or following HSCT.1 Multisystem 
organ failure may further affect adherence to a planned 
nutritional regimen. 

 ■NUTRITIONAL STATUS

Children and adolescents are at higher risk for devel-
opment of malnutrition than are adults during cancer 
treatment due to the proportionally higher nutritional 
requirements during periods of growth and devel-
opment. It is difficult to estimate the prevalence of 
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 ■ INTRODUCTION

A child with cancer faces nutritional challenges. The 
nutritional well-being of that child is a principal concern 
of parents and caregivers during all phases of treatment. 
Management of cancer and related diseases generally 
includes chemotherapy, radiation, and hematopoietic 
stem cell transplantation (HSCT) for resistant diseases. 
The disease itself, as well as its treatment, often lead to an 
immunocompromised state, thus increasing risk for criti-
cal illness and morbidity.

A detailed nutrition assessment is imperative to inform 
an individualized nutrition care plan that considers the 
unique concerns raised by a critically ill child with cancer. 
Limitations to the provision of nutrition may be related 
to organ function—especially gastrointestinal (GI) feed-
ing tolerance—renal function, and cardiovascular status. 
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Treatment Complications
There are many nutrition-related side effects for patients 
who are undergoing chemotherapy, radiation, and HSCT; 
these side effects can result in poor nutrient intake and 
associated weight loss, malnutrition, or cachexia. Chil-
dren may experience any or all of the following side 
effects: nausea, vomiting, diarrhea, constipation, altered 
taste, loss of appetite, mucositis, pancreatitis, colitis, and 
pneumatosis intestinalis. In addition, complications of 
treatment may include renal disease, infection, pancreatic 
insufficiency, hemorrhagic cystitis, and others. Patients 
undergoing HSCT are also at risk for graft-versus-host 
disease (GVHD) and veno-occlusive disease (VOD). 
Severe manifestations of these and other complications 
may lead to critical illness or multiorgan system disease.

Cancer Cachexia
Protein-energy malnutrition occurs in association with 
cancer as a result of inadequate intake, combined with the 
increased stress and catabolism that is caused by the dis-
ease and side effects of anticancer treatment. Inadequate 
energy intake is associated with loss of adipose tissue, 
which may be indicated by a reduction in skinfold thick-
ness. Cancer cachexia, however, is a recognized condi-
tion where the cancer patient has experienced wasting 
of skeletal muscle tissue along with other components 
of lean body mass. Loss of muscle mass is associated 
with decreased functional capacity, increased toxic-
ity of antineoplastic treatment, increased length of stay, 
and increased risk of nosocomial infections.16 Cachectic 
patients also experience a disturbance in whole-protein 
homeostasis with net protein catabolism, negative nitro-
gen balance, a decrease in blood urea nitrogen (BUN), and 
a decrease in serum albumin levels. In the pediatric oncol-
ogy population, cachexia is influenced by several factors, 
including type of disease, socioeconomic status, and type 
of treatment received by the patient. Critical illness may 
worsen cachexia.

According to Bauer, Jürgens, and Frühwald, “despite 
the well-documented need for adequate nutrition in 
long-term outcome in children with cancer, there are no 
applicable management strategies or pharmacotherapeu-
tic options available at this time to successfully prevent 
or treat undernourishment and its associated disorders in 
this population.”17 Thus, the entire medical team must be 
vigilant and collaborate with caregivers to ensure that the 
child or adolescent on therapy or who has survived cancer 
receives optimal nutritional support.

malnutrition during treatment due to lack of uniform 
criteria and adequate studies.2 Undernutrition at the 
time of diagnosis is relatively uncommon in high-
income countries, but it continues to be a frequent 
problem in low-income countries.3 Malnutrition during 
treatment depends on many factors, such as the spe-
cific tumor, extent of the disease, hospital resources, 
and treatment strategies. It is estimated that the rate of 
malnutrition in children with cancer is 0% to 10% for 
leukemia, 20% to 50% for neuroblastoma, and 0% to 
30% for other malignancies.2

Nutritional status at diagnosis has prognostic implica-
tions. Well-nourished children tolerate intensive cancer 
treatment better than those who are malnourished and 
thus have better chances of survival and lower relapse 
rates.4 Undernutrition is associated with higher rates of 
death due to abandonment of therapy, treatment failure,5 

and infectious complications.6 Malnourished children are 
at an increased risk for treatment-related complications, 
reduced tolerance to therapy, altered drug metabolism, 
increased susceptibility to infection, and poorer treatment 
outcome. The impact of malnutrition may be more severe 
in younger children.

Obesity is an increasing problem among children 
undergoing treatment for cancer and related diseases.7 A 
detailed account of childhood obesity, its associated mor-
bidities, and nutritional management during critical ill-
ness are provided in chapter 21. Childhood obesity may be 
associated with hyperlipidemia, hypertension, acanthosis 
nigricans, diabetes and insulin resistance, hepatic steato-
sis, cholelithiasis, pseudotumor celebri, sleep apnea, and 
orthopedic abnormalities.8 Children and adolescents who 
are obese are at increased risk for coronary heart disease, 
stroke, high blood pressure, diabetes, and other chronic 
diseases as they age.9 These additional problems can com-
plicate the care and management of obese children with 
cancer who are critically ill. There are few pharmacological 
studies describing the half-life, volume of distribution, or 
clearance of drugs in obese patients.10 Risks of under-
dosing or overdosing medications in obese patients may 
result in poorer treatment outcome or greater toxicities.10 
In pediatric acute myeloblastic leukemia, obese patients 
have greater treatment-related mortality, similar toxic-
ity and relapse rates, and inferior survival compared to 
those patients who are not obese.11 Several studies have 
reported an association between obesity and mortality 
among children undergoing treatment for cancer, includ-
ing HSCT.12-15 
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encountered within the first 4 weeks after the condition-
ing/preparative regimen for HSCT. Patients with VOD 
may experience rapid weight gain due to fluid accumula-
tion and edema. 

Treatment for VOD is generally supportive and usu-
ally requires aggressive fluid restriction to minimize fluid 
retention that may lead to respiratory and renal compro-
mise. This fluid restriction often results in limiting the 
provision of nutrients. The nutritional intervention for 
VOD generally involves limiting fluid volume to provide 
only maintenance requirements, or even less to account 
for fluids provided with medications and colloid solutions. 
If PN is required, it must be concentrated so that nutrient 
needs can be approached or achieved within the volume 
restriction. A calorically dense formula may be indicated 
for patients with VOD who are enterally fed. 

 ■NUTRITIONAL ASSESSMENT 

Nutritional assessment is important for the prevention, 
recognition, and early treatment of malnutrition. Many 
different techniques can be used to evaluate the nutri-
tional status of adolescents and children. Choice of tech-
nique will depend upon the hospital resources, patient 
diagnosis, type of treatment, and other factors. Special 
attention should be paid to metabolic derangements of 
macronutrients leading to protein-energy malnutrition, as 
well as deficiencies of micronutrients such as vitamin D,  
vitamin K, zinc, copper, and selenium.

Screening should be performed within 24 hours of 
hospital admission for every patient and repeated regu-
larly depending on the child’s age, diagnosis, treatment, 
clinical status, and other risk factors. Risk for malnutri-
tion can be identified by medical personnel, other caregiv-
ers, or periodic rescreening, using the criteria indicated 
in Table 20-1. For more details about nutrition screening, 
please see chapter 2. An in-depth nutritional assessment is 
indicated for children at risk for malnutrition. 

Weight, height or length, and body mass index (BMI), or 
weight-for-height in children younger than 2 years, should 
be compared with reference values on age- and sex-specific 
growth charts. For children living in the United States and 
above the age of 2, growth charts created by the Centers for 
Disease Control and Prevention (CDC) should be used.20 
The World Health Organization (WHO) created the growth 
standard for children 0 to 2 years of age with data from 
children representing ethnicities and cultures around the 
world.21 In the United States and worldwide, these standards 

Graft-Versus-Host Disease
Graft-versus-host disease is a complication related to an 
allogeneic HSCT. The immunoregulatory cells of the donor 
attack the patient’s organs. This causes impaired function 
of the affected organ and increases the patient’s suscep-
tibility to infections. The goal of HSCT is to minimize 
risk of GVHD by increasing the odds of engraftment. To 
achieve this, the donor and patient are matched as closely 
as possible based on human leukocyte antigen (HLA)  
typing. Graft-versus-host disease can be considered acute 
or chronic, based on the clinical manifestation of the 
condition. Traditionally, the designation was determined 
based on number of days post-HSCT, with GVHD after 
100 days being considered chronic. This practice is no 
longer recommended by the National Institutes of Health; 
instead, they recommend classification according to the 
clinical manifestation of the condition.18 

Graft-versus-host disease can affect many different 
areas of the patient’s body, including the skin, the entire GI 
tract, liver, and the lungs. Symptoms of GI GVHD could 
include dry mouth, decreased saliva leading to difficulty 
swallowing, and burning and discomfort when eating 
acidic foods. Lack of lubrication in glands in the stom-
ach and intestines could interfere with nutrient absorp-
tion. Other common symptoms are nausea, vomiting, 
diarrhea, abdominal pain, and heartburn. Immunosup-
pressive medications, such as cyclosporine, mycopheno-
late, and steroids, are commonly used in the treatment of 
patients with GVHD. Patients with severe GVHD of the 
gut may experience high stool output and malabsorption 
of nutrients. It is recommended that a patient with severe 
GI GVHD follow a low-bacteria, lactose-free, and/or low-
residue, bland diet. These patients may require enteral 
nutrition (EN) with an elemental formula, or parenteral 
nutrition (PN) support in cases of uncontrolled GVHD. 

Veno-occlusive Disease
Veno-occlusive disease is a potentially serious condition 
of the liver that results from high doses of chemotherapy 
or radiation therapy given before HSCT; it is also referred 
to as sinusoidal obstruction syndrome (SOS). In VOD, 
the affected blood vessels in the liver swell or become 
obstructed, which impairs the ability of the liver to remove 
toxins, drugs, and waste products from the bloodstream. 
Fluid then accumulates in the liver, causing swelling of the 
liver and tenderness. Veno-occlusive disease commonly 
presents with tender hepatomegaly, hyperbilirubinemia, 
and ascites.19 Signs and symptoms of VOD are most likely 
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are now recommended for use in this age group. For chil-
dren from other countries, the WHO charts should be used 
for children up to the age of 5.22 Overweight and obesity 
classifications in the United States are based upon the CDC 
BMI-for-age growth charts for children and adolescents less 

than 20 years of age.23 Using these comparative standards, 
the nutritional status of critically ill children with cancer can 
be evaluated as described in Table 20-2. 

Both objective and subjective data should be used to 
complete a nutritional assessment. One marker alone is 

Anthropometric Measurements 
Weight Loss 
•	  Greater than 5% weight loss over 30 days
•	  current percentile for weight or height has fallen by 2 or more channels

Weight-for-age
•	  Less than the 5th percentile or greater than the 85th percentile

Length- or height-for-age
•	  Less than the 5th percentile height-for-age (may indicate chronic malnutrition)

Weight-for-Length
•	  Less than the 5th percentile or greater than the 95th percentile weight-for-length (if less than 2 years of age)
•	  Less than the 5th percentile—underweight (indicator of inadequate weight gain)
•	  Greater than the 95th percentile—may be an indicator of obesity

Body mass Index (BmI)
•	  Greater than the 95th percentile—obese 
•	  Greater than the 85th percentile—overweight 
•	  Less than the 15th percentile—undernourished 
•	  Less than the 5th percentile—severely undernourished

Ideal Body Weight (IBW) calculated from Weight-for-Length
•	  Greater than 110% IBW—overweight
•	  eighty-five percent to eighty percent IBW—mild undernutrition
•	  Greater than 75% to 84% IBW—moderate undernutrition
•	  Less than 75% IBW—severe undernutrition

IBW calculated from BmI 
•	  Greater than 120% IBW—overweight 
•	  eighty percent to eighty-nine percent IBW—mild undernutrition
•	  Seventy percent IBW—moderate undernutrition 
•	  Less than 70% IBW—severe undernutrition

head circumference-for-age 
•	  Greater than the 95th percentile (may indicate macrocephaly)
•	   Less than 5th percentile (may indicate microcephaly or chronic malnutrition during fetal development or during early 

childhood)

arm anthropometry 
•	  triceps skin fold estimation of energy stores—compare to reference values 
•	  mid-upper arm muscle circumference, indicator of lean body mass—compare to reference values 

Nutrient Intake
•	  Less than 50% of estimated energy needs for up to 3 days 
•	  Less than 80% of estimated energy needs for longer than 3 days

■  TAbLE  20-1. Assessment of Nutritional Risk
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not adequate to evaluate nutritional status. A thorough 
evaluation should be conducted on all patients identified 
with risk for malnutrition. Nutritional assessment should 
be performed by a trained clinical nutrition professional, 
such as a registered dietitian. In hospitals where dieti-
tians are not available, the physician or nurse needs to be 
trained in nutritional assessment. Nutritional assessment 
consists of 3 parts: data collection, data evaluation, and 
interpretation of findings.24 

Assessment Techniques
Data collection for a nutritional assessment includes 
diagnosis, medical history, and a nutrition-focused physi-
cal examination. An evaluation of dietary intake and 
adequacy during cancer treatment is paramount. An 
understanding of the patient’s nutritional status prior to 
hospitalization will provide important information use-
ful in developing a nutrition plan for the acute condi-
tion. The nutrition-focused physical examination of an 
adolescent or child with cancer is an essential part of a 
nutritional assessment and should never be omitted. This 
exam should include the patient’s general appearance and 
activity level. In the critical care setting, activity is often 
limited to cares, but should be considered nonetheless. 
The clinician should also examine the patient and look 
for the presence of edema, ascites, cachexia, obesity, skin 
changes, dry mucous membranes, petechia or ecchymosis, 
healing of wounds, glossitis, stomatitis, and cheilosis. 

There are some important considerations to data eval-
uation and interpretation for the nutritional assessment of 
children in critical care settings. Most importantly is that 
weight is often not a good indicator of the patient’s nutri-
tional status due to possible dehydration, fluid overload, 
and/or tumor burden. It is also difficult to obtain accurate 

weight measurements in a PICU, even if a bed scale is 
available. Arm anthropometry, including triceps skinfold 
measurements, may be inaccurate with steroid therapy 
and altered fluid status. Mid-upper arm muscle circumfer-
ence is appropriate in acute care settings, but most provid-
ers are not accustomed to performing these measurements 
routinely. Nutrition-related laboratory values can also be 
affected by hydration status, the acute phase, or infection 
process, as well as medications, especially steroids.

Attention should then be paid to the nutrition-focused 
physical examination. A review of all relevant compo-
nents, including vital signs; assessment of overall appear-
ance; assessment of wounds and wound healing; signs and 
symptoms of macronutrient and micronutrient deficien-
cies; appearance of the skin, nails, and hair; assessment 
of hydration status; oral and dysphagia assessment; bowel 
history; and previous feeding and oral intake history, are 
essential for an accurate interpretation of the nutritional 
assessment. Interpretation of the findings will inform the 
development of an individualized nutrition care plan for 
the critically ill child with cancer. 

Anthropometry and Measures of Body Composition
These types of measures can be termed routine, midlevel, 
or advanced according to the level of resources required 
for their completion and by their accuracy and precision. 
Routine measures include weight, height/length, and head 
circumference (in children <3 years). Weight-for-height/-
length and BMI are compared to growth standards or ref-
erences to assess the degree of underweight or overweight. 
Midlevel measures that assess body fat and lean body 
mass include triceps skin fold thickness, mid-upper arm 
circumference (and the calculation of mid-upper arm 
muscle area), and waist-to-hip ratio. Advanced measures 
include bioelectrical impedance methods, dual-energy 

Underweight* Normal Overweight Obese

BmI <5th percentile 5th to 85th percentile >85th to 95th percentile >95th percentile

Wt/Lt <10th percentile 10th to 90th percentile >90th percentile

*Weight loss/gain may or may not be present.
For age <2 years: Use weight-for-length (Wt/Lt) percentile or corresponding Z-score
For age ≥2 years: Use Body Mass Index (BMI) percentile or corresponding Z-score
adapted with permisison from rogers pc, melnick SJ, Ladas eJ, et al.: children’s Oncology Group (cOG) Nutrition Committee,  
Pediatr Blood Cancer  2008;50(2 Suppl):447-450.

■  TAbLE 20-2. Evaluation of Nutritional Status for the Pediatric Oncology Patient (Adapted 
from Rogers et al.)
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White blood cell counts are often depleted as an intended 
result of myeloablative therapy. Neutrophils are typically 
the first to reconstitute, indicating resolving neutropenia 
and early resumption of immune function. Collected lab-
oratory values should be compared with institutional or 
laboratory reference values. Laboratory values in critically 
ill children may be altered due to the effect of the acute 
phase of illness, medications, or both, and are therefore 
often unreliable indicators of nutritional status.

Energy and Protein
There are a variety of methods for estimating calorie 
and protein needs. The energy needs of children and 
adolescents may be increased during therapy due to fever, 
infections, GVHD, metabolic complications, and growth 
demands. Therefore, it is important to perform frequent 
assessments of the patient’s caloric requirements to ensure 
that they are being met. Tables 20-3 and 20-4 can be used 
by the health care team to estimate energy and protein 
requirements.

Since energy expenditure in the PICU is variable and 
unpredictable, a cautious approach to estimating energy 
needs is needed for critically ill children with cancer. Stud-
ies of children awaiting engraftment following HSCT sug-
gest a decline in energy expenditure over time.28,29 Reliance 
on standard equations to estimate energy expenditure and 
use of stress factors may subject this group to unintended 

x-ray absorptiometry (DEXA), air-displacement plethys-
mography (ADP), total body potassium (TBK) counting, 
and isotope dilution methods (deuterium oxide dilution). 

Collection of anthropometric data, including body 
weight, height, and assessment of body fat and lean body 
mass, is suggested with varying frequency and compara-
tive standards.25 Advanced-level body composition mea-
surements can be difficult to accomplish in the clinical 
setting, but anthropometry is safe, easy, quick, inexpen-
sive, and may be more accessible in resource-poor areas. 
Mid-arm circumference is a simple and convenient mea-
surement that requires little training and equipment and 
performs as well as weight-for-height at predicting death 
in developing countries.26 Extremity measurement may be 
more sensitive to changes in muscle and fat mass and less 
affected by tumor mass and fluid shifts than body weight.27 
Population-based norms for arm anthropometrics such as 
mid-arm circumference and calculated mid-arm muscle 
area provide means to determine the degree of deviation 
from measurements of healthy children.

Biochemical and Hematological Indices
Biochemical data relevant to nutritional status include 
measures of visceral proteins (albumin, prealbumin, 
retinol-binding protein, and transferrin), blood glucose 
levels, and lipid profiles. Hematological measures include 
hemoglobin, hematocrit, and total lymphocyte count. 

W = weight in kilograms 
Bmr = basal metabolic rate

Age BMR Equations

0-3 months (89W – 100) + 175

4-6 months (89W – 100) + 56

7-12 months (89W – 100) + 22

 Age 1-3 years 3-10 years 10-18 years 18-30 years

 male 60.9W – 54 22.7W + 495 17.5W + 651 15.3W + 679

 Female 61W – 51 22.5W + 499 12.2W + 746 14.7W + 496

activity or stress factors may be carefully considered in individual cases.

energy expenditure may decline after hSct with a risk of overfeeding from parenteral nutrition.

■  TAbLE 20-3. Estimated Energy Requirements for Infants and Children47
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through dietary modification, use of dietary supplements, 
use of appetite stimulants, or with more invasive nutri-
tional support techniques. 

Oral Intake
Special attention must be paid to food safety to reduce 
the risk for food-borne illnesses during treatment. Food 
consumed by immunocompromised patients should 
be prepared in a manner to minimize bacterial growth. 
Prepackaged, individual-serving items are frequently used 
to limit food handling by kitchen personnel. The use of 
appetite stimulants in this patient population is recom-
mended only when all other attempts to increase oral 
intake (such as oral supplements) have failed. However, it 
may be beneficial for children or adolescents with specific 
diagnoses, such as osteosarcoma.32 

Artificial Nutrition S.upport
Most critically ill children with cancer will require EN or 
PN support. Enteral nutrition is always preferred because 
it has many benefits for patients, including avoiding 
complications associated with parenteral support, such 
as intestinal atrophy, toxicity, and complications of intra-
venous infusions.17 When EN is not feasible, PN should 
be administered to preserve or improve nutritional status. 
Parenteral nutrition is indicated when the child or ado-
lescent is unresponsive to dietary supplementation or has 
a failure of enteral absorption. In any case, it should be 
limited to short periods.17 

Planning nutrition support for children undergoing 
cancer treatment requires attention to route, volume, and 
efficacy of the feeding regimen. The goals of nutrition 
intervention for a child being treated for cancer or HSCT 
are to preserve lean body mass and support immune 
function. However, provision of nutrition to critically ill 
children is often complicated by several limitations. Fluid 
overload is common among HSCT patients,1 and man-
agement of fluid volume must be considered with regard 
to medications, blood products, and nutritional fluids. 
Monitoring intake and output closely facilitates achieve-
ment of fluid balance. Medications and fluids required for 
resuscitation and treatment of acute problems may limit 
and/or change the volume available for nutritional intake. 
Interruptions in feedings are common, and tolerance may 
be poor.

overfeeding. Treatment for cancer may be associated with 
decreased lipid clearance related to a variety of commonly 
used medications or hepatic dysfunction. Hyperglycemia 
resulting from stress or medications such as corticoste-
roids may necessitate a reduction in carbohydrate provi-
sion. Matching energy intake to energy expenditure as 
determined by serial indirect calorimetry measurements 
avoids overfeeding30 and may reduce associated costs and 
complications. 

Children and adolescents receiving therapy for can-
cer have increased protein needs for tissue repair and to 
decrease depletion of lean body mass. In addition, the 
patient may have increased protein needs during high-
dose corticosteroid therapy or active GVHD. However, it 
is important to note that protein provision may need to be 
modified with altered hepatic, renal, or neurologic func-
tion. With malnutrition, protein should be increased to 
1.5 to 2.0 times the recommended daily allowance (RDA) 
for age. Critically ill children may require additional pro-
tein to approach a balance of intake with ongoing cata-
bolic losses.31 

 ■ NUTRITION INTERVENTION  
AND MONITORING

The goals of nutrition therapy for critically ill children and 
adolescents undergoing cancer treatment are to preserve 
lean body mass and to achieve age-appropriate growth and 
development after treatment. These goals can be achieved 

Age Protein g/kg per day

Infants: 0-6 months 1.52

6-12 months 1.2

children: 1-3 years 1.05

4-8 years 0.95

9-13 years 0.95

14-18 years 0.85

adults 0.80

■  TAbLE 20-4. Minimum Protein Requirements Using 
Recommended Dietary Intake48
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a minimum of 1.5 grams protein per kg of body weight, 
and in some conditions, much higher amounts.31 While 
achieving nitrogen balance should be the goal, accurate 
testing may not be available in clinical settings. During 
the most acute and severe phases of critical illness, bal-
anced nitrogen intake and output are unlikely to be pos-
sible. As a supplemental amino acid, glutamine has been 
explored in a variety of settings for its potential to improve 
GI health and function. Several studies have investigated 
the impact of oral or intravenous glutamine supplementa-
tion following HSCT; however, no significant benefits to 
mucositis or other clinical outcomes have been observed 
in children.35,36 

Carbohydrate
Hyperglycemia is common among critically ill children, 
and those with cancer or following HSCT are often receiv-
ing medications, such as steroids and other immunosup-
pressants, which further contribute to this problem. The 
use of PN has been linked with hyperglycemia in adult 
HSCT patients37 without diabetes or steroid treatment. In 
children, the prevalence of metabolic syndrome is more 
common among HSCT recipients than the healthy popu-
lation,38 and various endocrine complications are asso-
ciated with HSCT.39 Close monitoring of blood glucose 
and nutrient requirements is recommended throughout 
intensive care treatment, as well as in long-term survivors.

Lipids
When volume for nutritional intake is limited, lipids con-
tribute balanced and necessary energy without contribut-
ing to hyperglycemia or volume constraints. However, PN 
and lipids contribute to the risk of hyperlipidemia, and 
children undergoing cancer and HSCT treatment often 
require medications associated with hyperlipidemia. Since 
commonly used soybean-based lipid emulsions contain 
high amounts of omega-6 polyunsaturated fatty acids, a 
pro-inflammatory and immunosuppressive biochemical 
pathway may result from their use in excess. Evidence 
suggests that fish oil intake may improve endothelial 
function,40 lower lipid levels,41 and may the inflammatory 
response to illness.42 Fish oil and other omega-3 fatty acid 
supplements have been used as complementary therapies 
to treat a variety of conditions, including hyperlipidemia 
and anorexia associated with cancer treatment. Intrave-
nous fish oil lipid emulsion has been used in conjunction 
with standard PN and soybean-based lipid emulsions. 
Studies have demonstrated safety and efficacy of fish oil 
emulsions as monotherapy in preserving essential fatty 

Enteral Nutrition
Continuous feedings may be better tolerated than bolus 
feedings to avoid gastric distention and volume overload. 
Gastrointestinal manifestations of disease or treatment, 
such as mucositis and GVHD, frequently limit the toler-
ance to both the volume and the quality of formula pro-
vided. Small-volume, so-called “trophic” feedings may be 
useful, if tolerated, in combination with PN. Access to the 
GI tract through nasal tubes or percutaneous gastrostomies 
are generally convenient methods for providing EN, as 
well as options for administering medications and fluid to 
the GI tract. Achieving enteral feeding goals in a timely 
manner may improve outcomes in critically ill children,33 
though the optimal amount of energy and other nutrients 
is not precisely known, and likely will vary with stages of 
critical illness and changes in clinical condition.

Parenteral  Nutrition
With GI toxicities resulting from cancer or HSCT treat-
ment, PN is sometimes required to augment or replace 
enteral feeding. Parenteral feeding may be needed to 
achieve nutrient goals when accessibility or function 
of the GI tract is compromised. Benefits to PN include 
timely provision of energy and nutrients when absorp-
tion or volume tolerance of enteral feeding is inadequate. 
However, important risks associated with PN suggest the 
need to cautiously consider expectations with regard to 
optimal nutrient provision. Problems associated with PN 
include risk for infections, metabolic disturbances, and 
liver disease, all of which may be complications of the 
cancer treatment itself. Children undergoing treatment 
for cancer or HSCT are often severely immunocompro-
mised, and both exposure to PN and to the PICU sig-
nificantly increase the risk for bacteremia.34 Parenteral 
nutrition is also associated with cholestatic liver disease, 
which presents similarly to VOD, a complication result-
ing from high-dose chemotherapy. Minimizing exposure 
to PN while ensuring appropriate provision of nutrients 
generally requires an individualized approach to nutrition 
prescriptions, with frequent monitoring and adjustments 
for changes in clinical status. 

Protein
Critically ill patients often have high protein losses due to 
inflammation, cytokine production, and inadequate sub-
strate supply. Protein intake needed to minimize nitrogen 
loss and promote protein balance in children with can-
cer is unknown, and probably varies by age and clinical 
characteristics. Critically ill children are likely to require 
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care, obesity is often underrecognized and consequently 
overlooked as a comorbidity in children.2 An under-
standing of how obesity affects children and their care 
in the pediatric intensive care unit (PICU) is essential. 
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 ■ INTRODUCTION

One in 6 children in the United States is obese.1 While 
previous studies in adults have demonstrated obesity as 
an important comorbid condition that can complicate 
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 adipose tissue
 cardiovascular System

respiratory System
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 Insulin resistance
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 airway Management
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 Vascular access
Medication Dosing
Nursing care
Outcomes: Morbidity and Mortality of critically ill 

Obese children in the pediatric Intensive care 
Unit
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 Nutrition assessment
 Indirect calorimetry
 estimation of energy requirements
 protein requirements
 Nutrition Support
 high-protein hypocaloric Feeding

Weight Loss Interventions Following critical 
illness
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The chapter starts with obesity definitions and epide-
miology. Key physiologic changes seen in obesity that may 
affect the critically ill pediatric patient are reviewed. Comor-
bidities seen in obese patients are discussed, and a focused 
section on the challenges of caring for these patients in the 
PICU is included. The chapter ends with considerations for 
nutrition care for the critically ill obese pediatric patient.

 ■DefINITIONs 

Obesity is defined as excess body fat. Body mass index 
(BMI) is a readily available proxy for body fatness, based 
on body weight adjusted for height. The formula is weight 
in kilograms divided by the square of height in meters: 
BMI = weight (kg)/(height (m))2. Body mass index is not 
a direct measure of body fat, but it correlates strongly with 
percent body fat in adults; the correlation is somewhat less 
strong in children.3 

Because of the impact of growth and changing body 
composition in children, the Centers for Disease Control 
and Prevention (CDC) define obesity differently for adults 
and children. Obesity in adults is defined as a BMI greater 
than 30 kg/m2, whereas obesity in a patient 2 years to  
19 years is defined as a BMI at the 95th percentile or higher, 
adjusted for age and gender. Of note, there are older ado-
lescent patients where the 95th percentile BMI is greater 
than a BMI of 30 kg/m2, so obesity for the older adolescent 
is defined as a BMI at or above the 95th percentile or a BMI 
≥30 kg/m2, whichever is lower.3 Of particular relevance to 
the discussion in this chapter is the issue of severe obesity. 
Using the BMI cutoff of 95th percentile does not distin-
guish degree of severity, yet children with BMI Z-score 
3 and above have been shown to have strikingly greater 
risk for cardiovascular and metabolic comorbidities.4 The 
Expert Committee thus advocated for a category of “severe 
obesity” to designate children with BMI ≥99th percentile 
for age. For children under the age of 2, normative values 
for BMI have not been established. Weight-for-length val-
ues above the 95th percentile are used to define overweight 
in this age group; the term obesity is not used.3,5

 ■epIDemIOlOgy

In the United States, the prevalence of overweight for 
infants and toddlers from birth to 2 years of age is 9.7%.1 
The prevalence of obesity for children in the United States 
has increased dramatically in the past 40 years. However, 
the most recent study in the United States showed the 
overall prevalence of obesity in children and adolescents 

over the past decade has remained unchanged at 16.9%. 
Obesity has dispproportionately affected certain racial/
ethnic groups. In 2009-2010, 21.2% of Hispanic children 
and adolescents and 24.3% of non-Hispanic black children 
and adolescents were obese compared to 14% of non-
Hispanic white children and adolescents. National data 
are not reported for prevalence of BMI ≥99th percentile 
for age, but most recent U.S. data indicate a prevalence of 
12.3% for BMI ≥97th percentile for 2- to 19-year-olds.1

Trends of obesity worldwide mimic those in the United 
States. Developed countries have the highest prevalence 
rates of obesity, but developing countries are showing an 
increasing prevalence over time.6

The prevalence of obesity in hospitalized pediatric 
patients varies between 11% and 20%.2,7 In the PICU, 
the prevalence of obesity in patients requiring mechani-
cal ventilation is 13%.8 In the PICU at Children’s Hospi-
tal Colorado, data from 2010-2011 indicated the obesity 
prevalence was 13.7%, and severe obesity prevalence was 
4.2%. These numbers emphasize the importance of iden-
tifying obesity and understanding special considerations 
and needs of this patient population. 

 ■  physIOlOgIC ChaNges assOCIaTeD 
wITh ObesITy

Obesity affects a number of organ systems and physiology. 
These effects need to be understood when undertaking 
nutritional prescriptions in this group of patients.

adipose Tissue

In the obese pediatric patient, adipose tissue is a com-
plex, highly active metabolic and endocrine organ. It has 
effects on all parts of the body, either by pure mechani-
cal means or by signaling to other tissues and organs. 
The major factors released by the adipose tissue (see  
Table 21-1) give insight into how obesity may heighten the 
inflammatory response to illness, exacerbate metabolic 
control, affect cardiovascular response to illness, and 
make a patient susceptible to organ failure. 

Cardiovascular system

Obesity can affect the entire cardiovascular system. Car-
diac function, vascular tone, and endothelial function can 
all be altered by obesity, and these changes can affect the 
response of the cardiovascular system to critical illness. 

It was shown over 50 years ago that obese individuals 
have increased cardiac output and total blood volume.9 

21_Goday_Ch21.indd   270 18/07/14   5:56 PM

https://t.me/Medicalbooksstored



 NUtrItION IN the crItIcaLLY ILL OBeSe chILD         271

The amount of adipose tissue is increased in obese 
subjects, and an extensive capillary system is needed to 
support it. The body compensates by increasing stroke 
volume and cardiac output.10

Over a long period, obesity has hemodynamic reper-
cussions that ultimately lead to cardiac dysfunction. The 
Frank-Starling curve is shifted to the left secondary to 

increased left ventricular (LV) filling and stroke volume. 
Over time, the pressure and volume loads on the heart 
lead to dilation of the LV. As this wall stress continues, 
there is a resultant hypertrophy and associated LV dia-
stolic dysfunction.11 Hypertension is often associated with 
obesity and can add to the left-sided cardiac dysfunction. 
Other common comorbidities associated with obesity, 

f actor main r ole effects
c oncentration in 
o besity

physiologic 
c onsequences in 
o besity

Leptin Metabolic signal of 
energy sufficiency

•	 Satiety
•	 	↑ Inflammatory 

response
•	 ↑ hematopoiesis
•	 ↑ angiogenesis

Increased, but there is 
leptin resistance

•	 ↑ Inflammation
•	 	↑ red blood cell 

production
•	 	↑ Vessel formation 

in adipose tissue

adiponectin Insulin sensitivity •	 ↑ Insulin sensitivity
•	  anti-inflammatory 

effects

Decreased •	 Insulin resistance
•	 ↑ Inflammation

tumor necrosis factor -  
alpha 
(tNF-α)

pro-inflammatory 
cytokine

•	  activates 
transcription of 
nuclear factor-kappa 
B (NF-κB)

Increased •	 ↑ Inflammation
•	  endothelial 

dysfunction
•	 Insulin resistance

Interleukin 6 (IL-6) pro-inflammatory 
cytokine

•	 ↑ Inflammation
•	 Insulin resistance
•	  endothelial 

dysfunction

Increased •	 ↑ Inflammation
•	 Insulin resistance
•	  endothelial 

dysfunction

Interleukin 10 (IL-10) anti-inflammatory 
cytokine

•	  antagonistic cytokine 
to tNF-α and IL-6

•	  endothelial-protective 
properties

•	 Insulin sensitivity

Decreased •	 ↑ Inflammation
•	  endothelial 

dysfunction
•	 Insulin resistance

plasminogen activator 
inhibitor 1 (paI-1)

Inhibits fibrinolysis •	  Decreases break-
down of clots

•	 atherogenesis
•	 angiogenesis

Increased •	  risk of thrombus 
formation

•	  risk of 
atherosclerosis

•	 	↑ Vessel formation 
in the adipose 
tissue

angiotensinogen renal sodium and 
water homeostasis

•	 	↑ total body sodium 
and water

•	  Increased vascular 
tone

•	 angiogenesis

Increased •	 hypertension
•	 ↑ circulating volume
•	 	↑ Vessel formation 

in the adipose 
tissue

■  Table 21-1. biochemical and metabolic effects of o besity77-80
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places them at an even higher risk of respiratory failure 
in times of disease. This section will review the effects of 
obesity on the respiratory system. 

The most commonly reported effect of obesity on lung 
function is a reduction in functional residual capacity 
(FRC). There is an altered balance between inspiratory 
and expiratory forces due to the mass load of adipose 
tissue around the rib cage and in the abdominal cavity. 
It follows that the degree of reduction in FRC depends 
on where fat deposition occurs. Abdominal and thoracic 
fat will have more effect on FRC than fat distributed 
elsewhere. Although studies in children have had small 
sample sizes, the trend of these studies shows an inverse 
relationship between FRC and degree of obesity.14-16

Upper and lower airway resistance can be increased in 
obesity. Resistance is highly dependent on lung volume 
and is therefore affected by reduction in FRC. The other 
contributing factors are unclear, but may be related to 
increased airway inflammation and fat deposition in and 
around the airways.

Total respiratory compliance is reduced. The primary 
factor leading to decreased compliance relates to the chest 
wall. It is theorized that fat deposition around the chest, 
abdomen, and diaphragm decreases chest wall compli-
ance. Decreased lung compliance is likely multifactorial. 
Increased pulmonary blood flow, premature closure of 
dependent airways and resultant atelectasis, and increased 
alveolar surface tension due to reductions in FRC all con-
tribute to the overall reduction in lung compliance. 

With reduction in FRC, closing capacity can exceed 
FRC in obese patients. This leads to premature airway 
closure during normal tidal volume breaths and can alter 
ventilation. Compounding this alteration in physiology is 
the change in regional ventilation that occurs in obesity. 
In an upright normal-weight patient, the distribution of 
regional ventilation is greatest in the dependent lung zones 
and decreases as one approaches the nondependent areas 
of lung. In an obese individual, this ventilation scheme 
may be reversed, so the areas that are underventilated are 
receiving the most blood flow; therefore, obese individu-
als are at risk of ventilation-perfusion (V/Q) mismatch. 

Li and colleagues reported diminished diffusion capacity 
(DLco) in obese pediatric patients.15 They speculated that it 
may reflect lipid deposition and structural changes in the 
interstitium and in the alveoli as possible causes. The impact 
is altered gas exchange, but the degree to which is unclear. 

Obese patients have a higher basal oxygen consump-
tion, carbon dioxide production, and work of breathing.  

such as obstructive sleep apnea and pulmonary hyperten-
sion, also contribute to right-sided cardiac dysfunction. 

There are other theorized mechanisms linking obesity 
to cardiac dysfunction. There is the possibility that fat and 
lipid deposition around the organ can modify function 
by simple compression or by release of locally active mol-
ecules that incite inflammation and/or cardiac remodel-
ing. Lipid accumulation in myocardial cells may be toxic, 
leading to cell dysfunction or death. 

The summation of all of these changes places the obese 
patient at risk of heart failure. The patient often is asymp-
tomatic, and signs of failure on physical examination may 
be difficult to discern due to body habitus. With the stress 
of surgery or illness, obese patients with cardiac dysfunc-
tion may not tolerate the fluid loading often required in 
the PICU for resuscitation. Anticipation and early rec-
ognition are key. Brain natriuretic peptide (BNP) and 
N-terminal pro-brain natriuretic peptide (NT-proBNP) 
may be useful markers to assess cardiac dysfunction. An 
echocardiogram and consultation by a cardiologist may 
be helpful in the management of these patients.

The cardiac conduction system can be infiltrated with fat, 
inflammatory cells, and fibrosis. These changes could predis-
pose an obese patient to arrhythmias, and all obese patients 
should be monitored with telemetry while in the PICU.

Another aspect of the cardiovascular system affected 
by obesity is endothelial function. The vascular endo-
thelium is responsible for the production of factors. One 
important factor is nitric oxide (NO), and its actions 
include maintenance of vascular tone, regulation of vas-
cular permeability, inhibition of platelet adhesion and 
aggregation, and prevention of smooth muscle cell pro-
liferation.12 Nitric oxide production and degradation are 
influenced by obesity and common comorbidities asso-
ciated with obesity. The decreased availability of NO in 
obesity leads to an imbalance between relaxation and con-
traction and ultimately endothelial dysfunction.12,13

Endothelial dysfunction is present at baseline for 
the obese patient. In the setting of critical illness, these 
patients may have further alterations in their vascular 
reactivity and endothelial function. Thus, if an obese pedi-
atric patient is not responding to cardiovascular support 
as predicted, measurement of cardiac output and vascular 
resistances may be necessary. 

Respiratory system

Obesity promotes a multitude of adverse effects on the 
respiratory system when people are relatively well, and 
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the primary disease process, or may increase the risk for 
certain complications. 

hypertension

Obesity in childhood and adolescence is associated 
with hypertension. Thirty-seven percent of hypertensive 
children are overweight or obese. Obese children and ado-
lescents are 2.5 to 3.7 times more likely to have hyperten-
sion than a nonobese counterpart.13

Blood pressure is a product of cardiac output and sys-
temic vascular resistance. Factors leading to hypertension 
include the direct effects of obesity on cardiac output and 
other theorized mechanisms that increase vascular resis-
tance in obesity: endothelial dysfunction, chronic activa-
tion of the sympathetic nervous sytem, insulin resistance, 
chronic inflammation, activation of the renin angiotensin 
system by adipose tissue, physical compression of the kid-
neys by adipose tissue, and sleep apnea.17,18

In the PICU, these patients may need administration of 
antihypertensive agents. More importantly, hypertension 
in an obese patient may be a marker of endothelial and 
vascular dysfunction. If there are issues with the cardio-
vascular system and oxygen delivery, echocardiogram and 
invasive hemodynamic monitoring may be useful in the 
management of the patient.

sleep-Disordered breathing

During normal sleep, airway tone decreases, but pharyn-
geal dilator activity maintains airway patency. All indi-
viduals have occasional pauses during sleep, but airflow 
is not limited. Sleep-disordered breathing is a spectrum 
of diseases where partial or complete cessation of airflow 
occurs multiple times during the night. A proper diagno-
sis requires evaluation through polysomnography.

There is a strong association between obesity and 
obstructive sleep apnea (OSA). The mechanisms for 
increased risk of OSA in obese children are multiple. Air-
way obstruction from adenotonsillar hypertrophy is com-
mon in obese children, and this limits the size of the upper 
airway. It is not the only factor causing OSA, however, 
since an adenotonsillectomy only resolves OSA in 50% 
of cases. Measurements of airway flow in obese children 
during sleep have shown they have a positive critical clos-
ing pressure of the pharynx, which causes airway collapse 
with mild negative inspiratory pressure.19,20

The obese patient may be more prone to desaturations 
with obstruction. As discussed previously, obese individ-
uals have decreased chest wall compliance, reduction in 

They try to maintain eucapnia with a higher level of 
minute ventilation through rapid, shallow breathing as 
the respiratory muscles must work against a noncompliant 
chest. A disproportionate amount of oxygen consumption 
is dedicated to respiratory work when an obese individual 
is well. In disease states, this work of breathing and other 
mentioned alterations in pulmonary physiology predis-
pose these patients to respiratory failure when faced with 
mild pulmonary or systemic insults.

 ■COmORbIDITIes Of ObesITy 

Obesity is associated with a number of comorbidities  
(see Table 21-2). A comorbidity may be the primary 
reason for admission to the PICU, may indirectly affect 

system c omorbidity

cardiovascular •	 atherosclerosis
•	 hypertension
•	  Left ventricular dilation +/- 

hypertrophy

respiratory •	 Obstructive sleep apnea
•	 pulmonary hypertension
•	 asthma

hematologic •	 Venous stasis
•	 Venous thrombosis

Metabolic/
endocrine

•	  type 2 diabetes/insulin 
resistance

•	 Metabolic syndrome
•	 Dyslipidemia
•	  polycystic ovary syndrome

Gastrointestinal •	  Nonalcoholic fatty liver disease
•	 Gastroesophageal reflux
•	 Gallbladder disease
•	 pancreatitis

renal •	 Glomerulopathy

Neurologic •	  Idiopathic intracranial  
hypertension

Orthopedic •	  Slipped capital femoral epiphysis
•	  tibia vara (Blount disease)

psychosocial •	 Depression

■  Table 21-2. c omorbidities a ssociated with  
c hildhood o besity81
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those patients admitted to the PICU, the severity of an 
asthma exacerbation does not appear to be worse in 
the obese pediatric patient compared to the nonobese 
patient. However, obese patients admitted to the ICU for 
severe exacerbations have longer hospital length of stays, 
even after controlling for asthma severity on admission 
and at baseline.23 The reason for longer hospitalizations 
likely relates to baseline physiologic alterations and other 
comorbidities associated with obesity. 

Thromboembolic Disease

Thromboembolic disease is an underrecognized condition 
in pediatrics, which has a high incidence of associated 
morbidity and mortality. The underlying mechanisms 
linking obesity and thrombosis have not been fully elu-
cidated and are likely multifactorial. Altered blood flow 
based on fat distribution, oxidative stress, adipokines that 
lead to a prothrombotic state, chronic inflammation, and 
endothelial dysfunction likely all play roles.

The association between adult obesity and cerebrovas-
cular disease has been characterized. In the pediatric pop-
ulation, the prevalence of having a BMI ≥85th percentile 
was associated with cerebral sinovenous thrombosis but 
not with arterial ischemic stroke.24

Based on a national administrative database of hospi-
talized pediatric patients aged 1 to 17 years, the prevalence 
of deep vein thrombosis (DVT) was 2.4 cases per 1,000 
discharges. Obesity was significantly associated with DVT. 
An obese patient had a prevalence twice that of a non-
obese counterpart.25

In the critical care setting, there are many factors that 
increase the risk of clinically significant thrombosis. Reiter 
and colleagues developed a risk assessment tool for the 
PICU patient. Twelve equally weighted factors, including 
obesity, were incorporated into the risk assessment. While 
1 risk factor inferred little risk of symptomatic thrombus, 
2 to 5 risk factors inferred moderate risk, and more than 
6 risk factors inferred high risk. Pharmacologic DVT 
prophylaxis should be considered in an obese patient if 
additional factors such as presence of a central venous 
catheter, immobility for >72 hours, infection (defined as 
bacteremia, meningitis, pneumonia, or other infection 
associated with hemodynamic compromise), orthopedic 
surgery, major trauma with an Injury Severity Score above 
15, malignancy, exogenous estrogen use, burns >30% 
body surface area, acquired or inherited thrombophilia, 
age <1 year or older than 14 years, or hypercoagulable 
state are also present.26

FRC, and V/Q mismatch, which places them at baseline 
at a higher risk of hypoxemia. Many of these patients may 
utilize noninvasive ventilation (e.g., continuous positive 
airway pressure/bilevel positive airway pressure) as a 
baseline therapy at night. In the PICU, noninvasive venti-
lation may serve as a means of respiratory support during 
acute illness, postoperatively or immediately after extuba-
tion for patients with OSA. 

Obesity hypoventilation syndrome (OHS) is a triad of 
obesity, daytime hypoventilation, and sleep-disordered 
breathing without an alternative neuromuscular, meta-
bolic, or mechanical cause of hypoventilation. It is distinct 
from obesity and OSA in that these individuals have day-
time hypercapnia. Impaired respiratory mechanics from 
obesity, altered central respiratory drive possibly due to 
central leptin resistance, and impaired metabolic abil-
ity to compensate for hypercapnia are proposed mecha-
nisms leading to the ventilation derangements in this 
syndrome.21

pulmonary hypertension

A multitude of factors contribute to this pathologic state. 
Obstructive sleep apnea leads to repetitive nocturnal 
episodes of hypoxemia, hypercapnia, acidosis, increased 
sympathetic tone, and wide variations in intrathoracic 
pressure, which lead to pulmonary vasocontriction and 
arteriolar remodeling. The cardiomyopathy associated 
with obesity causes chronically elevated LV filling pres-
sures, and these pressures are transmitted to the pulmo-
nary venous system. Other obesity-related factors that 
likely add to the risk of pulmonary hypertension include 
inflammation, endothelial dysfunction, oxidative stress, 
and increased risk of thromboembolic disease.22

Clinically in the PICU, measurement of cardiac mark-
ers for heart failure, such as BNP and NT-proBNP, and 
echocardiography may be helpful in the diagnosis. Ulti-
mately, if the diagnosis of pulmonary hypertension is 
unclear, cardiac catheterization may be necessary to 
determine its severity, rule out pulmonary vein obstruc-
tion, and assess vascular bed reactivity to different inter-
ventions and medications.

asthma

The link between asthma and obesity is controversial. 
Studies involving children have been mixed on the associ-
ation between asthma and obesity. Some clinicians believe 
obese children and adolescents have chronic inflamma-
tion that increases their risk of developing asthma. For 
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 ■speCIal ChalleNges aND 
CONsIDeRaTIONs IN CaRINg fOR 
The Obese paTIeNT IN The peDIaTRIC 
INTeNsIve CaRe UNIT 

Despite the increase in obesity rates in children over the 
past 30 years, hospitals often are not prepared to care for 
obese pediatric patients. In 2006, a survey was performed 
by Porter and colleagues to assess whether free-standing 
children’s hospitals had appropriate equipment, trained 
staff, a clinical protocol, and a system for resuscitation of 
obese pediatric patients. Of the 28 hospitals that responded, 
7 hospitals with bariatric programs were prepared for 
the care of the obese patient. Twenty-one hospitals that 
responded did not have a bariatric program, and less than 
20% of these hospitals had readily available equipment and 
trained staff for the obese pediatric patient.32 

At Children’s Hospital Colorado, a multidisciplinary 
group formed a Pediatric Obesity Care Guideline for the 
patient admitted to the hospital (Figure 21.1). The goals 
of the guideline were to facilitate the implementation of 
evidence-based care and ultimately improve outcomes. 
The guideline addresses many of the challenges associ-
ated with the care of the obese pediatric patient. Of those 
challenges, airway management, medication dosing and 
pharmacology, equipment, and nursing care will be high-
lighted in this section. 

airway management

Obese pediatric patients have altered respiratory physiol-
ogy and associated comorbidities, which make them more 
prone to issues related to intubation. In the controlled 
setting of the operating room, obese pediatric patients 
have an increased risk of desaturation, multiple attempts 
at laryngoscopy, difficult mask ventilation, and airway 
obstruction.33 

The care team must be prepared for airway difficulties. 
A good history evaluating for sleep-disordered breath-
ing, pulmonary hypertension, and previous intubation 
difficulties is essential. A thorough physical examination 
that includes the Mallampati score and neck mobility 
should be performed. To reduce the risk of hypoxemia, 
preoxygenation with 100% oxygen for at least 3 minutes 
is suggested. Reverse Trendelenburg positioning with the 
head of the bed elevated 25 degrees can make bag-mask 
ventilation easier by lowering abdominal pressure on the 
diaphragm. An oral airway should be available in case of 
difficult mask ventilation. Difficult mask ventilation can 

Insulin Resistance

Glucose concentration is kept under tight control nor-
mally and represents a balance between insulin secretion 
and insulin sensitivity. Initially when a patient develops 
peripheral insulin resistance, there is a compensatory 
increase in insulin production. Glucose concentration 
remains normal. Failure of this response ultimately leads 
to glucose intolerance and type 2 diabetes. 

Insulin resistance is commonly seen in obese patients, 
and it is likely the composite result of multiple adipo-
kines. Acute illness or stress further disrupts glucose 
homeostasis, and hyperglycemia develops. Hypergly-
cemia itself has pro-inflammatory and pro-thrombotic 
effects, and it can lead to increased oxidative stress and 
decreased immune response. Insulin appears to counter 
these effects, and there is more interest in the pediat-
ric population for tighter glucose control during criti-
cal illness. Due to insulin resistance, these patients may 
require higher insulin infusion rates to optimize glucose 
control. Two studies on critically ill children post-cardiac 
surgery have not shown any benefit to intensive glucose 
control.27,28 Another study showed that tight glucose con-
trol significantly decreased morbidity.29 Based on these 
studies, tight glucose control should be considered in 
patients with significant burns and avoided in patients 
post-cardiac surgery. The role of tight glucose control in 
other critically ill children is less clear.

Hyperglycemic hyperosmolar syndrome (HHS) is not 
a common comorbidity, but it is of particular interest in 
the critical care setting. It has a high morbidity and mor-
tality rate and represents a medical emergency. Hyper-
glycemic hyperosmolar syndrome is characterized by 
elevations in serum glucose and hyperosmolality without 
significant ketosis. Complications of HHS include hypo-
volemic shock, thromboembolic events, cerebral edema, 
rhabdomyolysis, cardiac rhythm disturbances, multiorgan 
failure, and death. 

Unlike diabetic ketoacidosis (DKA), the principle 
objective of early management of HHS is aggressive res-
toration of circulatory volume. Hypotonic fluids should 
be administered in order to gradually decrease serum 
sodium by 0.5 mEq/L per hour. Insulin therapy may not 
be necessary. Early insulin treatment and lack of recog-
nition of HHS may be associated with increased risk of 
death.30 Electrolyte imbalances should be corrected. Of 
note, some patients have a mixture of HHS and DKA. The 
goal of treatment is restoration of circulating volume and 
close observation for complications of both entities.31
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Overweight

BMI greater than or equal to
85 percentile to 94 percentile
for age and gender

Obese

BMI 95 percentile to
98 percentile for age and
gender

Staff training/education
   Mobility
   Transfers: Never lift alone
   Preserve dignity and privacy
   Stigma/bias

Day surgery/Dental clinic

   Evaluate for specialized
   equipment need
   Evaluate for comorbidities
   and special evaluations prior
   to surgery
   Informed consent: understand
   risk of this patient population
   and educate parents
   Consider plan for longer
   post op observation period
   Communicate with nursing
   supervisor (see equipment) 

Staff training/education
   Mobility
   Transfers: Never lift alone
   Preserve dignity and privacy
   Stigma/bias

Evaluation for comorbidities:
ROS includes:
   Sleep
   Symptoms of hyperglycemia
   Skin (wounds/furuncles/rashes
   between folds)
   CHF

Diagnostic studies (as needed):

(For patients 10 years old or greater)
Lipids, HgbA1c, ALT
Other tests as needed or refer to PCP:
CXR, EKG, echo, sleep study

Other orders:
   Healthy diet
   Nutrition consult (by MD or dietician) – automatic
   RD for BMI greater than or equal to 99%
   Additional consults as needed: Cardiology, pulmonary,
   endocrinology, GI, anesthesia, PT, education, childlife

Follow-up:
   Inpatient or outpatient eval/diagnostic tests
   PCP noti�ed in discharge plan of overweight status and
   health issues
   Referral to weight management program
   Weight management nurse coordinator

Assessments:
   Neurological: Headaches – visualize optic discs
   Abdomen: Difficult to assess due to pannus size,
   consider continual girth measurements
   Respiratory: Consider placement of pulse oximetry
   (earlobe); ABGs more reliable; HOB elevated; and size
   may compromise chest expansion
   Cardiovascular: DVT; edema; heart sounds: left
   lateral chest wall, patient turned to left side; aortic or
   pulmonic at 2nd intercostal space; BP: cuff must be
   accurate size/placement
   Pain: Threshold may be higher, always consider pain
   medication used (lipophilic)
   IV/blood draws: Difficult to establish; IV route of
   medication preferred; IM with inner needle

Severely Obese∗∗
BMI greater than or equal to:
   99 percentile for age and gender or
   40 kg/m2

   Or weight greater than or equal to 136 kg
∗∗Nutrition high risk

ROS negative
for

comorbidities

ROS negative
for

comorbidities

Minimal evaluation for
comorbidities:

Review of systems (ROS) includes:

   Sleep
   Symptoms of hyperglycemia

Common comorbidities:
   Hypercholesterolemia/
   dyslipidemia
   Hypertension
   Obstructive sleep apnea (OSA)
   Psychological impairments
   Orthopedic issues
   Skin breakdown/infection
Less common comorbidities:

  Venous stasis
   Polycystic ovarian syndrome
   (PCOS)
   Non-alcoholic fatty liver disease
   Gallbladder disease
   Pancreatitis
   Pseudotumor cerebri
   Type 2 diabetes/insulin
   resistance
   Hypertrophic cardiomyopathy/
   right ventricular hypertrophy/
   left ventricular hypertrophy/
   Pulmonary HTN

Follow-up:
   PCP noti�ed
   in discharge
   plan of
   overweight
   status 

Follow-up:
   Inpatient or out patient
   eval/diagnostic tests
   PCP noti�ed in
   discharge plan of
   overweight status and
   health issues
   Weight management
   nurse coordinator

Equipment:
Evaluate for specialized equipment based on:
   Weight
   Width
   Reason for admission (e.g., pulmonary)
   If greater than house equipment/weight/width limits:
   Transferring unit noti�es nursing supervisor of
   obese status
   ADA room
   Evaluate for ordering specialized equipment
   Bariatric supply cart (Central Supply)

   Temperament
   Mobility

ROS positive
for

comorbidities

ROS positive
for

comorbidities

fIgURe 21-1. Obesity care algorithm.
reproduced with permisison from porter, r.M., thrasher J., Krebs, N.F: pediatric Obesity clinical care Guideline. children’s hospital  
colorado, 2012
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focus predominatly on adult and animal data. As such, 
their conclusions may not be applicable to the pediatric 
patient because changes in fat and fat-free mass occur dur-
ing periods of growth and development. Many elements 
of drug disposition are affected by obesity, including drug 
distribution, metabolism, and clearance. The physiochem-
ical properties of the medication also play a role in how 
it is metabolized in an obese patient. Consultation with 
a pediatric pharmacist is recommended because of the 
numerous factors that affect safe and effective medication 
dosing in the obese patient. 

Most researchers agree that obese children have an 
excess in whole-body fat mass and lean mass, but the 
increase in fat mass is substantially higher than in lean 
mass. Consequently, loading doses of many medications 
will need adjustment. It has been suggested that loading 
doses of hydrophilic medications in obese children should 
be based on ideal body weight (see the “Nutrition Assess-
ment” section) or lean body mass. Partially hydrophilic 
medications should be based on a percentage of total body 
weight, and lipophilic medications should be based sim-
ply on total body weight. Since maintenance doses rely 
more on intrinsic metabolic capacity of the liver and kid-
ney, lean body mass is considered the best scalar to use. 
Regardless of the weight used, it is important to remember 
that adult maximum doses should not be exceeded. 

Obesity results in physiologic changes, such as 
increased total blood volume, increased cardiac output, 
alterations in regional blood flow, potential decrease in 
renal and/or hepatic function, and associated comorbidi-
ties. All of these changes can alter the metabolism and 
elimination of a medication. Each medication needs to be 
evaluated for an adjustment in dosing frequency based on 
available information, such as creatinine clearance. 

An area of controversy revolves around resuscitation 
medications.40,41 Highly water-soluble medications with 
small volumes of distribution, such as epinephrine, may 
lead to potentially toxic concentrations if based on actual 
body weight. Conversely, lipid-soluble medications with 
larger volumes of distribution, such as amiodarone, could 
lead to suboptimal concentrations if based on actual body 
weight. Currently, it is unclear what dosing scalar should 
be used in resuscitation efforts. 

Vasopressors are frequently associated with adverse 
drug events and are considered high-alert drugs by the 
Institute of Safe Medication Practices. While few data 
are available to select an appropriate dosing scalar, the 
use of ideal body weight for all weight-based dosing 

lead to gastric distention, and placement of a nasogastric 
tube to decompress the stomach will help with functional 
residual capacity and ventilation. A laryngeal mask airway 
should also be available in case of a difficult intubation. Of 
note, there are no studies evaluating these interventions 
on outcomes in the pediatric population, and these are 
expert opinions.34,35 The risk of aspiration is not increased 
in obese children compared to their lean counterparts, so 
rapid sequence induction is not standard of care for the 
obese patient.36

mechanical ventilation

The altered physiology of the respiratory system has been 
reviewed. A multitude of factors can affect weaning from 
mechanical ventilation, including decreased functional 
residual capacity, increased chest wall loading, increased 
airway resistance, and reduced pulmonary compliance. 
Transition to noninvasive ventilation after extubation 
has been shown to reduce the postextubation respiratory 
failure in obese adults.37 In addition, positioning may be 
important for respiratory mechanics in the obese patient. 
The abdominal compartment in obese patients may 
mechanically load the diaphragm and increase work of 
breathing. Reverse Trendelenburg positioning decreases 
the load on the diaphragm, and in adults has shown 
increased tidal volumes and work of breathing.38 It should 
be considered if having difficulties ventilating a patient 
and during the weaning and periextubation periods.

vascular access 

Peripheral venous access is more difficult to obtain in 
obese compared to nonobese children.39 It is difficult to 
visualize and to palpate veins under the thicker layer of 
adipose tissue in obese patients. Similar studies have not 
been performed evaluating central venous access in obese 
versus nonobese children. However, one would assume 
there would be similar difficulties with central access. The 
use of ultrasound for both peripheral vascular and central 
vascular catheter placement should be considered if there 
are difficulties. Another consideration is needle length for 
vascular access. In some obese patients, standard needles 
may be too short to clear excessive adipose tissue, and 
longer needles may be required. 

medication Dosing

Although there have been a number of articles reviewing 
the influence of obesity on drug disposition, these reviews 
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increased duration of mechanical ventilation. Obesity influ-
ences all of the organ systems and may alter the expected 
physiologic response to injury and illness, which theoreti-
cally complicates care and lengthens stays in the ICU. 

In pediatrics, the studies evaluating obesity and risk 
of morbidity and mortality are mixed.8, 40, 44-46 Srinivasan 
and colleagues looked at survival after in-hospital pedi-
atric arrest. Obesity was present in 17% of patients and 
was associated with a decreased rate of survival to hospital 
discharge. Theorized reasons for poor outcomes include 
technical difficulties of cardiopulmonary resuscitation, 
dosing scalar used for resuscitation medications, and defi-
brillation dosing in obese patients.40 In a study evaluating 
mechanically ventilated pediatric patients, no difference 
in morbidity or mortality was noted between obese and 
nonobese counterparts,8 whereas in another study based 
in the PICU, an increased risk of mortality was associated 
with obesity.44 There is heterogeneity among the studies, 
which explains the varied results. A systematic review 
concluded that childhood obesity may be a risk factor for 
higher mortality in hospitalized children with critical ill-
ness, oncologic diagnoses, or transplants.46 Larger studies 
to systematically study the effects of obesity on morbidity 
and mortality in the pediatric population are desirable. It 
seems likely that duration of mechanical ventilation and 
PICU length of stay would be longer in the severely obese 
patient population. In addition, the severely obese pedi-
atric patient may have a higher mortality, although data 
demonstrating this are currently lacking.

 ■ NUTRITION fOR The hOspITalIzeD 
CRITICally Ill Obese ChIlD

Careful assessment of baseline nutritional status, accurate 
estimation of macronutrient requirements, and selection 
of the appropriate route for delivery are important aspects 
of nutritional therapy in the obese child.

Nutrition assessment

As with all critically ill children, screening for obesity on 
admission will help identify those at high nutrition risk 
requiring detailed nutrition assessment.47 Children with 
obesity plus an associated comorbid condition, and those 
with severe obesity, are considered at high nutrition risk.48 
In addition, critically ill children with obesity who require 
mechanical ventilation, and those with prolonged inade-
quate oral intake or significant weight loss are also at high 
nutrition risk. 

strategies is suggested for inotropes (with the exception 
of milrinone) because these may be associated with severe 
adverse effects when actual body weight is used in heavier 
patients. Since these agents are rapidly titrated to clini-
cal response, starting at lower doses based on ideal body 
weight appears prudent.

Nursing Care

Safety of the patient and of the bedside nurse is an impor-
tant consideration when dealing with an obese pediat-
ric patient. Weight-appropriate equipment needs to be 
ordered; protocols for vendors and ordering procedures 
should be readily accessible by nursing staff. Blood pres-
sure cuffs need to fit appropriately. Children’s Hospital 
Colorado has developed a bariatric supply cart that con-
tains special sized equipment, such as longer intravenous 
catheters, laryngeal mask airways for patients that weigh 
greater than 50 kg, and extra-large sequential compres-
sion devices.32 Extra staff to help with patient transfers 
and patient care may be necessary for the safety of the 
bedside nurse.

As previously discussed, obese pediatric patients have 
at least 1 risk factor for development of a DVT. As long 
as there are no contraindications, there should be consid-
eration for sequential compression devices and possible 
implementation of prophylactic anticoagulation if the 
patient has additional risk factors for thrombus formation. 

Athough good data are available in adults on the asso-
ciation between pressure ulcer formation and obesity, 
information is very limited in the pediatric population. 
In a pediatric trauma study, an increased risk of pressure 
ulcer formation was noted in obese patients.42 Routine 
skin care and assessments, regular and frequent reposi-
tioning, and consultation with trained professionals to 
select appropriate pressure reduction devices are strategies 
aimed at prevention of pressure ulcers. Adequate nutrition 
is also an important aspect of pressure ulcer prevention. If 
a patient develops a pressure ulcer, early identification and 
treatment by trained personnel improve outcomes.

Outcomes: morbidity and mortality of Critically 
ill Obese Children in the pediatric Intensive 
Care Unit

In the adult literature, obesity is not a risk factor for mor-
tality; however, obesity is associated with longer duration 
of mechanical ventilation and prolonged ICU stays.43 
The mechanical and physiologic impact of obesity on the 
respiratory system yields a plausible explanation for the 
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must guide energy prescriptions for obese children to 
avoid unintended energy imbalance.

estimation of energy Requirements

When IC is not available or feasible, energy require-
ments are typically estimated. Children with obesity 
have higher fat-free mass as well as fat mass, which pro-
duce variable effects on metabolic rate.57 Standard equa-
tions derived from IC measurements in predominantly 
normal-weight children may overestimate or underesti-
mate the caloric needs of the obese child.57-60 However, 
equations developed from measurements in obese chil-
dren that account for age, sex, and body composition 
are also not accurate compared to IC.58-63 In addition, 
no predictive equation has been evaluated in critically 
ill children with obesity. Due to a lack of evidence, none 
of the available methods to estimate energy expenditure 
can be recommended for obese children during critical 
illness. However, in clinical practice, 2 or more predic-
tive equations could be compared to help identify an 
initial calorie target (see Table 21-3), while providing 
adequate protein and monitoring the patient’s response 
to nutrition support.

protein Requirements

The suggested protein intake for critically ill children is 
1.5 to 2 g/kg, but requirements for those with obesity are 
unknown.55 For critically ill obese adults, expert guidelines 
recommend protein intake of >2 to 2.5 g/kg using IBW 
while monitoring nitrogen balance, C-reactive protein, 
and wound healing.49 This may be an appropriate approach 
for critically ill children with obesity, but requires further 
investigation in this population (see Table 21-4).

Nutrition support

Without nutrition support, the critically ill obese patient is at 
risk for increased loss of lean body mass due to insulin resis-
tance and poor fuel utilization.49 Early enteral nutrition posi-
tively affects outcomes and is the standard of care for patients 
with critical illness, regardless of preadmission nutritional 
status.49,55 Parenteral nutrition may be required in children 
who are intolerant to or unable to receive enteral nutrition. 
An approach to nutrition support therapy that avoids com-
plications associated with underfeeding or overfeeding, 
such as refeeding syndrome and hyperglycemia, is recom-
mended for hospitalized children with obesity.47 Critically ill 
obese children should receive a complete multivitamin, with 

Nutrition assessment includes evaluation of weight, 
height, and BMI; recent and usual dietary intake and 
physical activity; serum levels of glucose, triglycerides, 
C-reactive protein, and liver function tests; obesity-related 
comorbidities; and estimated energy and protein require-
ments.49 Weight, height, and BMI are assessed using the 
CDC 2000 growth charts.50 No standard exists to iden-
tify ideal body weight (IBW) in children; however, it is 
commonly calculated from the current height in meters 
squared multiplied by the BMI at the 50th percentile for 
age.51 Waist circumference and body composition are 
rarely assessed in the PICU, due to logistics and inaccu-
racies caused by abdominal distention and fluid imbal-
ance. Typical methods to evaluate dietary intake such 
as 24-hour recall, food frequency, and food records are 
also impractical in the critical care setting. A qualita-
tive or semiquantitative assessment, including questions 
about frequency of meals and snacks; portion sizes; and 
consumption of fruits, vegetables, sweetened beverages, 
and fast food can more quickly reveal useful informa-
tion.52 Children with obesity often consume foods with 
low nutrient density and are at risk for selected vitamin 
and mineral deficiencies. These should be considered in 
relation to dietary assessment and disease condition, as 
well as laboratory assessments, and supplementation ini-
tiated as indicated. Micronutrient deficiencies that are 
commonly seen in obese children include vitamin D and 
iron; thiamine and folate are commonly low after bariat-
ric surgery.53,54 With inflammation, serum iron, selenium, 
zinc, and vitamins A and C are depressed, while ferritin, 
ceruloplasmin, and copper are increased; therefore, status 
is more reliably assessed after resolution of the acute stress 
response.

Indirect Calorimetry

Caloric demands of critically ill obese children are elu-
sive, and measurement of energy expenditure with indi-
rect calorimetry (IC) is the only method to accurately 
assess requirements.47,55 Indirect calorimetry deter-
mines 24-hour resting energy expenditure with a 10- to 
20-minute measurement of oxygen consumption and car-
bon dioxide production. Inspired and expired gases can 
be analyzed during spontaneous breathing or mechanical 
ventilation. Indirect calorimetry measurements are not 
accurate during mechanical ventilation when the fraction 
of inspired oxygen is >60%; with air leaks from endotra-
cheal or chest tubes; or with changes in ventilation, energy 
delivery, or sedation.56 Where feasible, IC measurements 
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equation population studied suggestions1

Schofield82 
Males, 3-10 years: (19.59 × Wt) + (1.303 × ht  
in cm) + 414.9
Females, 3-10 years: (16.96 × Wt) + (1.618 × ht  
in cm) + 371.2
Males, 10-18 years: (16.25 × Wt) + (1.372 × ht  
in cm) + 515.5
Females, 10-18 years: (8.365 × Wt) + (4.65 × ht  
in cm) + 200.0

children and adolescents 
predominantly  
with normal weight  
status

May be used for obese children and 
adolescents, but may underestimate 
or overestimate requirements

World health Organization83

Males, 3-10 years: (22.7 × Wt) + 495
Females, 3-10 years: (22.5 × Wt) + 499
Males, 10-18 years: (17.5 × Wt) + 651
Females, 10-18 years: (12.2 × Wt) + 746

children and adolescents 
predominantly  
with normal weight  
status

May be used for obese children and 
adolescents, but may underestimate 
or overestimate requirements

Maffeis63

Males: [1287 + (28.6 × Wt) + (23.6 × ht in cm) −  
69.1 × age)] × 0.239
Females: [1552 + (35.8 × Wt) + (15.6 × ht in cm) −  
36.3 × age)] × 0.239

children 6-10 years with  
obesity and normal  
weight status

May underestimate energy require-
ments in obese children
Limited age range studied

McDuffie59

Males, anthropometric parameters: [(0.037 x Wt) −  
(4.67 × 1 ÷ ht in cm2) − (0.159 × race) + 6.792] × 
239
Females, anthropometric parameters:  
[(0.046 × Wt) − (4.492 × 1 ÷ ht in cm2) − (0.151 ×  
race) + 5.841] × 239
Males, body composition: [(0.078 × FFM) +  
(0.026 × FM) − (2.646 × 1 ÷ ht in cm2) − (0.244 ×  
race) + 4.8] × 239
Females, body composition: [(0.101 × FFM) + 
(0.025 × FM) + (0.293 × ht in cm3) − (0.185 × 
race) + 1.643] × 239

Black and white children 
6-11 years with obesity and 
normal weight status; body 
composition by DeXa

May overestimate energy require-
ments in obese children
Limited age range studied

Molnar62

Males: [(50.9 × Wt) + (25.3 × ht in cm) −  
(50.3 × age) + 26.9] × 0.239
Females: [(51.2 × Wt) + (24.5 × ht in cm) − (207.5 
× age) + 1629.8] × 0.239

children and adolescents 
10-16 years with obesity 
and normal weight status

Improved accuracy compared to 
other equations
Limited age range studied

Derumeaux-Burel58

Body composition: [(0.1371 × FFM) − (0.1644 ×  
age) + 3.3647] × 239

children and adolescents 
3-18 years with obesity; 
body composition by BIa

requires BIa

tverskaya60

Body composition: 775 + (28.4 × FFM) −  
(37 × age) + (3.3 × FM) + (82 × Sex)

children and adoles -
cents 3-18 years  
with obesity; body  
composition by DeXa

requires DeXa

■  Table 21-3. c alculation of r esting energy expenditure in c hildren (kcal/d)
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weight loss in a morbidly obese child and a young adult with 
Prader-Willi syndrome and acute respiratory failure treated 
with very low-calorie diets.67,68 However, due to a lack of 
evidence of benefit and at least theoretical risk of harm, 
hypocaloric nutrition therapy is not recommended for criti-
cally ill obese children.47,55 Although patients are at risk for 
complications from overfeeding, clinical practices resulting 
in unintentional underfeeding are prevalent. In an interna-
tional, multicenter study of PICU nutrition practices, mean 
daily intake from enteral nutrition compared to goal was 
38% for calories and 43% for protein.69 A strategy that tar-
gets hypocaloric feeding for the critically ill obese child may 
increase the risk of adverse outcomes from underfeeding, 
particularly when the effects are compounded by delayed 
initiation and frequent interruptions in nutrition support.

weight loss Interventions following  
Critical illness

Although no studies have evaluated weight loss interven-
tions in the PICU, some children with severe obesity or 
associated comorbid conditions may benefit from aggres-
sive weight reduction following recovery from critical 
illness (see the following section). Behavior change and 
physical activity are key components to long-term suc-
cessful weight loss; however, only dietary strategies and 
bariatric surgery will be discussed here in the context of 
severe obesity with comorbid conditions.

Dietary Interventions
Several dietary strategies have been researched in chil-
dren and adolescents with obesity, including macronutri-
ent modification and restriction of energy intake. In an 
investigation of the so-called “protein-sparing modified 
fast” (PSMF) diet conducted in a metabolic unit, obese 

children 2-18 years 1.5 to 2 g/kg/d

adults 1.2 to 2 g/kg/d

adults with obesity 2 to 2.5 g/kg/d using ideal body 
weight

■  Table 21-4. protein r equirements in c ritical 
illness49,55

additional vitamin D and other micronutrients if deficien-
cies are anticipated or identified. Enteral iron absorption is 
inhibited by hepatic production of hepcidin during inflam-
mation, and research is needed to study the effects of iron 
supplementation on oxidant stress and infection in critical 
pediatric illness.64 Meanwhile, empiric iron supplementation 
should be avoided, and delaying iron supplementation until 
acute phase of illness has subsided is prudent. 

high-protein hypocaloric feeding

Providing calories at 60% to 70% of measured or predicted 
energy expenditure with protein at >2 to 2.5 g/kg using 
IBW is recommended for critically ill adults with obesity to 
avoid complications from overfeeding and to improve out-
comes.49 In a retrospective study of critically ill obese adults 
receiving enteral nutrition, those on hypocaloric, high- 
protein feedings experienced significantly shorter dura-
tion of antibiotic therapy and days in the ICU compared 
to patients on a eucaloric, high-protein regimen.65 Positive 
nitrogen balance or equilibrium was also achieved with 
hypocaloric enteral and/or parenteral nutrition in approxi-
mately half of critically ill obese adults with multiple trau-
matic injuries prospectively evaluated.66 Case reports have 
described improved pulmonary function following rapid 

equation population studied suggestions1

Lazzer61

anthropometric parameters: [(892.68 × Sex) − 
(115.93 × age) + (54.96 × Wt) + (1816.23 × ht 
in m) + 1484.50] × 0.239
Body composition: [(909.12 × Sex) − (107.48 ×  
age) + (68.39 × FFM) + (55.19 × FM) + 
3631.23] × 0.239

caucasian children and  
adolescents 7-18 years  
with obesity; body com-
position by BIa

Improved accuracy compared to other 
equations
children 6 years and younger not studied

■  Table 21-3. (Continued)

1Based on clinical experience.
age, years; BIa, bioelectrical impedance analysis; DeXa, dual-energy x-ray absorptiometry; FFM, fat-free mass in kg; FM, fat mass in kg; ht, height; race, 
black: 1, white: 0; Sex, male: 1, female: 0; Wt, weight in kg.
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obesity, but if not available or feasible, energy require-
ments are typically estimated using standard equations 
derived from IC measurements in predominantly normal-
weight children. These may overestimate or underestimate 
the caloric needs of the obese child. In all cases, regular 
monitoring of nutritional status, including weight and 
body composition, should be implemented. Research is 
needed to identify protein and energy intake targets to 
optimize outcomes for critically ill obese children. 

Although weight loss is the ultimate manner in which 
physiologic changes and comorbidities may be reversed, 
reduction of excess weight is not currently recommended 
during acute critical illness. 

Obesity adds a layer of complexity to the critically ill 
pediatric patient. Care of this special patient population in 
the PICU requires an understanding of the alterations in 
physiology and comorbid conditions, a focus on hospital 
procedures and nursing care, an appreciation for potential 
adjustments in medication dosing, and nutrition support 
specific for an obese pediatric patient.

 ■Key pOINTs

children and adolescents achieved a mean weight loss 
of 7 kg in 4 weeks.70 Compared to a low-fat diet, a high-
protein, low-carbohydrate (HPLC) diet resulted in sig-
nificantly greater short-term weight and BMI Z-score 
reduction in severely obese adolescents.71,72 Longer-term 
benefits for weight loss with HPLC diets over caloric 
restriction have not been demonstrated.72,73 Of note, the 
HPLC diet was associated with significant loss of lean 
body mass, and thus cannot be considered “protein spar-
ing.” We have successfully used the HPLC diet in conjunc-
tion with an extended in-patient admission to achieve 
significant weight reduction (5% to 10% of body weight) 
and improved severe comorbid conditions in severely 
obese children. Such an intensive intervention, including 
physical therapy and patient and family education, can lay 
the groundwork to achieve sustained behavior change and 
continued weight reduction post-discharge. 

Bariatric Surgery
Surgical intervention for weight loss in obese adolescents 
is controversial due to a lack of long-term studies. Ado-
lescents with severe obesity and comorbid conditions 
who are unable to maintain weight loss despite organized 
attempts, have achieved 95% of adult stature, have a sta-
ble psychosocial enviroment, and have a commitment to 
postoperative nutrition management may be appropriate 
candidates for bariatric surgery.74 Depending on the type 
of procedure, nutrition complications can include dehy-
dration; protein malnutrition; and deficiencies of iron, 
thiamine, folate, and vitamins D, and B12.

75 

 ■CONClUsIONs

One in 6 children in the United States is obese, which makes 
it one of the most important epidemics affecting children 
today. When an obese pediatric patient becomes critically 
ill, a multitude of factors affects the course of disease and 
provision of optimal care. Obesity influences all organ sys-
tems and may alter the expected physiologic response to 
injury and illness. In addition, obese pediatric patients have 
an increased risk of numerous comorbidities that may com-
plicate the PICU course. Care of the obese pediatric patient 
in the PICU requires a multidisciplinary approach.

Nutrition support is an essential part of optimizing 
outcomes in critically ill children. If appropriate for the 
clinical situation, early enteral feeding is preferred and 
associated with improved outcomes.49,55 Indirect calo-
rimetry is the only accurate method to determine energy 
expenditure in critically ill children, especially those with 

•	 The prevalence of obesity in children has increased 
dramatically worldwide.

•	 Severe obesity negatively affects the cardiovascular 
and respiratory systems, and increases the likeli-
hood of comorbidities and complications in criti-
cally ill children.

•	 Alteration in physiology due to obesity has implica-
tions on airway management, respiratory support, 
venous access, drug dosing, fluid management, and 
nutrient intake during critical illness.

•	 Specific nutritional interventions for the critically ill 
obese child in the PICU need further investigation.
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 ■ INTRODUCTION

The provision of optimal nutrition may be challenging 
in developing countries due to a higher prevalence of 
malnutrition and scarcity of resources in the pediatric 
intensive care unit (PICU). Malnutrition affects nearly 
50% of hospitalized children and 20% to 70% of criti-
cally ill children, more so in resource-limited countries.1 

In a recent international multicenter cohort, over 30% of 
patients admitted to 31 PICUs had severe malnutrition 
on admission, with body mass index (BMI) Z-score >2  
(13.2%) or <−2 (17.1%) on admission.2 Malnutrition 
was associated with greater length of ventilation, higher 
rate of complications, longer length of hospital stay and  
increased costs, and increased mortality.3,4 Furthermore, it 
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is easy to underfeed critically ill children because of poor 
gut function, fasting for various surgical and nonsurgical 
procedures, and fluid constraints.5 Therefore, nutrition 
may deteriorate further in the hospital, and specifically in 
the PICU, with resultant poor outcomes, unless specific 
attention is paid to management of nutritional losses from 
drains, wound and skin losses, renal dysfunction, dialy-
sis, etc. In the presence of preexisting malnutrition, chil-
dren are much more susceptible to the deleterious effects 
of the protracted catabolic stress caused by critical illness. 
Compared to adults, children have significantly lower 
nutritional reserves and higher resting energy expenditure 
(REE) per unit body weight; the quantity of protein as a 
percentage of body weight, lipid stores, and carbohydrate 
reserves are reduced. The caloric and protein deficits accu-
mulate quickly in critically ill children. While public health 
programs have focused on infant and child malnutrition in 
the general community, the deterioration of nutritional sta-
tus in the hospital during critical illness is often neglected.

 ■ IN-HOSPITAL MALNUTRITION

Critically ill infants and children are susceptible to “in-
hospital malnutrition.”6,7 In a recently completed study 
in our PICU, among critically ill children staying for  
1 week, the proportion of undernourished children defined 
as weight-for-age Z-score <−2 was 54% in infants under  
1 year and 27% in children 1 to 12 years. The number of 
undernourished children increased between admission 
and discharge to 70% in infants under 1 year and 53% in 
children 1 to 5 years of age. A trend toward recovery of 
anthropometric parameters was seen at 3 and 6 months 
post-hospitalization (Shrikant, Bhalla, and Singhi personal 
communication). Hypoalbuminemia was present in 21% 
(92 of 435) patients at admission, and 34% (151/435) by 
end of the first week of stay and in 37% (164/435) at the 
end of the second week. The hypoalbuminemic patients 
had prolonged PICU stay (13.8 vs. 6.7 days) and venti-
lator requirement (28.8% vs. 8.5%) (unpublished data). 
Hospital malnutrition has been associated with increased 
morbidity, mortality, hospital stay, and costs.8,9 However, 
hospital malnutrition is underrecognized. Its true inci-
dence and impact, particularly in developing countries, 
may be much higher than presently estimated.10 Careful 
nutritional evaluation of children on admission is essential 
in order to identify those children who are already under-
nourished and hence at higher risk of further nutritional 
deterioration during their hospital stay.11

 ■NUTRITIONAL ASSESSMENT

All children admitted to the PICU must undergo nutrition 
screening to identify those who are at risk of malnutrition. 
A formal nutrition assessment to obtain baseline data to 
estimate nutritional needs and to formulate a nutrition 
care plan is required, especially in those with malnutrition 
prior to the illness. Other socioeconomic and maternal fac-
tors may influence the degree of nutritional deterioration 
in hospitalized children. In a study of hospitalized children 
in Ethiopia, less than a third of the children were classified 
as having a normal nutritional state on admission. There 
were no significant differences in weight-for-age between 
children from rural and urban settings. Parental occupa-
tion and income, as well as maternal age, were significant 
predictors of nutritional state in the hospital.12 The degree 
of malnutrition at admission was associated with increased 
risk of mortality, especially in those with respiratory dis-
ease. An assessment of nutritional status should include all 
the following, as no single indicator is reliable: 

•	 Anthropometric: Weight and height at admission; 
change in weight.

•	 Clinical: Subjective global assessment and evaluation 
for signs of micronutrient deficiency.

•	 Serum albumin and prealbumin: While low levels of 
these proteins have traditionally been considered to 
reflect malnutrition, they are probably best considered 
inflammatory markers that decrease with inflammation. 
It should also be remembered that levels of albumin 
are normal in marasmus and anorexia nervosa. Serum 
albumin is an excellent prognostic marker in various 
critical illness states, as it is an inflammatory marker. 

 ■ENERGY NEEDS 

The REE of critically ill children in the PICU ranges widely, 
from 37 to 62 kcal/kg per day.13-15 The hypermetabolic 
response apparent in adults is not so evident in critically 
ill children.16 Currently available standard equations are 
not reliable in predicting actual measured energy expen-
diture and overestimate the energy expenditure.17 Several 
factors can alter energy needs. Energy needs vary with the 
stage of illness and the use of various treatments. They 
decrease with use of sedation, neuromuscular blockade 
and mechanical ventilation, and in the presence of multiple 
organ system failure. The need is higher in neonates with 
bronchopulmonary dysplasia, in the postoperative period 
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after major surgeries, and in spontaneously breathing 
patients. Children on ventilators have an REE of approxi-
mately 45 kcal/kg per day, while those breathing sponta-
neously are likely to have a higher energy expenditure.18,19 
Recent studies have shown that a critically ill child does not 
have exceptionally high energy needs, probably because of 
transient growth cessation during extreme stress, sedation, 
and low levels of physical activity. Yet, reports of a high 
prevalence of critically ill children who are not meeting 
their recommended levels of protein and energy are not 
uncommon.20 Ideally, the estimate of energy requirement 
should be individualized and measured daily. Indirect calo-
rimetry (IC) allows bedside measurement of energy expen-
diture and may guide nutrient prescription in critically ill 
patients. However, IC testing requires resources and exper-
tise, which is lacking in a majority of hospitals, especially 
in the developing world. In the absence of a direct measure 
of energy expenditure, estimates derived from published 
equations may be used with caution. Many reports have 
shown that the use of standard equations may overestimate 
the energy needs during critical illness. 

Critically ill children in the acute phase of illness have 
lower energy and nutrient requirements as compared to 
healthy children. Healthy infants have an energy require-
ment of 100 to 120 kcal/kg per day of which approximately  
50% is basal metabolic rate (BMR), 30% is required for 
growth, 10% for diet-induced thermogenesis, and the 
remaining 10% for physical activity.21 The majority of criti-
cally ill children, with the possible exception of severely 
burned patients in the acute phase, have an energy expendi-
ture that equals or is less than basal metabolic requirements 

according to predictive equations because of sedation, 
mechanical ventilation, reduced physical activity, and 
growth cessation.16,22

The initial calorie intake is aimed at attenuating loss 
due to hypercatabolism without overloading the metabo-
lism and the cardiovascular system. It should be similar 
to the REE recommended for healthy children. Once 
metabolic stress has resolved, calories should be added or 
reduced after careful appraisal of caloric needs. We aim 
to provide a caloric intake equal to the BMR, and add 
10% to account for stress in the catabolic phase (50 to 
55 kcals/kg per day in infants and gradually reducing to 
25 kcal/kg per day in adolescents). Both underestimates 
and overestimates are potentially harmful. Enterally fed 
critically ill children require an additional 10% because 
of obligate malabsorption. A surfeit of calories does not 
result in improved protein accretion and often results in 
significant hyperglycemia. 

In a cohort of 116 of 140 patients, mean ± SD age 
49.2 ± 44 (range 2-144) months, who stayed in our PICU 
for more than 5 days, with a PICU stay of 12 to 17 days, 
mechanical ventilation for 8 to 11 days, and an average BMI 
of 15.2, a higher percentage of patients (43%) died in the 
lowest calorie group (Table 22-1). Feeds could be started on 
day 1 in 47 patients, in an additional 47 patients on day 2, and 
in 10 patients, feeds could be started after day 3. Seventy-
eight (67.2%) patients required mechanical ventilation. 
Sixty-three (54%) patients had hemodynamic instability and 
required inotropic agents, and 52 (44.8%) patients needed 
neurological monitoring. Twenty-six (17.2%) patients died 
during the study; 11 of them before day 6. 

Group Calorie Intake Survived
Adverse  
Outcome* P Value

Total enrolled (n = 140) 114 (81.4%) 26 (17.2%)

Group-1 (n = 23) =<60% of maintenance cal/day  13 (56.5%) 10 (43.4%) 0.0001

Group-2 (n = 40) 61% to 90% of maintenance cal/day  37 (92.5%) 3 (7.5%)

Group-3 (n = 26) 90% to 110% of maintenance cal/day  25 (96.2%) 1 (3.8%)

Group-4 (n = 27) >110% of maintenance cal/day  26 (96.3%) 1 (3.7%)

Total eligible (n = 116) Total  101 (87.1%) 15 (12.9%)

Reproduced with permission from Madarkar B, Baranwal A, Singhi S: Dissertation submitted for award of degree of Doctor of Medicine (MD) Postgraduate 
Institute of Medical Education & Research, Chandigarh, 2011

■  TAbLE  22-1. Outcomes of 140 Patients Staying for > 5 Days in Our ICU with Respect to Caloric Intake
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Critically ill children enter the recovery phase sooner 
than adults do, usually within a week. Anabolic metabolism 
often returns, which is presumed to coincide with a gradual 
increase in prealbumin and a decrease in C-reactive pro-
tein (CRP) concentrations. This phase is characterized by 
a gradual stability in vital parameters. This is presumed to 
be the time to escalate caloric intake. 

 ■CONSIDERATIONS IN SEVERE  
MALNUTRITION 

There is no evidence-based recommendation for critically ill 
malnourished children. An understanding of the differences 
and similarities between malnutrition and the catabolism of 
critical illness, therefore, is important in planning the nutri-
tional support. The metabolic status of critically ill patients is 
different from that of malnourished children. In the critically 
ill, there is a catabolic response and elevated BMR, which 
is usually not reversed by simple nutrition. In contrast, in 
malnutrition, BMR is depressed; it is reversible, given care-
ful and adequate refeeding. Cortisol is high and insulin is 

low in children with severe malnutrition, which is similar 
to what happens during severe stress response. Critical ill-
ness in such patients further stretches the already stressed 
metabolic adjustments. Sustained cortisol elevation is no 
longer possible due to adrenal exhaustion. Hypoglycemia 
due to exhausted stores is a common occurrence as com-
pared to stress-induced hyperglycemia, which is in contrast 
to what happens in normally nourished children. There is 
a slow breakdown of proteins in edematous malnutrition, 
resulting in reduced supply of amino acids for synthesis 
of proteins required for nutrient transport and production 
of acute-phase reactants.23 The albumin pool decreases by 
more than 50%. The amino acid pool is also low, particularly 
the branched-chain amino acids threonine and tyrosine. 
Gamma globulins are increased, mainly as alpha-1 globulins 
(acute-phase reactants); alpha-2 globulins (binding proteins) 
and beta globulins (transfer proteins) are low. 

Fat absorption is impaired due to pancreatic insuf-
ficiency in malnourished children. Decreased insulin 
increases fat utilization, fat deposition in the liver, and the 
nonessential/essential fatty acid ratio. Increased cortisol 

Issues

Acute or stabilization phase Rehabilitation phase

Week 1 Week 2-6

Day 1-2 Day 3-7

hypoglycemia
frequent feeding and monitoring

frequent feeding and 
monitoring

hypothermia

hydration Assess every 6 hours; avoid  
dehydration 

Monitor urine output

Avoid fluid overload

Electrolytes: sodium, potassium, 
calcium, magnesium

 Manage severe hypokalemia and 

hyponatremia 

Micronutrients Mineral mix; no iron With iron

Initial feeding Start at basal level; increase the 
energy and protein intake  
gradually

feeding to achieve catch-up 
growth

■  TAbLE  22-2. Nutritional Issues in Critically ill Children When There Is Preexisting Malnutrition
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during the initial period of stress increases lipolysis and 
decreases fatty acid utilization for energy. Fat, therefore, 
cannot be used as a source of energy in the proportions 
that are used in normally nourished children. 

Malnourished children have a reduced ability to han-
dle substrate, liquids, and solutes because of reduction in 
cardiac output, glomerular filtration rate, renal blood flow, 
and renal solute excretion capacity; sodium-potassium 
pump activity also is lowered. Young children with protein 
calorie malnutrition are also at increased risk of morbidity 
and mortality secondary to infections.

In light of all this, it is important to give special attention 
to the nutrition of undernourished and severity malnour-
ished children right from admission to safeguard against 
hypoglycemia and hyperglycemia, hypokalemia, dehydra-
tion and fluid overload, and to minimize infection-associated 
morbidity and mortality (Table 22-2). Feeds are introduced 
gradually to allow for metabolic adaptation to use the energy 
supply to repair and replenish the stores and for growth.

 ■PROTEIN REQUIREMENTS

In critical illness, there is a high turnover of proteins to 
allow for the immediate synthesis of mediators of the 
inflammatory response and tissue repair. Increased prote-
olysis of skeletal muscle proteins sets in to provide amino 
acids for the activity of cells involved in the inflammatory 
response, synthesis of acutely needed enzymes, serum 
proteins, and glucose and repair of injured tissues. The 
process requires energy and results in an increase in REE. 
Several factors enhance protein catabolism, such as bacte-
rial sepsis, postoperative stress, underlying malignancies, 
and any severely stressed state such as severe burn. 

Approximate protein requirements are 2 to 3 g/kg per day 
in infants and 1.5 to 2.0 g/kg per day in older children. 
Higher protein use can cause azotemia and acidosis. Cur-
rently, there is no specific recommendation regarding 
special amino acid formulations for nutrition support of 
critically ill children. Glutamine supplementation remains 
investigational; it does not result in appreciable benefit 
over standard amino acid formulations. 

Albumin 
Low serum albumin is associated with severity of criti-
cal illness, but there is no evidence that albumin supple-
mentation improves outcome in burns and in sepsis. On 
the contrary, all available evidence suggests that albumin 
supplementation increases mortality. 

 ■LIPID REQUIREMENT

The energy needs of critically ill children are met largely 
by the mobilization and oxidation of free fatty acids. It is 
the prime source of energy—30% to 40% of the released 
fatty acids are oxidized for energy. Glycerol released 
along with free fatty acids may be converted to pyruvate, 
which in turn is used for gluconeogenesis. Infants and 
children in the PICU may suffer biochemical essential 
fatty acid deficiency within 1 week if administered a fat-
free diet. Dietary fat should form about 30% to 35% of 
total calories. A 50:50 blend of medium-chain triglycer-
ides (MCTs) and low-chain triglycerides (LCTs) should 
be preferred, as it has an even balance of omega-6 and 
omega-3 fatty acids. Medium-chain triglycerides have 
a potential advantage, as they are rapidly cleared and 
oxidized. Omega-3 fatty acids are needed for formation 
of prostaglandins to maintain regional blood flow and 
bactericidal activity. 

Commercially available lipid solutions for parenteral 
nutrition obviate the risk of essential fatty acid deficiency, 
result in improved protein utilization, and do not signifi-
cantly increase metabolic rate. Lipid supplementation in ill 
neonates and children should start at 0.5 to 1 g/kg per day 
and advance over a period of 5 to 7 days to 2 to 4 g/kg per 
day while closely monitoring triglyceride concentrations 
to provide 30% to 40% of total calories.

 ■CARbOHYDRATES 

Glucose is the major source of energy in critical illness. 
It should be added to provide the balance of calories 
after taking into consideration calories from protein and  
lipids. Glucose is the preferred substrate for the brain, 
erythrocytes, and the renal medulla and provides an energy  
source for the repair of injured tissues. In critically ill 
patients, there is increased glycogenolysis and gluconeo-
genesis from stored muscle protein and fat stores. Provi-
sion of dietary glucose reduces fat oxidation relatively, 
but it is ineffective in quelling gluconeogenesis in stressed 
states and can result in significant hyperglycemia and 
hyperosmolarity because of relative insulin resistance. In 
severely malnourished children, optimal glycemic status 
should be ascertained by frequent small feeds and blood 
glucose monitoring. Malnutrition worsens the prognosis 
in critically ill children with hypo- or hyperglycemia.24 
The aim should be to maintain glucose between 90 and 
150 mg/dL; insulin 0.05 mcg/kg per hour may be used if 
glucose exceeds 150 mg/dL.
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 ■FLUID INTAKE

Hydration status should be assessed using daily weight, 
obvious edema/puffiness, urine osmolality or specific 
gravity, urine output, and fluid balance. In the early phase 
of critical illness, fluid volume should be kept on the lower 
side of normal to match the caloric utilization and titrated 
carefully to avoid fluid overload. Fluid overload can trig-
ger multiple organ dysfunction.25 We usually start with 
80% of calculated fluid volume. 

 ■TRACE ELEMENTS

Several clinically important trace elements might be defi-
cient in critically ill children. These include zinc, iron, 
selenium, copper, manganese, iodine and electrolytes, 
potassium,26,27 phosphate (refeeding syndromes), mag-
nesium,28 and calcium.29 A mineral mix recommended 
by the World Health Organization (WHO) for malnour-
ished children can meet daily requirements of major trace 
elements (Table 22-3).

Zinc
Zinc (2 mg/kg per day) should be routinely supplemented 
in critically ill children in developing countries. Serum 
zinc levels are low in malnourished patients, in patients 
with severe pneumonia, and in the critically ill.30-32 Though 
zinc, selenium, and glutamine supplementation did not 
offer any benefit in immune-competent patients,30,33 in 
developing countries, zinc supplementation was shown 

to be beneficial in severe pneumonia in very young chil-
dren34; it was associated with reduced a length of PICU 
stay and significantly reduced case fatality in children with 
severe pneumonia,35 and reduced the risk of treatment 
failure by 40% in infants aged 7 to 120 days with serious 
bacterial infection in India.36 Zinc-losing states such as 
severe burns need high-dose supplementation: 25 mg/day 
enterally or 50 mcg/kg per day parenterally. 

Iron
Iron deficiency is common in malnourished and hospital-
ized children in developing countries. But free iron may 
be detrimental during the acute phase of critical illness 
and infections. Iron supplementation (3 mg/kg per day) to 
treat iron deficiency should be started after the acute crisis 
is over once the child starts gaining weight.

Selenium
Selenium is not recommended in acute infections. Selenium 
supplementation prevents oxidative stress-induced damage 
to immune cells and should be given in the recovery phase 
(30 to 40 mcg/day).

Magnesium
Hypomagnesemia is very common in PICU patients. It 
is often associated with hypokalemia, hypocalcaemia, 
hypoalbuminemia, and pH changes. The presence of 
hypomagnesemia or hypermagnesemia is associated 
with a significantly higher mortality and longer hospi-
tal stay.28 Therefore, we monitor serum Mg levels and 
add intravenous Mg SO4 supplement 0.1 mL/kg per day  
(0.5 mEq/kg per day).

Copper
Copper deficiency causes depression of the reticuloen-
dothelial system, reduced microbicidal activity of granu-
locytes, and decreased response of splenic lymphocytes 
to T-cell and B-cell mitogens. Copper-deficient patients 
are more susceptible to bronchopneumonia and bacterial 
sepsis. Copper supplementation (200 to 500 mcg/day) is 
necessary in malnourished children for optimal recovery 
of the immune system. 

Manganese
There is no role of routine supplementation with manganese 
in acutely ill children.

Substance Amount

Potassium chloride 89.5 g

Tripotassium citrate 32.4 g

Magnesium chloride 30.5 g

Zinc acetate 3.3 g

Copper sulfate 0.56 g

Sodium selenate 10 mg

Potassium iodide 5 mg

Water to make 1000 ml

Adapted with permisison from WhO 2003. Management of a child with 
serious infection or severe malnutrition, WhO, Geneva. 2003

■  TAbLE  22-3. Composition of Mineral Mix Solution
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serum during acute bacterial and viral infections. Reduced 
concentrations of folic acid occur in infants with diar-
rhea and acute bacterial infections. Vitamins B1, B6, B12, 
and C have been implicated in regulation of the cellular 
and humoral immune system. Vitamin B1 predisposes to  
tropical pyomyositis. Vitamin C is also an antioxidant 
and improves phagocytic activity by enhancing microtubular  
formation. 

Glutamine and Arginine
Glutamine and arginine have immune-enhancing proper-
ties. Glutamine is the fuel source for lymphocytes, macro-
phages, and enterocytes. During acute illness, glutamine 
uptake by small intestine and immune cells exceeds syn-
thesis from skeletal muscle. However, no demonstrable 
benefit has been shown for glutamine supplementation in 
pediatric patients. We do not use glutamine and arginine 
supplements.

 ■ROUTES AND METHODS 

Enteral nutrition is preferred to parenteral as long as the 
gut is available: It could be gastric or transpyloric feed-
ing. Enteral and/or parenteral nutrition should be started 
as soon as hemodynamic stability is achieved; this also 
applies to malnourished children. Enteral nutrition has 
several benefits and a few drawbacks.39 It reduces length 
of hospital stay and risk of infection, stimulates gastroin-
testinal motility, minimizes atrophy of the gastrointestinal 
mucosa and prevents bacterial translocation by maintain-
ing the integrity of the mucosal membrane, maintains the 
immune system, and reduces mortality. 

We aim to start nasogastric tube feeds within 24 hours 
of admission to the PICU at 1 mL/kg per feed every 3 hours 
and gradually advance it over next 2 to 3 days until the 
desired nutritional target is achieved (Table 22-4). Bolus 
or intermittent feeding is more physiological and requires 
less time/equipment with reduced risk of contamination. 
However, there are more chances of aspiration after such 
feeds. In children with impaired gut function, continuous 
feeding (using a peristaltic pump) has the advantage of 
leaving the smallest residual volume and the least chance 
of aspiration. It is also beneficial due to lower thermogenic 
effect and improved substrate utility. When the child can 
eat orally, both methods of feed delivery can be combined 
with overnight tube feeds (10 to 12 hrs) and oral intake 
during the day.

 ■VITAMINS

Selected vitamins and trace minerals support immune 
functions and strengthen epithelial barriers and immune 
responses.37 We add a multivitamin preparation to enteral 
feed or to intravenous fluids to all PICU patients.

Vitamin A
Vitamin A maintains the integrity of epithelial surfaces, 
lymphocyte proliferation, immunoglobulin production, 
and T-helper activity. Deficiency causes increased bacte-
rial binding to epithelial cells and reduced thymic weight. 
In developing countries, vitamin A supplementation has 
been proven to reduce mortality related to respiratory 
infections and diarrhea in children. The recommended 
single dose is 100,000 IU for infants 6 to 12 months and 
200,000 U after infancy.

Vitamin D
Vitamin D acts as an immune regulatory and lymphocyte-
differentiating hormone. Normal concentrations are 
needed for proper immune function. However, high-dose 
vitamin D may also suppress immunity. Though vitamin D 
deficiency had been associated with greater severity of 
critical illness and longer PICU stay, the role of targeted 
vitamin D supplementation in the critically ill child needs 
further study to make any definitive recommendations.38 
In a prospective study of 124 children treated in our PICU 
for sepsis, we did not find any relationship between vita-
min D status and severity of sepsis (sepsis, n-47; septic 
shock, n-62; and sepsis with MODS, n-69), frequency 
of hospital-acquired infections, and outcome of sepsis 
(unpublished data). However, we administer vitamin D 
in usual maintenance doses to all PICU patients.

Vitamin E 
Currently, there is no study to determine the effects of 
vitamin E deficiency in critically ill children. Vitamin E, 
selenium, and zinc increase humoral immune response. 
Zinc deficiency leads to decreased vitamin E levels.

Water-Soluble Vitamins
Folic acid (5 mg) and vitamins B1, B6, B12, and C in thera-
peutic doses should be supplemented in all critically ill 
children, as their deficiency sets in early in critical illness.  
Infections may cause or worsen existing vitamin deficien-
cies. Concentrations of vitamin A, B6, and C are low in 
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 ■ENTERAL FORMULAS 

Standard enteral formulations that are readily avail-
able in North America and Europe are expensive to use  
in resource-limited settings. Also, parenteral nutrition 

formulations are not available in pediatric packaging and 
need compounding. Therefore, we depend on enteral food 
mix prepared by our dietetics department. Tables 22-5  
and 22-6 show various enteral formulas used at our  
institute. These formulas provide 40% to 55% energy from 

Age Energy kcal/kg per day Gram/kg per day of various nutrients

Protein Fat Carbohydrate 

1-12 months 100-110 2.5-3 3-4 14-16

1-6 years 90-100 2-3 2-3 14-16

7-12 years 70-90 2-3 2-3 11-13

>12 years 35-70 1-2 2-3 3-9

■  TAbLE  22-4. Nutritional Targets for Critically ill Children

■  TAbLE  22-5. Composition of Various Enteral Formulas Prepared by Dietetics Department, Post-Graduate Institute  
of Medical Education and Research, Chandigarh, India

Type of Formula Contents Nutritional Value/100 mL

Elemental Proteinex
Sugar
Refined oil
Water

50 gm
100 gm
30 gm
To make 1000 cc

Calories
Proteins
ChO
fats

81.3
1.6
10.5
3 gm

Polymeric
(Milk)
(Samolina)

Milk
Sugar
Samolina
Oil

500 gm
50 gm
20 gm
20 gm

Calories
Proteins
ChO
fats

150
4 gm
17.5
7.5 gm

Enriched milk Cow’s milk (toned)
Oil
Water
Sugar

500 ml
30 ml
To make 1000 cc
50 gm

Calories
Proteins
ChO
fats

80
1.75
9.82 gm
4.2 gm

Polymeric 
(lactose free)

Rice 
Sugar
Oil
Water

50 gm
45 gm
30 gm
To make 1000 cc

Calories
Proteins
ChO
fats

62
0.3
8.4 gm
3.7 gm

Special formulas
(Renal formula)

Custard powder
Oil
Sugar
Toned milk

25 gm
20 ml
50 gm
300 ml

Calories
Proteins
ChO
fats

221
3.5 gm
33 gm
22 gm

Special formulas
(hepatic formula)

Milk 
Sugar
Rice
Oil 
Water

250 cc
100 gm
75 gm
25 ml
To make 1000 cc

Calories
Proteins
ChO
fats

100
1.4 gm
2 gm
1.5 gm
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carbohydrates, 10% to 15% from proteins, and 30% to 40% 
from lipids. In the formulation for use in children with 
cow’s milk protein allergy, milk is replaced by soy protein or 
protein hydrolysate. For malnourished children, initially a  
milk-based formula with 75 kcal/100 mL and 0.9 g protein/ 
100 mL is usually adequate. Those with persistent diarrhea  
are given a cereal-based low-lactose and lone osmolality  
formula. Initially feeding is given every 2 to 3 hours with the  
feeds being provided through the night. After 2 to 3 days, 
the child is given formula providing 100 kcal/100 mL and 
protein 2 to 3 g/100 mL as per tolerance. The feed volume is 
gradually increased as shown in Table 22-7.

 ■PRACTICAL ISSUES

Children under 2 years of age, those having a prolonged 
hospital stay, congenital heart disease, extensive burn 
injuries, and those requiring mechanical ventilation 

Type of Diet Contents Nutritional Value/100 mL

Burn diet A1
(1liter)

Milk
Sugar
Kidspro†
Skim milk powder
Corn flour
Oil

100 ml
60 gm
50 gm
60 gm
5 gm
35 ml

Calories
Proteins
ChO
fats

155
7 gm
18.6 gm
3.15 gm

Burn diet A2*
(1liter)

Soyabean
Sugar
Nusowin Child‡

Rice
Oil

75 gm
60 gm
50 gm
25 gm
60 ml

Calories
Proteins
ChO
fats

122
4.66 gm
12.8 gm
5.9 gm

*lactose free. 
† Kidspro: 120 kcal, and 7.2 gm proteins in 30 gm (protein and energy supplement). 
‡ Nusowin child: 375 kcal and 46 gm proteins in 100 gm (soy protein isolate powder with docosahexaenoic acid (DhA), calcium, iron, and vitamin D.

■  TAbLE  22-6. Composition of Various High-Caloric Enteral Formulas Prepared by Dietetics Department,  
Post-Graduate Institute of Medical Education and Research, Chandigarh, India

Days Frequency Vol/Kg/Feed Vol/Kg/Day*

1-2 2 hrly 11 ml 130 ml

3-5 3 hrly 16 ml 130 ml

6 onwards 4 hrly 22 ml 130 ml

Adapted with permission from WhO 2003. Management of a child with serious infection or severe malnutrition, WhO, Geneva. 2004
*Reduce total volume to 80% in ventilated children.

■  TAbLE  22-7. Frequency and Volume of Feeds in Severely Malnourished Critically ill Children

should receive greater attention in initiation and plan-
ning of nutrition, as they are at greater risk of developing 
malnutrition.4,40,41

Important barriers to enteral feeding in the PICU that 
can cause underfeeding include fluid restriction, gastro-
intestinal intolerance (diarrhea, vomiting, ileus), inter-
ruptions because of surgical and diagnostic procedures, 
and extubation.5,42 Up to 50% of pediatric patients may be 
intolerant to enteral feeding using the nasogastric route. 
In some, gastric emptying is delayed. In these patients, 
consider the use of prokinetic agents.43 Transpyloric 
feeding has been used in postoperative cardiac surgical 
patients and in PICU patients.44,45

Success of enteral feeding requires close coordination 
with a dietitian. Prior to start of feeds, a written plan should 
be made that should include fluid, calories, proteins, and 
electrolyte requirements of the child. Protocol for patient 
monitoring should be clearly defined (Table 22-8). In a 
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prospective study, with use of a feeding protocol, the nutri-
tion goal was achieved within a mean of 18.5 hours, as 
compared to 57.8 hours in retrospective controls from the 
same unit.46 Patients admitted to units that utilized a feed-
ing protocol had a lower prevalence of acquired infections, 
independent of the amount of energy or protein intake.2

Total parenteral nutrition or mixed nutrition is needed 
if there is intestinal failure (obstruction, ischemic or severe 
inflammation, peritonitis, and paralytic ileus), or if there are 
barriers to deliver optimum energy through the enteral route; 
for more details, see chapter 7. Enteral nutrition may have 
trophic effects on the gut and other benefits in such children. 
However, the evidence base is limited and of poor quality.

 ■KEY POINTS

REFERENCES

1. Prieto MB, Cid JL. Malnutrition in the critically ill child: 
the importance of enteral nutrition. Int J Environ Res Public 
Health. 2011;8(11):4353-4366.

2. Mehta NM, Bechard LJ, Cahill N, et al. Nutritional prac-
tices and their relationship to clinical outcomes in criti-
cally ill children: an international multicenter cohort 
study. Critical Care Med. 2012;40(7):2204-2211.

3. de Souza Menezes F, Leite HP, Koch Nogueira PC. Malnu-
trition as an independent predictor of clinical outcome in 
critically ill children. Nutrition. 2012;28(3):267-270.

4. Mehta NM, Duggan CP. Nutritional deficiencies during critical 
illness. Pediatr Clin North Am. 2009;56(5):1143-1160.

5. Rogers EJ, Gilbertson HR, Heine RG, Henning R. Barriers 
to adequate nutrition in critically ill children. Nutrition. 
2003;19(10):865-868.

6. Hulst J, Joosten K, Zimmermann L, et al. Malnutrition in 
critically ill children: from admission to 6 months after 
discharge. Clin Nutr. 2004;23(2):223-232.

7. Joosten KF, Hulst JM. Malnutrition in pediatric hospital 
patients: current issues. Nutrition. 2011;27(2):133-137.

8. Goiburu ME, Goiburu MM, Bianco H, et al. The impact of 
malnutrition on morbidity, mortality and length of hospital 
stay in trauma patients. Nutr Hosp. 2006;21(5):604-610.

Tolerance Nutrition and Metabolic Mechanical
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■  TAbLE  22-8. Monitoring Protocol for Patients on Enteral Nutrition

•	 Identify malnutrition early on. Malnutrition begets 
infection and vice versa and worsens the prognosis.

•	 Set goals for the individual patient; use a protocol.
•	 Use the gut as long as it is possible. Enteral nutri-

tion is always better than parenteral in reducing 
infections.

•	 In critically ill children with malnutrition, resusci-
tate and treat the underlying condition(s) and pre-
vent hypoglycemia/hyperglycemia, hypokalemia, 
and hypothermia. 

•	 Zinc has role in respiratory and diarrheal illnesses  
and patients with burns. Iron and selenium are not 
recommended in acute infections.

•	 In malnourished children, start with small amount 
and gradually increase intake of a cereal-based 
formula and shift after 2 to 3 days to a formula 

providing 100 kcal and 2 to 3 g proteins/100 mL, 
depending on tolerance.

•	 Immunonutrients improve immune functions in 
lab and animal studies, but data in children are not 
sufficient to make recommendations.

•	 Constantly review and monitor nutritional require-
ments and intake.
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areas of nursing practice. This chapter will focus on the role 
of the nursing staff in providing nutritional support and 
will be supported by best evidence, where available. 

 ■NUTRITION SCREENING  
AND ASSESSMENT

Nutrition screening should be undertaken at the time 
of admission or within the first 24 hours of admission. 
Each PICU should have a defined mechanism for having  
nutrition screening accomplished within this time frame. 
This screen should identify children who are malnour-
ished or are at risk of malnutrition. No screen has been 

 ■ INTRODUCTION

It is well established that optimal nutrition in the pediatric 
intensive care unit (PICU) plays an important role in sus-
taining organ function; preventing further dysfunction of 
the cardiovascular, respiratory, and immune systems; and 
improving patient outcomes.1,2 Good knowledge about 
nutritional issues is essential for PICU nurses to enable 
them to effectively contribute to the multidisciplinary team 
management of critically ill children. The nurse’s role entails 
assessment and problem identification, planning, delivery, 
and evaluation.3 The nursing considerations for nutritional 
support will be discussed in this chapter within these key 

Nursing Considerations  
in the Provision of Nutrition  
Support to the Critically ill Child
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Although there is little evidence within pediatrics to sup-
port stopping enteral feeding in children with high lactate 
levels, a study in adult patients found a high admission 
serum lactate was highly predictive of gastrointestinal 
dysfunction.10 Due to these myriad considerations, many 
centers have adopted a uniform algorithmic approach for 
initiating and maintaining nutrition support in the criti-
cally ill child. The critical care nurse is often the princi-
pal driver of such an algorithmic approach to care in the 
unit. The role of guidelines for EN support in the ICU is 
described in more detail in chapter 9.

In addition to the child’s illness, the PICU therapies 
being utilized are an important nursing consideration. 
Many PICU therapies and drugs affect gut motility and 
delay gastric emptying time. The gastric emptying rate 
is reduced in critically ill patients, most commonly from 
sedative and opiate drugs acting on the visceral smooth 
muscle of the GI tract, but other factors and drugs can 
reduce gastric emptying time and impair gastric motility, 
such as calcium channel blockers, proton pump inhibi-
tors, H2− receptor antagonists, and vasopressor agents.11,12 
The child’s age, weight, and nutritional state are also key 
considerations when assessing the critically ill child for 
nutritional support, as this will help determine the type of 
enteral feed to be used. Parental preferences (for example, 
the use of expressed breast milk) should be considered, as 
well as the volume of feed to be given and thus the most 
practical method to achieve this. Small infants are more 
commonly fed by intermittent bolus feeds, whereas larger 
adolescents (who require higher feed volumes) are usually 
more easily fed by using a feed pump to deliver continu-
ous feeds. The child’s nutritional state (whether under- or 
overweight) on admission to the PICU is also an impor-
tant factor to consider. These are joint considerations for 
the dietitian and medical team, but the nurse must take an 
active role in identifying these issues early on in the child’s 
PICU admission. Other factors for the nurse to consider 
in the assessment of the child include whether there are 
any food allergies or intolerances to certain commercial 
enteral formulas, as well as any particular parental pref-
erences (where appropriate). There are then a number 
of practical nursing issues to consider at the assessment 
stage and these include what type (if any) feeding tube or 
intravenous (IV) access is present for the administration 
of enteral or parental nutrition. The child’s fluid allowance 
and how much of this is available for nutrition needs to 
be considered. Following consideration of these factors, 
the nurse then needs to undertake a clinical assessment 

specifically validated in the PICU, but several pediat-
ric screens are available. Please see chapter 2 for more 
details on nutrition assessment. Nursing staff must play 
an important role in nutrition screening. Anthropomet-
ric assessments documented on admission by a trained 
nurse provide crucial information on the nutritional sta-
tus. Furthermore, the involvement of nursing staff will 
facilitate safe conduct of anthropometric measurements 
in critically ill children.

 ■NURSING ASSESSMENT

Assessment of the individual child is a fundamental step 
in planning care delivery. Each child will have a different 
underlying injury or illness that has resulted in admission 
to the PICU and will be at a different stage of physiological 
maturity; as a result, each child can be expected to have 
different nutritional requirements and respond differently 
to nutritional support. A baseline assessment should be 
undertaken for all children in intensive care at the start 
of the nurse’s shift. First, the pathology or injury that has 
caused the child’s critical care unit admission is funda-
mental for the nurse to consider. Certain diagnoses may 
contraindicate enteral feeding, such as necrotizing enter-
colitis (NEC), abdominal trauma, or surgery on an acute 
abdomen; other conditions or therapies are considered to 
present a high risk for NEC and gut ischemia in neonates, 
such as coarctation of the aorta (CoA), hypoplastic left 
heart syndrome (HLHS), having an umbilical artery line, 
and being on a prostaglandin infusion.4-8 The pathology 
may also affect the child’s predicted energy requirements 
(e.g., sepsis, burns, or severe traumatic brain injury); thus, 
it is essential that the nurse considers the pathology and 
child’s reason for PICU admission, as well as the time 
point at which the child is currently in the illness/injury 
timeline. The risk of aspiration, and therefore the safety of 
commencing enteral feeding, must be considered. Factors 
known to increase the risk of aspiration are gastrointes-
tinal (GI) reflux and a depressed gag/cough reflex.9 The 
child’s physiological stability at the time of assessment is 
also of prime consideration in terms of starting or con-
tinuing enteral nutrition (EN). The nurse must consider 
whether the child’s physiological parameters (blood pres-
sure, acid–base balance, and serum lactate) are within 
the expected targets. If they are not, a discussion with 
the medical team is essential about whether enteral feed-
ing should start (or indeed if enteral feeding needs to 
temporarily stop) until physiological stability is achieved. 
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of the child to establish a baseline. Inspection should focus 
on looking at the size and shape of the abdomen (look-
ing for any obvious abdominal distention); the skin color 
and any shininess of the skin; any scars, lesions, bruising, 
or trauma; any obvious masses or movements (peristalsis 
can occasionally be seen); and any asymmetry. Follow-
ing inspection, the abdomen should be auscultated to  
establish the presence and frequency of bowel sounds. 
After auscultation, the abdomen should be percussed to 

determine any areas of dullness or hyper-resonance. Finally, 
the abdomen should be gently palpated to detect any areas 
of tenderness or confirm any masses.13 If there is any con-
cern over abdominal distention, the abdominal girth should 
be measured and recorded, with clear markings for where 
this was done, to determine if girth is increasing. The results 
of the assessment should always be documented and used 
to form the baseline for evaluation. Table 23-1 summarizes 
the nursing assessment aspects of providing EN support.

n ur SIn G ASSESSMEnt
assess the risk of aspiration
physiological stability (Bp, acid-base, lactate level)
home therapies (e.g., list of medications and recent dosages)
IcU therapies/drugs in use (e.g., sedation dose)
Known food allergies or feed intolerances of child
child’s nutritional state on IcU admission
parental feed preferences 
Daily fluid allowance; calculate fluid delivered through medications
IV access or Feeding tube in position
early dietetic referral
clinical examination of the child’s abdomen
Monitoring for other signs of eN intolerance

PLAnn In G c Ar E
consider any planned procedures requiring fasting and clarify duration
parent involvement in feeds (infants)
caloric requirements determined and prescribed
Unit guidelines/flowchart to guide enteral feeding
Determine best route for enteral feeding
equipment for enteral feeding (pump, feed set, pump) 
confirm & document position of feeding tube
Label different catheters and tubes to avoid inadvertent delivery into the wrong site. (e.g., intravenous gastric  
and postpyloric tubes)
head of bed elevated 20-30° if possible

dELIVE r Y o F o Pt IMAL nutr It Ion
clear nutritional goal for the day
Minimise or avoid interruptions to feeding
aware of the factors affecting GrV measurement and its limitations
Use of continuous of intermittent feeds
hygiene factors for enteral feeding
Safety factors in delivering enteral feeding (tube position confirmation, hygiene)

EVALuAt Ion  For  nutr It Ion AL Ad Equ Ac Y And  t o LEr Anc E
Weight gain, discuss frequency and feasibility of accurate weighing
head circumference (infants)
Urea and electrolytes, serum albumin, serum glucose

■  TAblE 23-1. Summary of Key n ursing c onsiderations in the Provision of n utritional Support to the c ritically ill c hild
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 ■PlANNING FOR ENTERAl NUTRITION

Once the nurse has assessed the child and established a 
baseline, then the delivery of care can be planned. In plan-
ning the delivery of nutritional support in critically ill chil-
dren, a number of factors need to be taken into account. 
The child’s care often needs to be planned around specific 
medical interventions or investigations in a critical care 
unit and the needs of the family (in terms of involving 
them in essential cares, e.g., assisting with feeding their 
child). The goal of the nurse, and the default position in 
any intensive care unit (ICU), should always be to initiate 
enteral feeding as early as possible after ICU admission. 
There is considerable and increasing evidence that early 
enteral feeding improves outcomes in the critically ill. A 
systematic review of early enteral nutrition (EEN) (<36 
hours after ICU admission) compared to late EN in criti-
cally ill adults showed that EEN was associated with sig-
nificantly lower incidence of infections (p = <0.0006) and 
a reduced length of hospital stay (p = 0.004).14 A meta-
analysis demonstrated that even earlier enteral feeding 
(<24 hour of ICU admission) reduced mortality in criti-
cally ill adults,15 and others have showed that EEN (<6 
hours after ICU admission) was possible and improved 
time to achieve calorie goal.16

Once the decision is made to start enteral feeding, 
the nurse needs to consider the best route of feeding, the 
dietetic orders for the calorie requirements, and how best 
to achieve this goal. The use of clinical guidelines and 
protocols to direct nursing practices in intensive care is 
very common, and it has been shown that using feeding 
protocols in PICUs increased the likelihood of patients 
receiving enteral nutrition closer to their estimated energy 
requirements.16,17 Further studies confirm that guidelines 
help improve calorie delivery in the PICU,2,16-18 and a 
recent multicenter cluster randomized controlled trial 

(RCT) of algorithm-directed EN and parenteral nutrition 
(PN) in adult critical care found that the algorithm group 
had significantly more days of EN (p = 0.042), a shorter 
hospital stay (p = 0.003), and a trend toward reduced mor-
tality (p = 0.058).19 A recent survey of pediatric intensive 
care staff in the UK and Ireland found that most PICUs 
had some written guidance on EN.20 Thus, the use of an 
enteral feeding guideline is strongly recommended, as it 
improves consistency in practice between nurses, reduces 
confusion and uncertainty, and undoubtedly reduces the 
time taken to initiate feeding.

Choosing the best Route for Providing Enteral 
Nutrition
In almost all PICUs, the default route for starting EN is 
via the gastric route, with gastric tubes being quick and 
relatively easy to place and with the majority of critically 
ill children tolerating feeds administered this way.

The administration of enteral feeds directly into the 
jejunum or duodenum has been advocated to reduce the 
problems associated with gastric feed intolerance and 
reduce the risk of aspiration.21 Whether transpyloric (TP) 
feeding should be the first-line route for EN, though, 
remains questionable, although in some children at high 
risk for aspiration, it should be a consideration. In many 
units, the use of TP feeding is advocated in patients who 
develop feed intolerance via the nasogastric (NG) route, 
despite the use of prokinetic agents. However, in many 
ICUs, ensuring accurate placement of postpyloric tubes 
involves radiographic imaging and may delay the admin-
istration of EN, although recently, a new electromagnetic 
device able to be used in the ICU may help nasojejunal 
(NJ) tube placement.22 Some ICUs are very proactive in 
their use of TP feeding and confident in tube placement, 
and there is some evidence to support TP feeding in 

absence of nausea and vomiting
Normal frequency and type of bowel movements
 acceptable level of GrV
Bowel sounds present
No abdominal distension
Observant for problems, e.g. Nec, aspiration
response to feeding
Family support and education
clinical audit and benchmarking for unit

■  TAblE 23-1. (Continued)
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Interruptions to Enteral Feeding in the Pediatric 
Intensive Care Unit
There is considerable and mounting evidence demon-
strating the huge problem of feed interruptions as a sig-
nificant cause of inadequate calorie delivery in ICUs.18,32-35 
O’Meara et al.33 found that EN was interrupted 27.3% of 
the time, with a mean of 6 hours per patient per day. Major 
reasons for feed stoppage were problems with small-bore 
feeding tubes (26%), increased gastric residual volumes 
(13%), and ventilation weaning (12%). This differed from 
adult trauma patients whose main reasons for stoppage 
were surgery (27%), diagnostic procedures (15%), and 
feed intolerance (11%).32 Critical care literature frequently 
cites feed interruptions as a major problem for reducing 
calorie delivery in ICUs.34 A small study revealed feed 
interruptions for procedures requiring fasting occurred in 
43% of children in one 24-hour period (mean fasting time 
was 8.9 hours).18 This is consistent with other pediatric 
studies34 and adult ICU studies.33,34 A recent study found 
that EN in PICUs was interrupted in nearly one-third of 
patients due to intolerance to feeds (high GRV, emesis, or 
diarrhea), blocked/misplaced feeding tubes, or medical 
procedures requiring fasting.34 Many of these interrup-
tions were avoidable and affected patient outcomes. The 
critical care nurse is the only person in a position to be 
able to coordinate and plan daily care activities with inter-
ventions, acting as the child’s advocate to be able to reduce 
the duration of feed interruptions. It is probably one of 
the most important factors that will facilitate the achieve-
ment of the child’s calorie goals. It is essential to have a 
clear consensus among members of the health care team 
and written guidelines regarding the type of procedures 
that require fasting and the duration of fasting for each. 
The nurse should consider the possibility of preprocedure 
gastric aspiration, rather than fasting, for a procedure or 
investigation that is often at an unknown exact time. This 
will not be the case for all procedures, but it is one way to 
reduce fasting times. Once guidelines are introduced, on-
going monitoring of compliance to guidelines is essential 
to ensure that practice is changed and interruption times 
are reduced. 

Feed Intolerance and Gastric Residual Volumes
A big challenge associated with enteral feeding in the 
critically ill child is high GRVs. The use of GRVs as a 
marker of enteral feeding intolerance is problematic, as 
there is no evidence regarding the threshold GRV that 

adults. An RCT of NG versus TP feeding in adults with 
severe traumatic brain injury (n = 104) found the TP route 
reduced the incidence of pneumonia and improved feed 
volume delivery and reduced gastric residual volumes 
(GRVs).23 However, a systematic review and meta-analysis 
of 11 trials of TP and gastric feeding in critically ill adults24 
found no difference in mortality and risk of pneumonia in 
TP compared to NG feeding. They concluded that in con-
sidering the difficulties associated with TP tube placement 
(significantly higher in the TP group), it was not associ-
ated with improved clinical outcomes and early use of TP 
feeding was not justified. 

Trophic Feeds
The concept of trophic feeding (giving very small 
amounts of feed with the goal of stimulating the GI tract) 
originated in feeding preterm infants and has demon-
strated some benefits in this group.25-27 However, a recent 
systematic review could not recommend this practice.28 

Despite the uncertainty about whether benefits seen in 
preterm neonates can be extrapolated to critically ill 
children, the use of so-called “trophic” feeding is wide-
spread in many PICUs.20 However, what were considered 
“trophic” feeds varied considerably. The concept of early 
“trickle” or “trophic” feeds was recommended in the 
American Society of Parenteral and Enteral Nutrition 
(A.S.P.E.N.) adult nutrition guidelines.29 In an RCT in 
ventilated adults with respiratory failure,30 early trophic 
feeding resulted in clinical outcomes similar to those 
in the full-energy group, but with fewer episodes of GI 
intolerance. Despite this, limited evidence supports the 
theory and practicalities of trophic feed administration 
in children; however, it remains a widespread practice in 
PICUs. Table 23-1 summarizes key aspects of planning 
for nutritional support.

 ■DElIVERY OF ENTERAl NUTRITION  
IN THE CRITICAllY Ill CHIlD

Delivering nutritional support to the critically ill child 
can be challenging. Enteral feeding is preferred to paren-
teral feeding in critically ill patients due to the lower risk 
of infection and to maintain gut integrity.1,2,31 However, 
there are many known difficulties to meeting children’s 
nutritional requirements via the enteral route, such as feed 
intolerance, gastric ileus, periods of cessation of feeds for 
procedures, and fluid restrictions. 

■  TAblE 23-1. (Continued)
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is indicative of intolerance in critically ill children. The 
A.S.P.E.N. adult critical care nutrition guidelines29 rec-
ommend a GRV threshold of 500 mL, beyond which 
feeds may be stopped for intolerance. In children, this 
becomes less clear, and the A.S.P.E.N. pediatric guide-
lines suggest that stopping enteral feeds at a GRV of 
>150 mL or 5 mL/kg may be reasonable; however, this 
is based on scant evidence.36 Institutional guidelines on 
the use of GRV may vary considerably, and in a recent 
survey of centers in the UK, a maximal GRV of up to 
300 mL was tolerated in a large child.20 Increased GRV 
is thought to be associated with an increased risk of 
aspiration of gastric contents and pneumonia. Metheny 
et al.37 found this to be common in critically ill patients. 
However, this level of risk is difficult to quantify, and the 
risk of aspiration will be different for different patients in 
the PICU. Using GRV as a sole criteria for feed stoppage 
is problematic, though, as the measurement of GRV is 
affected by a number of factors: size of the syringe used 
to aspirate the feeding tube, the diameter of the feeding 
tube, the tube position in the stomach, and the individ-
ual nurse aspirating the tube.11 Despite this, it remains 
the most common method used to assess “feed toler-
ance.”20,38 Some inaccurate assumptions are commonly 
made about GRV: one is that the infused feed is the only 
component of the GRV. However, GRV also includes 
normal gastric juice and salivary production, which in 
an adult can amount to a daily volume of around 2,000 
to 4,000 mL.39 Multiple factors affect the gastric empty-
ing rate and thus can increase the GRV in critically ill 
children.11,40,41 The direct measurement of gastric emp-
tying is difficult in clinical practice, and the correlation 
between GRV and gastric emptying remains unclear.42 
Thus, there is on-going debate about the value of using 
GRV measurement in critically ill patients receiving EN. 
In a recent RCT of critically ill adults, early EN without 
any GRV monitoring improved the delivery of EN and 
was not associated with increased incidence of vomiting 
or ventilator-associated pneumonia.42 These findings are 
supported by a further RCT in critically ill adults, which 
found that a GRV of 500 mL was not associated with 
any adverse events or GI complications.43 Measured 
GRV is not necessarily accurate, as small lumen feeding 
tubes, small-size aspirating syringes, and collapsible soft 
feeding tubes can all produce falsely low GRVs. Gastric 
residual volume may be erroneous in cases of adherence 
of the tip of the feeding tube to the gastric mucosa or 
positioning within the stomach where gastric fluid has 

not accumulated.11,44 Larger-volume aspirating syringes 
produce less suction and are less likely to collapse soft 
feeding tubes. Two studies (both in critically ill adults) 
recommend that gastric aspirates be returned and could 
not demonstrate any higher complication rates in those 
patients where aspirates were returned compared to 
those in whom they were not.45,46 The occlusion of feed-
ing tubes is frequently reported in the literature as a fac-
tor causing interruption in enteral feeding. To prevent 
the occlusion of NG feeding tubes, a small amount of 
sterile water (just enough to clear the dead space in the 
feeding tube) may be instilled after NG drug admin-
istration (a common cause of blocked tubes). This is 
also important to ensure the drug actually reaches the 
patient and does not remain in the feeding tube. The 
bedside nurse must be aware of the theoretical consid-
erations around GRV, as well as evidence for its use in 
monitoring for intolerance, and lead the development 
of sound and evidence-based practice related to GRV 
monitoring.

Continuous or Intermittent (bolus) Enteral 
Feeding in the Intensive Care Unit
There is often debate about whether intermittent (bolus) 
feeding is superior to continuous NG feeding in critically 
ill children. In some situations, this is simply a practi-
cal issue, for a large adolescent in the ICU, the volume 
of feeds required for calorie goal attainment precludes 
intermittent bolus administration; however, for smaller 
children and infants, this question remains. Only 1 RCT 
has examined continuous versus bolus feeds in PICU 
patients, and this showed no difference in GRV between 
the 2 methods.47 Studies in preterm infants also found 
no difference in GRV, although there was a higher GRV 
in the continuously fed group.48-51 White et al.52 found 
that continuous enteral feeding does not increase total 
energy expenditure, but bolus feeding does increase the 
thermic effect of food, thereby increasing energy expen-
diture. For patients fed via the TP route, continuous feed-
ing is essential to prevent the phenomena of dumping 
syndrome (presenting as sweating, tachycardia, rebound 
hypoglycaemia, and diarrhea). This occurs when the 
sudden influx of a hyperosmolar feed is dumped into the 
jejunum. Whereas the stomach can distend and contain a 
large amount of food all at once, the jejunum has limited 
capacity, and in a normal physiological state will receive 
small, slow volumes of gastric contents over a longer 
period of time.53
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Safety Aspects of Delivering Enteral Nutrition
There are a number of important safety factors for the 
nurse to consider in delivering EN to critically ill children. 
The most important safety issue for the nurse to consider 
is reducing the risk of aspiration and ensuring the correct 
position of the enteral feeding tube. A number of senti-
nel events are highlighted in the literature about the risks 
associated with aspiration, and misplaced NG tubes in 
particular.54-56 The nurse is responsible for ensuring the 
correct position of the feeding tube each shift and before 
each feed is delivered (if intermittent feeds are used) or 
regularly if continuous feeds are used. Historically, nurses 
used a range of methods to confirm NG tube position, 
such as auscultation of insufflated air if no gastric aspi-
rate could be obtained to test the pH, but the sensitivity 
of this method to confirm tube position is poor and this 
is now not recommended.54 Current recommendations 
to confirm feeding tube position are first to test the pH 
of the enteral aspirate with pH paper and achieve a pH 
of between 1 and 5.5 for confirmation of a gastric posi-
tion.55 The second-line tube confirmation test involves 
x-ray confirmation.55 However, gastric pH can be affected 
by a number of factors in critically ill children. A neo-
nate’s gastric pH is normally slightly higher than in older 
children and adults, whose normal gastric pH is 2 to 3.57 
In addition, pH-altering drugs, such as protein pump 
inhibitors and H2− receptor blocking agents, and the use 
of continuous feeds will raise the pH level and make this 
method of confirming tube position less reliable.58 In 
addition, intestinal or esophageal tube position will result 
in a pH typically greater than 5; thus, the pH method can-
not always be relied upon to differentiate between these 
positions and respiratory tract placement. Children and 
infants frequently pull at tubes and can dislodge them 
easily; thus, the nurse needs to be vigilant and check the 
length of the feeding tube at the nares at the beginning of 
the shift and before each feed. A combination of meth-
ods should always be used to confirm tube placement in 
children: checking the feeding tube position on x-rays 
whenever they are taken, noting and marking the tube 
length at the nares, and aspirating and testing the pH of 
the gastric contents. The documentation of feeding tube 
position should also be done every shift. Further impor-
tant nursing interventions to reduce the risk of aspiration 
pneumonia include elevation of the head of the bed 20 
to 30 degrees (where possible) and meticulous oral care. 
These are standard practices in many ICUs worldwide, 
often incorporated into care bundles.59,60

Children and neonates on the ICU can be immuno-
compromised; thus, reducing any sources of bacterial 
contamination is vital. Enteral feeds are known to be a 
source of bacterial contamination, and meticulous hand 
hygiene should be maintained when handling enteral 
feeds.61 Many pre-prepared, ready-to-feed enteral formu-
las are available that are sterile and should be used instead 
of reconstituted powdered formulas. Where reconstituted 
powdered formula is deemed appropriate for use, these 
should ideally be prepared in a designated clean feeds 
unit, and no additions to feeds should be made outside 
this unit.62,63 The ready-to-feed formula can remain hang-
ing in a closed system (if using continuous feeding) for up 
to 24 hours. Nonsterile feeds, including expressed breast 
milk, should not be allowed to hang more than 4 hours.62 
There is no evidence for how frequently feed delivery sets 
should be changed to reduce the risk of infection, but 
each ICU should have their own policy for this, and this 
is commonly every 24 hours. Once opened, any feeds not 
in a closed continuous feeding system should be stored in 
a refrigerator and discarded after 24 hours.62 Tables 23-1 
and 23-2 summarize key nursing considerations in the 
delivery of EN.

 ■EVAlUATION OF ENTERAl NUTRITION  
IN THE CRITICAllY Ill CHIlD

Once enteral feeding has been initiated, the nurse needs 
to evaluate the care delivered and reassess the child with 
a view to changing plans and care delivery as required. 
On a long-term level, the effectiveness of nutritional sup-
port can be assessed by regularly measuring weight gain 
and head circumference in infants. On a short-term basis, 
calculating daily the amount of feed (and hence calories) 
actually delivered compared to the prescribed goal, as well 
as GRVs used in combination with other clinical assess-
ments such as abdominal assessment, bowel movement 
frequency and type, bowel sounds, nausea and vomiting, 
diarrhea, and serum electrolytes, can be used to assess the 
effectiveness of EN delivery. In addition, in children and 
infants at risk of gut ischemia or NEC, the nurse must be 
proactive in looking for signs of this complication. Com-
mon signs of NEC include abdominal distention and/or 
pain or tenderness on palpation, feed intolerance, blood 
in the stools or gastric aspirates, metabolic acidosis with 
increasing serum lactate, and hemodynamic instability.64 
Gut ischemia and abdominal compartment syndrome 
may occur in the older child and present with pain and 
increasing abdominal distention, accompanied often by 
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n ursing Practice r ecommendation

t ype of nutritional  
support

•	   If enteral nutrition not likely, get parenteral support prescribed and ordered early (to avoid 
delays)

t iming of enteral nutrition •	 place NG tube as standard and confirm position as soon as possible 
•	 If no contraindications, start enteral feeding within 24 hours of pIcU admission

t ype of enteral feed •	  If breast milk not being used, start with standard feeding formula appropriate for child’s age 
and get dietitian review as soon as possible

Ensuring safety in enteral 
feeding

•	  confirm and document feeding tube position at shift baseline and every time a feed is 
administered or 4-6 hourly if continuous feeds are used

•	  ensure meticulous hygiene (using aseptic nontouch technique) when preparing feeds and 
change feeding sets/tubing regularly, and do not leave feeds hanging for more than recom-
mended hang times

•	  position child with head of the bed elevated 20-30° where possible to reduce the risk of 
aspiration

Set and review daily  
nutritional goals

•	  Know the child’s nutritional goal for the day (how many mL of what type of feed and how 
many kcal this is)

•	  at the end of the 24-hour period calculate and record how much of this goal was achieved 
and document this

•	 communicate this progress daily with medical team and dietitian

r educe feed interruptions •	 ensure written unit consensus on fasting guidelines to improve consistency
•	  consider the likely medical interventions/investigations for the day and the timing of these 

and whether they need prior fasting 
•	  coordinate the timing of these interventions where possible to minimize the feed interrup-

tion time
•	 restart feeds as soon as possible after procedure
•	 avoid NG tube occlusion after drug administration by flushing with sterile water

Be aware of the  
limitations of Gr V

•	 Use GrV in combination with other clinical assessment parameters in deciding to stop feeds
•	 Use larger syringe sizes when aspirating feeding tubes to avoid falsely low GrVs
•	  caution in the use of GrV when aspirating fine-bore, soft feeding tubes (likely falsely low 

GrV)
•	  consider that GrV is not just the volume of feed delivered but also gastric juice and saliva 

produced by the patient
•	 Smaller-bore feeding tubes are more likely to produce falsely low GrVs
•	 Using continuous feeds will yield a higher GrV

o bserve for complications 
and feeding problems

•	  regular clinical assessment: abdominal distention, pain, vomiting or diarrhea, bowel sounds, 
GrV

•	 Frequency and type of bowel movements
•	 acid–base balance, electrolytes, and serum glucose

c onsider factors that could 
reduce feeding problems

•	 Does the child need prokinetic agents?
•	 Does the child need antiemetics?
•	 Does the child need laxatives?
•	 could the child’s sedation and opiates be reduced?

■  TAblE 23-2. n ursing r ecommendations for o ptimizing the delivery of Enteral n utrition to the c ritically ill c hild
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hypotension, metabolic acidosis, respiratory decompensa-
tion, and reduced urine output.65

Where possible, it is important to weigh the criti-
cally ill child regularly. In some units, this is more easily 
achieved with special beds/cots that allow weighing with-
out moving the child, whereas in other units, the safety of 
lifting an invasively ventilated child out of bed onto scales 
has to be balanced against the risks of this procedure. The 
child’s weight, looked at in combination with the child’s 
overall fluid balance, is an important tool to evaluate 
nutritional status in the critically ill child. Evaluation of 
the overall process of optimizing nutrition in a particular 
critical care unit is best achieved by clinical audit. But it is 
important that even on a shift-by-shift basis, the care the 
nurse delivers is evaluated and reflected on (and docu-
mented appropriately) in order to optimize the care that 
children receive. Table 23-1 summarizes the key aspects of 
the nursing assessment of nutritional support.

 ■  THE CRITICAl CARE NURSES’ ROlE IN 
ACHIEVING OPTIMAl NUTRITION 

Intensive care nurses are the only constant presence at the 
child’s bedside and play a crucial role in optimizing nutri-
tion with the potential for improving patient outcomes. 
They also act as the linchpin between different medical 
and surgical teams and have a key role in the coordina-
tion of activities and timing of interventions for the criti-
cally ill child. They must “humanize”’ the intensive care 
environment for the families, counsel and support them, 
and involve the family in decision making. The opti-
mal management for critically ill children can only be 
achieved by a multidisciplinary team approach, and the 
intensive care nurse is an integral member of this team; 
thus, the nurses’ role in optimizing nutritional intake in 
the critically ill child is an important one. The nurse’s role 
is critical in coordinating care to the critically ill child, 
ensuring that clear nutritional goals are set for the day, 
and in evaluating the achievement of these goals at the 
end of each 24-hour period. The bedside nurse must be 
proactive, acting as the child’s advocate to reduce feed 
interruptions, monitor compliance to institutional nutri-
tional guidelines, and monitor for signs of intolerance 
to ensure safe EN delivery. Previous research has sug-
gested that nursing practices (especially the variation 
between individual clinicians) could be contributing to 
underfeeding in critically ill patients.66-68 By using feed-
ing guidelines, ensuring compliance to guidelines, and 
reducing interruptions, the nurse has a key role to play in 

optimizing the nutritional support provided to critically 
ill children. The implementation of a nutritional support 
team or nurse champions around nutrition in an ICU has 
also shown to contribute to improved unit and patient  
outcomes related to nutrition.36

 ■KEY POINTS

■  TAblE 23-2. n ursing r ecommendations for o ptimizing the delivery of Enteral n utrition to the c ritically ill c hild

•	 Critical care nurses play a crucial role in ensuring 
optimal nutrition practice in the PICU.

•	 By ensuring timely nutritional assessment and 
developing safe nutrition delivery practices, nurses 
can help decrease interruptions to feeding, improve 
compliance with nutrition guidelines, and help 
achieve nutrition goals in critically ill children.

•	 Safe placement of feeding tubes has been led by 
nursing staff at many centers.
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