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Preface

On behalf of the Co-Editors of Medical Imaging Contrasts Agents:
A Clinical Manual, I am delighted to put in your hands this comprehensive
work that fills a gap in the armamentarium available to all interested in the
use of contrasts agents in Radiology and Medical Imaging. These include all
of us using medical imaging contrasts, such as radiologists, cardiologists,
vascular surgeons, obstetricians, urologists, gastroenterologists, and their
trainees, licensed independent providers (LIPs) such as physician assistants
and nurse practitioners, medical physicists, medical imaging nurses, and
pharmacists, radiology technologists, sonographers, clinicians frequently
ordering medical imaging studies and in general all interested in the broad
spectrum of medical imaging contrast agents and drugs.

A key element of this Manual is its comprehensiveness discussing in 26
chapters the different kinds of medical imaging drugs used in all medical
imaging modalities, from radiography, including angiography and
fluoroscopy-guided GI and GU studies, to Computed Tomography (CT),
Magnetic Resonance Imaging (MRI), and ultrasound.

Further, organ-specific applications are reviewed, discussing contrast-
enhanced imaging examinations of the liver, pancreas, GI tract, brain, breast,
heart, chest, musculoskeletal system, and vessels (angiography).

Besides, this Manual dedicates chapters to unique clinical situations such
as the use of medical imaging contrasts in pregnancy, lactation, and
pediatrics.

The three major medical imaging drug groups are reviewed: (1) iodinated
contrasts for ionizing radiation techniques such as radiography, fluoroscopy,
and CT; (2) gadolinium, manganese, and iron-based contrasts for MRI; and
(3) ultrasound contrasts.

The Manual discusses the chemical and pharmacokinetic properties for
each group, their potential toxicity, and allergic reactions, including their
treatment.

The editors assembled a magnificent cadre of 32 authors, recognized
global class experts worldwide, from the United States, Germany, Japan,
Spain, Turkey, and Latvia, making this Manual a truly international effort.

The Manual is not only comprehensive, but all materials are up-to-date
and to-the-point using a direct, practical approach with a peer-peer style we
believe addresses the “what you need to know” principle so desired among
practicing clinicians.



Vi

Preface

In short, on behalf of the editors of Medical Imaging Contrasts Agents:
A Clinical Manual, we are delighted that you are reading this preface since
it indicates you are interested in this topic; we invite you to read it, trusting its
contents are of help in your daily medical imaging practice.

Enjoy!!

Stony Brook, NY, USA Pablo R. Ros
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Contrast Agents in Radiology:

An Overview

Pablo R. Ros, Ibrahim Inan,
and Sukru Mehmet Erturk

Contrast agents are like dressing in a salad, liter-
ally enhancing the effectiveness of imaging stud-
ies and becoming essential in the characterization
and eventual diagnosis of pathology. Contrast
agents are to radiology like stains are to
pathology.

Contrast agents are chemical compounds
allowing the visualization of specific anatomical
structures of the human body in medical imaging
and integral part to many imaging methods.

Contrasts were initially utilized to better visu-
alize vascular structures and the gastrointestinal
tract. Over time, they became a key, perhaps
essential, component of medical imaging with
their use extended to the evaluation of vascular-
ization and perfusion of the tissue in solid organs,
specifically using cross-sectional imaging tech-
niques and enhanced visualization and character-
ization of focal lesions within these organs.

Iodine- and barium-containing compounds
are frequently used in X-ray-based imaging
modalities (radiography, fluoroscopy, computed
tomography (CT), angiography), and gadolin-
ium-containing compounds are utilized in mag-
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Case Western Reserve University,
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netic resonance imaging (MRI). Depending upon
the anatomical structure to be visualized, contrast
agents can be administered in different ways,
including intravenous, intra-arterial, intrathecal,
oral and rectal routes.

The initial use of contrast agents took place
immediately after the discovery of X-rays by
Wilhelm Roentgen in 1895. It was early and
clearly understood that elements with a high
atomic number could provide radiopacity. The
first documented use of contrast agents in humans
dates back to 1896, only 1 year after Roentgen’s
discovery, when Teichmann’s solution (iodine
solution), a mixture of chalk, cinnabar, and paraf-
fin, was applied to perform an angiogram of an
amputated hand in Vienna [1]. However, these
toxic compounds could still not be used in
humans. The first use of contrast material in a liv-
ing human resulted from an incidental event.
Osborn et al. discovered that the urine of patients
undergoing syphilis treatments with iodized
compounds was radiopaque, and subsequently
they obtained the first pyelogram in 1923 [2]. In
the same year, Berberich and Hirsch performed
the first femoral angiogram using strontium bro-
mide for this purpose [3]. Femoral angiography
using iodinated contrast agents followed suite in
1924 [4]. In 1927, the first carotid angiogram was
acquired using sodium iodide by Dr. Moniz in
Portugal [5]. On a parallel fashion, there was
interest in opacifying the gastrointestinal tract,
and in the early 1920s, barium compounds were

S. M. Erturk et al. (eds.), Medical Imaging Contrast Agents: A Clinical Manual,
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initially tested in animals and eventually in
humans as oral contrast agents by Dt. Cannon in
the United States [6].

Once the use of iodine-based contrast agents
became widespread, the new frontier evolved
into reducing their toxicity. Synthetic iodopyri-
dine derivatives were clinically available as ther-
apeutic drugs in the mid-1920s and therefore
used as the first contrast agents and were rapidly
and commonly adopted worldwide [7]. In his
study investigating different compounds and
heavy metals, Moniz suggested in 1927 that a
high molecular weight reduced the toxicity of
iodized compounds, which contributed to the
development and marketing of iodine-based con-
trast agents widespread intra-arterial used includ-
ing cerebral and cardiac angiography. After
WWII and the development of the atomic bomb,
there was availability of nuclear power by-
products, one of them was thorium dioxide,
which was used widely as a vascular contrast
under the trademark name of Thorotrast. This
contrast was well accepted since Thorotrast had a
much higher attenuation than iodine-based con-
trasts and could be used successfully intravascu-
larly producing excellent vascular delineation
with only a few mLs injected. Thorotrast was the
contrast of choice for cerebral angiograms for a
decade from the mid-1940s to the mid-1950s [5].
However, Thorotrast had major drawback; it is an
alpha ray emitter with a very prolonged half-life
and was picked up by the rethiculoendothelial
system of the liver and spleen and not biodegrad-
able. Thorotrast had carcinogenic effects, devel-
oping primarily angiosarcoma in the liver and
spleen and other visceral neoplasms in the kidney
and lung, and it was discontinued in the 1950s
[7].

In the following years, benzene derivatives
with increased radiopacity using more than one
iodine particle in the same molecule gained pop-
ularity. When researchers realized that free amine
caused toxicity, these derivatives were modified
as acetyl and converted to modern iodinated con-
trast agents, which are still widely used [8]. The
development of low-osmolality and non-ionic
iodinated compounds with even a lower side
effect profile, and compounds with a lower vis-

cosity for high-dose and high-rate applications
occurred in the last few decades [7, 9-12].

After the introduction of MR imaging in the
early 1980s, gadopentetate dimeglumine was
developed in Germany as a first extracellular con-
trast agent based on gadolinium [11, 13, 14].
Gadopentetate dimeglumine or gadolinium
DTPA was a huge success and has become the
widespread choice throughout the world [11, 14].
Organ-specific contrast agents were later devel-
oped based on manganese chelates and iron oxide
particles to enhance the liver. Manganese-based
contrasts are excreted by the hepatocytes into the
biliary tree and iron oxide particle are uptaken by
the liver Kupffer cells. Neither of these two spe-
cific contrasts was used clinically currently.

In 2006, the first case of nephrogenic systemic
fibrosis (NSF) associated with gadolinium
administration in patients with renal insufficiency
was reported [11]. The FDA (Federal Drug
Administration), the ACR (American College of
Radiology), the EMEA (European Medicines
Agency), and ESUR (European Society of
Urogenital Radiology) among other entities
established guidelines with recommendations
and warnings on the use of gadolinium-based
contrast agents [15]. A significant decrease in
NSF cases was observed after increasing aware-
ness about this issue and avoiding the use of gad-
olinium in high-risk patients [11].

Gadolinium is a highly toxic rare-earth metal
containing seven unpaired electrons, which
makes it ideal for MR imaging once chelated to
avoid toxicity. Gadolinium DTPA compounds are
spread extracellularly through aromatic side
chains, do not cross the blood-brain barrier, and
are excreted by the kidneys. Gadolinium com-
pounds with long fatty chains such as Gd-EOB-
DTPAS?2 and to a lesser degree Gd-BOPTAS83 are
metabolized by the liver in certain proportions
and excreted via the bile ducts. Therefore, these
molecules are liver-specific agents and are pre-
ferred for contrast enhancement of the liver
parenchyma and evaluation of the biliary tract.

Gadofosveset trisodium was another contrast
agent bound to albumin resulting in a prolonged
intravascular presence and a distribution limited
to the vascular space. It was preferred for the
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visualization of the vascular system as a blood
pool agent and discontinued by the manufacturer
in 2017 due to low demand [11, 16].

Currently, numerous nanoparticles conjugated
with paramagnetic ions such as iron, gadolinium,
and manganese with different shapes, sizes, and
compositions are being developed. The common
goal is to produce molecules that are tissue or
organ specific and thus provide high contrast res-
olution for particular indications and have fewer
side effects [17].

Contrast media involving micro-bubbles may
be used in ultrasound imaging as a ubiquitous,
portable, affordable, safe, and easily accessible
imaging technique. The use of contrast media in
ultrasonography was first reported in 1968.
Albumin-bound coating was developed in 1984
to stabilize the micro-bubbles [18, 19]. These air
bubbles, which are smaller than 7 pm, reach the
systemic circulation through the pulmonary cap-
illaries and are used to evaluate epicardium,
intracardiac thrombus detection, characterization
of pancreatic lesions in endoscopic ultrasonogra-
phy, inflammatory bowel diseases, and solid
organ trauma [20].

Today, contrast agents have a wide range of
application areas. About 30% of MRI scans are
performed using contrast agents [11]. Contrast
agents are utilized to characterize lesions in solid
organs; visualize vascular structures; follow up
tumor activity; evaluate infections, abscesses,
and other inflammatory diseases; and detect tis-
sue perfusion. In addition, with the use of an
appropriate contrast agent, it is possible to visual-
ize any tubular structure, such as the hollow vis-
cera of the gastrointestinal system, cerebrospinal
fluid, salivary glands, breast ducts, and lymphatic
vessels.

Despite radiology and its astonishing and
ongoing technological advances, the clinical use
of contrast agents remains a necessity; today,
there is no other workable alternative. However,
although the available contrast agents are reli-
able, their potential to trigger side effects is still
of concern. NSF cases associated with gadolin-
ium intravenous administration have not been
reported for a long time; but this issue remains
relevant. In recent years, gadolinium accumula-

tion in different tissues such as the basal ganglia
of the brain has raised questions even though its
clinical importance is yet to be known [21-23].

The widespread use of contrast media in med-
ical imaging has led to significant growth in the
contrast media market and the emergence of a
large medical imaging drug sector. Contrast
media are used in approximately half of all radio-
logical examinations. Considering the 76 million
CT scans and 34 million MRI scans performed
yearly in a worldwide basis, one can easily notice
the size of this market.

Medical imaging drugs or contrast media his-
tory parallel that of radiology and have evolved
as the specialty developing agents to enhance all
modalities. The sector is strong with an annual
business size estimated in $ 4.96 billion in 2018
and a predicted increase by 6.3% in the 2017—
2021 period [24]. The size of the business is such
that brings a strict and healthy competition of
pharmaceutical industry in this sector, resulting
in the discovery of new drugs with a lower side
effect profile as one positive outcome of the com-
petitive forces.

In conclusion, the use of contrast agents is
indispensable in radiology, and it will remain as
such in the foreseeable future. Contrast agents
providing high contrast resolution without
adverse side effects are the ultimate goal of all
clinicians and researchers involved in this area.
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Chemistry, Physicochemical
Properties and Pharmacokinetics
of lodinated Contrast Agents

Kevser Erol and Semra Yigitaslan

2.1 Introduction
Contrast agents (CAs) are expected not to have
any pharmacological activity in the organism.
Their basic role is to absorb X-rays. Therefore,
sodium iodide is thought to be ideal from an
absorption perspective—85% of the molecule is
iodine—but not from a toxicity perspective.
Iodine which atomic number is 53 and atomic
weight is 127 is 3x denser than bone and 5x
denser than soft tissue. It is essential for nutrition,
abundant in thyroid and also a principal ingredi-
ent in the surgical scrub, betadine. Non-metallic
iodine is commonly found in salt water swamps
or brackish waters; in greyish-black, lustrous
plates or granules. A halogen (group VII ele-
ments including fluorine, bromine and chlorine)
iodine readily binds to salt. Iodine is proved as a
satisfactory element for general use as an intra-
vascular CA for radiography. Original “ionic”
iodine contrasts were bound to sodium, calcium,
magnesium or meglumine salts. The concentra-
tion of ionic contrast refers to the amount of salt
in solution.

The iodine may be bound to either an organic
(non-ionic) compound or an ionic compound. So,
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iodine-based CAs are basically classified as ionic
or non-ionic. Both types are most commonly
used in radiology because of their relatively
harmless interaction with the body. Ionic agents
were developed first and are still in widespread
use depending on the requirements but may result
in additional complications. Organic agents
which covalently bind the iodine have fewer side
effects as they do not dissociate into component
molecules. Many of the side effects are due to the
hyperosmolar solution being injected, i.e. they
deliver more iodine atoms per molecule. The
more iodine content means the more “dense” the
X-ray effect is.

Iodine-based CAs are water-soluble. The most
used iodinated organic molecules used for con-
trast include iohexol, iodixanol and ioversol.
These CAs are sold commercially available as
clear, colourless water solutions with the iodine
concentration usually expressed as mgl/mL.

2.2  Physicochemical Properties
Iodinated CAs used for radiographic procedures
today are unique pharmaceuticals. They are
highly concentrated solutions that can be admin-
istered in high doses, because CAs possess a high
safety profile and have special physicochemical
properties. They are very hydrophilic and inert
substances, which is illustrated by their extremely
low propensity to bind with proteins.

S. M. Erturk et al. (eds.), Medical Imaging Contrast Agents: A Clinical Manual,
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Five physicochemical parameters are impor-
tant in the development of iodinated contrast
molecules: stability, solubility, hydrophylicity,
osmolality and viscosity. Viscosity is the basic
criterion rather than the others. Because all the
criteria which contribute to improve solubility,
osmolality and hydrophilicity affect inversely
viscosity [1]. Organically bound iodine which is
stable is much better tolerated if particularly
shielded by hydrophilic groups [2].

Modern iodinated CAs mostly used in clinical
practice can be divided into two basic classes
based on their chemical structures. Monomeric
agents are composed of a single tri-iodinated ben-
zene ring, whereas dimeric agents consist of two
covalently bonded tri-iodinated benzene rings.

The osmolality of a CA solution is propor-
tional to the number of independent particles in
the solution. Both the concentration of the CA (or
any other constituents) and the temperature of the
solution influence strongly the osmolality. The
osmotic pressure of a CA preparation is expressed
in milliosmol kg~! water (mosm kg!), in mega-
pascal (MPa) or in atmospheres (atm). CAs can
be classified into three different groups, high-
osmolar compounds with osmolalities in the
order of 1500 mosm kg~', low-osmolar agents
with 600-700 mosm kg~! and isotonic substances
with osmolalities similar to that of blood
(300 mosm kg=!). High osmolality may cause
certain types of side effects such as pain at the
injection site, cardiovascular effects (heart rate,
blood pressure) and diuresis. The closer the
osmolality is to that of blood, the lower is the
overall side effect ratio [2].

The osmolalities and viscosities of these two
classes are different. In regard to iodine concen-
trations, non-ionic monomers (low-osmolar CAs)
have higher osmolalities and lower viscosities
than non-ionic dimeric CAs (iso-osmolar CAs)
in vitro. Small changes in concentration can
cause large changes in CA viscosity, because the
viscosity of CA increases exponentially, as a
function of iodine concentration [3]. Monomeric
CAs are formulated as iso-osmolar relative to
human plasma, whereas iodixanol is currently the
only iso-osmolar and dimeric CA commercially
available for intravascular use. The viscosity of

iodixanol is considerably higher than that of most
other CAs. Therefore very thin catheters should
not be used for injection. Its high viscosity might
counteract the beneficial effects of the low osmo-
lality [4]. Nowadays high-osmolar monomeric
CAs are replaced by non-ionic low-osmolar
agents because of their impractical intravascular
usage [5].

Most modern CAs are non-ionic; therefore
they do not dissociate in solution, but vary with
regard to iodine content and physicochemical
properties. Ionic CAs generally, but not always,
possess higher osmolality and more side effects
[6]. After the injection of ionic CAs, the molecule
begins to dissociate by releasing ionic particles
(+ cation and — anion) at a concentration 4-—8
times higher than the particle content of blood
(osmolality). High osmolality (2—8x) of a CA can
change electrolyte balance. The osmolality and
also the viscosity of CAs have been considered as
important properties for renal tolerance [7].

2.3 History

Osborne et al. obtained an X-ray image of a uri-
nary tract by using intravenous sodium iodide as
early as 1923 [8]. Iodine has remained the most
widely used element for intravenous injection as
a radio-opaque agent ever since. Inorganic
sodium iodide was found too toxic for routine
use; thereafter the development of organic com-
pounds has extended the clinical use of iodinated
compounds [7]. Each development stage of CAs
represents a progressive evolution of the original
agents [3]. The first CAs were ionic tri-iodinated
derivatives of benzoic acid, and their osmolalities
were also high.

The historic development of X-ray CAs fol-
lowed a logical consequence by moving from
lipophilic to hydrophilic agents, from ionic (dia-
trizoate) to non-ionic drugs (iopromide), from
inorganic iodide to organic mono-iodine com-
pounds (Uroselectan A), from bis-iodine
(Uroselectan B) to tris-iodine substances (diatri-
zoate) and from monomers (iopromide) to dimers
(iotrolan).  Hydrophilicity, osmolality and
viscosity are directly related to the chemical
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structure of the CAs [2]. The first tri-iodinated
CA was developed in the 1950s [9]. The first syn-
thesised nonspecific hydrophilic iodinated CA
was diatrizoic acid in 1953 [2]. Its osmolality is
5-7 times higher than that of plasma. Thereafter
iothalamate, metrizoate and ioxithalamate were
synthesised and marketed. These are also high-
osmolar CAs.

The reduction of osmolality leads to reduce
pain and haemodynamic disturbances of the
injected solution. Metrizamide, which is synthe-
sised by condensation of metrizoic acid and glu-
cosamine, was the first non-ionic CA. But it was
not appropriate to autoclave sterilisation while it
was possible to be lyophilised. Iopamidol and
iohexol were developed in the mid-1970s and
then iobitridol. These are stable non-ionic CAs.
Ioxaglic acid, derived from the synthesis of
mono-carboxylic acid dimers, leads to reduce
osmolality. It was used for interventional proce-
dures because of its beneficial properties on
platelet function and thrombin. Non-ionic iodin-
ated CAs are the most widely used drugs in the
radiological field to enhance X-ray procedures.

Non-ionic CAs were synthesised by substitut-
ing non-iodine parts of the benzoic ring with a
non-ionising side chain. They are highly concen-
trated solutions [10] and are classified as high
osmolality and low osmolality; the latter can be
further subdivided as ionic or non-ionic [11].
Non-ionic CAs with low osmolality became pop-
ular in the late 1980s. They have fewer particles,
and these characteristics caused to lower osmo-
lality than ionic agents. The osmolalities of these
non-ionised agents are two times higher than that
of blood plasma, and they do not disrupt electro-
lyte balance. Their cost is significantly higher;
however contrast reactions were observed fewer
than ionic ones. Iotrolan and iodixanol as non-
ionic dimers were synthesised to provide iso-
osmolality with plasma in the 1990s.

However viscosity of these compounds is
high. A series of compact dimers were character-
ised by a three-dimensionally distributed hydro-
phylicity due to the perpendicular ring
conformation by hydroxylated amino groups and
stabilisation of hydrophylicity. Therefore their
viscosities were low [2].

2.3.1 Physicochemistry
The pharmacological and toxicological behav-
iours of CAs are dependent on their physico-
chemical characteristics. Therefore these features
can guide the search for improved substances [2].
CAs are usually injected in high concentrations
for most radiographic examinations [9]. Therefore,
the commonly used solutions have a concentration
of 1.5 mol/L (1.5 mol of CA per litre of solution).
The physical properties of some CAs are sum-
marised in Table 2.1. The osmolality which repre-
sents the ratio of CA to water molecules in the
solution determines the osmotic pressure [12].
High viscosity is a property of these concentrated
solutions although the solutions with high molar-
ity do not always have high viscosity [13].

2.4  Characteristics of lonic CAs
Iodine concentration of an agent measured in
weight/volume determines the radiopacity. The
concentration usually changes in ranges from 10
to 82, independent on its use. The other elements
in the CA do not have radiopacity, but act as car-
riers of iodine. They provide to increase solubil-
ity and reduce the toxicity of the CA. Many
products including iodine salts are expressed in
the brand name: Renografin-60, Hexabrix 76,
Isovue-200 and their concentrations are 20%.

The electrical charge (acid group) and the
oxygen and nitrogen atoms in the side chains
reduce the lipophilicity of triiodobenzene deriv-
atives, while methyl groups in the side chains
increase it. Low lipophilicity is expected for
urography, angiography, CT and myelography. A
correlation between lipophilicity and certain
types of side effects of ionic CAs was found.
This correlation was even more obvious when
the degree of binding of the CAs to plasma pro-
teins was measured rather than lipophilicity [14].
Non-ionic CAs are generally very hydrophilic,
and their binding to plasma proteins is minor.

Iodine preparations are expected to be water-
soluble and stay stable in solution and mix with
blood. Products that do not meet this requirement
are packages of a solute and a solvent.
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Table 2.1 Physicochemical properties of iodinated contrast agents. Data have been collected from [2]

Compound Molecular Concentration Osmolality Viscosity
Agent type weight (mgl mL~1) (mosm kg~!) (mPas)
Diatrizoate ITonic 810 306 1502 9.32
Sodium diatrizoate Ionic 614 300 1500 2.5%
Toxaglate Tonic 1269 300 584 7.8°
Iotalamate Ionic 643 300 1500 5.2°
Topentol Non-ionic 835 300 835 6.5
Topamidol Non-ionic 777 300 640 4.8
Tohexol Non-ionic 821 300 690 4.5°
Topromide Non-ionic 791 300 607 4.6°
Toversol Non-ionic 807 300 807 6°
Totrolan Non-ionic 1626 300 320 9.1°
Toxilan Non-ionic 805 300 585 9.4
Todixanol Non-ionic 1550 320 290 20.7*

2At a temperature of 20 °C
At a temperature of 37 °C

2,5 Viscosity

The viscosity of a CA provides its ability to
flow and is given in millipascal x second (mPa
s). The concentration of the CA and the tem-
perature of the solution strongly influence the
viscosity. Viscosity is increased by increasing
concentration and decreasing temperature. The
viscosity of CA determines and limits the maxi-
mal rate of injection. High viscosity leads to
side effects. Low viscosity is essential, because
the thickness of an agent particularly affects the
easiness of a bolus injected and the rate of drip
infusion.

The viscosity of iodixanol is considerably
higher than that of most other CAs. Therefore it
is less suited for injection in very thin catheters
[7, 15]. Tosimenol, a non-ionic and dimeric CA,
is iso-osmolar but exhibits a lower viscosity than
iodixanol at the same concentration [16].
Moreover it was under development for use in
cardiac angiography [17].

2.6 Osmolality

In general the water can cross from the capillary
bed to maintain the balance because of higher
blood pressure in capillary arteriole than the
osmotic pressure in the tissue. The osmolality

increases as a CA is injected. Blood entering the
capillary bed is hypertonic to the fluid in the sur-
rounding tissues. Extravascular fluid crosses the
semi-permeable membrane of the capillary to
provide isotonicity, causing hypervolemia. Fluid
drawn from RBCs causes sickling. Epithelial
cells lining the intimal wall are similarly affected
and can lead to inflammation and thrombophlebi-
tis. Flexibility of vessel walls allows vasodilation
to accommodate against hypervolemia.

The osmotic pressure of a solution can be
expressed in two different ways, osmolarity and
osmolality. Osmolarity means the concentration
of osmotically active particles in relation to the
volume of a solution. In the case of nonelectro-
lytes, it is identical to molarity. Osmolality
describes the concentration of solute per kg of
water. It is nearly proportional to the number of
freely mobile particles (molecules, ions) per kg
water. The osmolality of CAs is dependent domi-
nantly on the concentration and only slightly on
the temperature. The osmolalities of different
CAs can be diverse, even if they have the same
concentration of iodine [14]. Therefore the
osmolality of a solution is related to the ratio of
solute particles to water molecules. When the
osmolality of the injected drug is higher than
plasma osmolality (300 mOsm/L), vascular
entrance of interstitial water produces adverse
reactions such as increase in blood viscosity,
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endothelial damage, hypervolaemia, vasodilata-
tion, oedema with neurotoxicity, depressed myo-
cardial contractility and systemic toxicity [18].
The number of particles in solution is the basic
factor of toxicity. Low toxicity is essentially
expected. But any preparation not natural to the
body can be toxic to the body more or less, unlike
as natural substances can be given in excess. The
goal of used CAs is to keep adverse reactions to a
minimum. Non-ionic CAs have lower osmolality
and tend to have fewer side effects.

2.7 Chemical Composition

of lonic CA

The most important step in the synthesis of iodin-
ated CAs is to add iodine into the molecule.
Todine is introduced either through substitution
or by addition reactions. The benzene ring can be
iodinated by a number of methods via the inter-
mediate I*, which will react with positions of the
benzene ring activated by enough electronegative
of neighbour groups. Normally, amine groups are
used for the activation. An aqueous solution is
used for achieving the active iodine ion (I*). The
last tri-iodinated compounds are usually less
water-soluble than their precursors. Purification
of the intermediates is easily by performing pre-
cipitation. The synthesis of ionic CAs is com-
plete by following acylation of the amino groups.
As a typical reaction scheme for an ionic mono-

OOH OOH
é
O,N

COOH OCH

—_—
HoN NH, NHCOCHS,

mer, the synthesis pathway for diatrizoate is
given in Fig. 2.1.

The synthesis of non-ionic CAs is much more
complicated. Because of the higher aqueous solu-
bility of the intermediates, the purification pro-
cesses are harder than the ionic ones. Its
necessarily more expensive and sophisticated
procedures are recrystallisation, extraction and/
or chromatography.

2.7.1 lonicCAs

Ionic tri-iodinated CAs are synthesised by using
bisamino nitrophthalic acid or amino isophthalic
acid as precursor. The nitro group is reduced to
the amino moiety by hydrogenation and iodin-
ated by iodine monochloride in aqueous solution.
Therefore solubility decreases, and triiodoben-
zene precipitates from the solution and can be
recrystallised. Amino functions are then acylated.
The solubility of trilodobenzoic acid analogues
was increased by esterification with meglumine
or by conversion to sodium salt. These ionic CAs
form both anions (containing iodine atoms) and
cations (sodium or meglumine or a mixture of
both) in solution. Only the anion carrying iodine
atoms is radio-opaque; the cation is instrumental
in forming the solution. Ionic monomeric CAs
are fully saturated tri-iodinated benzoic acid
derivatives such as diatrizoate, acetrizoate, metri-
zoate, iothalamate, iodamide and ioxitalamate.

COOH

NO, H,N NH,

HCOCH;

Fig. 2.1 Synthetic pathway to ionic contrast agents — reaction scheme for diatrizoate
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Fig. 2.2 The molecular

structure of ioxaglate

O

The molecules completely dissociate in water
into two parts (the anion containing iodine atoms
and a cation). Their osmolalities are about five
times that of blood. Therefore their adverse reac-
tions and adverse effects are commonly expected
occur [19, 20].

A new monoacidic dimer is ioxaglate and con-
tains two tri-iodinated rings of benzoic acid. The
dimer forms two particles containing three iodine
molecules in solution after ionisation of its acid
group. Therefore ioxaglate has an iodine-to-
particle ratio of 6:2 or 3:1 (Fig. 2.2). Its configu-
ration enables the CA to maintain low osmolality
by requiring only one cation to balance the single
anion and also providing an adequate iodine con-
centration [9]. It is the only compound in low-
osmolar ionic CAs. Its osmolality is similar to
that of the non-ionic monomers [5].

2.7.2 Non-ionic CAs

2.7.2.1 Low-Osmolar Non-ionic CAs

The first derivative of iothalamic acid dimers was
iocarmate. It was found less neurotoxic than the
other CAs. However the synthesis of metriza-
mide, water-soluble CA, provided improvement
in imaging spinal lesions. There was a better
patient tolerance of these non-ionic CAs with low
osmolality. Their adverse effects and adverse
reactions were significantly reduced [21].
However, myelography performed with metriza-
mide produced adverse effects. But the modifica-
tion of the metrizamide side chains lessened
these adverse effects. The second generation of
non-ionic monomers are iohexol, iopamidol,
iopromide, ioversol, ioxilan, iomeron, iobitridol,
iopentol and iobitridol. These are much more

stable, soluble and less toxic. None of them dis-
sociate in solution and provide three iodine atoms
to one osmotically active particle, producing an
iodine-to-particle ratio of 3:1. Their osmolalities
are less than half of the osmolalities of high-
osmolar agents. The iodine concentrations of
some radio-opaque CAs such as iopamidol,
iohexol, ioxaglate, iotrol and iopromide are
approximately 3 mol/L. Their physiological
effects produced in conventional film-based angi-
ography are significantly light. Certain tech-
niques such as computed tomography and digital
subtraction angiography can achieve good con-
trast with a substantially lower iodine concentra-
tion. They have low short-term intravenous
toxicity [22-25] and fewer adverse effects [9].
Non-ionic CAs have usually solubility problem
in water, while iopamidol and iohexol are more
soluble. Such non-ionic CAs with lower osmolal-
ity are better tolerated, have fewer adverse effects
and are less toxic [26, 27]. Studies of acute toxic-
ity show low acute intravenous toxicity, e.g. 50%
lethal dose (LD50) of iopamidol was 20 g/kg and
that of iohexol was 25 g/kg [23, 24, 28]. Moreover,
non-ionic CAs have a reduced potential for inter-
actions because better masking of the hydropho-
bic core by hydrophilic side chains and their lack
of charge provide them greater hydrophilicity
and get them more inert and less toxic than low-
osmolality ionic agents [9].

Non-ionic monomeric CAs such as iopamidol,
iohexol, ioversol, iopromide and iopentol are syn-
thesised by increasing the length of the substituted
side groups. Therefore this kind of substitution
increased their molecular weights and reduced
osmolalities without changing the iodine concen-
tration. Their osmolalities are about 600 mOsm/kg
H,0, at a concentration of 300 mgl/mL [5].
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2.7.2.2 Iso-osmolar Non-ionic CAs

These agents are isotonic with blood (300 mOsm/
kg H,0) and do not dissociate in solution. Their
examples are isomendol, iotrolan, iodixanol and
GE-145. Therefore, an ionic CA, ioxaglate with a
low osmolality, takes place an intermediate posi-
tion between the conventional (ionic) and the
more recent (non-ionic) compounds [9, 29]. It
has six atoms of iodine per molecule, which dis-
sociates into two ions, like the non-ionic prepara-
tions [30]. Metrizamide which is similar to
ioxaglate needs to be lyophilised because of its
instability in solution [31]. Thus it has not now
been used anymore.

2.8 Atropisomerism

Atropisomerism has a different property of creat-
ing molecular chirality as a result of hindered
rotation about a bond axis. Therefore, it is consid-
ered as a (noncovalent) molecular dissymmetry
depending on temperature. Iomeprol, iopamidol
and iopromide are non-ionic iodinated contrast
agents (NICAs) characterised by an extensive
atropisomer chirality [32]. They are commonly
used for radiological analyses such as urography,
angiography and myelography [2]. These CAs are
purchased commercially as highly concentrated
aqueous solutions but relatively low osmolality
and viscosity. A high amount of iodine in a mole-
cule can provide an efficient radiopacity, because
the quality of image depends on the iodine con-
centration [33, 34]. Therefore iodine contents of
these CAs are about 50% of the weight. Iodine
covalently bound to organic molecules is also
nontoxic. Atropisomer chirality may affect prop-
erties such as pharmacokinetics and toxicity. The
generic molecular structure of NICAs consists of
a fully substituted aromatic ring (Fig. 2.3) with
three iodine atoms covalently linked in positions
2, 4 and 6. Positions 1, 3 and 5 are substituted
with three hydrophilic side chains attached to the
benzene ring by amidic bonds via the amino
group (position 1) or the carbonyl group (posi-
tions 3 and 5). The main role of the side chains is
to (1) increase the water solubility (relevant for
image quality), 2.7 (2) increase their biocompati-
bility and (3) aid their clearance [35].

The rate of atropisomer interconversion is
extremely slow (of the order of years), and the
compounds obtained by this kind of atropisomer
interconversion are called “formally chiral” com-
pounds and can be regarded as thermodynami-
cally distinct species that can be isolated as pure
substances and stored as individual formulations.
However NICAs are used only as diagnostic mol-
ecules without any biological or therapeutic
activity. Thus, a mixture of atropisomer forms
can also be used without danger at a concentra-
tion level above the solubility limit of each indi-
vidual species. Consequently, the concentrated
solution is not metastable because of being pre-
vented interconversionally.

2.9  Pharmacokinetics
Many radio-opaque CAs may be administered
either intravenously or intra-arterially and some-
times orally for diagnostic procedures. Modern
iodinated CAs can be used almost anywhere in
the body. They can also be used intrathecally (as
in  diskography of the spine) and
intra-abdominally.

Iodine CAs are used for the following diag-
nostic procedures:

e Contrast CTs

* Angiography (arterial investigations)
e Venography (venous investigations)

e VCUG (voiding cystourethrography)
e HSG (hysterosalpingogram)

o IVU (intravenous urography)

The iodine molecule effectively absorbs
X-rays and permits an excellent visualisation of
the anatomical structure with no accompanying
toxicity or an alteration in physiological func-
tions. Iodinated CAs increase the visibility of
vascular structures and organs such as the urinary
tract, uterus and fallopian tubes during radio-
graphic procedures. It also causes a metallic taste
in the mouth of the patient.

After intravascular injection they diffuse
across vessel walls into the interstitial compart-
ment until equilibrium is reached with the vas-
cular space because of high capillary
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Fig. 2.3 Molecular structure of iopamidol, iopromide and iomeprol. The numbers refer to carbon atoms. The sym-
metrical side arms are important for atropisomerism of these molecules

permeability. But it is not possible to enter into
an intact blood-brain barrier, the blood cells or
tissues. They can minimally bind to plasma pro-
tein. Therefore the pharmacokinetics of iodin-
ated CAs may be represented by a
two-compartment model which consists of the
central compartment, blood and the secondary
compartment, extracellular space, in both of
which the CA is distributed [9, 36]. Iodinated
agents always reach rapidly to peak plasma con-
centrations, and there is a good agreement with
contrast enhancement of the blood, liver, spleen
and other organs [37]. Therefore the plasma
iodine concentration profile is biphasic. The
first phase is due to the rapid diffusion of the CA
from the plasma compartment into the intersti-
tial compartment and the second phase corre-
sponds to slow urinary excretion [38].

Consequently most modern iodinated CAs are
either mono- or dimeric (i.e. based on one or two
benzene rings) and non-ionic (i.e. they do not dis-
sociate in solution). They are all based on tri-
iodinated benzene molecules. All of them vary
with regard to iodine content and physicochemical
properties. Their viscosities and, in particular,
osmolalities have important roles on renal
tolerance.

2.10 Absorption

Iodinated CAs are usually employed for intrave-
nous, intra-arterial and intrathecal injections
[30]. Calcium iopodate is highly lipophilic and
can be administered orally. It is strongly bound to
plasma albumin which limits the tissue transfer to
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its unbound form. Therefore the agent is almost
totally retained in the compartment of the distri-
bution of albumin [39]. After intestinal absorp-
tion, it is metabolised by glucuroconjugation and
biliary concentration, well reabsorbed in the duo-
denum and eliminated. However, when iopami-
dol or meglumine iothalamate is used for
endoscopic retrograde cholangiopancreatogra-
phy, a significant systemic transfer is sometimes
observed and anaphylactic reactions could also
happen [40].

2.11 Distribution

The peak concentration of iodine occurs rapidly
in the aorta after the bolus injection of CAs [37].
The agents with low osmolality create higher
concentrations than the compounds with high
osmolality. Therefore a better tissue contrast can
be obtained by using them. The differences may
be in the hepatic enhancement profiles of the
iodinated agents. The histological structure
(necrotic zones) and vascularisation differences
usually delay the maximum contrast enhance-
ment time in a pathological tissue.

The different CAs diffuse to extracellular fluid
with an equivalent volume. The calculated param-
eters obtained from the studies on children and
healthy volunteers are similar to those of other
low-osmolar non-ionic CAs independent of the
dose given. Lipid solubilities of CAs are low,
except the biliary agents. This property can
explain that the molecules distribute in body fluid
to the same extent as inulin. Only small amounts
of CAs can enter the cells [9]. They do not pass
the intact blood-brain barrier, the interior of blood
cells or tissues but enter the cerebrospinal fluid
[30]. Non-ionic low-osmolar compounds cannot
transfer across the placental barrier. It was
reported that only 0.7% of administered dose for
iobitridol and 1.6% for iohexol were excreted in
milk [41]. Meglumine iotraxate and meglumine
ioglycamate can pass into the bile at high concen-
trations. Distribution kinetics of all contrast mol-
ecules are similar. Diagnostic procedures are
based on the distribution of the contrast molecules
to normal and abnormal tissues of the organs [9].

The dose of a CA, distribution volume of the tis-
sue, blood flow, capillary permeability and diffu-
sivity can affect the diagnostic procedures.

2.11.1 Plasma Protein Binding

The biliary CAs can bind to plasma proteins.
There is no substitution on their benzene rings.
Meglumine iotraxate bounds to plasma proteins
less than dipiodone and meglumine ioglycamate.

The only CAs which do bind to plasma pro-
teins are biliary CAs. The reason of binding is the
absence of substitution on the benzene ring of
these agents. But acidosis increases and alkalosis
decreases binding to plasma protein. On the other
hand, protein binding of all CAs with substituted
benzene ring is negligible, because of minor
hydrophobic binding on albumin. After the rapid
intravenous injection of non-protein bound CA,
the osmotic effects can cause to the attraction of
fluid into vascular space that can result in a tran-
sient drop in packed cell volume [9].

2.12 Metabolism

CAs are considered not to be metabolised and
basically eliminated by kidneys in an unchanged
form. Iopromide, ioxaglic acid, ioxitalamic acid
and iohexol were shown to be eliminated as
unchanged forms [9]. It was reported that biliary
excretion and transmucosal excretion in the small
bowel are the major extra-renal pathway for cer-
tain agents, especially in cases of renal failure. The
amount of extra-renally excreted CA increases as
renal function decreases. If there is combined
renal and hepatic diseases, alternative routes such
as saliva, sweat and tears can help in the elimina-
tion. The biliary excretion of all CAs was less than
5% but except for metrizoate and ioxaglate [9].

2.13 Elimination

Most of iodinated CAs are highly water-soluble
and eliminated in an unmetabolised form by
glomerular filtration without secretion into the
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renal tubules in patients with normal kidney
function. They are eliminated like inulin or
Cr-EDTA, which are markers used for the evalu-
ation of glomerular filtration rate [9]. Therefore
iothalamate and iohexol have also been used as
markers of glomerular filtration because of their
specific renal elimination [36]. It has been
reported that tubular transport processes can
have a role in kidney elimination, but less than
5% of the amount is eliminated by glomerular
filtration. Active tubular excretion for ionic
monomers and tubular reabsorption for non-
ionic molecules or monoacid dimers was also
demonstrated. They have minimal hepatic elim-
ination, negligible excretion in saliva, tears or
sweat and no transport into blood-brain barrier
[9, 36]. Their elimination half-life varies from
45 min to 2 h, with near-complete excretion
within 24 h in patients without renal failure
[36]. It has been reported that hepatic elimina-
tion of this kind of iodinated CAs slowly
increased and total elimination delayed in
patients with significant renal failure. Therefore
this prolonged half-life can be considered as a
function of the degree of renal insufficiency.

Total excretion is similar for all CAs after
intravenous injection, but the nature of the mole-
cule can affect urinary concentration [21]. It was
noted that there were smaller differences in urine
concentration between meglumine and sodium
salts. These substances can negatively influence
the glomerular filtration rate. It was demonstrated
that prolonged elimination of iso-osmolar iodin-
ated radiocontrast agent in children <6 months of
age is related to renal immaturity [42].

2.14 Conclusion

The blood concentrations of CAs vary according
to their physicochemical properties. The more
hydrophylicity of non-ionic agents leads to the
higher blood concentrations due to the greater
initial enhancements in the parenchymal organs,
liver, kidney and pancreas as well as in the brain
and heart, compared to the ionic ones. Monomers
and dimers tend to give the same enhancement if
they contain the same amount of iodine. The

ideal CA is expected to give enhancement of the
body region of interest without adverse reactions.
The agents with low osmolality seem to improve
the general tolerance such as flushing, pain and
cardiovascular side effects.
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Nephrotoxicity of lodinated
Contrast Agents

Suzan Saylisoy and Sukru Mehmet Erturk

3.1 Introduction

This chapter discusses terminology, incidence,
diagnosis, pathogenesis, associated risk factors,
and preventive measures and treatment of neph-
rotoxicity of iodinated contrast agents.

3.2 Terminology

Post-contrast acute kidney injury (PC-AKI) is
often defined as acute renal impairment within
48 h following exposure to intravascular iodin-
ated contrast agents (ICAs) [1]. It can occur
regardless of whether ICAs are the cause of renal
degeneration. Contrast-induced nephropathy
(CIN) is defined as acute renal impairment caused
by renal degeneration due to ICA exposure [2].
Therefore, the two terms are not synonymous,
with CIN belonging to the subgroup of PC-AKI
and being a causative diagnosis [3]. After expo-
sure to intravascular ICAs, serum creatinine usu-
ally increases within the first 24—48 h, reaches its
peak in 3-5 days, and returns to values similar to
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the baseline within 1-3 weeks. In most cases, it is
asymptomatic and has no significant clinical
manifestation [4]. However, in rare cases, oligu-
ria or anuria and irreversible kidney damage
occur [5]. Basic workup of such cases includes
clinical evaluation, urine output, urine analysis,
and kidney imaging [6].

3.3 Incidence

CIN accounts for about 11% of the total AKI
cases [7]. Its incidence can be strongly influenced
by imaging modality, risk factors, and the type
and dose of the ICA used. CIN mainly occurs
after exposure to an ICA during coronary or
peripheral angiography, but recent data show that
modern radiographic procedures do not result in
a significant increase in CIN incidence [3]. I[CA
exposure following cardiac or peripheral angiog-
raphy differs from that of diagnostic imaging in
that in the former, the injection is intra-arterial
and the dose of ICA is concentrated and abrupt.
In the general population without risk factors, the
incidence of CIN is very low, but the risk
increases with increasing comorbidity. The most
important risk factor is pre-existing severe renal
insufficiency (SCr level > 1.5 mg/dL), in which
the CIN incidence reaches 12-27%. In the pres-
ence of diabetic nephropathy, CIN is reported to
have an incidence of 50% [8].
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3.4 Diagnosis and Biomarkers
There is no standard definition of CIN. In the
past, CIN was defined as a relative change in the
baseline serum creatinine (>25-50%) or absolute
elevation compared to the baseline serum creati-
nine (>0.5-2 mg/dL) within 72 h after ICA
administration [9]. Exclusion of other causes of
AKI (prerenal/renal/postrenal) is crucial for the
diagnosis of CIN [10]. In 2004, the Acute Dialysis
Quality Initiative (ADQI) proposed a standard-
ized definition system for CIN, namely, the
RIFLE system (Risk, Injury, Failure, Loss,
ESKD), which was modified in 2007 by the
Acute Kidney Injury Network (AKIN) group and
called the AKIN system (Table 3.1) [11, 12]. The
American College of Radiology (ACR)’s Manual
on Contrast Media (version 10.2) recommended
using the AKIN [Acute Kidney Injury Network]
criteria to define CIN. According to the AKNI
criteria, a serum creatinine increase of >0.3 mg/
dL or >50% (>1.5 times) or a urine output of
<0.5 mL/kg/h for at least 6 h that occurs within
48 h after exposure to an ICA indicates the pres-
ence of CIN [9, 13]. Recently, some providers
have been searching for rapid strip test-based
methods for the quick measurement of serum
creatinine in patients that need to undergo
contrast-enhanced radiological studies [14].
Although the serum creatinine concentration
is commonly used as a measure of renal function,

Table 3.1 RIFLE and AKIN criteria for AKI diagnosis

it has certain limitations. For example, there is
often a delay between the time of kidney injury
and the increase in serum creatinine, which
delays the diagnosis [8]. Serum creatinine is also
an unreliable biomarker of renal function changes
since it can be influenced by several non-renal
factors, such as age, gender, nutritional status,
volume status, hyper-catabolism, muscle mass,
and concomitant use of other drugs [3]. Changes
in serum creatinine concentration are not parallel
to those in the effective glomerular filtration rate
(eGFR). Normal serum creatinine levels are
maintained until GFR or creatinine clearance is
reduced by almost 50%. Therefore, there is a
need for new specific predictive biomarkers to
facilitate the early diagnosis of CIN. This will
allow not only early identification of patients at
risk for CIN but also timely medical treatment.
Biomarkers either reflect a change in renal func-
tion (e.g., cystatin C) or represent renal damage
(e.g., neutrophil gelatinase-associated lipocalin).
Most of these biomarkers are available for post-
contrast exposure; however, prediction before
contrast exposure is more valuable in clinical
practice [15].

Serum cystatin C, a 13-kDa cysteine protein-
ase inhibitor, could be used as a reliable marker
for the identification of CIN. This protein is nor-
mally filtered by the glomerulus, reabsorbed by
the tubules where it is almost completely catabo-
lized, but it is not excreted at the tubular level.

RIFLE; class GFR and creatinine criteria

AKIN; stage RIFLE AKIN Urine output criteria
RIFLE: Risk Increase in creatinine Increase in creatinine UO < 0.5 mL/kg per
AKIN: Stage 1 >1.5 x baseline or decrease in >0.3 mg/dL or >150-200% of |hx6h

GFR > 25%

baseline

RIFLE: Injury
AKIN: Stage 2

Increase in SCr > 2.0 x baseline
or decrease in GFR > 50%

Increase in creatinine
>200-300% of baseline

UO < 0.5 mL/kg per
hx12h

RIFLE: Failure

Increase in creatinine

Increase in creatinine

UO < 0.3 mL/kg per

AKIN: Stage 3 >3.0 x baseline or creatinine >150-200% of baseline or h x 24 horanuria x 12 h
>4.0 mg/dL or decrease in increase in creatinine >4 mg/
GFR > 75% dL with an increase of
>0.5 mg/dL
RIFLE: Loss Complete loss of kidney

function >4 weeks

RIFLE: End-stage
kidney disease

>3 months
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Cystatin C is not normally found in urine; there-
fore, its urinary presence indicates a tubular dis-
ease. Cystatin C levels are less influenced by
non-renal variables than serum creatinine.
Normal serum cystatin C levels are <1 mg/L
(<75 nmol/L) and increase after ICA exposure.
The combination of serum cystatin C and serum
creatinine could be beneficial for risk stratifica-
tion and prediction of prognosis in patients
exposed to ICAs [16, 17].

Natriuretic peptides [NPs] are a family of
vasoactive peptides released in response to hyper-
volemic and hypertensive states [18]. The NP
family consists of three important structurally
related but genetically distinct natriuretic pep-
tides: atrial natriuretic peptide (ANP), B-type
natriuretic peptide (BNP), and C-type natriuretic
peptide (CNP). BNP and N-terminal pro-brain
natriuretic peptide (NT-proBNP) have been
established as reliable markers for diagnosis and
risk stratification in heart failure patients.
Recently, it has also been shown that these car-
diac neurohormone levels are also associated
with accelerated progression of chronic kidney
disease. Therefore, high BNP or NT-proBNP lev-
els can be considered as markers of cardiorenal
syndromes [16, 18].

Serum neutrophil gelatinase-associated lipo-
calin (NGAL), a small circulating protein, cova-
lently bound to gelatinase from human neutrophils,
is released after tubular damage. Urinary NGAL
levels are a good diagnostic marker for predicting
CIN. In patients with CIN, NGAL levels rise
within 24 h. For the diagnosis of CIN, a cut-off
value of 150 ng/mL has been established [19].

Urinary kidney injury molecule-1 (Kim-1),
a transmembrane protein, is not normally present
in healthy kidneys, but is expressed in dedifferen-
tiated proximal tubule cells after AKI; thus, it can
be useful for early diagnosis [20]. Procalcitonin,
a novel marker for systemic inflammatory condi-
tions, has recently been shown to predict CIN in
patients with acute coronary syndrome [21]. The
ratio of urinary albumin/creatinine might be a
predictor of CIN [22]. Urinary cyclic guanosine
monophosphate (¢cGMP) concentrations are
influenced by renal function, making such bio-
markers promising [23]. However, there is no

standardized cut-off value for the diagnosis of
CIN due to the lack of data on clinical outcomes.

3.5 RiskFactors

Determination of risk factors related to CIN facil-
itates identification of patients at increased risk of
this condition. Various risk factors have been
described that increase the risk for the develop-
ment of CIN following ICA administration. These
can be classified as intrinsic [patient-related] and
extrinsic (procedural/contrast-related).

3.5.1 Patient-Related Risk Factors

Pre-existing chronic kidney disease [CKD] and
diabetes mellitus are two important patient-related
risk factors. However, recent studies concluded
that there was an increased incidence of CIN in
diabetes only when renal function was impaired
(GFR < 30 mL/min/1.73 m?). The calculated
eGFR is much better at assessing renal function
than serum creatinine [24]. The European Renal
Best Practice together with the Kidney Disease:
Improving Global Outcomes (KDIGO) guide-
lines suggests that the threshold at which the
actual risk of CIN increases could be lowered to
45 mL/min/1.73 m? [13, 25]. Other established
patient-related risk factors include advanced age
(=70 years), dehydration, anemia, vascular dis-
ease, hypertension, coronary heart disease, con-
gestive heart failure, smoking, and concomitant
use of other drugs, such as metformin, non-steroi-
dal anti-inflammatory drugs (NSAIDs), diuretics,
and calcium channel blockers [26]. CIN is rarely
seen in children, and advanced age is associated
with a higher risk of CIN. Elderly people usually
present with impaired kidney function and other
comorbidities [27]. Patients with ST-elevation
myocardial infarction can develop CIN even in
the absence of a pre-existing CKD [28]. Anemia
has also been identified as a factor independently
associated with CIN. Patients with multiple
myeloma are considered to have an increased risk
of CIN due to myeloma proteins in the kidney
tubules. However, recent research suggests that
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contrast studies can be safely performed in
myeloma patients with normal renal function if
there is no dehydration [29].

According to guidelines of the ACR, risk fac-
tors that may require a renal function assessment
prior to intravascular ICA administration include
(1) age > 60 years, (2) history of renal disease
(dialysis, kidney transplant, single kidney, renal
cancer, renal surgery), (3) history of hypertension
requiring medical treatment, (4) history of diabe-
tes mellitus, and (5) using metformin or
metformin-containing drug combinations. For
patients who do not have any of these factors, it is
not necessary to determine the baseline serum
creatinine level prior to ICA administration for
routine intravascular studies [9].

3.5.2 Procedure-Related Risk
Factors

Extrinsic factors include type and the amount of
ICM, route of administration, and the number of
ICA exposures.

Type of ICM The type of ICM has also been
reported to affect the incidence of CIN. The renal
toxicity of ICA is mainly related to its osmolality,
ionicity, viscosity, and iodine content. Non-ionic
contrast media are less nephrotoxic than ionic con-
trast media [30]. Frequently available ICM are
benzoic acid derivatives with three iodine atoms.
High-osmolality contrast media (HOCM) with up
to eight times osmolality of plasma, frequently
used in the past, is now only used for non-vascular
radiology studies since they cause serious adverse
effects related to the high osmolality. Today, low-
osmolality contrast media (LOCM) and iso-osmo-
lar contrast media (IOCM) are widely used, and
they are also less nephrotoxic than HOCM [31].

Viscosity is responsible for vascular resistance.
Viscosity increases from high to low levels of
IOCMs. Therefore, a lower osmolality of ICA
means higher viscosity. High viscosity results in
increased viscosity of the renal ultrafiltrate and thus
is parallel to increased resistance to the renal tubu-
lar flow, eventually leading to tubular damage [32].

The KDIGO guidelines suggest the use of
LOCM or IOCM instead of HOCM; however,
there is no recommendation on the preference of
IOCM over LOCM due to the lack of data [13].
However, the CIN Consensus Working Panel
stated that non-ionic IOCM should be used for
coronary angiography studies in high-risk patient
population, especially in the presence of severe
renal impairment with an eGFR of <30 mL/min,
while IOCM or LOCM can be used for ICA
administration [33].

Dose of ICM A number of studies have shown
that the nephrotoxic effect is proportional to the
volume of the ICM in intra-arterial administra-
tion. Previous studies reported that the adminis-
tered volume is directly related to risk, which is
increased by 12% per 100 mL of ICM. Brown
et al. proposed formula of “maximal allowable
contrast (MAC) dose” (contrast volume limit
[mL = 5 x bodyweight {kg}]/[88.4 x SCr
{pmol/L}]), which correlated with the develop-
ment of CIN. However, CIN can also occur with
small (30 mL) volumes of ICA, which excludes a
threshold effect [34].

Route of Administration The route of ICM
administration has been reported as a risk fac-
tor. The incidence of CIN following intra-arte-
rial administration in coronary angiographic
procedures is compared to intravenous admin-
istration. The suggested mechanism behind an
increased risk after intra-arterial administration
is that when the contrast is administered into
the abdominal aortorenal arteries, higher
amount of arterial contrast directly enters the
kidneys. The risk of CIN is lower if the contrast
is administered below the origin of renal arter-
ies; thus, the lowest risk is seen after intrave-
nous administration [35]. The reported
incidence of CIN following contrast-enhanced
computed tomography (CT) ranges from 2 to
12% [36]. However, recent studies questioned
the direct relationship between intravenous CM
administration and CIN. In the majority of
studies, there was a similar incidence of CIN
between the contrast-enhanced and non-
enhanced CT groups [2].
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Number of ICA Exposures Administration of
multiple doses of intravascular ICA within a
short period of time is a well-documented risk
factor for CIN. The dosing intervals should not
be shorter than 24 h except in emergencies since
the elimination of ICA from the body takes
approximately 20 h, provided that the patient has
normal renal function [3]. Repeated exposure in
patients with CKD should be delayed to allow
time for renal recovery.

3.5.3 Risk Scoring Systems

Several researchers have been working on the use
of risk scores to guide preventive strategies, of
which the most comprehensive is the Mehran risk
score (Table 3.2). The analysis of 8357 patients
receiving an ICM during percutaneous coronary
interventions was undertaken, and patient-related
and procedure-related variables were used to quan-
tify the risk of CIN. The incidence of CIN was
reported as 7.5% in patients with a Mehran score of
<5 and 57.3% in those with a score of >16 [37].

3.6 Pathogenesis

The pathogenesis of CIN is multi-factorial and is
not fully understood. Several distinct but interact-
ing mechanisms including medullary ischemia,
formation of reactive oxygen species, and direct
tubular cell toxicity are implicated [38].

Medullary Ischemia ICM induces renal vaso-
constriction through endothelin, changes in the

Table 3.2 Mehran contrast nephropathy risk score

Risk factor
Hypotension

Congestive cardiac failure

Intra-aortic balloon pump

Age > 75 years

Diabetes mellitus

Anemia
eGFR “ 60 mL/min/1.74 cm?
Contrast media volume

5
5
5
4
Serum creatinine 4
3
4
2
1

per 100 cc

intracellular calcium concentration of smooth mus-
cle cells, and adenosine [in contrast to its effects on
the heart, adenosine causes vasoconstriction in the
kidneys]. Inhibition of vasodilatation due to a
reduction in the intrarenal production of vasodila-
tors nitric oxide and prostacyclin may also contrib-
ute to the pathogenesis of CIN. As a result, the
renal blood flow to the medulla and GFR is reduced,
followed by renal medullary ischemia [1, 39].

Formation of Reactive Oxygen Species Reactive
oxygen species (ROS), such as superoxide (O, —),
hydrogen peroxide (H,O,), and hydroxyl radi-
cal (OH—-), are actively involved in inflammatory
reactions. ROS are released during renal paren-
chymal hypoxia induced by ICAs. ROS constrict
renal microcirculation and indirectly affect renal
vascular tone by mediating the effects of other
vasoconstrictors, stimulating the production of
vasoconstrictors, and modulating the actions of
vasodilators, such as nitric oxide. ROS are harmful
to glomerular cells by increasing the membrane
permeability, and they lead to the development of
apoptosis [1, 38, 40].

Direct Tubular Cell Toxicity All types of ICA
exhibit in vitro cytotoxic effects, and renal tubular
epithelial cells present signs of severe cell damage
or apoptosis when exposed to ICM. The cytotoxic
effect of iodine to bacteria is well known, and
iodine has been used as an antiseptic agent for
medical procedures for decades. Loss of cell
membrane integrity caused by the interaction of
iodine with amino acids found in cell membrane
proteins is responsible for the direct toxic effect
on renal tubular cells. ICAs can also increase
renal tubular viscosity in vitro, resulting in tubular
obstruction and elevated interstitial pressure [40].

3.7 Prevention

Identification of patients at risk is an important
step in the prevention of CIN. Current guidelines
recommend that high-risk patients should be
identified to plan appropriate preventive strate-
gies. General recommendations are explained
below.
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3.7.1 Avoiding the Use of ICM or

Limiting the ICM Volume

Although there is controversial data concerning
the relationship between ICM dose and nephro-
toxicity, there does seem to be a directly propor-
tional dose-toxicity correlation. Using the lowest
possible dose of the contrast agent to obtain the
necessary diagnostic information may be the eas-
iest way of reducing the risk of CIN. In addition,
recent studies showed that the combined use of
low-voltage, high-pitch acquisition and iterative
reconstruction algorithms could provide diagnos-
tic image quality at a very low ICM volume, such
as 20-30 mL [41].

3.7.2 Choosing Alternative Imaging
Modalities

In patients at high risk of CIN, alternative imag-
ing modalities, e.g., ultrasonography,
contrast CT, carbon dioxide angiography, and
magnetic resonance imaging, should be consid-
ered prior to ICM administration. Gadolinium-
based contrast agents can be used in patients at
risk of CIN but should be avoided in those that
are on dialysis or have severe renal impairment,
especially stage 4 or 5 chronic kidney disease
due to the concerns of nephrogenic systemic
fibrosis [3].

non-

3.7.3 Stopping Nephrotoxic Drugs

It is recommended to stop the use of nephrotoxic
drugs, such as NSAIDs and cyclosporine A, 48 h
before ICM exposure [42].

3.7.4 Hydration

Preprocedural hydration has been proven to be
one of the easiest and most cost-effective mea-
sures to prevent CIN. Hydration reduces the toxic
effects of ICM by reducing the concentration of
the agent in the renal medulla, activity of the
renin-angiotensin system, release of vasocon-

strictors, and production of ROS. Hydration also
leads to vasodilation in the renal medulla, proba-
bly mediated by an increase in the production of
prostacyclin. Hydration with isotonic electrolyte
solutions decreases the time of interaction
between ICM and renal tubular cells due to the
increased tubular flow by inhibiting the absorp-
tion of water and salt [43].

Oral hydration can be considered as a simple
and harmless way to perform preventive hydra-
tion prior to ICM administration. However, the
effects of oral hydration for CIN prevention are
still unclear. A small recent meta-analysis of six
randomized controlled trials showed that oral
hydration with prespecified volume expansion is
as effective as intravenous hydration for CIN pre-
vention [44]. On the contrary, some studies
reported that oral hydration was less effective [9].
The ideal volume and infusion rate are not well
known. The fluid volume should be determined
after a careful evaluation of the body fluid vol-
ume, since an excessive increase in the body fluid
volume after the development of CIN is itself
considered a risk factor for the progression of
kidney dysfunction. The total hydration volume
can be doubled by utilizing a left ventricular end-
diastolic pressure-guided hydration scheme,
without compromising patient safety [45].

For intravenous hydration, isotonic fluids are
preferred (Lactated Ringer’s solution or 0.9%
NaCl). ACR recommends the use of 0.9% saline
at 100 mL/h, beginning 6-12 h before ICA
administration and continuing 4-12 h after the
procedure, but this can only be performed in an
inpatient setting [9, 46]. The guidelines of the
European Society of Urogenital Radiology
(ESUR) suggest that the prophylactic hydration
regimen should comprise intravenous adminis-
tration of 1.0-1.5 mL/kg/h fluid for at least 6 h
before and after ICA administration [47].
According to the guidelines of the European
Society of Cardiology/European Association for
Cardio-Thoracic Surgery, the patients with
chronic kidney disease undergoing diagnostic
catheterization should receive preventive hydra-
tion with isotonic saline, starting 12 h prior to
angiography and continuing for at least 24 h
afterward [48].
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The data from meta-analyses comparing
hydration with sodium bicarbonate and sodium
chloride provided contradictory results [49]. One
meta-analysis showed that sodium bicarbonate
hydration was not inferior to periprocedural
saline hydration in terms of renal safety and
might be more cost-effective. However, adminis-
tration of bicarbonate may pose a risk to certain
individuals, such as those with electrolyte imbal-
ance. The most widely used sodium bicarbonate
administration protocol is 3 mL/kg/h for 1 h
before ICM administration, followed by 1 mL/
kg/h for 6 h after this procedure [50].

Intravenous hydration beginning 6-12 h
before and continuing 4—12 h after the procedure
is better than bolus administration at the time of
injection; however, it may not be feasible in
urgent contrast-enhanced studies [3]. In an emer-
gent setting, intravenous volume expansion
should be initiated as early as possible prior to
ICA administration.

Diuretics [mannitol or furosemide] are some-
times combined with hydration. If furosemide is
used in addition to intravenous saline solution, an
exacerbation of renal dysfunction is seen [51].
Neither mannitol nor furosemide is recom-
mended to reduce the CIN risk [9]. However,
according to the guidelines of the European
Society of Cardiology/European Association for
Cardio-Thoracic Surgery, furosemide combined
with hydration can be preferred over standard
hydration in patients at very high risk for CIN or
in those where prophylactic hydration cannot be
accomplished before the procedure. The pro-
posed protocol is initially a 250 mL intravenous
bolus of normal saline over 30 min (reduced to
150 mL in case of left ventricle dysfunction), fol-
lowed by an intravenous bolus (0.25-0.5 mg/kg)
of furosemide [48].

The ESUR guidelines also recommend adopt-
ing an appropriate CIN prevention strategy for
contrast-enhanced CT based on patients’
eGFR. According to this, if eGFR is >45 mL/
min/1.73 m?, no precaution is required; however,
in the eGFR range of 30-45 mL/min/1.73 m?,
intravenous hydration should be arranged for
inpatients, and oral hydration for outpatients in
cases where intravenous hydration cannot be

appropriately performed. Intravenous saline is
also recommended for patients on metformin
with an eGFR <45 mL/min/1.73 m?; if eGFR is
<30 mL/min/1.73 m?, a consultant radiologist
should determine whether an effective clinical
evaluation can be performed without ICM admin-
istration. If ICM administration is considered
necessary, then intravenous hydration should be
initiated [47].

3.7.5 Pharmacological
Premedication

In order to reduce the risk of CIN, several other
strategies have been investigated. The current
evidence is limited and conflicting for most
drugs, including N-acetylcysteine (NAC), furose-
mide, mannitol, ascorbic acid, theophylline,
dopamine, calcium channel blockers, atrial natri-
uretic peptide, L-arginine, prostaglandin E1, and
endothelin receptor antagonists [52]. ICM admin-
istration can cause an increase in ROS produc-
tion. Therefore, the antioxidant properties of
several pharmacological agents, including NAC,
ascorbic acid, statins, and recently phosphodies-
terase type 5 inhibitors, have been investigated to
decrease the incidence of CIN [53].

Sodium bicarbonate has been proposed as an
effective method of hydration due to its alkalin-
izing properties. Urine alkalinization can also
reduce the pH-dependent formation of methemo-
globin (Fe**) in tubular casts, with the production
of free radicals being catalyzed by ferrous ion.
The main nephroprotective effect of sodium
bicarbonate is a reduction in oxidative stress by
urine alkalinization. Bicarbonate can also directly
scavenge peroxynitrite generated from nitric
oxide [52, 53]. The PRESERVE study is cur-
rently conducted with the aim to definitively
answer these questions on the prevention of CIN
in high-risk patients undergoing coronary or non-
coronary angiography [54]. Some meta-analyses
showed that intravenous volume expansion with
sodium bicarbonate was superior compared to
normal saline, while other meta-analyses ques-
tioned the efficacy of the ESUR guidelines’ rec-
ommendation to perform hydration with isotonic
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saline or sodium bicarbonate (3 mL/kg/h for 1 h
before contrast medium followed by 1 mL/kg/h
for 6 h after) in order to reduce the incidence of
CIN. However, according to the guidelines of the
European Society of Cardiology/European
Association for Cardio-Thoracic Surgery, infu-
sion of 0.84% sodium bicarbonate instead of
standard hydration is not indicated for patients
with moderate-to-severe chronic kidney disease
undergoing coronary angiography or multi-
detector computed tomography [48].

N-Acetyl cysteine (NAC), an acetylated
derivative of the amino acid cysteine, is a cheap,
easily available, and safe supplement, not associ-
ated with any serious adverse effects (except the
risk of anaphylactic reaction at a high intrave-
nous dose) [52, 53]. The use of NAC is generally
not contraindicated because it rarely induces
drug interactions. Its nephroprotective effects can
be attributed to its antioxidant properties by
restoring the reduced intracellular pool of the
natural antioxidant glutathione, direct free radi-
cal scavenging, and/or interaction with ROS, as
well as prevention of contrast-induced renal cell
apoptosis. In addition to its antioxidant proper-
ties, NAC can also exhibit vasodilatory effects by
stabilizing nitric oxide or even by increasing
nitric oxide production. Moreover, the sulfthydryl
group of NAC can decrease angiotensin-
converting enzyme, leading to a reduction in
angiotensin II production.

NAC is available in both oral and intravenous
formulations. Some centers have used a NAC
scheme for prophylaxis. A trial concluded that
NAC (at 600 mg orally twice daily, prior to and
after contrast administration) combined with
hydration (0.45% saline intravenously), prevents
renal function. Subsequently, NAC was studied
at higher doses orally (1200 mg twice daily for
48 h) and intravenously (the total dose ranging
from 2400 mg to 150 mg/kg) [55]. However,
widely conflicting results were obtained con-
cerning whether NAC reduced the risk of
CIN. ESUR concluded that there is not sufficient
evidence regarding the efficacy of NAC to rec-
ommend its routine clinical use. Therefore, NAC
is no longer recommended by guidelines for CIN
prevention [47].

Ascorbic acid is a safe, well-tolerated, and
readily available antioxidant agent that has been
extensively investigated in the prevention of oxi-
dative stress-related diseases due to its antioxi-
dant function. It has been recommended that oral
ascorbic acid administration (3 g orally given 2 h
before the procedure and 2 g on the night and in
the morning after the procedure) against the
development of CIN. However, conflicting results
have been reported in terms of the ability of
ascorbic acid to reduce the incidence of CIN
[52].

Statins are readily available and relatively
inexpensive. The efficacy of statins for CIN pre-
vention seems to be related to their non-lipid low-
ering (pleiotropic) effects on factors contributing
to CIN progression, such as improving endothe-
lial function, maintaining nitric oxide production,
reducing inflammatory and immuno-modulatory
processes, and oxidative stress and platelet adhe-
sion, which may contribute to beneficial effects
on nephroprotection even in the short term.
However, some of the statins, such as rosuvas-
tatin and atorvastatin, may not have the same
effect [52, 53].

There are controversial data regarding the pre-
ventive effects of statins in CIN prophylaxis. The
ESC guidelines recommend the short-term use of
high-dose therapy, such as rosuvastatin 40/20 mg
or atorvastatin 80 mg or simvastatin 80 mg for
CKD cases prior to cardiac catheterization or
CECT [48].

Phosphodiesterase 5 inhibitors (sildenafil,
tadalafil, vardenafil, and avanafil) are often used
to treat erectile dysfunction in humans by induc-
ing the vasodilatory effect of the released nitric
oxide; thus, they can provide protection against
CIN. These drugs selectively inhibit cGMP-
specific phosphodiesterase type 5 which metabo-
lizes cGMP, the main mediator of nitric oxide
inducing smooth muscle relaxation and vasodi-
latation. However, the endogenous vasodilator
nitric oxide is crucial for medullary oxygenation
and improving regional blood flow. A decrease
in nitric oxide availability can increase the
hypoxic insult and contribute to the development
of CIN [56]. Prophylactic administration of a
phosphodiesterase 5 inhibitor before and after
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ICM administration provides a simple and ratio-
nal approach to reduce the risk of CIN [52, 53].
The protective effect of such drugs [mainly
sildenafil and recently tadalafil] on renal isch-
emia-reperfusion injury has been investigated in
animal models. Sildenafil showed anti-apoptotic
effects in experimental ischemia-reperfusion
renal injury. The drug was administered before
ICM infusion and repeatedly thereafter.
Treatment with sildenafil was associated with a
lower degree of histological injury and attenua-
tion in the markers of CIN. These data suggest
that sildenafil has a promising effect on the pre-
vention of CIN [56].

3.8 Treatment

3.8.1 Maedical Treatment

Some studies showed that early renal replace-
ment therapy might reduce mortality and compli-
cation rates in patients with CIN. According to
the current ESUR guidelines, there is no evidence
that hemodialysis protects patients with impaired
renal function from CIN [47].

Many clinical studies reported the effects of
drugs used to treat CIN. Medications, such as
loop diuretics, low-dose dopamine, or human
ANP, have not yet been proven to facilitate recov-
ery from CIN or prevent the progression of kid-
ney dysfunction [53].

B-type natriuretic peptide released by myo-
cardium under increased wall stress causes vaso-
dilation, reduction in cardiac preload and
afterload, and inhibition of cardiac remodeling,
the renin-angiotensin-aldosterone system, sym-
pathetic nervous system, and release of adenos-
ine and endothelin. BNP also directly affects
renal function by increasing GFR and decreasing
sodium reabsorption in the proximal tubule and
collecting duct. It has been shown that the infu-
sion of lyophilized recombinant human BNP
with isotonic saline reduces the incidence of
CIN [57].

Theophylline or fenoldopam for prophylaxis
should not be the standard of care based on the
current published evidence [45, 53, 54].

3.8.2 Intrarenal Drug Infusion

The effects of intrarenal infusion of various
agents have been investigated to increase the
potential efficacy of pharmacological agents. A
bifurcated catheter (Benephit catheter,
AngioDynamics, Latham, NY, USA) was used
for the dual direct renal infusion of fenoldopam.
It was shown that this drug improves the renal
blood flow but not the CIN rate when used intra-
venously. It was concluded that dual intrarenal
infusion was associated with a lower CIN inci-
dence [58]. The practicality and efficacy of this
approach should be supported by further studies.

3.8.3 Remote Ischemic
Conditioning

This is a therapeutic strategy in which a vascular
bed in the same or a different organ by creating
brief episodes of non-lethal ischemia and reper-
fusion which leads to production of endogenous
autacoids, such as adenosine, opioids, and brady-
kinin, that activate protein kinases to inhibit the
opening of the mitochondrial permeability transi-
tion pore which plays a critical role in tissue
necrosis reduces the generation of harmful ROS
and attenuates inflammation [59]. Some studies
showed that RIC [four cycles of 5 min inflation
and 5 min deflation using a standard pressure cuff
to induce transient repetitive arm ischemia/reper-
fusion], immediately before coronary angiogra-
phy, markedly decreased the incidence of CIN in
patients with CKD [60].

3.8.4 Forced Diuresis

The combined use of diuretics and hydration to
reduce CIN has been generally associated with
worse clinical outcomes, probably due to the dif-
ficulty in adjusting hydration, intravascular vol-
ume, and urine volume [61]. In this context, the
RenalGuard™ system (PLC Medical Systems,
Milford, MA) was developed to manage a real-
time automated fluid balance by continuously
measuring furosemide-induced diuresis and
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replacing it with matched isotonic intravenous
hydration. The underlying mechanism is that lim-
iting the contrast-nephron exposure time while
maintaining the renal blood flow could prevent
the occurrence of CIN [62].

3.8.5 Automated Contrast Injection
Systems

Mechanical strategies to prevent CIN have also
been attempted. The use of an automated ICM
injection system has been proposed as a means of
limiting the volume of the administered contrast
and thus reducing the incidence of CIN. However,
although a large-scale study demonstrated that
automated injection systems reduced the contrast
volume by less than 3%, observational studies
did not report any reduction in the incidence of
CIN [63].

3.8.6 Device-Based Approach

Elimination of contrast before kidney exposure
can be targeted. For this purpose, two methods
have been used in coronary imaging, involving
the removal of ICM either from the coronary
sinus before exiting the heart and penetrating into
the general circulation or from the general circu-
lation by hemodialysis (HD) or hemofiltration
[64]. The use of prophylactic continuous venove-
nous hemofiltration in patients with CKD under-
going complex PCI [from 4-8 h before to 18-24 h
after the procedure] has been demonstrated to
decrease the incidence of CIN. On the other hand,
despite the well-established efficacy of HD in
eliminating the contrast agent from the blood,
hemodialysis has not been found associated with
a decrease in the risk of CIN [65].

A device developed to attenuate the loss of
contrast caused by reflux by changing the con-
trast injection pressure profile (AVERT, Osprey
Medical, Minneapolis, MN) was shown to
decrease contrast volumes by approximately
40%. The CINCORTM system (Osprey Medical,
St. Paul, MN), innovated to prevent CIN, removes
contrast-laden blood during and shortly after

intracoronary ICM injection by means of balloon
occlusion and aspiration of the coronary sinus
[66].

3.8.7 Renal Cooling

Due to the potential protective effects of cooling
on oxidative tissue injury, whether systemic
hypothermia is effective in preventing CIN in
patients with CKD has been investigated in the
COOL RCN trial. The study showed that therapy
could be used safely in patients undergoing angi-
ography; however, there was no clear beneficial
effect on the rates of CIN [67].

3.9 Metformin

Patients using metformin are at risk for lactic aci-
dosis when receiving an ICA. If renal dysfunc-
tion occurs due to the ICA, metformin
accumulation may occur and cause lactic acido-
sis. According to the ACR guidelines, metformin
should be stopped at the time of an examination
or procedure involving the use of an intravascular
ICA, withheld for 48 h after the procedure, and
reinstated only after renal function has been re-
evaluated and found to be normal [9]. However,
there is no indication to postpone the examina-
tion if the patient takes a dose of metformin in the
morning of the procedure [1-3].
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Adverse Reactions to lodinated
Contrast Agents

Suzan Saylisoy and Sukru Mehmet Erturk

4.1 Introduction

Iodinated contrast agents (ICAs) are the most
widely used drugs in diagnostic radiology. In the
United States, more than 50 million computed
tomography (CT) studies are performed every
year with approximately half of these studies
involving the use of intravenous (IV) ICAs [1].
There has also been an increase in the utilization
of intra-arterial ICAs in cardiac catheterization
and percutaneous coronary interventions.
However, these agents are not completely safe
and may present with adverse reactions (ARs) to
ICAs that are divided into general and organ-
specific, such as contrast-induced nephropathy
and encephalopathy [2]. General ARs are further
classified as acute (occurring within 1 h of admin-
istration) and late (occurring from 1 h to 1 week
after administration) [3-5].

It is important for radiologists, interventional
cardiologists, and referring physicians to be
aware of possible ARs to ICAs and their manage-
ment. The decision to use ICAs should be made
after obtaining an appropriate history for each
patient, considering the clinical benefits of
contrast-enhanced imaging, and risks of using or
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avoiding ICAs. The general policy of ICA use to
obtain the required diagnostic clinical data from
radiological studies should be the lowest dose,
concentration, and number of injections [5].

The purpose of this chapter is to increase read-
ers’ familiarity in recognizing and managing ARs
and review the classification, incidence, patho-
genesis, risk factors, clinical features, treatment,
and prevention of ARs to ICAs.

4.2  General Adverse Reactions
General ARs are classified as acute (occurring
within 1 h of administration) and late (occurring
from 1 h to 1 week after administration) [3-5].
ARs are also further divided into three categories
according to their severity (mild, moderate, or
severe). Mild reactions have a short duration and
are self-limiting, and they generally do not
require specific treatment. Moderate and severe
reactions manifest serious degrees of reactions
requiring immediate management. Almost all
life-threatening ICA reactions occur within the
first 20 min after an ICA injection [6].

4.2.1 Acute Adverse Reactions

Acute ARs (AARs) are classified as either

allergy-like or chemotoxic (physiologic). This
classification is important for the proper
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management of patients experiencing different
types of reactions (e.g., those who experience
allergy-like reactions may require premedication
before contrast-enhanced studies, but those who
experience physiologic reactions do not) [3-5].

The incidence of AARs (allergy-like and che-
motoxic) associated with intravascular adminis-
tration of ICAs is low and significantly reduced
by changes in the use of ionic high-osmolality
contrast media (HOCM) to nonionic low-/iso-
osmolality ICAs [7]. The use of HOCM for intra-
vascular purposes is now very rare or even none
due to its greater AR profile compared to low-/
iso-osmolality ICAs. Low-/iso-osmolality ICAs
are associated with a very low AAR rate, and
most are not life-threatening. The incidence of
AARs ranges from 0.2 to 0.7% [8].

4.2.1.1 Allergy-Like Reactions

Allergy-like reactions present with symptoms
ranging from urticaria to an anaphylactoid pro-
cess that resemble allergic reactions, but they are
not actually allergies. The etiology of these reac-
tions is not completely understood. Allergy-like
ARs are likely to be independent of dose and
concentration above a certain unknown threshold
[9, 10].

Pathophysiologic explanations for allergy-like
reactions include activation of mast cells and
basophils releasing histamine and other media-
tors, activation of contact and complement sys-
tems, conversion of L-arginine into nitric oxide,
activation of the XII coagulation and system
leading to the production of bradykinin, and
development of “pseudoantigens” [4]. The
increase in the size and complexity of the con-
trast molecule may induce the histamine release
from basophils. It is generally accepted that most
allergy-like ARs are not associated with an
increased IgE [10]. This probably explains why
patients who have not previously been exposed to
ICAs can still have similar reactions to those with
a history of such exposure. However, skin and
intradermal tests are positive in the minority of
individuals, suggesting an IgE-mediated etiology
[11]. Although allergy-like ARs after an ICA
injection do not necessarily mean that the patient
will experience a recurrent reaction next time an

ICA is injected, a previous AR remains to be the
best predictor of a future AR, with a probability
of a recurrent reaction ranging from 8 to 25%
[12]. Additives or contaminants, such as calcium-
chelating substances and substances separated
from rubber stoppers in bottles or syringes, are
believed to contribute to certain allergy-like reac-
tions. The treatment of an allergy-like ICA reac-
tion is the same as that of an equivalent allergic
reaction [4].

4.2.1.2 Chemotoxic Reactions

Chemotoxic (physiologic) reactions are related to
specific molecular properties that directly lead to
chemotoxicity, osmotoxicity (ARs due to hyper-
osmolality), or molecular binding to certain acti-
vators. These reactions frequently depend on the
dose and concentration and include reactions,
such as contrast-induced encephalopathy (CIE),
cardiac arrhythmias, and cardiogenic pulmonary
edema. Most of those reactions are mild, and
severe chemotoxic ARs are rare with a rate of
approximately one to four reactions per 10,000
patients [13].

Vasovagal reactions are relatively common
and characterized by bradycardia and hypoten-
sion [3, 9]. Although their pathogenesis is not
completely known, increased vagal tone caused
by the central nervous system is thought to be the
reason. Vasovagal reactions may also be anxiety-
related and may occur while obtaining informed
consent during the insertion of a needle or cathe-
ter for contrast medium injection or during intra-
vascular ICA administration. Although most
vagal reactions are mild and self-limited, a close
patient observation is recommended until symp-
toms are completely resolved [3].

Risk Factors

The risk of ARs to ICAs increases due to several
predisposing factors. It is important to identify all
predisposing factors in a patient before ICA
administration to reduce the risk of ARs.

Allergies

A previous allergy-like reaction to ICAs is the
most important risk factor for recurrent allergy-
like ARs. Patients with a history of ARs to ICAs
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have five times greater risk of an allergy-like AR
when exposed to the same class of ICAs again.
However, there is no cross-reactivity between dif-
ferent classes of contrast agents. A previous reac-
tion to a gadolinium-based contrast medium does
not necessarily mean that there will be a future
reaction to ICAs [4, 13]. Atopic individuals (espe-
cially those with multiple severe allergies) and
asthmatics also have an increased risk for allergy-
like ARs. Unrelated allergy history increases the
risk of an allergy-like AR two to three times [13,
14]. In the use of ICAs, shellfish or povidone-
iodine allergies are not considered to constitute a
greater risk than other allergies. However due to
the modest level of increased risk, ICA restriction
or premedication is not recommended in the pres-
ence of other indications, such as allergic reac-
tions to other substances (including shellfish or
ICAs from another class e.g., gadolinium-based
iodinated), asthma, seasonal allergies, or multiple
drug and food allergies [4].

Beta-Blockers

The effect of beta-blockers on ARs to ICAs is con-
troversial. According to Lang et al., the incidence
of an allergy-like reaction to ICAs is increased in
patients taking beta-blockers [15]. Conversely, in
another study, Greenberger et al. reported that
beta-blockers did not increase the risk of allergy-
like reactions to ICAs [16]. However, the use of
beta-blockers reduces the patient’s responsiveness
to epinephrine treatment.

Age and Gender

Newborns, infants, children, and the elderly have
lower reaction rates than middle-aged patients
[4]. ARs are more common in people aged
between 20 and 50 years and are less frequent
above 50 years; however, these reactions tend to
be more severe in the elderly. Male patients have
lower reaction rates than female patients [2].

Sickle Cell Trait/Disease

Increased sickling of erythrocytes in patients
with sickle cell anemia may occur following an
IV administration of ICAs. However, there is no
evidence to support this finding in the use of
modern ICAs [17].

Pheochromocytoma

There is no evidence that an IV administration of
modern ICAs increases the risk of a hypertensive
crisis in patients with pheochromocytoma [4].

Myasthenia Gravis

The relationship between IV administration of
ICA and myasthenic exacerbation in patients
with myasthenia gravis is not clear [4].

Hyperthyroidism

Thyrotoxicosis may develop following ICA
administration in patients with a history of
hyperthyroidism, but this complication is rare.
Therefore, ICA restriction or premedication
based on a history of hyperthyroidism is not rec-
ommended. However, there are two exceptions
to this. First, in patients with acute thyroid
storm, ICA should not be used since it can
potentiate thyrotoxicosis. Second, in patients
considering radioactive iodine therapy or those
undergoing radioactive iodine imaging of the
thyroid gland, the use of ICA may prevent
uptake of treatment and diagnostic dose [18,
19]. If ICA is to be given, a washout period is
recommended to minimize this interaction. The
ideal washout period is 3—4 weeks for patients
with hyperthyroidism and 6 weeks for those
with hypothyroidism [4].

Premedication

The radiologist should weigh the benefits of
contrast-enhanced imaging against the risk of
ARs before ICA administration. If the urgency of
a contrast-enhanced examination outweighs the
benefits of prophylaxis, regardless of duration,
ICA is required to be administered to a high-risk
patient without premedication.

The history of a previous severe AR is consid-
ered a relative contraindication to the future use
of the same class of ICAs. In such circumstances,
switching ICAs within the same class (e.g., one
iodinated medium for another) may help reduce
the likelihood of future ARs [20]. The effect of
switching ICAs may be actually greater than that
of premedication alone, but combining premedi-
cation with altered ICAs seems to have the great-
est impact [4].
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Corticosteroids can be given to reduce the risk
of an allergy-like reaction or decrease the sever-
ity of ARs. However, premedication does not pre-
vent all ARs [3]. Oral premedication is preferred
for IV premedication in most settings due to its
lower cost, greater convenience, and presence of
more supportive evidence in the literature [4, 19].
Addition of a non-selective antihistamine (e.g.,
diphenhydramine) orally or intravenously 1 h
prior to the administration of ICA may reduce the
frequency of urticaria, angioedema, and respira-
tory symptoms. However, the use of selective
antihistamines has not been well studied [4].

The minimum premedication time required for
efficacy is not known [3]. Lasser et al. showed that
in average-risk patients, one dose of 32 mg oral
methylprednisolone 2 h before intravascular HOCM
administration was not effective, while two doses
administered at 2 and 12 h before ICA administra-
tion were effective [20]. There is no evidence to
support the premedication duration of 2 h or less
(oral or intravascular, corticosteroid- or antihista-
mine-based). An intravascular corticosteroid proce-
dure lasting at least 4-5 h may be effective [4].

Elective premedication (12- or 13-h oral pre-
medication) may be considered in outpatients
with previous allergy-like ARs or ARs of
unknown type to the same class of ICAs (e.g.,
iodinated-iodinated), emergency cases, or inpa-
tients with previous allergy-like ARs or unknown-
type ARs to the same class of ICAs (e.g.,
iodinated-iodinated), in whom the use of premed-
ication is not anticipated to delay care or treat-
ment. There are two types of elective
premedication regimens recommended by the
American College of Radiology (ACR) Manual
on Contrast Media (version 10.3):

1. Prednisone-based (orally 50 mg prednisone at
13 h, 7 h, and 1 h before ICA administration)

2. Methylprednisolone-based (orally 32 mg
methylprednisolone at 12 h and 2 h before
ICA administration)

In option 1, 50 mg intravenous, intramuscular,
or oral diphenhydramine can be added to these
regimens 1 h before ICA administration. If a
patient cannot take oral medication, option 1 can

be modified by substituting each dose of oral
prednisone by 200 mg IV hydrocortisone [4].
Accelerated IV premedication may be con-
sidered in outpatients with a previous allergy-like
or unknown-type contrast reaction to the same
class of contrast medium (e.g., iodinated-
iodinated) who has arrived for a contrast-
enhanced examination but has not been
premedicated and whose examination cannot be
easily postponed, emergency patients or inpa-
tients with a previous allergy-like or unknown-
type contrast reaction to the same class of contrast
medium (e.g., iodinated-iodinated), in whom the
use of 12- or 13-h premedication is anticipated to
adversely delay care or treatment. There are three
types of elective premedication regimens recom-
mended by the American College of Radiology
(ACR) Manual on Contrast Media (version 10.3):

1. Methylprednisolone sodium succinate (e.g.,
Solu-Medrol®) 40 mg IV or hydrocortisone
sodium succinate (e.g., Solu-Cortef®) 200 mg
IV immediately and then every 4 h until ICA
administration, plus diphenhydramine 50 mg
IV 1 h prior to ICA. This regimen usually
takes 4-5 h.

2. Dexamethasone  sodium  sulfate (e.g.,
Decadron®) 7.5 mg IV immediately and then
every 4 h until ICA administration, plus
diphenhydramine 50 mg IV 1 h before con-
trast medium administration. This regimen
may be useful in patients with an allergy to
methylprednisolone and is usually 4-5 h in
duration [4].

3. Methylprednisolone sodium succinate (e.g.,
Solu-Medrol®) 40 mg IV or hydrocortisone
sodium succinate (e.g., Solu-Cortef®) 200 mg
IV, plus diphenhydramine 50 mg IV, each 1 h
before ICA administration.

These regimens with a duration less than
4-5 have no evidence of efficacy. It may be
considered in emergent situations when there
are no alternatives.

Premedication in Patients Undergoing Chronic
Corticosteroid Therapy

The premedication dose may be modified in
patients who are receiving chronic corticosteroid
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therapy. If corticosteroid premedication is being
used, a guiding principle is to reduce the dose of
the chosen premedication dose regimen in an
amount equivalent to the chronic therapeutic cor-
ticosteroid dose of the patient. If the patient is on
simple replacement corticosteroid therapy, the
premedication dosing regimen may not need to
be adjusted [4].

Benefits of Premedication

It has been shown that premedication of patients
with average risk prior to HOCM administration
reduces the likelihood of AARs of all severity
levels. However, HOCM is no longer used for [V
purposes. Another randomized study showed that
premedication prior to low-/iso-osmolality ICA
administration reduced the likelihood of mild
ARs, but there was no sufficient evidence sug-
gesting its efficacy in preventing moderate or
severe reactions or reaction-related deaths.
However, many experts believe that premedica-
tion reduces the likelihood of ARs in high-risk
patients receiving low-/iso-osmolality ICAs [4].

Risks of Premedication

The direct risks of premedication are small and
include transient leukocytosis, transient (24—
48 h) and generally asymptomatic hyperglycemia
(non-diabetics, +20-80 mg/dL; diabetics, +100—
150 mg/dL), and a questionable infection risk.
Diphenhydramine may cause drowsiness and
should not be taken shortly before using a tool.
Some patients experience allergies to the drugs
used in premedication. The greatest risk of pre-
medication is indirect and is related to the delay
in radiological diagnosis due to the multi-hour
duration of premedication [4].

Breakthrough Contrast Reactions

All ARs cannot be prevented by premedication.
Allergy-like ARs that occur despite premedica-
tion are called ‘“breakthrough reactions.” In
patients premedicated due to the history of an
AR, the breakthrough reaction rate is 2.1%,
which is three to four times the usual reaction
rate in the general population [21]. A prior break-
through reaction does not mean a repeat break-
through reaction. Chemotoxic reactions are not

reduced by premedication and are not considered
as breakthrough reactions, even if they occur
after premedication [4].

Treatment

An emergency cart with facilities for airway
management, oxygen and masks, intravenous flu-
ids, and appropriate drugs should always be
available immediately and must be regularly
checked. The optimal treatment of ICA reactions
begins with a well-designed action plan and well-
trained staff who are competent in both rapid rec-
ognition and treatment strategies [3, 4, 9].

Basic emergency equipment and medications
required to treat ARs should be easily accessible.
These should include equipment necessary to
evaluate a patient, such as a stethoscope, blood
pressure/pulse meter, and pulse oximeter, as well
as medications necessary to treat a patient, such
as sterile saline for intravenous injection, diphen-
hydramine, beta-agonist inhaler (e.g., albuterol),
epinephrine, atropine, oxygen, intubation equip-
ment, and a cardiac defibrillator. When evaluat-
ing a patient for possible ARs, an immediate
evaluation should be undertaken concerning the
patient’s appearance, voice, breathing, pulse
strength and rate, and blood pressure [3—6, 9].

Mild reactions (both allergy-like and non-
allergy-like) usually do not require medical treat-
ment. Observation for 20-30 min or as long as
needed to ensure clinical stability or recovery is
generally sufficient for any patient with a mild
allergy-like reaction. Sometimes, treatment with
an antihistamine may be initiated for mild symp-
tomatic allergy-like cutaneous contrast reactions,
but this is often not necessary. Many mild reac-
tions resolve during an observation period with-
out treatment [12]. Most moderate and all severe
reactions require prompt and aggressive treat-
ment (Table 4.1) [3-6, 9, 19].

4.2.2 Late Adverse Reactions

A late AR (LAR) is defined as a reaction occur-
ring 1 h to 1 week after ICA administration, and it
generally develops between 3 h and 2 days [2—4].
Although the reactions actually are related to the
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Table 4.1 Treatment of general acute adverse reactions to ICA

Symptom Management
Hives (urticaria) | ¢ Mild; no treatment often needed, consider diphenhydramine(Benadryl®, 1 mg/kg PO/IM/TV,
max 50 mg)
* Moderate; monitor vitals, consider diphenhydramine(Benadryl®, 1 mg/kg PO/IM/IV, max
50 mg)
* Severe; monitor vitals, consider diphenhydramine(Benadryl®, 1 mg/kg PO/IM/IV, max
50 mg)
Diffuse ¢ Normotensive; no treatment often needed
erythema * Hypotensive; IV 0.1 mL/kg (a dilution of 1 ampoule (1 mL) of epinephrine 1:1000 with 9 mL
water)
Laryngeal — Epinephrine SC or IM 0.1-0.3 mL (= 0.1-0.3 mg) (1:1000), if hypotensive, IV 1 mL
edema (=0.1 mg) (1:10,000) epinephrine; can repeat as needed up to 1 mg
— 6-10 L/min O, by mask
Bronchospasm | — Monitor vitals
— O, by mask 6-10 L/min
— Beta-agonist inhalers, 2-3 puffs; repeat up to three times
— Beta-agonist nebulization (5 mg in 2 mL of saline)
— If the bronchospasm is progressive, epinephrine SC or IM 0.1-0.3 mL (=0.1-0.3 mg)
(1:1000); can repeat as needed up to 1 mg
— Call for emergency response team for severe bronchospasm or if O, saturation <88% persists
Hypotension — Elevate legs >60° or Trendelenburg position
with — Monitor vitals
tachycardia — O, by mask 6-10 L/min
— Rapid large volumes of IV isotonic Ringer’s lactate or normal saline
— If unresponsive, epinephrine SC or IM 0.1-0.3 mL (=0.1-0.3 mg) (1:1000) can repeat as
needed up to 1 mg
— Call for emergency response team if still poorly responsive
Hypotension — Elevate legs 60° or more (preferred) or Trendelenburg position
with — Monitor vitals
bradycardia — O, by mask 6-10 L/min

(vagal reaction)

— Rapid large volumes of IV isotonic Ringer’s lactate or normal saline
— If unresponsive, atropine 0.6—1 mg IV slowly—repeat up to 2-3 mg in adult

Severe
hypertension

— Monitor vitals

— O, by mask 6-10 L/min

— Labetalol 20 mg, IV, slow infusion

— Nitroglycerine 0.4-mg tablet, sublingual (may repeat x 3)
— Diuretics—furosemide (Lasix®) 20-40 mg IV, slow push
— Call for emergency response team if still poorly responsive
— For pheochromocytoma—phentolamine 5 mg IV

Seizures or
convulsions

— Lateral decubitus position to avoid aspiation

— Monitor vitals

— O, by mask 6-10 L/min

— Consider diazepam (Valium®) 5 mg or more or midazolam (Versed®) 0.5-1 mg IV

Pulmonary — Elevate torso; rotating tourniquets (venous compression)
edema — Monitor vitals
— 6-10 L/min O, by mask
— Diuretics—furosemide (Lasix®) 20-40 mg IV, slow push
— Call for emergency response team
Anaphylactoid | — Call for emergency response team
generalized — Ensure patients airvays
reaction — Elevate legs

— O, by mask 6-10 L/min

— IV fluid replasman (normal saline or ringer lactate)
— Hydrocortisone 500 mg IV

— Epinephrine (1:1000), 0.5 mL IV
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ICA, reactions can be attributed to the underlying
disease process. The recognition of LARs can be
difficult due to the longer time interval between
ICA administration and occurrence of symptoms.
Although the pathogenesis of LARs is not com-
pletely understood, it appears that many are
T-cell-mediated reactions. These are generally
self-limiting skin reactions that resolve within
3-7 days [4, 10]. The majority of these skin reac-
tions are T-cell-mediated allergic reactions.
Various late non-cutaneous symptoms and signs
have also been reported, including headache, nau-
sea, dizziness, fever, arm pain, and gastrointesti-
nal disorders. Examples of mild LARs are
pruritus, urticaria, exanthema, nausea and vomit-
ing, and headache. Moderate reactions, e.g., urti-
caria, facial edema, and bronchospasm, are more
pronounced and commonly require medical man-
agement. Severe reactions, such as diffuse ery-
thema with hypotension and cardiopulmonary
arrest, are generally life-threatening [3, 9].

The types of late cutaneous reactions and their
frequencies are similar to those associated with
many other drugs. Cutaneous reactions usually
show typical features of late hypersensitivity reac-
tions, including exanthematous rashes, positive skin
tests, and dermal perivascular lymphocyte infiltra-
tion together with eosinophils on skin biopsy [13].
Other cutaneous symptoms are urticaria, erythema,
purpuric lesions, blisters, vesicles, angioedema,
facial edema, and Stevens-Johnson syndrome.
Systemic symptoms, e.g., fever and leukocytosis,
may also accompany the disease. In most cases,
cutaneous reactions are mild or moderate. Severe
late reactions that require hospital treatment and/or
lead to persistent disability or death have been
reported, but they are very rare. A severe form of
LARs is acute generalized exanthematous pustulo-
sis (AGEP), characterized by the sudden appear-
ance of dozens to hundreds of sterile, punctate
pustules arising on a bed of erythema and edema.
This rash is more prominent in skin folds [3, 4, 22].

4.2.2.1 Risk Factors

It has been reported that the incidence of LARSs is
between 0.5 and 14% [4]. There are many factors
that predispose individuals to the development of
LARs. A previous reaction to ICAs is an important

predisposing factor that increases the risk by 1.7—
3.3 times [3]. However, there is no apparent rela-
tionship between the occurrence of AARs and
LARs. An allergy history is another risk factor that
increases the risk by approximately two times [3, 4,
23, 24]. LARs are more common in young adults
and women. Coexisting diseases, especially renal
disease, but also including cardiac and liver disease
and diabetes mellitus seem to be other predisposing
factors for LARS. The increased incidence of LARs
in patients receiving interleukin-2 (IL-2) immuno-
therapy is well documented. Cutaneous reactions
may be more severe in individuals with systemic
lupus erythematosus [13]. Cutaneous ARs may
also occur at an increased frequency in certain sea-
sons (April to June). The dimeric group may have a
higher rate of LARs than the monomeric group [9].
In addition, there is a higher incidence of LARs in
the iso-osmolar group (12.3%) than in the low
osmolar group (8.4%).

Prophylaxis and Treatment

Patients with a history of a hypersensitivity reac-
tion to ICAs are at increased risk for another
reaction after re-exposure to ICAs. Compared to
the response that occurs within 2—10 days at first
exposure, re-exposure to ICAs generally results
in a faster and more severe response that occurs
within 1-2 days, which is consistent with an
allergic drug reaction with a sensitization phase
[24]. There is no clear consensus about the effect
of corticosteroids and/or antihistamines on
LARs, but some researchers have recommended
using these agents. ACR, in the ACR Manual on
ICA, Version 10.3, states that the efficacy of cor-
ticosteroids and antihistamines in preventing a
contrast reaction is unknown [4]. The Safety
Committee of the European Society of Urogenital
Radiology (ESUR) recommends that patients
with a history of a late cutaneous reaction after
receiving ICAs, those with a major drug or con-
tact allergy, and those who have received inter-
leukin-2 are to be warned about the possibility of
LARs and instructed to contact a doctor. An alter-
native contrast medium should be chosen along
with steroid prophylaxis in cases with a history of
moderate to severe LARs. However, given the
similarity in molecular structures of all currently
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used contrast agents, these patients will still be at
an increased risk of LARs [3].

ACR, in the ACR Manual on ICA, Version 10.3,
states that most cases require no or minimal therapy
due to the self-limited nature of LARs. Although
mild general reactions are self-limiting, when they
occur, the intravenous access must be retained,
and the patient should be observed until complete
recovery. With the exception of severe reactions,
such as AGEP, Stevens-Johnson syndrome, and
toxic epidermal necrolysis, the treatment of LARs
is generally supported with antihistamines (chlor-
pheniramine maleate 4-8 mg orally or 10-20 mg IV
slowly administered over 2 min) and corticosteroids
or both for skin conditions, antipyretics for fever,
antiemetics for nausea, oxygen and salbutamol for
wheezing, and fluid resuscitation for hypotension.
If manifestations are progressive or widespread,
consultation with an allergist and/or dermatologist
may be useful [4, 25].

4.3  Organ-Specific Adverse
Effects
4.3.1 Salivary Gland Adverse Effects

Iodine mumps (iodine-related sialoadenopathy or
salivary gland swelling) are characterized by the
acute or delayed painless enlargement of salivary
glands induced by ICAs. This disorder presents
predominantly in parotid and submandibular
glands [26]. Occasionally, the thyroid lacrimal or
other glands are also involved. It may be seen as
bilateral or unilateral. The pathogenesis of iodide
mumps is not yet clear, but it is presumably sec-
ondary to toxic accumulation of iodide in sali-
vary glands with a high iodide concentration. The
course of iodide mumps is self-limiting, and
treatment is not necessary [26, 27].

4.3.2 Central Nervous System
Adverse Effects

Contrast-induced encephalopathy (CIE) is an
acute and transient neurological disturbance
occurring within minutes to hours after an IV,

intra-arterial, or intrathecal ICA exposure. It may
present with headache, vomiting, seizure,
encephalopathy, aphasia motor and sensory dis-
turbances, and vision disturbances, including
cortical blindness and ophthalmoplegia [28].
Possible risk factors for CIE include hyperten-
sion with impaired cerebral autoregulation, direct
injection into the cerebral circulation, intracra-
nial pathology, diabetes mellitus, renal impair-
ment, administration of a large volume of ICA,
percutaneous coronary interventions, and history
of ARs [29]. Disruption of the brain-blood barrier
and direct neurotoxic effect caused by ICAs is
believed to be potential mechanisms. Some
authors hypothesize that osmolarity causes men-
ingeal irritation. However, the role of immune-
mediated factors has not been excluded.

After intrathecal administration, ICAs diffuse
from the cisterna into the parenchyma, reaching
the maximum effect within 5-24 h after injec-
tion. The most common minor ARs after myelog-
raphy with ICAs are headache, nausea, vomiting,
and dizziness. Aseptic meningitis and meningo-
encephalitis are also considered as complica-
tions associated with myelography with nonionic
ICAs [30].

CIE is a diagnosis of exclusion and should be
considered in the differential diagnosis of acute
neurologic deficit that occurs after radiological
procedures involving ICAs. Radiological signs,
such as cerebral edema and cortical enhance-
ment, are of great importance in the diagnostic
process. These signs may be seen as unilateral.
Symptoms resolve completely within 24-48 h.
Prognosis is excellent even in comatose patients,
and supportive management is sufficient.

4.3.3 Gastrointestinal Tract Adverse
Effects

Bowel angioedema due to the IV administration
of ICAs can be easily diagnosed based on its
characteristic CT findings and clinical symptoms.
The predilection location of ICA-associated
bowel angioedema is the small bowel, particu-
larly the proximal segment. The pathogenesis of
this condition is not clear but is thought to be
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similar to that of other ICA-associated immediate
hypersensitivity reactions. ICA-associated bowel
angioedema can manifest with mild symptoms,
such as abdominal discomfort, abdominal pain,
and vomiting. While the bowel wall is normal in
non-enhanced images, segmental circumferential
wall thickening of the proximal small bowel is
detected after contrast administration compared
with precontrast images. The differential diagno-
sis includes inflammatory and ischemic bowel
diseases, as well as neoplasia [31].

4.3.4 Hepatic Adverse Effects

The elevation of the liver enzymes subsequent
into biliary administration has been reported [32].

4.3.5 Pancreatic Adverse Effects

Contrast-enhanced CT is widely used to confirm
the diagnosis and establish the severity of acute
pancreatitis. Intravenous ICA administration
lengthens the duration of pancreatitis and
increases the incidence of local or systemic com-
plications, particularly in those with a body mass
index of 25 or greater. The harmful effects of
ICAs in experimental models have been attrib-
uted to the pancreatic blood reduction induced by
these agents [33].

4.3.6 Musculoskeletal Adverse
Effects

Acute polyarthropathy is a late contrast reaction
rarely reported after ICA administration. This
reaction may be more frequent in patients with
renal dysfunction [34].

ICAs are also used for various intradiscal
injections, such as discography and endoscopic
spinal surgery. ICAs are cytotoxic to human
disc cells in a dose- and time-dependent man-
ner [35].

Malignant hyperthermia occurs when certain
physiologically active compounds act on defec-
tive skeletal and cardiac muscle cells. Malignant

hyperthermia has characteristically complicated
the administrations of anesthetics but is being
triggered by drugs used in other diagnostic activi-
ties [36].

4.3.7 Pulmonary Adverse Effects

The lung is an important target organ of the
effects of ICAs. Pulmonary circulation is the first
important vascular bed to receive ICAs following
an intravenous injection and during the venous
return after an arteriographic exam. The pulmo-
nary ARs to the IV use of ICAs include broncho-
spasm, pulmonary edema, and increased
pulmonary arterial blood pressure [37].

The pathogenesis of non-cardiogenic pulmo-
nary edema is not clear, and it is not known
whether this represents a physiologic or allergy-
like reaction. Such pulmonary edemas can be
caused by mediator release and complement
activation, resulting in endothelial damage or by
a direct irritant effect of the drug on the lungs.
The primary emergency treatment is oxygen
with continuous positive airway pressure or
invasive ventilation with positive and expiratory
pressure [38].

4.3.8 Cardiovascular Adverse
Effects

Cardiac ARs are more common in angiocardi-
ography than IV administration of ICAs. In
patients with an underlying cardiac disease,
cardiovascular effects are more frequent and
significant. Cardiac arrhythmias, depressed
myocardial contractility, and cardiogenic pul-
monary edema are very rare. These reactions
are probably related to either ICA-related
hyperosmolality or calcium binding leading to
functional hypocalcemia [39]. Kounis syn-
drome (also called allergic angina) is a cardiac
complaint after ICA administration. All classes
of ICAs are vasoactive and can induce both
vasodilatation and vasoconstriction. Osmolality
and the chemical structure of ICAs appear to
determine their vasoactive effects [40].
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Adverse Reactions After ICA
Administration by Other
Routes

4.4

Oral and rectal ICAs are used for the imaging of
the gastrointestinal system. Oral agents are also
occasionally used for the opacification of the bili-
ary tree. Two commercial water-soluble HOCMs
specifically designed for gastrointestinal tract
opacification are widely used [Gastrografin®
(Bracco Diagnostics, Inc.; Princeton, NJ) and
Gastroview (Covidien; Hazelwood, MO)]. These
HOCMs are hypertonic and draw fluid into the
lumen of the bowel, leading to further hypovolemia
and hypotension. In some children and older adults,
the loss of plasma fluid may be sufficient to cause a
shock-like condition. In this case, ICAs can be
diluted with water. Low-osmolality contrast media
(LOCM) draw less fluid into the bowel lumen [41].

HOCM can cause life-threatening pulmonary
complications if aspirated. Low-/iso-osmolality
ICAs can reduce the possibility of contrast-related
pneumonitis in patients at risk of aspiration [42].

Allergy-like reactions can occur even due to
small amounts of ICA absorbed from the gastro-
intestinal tract after oral or rectal administration.
A small volume of ICA (approximately 1-2%) is
absorbed and then excreted into the urinary tract.
If mucosal inflammation, mucosal infection, or
intestinal obstruction is present, the absorbed
amount of ICA may increase [13].

ICAs are directly administered into the biliary
and pancreatic ductal systems during endoscopic
retrograde cholangiopancreatography (ERCP)
studies of the biliary tree. Small amounts of these
agents may be absorbed, resulting in a systemic
exposure. Allergy-like reactions can be seen after
ERCP [43].

Adverse Reactions After ICA
Administration in Pregnant
or Potentially Pregnant
Women

4.5

When ICAs are administered at usual clinical
doses, they cross the human placenta and enter
the fetus in measurable quantities. After enter-

ing the fetal blood flow, these agents are
excreted into amniotic fluid by urine and swal-
lowed by the fetus. Then, a small amount is
absorbed by the gut of the fetus [44]. The fetal
thyroid plays a crucial role in the development
of the central nervous system. There are a few
reports of hypothyroidism in newborns after
the administration of an ICA during pregnancy;
however, these only developed following amni-
ofetography with a fat-soluble ICA, which was
used in the past to detect congenital malforma-
tions. Intravascular administration of ICAs
does not affect the short-term neonatal thyroid-
stimulating hormone, possibly because the
amount of excess iodide in fetal circulation is
small and temporary. Given all available data
and routine assessment of all newborns for
congenital hypothyroidism by the measure-
ment of TSH levels at birth, no additional
examination is needed [45].

Most ICAs are classified as category B (ani-
mal reproductive studies have failed to demon-
strate a risk to the fetus, and there are not
sufficient well-controlled studies in pregnant
cases) by the FDA. It is not recommended to
withhold the use of ICAs in pregnant or poten-
tially pregnant patients when ICAs are needed for
diagnostic purposes.

Although it is not possible to suggest that
ICAs present a definite risk to the fetus, there is
no sufficient evidence to conclude that they do
not pose such risk. ACR, in the ACR Manual on
ICA, Version 10.3, recommends that an ICA be
given to pregnant patients only when (1) the
requested diagnostic information cannot be
obtained via alternative modalities, such as ultra-
sound, (2) it is necessary for the health of the
patient and the fetus to obtain information
through such procedures, and (3) it is not advis-
able to wait to obtain this information until the
patient is no longer pregnant [4].

Before ICA administration, both referring
physicians and pregnant patients with prior
allergy-like reactions to ICAs should be informed
about the possible risks and benefits of premedi-
cations being used, as well as alternative diagnos-
tic options. Preventive strategies and treatment of
ARs in pregnant patients are generally similar to
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those of ARs employed for non-pregnant adults.
Antihistamines (diphenhydramine) and cortico-
steroids (most commonly prednisone and meth-
ylprednisolone) are mostly used as premedication
in patients at risk of allergy-like ARs.
Diphenhydramine is classified as category B by
the FDA. Prednisone and dexamethasone are
classified as category C by the FDA (animal
reproduction studies have shown an adverse
effect on the fetus, and there are no sufficient and
well-controlled studies in pregnant cases, but
potential benefits may justify the use of the drug
in pregnant women despite possible risks). These
agents cross the placenta. However, most of these
agents are metabolized within the placenta before
reaching the fetus, and therefore they are not
associated with teratogenicity in humans.
Nevertheless, sporadic cases of fetal adrenal sup-
pression have been reported. Methylprednisolone
constitute a small risk for the fetus in terms of the
development of a cleft lip if used prior to
10 weeks of gestation [3, 4].

Adverse Reactions After ICA
Administration
in Breastfeeding Women

4.6

Less than 1% of ICAs is excreted into breast milk,
of which only 1% is absorbed by the infant’s
intestine. Therefore, the expected systemic dose
absorbed by the infant from the breast milk is less
than 0.01% of the intravascular dose administered
to the mother. This is less than 1% of the recom-
mended dose for an infant. The risk of either
direct toxic or allergy-like manifestations caused
by swallowed ICAs in the infant is extremely low
[46]. According to ACR Manual on ICA, Version
10.3 recommendations, it is safe for the mother
and infant to continue breastfeeding after ICA
administration. If the mother is concerned about
any possible adverse effects on the infant, she can
avoid breastfeeding for 24 h. The plasma half-life
of IV-administered ICA is approximately 2 h,
with nearly 100% being removed from the blood
stream in patients with normal renal functions
within 24 h. However, the taste of milk may be
altered if it contains ICAs [4].

Adverse Reactions After ICA
Administration in Oncologic
Patients

4.7

The effect of cytotoxic agents on the risk of ARs
to IV injections of ICAs is not well known.
Among cancer patients, concomitant treatment
with taxanes appears to be a risk factor for ICA-
related ARs [47]. Methotrexate (MTX), a widely
used anticancer agent, and IV ICAs used for
radiographic studies can both cause acute renal
failure. Their combined exposure may place
patients at higher risk for renal failure. IVICAs
should be avoided in patients receiving high-dose
MTX [48].

4.8 Safelnjection of ICAs

Due to the risk of clot formation, it is important
to avoid admixture of blood and ICAs in syringes
and catheters for a long time. In general, the
admixture of ICAs and any medication should be
avoided unless it is known to be safe. However,
heparin can be combined with ICAs [4].

4.8.1 Warming ICAs

There is controversial data concerning whether
warmed ICAs reduce the AR rates. However,
many institutions warm ICAs to human body
temperature (37 °C) before routine clinical
intravascular using an external incubator in
which bottles of ICA are placed [49]. As the
temperature of an injected ICA increases, there
is a decrease in its dynamic viscosity.
Therefore, a warmed ICA is less viscous than
an ICA at room temperature. When a warmed
ICA is manually injected or power-injected
into a catheter, there will be less resistance
compared to an unwarmed ICA. Extrinsic
warming of ICAs can be useful to minimize
complications and improve vascular opacifica-
tion in the following circumstances: (1) high-
rate (>5 mL/s) IV low-osmolality ICM power
injections, (2) injections of viscous iodinated
contrast (e.g., iopamidol 370 and presumably
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other ICAs with a similar or higher viscosity),
(3) direct arterial injections through small-cal-
iber catheters (5 French or smaller), and (4)
intravenously injected agents for arterial stud-
ies in which timing and peak enhancement are
critical [4].

4.8.2 Fasting Before Examination

Fasting has an impact on vomiting or nausea after
ICA exposure. Most diagnostic imaging centers
ask patients to fast for 4-6 h before contrast-
enhanced imaging. Previous studies have shown
that prolonged fasting can be harmful. In addition,
manufacturer of ICAs claims that there is no spe-
cial preparation needed before examination [50].

49  Extravasation of ICAs
Extravasation may occur during both hand and
power injections. Risk factors for extravasation
include infants, elderly, and chronically ill and
debilitated patients; venous thrombosis, multiple
venous puncture attempts, tourniquets, prior radi-
ation therapy, or extensive surgery (e.g., axillary
lymph node dissection); and injections on the
dorsum of hands, feet, or ankles. Clinical presen-
tation includes burning pain, tenderness, edema,
and erythema. Majority of patients that develop
extravasation recover without significant
sequelae. Severe injury can cause blistering,
sloughing off of the skin, and compartment syn-
drome. The last is the result of mechanical com-
pression due to the extravasation of larger
volumes of ICAs; however, it has also been
observed after the extravasation of relatively
small volumes, especially in less capacitive areas,
such as over the ventral or dorsal surfaces of the
wrists. On physical examination, the extravasa-
tion site may be edematous, erythematous, and
tender. To prevent potential complications of ICA
extravasation, the patient should be instructed to
notify the technologist in case of any change in
sensation, including increasing pain or swelling
at the injection site. In such cases, injection
should be discontinued [4, 13, 51].

If the patient is asymptomatic or if there are
only mild symptoms, an appropriate evaluation
and clinical follow-up are usually sufficient.
Extremity should be initially elevated to reduce
capillary hydrostatic pressure. Cold application
may be helpful for relieving pain or the size of
any subsequent ulceration at the injection site.
Heat has been found to improve absorption of
extravasation, as well as blood flow, particularly
distal to the injection site. Outpatients suffering
from ICA extravasation should be released from
the radiology department only after an initial
period of close observation for 2—4 h. The patient
should be given clear instructions for further
medical care and report any pain, swelling, pares-
thesia, decreased finger movements (active or
passive), skin ulceration, and other neurological
features or circulatory symptoms. An immediate
surgical consultation is indicated if one or more
of the following signs or symptoms develop in
patients: progressive swelling or pain; altered tis-
sue perfusion as evidenced by reduced capillary
filling change in sensation in the affected limb;
worsening of active or passive range of motion of
the elbows, wrists, or fingers; skin ulceration or
blistering; and an extravasated ICA volume of
more than 30 mL for ionic ICAs or 100 mL for
nonionic ICAs [52].

4,10 Conclusion

In conclusion, prior to ICA administration, an
adequate evaluation should be performed to iden-
tify predisposing risk factors. Prompt recognition
and treatment of acute ARs are crucial. Due to
their pivotal roles in this process, radiologists
should be aware of all predisposing factors, clini-
cal presentation, and management of ARs to
ICAs.
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Dose Reduction Strategies
for lodinated Contrast Agents:
Low-Tube Voltage and Iterative

Reconstruction

Hiroyuki Morisaka

5.1 Introduction

Although the risk of acute kidney injury after
intravenous injection of an iodinated contrast
agent during computed tomography (CT) has
remained controversial [1], administration of the
lowest possible contrast agent dose is recom-
mended for maintenance of diagnostic results
[2]. Furthermore, the possible risk of amplifying
double-stranded DNA damage and radiation
absorption by the tissues due to the presence of
an iodinated contrast agent has been proposed
[3, 4]; the possibility that the level of risk
depends on the administered dose has been
reported as well [5].

One of the effective ways of reducing the
amount of an iodinated contrast agent used in
clinical CT imaging is through the use of a lower-
tube voltage peak (kVp), such as 80-100 kVp
(relative to a standard 120 kVp). This is because
a lower-tube voltage peak positions the peak
energy spectra of CT close to the iodine k-edge,
which causes greater X-ray attenuation by iodine
and results in improvement of contrast enhance-
ment. However, a drawback of this method is an
increase in image noise and image degradation
because conventional filtered back projection
(FBP) reconstruction is based on some mathe-
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matic assumptions of the CT system that differ
from the actual CT acquisition situations, which
leads to higher image noise and artifacts at
reduced radiation dose of the low-tube-voltage
CT acquisition. To overcome this limitation of
FBP, iterative reconstruction (IR) techniques,
which repeat the image reconstruction several
times to estimate these mathematic assumptions
better and generate images with lower noise,
were developed and introduced for use in clinical
CT imaging in combination with low-tube-
voltage CT (Fig. 5.1) [6, 7].

This chapter will describe (a) how dose reduc-
tion of contrast agents can be achieved with low-
tube-voltage CT scanning while maintaining
image quality and diagnostic performance, (b)
drawbacks to be considered when reducing the
amount of contrast agent in low-tube-voltage CT,
and (c) available options for image noise reduc-
tion in low-tube-voltage CT.

Dose Reduction of Contrast
Agents
in Low-Tube-Voltage CT

5.2

A tube voltage of approximately 63 kVp is the
voltage at which the fraction of photons in the
energy around the k-edge of iodine at 33.2 keV
is highest [8], which means the effective energy
spectra of 63 kVp is close to the k-edge of
iodine. Although simple use of a low-tube volt-
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Fig. 5.1 (a) An upper abdominal 80-kilo-volt-peak
(kVp) CT image generated with a 50% reduction of the
contrast agent dose and (b) a 120-kVp CT image gener-
ated with a standard 600 mgl/kg contrast agent during the
hepatic arterial phase, showing comparable contrast

age close to 63 kVp, e.g., 70 or 80 kVp, is actu-
ally effective for increasing iodine contrast
enhancement, there is an inherent limitation
with this technique, particularly when attempt-
ing to apply it in patients with a higher body
mass [8]. Another way to improve iodine con-
trast enhancement is to use a low-tube voltage
monochromatic spectral image, which is “virtu-
ally” created from the data acquired by dual-
energy CT scanning [9]. Varying monochromatic
energy levels, from 40 to 100 keV, can be cre-
ated by processing the data acquired at two dif-
ferent tube voltages, e.g., 80 and 140 kVp.
Monochromatic spectral imaging at 40-50 keV,
close to the k-edge of iodine at 33.2 keV, is
effective for iodine contrast enhancement, in
which inherently higher image noise of low-
tube voltage image is offset by blending low
image noise of high-tube voltage image data.

This does not necessarily suggest that you can
reduce the amount of contrast agent uniformly
for all patients or all organs in low-voltage
CT. The dose reduction of a contrast agent is
dependent on the target organ and target lesion
that is to be detected. Dose reduction of contrast
agents has been attempted in various body parts
including coronary, pulmonary, cerebral, and
other vascular structures and in solid organs such
as the liver.

enhancement in the aorta, portal vein, inferior vena cava,
and liver parenchyma. By using hybrid IR in the 80-kVp
CT image, image quality is also comparable with that of
the 120-kVp CT image

5.2.1 Coronary CT Angiography

An 80-kVp prospective electrocardiography-
gated cardiac CT angiography performed with a
60% reduction of the contrast agent dose (data
was reconstructed by hybrid IR or knowledge-
based IR) demonstrated higher contrast-to-noise
ratio and an image quality comparable to a stan-
dard 120 kVp CT [10]. In an animal experiment
using minipigs, a 50% reduction of the contrast
agent dose in an 80-kVp CT and a 38% reduction
in a 100-kVp CT achieved by using hybrid IR
showed a contrast-to-noise ratio and subjective
image quality comparable to those of a standard
120kVp CT [11].

5.2.2 Pulmonary CT Angiography

In a prospective randomized trial, an 80-kVp pul-
monary CT angiography done with a 25% reduc-
tion of the contrast agent dose generated a
subjective image quality and diagnostic confi-
dence comparable to those of a standard iodine
dose protocol in patients with pulmonary embo-
lism [12]. Further reduction of the contrast agent
dose, from 50% up to 85%, can be achieved by
using virtual monochromatic or monoenergetic
spectral imaging at 40-50 keV [13, 14].
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5.2.3 Other Vascular Structures

In cerebral CT angiography, 80- and 100-kVp CT
performed with a 43% reduction of the contrast
agent dose showed a diagnostic accuracy in the
detection of cerebral aneurysms comparable to
that of a standard 120-kVp CT [15]. In renal CT
angiography, an 80-kVp CT done with a 33%
reduction of the contrast agent dose demonstrated
a quantitative and qualitative image quality com-
parable to that of a standard 120-kVp CT angiog-
raphy. Furthermore, by combining a bolus
tracking technique and a saline chaser, a 52%
reduction of the contrast agent dose could be
accomplished, and a satisfactory image quality
can be generated [16].

5.2.4 Hepatic Dynamic CT

In hepatocellular carcinoma (HCC), for which
the early enhancement of the arterial phase image
and subsequent wash-out during the delayed
phase is diagnostic, more than 600 mgl/kg of
iodine has been recommended for a standard
120-kVp CT because sufficient tumor-to-liver
contrast (more than 40 Hounsfield units (HU)) or
hepatic parenchymal enhancement (more than 50

HU) could be accomplished by using more than
600 mgl/kg of contrast agent [17]. In the 80-kVp
CT with hybrid IR, a 50% reduction of the con-
trast agent dose provided a quantitative and qual-
itative image quality comparable to those of a
standard dose protocol in patients with HCC [18,
19] (Fig. 5.2).

Based on the reports of previous studies, in
practice, contrast agent dose can easily be
reduced further in vascular structure assess-
ment than in the assessment of solid organs
given the same tube voltage because a strongly
contrast-enhanced vascular structure is less
affected by image noise than solid organs. In
low-voltage CT, the contrast agent dose can be
reduced by 30-50% in the assessment of vascu-
lar structures and in hypervascular HCC by
using the IR technique. The percentage of dose
reduction required for a contrast agent is usu-
ally predefined in low-tube-voltage CT as in
previous studies, and results showed compara-
ble or higher qualitative and quantitative image
quality to those of the standard CT. However, it
is difficult to determine the minimum quantity
of contrast agent required in low-tube-voltage
CT that provides an equivalent or non-inferior
diagnostic performance compared to that of the
standard CT.

Fig. 5.2 An upper abdominal 80-kVp CT image gener-
ated with 50% reduction of the contrast agent dose in a
patient with hepatocellular carcinoma during the (a)
hepatic arterial phase and (b) delayed phase showing a

heterogeneous early enhancement of the liver tumor
(arrow) on the arterial phase image and subsequent wash-
out during the delayed phase, which is diagnostic for
hepatocellular carcinoma
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5.3 Effect of Decreased Flow
Rate on Contrast
Enhancement

5.3.1 Basics of Contrast Agent

Injection Protocol

Firstly, the effect of injection rate, duration, and
total amount of contrast agent on the contrast
enhancement of the aorta, which is assessed as
the aortic peak enhancement on the time density
curve, actively investigated both in vitro and
in vivo, will be summarized.

In general, the time between the arrival of the
contrast agent at the aorta and the trigger thresh-
old (threshold value in bolus tracking technique,
100-150 HU) is 68 s when the contrast agent is
administered within 25-35 s. The scan delay
from the trigger is usually set at 10 s, and the scan
duration is 10-15 s; the peak of aortic enhance-
ment can be caught during scanning (Fig. 5.3).
As the total amount of contrast agent is increased,
aortic peak enhancement proportionally increases
when the injection duration is fixed at 25-35 s
(usually 30 s) [20]. Injection rate has a greater
positive effect on aortic peak enhancement than
the total amount of contrast agent. When the con-
trast dose is fixed, a higher injection rate with
decreased injection duration (less than 30 s) can
provide a higher aortic peak enhancement along

Fig. 5.3 Time density

with a narrow time window for the aortic peak
[20] (Fig. 5.4). A narrow time window for the
aortic peak makes is easier to overshoot the opti-
mal scan timing for aortic peak enhancement.
Therefore, fixed injection duration from 25 to
35 s is more important for keeping up the optimal
time window for aortic peak enhancement than
increasing injection rate. Optimal injection dura-
tion provides a “right shoulder” on the time den-
sity curve, while an insufficient injection duration
leads to a “sloping shoulder” (Fig. 5.4).

5.3.2 Effect of Decreased Flow Rate
on Contrast Enhancement

In the era of low-voltage CT, the amount of con-
trast agent used can be effectively reduced, thereby
leading to a lower injection rate or injection dura-
tion. In terms of aortic peak enhancement, contrast
dose can be reduced by about 20% in 100-kVp
acquisition and 40-50% in 80-kVp acquisition
compared with a standard 120-kVp CT. Here, let
us consider the situation of liver dynamic CT for a
patient weighing 60 kg: an optimal body-tailored
contrast dose is 600 mgl/kg for a standard 120-
kVp CT, and the required total amount of contrast
agentis 120 mL of a contrast agent with a 300 mgl/
mL concentration and 97 mL for a 370 mgl/mL
concentration. Injection duration is set at 30 s, and
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Fig.5.4 Effect of
injection rate given the
same contrast agent
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injection rate will be 4 mL/s for 300 mgl/mL and
3.2 mL/s for 370 mgl/mL. These conditions can be
efficient for an optimal time density curve of the
aorta and the liver and will facilitate proper diag-
nosis. When a low-voltage CT, e.g., 80 kVp, is
applied to this patient, the contrast agent dose can
be reduced by 40%, that is, 72 mL for 300 mgl/mL
and 58 mL for 370 mgl/mL, and the injection rate
will be 2.4 mL/s and 1.9 mL/s. Such a low injec-
tion rate, especially less than 2.0 mL/s, is an
“uncharted territory” for a standard 120-kVp
dynamic liver CT. Although fixed injection dura-
tion is more important for aortic peak enhance-
ment than injection rate as discussed previously,
the effect of the lower injection rate on aortic peak
enhancement should be considered. In the experi-
ment of dynamic flow phantom, a flow rate lower
than 2.0 mL/s decreased the aortic peak enhance-
ment compared to a standard 3.0 mL/s, given the
same total iodine dose (Fig. 5.5).

5.3.3 OtherTechniques
for Improving Contrast
Enhancement
in Low-Voltage CT

The fixed injection duration method has been
widely accepted because it is simple and easy to
use. Aside from a fixed injection method, another
approach for more effective contrast enhance-
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time after contrast agent inection [s]
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Y

o

o
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o
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Fig. 5.5 Effect of injection rate given the same contrast
agent dose and fixed injection duration: Flow rate less
than 2.0 mL/s decreases aortic peak enhancement com-
pared to a standard 3.0 mL/s given with the same total
iodine dose and fixed injection duration. Furthermore, the
slope before aortic peak enhancement becomes steeper as
the injection rates decrease and the time window for the
aortic peak becomes narrower

ment, the multi-bolus injection technique, has
been investigated. The goal of using the multi-
bolus injection technique is to prolong the opti-
mal scan duration for aortic enhancement.
Various multi-bolus injection protocols in which
small intermittent boli of contrast agent and
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saline are combined have been investigated. In
low-voltage CT angiography, optimized multi-
bolus injection protocol provides a significantly
longer time window for diagnostic aortic
enhancement (more than 200 HU) compared
with that of a single bolus injection [21]. Despite
the benefit of the multi-bolus injection technique,
it has not been widely used because of the com-
plexity of injection protocol.

Another optional technique for an efficient
contrast enhancement is the use of a saline chaser.
The aim of the saline chaser is to avoid accumu-
lation of the contrast material in the injecting
tube and in the venous system between the injec-
tion site and the right atrium; in other words,
move the remaining contrast agent in the “dead
space” to the right atrium. Adding the saline
chaser has been shown to reduce the contrast
agent dose by about 20%. Increased saline chaser
injection rate provides significantly higher peak
aortic enhancement values and longer time win-
dow for aortic peak enhancement compared with
no saline chaser protocol [22].

5.4 Iterative Reconstruction
in Low-Tube-Voltage CT
5.4.1 From Filtered Back Projection

to Deep Learning
Reconstruction

From its introduction in 1972, CT images were
reconstructed by simple analytic methods such as
FBP, in which images were reconstructed from
projection data (sinograms) by applying a high-
pass filter followed by a backward projection step
with a limited model and some simple assump-
tions. FBP has been accepted due to its short
reconstruction time and high image quality; how-
ever, because there is a direct relationship
between image noise and radiation exposure,
deteriorated image quality could be the outcome
in patients with larger body size or in the low
radiation dose acquisition, in which less photons
reach the CT detector (Fig. 5.6a).

In the early 2000s, advanced iterative recon-
struction (IR) algorithm was developed along

with a computational advancement, in which a
sinogram-based or image domain-based approach
was applied. Raw data or image data are itera-
tively filtered to reduce artifact or image noise,
following a backward projection applied for
reconstruction. This hybrid IR provides image
noise reduction with a clinically acceptable
reconstruction time (Fig. 5.6b).

A full-type or model- or knowledge-based IR
(MBIR) algorithm in which raw data are pro-
jected backward into the image space followed
by image data projected forward to compute arti-
ficial raw data has been developed as well. The
forward projection of MBIR algorithms can pro-
duce a physically precise data acquisition process
including system geometry and noise models,
and the process of backward and forward projec-
tion is repeated until the difference between true
and artificial raw data is minimized. MBIR can
reduce image noise extensively (Fig. 5.6c); how-
ever, computational heavy load and longer recon-
struction time are drawbacks of iteration of
MBIR.

Deep learning-based reconstruction (DLR)
was released by Canon Medical Systems in 2018.
It incorporates deep convolutional neural net-
work processes into the reconstruction flow with
hybrid IR images and high-dose MBIR images
acting as training pairs by which statistical fea-
tures that differentiate signal from noise and arti-
facts could be learned in the training process and
then be updated in the deep convolutional neural
network kernel [23]. DRL provides an image
quality comparable to that produced with the
MBIR algorithm but with a shorter reconstruction
time and is robust over the radiation exposure
shortage than MBIR algorithm (Fig. 5.6d).

5.4.2 Index for Image Quality
Assessment in Low-Tube-

Voltage CT

Image noise in CT is a random variation of CT
attenuation values of reconstructed images and is
produced by the CT detector and electronic cir-
cuit. The standard deviation of noise is simple to
measure; it is widely used as a convenient index
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Fig. 5.6 An upper abdominal CT image with reduced
radiation exposure (6 mGy) reconstructed with (a) filtered
back projection (FBP), (b) hybrid iterative reconstruction
(IR), (¢) model-based IR (MBIR), and (d) deep learning-
based reconstruction (DLR). Image noise in the FBP
image is prominent but is suppressed in other reconstruc-
tions. MBIR leads to a relative increase of the low-spatial

of image quality, and it provides a gross predic-
tive value for object detectability. In low-voltage
CT, the number of photons captured by the CT
detector is inherently smaller than that captured
in a standard dose CT at a given tube current;
therefore, reconstructed images of low-voltage
CT have a relatively high image noise. Contrast-
to-noise ratio (CNR) is a simple measure used to
assess image quality just like a signal-to-noise
ratio, but CNR subtracts off a term before taking
the ratio and can be an objective metric essen-
tially matched to the observer’s visual detectabil-
ity. However, images reconstructed by a soft
tissue kernel tend to have lower image noise and

frequency component of noise and results in a more mot-
tled texture or a “cartoon-like” appearance of the recon-
structed image, whereas DRL can decrease more of the
low-spatial frequency component of noise compared to
MBIR, so the sharpness of the image is balanced in the
DRL image

a high CNR, whereas images reconstructed by a
sharp contrast kernel tend to have a higher image
noise and low CNR, even in a same visual detect-
ability. It should be noted that CNR is not com-
pletely matched to subjective visual detectability;
therefore, radiation dose reduction based on
image noise or CNR alone is debatable and has
room for discussion; a task-based image quality
assessment especially for low contrast detectabil-
ity should be considered instead [24].

The standard deviation of noise, though sim-
ple to use, provides no information about the spa-
tial characteristics of image noise. The noise
power spectrum (NPS) characterizes both the
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Fig. 5.7 Modulation transfer function (MTF) analysis of
FBP, hybrid IR, and MBIR: (a) MTF of MBIR is superior
to that of FBP for a high contrast structure (500 HU) and
at high radiation exposure, whereas (b) MTF of MBIR is
inferior to that of FBP for a low contrast structure (50 HU)
and at low radiation exposure. Note that both MTF curves

magnitude and spatial frequency distribution of
image noise, in which the Fourier transform is
utilized on image noise to yield the variance of
the noise power present at each spatial frequency.
Value of integral of NPS over the full range of
spatial frequency is equal to the standard devia-
tion of image noise. The magnitude of the NPS
reflects the degree of randomness at each spatial
frequency, and the shape of the NPS curve reveals
where the noise power is concentrated in fre-
quency space. Low-frequency noise power pro-
duces an image with a mottled texture, whereas
high-frequency noise power leads to a finely tex-
tured image. Image texture varies depending on
the shape of the NPS curve even at the same stan-
dard deviation of image noise. Hybrid IR and
MBIR reduce image noise by reducing the mag-
nitude of the high-spatial frequency component
of noise, which leads a relative increase of the
low-spatial frequency component of noise and
results in a more mottled texture or a “cartoon-
like” appearance of the reconstructed image
(Fig. 5.6¢). Such image texture alteration pro-
vided by hybrid IR and MBIR may have an effect
on visual detectability.

The modulation transfer function (MTF) is a
Fourier metric of spatial resolution properties, in
which the percentage of frequency domain
(cycles/pixel) at a given frequency relative to that
of the lowest frequency is plotted against the spa-
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of FBP and hybrid IR are unchanged between the two
conditions, whereas the MTF curves of MBIR are
improved for a high contrast structure and at high radia-
tion exposure. Dose and contrast dependence are unique
characteristics of MBIR

tial frequency. A 50% MTF is a good indicator of
image sharpness when comparing different
reconstruction algorithms and scanners. Human
visual detectability is insensitive to details of spa-
tial frequency when MTF is less than 10%. In
hybrid IR and MBIR reconstruction, MTF
depends on contrast and noise due to non-linear
image processing; therefore, an edge method is
suitable for measuring MTF. MBIR has both con-
trast and radiation dose dependence on MTF,
whereas FBP and hybrid IR have no such depen-
dence on MTF. MBIR provides a higher spatial
resolution compared to FBP and hybrid IR at a
sufficient radiation dose and with high contrast
structures (Fig. 5.7a), whereas the spatial resolu-
tion of MBIR is inferior to those of FBP and
hybrid IR at an insufficient radiation dose and
with low contrast structures (Fig. 5.7b). From the
standpoint of MTF, the use of MBIR in low-
voltage CT is discouraged because of its radia-
tion dose dependency; hybrid IR or DLR is more
suitable for low-voltage CT.
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Gastrointestinal lodinated
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6.1 Introduction

Oral contrast agents are classified as positive or
neutral oral contrast agents. Positive oral contrast
agents are used to opacify the bowel lumen and
are divided into two categories: barium sulfate
suspensions and water-soluble iodinated contrast
media. Enterography using CT and MRI com-
bines intravenous contrast and neutral or low-
attenuation oral contrast agents to assess the
small bowel in patients with known or suspected
Crohn’s disease and extraenteric structures.
Suspected small-bowel polyps or cancer, vascu-
lar lesions of the small-bowel wall, and gastroin-
testinal bleeding are all common reasons for
enterography. This chapter discusses physical
properties, clinical uses, and adverse effects of
oral contrast agents.
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6.2 Positive Oral Contrast Agents
Positive oral contrast agents are administered to
opacify the bowel lumen and thus to improve the
differentiation of bowel from non-bowel struc-
tures [1]. The two main classes of positive oral
contrast material are barium sulfate suspensions
and water-soluble iodinated contrast media [2, 3].

Plain radiography is the first-line evaluation of
various important diagnoses, such as bowel per-
foration, obstruction, volvulus, and colitis. When
a detailed luminal evaluation is required, fluoro-
scopic barium or water-soluble single- or double-
contrast studies are performed to investigate early
mucosal changes and bowel transit time, discrim-
inate between functional ileus and obstruction,
and determine the cause of obstruction. However,
recent rapid advances in both computed tomogra-
phy (CT) and magnetic resonance imaging (MRI)
are replacing fluoroscopic imaging for certain
clinical indications. For example, CT colonogra-
phy (CTC) allows visualizing the entire lumen
and extra-colonic organs and providing higher
sensitivity data in a dataset for cancer detection
and higher patient acceptance compared to bar-
ium enema [4].

One of the major difficulties for radiologists
who interpret gastrointestinal tract (GIT) studies
is a gradual decrease in the number of commer-
cially available sources of barium and iodinated
contrast media specially developed for such pur-
poses, as leading companies have started
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consolidating their contrast agent portfolios due
to reduction in use. Therefore, it is necessary to
propose alternative contrast agents and imaging
modalities, such as CT, MRI, and endoscopy, and
radiologists may also need to substitute the con-
trast agent with a different formulation that is not
specifically formulated, designed, or marketed
for a gastrointestinal evaluation, for example,
intravascular use [3].

6.2.1 Barium Sulfate

Barium sulfate is a white crystal solid structure
with a chemical formula BaSO,. It is insoluble in
water. The forms used for imaging purposes are
administered through various routes including
oral, rectal, and direct injection into GIT (i.e.,
gastrostomy, enterostomy, and colostomy) and
direct injection via catheters [3]. Barium com-
pounds are primarily preferred because of their
white appearance and high density. Commercial
forms are mixed with sweeteners, as well as other
substances, such as pectin, sorbitol, and agar-agar,
all of which are discarded from GIT. Barium sul-
fate is not absorbed by the intact mucosa.

There are many brands of barium sulfate avail-
able for clinical use. The major US manufactur-
ers are E-Z-Em (Lake Success, NY; http://www.
ezem.com/) and Tyco Healthcare (Mansfield,
MA; Mallinckrodt subsidiary and Lafayette
products, Hazelwood, MO; http://imaging.
mallinckrodt.com/). Oral barium sulfate contrast
agents are available in powder or liquid forms;
powders must be reconstituted with water, and
liquids must be diluted [5].

6.2.1.1 Physical Properties of Barium
Sulfate

Many studies have investigated the relationship
between the physical characteristics of oral bar-
ium sulfate preparations, such as plasticity, vis-
cosity, density, and thixotropy, and its ability to
coat the colonic wall [5]. Some barium sulfate
preparations are plastic, which means that a cer-
tain amount of shear stress is required to induce
the flow, beyond which stress and shear are pro-
portional [6]. The relationship between viscosity

and shear rate varies greatly among barium sul-
fate formulations [7]. It has been found that plas-
tic substances are more useful for double-contrast
studies than their pseudoplastic counterparts [6].
Radiologists frequently describe barium sulfate
suspensions as “thick” and “thin,” but these terms
should not be confused with two distinctly differ-
ent properties: viscosity and density. Although
the thickness may be due to increased viscosity,
these suspensions may not be very radiodense,
while thin preparations may have low viscosity
but have a large percentage of barium. Therefore,
when characterizing suspensions, it is better to
describe both viscosity and density. Double-
contrast examinations use formulations with
either high viscosity and medium density or low
viscosity and high density to leave a layer of con-
trast with high radiographic density on the
mucosa. High-viscosity preparations produce an
opaque coating, but this may be non-uniform and
obscure fine detail. In addition, if the viscosity is
too high, the patient may not be able to swallow
the contrast agent, and it may not spread across
the mucosa [5]. Increasing the concentration of
barium sulfate or combining it with various com-
pounds can increase the viscosity of oral contrast
agents. Magnesium has been found to improve
mucosal coating, which is not related to the
increase in viscosity [8]. There is a good correla-
tion between viscosity and thixotropy, which is
the tendency of a compound to harden if undis-
turbed. Thixotropy occurs due to the structural
breakdown and subsequent accumulation of par-
ticles in barium sulfate suspensions. Residual
magnesium in the bowel lumen may increase the
thixotropy of barium sulfate contrast agents,
which can contribute to mucosal coating seen in
double-contrast barium enemas after the admin-
istration of magnesium-containing purgatives [35,
8].

6.2.1.2 Additives

Without additives, barium sulfate is unable to

coat the mucosa, which results in flocculation.
Inert salts, including salts of alkali metals;

ammonium salts of poly-acid monomers; citric

and tartaric salts of sodium, potassium, and

ammonium; and EDTA salt of sodium, can be
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added as deflocculants to prevent flocculation,
which interacts inversely with mucosal coating
and alters the effective size of barium particles.

To keep the barium in solution through weak
bonds formed and to extend the shelf-life of lig-
uid preparations, stabilizer (suspending) agents,
such as sodium carboxymethyl cellulose, pectin,
magnesium aluminum silicate, naturally and arti-
ficially occurring gums (hydrophilic colloids),
long-chain organic molecules, acacia, tragacanth,
and gelatin starch, are added. Removal of gums
allows sedimentation of large particles into
mucosal folds. Some suspending agents may
increase viscosity and improve adhesion.

Dispersants, including surface-active agents
and strongly ionic substances, such acid rate or
polyphosphate ions, are largely responsible for
the ability of barium sulfate preparations to mix
with other fluids, to opacify fluid in GIT, and to
coat the mucosa.

Wetting ability refers to the tendency of a liq-
uid to form a thin, uniform film on a surface
instead of pulling away from large areas. Natural
and artificial gums added as suspension agents
may act as wetting agents. Drying is prevented by
adding humectants, such as sorbitol and manni-
tol, at isotonic concentrations with the colon.

Antifoaming agents, such as simethicone and
siloxane, are usually added to the barium sulfate
suspensions to prevent bubbling. To improve the
taste and acceptability for the patient, sugar, sac-
charin, and other flavoring agents can also be uti-
lized [5].

Magnesium is poorly absorbed by the bowel;
therefore, the use of magnesium-containing pur-
gatives before barium enema leaves many of
these ions in the lumen of the colon. Magnesium
increases the viscosity of barium suspensions and
results in an improved mucosal coating [5, 8].

6.2.1.3 Advantages of Barium over
lodinated Contrast Agents

Barium sulfate is the preferred agent for opacifi-
cation of GIT for fluoroscopic studies due to its
mucosal coating properties and high contrast
effects. Barium agents offer a better coating of
the bowel wall by providing superior delineation
of mucosal detail than iodinated agents [3]. The

higher attenuation of barium agents is also poten-
tially useful for detection of small leaks that are
not visible with iodinated contrast agents. In
addition, barium agents are more resistant to
dilution than iodinated agents, which allows
delayed imaging in the setting of slow transit
time; however, due to the risk of development of
barium concretions, caution should be taken in
the case of prolonged transit time [3, 9].

6.2.1.4 Imaging of GIT Using Barium
Enema

The ratio of weight/volume (w/v) varies accord-
ing to the GIT passage speed, anatomical condi-
tions, and the procedure. In general, 40% w/v is
sufficient for small intestinal examinations, and
85% wi/v barium for colon examinations. Instead
of defined formulas, optimal image quality is
obtained by adjusting the concentration and
quantity [10].

Barium swallow studies continue to be the
main examination method of dysphagia, allowing
direct evaluation and inspection of the esopha-
geal mucosa and gastroesophageal junction: an
objective assessment of esophageal contractility,
reflux, and presence of strictures, pouches, and
hiatal hernias. In upper GIT examinations, the
patient’s morning fasting is adequate. During this
examination, the patient ingests barium and car-
bex (effervescent granules) to provide a double-
contrast (gas and barium) view of the stomach
[4].

Small bowel follow-through barium studies
are undertaken for the evaluation of abdominal
pain, diarrhea, and diseases manifesting with
mucosal abnormalities, such as celiac disease and
Crohn’s disease. The patient is asked to drink
approximately 500 mL of barium diluted with
water and liquid metoclopramide. These studies
have been progressively replaced with CT and
MR enterography, as well as enteroscopy and
capsule endoscopy [4, 10].

Double-contrast enema studies are used to
investigate the symptoms of the lower GIT
malignancies, such as a change in bowel habits,
anemia, and unexplained weight loss. In these
cases, medical colon cleansing should be per-
formed. The patient is asked to follow a
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low-residue diet for 48 h prior to the examination
with a cathartic bowel preparation. Barium is
instilled through a rectal tube to coat the colonic
mucosa, followed by application of gas to dis-
tend the colon. One thousand to two thousand
milliliters (85-100%) of barium w/v suspension
is recommended for double-contrast examina-
tions of the colon [3, 4, 10].

Barium sulfate can also stop bleeding in colon
diverticular disease, but should not be used
after surgery or in cases with suspected perfora-
tion [11].

6.2.1.5 Side Effects
Most side effects are not allergic reactions. The
frequently encountered symptoms are nausea,
vomiting, and abdominal discomfort [12].
Unabsorbed barium does not cause severe aller-
gic reactions, but a small amount of barium is
known to pass into intestinal mucosal cells dur-
ing GIT examinations. Allergy-like (anaphylac-
toid) reactions to enteric barium are rarely seen
either caused by the barium itself or various addi-
tives and medical devices used to deliver the
barium [3]. Allergic reactions can develop in a
wide spectrum from urticaria to severe anaphy-
lactic reactions. There are very rare cases of bar-
ium encephalopathy. Vasovagal reflex
development is also infrequently reported in dou-
ble-contrast colon radiography. In cases of pro-
longed transit time, barium sulfate may remain in
the intestines for a long time and can cause the
development of a barolith, which may need to be
removed by surgery. In such cases, a water-
soluble contrast agent is recommended [13].
Barium may trigger toxic dilatation of the colon
[14]. The leakage of sterile barium into the peri-
toneal cavity leads to peritoneal irritation [9].
The effect of barium on the mediastinum is
less known. The leakage of barium from the
esophagus into the mediastinum can trigger an
inflammatory reaction with subsequent granu-
loma and fibrosis development, but there is little
to no evidence that barium in the mediastinum
causes clinically significant mediastinitis [3].
Aspirated low-volume barium is typically
removed from the airways by the ciliary action of
normal bronchial epithelium, while the epithe-

lium being damaged due to a bronchial disorder
can delay this process. Aspiration of barium dur-
ing upper GIT examinations can cause serious
pneumonia and death, especially in patients with
a significant underlying lung disease [12].

Bacteremia may occur during and after contrast
media enemas. Barium enema has been reported
to be associated with transient bacteremia [15].

Following bile surgery or sphincteroplasty,
orally ingested barium commonly refluxes into
the biliary tree. Normally, gravity and the physi-
ologic bile flow lead to emptying of the refluxed
barium into the bowel. However, if the barium is
not drained out of the biliary tree immediately,
over distention of the bile ducts can occur, with
the potential to develop suppurative cholangitis,
choledocholiths, or disseminated intravascular
coagulation [16].

Intravasation of barium is a serious condition
with 55% mortality. Pulmonary embolism, dis-
seminated intravascular coagulation, sepsis, and
severe hypotension can also be observed [17].

6.2.2 Water-Soluble lodinated
Contrast Agents

Water-soluble contrast agents are available in dif-
ferent formulations, including HOCM and
LOCM at different concentrations and volumes,
and in different packaging. Gastrografin (diatri-
zoate meglumine and diatrizoate sodium; Bracco
Diagnostics Inc., Monroe Township, NJ) and
Gastroview (diatrizoate meglumine and diatri-
zoate sodium; Mallinckrodt, Raleigh, NC) are
FDA-approved water-soluble HOCM specifically
designed for enteric opacification in the small
bowel and colon. These agents include 660 mg/
mL diatrizoate meglumine and 100 mg/mL dia-
trizoate sodium. The resulting solution contains
367 mg of iodine per milliliter. Cystografin
“Dilute” and Cysto-Conray II containing approx-
imately 85 mgl/mL are marketed for cystoure-
thrography and can also be used for rectal
administration without mixing or dilution [3].
HOCM and LOCM supplied for intravenous
use can also be administered safely orally, rec-
tally, or through the enteric tube at full strength or
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diluted. This use is usually “off label,” except for
Omnipaque (iohexol; GE Healthcare, Princeton,
NIJ), which has an FDA-approved indication for
oral use in select concentrations. When adminis-
tered rectally, the concentration of iodinated con-
trast agents depends on a variety of factors,
including whether the study is performed for
diagnostic or therapeutic purposes. When used as
an enema, the recommended dilution for adults is
240 mL (88 g iodine) in 1000 mL of tap water,
thus providing 88 mg iodine per milliliter (mgl/
mL) of solution. Water-soluble HOCM have also
been successfully used for the treatment of post-
operative paralytic ileus and adhesive small
bowel obstruction [3].

6.2.2.1 Computed Tomographic
Colonography

CTC, also known as virtual colonoscopy, involves
complete bowel preparation (similar to the
double-contrast barium studies), followed by rec-
tal gas insufflation and helical CT examination of
the distended colon with an intravenous contrast
in supine and prone positions. The resulting
image dataset is then displayed at a workstation
with complex image analysis software, which
provides images obtained by conventional colo-
noscopy [4]. Oral contrast agents used during
CTC can reduce false-positive and false-negative
detections due to stool and iso-attenuating resid-
ual fluid. These agents can also eliminate the
requirement for a clean colon, as opacified stool
and residual fluid can be distinguished either
electronically or visually from polyps and normal
colonic mucosa. Clinical results show that the
sensitivity of CTC for the detection of colorectal
polyps and cancer exceeds that of a barium
enema examination. Recent studies have shown
that oral contrast agents often coat polyps with a
preference for those at risk for villous histology,
a characteristic of advanced polyps. This finding
encourages the development of contrast agents
that can predict polyps constituting at greater risk
of progression to malignancy [4, 18].

6.2.2.2 Side Effects
The greatest safety problem with water-soluble
iodinated contrast agents is the potential for aspi-

ration into the lungs; if aspirated into the lungs,
HOCM, such as Gastrografin or Gastroview, can
lead to chemical pneumonia, respiratory failure,
and life-threatening pulmonary edema [3, 9].
Therefore, HOCM solutions are contraindicated
for oral administration in patients at risk for aspi-
ration. If water-soluble contrast media are to be
used in this patient group, LOCM should be pre-
ferred due to their lower risk of morbidity and
mortality [3].

Hypertonic HOCM should also be avoided in
patients with fluid and/or electrolyte imbalances,
especially in very young or elderly patients with
hypovolemia or dehydration. HOCM solutions
lead to hypovolemia and hypotension in suscepti-
ble patients, due to fluid loss by drawing water into
the lumen. Iso-low-osmolar iodinated contrast
agents can be used to prevent fluid displacement in
children who are thought to have perforation of
GIT. In high-risk patients, the contrast agent can
be diluted with water (1:4 ratio) [19].

Allergy-like reactions can occur even due to
small amounts of iodinated contrast agents
absorbed from GIT after oral or rectal adminis-
tration. During this process, a small volume of
ICA (approximately 1-2%) is absorbed and
excreted into the urinary tract. If mucosal inflam-
mation, mucosal infection, or intestinal obstruc-
tion is present, the absorbed amount of ICA can
increase. The ACR Manual on Contrast Media
does not provide any specific guidelines concern-
ing premedication for nonvascular administration
of iodinated contrast agents to individuals who
have had a previous reaction to vascular adminis-
tration of these agents [20]. However, the guide-
lines of the European Society of Urogenital
Radiology 2014 suggest that physicians “take the
same precautions as for intravascular administra-
tion.” Therefore, some centers recommend pre-
medication of sensitive patients. However, other
centers consider that such reactions are too rare
to justify premedication and thus do not use pre-
medication as the standard of care [21].

6.2.2.3 Advantages of ICAs over

Barium
Water-soluble HOCM studies are usually per-
formed in the early postoperative period to assess
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anastomotic integrity. The preference over bar-
ium is a consequence of the potential of free
intraabdominal barium to induce peritonitis [3].

Water-soluble HOCM can be safely and effec-
tively used for therapeutic cleansing enemas in
patients with fecal impaction or cystic fibrosis.
The recommended dilution of Gastrografin or
Gastroview (240 mL in 1000 mL of water) may
be advantageous since this hypertonic solution is
more likely to induce a fluid shift into the colon,
facilitating fecal evacuation [22].

6.2.2.4 Advantages of LOCM
over HOCM

LOCM reduce the risk of contrast-related pneu-
monitis in patients prone to aspiration. The taste
of LOCM may be more acceptable, although this
is more important when administered at full
strength compared to when these agents are
diluted for CT scanning. In addition, non-ionic
LOCM (e.g., Omnipaque) cause less fluid shift
into the bowel and less stimulation of peristalsis
and have been reported to result in lower iodine
absorption from the intact bowel [9].

An isotonic solution of a contrast medium can
be prepared by substituting LOCM, such as
Isovue (iopamidol; Bracco Diagnostics Inc.,
Monroe Township, NJ) or Optiray (ioversol;
Mallinckrodt, Raleigh, NC) for Gastrografin.
Isovue 300 and Optiray 300 contain 300 mgl/mL;
therefore, adding a 400-mL bottle of Isovue 300
or Optiray 300 to a 1000-mL bag of saline or
water results in a 1400-mL solution containing
120,000 mg of organically bound iodine or
85 mgl/mL (almost identical to the 88 mgl/mL of
the proposed dilution of HOCM for enema
administration) [3].

6.2.3 Suspicion of Perforation

Water-soluble contrast media are widely used
to evaluate for anastomotic leaks in the postop-
erative GIT. These agents are preferred to bar-
ium for patients with suspected leaks because
they are quickly absorbed from interstitial
spaces and the peritoneal cavity, whereas bar-
ium will remain in these spaces indefinitely [9].

However, water-soluble contrast agents are less
radiopaque than barium and less adherent to
sites of leakage, limiting their ability to detect
perforations, particularly small or subtle perfo-
rations. Therefore, water-soluble oral contrast
media is recommended for initial use in any
study in which a perforation is known or sus-
pected. If no perforation is detected with water-
soluble contrast agents, high-density barium
should be applied to improve detection of
esophageal leaks. When a leak is detected only
with barium, the disadvantage of retained bar-
ium in the mediastinum is more than balanced
by early diagnosis and treatment of an esopha-
geal perforation [23].

6.3  Neutral Contrast Agents
Enterography with CT and MRI combines neutral
or low-attenuation oral contrast agents with intra-
venous contrast in order to evaluate the small
bowel in patients with known or suspected
Crohn’s disease and extraenteric structures. Other
common indications for enterography include
suspected small bowel polyps or malignancy, vas-
cular lesions of the small bowel wall, and gastro-
intestinal bleeding [24—29]. For the assessment of
small bowel disorders, sufficient luminal disten-
sion by luminal contrast agents is important [30].
For small bowel imaging, positive contrast agents
are generally not preferred because they mask the
enhancement of the mucosa and lesions such as
neuroendocrine tumors. Neutral oral contrast
agents, which are isodense to water on CT and are
biphasicon MRI (i.e., hypointense on T1-weighted
images and hyperintense on T2-weighted images)
are preferred because these agents improve the
visualization of abnormal mural enhancement,
mural thickening and stratification, and penetrat-
ing complications. Neutral oral contrast offers
additional benefits, including the absence of
streak artefacts that often occur at CT from high-
attenuation positive oral contrast [24-29].
Several different neutral oral contrast agents
such as water, milk, sugar alcohols like
mannitol or sorbitol, dilute barium solutions,
locust bean gum/mannitol (LBM), psyllium, and
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polyethylene glycol have been studied for use in
enterography [29-31].

There are several factors that influence
bowel distension and wall imaging. A larger
volume of oral contrast, if tolerated by the
patient, would undoubtedly provide better
bowel distension. The time to optimal disten-
sion of the terminal ileum is 51-72 min.
Therefore, it is recommended that the oral con-
trast agent be ingested about 60 min before CT
imaging [26]. Bowel distension is also affected
by the fat content of the oral contrast agent
ingested. An oral contrast agent with a high fat
content would decrease bowel peristalsis and
delay gastrointestinal emptying, resulting in
better bowel distension. Osmolarity of the oral
contrast agent is another parameter, as higher
osmolarity can result in better degree of bowel
distension [27].

Water is a feasible oral contrast agent, as it is
safe, cheap, and well-tolerated. However, water
is rapidly absorbed across the stomach and proxi-
mal small bowel, which results in inadequate
luminal distention of the distal small bowel,
which is the area most affected in Crohn’s dis-
ease [31].

Milk is an effective, cheap agent and preferred
by patients with fewer abdominal adverse effects.
3.8% milk contains fat that effectively reduces
peristalsis and slows passage through the GIT,
resulting in better bowel distension. In addition,
3.8% milk does not require the administration of
a smooth muscle relaxant such as glucagon to
achieve sufficient small bowel distension and
therefore eliminates potentially undesirable side
effects and additional costs [25].

Sugar alcohols such as sorbitol or mannitol
provide distention of the small bowel because
they effectively trap the fluid in the lumen and
prevent reabsorption. Mannitol is an effective
agent to produce distension of the bowel wall.
Locust bean gum is used as thickener [30, 31].

Two neutral barium sulfate suspensions con-
taining sorbitol and a thickening agent are com-
mercially available: VoLumen and Breeza.
VoLumen (a berry-flavored barium sulfate sus-
pension, 0.1% w/v, 0.1% w/w; E-Z-EM, Inc., a
Bracco-owned company, Lake Success, N.Y)

that contains sorbitol and a gum provides excel-
lent distention and excellent visualization of the
bowel wall. Most enterography protocols
require ingestion of 900-1350 mL (two to three
bottles) of this low-Hounsfield-value barium
suspension followed by variable amounts of
water. However, the currently available barium-
and sorbitol-based substances are poorly toler-
ated by patients. Complaints about taste and
texture as well as about the large amount that is
required are frequent. Products containing sugar
alcohol have an osmotic laxative effect that can
cause cramping or diarrhea. Some patients may
experience subsequent constipation. These
symptoms may be particularly poorly tolerated
by patients with inflammatory bowel disease
who often have abdominal pain or experience
complications of the disease including strictures
that may cause partial obstruction [20, 32].
Breeza (Beekley Medical, Bristol, Conn) is a
lemon-lime-flavored beverage for neutral
abdominal/pelvic imaging. These two contrast
agents provide similar small bowel distention.
Significantly higher taste and texture scores for
Breeza may reflect better patient acceptance and
tolerability [32].

Psyllium fiber is cheap and commercially
available and has a favorable taste. It may be used
for small bowel distension [33].

Polyethylene glycol has the same density as
water. Its main characteristics are an agreeable
flavor and lack of toxicity [34].
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Properties and Pharmacokinetics
of Gadolinium-Based Contrast

Agents

Semra Yigitaslan and Kevser Erol

Gadolinium (Gd**) is a rare-earth metal from the
lanthanide (Ln) family of elements and has seven
unpaired electrons. Gadolinium (atomic number
Z = 64) has a standard atomic weight of 157.25.
In addition to its medical uses, it is also used in
compact discs, televisions, etc.).

Today, it is the major contrast agent used in
MRI because of having a high magnetic moment
and an unusually long electronic spin relaxation
time [1, 2]. Unfortunately, free gadolinium is
highly toxic. Because ionic radius of Gd* is close
to that of Ca* (107.8 pm and 114 pm, respec-
tively), it can block many voltage-gated calcium
channels even at nano- or micromolar concentra-
tions. This blockage results in the inhibition of
several physiologic processes such as muscle con-
traction, transmission of neuronal signals and
coagulation [3]. It can also result in several other
adverse effects including splenic degeneration,
central lobular necrosis of the liver and haemato-
logical abnormalities [4]. Therefore, it is manda-
tory to attach the Gd** with a suitable chelating
agent to avoid its toxic effects to humans.

The 50% lethal dose (LD50, i.e. the dose
required to kill 50% of the population) of the che-
lated Gd was found to be 50-100 times higher
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than that of free Gd* ions [5, 6]. Chelation
improves the solubility in water and protects the
tissues from the deleterious effects of Gd** ions;
it also reduces the biotransformation and/or accu-
mulation of the Gd** ions in the body by increas-
ing the renal excretion rate [5, 7].

The Gd** has nine coordination sites which
are the number of atoms or ligands directly bond-
ing to the metal centre. Eight of these sites repre-
sent the bonds between Gd** and the chelating
agent with the ninth is being coordinated with the
oxygen atom of a water molecule. This ninth
coordination site is necessary in enhancing the
signal by the contrast agent in T7T1-weighed
images [4, 8].

Chemical structure of the chelating agent
determines the biochemical differences between
the Gd-based contrast agents (GBCAs). The che-
lating agent is either linear or macrocyclic and
electrically neutral (non-ionic) or charged (ionic).
Generally, macrocyclic chelating agents are more
stable than the linear and ionic linear chelates
more than non-ionic linear chelates [3, 9]. To be
used as a contrast agent safely, the chelating
agent must be thermodynamically and, more
importantly, kinetically stable [1].

Today, there are nine GBCAs approved by the
EMEA (European Medicines Agency) and the
FDA (US Food and Drug Administration) for use
in  humans [9]. Physiochemical  and
pharmacokinetic properties of some GBCAs are
summarized in Table 7.1.
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All the macrocyclic agents in clinical use
whether ionic or non-ionic are derived from a
12-member macrocyclic polyamino ring [9]. The
ionic macrocyclic GBCA, gadoterate meglumine
(Gd-DOTA), has four carboxylate side groups.
However, in the non-ionic macrocyclic GBCA,
gadoteridol (Gd-HP-DO3A), one carboxylate
group is replaced with a hydroxypropyl group,
resulting in a decrease in stability and binding
constant [9, 10]. The replacement of hydroxypro-
pyl group of gadoteridol with the 2,3-dihydroxy-
(1-hydroxymethyl)-propyl group forms the
gadobutrol (Gd-BT-DO3A) and results in further
destabilization [11] (Fig. 7.1).

All ionic linear GBCAs including gadopen-
tetate dimeglumine (Gd-DTPA), gadobenate
dimeglumine (Gd-BOPTA), gadoxetic acid
(Gd-EOB-DTPA) and gadofosveset (MS-325)
have five carboxyl groups and three amino nitro-
gen atoms. The three negatively charged carboxyl
groups are neutralized by Gd** ion. On the other
hand, the remaining two negative charges of gado-
pentetate dimeglumine and gadobenate dimeglu-
mine are neutralized by two meglumine (a sugar
amine with 1+ charge from a quaternary amine)
cations, while that of gadoxetic acid and gadofos-
veset are neutralized with Na*ions [4, 9] (Fig. 7.1).

In the non-ionic linear GBCAs, consisting of
gadoversetamide and gadodiamide, in addition to
three amino nitrogen atoms, there are three
instead of five carboxyl atoms and two non-ionic
methyl amides. The binding of the two non-ionic
methyl amides to Gd** is weaker compared to the
carboxyl oxygen atoms, resulting in decreased
stability in comparison to the ionic linear GBCAs
[4, 9] (Fig. 7.1).

7.1 Physiochemical Properties

7.1.1  Stability
The stability of the chelating agents is described
by thermodynamic stability reflecting the energy
required to break the bonds between Gd** and
chelating agent and kinetic stability reflecting the
rate of this dissociation.

Thermodynamic stability can be quantita-
tively estimated by the thermodynamic stabil-

ity constant (K.m, measured at pH ~11, at
which there are no ions competing with the
chelating agent) and the conditional thermody-
namic stability constant (K., measured at
pH 7.4) [3]. Because K., is measured at the
physiological pH, K ., is more useful to esti-
mate the thermodynamic stability compared to
the K- The higher values of all these param-
eters reflect the higher stability of the GBCAs
[3, 4,8, 12].

Chemical structure has a significant correla-
tion with the thermodynamic and kinetic stabil-
ity. lonic macrocyclic chelate (gadoterate
meglumine) is the most stable GBCA and exhib-
its the highest dissociation rate. Besides, macro-
cyclic GBCAs do not require excess chelating
agent in the preparation [12, 13]. On the other
hand, non-ionic linear GBCAs (gadodiamide and
gadoversetamide) are the least stable with the
shortest dissociation half-life. Also, they require
excess chelating agent in the preparation [14].

7.1.2 Transmetallation

The body fluids contain a variety of metal ions
which can be exchanged with Gd** in the GBCAs.
The endogenous ions important for transmetalla-
tion include zinc, iron, copper and calcium.
However, because free iron and copper are found
in very small amounts in the blood and calcium
ions have a low affinity for organic ligands, prob-
ably it is mainly zinc that can be exchanged with
a significant amount of Gd* [15, 16].
Transmetallation of Gd** with zinc forms a zinc
chelate that will be excreted in urine. On the other
hand, free Gd** attaches to endogenous anions and
accumulates in tissues in an insoluble form [17].
Among those in clinical use, non-ionic linear
GBCAs have been shown to induce an increase in
urinary zinc excretion which was thought to be
secondary to transmetallation [16, 18, 19].

7.1.3 Relaxivity
The efficacy of GBCAs is determined by their 7'1

and 72 relaxivities. GBCAs mainly shorten 71
relaxation time. There are several other factors
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Fig. 7.1 Physicochemical and pharmacokinetic properties of gadolinium-based contrast agents

influencing relaxivity, including protein-binding
affinity of the contrast agent, magnetic field

strength and temperature [9, 20].

Relaxivity is quantitatively described by the
equation
equations [21], where T'1 refers to the longitudi-

of

Solomon-Bloembergen-Morgan
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nal relaxation time, k is the constant for Gd*, r is
the distance between Gd** and water proton and
Tc is the effective correlation time:
1 1
=k f (TC)

In general, relativity has been suggested to
decrease with increasing magnetic field strength
and increasing temperature. On the other hand,
relaxivity is more dependent on the magnetic
field in the case of strongly binding of GBCAs to
the macromolecules in the plasma, mainly to the
albumin. However, it should be also noted that
plasma proteins have a limited capacity to bind
GBCAs which determine the concentration
dependence of the relaxivity [9].

Of the GBCAs in clinical use, gadobutrol was
found to provide the highest 71 shortening per
volume of the contrast agent. Gadobutrol is also
the only GBCA formulated with twofold concen-
tration of Gd** compared to the others. The higher
concentration and higher relaxivity of gadobutrol
provide improved image enhancement [22].

7.1.4 Osmolality

Osmolality is defined as the concentration of dis-
solved particles present in the formulation of a
contrast agent and expressed as osm/kg water.
The osmolality is closely related to the ionicity of
the contrast agent; the ionic GBCAs have a higher
osmolality compared to the non-ionic ones.
Because of low injection doses used for MRI,
high osmolality of the ionic GBCAs results in
only a slight increase in plasma osmolality.
However, in cases where higher doses are
required, non-ionic GBCAs with low osmolality
should be preferred [23].

7.1.5 Viscosity

Viscosity is defined as the internal resistance
within a fluid. Higher viscosity leads to increased
resistance to flow. The viscosity is expressed as
centipoise (cP), with the viscosities of plasma,
and whole blood are 1.5 and 3 cP at 37 °C. On the

other hand, viscosity of earlier GBCAs ranges
from 1.3 to 2.9 cP at 37 °C. However, the so-
called next-generation GBCA, gadobenate
dimeglumine, has the highest viscosity of 5.3 cP
at body temperature [24].

In fact, viscosity is generally not a significant
concern when GBCAs are used in standard doses
and injection rates. However, in the case of rapid
injections and small catheters, viscosity should
be taken into account [23].

7.2  Pharmacokinetics

The pharmacokinetic properties of most GBCAs
are similar to that of iodine-based contrast agents.
Most GBCAs except for three (gadoxetic acid,
gadofosveset and gadobenate dimeglumine) are
water-soluble, low molecular weight complexes
rapidly diffusing into the extravascular space
after intravenous injection (distribution half-life
is about 5 min), do not go biotransformation and
are eliminated mainly by the kidneys. In patients
with normal renal function, more than 95% of
these agents are excreted in urine within 24 h of
the injection with a half-life of approximately
1.5 h [25, 26]. In patients with impaired renal
functions, it can take several days or weeks for
these agents to be cleared from the body. GBCAs
can be removed from the body by haemodialysis
or continuous ambulatory peritoneal dialysis
with the latter is being less effective [27].

Gadobenate dimeglumine, gadoxetic acid and
gadofosveset are eliminated from both kidneys
and hepatobiliary system [28-30]. Of their
injected doses, 2-4% of the gadobenate dimeglu-
mine, 50% of the gadoxetic acid and 9% of the
gadofosveset are eliminated from hepatobilier
pathway [23].

GBCAs do not generally cross the blood-brain
barrier nor bind to the proteins or receptors.
These agents tend to accumulate in malign and
inflammatory regions with abnormal vascularity
and in the injured brain regions when blood-brain
barrier is disrupted [26].

In clinical practice, the recommended dose for
most GBCAs is 0.1 mmol/kg of body weight
with a recommended injection rate of 0.5 mmol/
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mL. Particularly when used in MR angiography
and CNS imaging, up to 0.3 mmol/kg body
weight may be used. Because of the protein bind-
ing, gadoxetic acid, gadofosveset and gadobenate

dimeglumine

are used in lower doses

(0.025 mmol/kg, 0.03 mmol/kg and 0.05-
0.1 mmol/kg, respectively) [23, 26].
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8.1 Magnetic Resonance

Imaging (MRI)

MRI is a technique that enables highly detailed
images of the organs and tissues to be obtained
by using a very powerful magnet and radio
waves. MRI is a cross-sectional radiological
examination method that doesn’t use x-rays and
doesn’t involve ionizing radiation. The device
scans hydrogen atoms to obtain images of the
soft tissues in the body. When the patient is
placed in a constant magnetic field, the protons in
the body make a turn by showing parallel and
antiparallel alignment in the direction of the
magnet’s vector. The radio waves created by
magnetic fields cause distortions in the hydrogen
atoms in the tissues. When the radio waves are
cut off, the protons begin to release the energy
they receive while returning to their previous
position in the direction of the magnet, and this
energy is converted into a signal by means of a
receiver. The deviation that occurs for each tissue
and in relation to the time to return to its former
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position is also different. The images are created
with these signal differences [1, 2].

The hydrogen atom is excessive in tissues
containing water and oil. Therefore, the use of
MRI is more effective in the evaluation of solid
organs such as the brain, musculoskeletal system
and internal organs. Basically, two main
sequences, T1-weighted and T2-weighted, are
used in MRI. T1-weighted sequences allow for
anatomic evaluation by providing excellent soft
tissue contrast and resolution. In T2-weighted
sequences, pathological signal intensity changes
are distinguished [3, 4].

MRI should be able to distinguish abnormal
lesions and their prolongation to the surrounding
tissues as well as normal tissues. Therefore, con-
trast-enhancing agents have started to be used in
MRI. In the early years when MRI was being
used, it was thought that no contrast-enhancing
agents were needed for MRI. However, studies
have shown that the use of contrast-enhancing
agents in MRI does not only provide dynamic
physiological information between tissues, but
also high anatomic detail can be obtained [5].
The purpose of using contrast-enhancing agents
is to make the tissues more visible by making
clear the density difference between tissues. In
MRI, the contrast-enhancing agents used are not
seen. Contrast-enhancing agents act by changing
the proton behaviour or magnetic sensitivity of
the tissue under the magnetic field. In other
words, contrast-enhancing agents act by reducing
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T1 and T2 relaxation times [6]. Contrast-
enhancing agents to be used in MRI should have
certain properties. The contrast agents should be
low cost and biocompatible, should not
accumulate in the body and interact with different
drugs or proteins when transported in the body
and require no energy to excrete [7].

T1 Agents Gadolinium and manganese salts
shorten T1 relaxation times in MRI. Thus,
contrast-enhancing  agents enable  signal
enhancement (hyperintensities) on T1-weighted
images and consequently brighter (white)
appearance of the tissues. The shortening in T1 is
explained by “dipole-dipole interaction”.
Currently, there are seven approved gadolinium-
based MR contrast agents used in the clinic [8].

T2 Agents T2 agents are contrast-enhancing
agents containing iron oxide. These agents
shorten the T2 or T2* relaxation time in MRI,
resulting in loss of signal (hypointensity) on
T2-weighted images and consequently a more
black appearance of the tissues. T2 contrasting
materials create a negative contrast in the tissues
by impairing the magnetic homogeneity of the
tissue. The shortening in T2 and T2* can be
explained by the increase of inhomogeneity in
the microscopic magnetic environment [9].

In recent years, new sequencing has been
developed on T1- and T2-weighted images in
MRI. However, the necessity of using contrast-
enhancing agents has not lost its importance.
Especially, contrasting images are preferred to
non-contrasting images in the detection and
characterization of liver lesions [10].

8.1.1 Gadolinium

Gadolinium is an important lanthanide with mag-
netic properties. A significant proportion of the
substances used to enhance contrast in MRI are
gadolinium-containing agents. Gadolinium-
based drugs used in MRI applications allow to
get contrast-enhanced and better quality imaging.

The chemical symbol of gadolinium is “Gd”. It is
in the lanthanide series (rare-earth elements) in
the 3B group of the periodic table. The atomic
number is 64, the atomic weight is 157.25 and the
density is 7.9 g/cm?. Its melting point is 1313 °C
and boiling point is 3273 °C. Gadolinium is
superconducting  and  electropositive  at
temperatures below 810 °C.

Many of the paramagnetic materials used as
contrast agents in MRI contain toxic metal ions.
Therefore, in order to reduce toxicity, gadolinium
is not applied in its natural form but is applied in
a chelate form by attaching with a ligand.
Gadolinium metal exhibits affinity to the ligands
such as DTPA, DOTA, DTPA-BMA, HP-DO3A
and BOPTA, and these bindings result in different
formulations with different ligands. Gadolinium
has strong neutron absorption ability [11, 12].

Gadolinium is a powerful magnet that shows
ferromagnetic, paramagnetic and magnetocaloric
properties at room temperature. The relative
magnetic permeability of gadolinium is too much
than 1 at temperatures below 17 °C and exhibits
ferromagnetic properties. Relative magnetic
permeability above room temperatures is greater
than 1 and shows paramagnetic properties. That
is, they can only protect magnetizations under
magnetic field effect.

Relaxation determines the relaxation activity
of a contrast agent. In this case, factors such as
structure of the contrast material, heat and
Larmor frequency are effective. The value of
gadolinium is +3 and it has seven unpaired
electrons. In this way, it is the most powerful
paramagnetic element [13]. As the relativity
increases, the interaction between the contrast
agent and the adjacent water protons increases.
This allows rapid relaxation of the protons and
consequently the increase in signal intensity [14].

The resonance frequency of the paramagnetic
gadolinium is very close to the hydrogen
resonance frequency in MR devices. Thereby, it
provides quality images as MR for the imaging
applications of the internal structures of the body.
Gadolinium can be given to the body by oral or
injectable route. Gadolinium, rapidly absorbed
by soft tissues, enables good imaging especially
for tumour cells in MR applications. Gadolinium
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is a very ideal contrast material because it is not
stored in the body and is ejected after a while.

Although gadolinium chelates are used as a
contrast agent to reduce the toxic effect of gado-
linium, side effects such as vomiting, hypoten-
sion, hives, allergic reactions, groin pain, laryngeal
oedema, asthma, kidney damage and skin and
connective tissue fibrosis (nephrogenic systemic
fibrosis) may occur. The incidence of allergic side
effects of contrast agents containing gadolinium
is very low, such as 1 in 10,000 patients. The most
important side effect is nephrogenic systemic
fibrosis (NFS) disease [15].

8.1.2 Iron Oxide Nanoparticles
Magnetic iron oxide nanoparticle-based contrast
agents are widely used as MRI contrast agents to
reduce T2* relaxation times in imaging of the
liver, spleen and bone marrow [16]. These agents
include superparamagnetic iron oxides (SPIOs)
with an average particle diameter greater than
50 nm and ultra-small superparamagnetic iron
oxides (USPIOs) with an average particle
diameter of less than 50 nm. SPIO structures
have the general formula Fe,**O;M**0. M** is a
divalent metal ion such as iron, manganese,
nickel, cobalt or magnesium. SPIO is magnetite
when the metal ion (M) is iron (Fe*") [17].
There are different methods in the literature to
prepare the iron oxide nanoparticles. In the last
10 years, it is possible to synthesize iron oxide
nanoparticles of varying sizes ranging from a few
nanometres to 10 nm. The iron oxide particle size
of the contrast agents and therefore their
physicochemical and pharmacokinetic properties
vary depending on the method used. This affects
the clinical application of the particles.
Superparamagnetic agents act by increasing the
relaxation times of both T1 and T2/T2* in MRI,
and these particles can be detected at micromolar
iron concentrations [18].

Some atoms have unpaired electrons due to the
fact that the outer electron layers are not fully
filled, and as a natural consequence, they have a
net moment different from zero. When such mate-
rials are brought into a magnetic field, a strength

is exerted on the atoms of matter to force the mag-
netic moments to take the magnetic field direc-
tion. According to their magnetizing behaviour,
the materials are divided into diamagnetic, para-
magnetic, ferromagnetic, ferrimagnetic and
superparamagnetic. In ferromagnetic and ferri-
magnetic materials, the saturation magnetization
value is high, and when the external magnetic
field applied to the structure is removed, the struc-
ture still shows a magnetization. Paramagnetic
and superparamagnetic structures respond rapidly
to an external magnetic field and exhibit high sat-
uration magnetization, such as ferromagnetic and
ferrimagnetic materials. However, no magnetiza-
tion or magnetic moment is observed in the struc-
ture when the applied external magnetic field is
removed [19].

After intravenous administration, the clini-
cally approved SPIO particles are cleared from
the blood by phagocytosis provided by the reticu-
loendothelial system (RES), so that the uptake of
the particles in the liver, spleen, bone marrow and
lymph nodes is observed. Magnetic nanoparticles
show greater sensitivity in micromolar or nano-
molar levels in MR applications compared to
gadolinium complexes; therefore, they can be
used as T2 MRI contrast agents. In particular,
they are actively used in the imaging of the organs
in the RES system.

Unlike gadolinium, iron is one of the most
abundant metallic elements in living organisms
and is required for various biological processes,
including oxygen transport by haemoglobin and
cellular respiration by redox enzymes. Following
intracellular involvement, SPIOs are eluted in
lysosomes. Degraded iron ions are used in
biological functions by being metabolized to a
soluble and non-magnetic iron form which
becomes part of the normal iron pool (e.g. ferritin,
haemoglobin) [20].

The toxicity, metabolism and pharmacokinet-
ics of intravenously injected iron oxide nanopar-
ticles have been well studied. Accordingly, many
iron oxide nanoparticles have been approved for
clinical use. For example, Feridex has been
approved by the Food and Drug Administration
(FDA) to detect liver lesions, and Combidex has
been introduced in phase III clinical trials for
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imaging lymph node metastases (designed syn-
thesis of uniformly sized iron oxide nanoparticles
for efficient magnetic resonance imaging contrast
agents).

8.1.3 Manganese Chelates

Manganese chelates also act by shortening the T1
relaxation time in MRI, such as gadolinium-
based contrast-enhancing agents. Manganese
chelates have clinical use for hepatocytes. In
1997, the name of Teslascan (Opacim), manga-
nese dipyridoxyl diphosphate (MnDPDP) was
started to be used in the clinic. In liver imaging,
manganese chelates increase the signalling of
hepatocytes in TI1-weighted series. Tumour-
containing tissues do not hold manganese che-
lates due to not containing hepatocyte and cause
the contrast to be apparent between lesion and
liver tissue [21].

8.1.4 CEST and PARACEST

In recent years, chemical shift-based agents are
being developed to shorten the T1 relaxation
time. Although there have been clinical applica-
tions and patented commercial products, they can
be an alternative to overcome the disadvantages
of Gd-based contrast agents. This new class of
MR contrast agents is called chemical exchange
saturation transfer (CEST or PARACEST)
agents. CEST agents cause reduction in magneti-
zation of the water signal by exchanging -NH, —
OH or bound water protons of various
biomolecules during MRI. These agents provide
new opportunities and improve diagnosis by
MRI, but they need further research and develop-
ment [22, 23].
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9.1 Introduction

Until recent times, gadolinium-based contrast
agents (GBCAs) have been widely used in daily
practice since the first GBCA became available
for clinical use in 1988. Due to their great utility
as contrast agents, contrast-enhanced magnetic
resonance imaging (MRI) has become an
essential diagnostic tool in many areas and in the
detection of many diseases. Gadolinium is a
heavy metal that is toxic to humans; therefore, it
is administered in a chelated form when it is used
as a contrast agent. The chelation protects the
human body from the toxicity of gadolinium and
allows its rapid excretion. Thus, GBCAs are safe
for the majority of patients except in very rare
cases in which adverse reactions or nephrogenic
systemic fibrosis (NSF) might occur. In 2014,
Kanda et al. reported on the gadolinium
accumulation in the brain [1], and many
researchers conducted follow-up or further
studies on this issue [2—-6]. The results of these
studies led to the reconsideration of the safety
associated with GBCA administration. Recently,
the knowledge on the safety of administering
GBCAs has changed greatly. GBCAs are drugs
used for diagnostic purposes; thus, extraordinary
consideration is required in terms of their safety,
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and new information on this subject should con-
stantly be updated. This chapter focuses on the
features of different GBCAs, their levels of toxic-
ity, and their abilities to accumulate in the human
body based on the European Society of Urogenital
Radiology (ESUR) Guidelines on Contrast
Agents v10.0 [7].

9.2  Features of GBCAs

Commercially available GBCAs are divided into
two types depending on the structure of their che-
lation complex: linear and macrocyclic GBCAs.
Moreover, there are two types of chelates based
on their electrical properties: electrically neutral
(nonionic) and charged (ionic). Thus, GBCAs can
be classified into four types: ionic linear, nonionic
linear, ionic macrocyclic, and nonionic macrocy-
clic GBCAs [8]. Further, GBCAs are also classi-
fied as extracellular or hepatocyte-specific
GBCAs based on their hemodynamic interactions
(Table 9.1). Macrocyclic GBCAs have macrocy-
clic polyamino rings that cage the gadolinium ion
(Gd*) in a chemically stable structure. Linear
GBCAs consist of a polyamino carboxylic acid
molecule wrapped partially around the Gd** ion
but not fully enclosing it. According to an in vitro
study, the kinetic stability of GBCAs is as fol-
lows: nonionic linear GBCAs have low kinetic
stability; ionic linear GBCAs, intermediate stabil-
ity; and macrocyclic GBCAs, high stability,
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Table 9.1 Commercially available GBCAs

Approved dose
Generic name Brand name Acronym Charge Structure (mmol/kg)
Extracellular GBCAs
Gadopentetate dimeglumine | Magnevist® Gd-DTPA Ionic Linear 0.12
Gadodiamide Omniscan® Gd-DTPA-BMA | Nonionic | Linear 0.1
Gadoteridol ProHance® Gd-HP-DO3A Nonionic | Macrocyclic | 0.1*
Gadoterate meglumine Dotarem® Gd-DOTA Ionic Macrocyclic | 0.1*
Magnescope®
Gadobutrol Gadovist® Gd-BT-DO3A Nonionic | Macrocyclic | 0.1°
Gadavist®
Hepatocyte-specific GBCAs
Gadobenate dimeglumine MultiHance® Gd-BOPTA Ionic Linear 0.05°
Gadoxetate disodium Primovist® Gd-EOB-DTPA Ionic Linear 0.025*
Eovist®

aData in Japan
"Data in other countries (not approved in Japan)

regardless of their charges [9]. On the other hand,
a recently conducted in vivo study revealed that
GBCAs demonstrated a lower kinetic stability
than what was previously postulated [10]. This
result may support the notion that Gd** ions get
dechelated in the human body and that there is a
possibility that this may be involved in gadolin-
ium accumulation, which is described later in this
chapter.

9.3  Adverse Reactions to GBCAs
The adverse reactions to GBCAs are classified
into three types: acute adverse reactions, which
occur within 1 h of GBCA administration; late
adverse reactions, which occur between 1 h and
1 week after GBCA administration; and very late
adverse reactions (such as NSF), which occur a
few days to months (sometimes few years) after
GBCA administration [11].

9.3.1 Acute Adverse Reactions

The symptoms of acute adverse reactions to
GBCAs are quite varied and are summarized in
Table 9.2 [7]. Acute reactions are classified into
allergy-like, hypersensitivity reactions or chemo-
toxic responses. The incidence of acute adverse
reactions to GBCAs is very low compared to

those that occur in response to the iodine-based
contrast media. For example, severe reactions
have been reported, in the frequency of 0.02-
0.1%, corresponding to iodinated contrast agents
[12, 13], while a much lower frequency of around
0.00002-0.03% has been reported in relation to
GBCAs [14-16]. Most of the acute allergic reac-
tions that we may occasionally encounter in daily
clinical practice are mild and self-limited. The
risk factors for acute adverse reactions are as fol-
lows: a previous history of moderate or severe
acute reactions to GBCAs or asthma or atopy
requiring medical treatment. When administering
GBCAs to patients who have experienced a pre-
vious acute reaction, a different type of GBCA
from the one that they were administered before
should be used. Premedication is not recom-
mended while administering these agents because
there is no good evidence of its effectiveness in
preventing such reactions [7].

9.3.2 Late Adverse Reactions

Similar to other drug-induced eruptions, skin
reactions can mainly occur as a late adverse reac-
tion to iodine-based contrast media. Although it
is said that late skin reactions have not been
described after GBCA use in the ESUR guide-
lines [7]; the first case of a late adverse reaction
to gadobutrol was reported recently [17].
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Table 9.2 Acute adverse reactions to GBCAs

Severity Hypersensitivity/allergy-like Chemotoxic
Mild Mild urticaria Nausea/mild vomiting
Mild itching Warmth/chills
Erythema Anxiety
Vasovagal reaction which resolves spontaneously
Moderate Marked urticaria Vasovagal reaction
Mild bronchospasm
Facial/laryngeal edema
Severe Hypotensive shock Arrhythmia
Respiratory arrest Convulsion
Cardiac arrest

9.3.3 Very Late Adverse Reactions

A very late adverse reaction in response to GBCA
administration is NSF. The association between
NSF and GBCAs was recognized in 2006 [18].
Up to 2-3 months after exposure to GBCAs, skin
symptoms, such as pain, pruritus, swelling, and
erythema, may develop, mainly affecting the
lower limbs. Rarely, this can occur years after
exposure. Further, the changes that occur at a later
stage following these symptoms include fibrotic
thickening of the skin and subcutaneous tissues;
following this, in the most severe cases, the fibro-
sis gradually leads to joint contractures and, pos-
sibly, to immobility. The head and neck areas are
usually spared. Rarely, NSF can progress to multi-
organ fibrosis and death [19]. There is no curative
treatment for this condition; thus, it is crucial to
prevent the development of NSE. The exact patho-
genesis of NSF is still unknown, but one of the
main hypotheses put forward to account for this is
the dechelation of Gd** ions due to renal dysfunc-
tion, which may cause the delayed excretion of
GBCAs. All reports of NSF occur in patients with
renal dysfunction; therefore, patients with renal
dysfunction, particularly those who have an esti-
mated glomerular filtration rate (eGFR) of
<15 mL/min/1.73 m? or who are on dialysis,
which are both risk factors for NSF, are at a high
risk of developing this condition [7]. It is also
important to note that the risk of developing NSF
is significantly different depending on the specific
GBCAs administered (Table 9.3) [7]. The esti-
mated incidence of NSF in patients with severe
renal failure are as follows: 3—18% in response to

Table 9.3 Risk classification of GBCAs for NSF

Risk Contrast agents

Highest risk Gadodiamide (Omniscan®)
Gadopentetate dimeglumine
(Magnevist®)
Gadoversetamide (OptiMARK®)?

Intermediate | Gadobenate dimeglumine

risk (MultiHance®)

Gadoxetate disodium (Primovist®,
Eovist®)

Gadobutrol (Gadovist®, Gadavist®)
Gadoterate meglumine (Dotarem®,
Magnescope®)

Gadoteridol (ProHance®)
*OptiMARK® has already been withdrawn from the
European market

Lowest risk

gadodiamide (Omniscan®) and 0.1-1%, to gado-
pentetate  dimeglumine (Magnevist®). The
European Medicines Agency (EMA) has sus-
pended the intravenous use of these high risk
GBCAs. The risk for developing NSF also
increases with increasing doses of GBCAs; thus,
the smallest dose of GBCAs that is necessary for
a diagnostic result should be used for all patients.

924 Gadolinium Accumulation
in the Human Body
9.4.1 Gadolinium Accumulation

in the Brain

In 2014, Kanda et al. demonstrated the presence
of high signal intensity on T1-weighted images
(T1WI) corresponding to the dentate nucleus and
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globus pallidus and its correlation with the num-
ber of previous administrations of linear GBCAs
[1] (Fig. 9.1). With a history of more than five
linear GBCA administrations, high signal inten-
sity was observed in T1WIs of the dentate nucleus
and globus pallidus. Gadolinium accumulation
was confirmed in these structures in autopsy
specimens [4, 20]. Many researchers have con-
ducted follow-up or further studies to investigate
this issue, and per their observations, high signal
intensity has been reported after the use of linear

GBCAs but not after using macrocyclic GBCAs
due to the difference in their stability [21-24].
There is a report that a mild signal increase can
be observed in the TIWIs even after very high
cumulative doses of macrocyclic GBCAs [25];
however, it is a general perception that macrocy-
clic GBCAs, even at high doses, are unlikely to
result in a high signal intensity in the TIWIs of
the dentate nucleus and globus pallidus. In addi-
tion, different linear GBCAs also demonstrate
differences in their stability. According to previ-

Fig. 9.1 Tl1-weighted images (T1WI) of a 59-year-old
man who received administrations of gadodiamide
(Omniscan®) nine times. (a, ¢) TIWI from his initial MRI
(without the history of GBCA administration). (b, d)
TIWI from his current MRI (with the history of
gadodiamide administered nine times). The globus

pallidus (arrows) and dentate nucleus (dashed arrows)
regions show a higher intensity in the images (b) and (d)
than in (a) and (c). The increase in the signal intensity
corresponding to the dentate nucleus is more obvious than
that of the globus pallidus
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ous reports, the administration of gadobenate
dimeglumine (Magnevist®) causes a high signal
intensity in the dentate nucleus region on the
T1WIs; but the intensity is of a smaller magni-
tude than that which is associated with other lin-
ear GBCAs [5, 6]. The high signal intensity
observed in T1WIs is not limited to the dentate
nucleus and globus pallidus but may also occur in
other parts of the brain, such as the cerebral cor-
tex, substantia nigra, red nucleus, thalamus, pul-
vinar, colliculi, superior cerebellar peduncle,
caudate nucleus, putamen, etc. [26, 27].
Gadoxetate disodium (Primovist®, Eovist®) is
a widely used hepatocyte-specific contrast agent.
Gadoxetate disodium is also a linear GBCA;
however, it contains half the concentration of
gadolinium (0.25 mmol/mL) than that of extra-
cellular GBCAs (0.50 mmol/mL), and its dosage
of administration (0.1 mL/kg) is half of that of
other GBCAs (0.2 mL/kg). Thus, investigations
that are conducted using gadoxetate disodium
involve only a quarter of the amount of gadolin-
ium than those that are conducted using other
types of GBCAs (extracellular GBCAs,
0.1 mmol/kg, vs. gadoxetate disodium,
0.025 mmol/kg). Moreover, gadoxetate disodium
exhibits greater thermodynamic stability than
some of the other linear GBCAs [28, 29].
Therefore, gadolinium accumulation in the brain

after repeated gadoxetate disodium administra-
tions may be expected to be significantly lower
when compared to the levels of accumulation
observed after other linear GBCAs are adminis-
tered. According to previous reports, high signal
intensity in TIWIs corresponding to the dentate
nucleus was not observed with up to 15 previous
administrations of gadoxetate disodium [30]
(Fig. 9.2), and only a mild signal increase was
observed in patients who were administered more
than 15 doses of gadoxetate disodium [31].

9.4.2 Gadolinium Washout
from the Brain

There are reports that patients whose T1WIs
showed high signal intensity in the dentate
nucleus region following multiple linear GBCAs
administrations demonstrated a decreasing signal
intensity on their T1WIs after they were switched
to macrocyclic GBCAs for further follow-up MR
examinations [32, 33]. These results suggest that
the level of the gadolinium washout from the
brain following the administration of macrocy-
clic GBCAs is greater than the level of gadolin-
ium accumulation due to the administration of
linear GBCAs. This hypothesis pertaining to the
washout is consistent with a previous study on

Fig. 9.2 Tl1-weighted images (T1WI) of a 75-year-old
man who received administrations of gadoxetate disodium
(Primovist®) nine times. (a) TIWI from his initial MRI
(without the history of GBCA administration). (b) TIWI

L

from his current MRI (with the history of nine gadoxetate
disodium administrations). The dentate nucleus does not
exhibit hyperintensity as seen in the TIWIs acquired
before and after nine gadoxetate disodium administrations
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animals that used inductively coupled plasma
mass spectroscopy to measure the actual amount
of gadolinium present in the brain. The gadolin-
ium concentration in the rat brain at a 20-week
timepoint after the GBCA administration was
50% less than that at the 1-week timepoint [34].

9.4.3 Mechanism of Gadolinium
Accumulation in the Brain:
The Glymphatic System

In this section we aim to answer the question on
how GBCAs can enter the brain. The blood-brain
barrier (BBB) is formed by the brain capillary
endothelium and excludes almost 100% of drugs
from the brain [35]. Several hypotheses regarding
gadolinium accumulation in the brain have been
published, such as the “metal transporter” [36] or
“glymphatic system” [37] hypotheses; however,
the theoretical basis for gadolinium accumulation
and the mechanism behind it have not been fully
elucidated. The “glymphatic system” is a coined
phrase that combines “gl” from glia cells and
“lymphatic” from the Ilymphatic system.
According to this hypothesis, the perivascular
spaces function as conduits via which the cerebro-
spinal fluid (CSF) flows into the brain paren-
chyma. The perivascular spaces around the
arteries allow the CSF to enter the interstitial
space of the brain tissue through water channels
controlled by aquaporin 4. The CSF entering the
interstitial space clears waste proteins from the
tissue. It then flows into the perivascular spaces
around the veins and is discharged outside the
brain [37]. Naganawa et al. reported that there
was an enhancement of the perivascular spaces
observed 4 h after the administration of an intra-
venous GBCA injection, even in patients without
renal dysfunction, and they speculated that the
GBCA in the blood vessels might have permeated
into the CSF space and the perivascular spaces
[38]. However, there are no published studies out-
lining the exact dynamics of GBCAs in the brain
parenchyma that lead to gadolinium accumula-
tion, and the glymphatic system may be the major
contributory factor to the accumulation and clear-
ance of gadolinium in the brain tissue [37].

9.4.4 Accumulation in Other Parts
of the Human Body

Gadolinium accumulation has not only been
reported in the brain but also in other parts of the
body such as in the bones, liver, and skin [39, 40].
It can occur regardless of renal function. Although
it cannot be detected by MRI, the amounts of
accumulation in these parts are reported to be
greater than in the brain.

9.4.5 Effects on the Human Body

Until now, there is no evidence of brain toxic-
ity that resulted from gadolinium accumula-
tion. According to a previous population-based
study, there was no association between
GBCA administration and Parkinson’s symp-
toms [41]. Thus, the possibility of developing
severe symptoms due to gadolinium accumu-
lation in the brain seems to be low, but con-
cerns still remain regarding the possibility of
complications that have not been detected yet.
The clinical significance of gadolinium accu-
mulation in other parts of the human body is
also unknown. The EMA recommended the
removal of linear GBCAs from the market in
2017 because of the gadolinium accumulation
in the brain [42]. In Japan, it is recommended
to use macrocyclic GBCAs as the primary
choice and to use a linear GBCA when using a
macrocyclic GBCA is not appropriate because
of a history of adverse effects [43]. On the
other hand, the American College of Radiology
and the US Food and Drug Administration
(FDA) announced that they would not restrict
the use of linear GBCAs [44].

9.5 GBCAs for Pregnant or

Lactating Women

For pregnant or lactating women with renal dys-
function, the administration of GBCAs should be
avoided. Important points to consider when using
GBCA:s for pregnant or lactating women without
renal dysfunction are described below.
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9.5.1 Safety During Pregnancy

Only when there is a very strong indication for
the use of a contrast-enhanced MRI, the small-
est possible dose of macrocyclic (= low risk)
GBCAs may be administered to pregnant
women [7]. In animal studies, it has been con-
firmed that GBCAs pass through the placenta,
and gadolinium accumulation was observed in
fetal organs; the accumulation levels of linear
GBCAs (gadodiamide (Omniscan®)) were
higher than those of macrocyclic GBCAs
(gadoterate meglumine (Magnescope®)) [45,
46]. Once a GBCA has reached the fetal circula-
tion via the umbilical vein, it is excreted into the
amniotic fluid via the fetal kidneys. However,
the fetus can swallow and reabsorb it; thus, the
recirculation mechanism of chelated gadolinium
can be established in the amniotic fluid. The
persistence of chelated gadolinium in the fetal
environment may increase the risk of the dech-
elation of Gd*" ions [47]. In humans, the per-
centage of GBCAs administered to the mother
that pass through the placenta and recirculates
in the fetal environment is yet to be quantified.
Further, a precise quantification of the half-life
and stability of GBCAs in the human fetus are
yet to be known. Perinatal exposure to GBCAs
in mice, owing to maternal administration,
affected the offspring’s behavior when they
reach adulthood, manifesting in symptoms such
as anxiety-like behavior, disrupted motor coor-
dination, impaired memory function, stimulated
tactile sensitivity, and decreased muscle strength
[46]. These results suggest that exposure to Gd**
ions or that gadolinium accumulation occurring
during postnatal development may lead to
impaired brain development. In a study that was
focused on humans, 26 pregnant women who
inadvertently received GBCAs in the first tri-
mester were observed, and no subsequent evi-
dence of teratogenesis or mutagenesis was
found [48]. In a population-based cohort study
conducted in Canada that involved more than
1.4 million pregnant women, it was revealed
that GBCA administration at any time during
pregnancy was associated with a higher risk of
stillbirth or neonatal death and the development

of a broad set of rheumatological, inflammatory,
or infiltrative skin conditions [49]. The influ-
ence that administering GBCAs to a pregnant
woman is still controversial; however, restrict-
ing their use only to cases in which the potential
benefits outweigh the potential risks to the fetus
is important.

9.5.2 Safety During Lactation

Breast feeding may be continued normally after
macrocyclic GBCAs are administered to the
mother [7]. According to previous reports, only a
low percentage (0.011-0.04%) of the maternal
dose of gadopentetate dimeglumine (Magnevist®)
was excreted into breast milk [50-53], and a
much lower percentage was absorbed by the
infant’s gastrointestinal system [52]. There are no
reports on adverse events occurring due to
GBCA:s in breast milk.

9.6 GBCAs for Children

The safety considerations associated with using
contrast media in neonates are similar to those
associated with their use in adults, but the reac-
tions to these agents are not the same as the ones
observed in adults. We use GBCAs only when the
benefits outweigh the risks; furthermore, when
using GBCAs, the dose must be adjusted accord-
ing to a patient’s age and body weight. The admin-
istration of high-risk GBCAs should be avoided
in children [7], and macrocyclic GBCAs should
be chosen. Adverse reactions to GBCAs in chil-
dren are rare and are less common than in adults
[54]. According to previous reports, no severe
adverse reactions to GBCAs were observed
among pediatric patients, and the rate of the
occurrence of mild reactions was only 0.05-0.5%
[55, 56]. Although developing NSF is extremely
rare among the pediatric population, it can develop
in some cases [57-59]. Therefore, similar to
adults cases involving adults, it is important to
evaluate the renal function before administering
GBCAs to children; however, in addition, age-
specific normal values of serum creatinine or
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eGFR must also be evaluated for children in order
to choose the appropriate dose [7].

Gadolinium accumulation in the brain is also
reported among the pediatric population [60—62]
(Fig. 9.3). The effects of gadolinium accumulation
on human health have not been documented to
date; however, special care should be taken in
cases involving pediatric patients because their
remaining lifespans are longer compared to an
adult’s, which makes them more susceptible to
long-term toxicity manifesting later on in the
course of their lives [54].

9.7  Conclusion

Macrocyclic GBCAs are the primary choice
because of their high stability, and linear GBCAs
are used only when the use of macrocyclic
GBCAs is not adequate. GBCAs should be
administered in doses that are as small as possi-
ble. It is essential to check for risk factors of
acute adverse reactions and to evaluate the renal
function before using GBCAs. Further studies
are needed to find out whether there are clinical
problems associated with gadolinium accumula-

Fig. 9.3 T1-weighted images (T1WI) of a 15-year-old
boy who received administrations of gadopentetate
dimeglumine (Magnevist®) 12 times. (a, ¢) TIWI from his
initial MRI (without the history of GBCA administration).
(b, d) TIWI from his current MRI (with the history of 12

gadopentetate dimeglumine administrations). The globus
pallidus (arrows) and dentate nucleus (dashed arrows)
regions show a higher intensity in the images (b) and (d)
than in (a) and (c). The signal increase of the dentate
nucleus is more obvious than that of the globus pallidus
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tion in various parts of the human body. The use
of GBCAs in case of pregnant women or pediat-
ric patients should be considered carefully.
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10.1 Introduction enhance Doppler signals. Later this technique

The acronym CEUS refers to contrast-
enhanced ultrasound techniques in general
[1-11]. Dynamic contrast-enhanced ultrasound
(DCE-US) refers to quantitative time-intensity
curve (TIC) analysis [11-13] using either bolus
injection of microbubbles [13-16] or intrave-
nous infusion with disruption-replenishment
technique [17, 18].

Ultrasound contrast agents for transcutaneous
ultrasound (TUS) have been developed to
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was applied to contrast-specific imaging, and the
CEUS was adopted to refer to this research and
clinical technique.

In this chapter we describe the composition
and basic properties of currently available ultra-
sound contrast agents (UCAs). The UCA appli-
cation, specific imaging techniques and safety
issues are also discussed.

10.2 Short History of UCA

The first experience with UCA has been
reported in 1968 with short-living air bubbles.
Gramiak and Shah reported clouds of air bub-
bles after arterial catheter injection of saline
[19]. Unfortunately, the bubbles were unstable
and the results were not achieved. It has taken
many research years to develop the stable ultra-
sound contrast agents that are used till
nowadays.

A different approach was used to produce
more stable bubbles to reach the right heart
including autologous blood injections [20].
Saline and also dextrose, indocyanine green,
hydrogen peroxide and other iodine contrast
agents coupled with air were used [21]. Neither
the mentioned agents nor gelatine- or agarose-
containing combinations [22], poly(D,L-lac-
tide-co-glycolide) [23, 24] and
poly(vinyl-alcohol) [25] stabilised the bubbles
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sufficiently to allow real-time imaging.
Synthetic cyanoacrylate polymers with air
bubbles were first produced under the
marketing name of Sonovist® (Schering,
Berlin, Germany) [26, 27]. After some min-
utes, the air bubbles were taken up by the retic-
uloendothelial system (RES) [26, 27].

The early developed experimental and com-
mercially available UCA consisted of air or inert
gas bubbles ranging from 1 to 10 pm in size
encapsulated by a shell of different material. The
shell is mainly responsible for the acoustic (vis-
coelastic) properties to allow stability and, there-
fore, durability [28], while the gas determines
solubility and the acoustic properties. In addi-
tion, some UCAs are taken up by the RES
(Kupffer cell and macrophages within and out-
side of the liver) including Levovist® and
Sonazoid® and to lesser degree also other UCAs
[29], whereas others are not. The later phases
have been also termed as “post-vascular phase”
[4, 30]. Since the lung capillaries are efficient
filters, UCAs were differentiated if they pass
such filters or not [31]. The so-called true blood
pool agents including phospholipids and perflu-
orocarbons allow passage from the peripheral
venous system via the pulmonary vascularity
into the left heart and main arterial circulation
contrast agents. The newly developed UCA
defined by non-linear oscillations could be dif-
ferentiated from tissue signals using specific
software algorithms [32]. Albumin (protein)-
shelled microbubbles were also developed.
Optison® consists of a perfluoropropane gas cov-
ered by an albumin shell. The terms “first-, sec-
ond-, third- and fourth-generation UCA” are
sometimes misleading because the terms are not
uniformly used.

In contrast to microbubbles, also nanobub-
bles with a size of 400-800 nm have been
developed for treatment purposes. They allow
less oscillation, but nanobubbles penetrate
neoplastic tissue [28]. The accumulation of
nanobubbles in neoplastic tissue allows target-
ing [33].

10.3 Ultrasound Contrast Agents
(UCAs) [31, 34]

e Echovist® (approval 1991). Galactose-based
microparticle. Indication: Shunt imaging in
cardiology, hysterosalpingo-contrast sonogra-
phy [34-36].

e Albunex® (approval 1995). Perflutren shell
with air. Indication: Cardiology [21, 34, 37].
Disadvantage: Due to the air component, no
real-time imaging was possible [34].

* Levovist® (approval 1995). Mix of galactose
and palmitic acid as shell with air. Indication:
Cardiology, liver imaging and imaging of ves-
icoureteral reflux [36]. Disadvantage: Due to
the air component, no real-time imaging was
possible [34].

* Optison® (approval 1997). Albumin shell with
perflutren gas. Indication: Left ventricular
opacification and endocardial border definition.

e SonoVue® or Lumason® (approval 2001).
Phospholipid shell and sulphur hexafluoride
gas. Indication: Left ventricular opacification
and endocardial border definition, breast,
liver, portal vein, extracranial carotid and
peripheral arteries. Paediatric indications in
the US. It is the most used.

e Definity® (approval 2001). Phospholipid shell
and octofluoropropane gas. Indication:
Enhancement of left ventricle endocardial
border for its delineations in patients with
suboptimal echocardiogram.

e Sonazoid® (approval 2007). Lipid shell with
perfluorobutane gas. Indication: Liver, breast.

e Focal liver lesions and also for focal breast
lesions in Japan.

10.4 UCAImaging

Firstly UCAs change the reflection pattern with
the increase of the backscattered signal [38]. In
relation to the acoustic pressure (AP) applied,
first linear resonation occurs. By increasing the
AP, also non-linear resonation can be observed
[4, 11, 18,31, 39].
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Therefore, the enhancement intensity of a
focal lesion is compared with the surrounding
reference tissue which can be subtracted, and the
corresponding appearance is described as contrast
enhancement pattern.

10.4.1 Contrast-Specific Imaging

The contrast imaging should provide high-
resolution real-time imaging over a sufficient
long period of time with B-mode information
side by side or as an overlay to the UCA signal
[18, 34].

Different techniques have been described
depending on the manufacturer. Initially a low-
pass filter was used to remove fundamental
waves.

The next evolution generating higher spatial
resolution was the use of phase inversion modes
with the complete bandwidth of the transducer.

10.4.2 Stimulated Acoustic Emission

According to the definition, acoustic power
(acoustic emission) is the transient elastic waves
in a tissue that are caused by the release of stress
energy from the system [40].

In B-mode high acoustic energy is used to
avoid attenuation of such structure as cartilage or
bones, but during the DCE-US, acoustic field is
weak that increases the attenuating effect of addi-
tional structures [41].

Mechanical index (MI) is the ability of ultra-
sound beam to cause cavitation effects in the tis-
sues and micromechanical damage and is
proportional to the frequency of the beam—
higher frequency, lower MI [42].

All microbubbles used in UCA are very sensi-
tive to ultrasound energy that can destroy them
easily. The typical range of acoustic power (MI),
during the DCE-US examination, is <0.1 that
shows the minimal or no microbubble destruc-
tion, but some differences in the MI value accord-
ing to the manufactures’ applications are allowed.
Also, the excessive scanning in a single plane can
cause the destruction of microbubbles [41].

Disruption is characterized with the gas diffusion
from microbubble, and loss scattering property
and UCA cannot be used effectively and even can
mimic the false-positive wash-out of lesion.
Therefore, it is very important for the clini-
cians to find the optimal MI range without the
destruction of microbubbles, for example, to
avoid the “flash” phenomena, if seen—reduce the
MI until the flashes of perfused parenchyma are
not visualized [43]. Continuous scanning and
recording help imprint the earliest UCA
microbubbles’ arrival, arterial enhancement and
venous phase after 60 s with further storage of
30-60 s recordings for wash-out detection [41].

10.4.3 Artefacts

Reduced MI can lead to problems in depth pene-
tration [44, 45].

The main artefact is the pseudo-enhancement
of tissue due to the high concentration of
microbubbles.  Identifying  non-physiologic
nature of microbubble can help distinguish
pseudo-enhancement from the true microbubble
signal, as also image of microbubble can be
compared with the tissue to detect bright target in
both.

The increasing of non-linear coefficient
(“bulk” coefficient) with the microbubbles can
cause occurrence of non-linear propagation
without low MI administration. That way
hyperechoic bright targets may produce non-
linear component echoes, caused by propagation,
but not microbubble scattering.

To prevent the artefact during the examina-
tion, high UCA doses and presence of large ves-
sel near the area of interest have to be avoided.
Equipment application settings with the correct
MI and penetration mode are as much important
as the UCA dosage.

Artefact problem is very common in clinical
practice in follow-up of liver tumours after
ablation—bright hyperenhanced focus in treated
area can show linear artefact and become
evaluated as recurrent or residual tumour.
Dynamic enhancement of arterial phase has to be
evaluated: tumour is perfused in arterial phase,
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but non-linear artefacts attribute to increase
enhancement in portal phase and even delayed
phase.

As known, higher MI provides better penetra-
tion but increases the microbubble destruction, so
the balance of the signal intensity and fixity of
microbubbles is most important and hard during
the CEUS examination. In the early phase, the
dose of the contrast agent should be balanced
with the enhancement intensity and the duration
of the enhancement (sufficient concentration in
late phase).

For example, CEUS circle of disaster can be
described as the originally high MI, and after the
UCA administration, the microbubble destruc-
tion may appear, with the following additional
microbubble injection and increased attenuation
— higher MI and as the result destruction of all
microbubbles [41].

10.4.4 Heterogeneous Long Liver
Enhancement [46]

Prolonged innocuous liver enhancement, after the
bolus injection of microbubble contrast agents,
appears as a heterogeneous enhancement in the
liver during the performance of the CEUS exami-
nation, often beginning at around 2 min and lasting
up to 5 h after contrast injection on both B-mode
and contrast-specific modes. It is not destroyed by
conventional B-mode imaging. The enhanced sig-
nals can also be observed in the portal and superior
mesenteric veins, though not in the systemic circu-
lation [46]. It is similar in appearance to the US
finding of free portal venous gas.

10.5 Examination Technique

10.5.1 CEUS Phases

Herewith we summarize the expert opinions
reported in the WFUMB (World Federation of
Ultrasound in Medicine and Biology) position
paper on how to perform CEUS [18]. CEUS
allows real-time recording and evaluation of the
wash-in and wash-out phases of the ultrasound

contrast agent (UCA) over several minutes [18].
Owing to the specific supply of blood to the liver,
three different phases have been defined: the
arterial (AP), the portal venous (PVP) and the
late (sinusoidal) phases (LP) [47, 48] (Fig. 10.1).
Some contrast agents (such as Sonazoid™,
BR14, BR38) are phagocytosed by cells of the
mononuclear  phagocyte system (reticulo-
endothelium, e.g. Kupffer cells in the liver).
Phagocytosis may start as early as the arterial
phase and becomes pronounced in the late phase.
This results in accelerated clearance of the agents
from the vascular distribution volume [49]. These
UCAs persist significantly longer in the liver
parenchyma than purely vascular agents, so that a
fourth phase, the post-vascular phase (also known
as the Kupffer cell phase), can be defined. For
these reasons, transit times and time-intensity
curves (TIC) differ for purely blood pool versus
reticuloendothelial UCAs. The latter should not
be used to evaluate hepatic transit times, as they
do not reflect the hepatic kinetics [18].
The main diagnostic features are [18]:

1. Vascular architecture (evaluated in the early
wash-in phase) (Fig. 10.2)

2. Contrast enhancement of the lesion compared
to the adjacent tissue (time course of wash-in
and wash-out) (Fig. 10.3)

The combined evaluation of the above diag-
nostic features makes it possible to characterize
focal liver lesions (FLL) in healthy parenchyma
[50-53] as malignant or benign.

Similar characteristics apply to other organs
[18, 54, 55].
10.5.1.1 Enhancement (Degree
and Timing)

The contrast behaviour of a lesion depends if the
liver is healthy or diseased (e.g. liver cirrhosis,
fibrosis or steatosis). In fact, the different clinical
conditions may affect the contrast behaviour of
the lesion and liver parenchyma as well.
Enhancement refers to the intensity of the signal
relative to the adjacent parenchyma as isoenhanc-
ing, hyperenhancing and hypoenhancing.
Sustained enhancement refers to continuation of
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Fig. 10.1 CEUS phases. (a) B-mode ultrasound of a
hepatic lesion appearing as scarcely recognizable nodule
with a hypoechoic rim in the hepatic parenchyma. (b, ¢)
CEUS shows homogeneous arterial contrast enhancement

the same or greater intensity of enhancement in
the lesion relative to the adjacent parenchyma
over time. It applies to lesions that are iso- or
hyperenhancing in the arterial phase. Complete
absence of enhancement can be described as non-
enhancing [4, 5, 56].

10.5.1.2 “Wash-In” and “Wash-Out”

“Wash-in”, used for both qualitative and quanti-
tative analyses, refers to the progressive enhance-
ment within a region of interest from the arrival
of microbubbles in the field of view, to “peak
enhancement”, and “wash-out” to the reduction
in enhancement which follows peak enhance-
ment [4, 5]. As explained above, the timing (early
versus late onset, fast versus slow), degree (com-
plete, incomplete) and pattern should be described

during arterial phase, seen at 13” and 15” (d) portal-
venous phase; initial wash-out already evident at 3” (e)
late phase; complete wash-out at 3 min

in comparison to the surrounding ‘“normal”
parenchyma. The characteristic features of a TIC
analysis are shown in [11, 57]. This model for
quantification of tumour vascularization was
applied in multicentric studies validating the
UCA as a predictive marker [58, 59].

10.6 Indications for UCA

According to the WFUMB and EFSUMB
(European  Federation of Societies for
Ultrasound in Medicine and Biology) guide-
lines, the main following indications in adults

and paediatric patients can be summarized [18,
43, 54, 55, 60, 61]:
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Fig. 10.2 Vascular architecture. (a) B-mode ultrasound
of a hepatocellular adenoma shows a large lesion that is
markedly inhomogeneous for its content of fat tissue,
necrosis, haemorrhage and calcifications. (b, ¢) CEUS
shows in the arterial phase deranged and dystrophic
vessels especially in the very early arterial phase (b),

e Characterization of focal liver lesions in the
noncirrhotic and cirrhotic liver

e Lesion(s) or suspected lesion(s) in patients
with history of malignancy as an alternative to
CT or MRI

while the portal and late phases show wash-out with an
inhomogeneous pattern (d, e). The differential diagnosis
of such a lesion with the sole use of CEUS imaging is
difficult, as the diagnostic algorithm must be integrated
with clinical and laboratory data

e In patients with contraindicated contrast CT
and MRI (renal failure)

e Inconclusive MRI/CT

* Inconclusive cytology/histology results

e Characterization of portal vein thrombosis
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Fig. 10.3 Contrast enhancement of the lesion compared
to the adjacent tissue. CEUS of a focal nodular hyperplasia
shows a lesion with brisk, homogeneous enhancement in
the arterial phase (a), with the portal (b) and late phase (c)

e Liver and kidney transplantation.

¢ CT/MRI contraindication

e Vascular studies such as carotid artery evalua-
tion, aortic aneurysm pre- and post-treatment
evaluation

e Gl evaluation

* MSK diseases

e Pancreas lesion characterization

* Post-treatment evaluations

e Renal trauma

e Renal infarction and necrosis

e Renal artery stenosis

e Tumour (vascularity and visualization)

e Complicated infection diagnostics

e Complicated cysts

showing mild sustained enhancement. The central scar is
seen as a hypoechoic area within the lesion, becoming
more evident in the portal venous phase than in the arterial
phase

e Transplants
As contraindications have to be mentioned:

e History of allergic reaction or hypersensitivity
* Right-to-left shunts
e Systemic and pulmonary hypertension

10.6.1 CEUS-Guided Interventions

CEUS-guided interventions for practical consid-
erations are performed very much like a standard
US-guided procedure except that two injections
of UCAs are used, one to plan the procedure and
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second to guide the actual intervention. In some
cases, a continuous infusion may be the better
choice, while in other cases, the procedure may
be performed without a second contrast injection,
if the perfusion conditions are adequately dem-
onstrated with the first CEUS to allow for a stan-
dard ultrasound-guided procedure. CEUS-guided
biopsy has been reported to increase the diagnos-
tic accuracy rate by up to 10% either by directing
the biopsy towards contrast-enhanced—and thus
viable—tissue inside the tumour and thereby
avoiding sampling of necrotic material or by
identifying previously non-visualised lesions
more accessible for biopsy [4, 39, 62-65].
Furthermore, CEUS may visualise active bleed-
ing, hemobilia or segmental liver infarction.

CEUS is also helpful in performing and follow-
up for radiofrequency ablation or cryotherapy for
hepatic and renal masses [49, 66, 67]. CEUS
allows evaluation of the extent of the ablated zone
at the end of the procedure. If residual tumour is
identified, the ablation can be extended after repo-
sitioning the needle to the residual tumour using
CEUS guidance. On follow-up studies, CEUS is
able to identify—immediately following treat-
ment—small amounts of residual tumour, which
can be too small or too soon to detect with CECT
or CT/MRI [18, 68, 69].

10.6.2 Paediatric Patients
and Newborns

The use of CEUS in children, first reported in
2002, has been addressed in an EFSUMB position
statement discussing the current status of CEUS
and its further development in children [61].
Currently sulphur hexafluoride gas microbubbles
(SonoVue™/Lumason™, Bracco SpA, Milan)
have been approved in the United States by the
Food and Drug Administration (FDA) as
Lumason™ for characterising focal liver lesions
in children [“Lumason is indicated for use with
ultrasound of the liver in adult and pediatric
patients to characterize focal liver lesions”] and
vesicoureteral reflux. In Europe, CEUS in
children is mostly “off-label” use, except for a
few indications including vesicoureteral reflux

[70]. The same is true for many drugs, which are
used off-label in paediatric practice, and the
question of “off-label use” has been widely dis-
cussed [71, 72]. The recent approval of
SonoVue™/Lumason™ for use in paediatrics in
the United States is a welcome first step towards
the acceptance of this technique in the non-
ionising imaging of children [73].

10.6.3 Extravascular (Intracavitary)

Extravascular (intracavitary) CEUS (EV-CEUS)
is used for imaging physiological and non-
physiological body cavities. Physiological
cavities include the peritoneal cavity, pleural
cavity, biliary tract, gastrointestinal tract, urinary
tract, etc., and pathological cavities include
abscesses, cysts, diverticula, etc. [39, 74]. The
UCA is given through a needle or catheter, for
instance, at cholangiography or nephrostomy.
However, UCAs can also be given orally or as an
enema for imaging the upper and lower gastroin-
testinal tract [75, 76].

The following clinical applications of
EV-CEUS have been described in case studies:
percutaneous nephrostomy [77], biliary tract
imaging via percutaneous transhepatic cholangi-
ography and drainage (PTCD) [78], abscess
drainage [79], swallow CEUS for imaging
Zenker’s diverticulum, voiding vesicoureteral
reflux sonography [80, 81], salivary gland duct
imaging [82], contrast-enhanced hysterosal-
pingo-sonography (CE-HyCoSy) [83], biliary
tract imaging via endoscopic retrograde cholan-
giography (ERCP) [84] and fistula imaging [85].

The transducer used in extravascular CEUS is
the same as that used in conventional
US. SonoVue™ is currently the most often used
UCA for VUR [86] though it is not licensed for
other extravascular indications of CEUS. To date,
no standard dosage of UCA has been established
for extravascular CEUS. The reported range is
0.1-1 mL SonoVue™ (most commonly just a
few drops) diluted in 50 mL or more of 0.9%
saline. A higher content of SonoVue™ may be
needed for high-frequency US probes [39].
Compared with X-ray contrast techniques,
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EV-CEUS does not require exposure to ionizing
radiation and can be performed at the bedside.

10.7 Quantification

The term of quantification in contrast-enhanced
ultrasound implies the kinetics of ultrasound
contrast agent uptake by tissues in dynamic
contrast-enhanced ultrasound (DCE-US). There
are two dynamic contrast-enhanced ultrasound
injection modes that provide estimation of
parameters related to perfusion:

e Bolus injection
e Constant infusion

Bolus and infusion techniques provide the
perfusion evaluation for different parameters in
the tissues. It should be noticed that it is necessary
to use the same administration method of UCA
(quantification method) for the follow-up, to
keep the identity of imaging settings.

Bolus injection is a standard mode for non-
cardiac indications. During the ultrasound exami-
nation, contrast-specific sequences are used, and
single intravenous injection of contrast agent is
performed. Bubbles reach the target tissues,
according to its localization: the first enhance-
ment or “opacification” of arteries, heart, liver and
other good vascularized organs happens in the
first seconds after the intravenous bolus injection,
while the enhancement of soft tissues, glands and
lymph nodes starts some seconds later, because of
the lower blood supply. Enhancement effect per-
sists for 3—-6 min. In cardiac patients, hemody-
namic status and in case of inappropriate dosage
of UCA time of enhancement can be reduced.
ROI is used as region of interest, and TIC (time-
intensity curve) describes the wash-in and wash-
out of the contrast agent.

During the bolus injection, low mechanical
index (MI) is performed at 10-20 frames/s for the
enhancement period. The contrast agent wash-in
and wash-out is described with the time-intensity
curve (TIC) in the region of interest (ROI) that is
displayed as function time. For additional

evaluation, several ROI can be placed in the les-
son or reference tissue [43].

In case of constant infusion, UCA is adminis-
tered continuously with the specific pump or drip
bag for 5-20 min, but time of infusion and
amount of UCA depend on clinical application.
Constant infusion is mostly used for cardiac indi-
cations, where the prolonged steady state with
the disruption-replenishment analysis method is
applied [43, 87].

In the beginning evaluation starts with the low
MI, without disrupting the bubbles; then high MI
is set for few frames to cause the disruption of the
bubbles; and low MI is reverted back to visualize
the fresh UCA arrival. Image sequences form the
time-intensity curve (TIC) and measures the
UCA rate of replenishment in the ROL.

Infusion using the pump or drip can be per-
formed only using the Definity® UCA, but to per-
form the slow infusion injection with
SonoVue®-specific rotating pump for vertical
placement is required [43].

In the presence of liver malignancy or cirrho-
sis, hepatic shunting may occur. For that, hepatic
vein transit time can be evaluated and measured
as arrival time of microbubbles in hepatic veins,
portal vein and hepatic arteries with the transit
time calculated [43].

10.8 UCA Safety

As mentioned earlier, UCAs are safe with a very
low incidence of side effects. As there are no car-
dio-, hepato-, or nephro-toxic effects, it is not nec-
essary to perform laboratory checks to assess
liver, renal or thyroid function before administra-
tion. The incidence of severe adverse events is
lower than with current X-ray contrast agents and
is comparable to those encountered with MR con-
trast agents. Life-threatening anaphylactic reac-
tions in abdominal applications have been
reported with a rate of 0.001%, with no death in a
series of >23,000 abdominal patients [88]. Further
studies have reproduced this very low adverse
event rate [89, 90]. Nonetheless, investigators
should be trained in resuscitation and have the
appropriate facilities available to react in cases of
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adverse events [4, 5]. In particular, each centre
should be prepared with a crash chart and ability
to treat anaphylactic shock if it occurs.

Safety studies and reports by far more than
300,000 patients receiving SonoVue®, Optison®
and Definity® demonstrated a very low adverse
event rate [88, 90-94].

UCAs are extremely safe with low incidence
of side effects [88] and no cardio-, hepato- or
nephrotoxic effects. Therefore, it is not necessary
to perform laboratory tests to assess liver or kid-
ney function prior to their administration [18, 31].

10.9 Conclusions

Contrast-enhanced ultrasound (CEUS), per-
formed with the intravenous injection of micro-
bubble contrast agents, has expanded, as shown
above, the horizon for ultrasound imaging by
providing a technique capable of showing the
vascular phase enhancement in dynamic real
time for over 5 min, allowing the demonstration
of blood flow at the microcirculatory or perfu-
sion level in ultrasound. Its safe performance
without any requirement for ionizing radiation
and with no nephrotoxicity makes it a competi-
tive and effective choice in many clinical arenas
and certainly for children. In spite of many obvi-
ous benefits of CEUS, it is still not yet widely
worldwide used outside of specialized secondary
and tertiary institutions due to its labour-inten-
sive nature, considerable learning curve for
attainment of expertise at performance, and fre-
quent lack of reimbursement. However, future
developments and more diffuse use are advisable
in this era of cost containment and radiation
awareness.
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11.1 Introduction

Radiological imaging is an important key player
which ultimately leads to determining the final
diagnosis. In the last few decades due to the
advancements in technology, emergence of new
radiological modalities, and ease of access to
imaging methods, there is an increasing trend
especially in the use of noninvasive diagnostic
radiological modalities. Pregnancy also does not
constitute an exception in this trend, and utiliza-
tion rates of all radiological examinations on
pregnant women were demonstrated to increase
107% from 1997 to 2006 by a study conducted
by Lazarus et al. [1]. The main share in this incre-
ment was attributed to CT examinations (approx-
imately 25% per year), and the most common
indications were trauma and suspected pulmo-
nary embolism [1, 2]. Similar to the significant
increase in radiological examinations in pregnant
women, CT and MRI are being increasingly used
in the evaluation of women during breastfeeding
period [3].

Although ultrasonography is the first step
radiological examination in pregnancy and lacta-
tion period, radiological modalities, which may
require contrast material to increase the diagnos-
tic yield, such as CT and MRI are also frequently
used for definitive diagnosis when medically
indicated. When the use of a contrast-enhanced
modality is being considered in pregnancy or lac-
tation, besides the ionizing radiation exposure
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and high magnetic field, the potential harmful
effects related to contrast media should also be
kept in mind.

In this chapter, the use of different types of
contrast media during pregnancy and lactation, as
well as the management of allergic reactions fol-
lowing contrast agent use during pregnancy and
periprocedural counseling, are discussed in
detail.

11.2 lodinated Contrast Agents

When radiological examinations, which require
iodinated contrast agents, are considered during
pregnancy, the major concern is the exposure of
fetus to ionizing radiation. Ionizing radiation
exposure in the fetal period has the potential to
cause stochastic effects that may result in carci-
nogenesis and deterministic effects such as mal-
formation, growth retardation, mental retardation,
and death. Despite these potential risks, CT
remains an essential imaging modality especially
in the emergency setting, and a significant
increase was demonstrated by Lazarus et al. in
the use of CT examinations during pregnancy in
the last few decades [1, 4]. One of the most
important sources of this trend is pulmonary CT
angiography, which requires IV administration of
iodinated contrast agents.

11.2.1 Types and FDA Categories

Iodinated contrast agents are derived from a triio-
dobenzoic acid which is a benzene ring cova-
lently bonded to the three iodine atoms.
Modifications of non-iodinated positions 1, 3,
and 5 on the benzene ring lead to change in the
physical, pharmacological, and chemical proper-
ties of the compound [5]. These agents are classi-
fied according to the chemical structures, iodine
content, ionization in solution, viscosity, and
osmolarity [6].

The first-generation iodinated contrast agents
are high-osmolar ionic monomers with an osmo-
larity up to 7 or 8 times greater than blood
(1400 mOsm/kg) and have been associated with a

relative high risk of adverse reactions. Low-
osmolar (600-800 mOsm/kg) nonionic com-
pounds (second-generation) and iso-osmolar
(290 mOsm/kg) nonionic dimer iodixanol (third-
generation) have been developed to replace first-
generation compounds for providing better safety
[S, 6].

Except diatrizoate meglumine and diatrizoate
meglumine sodium whose parenteral forms are
listed as pregnancy category C drugs, iodinated
contrast agents are classified as pregnancy cate-
gory B drugs [7].

11.2.2 Transplacental Transfer
and Biodistribution Within
Fetus

The placenta allows the physiologic exchange of
various substances between the maternal and
fetal circulations by acting as a dynamic barrier
that evolves over the course of pregnancy [3, 8].
This barrier mainly forms a single layer of chori-
onic epithelium between the fetal connective tis-
sue and the placental villi surrounded by maternal
blood [9].

Although there are several mechanisms of
transplacental passage of nutrients, hormones,
waste products, and drugs, passive diffusion is
the main pathway by which drugs cross the pla-
cental barrier [9, 10]. In this transition process,
the chorionic epithelium acts as other lipid mem-
branes in the body, permitting the passage of fat-
soluble molecules and low-molecular-weight
water-soluble structures (<100 Da). Nonionic
iodinated contrast agents currently used in radio-
logical examinations are water-soluble, and their
molecular weight ranges between 777 and
1550 Da. Therefore, the transplacental transition
of these contrast agents with passive diffusion is
limited when compared to small water-soluble
molecules [9].

Contrast agents that enter the fetal systemic
circulation by crossing the placental barrier are
excreted from the fetal kidneys to the bladder and
reach the amniotic fluid via the urine. By swal-
lowing the amniotic fluid, a small amount of con-
trast material enters the fetal gastrointestinal
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tract. In addition, as an alternative way, it is
thought that little amount of contrast material
passes directly from the maternal blood to the
amniotic fluid [9].

Experimental studies in animals and humans
have shown transplacental passage of ionic con-
trast agents, especially following IV urography
and cholecystography [7, 11, 12].

Jobitridol, a nonionic iodinated contrast
medium, was shown to be below the quantification
limits in the amniotic fluid (<0.1 mgl/mL) and
fetal plasma (<0.2 mgl/mL) up to 24 h after
administration of intravenous injection in gestat-
ing rabbits [13]. It was reported that only 0.003%
of the injected dose of iohexol and iobitridol
reached fetal blood in rabbits [13]. In addition, it
has also been demonstrated that nonionic con-
trast agents may pass the human placenta and
accumulate in various fetal tissues and body flu-
ids such as gastrointestinal system, urine, and
CSF [14-16].

11.2.3 Potential Harmful Effects
11.2.3.1 Mutagenicity

and Teratogenicity

In vitro studies in cultured human lymphocytes
using both bacterial (Ames) testing and sister
chromatid exchange methods showed no muta-
genic activity with three ionic iodinated agents
[17]. Several in vitro systems and in vivo studies
in animals with nonionic iodinated contrast
media elicited no evidence of teratogenic or
mutagenic potential [18-21]. There are no well-
controlled studies regarding the teratogenic
effects of iodinated contrast agents in pregnant
women [22].

11.2.3.2 Effects on Fetal-Neonatal
Thyroid Function

Thyroid function during fetal and neonatal period
is crucial for neurological development and
metabolism. Studies with both animals and
humans reported that the maternal administration
of pharmacologic quantities of iodine found in
some medications may lead to neonatal thyroid
dysfunction [23, 24]. Maternal administration of

iodinated contrast agents may also impair fetal-
neonatal thyroid function, and this is one of the
most important potential harmful effects of iodin-
ated contrast agents after transplacental passage
[25].

The free iodide in the iodinated contrast media
is thought to be the harmful component, and this
forms either as a result of deiodination of the
contrast agent or as a contamination product [26].
Free iodide as a contaminant is known to occur in
both ionic and nonionic iodinated contrast media
without significant difference between these
groups [27]. The extent of deiodination that
occurs is dependent partially on the duration that
contrast media remains in the circulation [27].

Biologically effective load of free iodide is
closely related to the status of thyroid maturation,
and at a gestational age less than 36 weeks, thy-
roid follicular cells are unable to modify iodine
uptake adequately by autoregulation [28]. This
leads to inhibition of biosynthesis and secretion
of thyroid hormones (Wolff-Chaikoff effect) as a
consequence of high intracellular iodide concen-
tration following iodine exposure [28, 29].

The adverse effects of iodinated contrast
media on fetal thyroid function were firstly
shown after amniofetography using liposoluble
compounds with impaired TSH values in the neo-
natal period [30]. Similarly, neonatal hypothy-
roidism was shown following maternal HSG
using liposoluble contrast agents in patients with
infertility problems. The frequency of neonatal
thyroid dysfunction after maternal ethiodized-oil
HSG was higher (2.4%) when compared with the
recall rate for the first congenital hypothyroidism
screening (0.7%) in Tokyo, Japan [31].
Liposoluble iodinated contrast agents (e.g.,
Lipiodol) cross placental barrier more easily and
are deposited in the vernix [32]. Due to their rela-
tively poor excretion, they cause prolonged expo-
sure of fetal thyroid to excessive iodine, thus
leading to a more pronounced effect on fetal thy-
roid function [29]. These agents are no longer
used in imaging during pregnancy [32].

Several studies in the literature demonstrated
that maternal exposure to water-soluble nonionic
iodinated contrast agents does not significantly
affect neonatal thyroid function as indicated by
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normal neonatal TSH levels, because the total
amount of free excess iodide present in fetal cir-
culation is small and exposure of fetal thyroid is
transient [25, 29, 32-34].

In the case of impaired maternal renal func-
tion, the elimination of contrast material from
circulation is delayed, and therefore the detri-
mental effect of iodides on fetal thyroid may
increase in maternal renal failure [33].

If the mother received iodinated contrast
material during her pregnancy, the Contrast
Media Safety Committee of the European Society
of Urogenital Radiology recommends the evalua-
tion of thyroid function of the newborn in the first
week of life [9]. However, it is suggested that this
approach should be reserved for premature
infants and newborns whose mothers are exposed
to other drugs during pregnancy [7].

11.2.4 Excretion of lodinated
Contrast Agents into
Breast Milk

The drugs can gain entry to breast milk by two
routes, through alveolar cells or intercellular clefts.
In the first, the drug moves through multiple mem-
branes and intracellular fluids to ultimately reach
the alveolar lumen. The second way is an alterna-
tive route which provides a more direct passage
through the intercellular clefts if they are of low
molecular weight [35]. If a drug has high lipid
solubility and high affinity for plasma and milk
proteins, it is more likely to be concentrated in
breast milk [9, 35]. In view of these general con-
cepts, transition of iodinated contrast agents,
which have high water solubility and minimal pro-
tein binding, into breast milk is limited [9].

Liposoluble cholecystographic agent, iopanoic
acid; intrathecally administered nonionic water-
soluble agent, metrizamide; and monomer ionic
water-soluble contrast media for urography
showed limited excretion into breast milk [36—
38]. Nielsen et al. demonstrated that the amount
of 24-h excretion into milk was approximately
0.5% of the weight-adjusted maternal dose for
intravenously administered iohexol and metri-
zoate [39].

Only a very small portion of the iodinated
contrast material, which enters the gut through
breastfeeding, reaches into the bloodstream. The
expected absorbed dose of contrast material by
the breast-fed infant ends up being less than
0.05% of the recommended dose if the infant
were to undergo a contrast-enhanced imaging
study [4]. The likelihood of direct toxicity or
allergic reaction following the use of iodinated
contrast agents during lactation is very low [4, 9].
Consequently, iodinated contrast agents are con-
sidered safe for nursing mothers. However, pre-
term infants, who may have immature
autoregulation mechanisms of thyroid axis, are at
risk for transient hypothyroidism and require
special consideration [3, 32].

Similar to all medicines and foodstuffs, the
iodinated contrast agents may slightly alter the
taste of milk for a short period of time [9, 32].

11.2.5 Current Recommendations
for the Use of lodinated
Contrast Agents in Pregnancy

Different scientific societies have published rec-
ommendations suggesting that iodine-based
contrast media may be given to pregnant or
potentially pregnant patients if it is necessary to
obtain additional diagnostic information that
may affect the care of the fetus or woman
(Table 11.1) [22, 40, 41].

The use of iodinated contrast agents may be
wise if the contrast agent is likely to contribute to
the definitive diagnosis and non-diagnostic CT
examination is possibly to be repeated due to
imaging limitations [2].

Since there are no available data indicating
that exposure to iodinated contrast media may
lead to any possible harm to the fetus, the ACR
does not recommend routine screening for
pregnancy prior to contrast media use [22].

To reduce the potential risks related to con-
trast media agents, different institutions have
developed a series of steps for the use of contrast
media. These steps mainly consist of intravenous
or oral hydration, selection of the appropriate
iodinated contrast agent (LOCM vs. HOCM),
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Table 11.1 Professional society guidelines for iodinated contrast agent use in pregnancy and lactation

ACR 2021 [22] ESUR 2018 [40] ACOG 2017 [41]
Iodinated “We do not recommend withholding “In exceptional “lodinated contrast should
contrast the use of iodinated contrast agents in | circumstances, when only be used if absolutely
agents in pregnant or potentially pregnant radiographic examination required to obtain additional
pregnancy patients when it is needed for is essential, iodine-based diagnostic information that
diagnostic purposes” contrast media may be will affect the care of the
“Given the current available data and | given to the pregnant fetus or woman during the
routine evaluation of all newborns for | female” pregnancy”
congenital hypothyroidism by “Following administration
measurement of TSH levels at the of iodine-based contrast
time of their birth, no extra attention media to the mother during
is felt to be necessary” pregnancy, thyroid function
should be checked in the
neonate during the first
week”
Todinated “Because of the very small percentage | “Breast feeding may be “Breastfeeding can be
contrast of iodinated contrast medium that is continued normally when continued without
agents in excreted into the breast milk and iodine-based contrast interruption after the use of
lactation absorbed by the infant’s gut, we media is given to the iodinated contrast”
believe that the available data suggest | mother”
that it is safe for the mother and infant
to continue breast-feeding after
receiving such an agent”

ACOG American Congress of Obstetricians and Gynecologists, ACR American College of Radiology, ESUR European

Society of Urogenital Radiology

administration of the lowest possible iodinated
contrast agent dose for diagnosis, and obtaining
renal function tests within 3 months of the con-
trast agent administration [7].

Following maternal administration of iodin-
ated contrast media during pregnancy, the new-
born should be screened for hypothyroidism in
the first week of life, which is already a standard
practice in most regions of the world [2, 22, 40].

11.2.6 Current Recommendations
for the Use of lodinated
Contrast Agents
in Breastfeeding

Different scientific societies advise that breast-
feeding can be continued without interruption
after administration of intravenous iodinated
contrast agents that have been shown to reach
into the infant’s bloodstream at very low levels
(Table 11.1) [22, 40, 41].

Before deciding to temporarily stop breast-
feeding after the intravenous administration of
the contrast agent, the mother should be informed

that even short-term cessation periods might lead
to complete weaning and the decision must be
left to the mother. If the mother decides to stop
breastfeeding temporarily, this period should be
between 12 and 24 h and during which time
breast milk should be pumped and discarded.
There is no value of breastfeeding cessation
beyond 24 h, since contrast agent is undetectable
in the maternal circulation after this period. It
may also be advisable to use a breast pump for
obtaining milk before contrast-enhanced exami-
nation to feed the infant during the period of ces-
sation [2, 22].

11.3 Gadolinium-Based Contrast
Agents (GBCAs)

Pregnancy and lactation are unique periods in which
patients were differentiated from other patient
groups in terms of diagnostic imaging considering
the radiosensitivity of the fetus and maternal breast
tissue. As a result, imaging algorithms in these peri-
ods are based on the use of ultrasound primarily and
MRI as the second choice in order to minimize the
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risk of exposure to ionizing radiation [42, 43].
Despite the potential for tissue heating due to MR
gradient changes and fetal ear damage secondary to
acoustic noise, no damage to a developing human
fetus caused by MRI has been documented [3, 44].
MRI is considered to be safe in any gestational age
[45]; however, it should be performed only when
benefits outweigh potential risks, and care should
be taken regarding SAR limits [44].

Following the approval of the first gadolinium-
based MRI contrast agent by the FDA in 1988,
the use of MRI was significantly increased, and
gadolinium-based contrast agents are adminis-
tered in up to 35% of MRI examinations cur-
rently performed in clinical practice [43].

In addition to GBCAs, iron particulates and
manganese-based agents are also used in contrast-
enhanced MRI studies; however, none of them
have provided large-scale alternative to
gadolinium-based agents [46]. Manganese-based
agents are no longer available due to their toxic-
ity [7, 47].

11.3.1 Types and FDA Categories

The gadolinium ion is a known toxic rare earth
metal and has a long biologic half-life; it should
be administrated as a complex with a chelating
ligand in humans [46, 47]. The chelate is a carrier
molecule whose aim is to remain bound to gado-
linium ion until it is excreted from circulation,
thereby preventing intracellular uptake and depo-
sition of free gadolinium in tissues [43]. GBCAs
can be classified depending on their molecular
structure (linear, macrocyclic) and also be subdi-
vided according to their chemical preparation
(ionic, nonionic) [7]. Since the gadolinium ion is
trapped in a molecular cavity within the chelating
agent, macrocyclic compounds (gadobutrol,
gadoteridol, and gadoterate meglumine) tend to
be more stable than linear compounds, allowing a
lower rate of dissociation of the free gadolinium
ion [46]. While nonionic linear contrast agents
(gadodiamide and gadoversetamide) are the least
chemically stable molecules in which gadolinium
is prone to dissociate from the chelated form, the
ionic linear chelate molecules (gadopentetate

dimeglumine, gadobenate dimeglumine, and
gadofosveset) have intermediate stability [7, 46].

GBCAs are classified as pregnancy category
C drugs by the FDA, meaning that animal studies
have demonstrated adverse effects on the fetus (at
supraclinical and repeated doses); however, there
have been no well-controlled studies in humans.
Therefore, they should be administered only if
the potential benefits outweigh the potential risks
to the fetus [3, 7].

11.3.2 Transplacental Transfer
and Biodistribution Within
Fetus

GBCAs currently used in radiological examina-
tions are water-soluble, and their molecular
weight ranges between 558 and 1058 Da.
Therefore, the transplacental transition of these
contrast agents with passive diffusion is limited
when compared to small water-soluble mole-
cules [9].

Studies were conducted with different con-
trast agents in order to evaluate the placental
transfer of radiological contrast agents on gravid
rats, thesus monkeys, and macaques [48-51].
Studies with gadopentetate dimeglumine, gado-
diamide, and gadoteridol showed very low lev-
els (approximately 170 times lower than those
in the maternal plasma) of contrast material in
the placenta, amniotic fluid, and fetal tissues
after maternal injection. 0.01% of the injected
dose of gadodiamide in the first 4 h following
maternal injection showed fetal distribution in
rats [51].

Although the highest amount of GBCAs were
detected in the first 5 min after the injection, the
progressive decrease in the presence of contrast
material was shown in the measurements up to 45 h
with trace amounts in fetal tissues after 24 h [48,
49, 51].

Following maternal injection, gadolinium con-
centrations increase in fetal kidneys, and the rela-
tive concentration is found to be the highest in fetal
kidneys among all fetal tissues [48, 49, 51]. This is
an indicator of fetal renal excretion of gadolinium
and can be used for the exclusion of renal and blad-
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der-related pathologies in pregnant women with
reduced amniotic fluid [48]. Concentrations of
gadolinium remain low in fetal liver, muscle, heart,
brain, femur, and skin [48, 49].

Because the contrast medium remains in the
circulation for a longer period of time in pregnant
women with impaired renal function, the fetal
dose may increase due to more contrast material
passage through placenta [3]. Furthermore, con-
trast agents may return to the maternal circula-
tion through the placenta and reduce the fetal
dose, thus allowing the maternal excretion of the
contrast agent [9, 52, 53].

The longer GBCAs remain in the amniotic
fluid, the greater the potential for dissociation
from the chelating ligand and, thus, the risk of
causing harm to the fetus [45].

11.3.3 Potential Harmful Effects
11.3.3.1 Mutagenicity

and Teratogenicity

Free gadolinium is known to be toxic and is
administered only in a chelated form [41].
Currently, the vast majority of the information
regarding the use of GBCAs during pregnancy
has been derived from animal studies. In an ani-
mal study on rabbits, repeated and high doses
(two to seven times higher than those used in
humans for medical imaging) of intravenous gad-
olinium have been shown to be teratogenic, pos-
sibly due to prolonged duration in the circulation
allows dissociation of gadolinium from the chela-
tion agent [41, 43, 54]. On the contrary, no tera-
togenic effect or chromosomal damage was
demonstrated in several animal studies following
administration of GBCAs [55-57].

There is no well-controlled fetal toxicity stud-
ies regarding the use of gadolinium-based con-
trast media conducted in humans during
pregnancy. However, no teratogenic effect was
reported in a prospective cohort study on neo-
nates inadvertently exposed to gadolinium deriv-
atives in utero during the first trimester of
pregnancy [58]. Neonatal anomalies were also
not detected in the infants of two women who
underwent contrast-enhanced MRI to diagnose

Crohn’s disease during pregnancy [59]. Two
studies with contrast-enhanced MRI using
GBCAs to assess normal placenta and placental
pathologies in the second and third trimesters of
pregnancy did not detect any fetal effects second-
ary to gadolinium exposure [60, 61].

A recent study by Ray et al. demonstrated no
significantly higher risk for congenital anomalies,
neoplasm, and vision or hearing loss among
infants exposed to GBCAs during the first trimes-
ter of pregnancy; however, gadolinium MRI at any
time during pregnancy was associated with an
increased risk of a broad set of rheumatological,
inflammatory, or infiltrative skin conditions and
for stillbirth or neonatal death [62]. Although these
findings raise a concern regarding the use of gado-
linium-based agents during pregnancy, there are
substantial limitations in the study. The control
group included patients who did not undergo MRI
during pregnancy, rather than patients who under-
went MRI without GBCAs [22, 41]. Whether any
of the children were exposed to GBCAs after birth
was not investigated. And also the number of cases
of connective tissue or skin disease similar to
nephrogenic systemic fibrosis was considered too
small for statistical analysis [22].

There are no available animal or human stud-
ies evaluating the safety of maternally adminis-
tered superparamagnetic iron oxide contrast
agents on the fetus or breast-fed baby; therefore
if contrast-enhanced MR is to be performed,
GBCAs should be preferred [41].

11.3.4 Excretion of Gadolinium-
Based Contrast Agents
into Milk

Similar to iodinated contrast agents, GBCAs are
water-soluble and have low affinity to milk pro-
teins. Therefore gadolinium-based contrast
media are excreted into human breast milk at low
levels [9, 43]. In a study including 20 breastfeed-
ing women who were administered IV gadopen-
tetate dimeglumine, the cumulative amount of
gadolinium excreted in human breast milk during
24 h was 0.003 mmol, with the dose being less
than 0.04% of the maternal intravenous dose
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administered for all cases [63]. In addition, less
than 1% of the dose in breast milk is absorbed by
the infant gastrointestinal tract into the blood-
stream. As a result, the effective circulatory dose
of infant is at least 10,000 times less than the
dose of intravenously administered gadolinium-
based contrast media for contrast-enhanced MRI
with any indication in the neonatal period [43].

There are no available case reports in the lit-
erature regarding adverse events in infants attrib-
utable to GBCA containing breast milk.

GBCAs may cause a temporary alteration in
the taste of breast milk [9, 32].

11.3.5 Current Recommendations
for the Use of Gadolinium-
Based Contrast Agents
in Pregnancy

Various professional societies have issued guide-
lines regarding the use of GBCAs during pregnancy
to assist healthcare providers (Table 11.2) [22, 40,
41]. The general consensus is that GBCAs can be

administered in pregnant patients on a case-by-case
basis if maternal and fetal benefits outweigh the
potential risks of fetal gadolinium exposure.

If the decision is made to administer a GBCA
to a pregnant woman, agents which tightly bind
the gadolinium ion and have high stability con-
stants (macrocyclic compounds) should be used
at the lowest possible dose [2, 22, 40, 43].

Neonatal tests are not required following the
maternal administration of GBCAs during preg-
nancy [40].

11.3.6 Current Recommendations
for the Use of Gadolinium-
Based Contrast Agents
in Breastfeeding

The ACR and the ACOG advise that breastfeed-
ing should not be interrupted after maternal
administration of GBCAs. The ESUR also rec-
ommends that breastfeeding may be continued
normally when macrocyclic GBCAs are given to
the mother [22, 40, 41] (Table 11.2).

Table 11.2 Guidelines for GBCA use in pregnancy and lactation

ACR 2021 [22] ESUR 2018 [40] ACOG 2017 [41]
GBCAsin | “Each case should be reviewed “When there is a very “The use of gadolinium contrast
pregnancy | carefully by members of the strong indication for with MRI should be limited; it
clinical and radiology service enhanced MR, the smallest | may be used as a contrast agent
groups, and a GBCA should be possible dose of a in a pregnant woman only if it
administered only when there is a macrocyclic gadolinium significantly improves diagnostic
potential significant benefit to the contrast agent may be performance and is expected to
patient or fetus that outweighs the | given to the pregnant improve fetal or maternal
possible but unknown risk of fetal | female” outcome”
exposure to free gadolinium ions” | “Following administration
of gadolinium-based agents
to the mother during
pregnancy, no neonatal
tests are necessary”
GBCAsin | “Because of the very small “Breastfeeding may be “Breastfeeding should not be
lactation percentage of gadolinium-based continued normally when interrupted after gadolinium
contrast medium that is excreted macrocyclic gadolinium- administration”
into the breast milk and absorbed based contrast agents are
by the infant’s gut, we believe that | given to the mother”
the available data suggest that it is
safe for the mother and infant to
continue breast-feeding after
receiving such an agent”

ACOG American Congress of Obstetricians and Gynecologists, ACR American College of Radiology, ESUR European
Society of Urogenital Radiology, GBCA gadolinium-based contrast agent
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If the mother remains to be concerned about
any possible adverse effects to the infant despite
appropriate counseling, she may temporarily
stop breastfeeding for 12-24 h after administra-
tion of the contrast agent, and breast milk should
be pumped and discarded in this period [2, 22].
Similar to iodinated contrast agents, GBCAs
have a plasma half-life of about 2 h and are
completely cleared from the bloodstream within
24 h in patients with normal renal function [22].

11.4 Ultrasound Contrast Agents
(USCAs)

The USCAs are composed of inert gas encapsu-
lated by a protective shell and are used to demon-
strate blood flow at the microcirculatory level by
specialized imaging techniques [64, 65].
Following IV injection, they improve the visual-
ization of blood flow with respect to the sur-
rounding tissues mainly by increasing
back-scattering intensity when compared to body
fluids and other tissues [64].

Microbubble size and uniformity are of great
importance because microbubbles with a diame-
ter of smaller than 10 pm are not trapped within
capillary structures and thus reducing the risk of
microembolism [66]. There are only a few prod-
ucts approved for clinical use, and they all consist
of gas-filled microbubbles with a mean diameter
less than a red blood cell [64].

These contrast media are used mainly in car-
diovascular applications and diagnosis of tumors.
Although the characterization of the liver masses
constitutes the main field of application, they
have been shown to be effective in the diagnosis
of many other solid organ pathologies over recent
years [65]. These agents can also be used to eval-
uate the placenta, corpus luteum, and uteropla-
cental circulation [7, 66].

These agents are fundamentally intravascular
and do not show any interstitial distribution as
opposed to other contrast agents administered
through IV route. Neither do these agents interact
with the thyroid gland nor have renal excretion
thus can be safely applied in case of acute or
chronic renal failure [67, 68].

Although the biochemical structure of USCAs
does not permit transplacental passage and none
of the studies using these agents in pregnant
patients show fetal or maternal side effects,
ultrasound contrast media have not yet been
approved for clinical use in pregnancy and lacta-
tion [7, 66, 69, 70]. The main concerns regarding
the use of ultrasound contrast agents in preg-
nancy are lodging of contrast agent in the micro-
circulation, complement  activation, and
microhemorrhages as a result of cavitation [71].

Serious adverse reactions after administration
of USCAs are reported to be approximately in
1/10,000 patients [72].

11.5 Gastrointestinal Contrast
Agents

Barium agents are non-water-soluble contrast
media which are preferred to visualize the gastro-
intestinal tract. The particles of barium sulfate
suspension remain in the gastrointestinal lumen
and are not absorbed from the gut due its
extremely low solubility [73, 74].

Barium sulfate has not been formally assigned
to a pregnancy category by the FDA. Although
the radiological modalities using barium are not
preferred in pregnancy due to the possible harm-
ful effects of ionizing radiation to the fetus,
almost all of barium studies performed during
pregnancy have been done inadvertently in
women who are yet unaware of their pregnancies
[75, 76].

Studies conducted by Han et al. demonstrated
no association between the use of barium sulfate
for gastrointestinal imaging during pregnancy
and adverse fetal outcomes [75, 76]. Results of
these studies and poor absorption of barium sul-
fate from gastrointestinal system suggest that
barium salts are unlikely to be of major concern
in pregnancy [7, 75]. However, the effects of ion-
izing radiation in pregnancy constitute the main
concern that prevents the frequent use of radio-
logical modalities requiring barium agents.

The incidence of adverse effects and allergic
reactions following barium sulfate administration
in pregnant women is similar to the rest of the
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population and is rare [7]. The most common
adverse effects related to barium contrast media
are almost always mild with symptoms such as
nausea, vomiting, abdominal cramps, and dis-
comfort. Allergic-like reactions secondary to
enteric barium are very rare with frequencies of
mild reactions, and moderate-severe reactions are
reported to be 1/750,000 examinations and
1/2,500,000 exposures, respectively [22].

11.6 Management of Adverse
Reactions Following
Contrast Agent Use During
Pregnancy

Adverse reactions following I'V administration of
low-osmolarity iodinated or gadolinium-based
contrast agents are estimated to have an incidence
of less than 1% [77]. In the literature, there is no
evidence that pregnancy increases the risk of
allergic reactions to contrast agents, and the fac-
tors that increase the risk of adverse reactions to
IV contrast agents in pregnancy are similar to
those in non-pregnant patients. These factors
include a history of prior allergic reaction (espe-
cially following the administration of contrast
media), asthma, bronchospasm, atopy, significant
cardiac or renal disease, and anxiety [78, 79].

11.6.1 Premedication in Patients
with Prior Allergic-Like
Reactions to lodinated or
Gadolinium-Based Contrast

Agents
During pregnancy, anaphylaxis can lead to
destructive consequences such as hypoxic-

ischemic encephalopathy and persistent central
nervous system damage or death [80], and the
risk of damage to the fetus is higher than that of
the mother [22]. Therefore, the ACR recom-
mends that otherwise-indicated premedication to
reduce the risk of contrast media reaction should
not be withheld because the patient is pregnant
and a standard PO or IV regimen might be
employed [22].

Diphenhydramine (FDA pregnancy category
B) and corticosteroids (FDA pregnancy category
C) are commonly used for prophylaxis in patients
at risk for allergic-like contrast reactions to con-
trast media [22]. Although prednisone and dexa-
methasone cross the placenta, most of these agents
are metabolized within the placenta before reach-
ing the fetus and therefore are not associated with
teratogenicity in humans. However, cases of spo-
radic fetal adrenal suppression have been reported.
When methylprednisolone is used before 10 weeks
of gestation, it carries a potential risk for develop-
ment of cleft lip in the fetus [22]. Both referring
clinicians and pregnant patients receiving premed-
ication prior to the administration of contrast
agents should be counseled appropriately and
should indicate that they understand the potential
risks and benefits of the medications being used,
as well as alternative diagnostic options [22].

11.6.2 Treatment

If a pregnant patient has been considered to have
a reaction to the contrast agent, it should be clas-
sified as mild, moderate, or severe according to
the ACR guidelines [78]. It is important to know
that various potential symptoms of anaphylactic
reactions unique to pregnancy may be seen such
as intense pruritus in the vulva and vagina, low
back pain, and uterine cramps [80]. Fetal distress
and preterm labor should also be considered as
severe reactions [78, 80].

The management of an acute reaction in a preg-
nant patient is similar to that of a non-pregnant
patient, except for a few modifications [78].

During the evaluation and treatment of the
reactions to the contrast agents, IV access should
be provided, and the vital signs should be moni-
tored for at least 30 min or as long as necessary to
ensure clinical stability and improvement of
symptoms. The patient should be monitored with
pulse oximetry, and oxygen should be given by
mask if indicated [78].

Diphenhydramine is the preferred medication
for mild to moderate reactions [7].

When interfering with acute anaphylactoid
reaction in a pregnant patient, ACLS guidelines
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should be followed [78]. In addition, the mother
should be placed in the left lateral decubitus posi-
tion, supine with a leftward tilt using a wedge, or
supine with manual left uterine displacement for
increasing the venous return to the heart by
reducing the compression of the inferior vena
cava [22, 78]. In the third trimester of pregnancy,
continuous external fetal heart rate monitoring
should also be initiated to aid in guiding resusci-
tation efforts due to potential fetal viability [78].

11.7 Periprocedural Counseling

With increasing use of radiological modalities in
the evaluation of pregnant and lactating patients
in recent years, misperceptions regarding diag-
nostic radiation and contrast agents often cause
unwarranted concerns among patients and clini-
cians. Consequently these concerns might lead to
delays in diagnosis and treatment or even unnec-
essary termination of pregnancy [2, 54].

Surveys among practitioners have revealed
substantial deficiencies in knowledge regarding
the safety of diagnostic radiation and contrast
agent use during pregnancy [2].

For any radiological examination in preg-
nancy and lactation, the referring physician and
radiologist should take into account the risks and
benefits of the proposed contrast-enhanced study
and potential imaging alternatives that may pro-
vide better diagnostic information. When used
appropriately in pregnancy and lactation, benefits
derived from contrast-enhanced CT and MR
imaging often outweigh the risks [2, 3].

Radiologists should have up-to-date knowl-
edge regarding the effects of radiation and con-
trast agents during pregnancy and lactation [3].
Radiologists should inform patients appropri-
ately and provide a realistic understanding of the
risks associated with imaging modality during
pregnancy and lactation [2].

Appropriate counseling services for pregnant
women who were exposed to diagnostic radiation
and contrast agents during pregnancy can help
reduce concerns and prevent unnecessary preg-
nancy termination [3, 75, 81].

A medical physicist might be consulted post-
procedurally to provide accurate dose estimations
in order to help the patient in understanding the
risks associated with diagnostic radiation exposure
especially following studies performed in women
who are yet unaware of their pregnancies.

Written informed consent regarding the use of
any radiological imaging modality in pregnancy
should be obtained before performing the exami-
nation. It provides information about the risks
and benefits of relevant radiological examination
to pregnant patients or relatives of the patient but
also allows the clinicians to address the patient’s
questions and concerns. Informed consent should
be prepared in a simple manner and, if appropri-
ate, confirmed by asking the patient to explain the
risks and benefits in her own words [2].
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Contrast-Enhanced CT Scanning
of the Liver and Pancreas

Shintaro Ichikawa

12.1 Introduction
Liver cancer is the third leading cause of cancer-
related deaths, with 841,100 newly diagnosed
patients and 781,000 deaths per year worldwide
[1]. Hepatocellular carcinoma (HCC) is the pre-
dominant primary liver cancer in many countries,
and HCC-related mortality continues to increase
[2-4]. The computed tomography (CT) charac-
teristics of HCC are well described, and a diag-
nostic algorithm for HCC (Liver Reporting and
Data System (LI-RADS®)), which is based on
contrast-enhanced CT, has been established [5].
Pancreatic adenocarcinoma is the most com-
mon solid pancreatic tumor and still has a poor
prognosis. Pancreatic cancer is newly diagnosed
in 458,900 patients and causes 433,200 deaths per
year worldwide [1]. Despite the poor prognosis of
pancreatic adenocarcinoma, surgical resection
represents the only potentially curative treatment.
Therefore, careful patient selection based on
accurate disease staging is of prime importance.
Dynamic CT is a widely used and well-
established technique for the evaluation of
hepatic and pancreatic disease. It shows high
diagnostic performance; however, if it is not
properly used, it cannot be effective. Thus, this
chapter focuses on the optimal protocol for
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hepatic and pancreatic dynamic CT and its
important characteristics.

12.2 Contrast-Enhanced CT
of the Liver

12.2.1 Why Dynamic CT?

We can often detect focal liver lesions using non-
contrast-enhanced CT (NE-CT). Do we need
dynamic CT in such cases? The answer is yes
because we cannot make qualitative diagnoses
without using dynamic CT. For example,
Figs. 12.1a, 12.2a, and 12.3a show low attenua-
tion lesions on NE-CT in three different patients.
We can detect them using NE-CT but cannot dif-
ferentiate between even benign and malignant
lesions. However, we can diagnose these lesions
easily by referring to arterial phase (AP) images
(Figs. 12.1b, 12.2b, 12.3b). The AP is the most
important phase in dynamic CT. Typical imaging
findings of HCC, hemangioma, and metastatic
tumor from colorectal adenocarcinoma are shown
Figs. 12.1, 12.2, and 12.3.

While in cases with liver steatosis or cirrhosis,
it may be difficult to detect focal liver lesions on
NE-CT. Diffuse steatosis reduces liver attenua-
tion. Liver cirrhosis causes parenchymal hetero-
geneity due to regeneration nodules or fatty
infiltration. In those cases, focal liver lesions may
not be visible on NE-CT, because the contrast
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Fig. 12.1 Dynamic CT of a 64-year-old man with HCC
secondary to chronic hepatitis C. (a) NE-CT, (b) AP, (c)
PVP, and (d) DP. NE-CT shows a low attenuation lesion in
segment 8 (a) (arrow). The lesion shows non-rim APHE in
AP (b) and non-peripheral washout and enhancing cap-
sule in PVP and DP (¢, d) which are typical findings of
hypervascular HCC (arrow). It shows non-peripheral

between lesions and surrounding liver paren-
chyma becomes too low (Fig. 12.4a). However,
AP images are useful in detecting liver lesions
even in such cases (Fig. 12.4b). The conspicuity
of liver lesions depends on the difference in
attenuation between lesions and the surrounding
liver parenchyma.

12.2.2 Recommended Protocol

The liver has a unique blood supply that com-
prises the hepatic artery and portal vein (PV). Itis

washout and enhancing capsule in the PVP and DP (¢, d)
(arrow). Non-peripheral washout and enhancing capsule
are clearer in DP than PVP in this case. CT computed
tomography, NE non-contrast-enhanced, AP arterial
phase, PVP portal venous phase, DP delayed phase, HCC
hepatocellular ~ carcinoma, APHE arterial phase
hyperenhancement

essential to understand the dual blood supply to
the liver when we think of dynamic CT. Of the
normal liver parenchyma, 70-80% is supplied by
the PV, and the remaining 20-30% is supplied by
the hepatic artery; therefore, the normal liver
parenchyma is enhanced maximally in the portal
venous phase (PVP) and enhanced weakly in
AP. An appropriate dynamic CT protocol con-
sists of NE-CT, AP, PVP, and delayed phase
(DP). These phases are defined based on the time
after intravenous administration of iodine-based
contrast medium (CM). According to LI-RADS®
v2018, a multidetector CT with >8 detector rows
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Fig. 12.2 Dynamic CT of a 45-year-old woman with
hepatic hemangioma. (a) NE-CT, (b) AP, (¢) PVP, and (d)
DP. NE-CT shows a low attenuation lesion in segment 6
(a) (arrow). The lesion shows a discontinuous, nodular,
peripheral enhancement in the AP (b) and irregular fill-in

is recommended [5]. Details of each phase are as
follows.

12.2.2.1 NE-CT

Images obtained before the administration of
CM. It is useful for detecting calcifications, fat,
hemorrhage, and post-treatment change, includ-
ing lipiodol deposition, in focal liver lesions.

pattern in the PVP and DP (¢, d), which are typical find-
ings of hepatic hemangioma (arrow). CT computed
tomography, NE non-contrast-enhanced, AP arterial
phase, PVP portal venous phase, DP delayed phase

12.2.2.2 AP (Late AP Is Strongly
Preferred)

Images obtained 35-40 s after administration of
CM. The optimal timing of AP is when the
hepatic artery and branches and PV are enhanced,
but the hepatic vein is not yet enhanced by ante-
grade flow (Fig. 12.5a) [5]. If only the hepatic
artery is enhanced, the scan timing is too early
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Fig. 12.3 Dynamic CT of a 76-year-old man with liver
metastasis from sigmoid colon cancer. (a) NE-CT, (b) AP,
(¢) PVP, and (d) DP. NE-CT shows a low attenuation
lesion in segment 8/5 (a) (arrow). The lesion shows a
hypovascular pattern with ill-defined margin in the AP (b)

(early AP) (Fig. 12.5b). If the hepatic vein is
already enhanced, the scan timing is too late
(Fig. 12.5¢). HCC is most strongly enhanced in
this phase because it receives 100% of its blood
supply from the hepatic artery. Non-rim arterial
phase hyperenhancement (APHE) is the most
important major imaging feature in LI-RADS®;

and peripheral enhancement in the PVP and DP (b, c¢),
which are the typical findings of liver metastasis from
colorectal adenocarcinoma (arrow). CT computed tomog-
raphy, NE non-contrast-enhanced, AP arterial phase, PVP
portal venous phase, DP delayed phase

therefore, obtaining optimal AP images is crucial
for the diagnosis of HCC. Non-rim APHE is
defined as non-rim-like enhancement in AP
unequivocally greater in whole or in part than in
the liver (Figs. 12.1b and 12.4b). The enhanced
part must have higher attenuation than the liver
parenchyma [5].
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Fig. 12.4 Dynamic CT of a 60-year-old woman with
HCC secondary to alcoholic hepatitis. (a) NE-CT, (b) AP,
(¢) PVP, and (d) DP. The liver surface shows a nodular
pattern that corresponds to liver cirrhosis (arrowheads).
The contrast between the liver parenchyma and intrahe-
patic blood vessels is low on NE-CT, indicating a fatty
liver (a). It is difficult to detect the mass in segment 5 on
NE-CT (dotted arrow) (a). However, the lesion shows
non-rim APHE in the AP (b) and non-peripheral washout

Fig. 12.5 Scan timing of the AP. (a) Optimal, (b) too
early, and (c¢) too late. The optimal timing of the AP is
when the hepatic artery and branches (arrow) and portal
vein (arrowhead) are enhanced, but the hepatic vein is not

and enhancing capsule in the PVP and DP (¢, d), which
are typical findings of hypervascular HCC (arrow). It
shows non-peripheral washout and enhancing capsule in
PVP and DP (¢, d) (arrow). Non-peripheral washout is
clearer in the DP than in the PVP. CT computed tomogra-
phy, NE non-contrast-enhanced, AP arterial phase, PVP
portal venous phase, DP delayed phase, HCC hepatocel-
lular carcinoma, APHE arterial phase hyperenhancement

yet enhanced by antegrade flow (a). If only the hepatic
artery is enhanced (arrow), the scan timing is too early
(b). If the hepatic vein is already enhanced (dotted arrow),
the scan timing is too late (¢). AP arterial phase
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12.2.2.3 PVP

Images obtained 55-70 s after administration of
CM. The time range is characterized by full
enhancement of the PV, and the hepatic vein is
enhanced by antegrade flow [5]. The liver paren-
chyma usually shows peak enhancement in this
phase. Non-peripheral washout and enhancing
capsule, which are major imaging features in
LI-RADS®, should be evaluated in this phase or
following DP. Non-peripheral washout is defined
as a non-peripheral visually assessed temporal
reduction in enhancement in whole or in part
relative to the surrounding liver parenchyma in
the PVP or DP (Figs. 12.1c, d and 12.4d). It can
apply to any enhancing observation in AP, even if
there is no APHE [5]. The enhancing capsule is
defined as a smooth, uniform, and sharp border
around most or all of an observation, unequivo-
cally thicker or more conspicuous than fibrotic
tissue around background nodules, and visible as
an enhancing rim in PVP or DP (Figs. 12.1c, d
and 12.4c, d) [5]. Moreover, hypovascular liver
tumors are best seen in this phase because the
surrounding liver parenchyma is well enhanced.

12.2.2.4 DP

Images obtained 150-200 s after administration
of CM. In this phase, the PV, hepatic vein, and
liver parenchyma are enhanced but less than in
PVP [5]. As mentioned above, non-peripheral
washout and enhancing capsule are evaluated in
PVP or DP. Non-peripheral washout is observed
more often in DP than PVP. Moreover, focal liver
lesions that have abandoned fibrotic tissue, like
intrahepatic cholangiocarcinoma, hold the con-
trast much longer than normal parenchyma;
therefore, they may show delayed enhancement
in this phase.

Early AP and multiplanar reconstructions
(MPR) are considered as optional images. Early
AP is defined as the phase where only the hepatic
artery and its branches are enhanced, but the PV
and hepatic vein are not yet enhanced. It is useful
for pre-treatment planning for hepatic tumors. It
is essential to assess the anatomy of the hepatic
artery in detail before hepatectomy or interven-
tional radiology. Three-dimensional images of
the arterial vasculature, such as the maximum

intensity projection (MIP) and volume rendering
(VR), can be reconstructed from early AP images.
It is easy to understand the spatial relationship
between arterial branches and liver parenchyma
or portal/hepatic veins. Anatomical variation of
the hepatic artery can also be depicted clearly.
However, van den Hoven et al. reported that early
AP images did not significantly improve detec-
tion of small intra- and extra-hepatic branches
[6]. Therefore, further studies are needed in order
to clarify whether early AP is truly necessary.
MPR is the process of converting data from a cer-
tain plane, usually axial, into other planes such as
coronal, sagittal, or oblique. It has significant
applications in the diagnosis of focal liver lesions
in the hepatic dome. Since modern multidetector-
row CT scanners can obtain isovoxel data, it is
easy to create high-quality MPR images
routinely.

12.2.3 Recommended Injection
Method of CM

Dynamic CT images are affected by several fac-
tors, including iodine dose, iodine concentration,
injection duration, and saline flush [7]. It is
important to know how these factors affect con-
trast enhancement and scan timing in order to
obtain optimal dynamic CT images. The recom-
mended injection method of CM includes
600 mgl/kg iodine dose with a standard tube volt-
age (120 kVp) CT, CM with a low iodine concen-
tration, and fixed injection duration (30 s)
protocol. The details are described below.

12.2.3.1 lodine Dose

The iodine dose of CM should be tailored accord-
ing to the patients’ body weight to obtain optimal
contrast between the focal liver lesion and liver
parenchyma [7, 8]. According to a multicenter
prospective study in 77 general hospitals in
Japan, the recommended iodine doses of CM for
AP and PVP are 567-647 mgl/kg and 572 mgl/
kg, respectively, for investigating hypervascular
HCC [8]. Therefore, in general, 600 mgl/kg has
been chosen in daily practice in Japan. Recently,
there have been several published studies that
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showed by using low tube voltage (80 or 100 kVp)
CT with iterative reconstruction, the iodine dose
of CM can be reduced by 17-50% compared to
standard tube voltage (120 kVp) CT [9-13].

12.2.3.2 lodine Concentration
Commercially available intravenous iodine-
based CM has various concentrations (240—
370 mgl/mL). When the iodine dose is tailored
according to the patients’ body weight, using CM
with a low iodine concentration requires a larger
amount of CM. The volume of CM left in dead
space does not contribute to the enhancement of
the aorta or hypervascular focal liver lesions,
such as HCCs. Dead space here refers to the
intravenous space between the brachial vein and
superior vena cava, which would be approxi-
mately 10-30 mL. When CM with a high iodine
concentration is used, the total amount of iodine
in the dead space is higher. Furthermore, the
injection rate would be lower when using CM
with a high iodine concentration because as
described below, a fixed injection duration is rec-
ommended. It is known that the higher the injec-
tion rate, the higher the aortic peak enhancement
[7, 14]. On the other hand, it has been reported
that there were no significant differences in the
peak enhancement values of the PV and liver
parenchyma between high and low iodine con-
centrations when using same iodine dose [15].
Therefore, CM with a low iodine concentration
might be recommended over CM with a high
iodine concentration when using the same iodine
dose to detect hypervascular HCC on
AP. However, in case of patients with a high body
weight, the total iodine dose of CM with a low
iodine concentration can be insufficient.
Therefore, the iodine concentration should be
decided based on the patients’ body weight and
availability in each institution.

12.2.3.3 Injection Duration

Injection duration is defined as the time from the
beginning to the completion of the injection [7].
The scan delay after the beginning of CM admin-
istration for each phase, especially AP, varies in
each patient; therefore it is impossible to deter-
mine the optimal fixed scan delays that can be

applied in all patients because there are several
uncontrollable patient-based factors such as body
weight, cardiac output, and circulation time [15].
The bolus tracking method is one of the solutions
to this problem. It is a computer-assisted tech-
nique that automatically initiates a scan triggered
by the contrast enhancement, namely, if the con-
trast enhancement reaches the predicted thresh-
old in a previously set region-of-interest [16].
The usefulness of the bolus tracking method is
well-known [17]; however, it has some disadvan-
tages, including a slightly complicated method
and additional radiation exposure (although a
very small dose). In contrast, a fixed injection
duration protocol is a quite simple and useful
method. It can minimize patient-dependent fac-
tors in scan delays and achieve optimal scan tim-
ing for each phase among most patients [7, 15].
The fixed injection duration protocol depends on
the fact that the peak enhancement time of the
abdominal aorta (pET-Ao) observed on the time-
density curve is defined by the injection duration.
The mean time delay from the completion of the
CM injection to pET-Ao was approximately 10 s
[15, 18]. The mean delays with any fixed injec-
tion duration from the completion of CM injec-
tion to the peak enhancement time of the PV
(pET-PV) and the liver parenchyma (pET-liver)
are also constant (approximately 20 and 30 s,
respectively) [15]. The peak enhancement time
for hypervascular HCC (pET-HCC) might occur
approximately 5 s after pET-Ao because hyper-
vascular HCC receives arterial blood supply from
the hepatic artery following the abdominal aorta
[15]. The recommended fixed injection duration
has been established as 30 s in a practical dynamic
CT protocol of the liver. Therefore, each peak
enhancement time can be calculated as follows:

PET — Ao =30+10 = 40s
pET —HCC =30+15 = 455
pET —PV =30+20 =505

pET —liver =30+30 =60s

A fixed injection duration protocol is advanta-
geous over a fixed injection rate protocol because
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the scan timing can be more easily standardized,
and the iodine administration rate can be adjusted
based on the patient size [7].

12.2.3.4 Saline Flush

A saline flush pushes the previously injected CM
that remains in the dead space, including the
injection tube and venous space, into the central
blood volume. Therefore, it can improve contrast
enhancement and the efficiency of CM use and is
particularly beneficial when the total volume of
CM is small [7]. However, it takes more time to
prepare because a saline flush requires a dual-
syringe power injector for the injection of CM
and saline, so it is not essential for dynamic CT
of the liver. If you apply this technique, 20-30 mL
of saline flush is enough.

12.2.4 Scan Timing of CT

Scan timing is important in order to obtain the
optimal moment of maximal contrast differences
between focal liver lesion and surrounding liver
parenchyma. As described above, when 30 s is
used as the fixed injection duration, pET-Ao,
pET-HCC, pET-PV, and pET-liver are calculated
to be at 40, 45, 50, and 60 s, respectively. In AP,
the timing of pET-HCC (45 s) should be placed in
the scan center because hypervascular HCC
shows maximal enhancement and it is easy to
detect APHE at this point. You must adapt your
protocol to the type of CT scanner because the
scan duration varies depending on the CT scan-
ner. For example, if the scan duration for each
phase is 10 s, you start at 40 s after the beginning
of the injection of CM. If the scan duration for
each phase is 4 s, you start at 43 s after the begin-
ning of the injection of CM.

Theoretically, the timing of pET-liver (60 s)
should be placed in the scan center for PVP
because liver parenchyma shows maximal
enhancement and it is easy to detect washout of
HCC at this point. Thus, if the scan duration for
each phase is 10 s, you start at 55 s after the
beginning of the injection of CM. However, it is
not undesirable to be too early for PVP, because
it is necessary to load the liver with CM, and it

takes time for CM to reach the liver parenchyma
from the PV. Therefore, you can start at 55-70 s
after the beginning of the injection of CM regard-
less of the CT scanner. DP needs to be obtained at
a sufficiently late timing; therefore, in general,
150-200 s after the beginning of the injection of
CM is chosen regardless of the CT scanner.

12.3 Contrast-Enhanced CT
of the Pancreas

12.3.1 Why Dynamic CT?

The most common solid pancreatic lesion is pan-
creatic adenocarcinoma followed by neuroendo-
crine neoplasms. It is often difficult to detect them
using NE-CT (Figs. 12.6a, 12.7a, and 12.8a);
therefore, dynamic CT is essential for the diagno-
sis of solid pancreatic lesions. Dynamic CT is use-
ful for distinguishing these tumors because typical
dynamic CT findings are completely different,
namely, pancreatic adenocarcinoma is hypovascu-
lar (Fig. 12.6b), and neuroendocrine neoplasms
are hypervascular (Fig. 12.7b). Moreover, preop-
erative evaluation on dynamic CT is quite impor-
tant because only surgical resection has the
potential to be curative for pancreatic adenocarci-
noma. The principal goal of preoperative evalua-
tion of dynamic CT is to identify patients with
potentially resectable disease and avoid surgical
exploration in those with unresectable disease.

12.3.2 Recommended Protocol

High-resolution dynamic CT is the established
technique for evaluating pancreatic tumors. The
protocol for dynamic CT of the pancreas is simi-
lar to that of the liver.

12.3.2.1 NE-CT

Images obtained before the administration of
CM. It is useful for detecting calcifications, fat,
and hemorrhage. Calcifications on the back-
ground pancreatic parenchyma are particularly
important because it is essential for the diagnosis
of chronic pancreatitis.
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Fig. 12.6 Dynamic CT of a 61-year-old woman with
pancreatic adenocarcinoma. (a) NE-CT, (b) PPP, (c) PVP,
and (d) DP. It is difficult to detect the mass in the tail of
the pancreas on NE-CT (dotted arrow) (a). The lesion
shows a hypovascular pattern with an ill-defined margin in
the PPP (b) and delayed enhancement in the PVP to DP

12.3.2.2 Late AP or Pancreatic
Parenchymal Phase (PPP)
(Almost the Same)
Images obtained 4045 s after the administration
of CM. Pancreatic parenchyma shows maximum
enhancement in this phase [19, 20], allowing
optimal visualization of the tumor, because maxi-
mum contrast is obtained between the hypovas-
cular tumor and surrounding pancreatic
parenchyma in this phase. This phase is also use-
ful for evaluating tumor spread to the peripancre-
atic arteries because they are markedly enhanced.

12.3.2.3 PVP

Images obtained 55-70 s after administration of
CM. This phase is optimal for detecting metastatic
disease in the liver and for assessing the PV. In PPP,
the PV is not sufficiently enhanced; therefore, it is

(¢, d), which are typical findings of pancreatic adenocar-
cinoma (arrow). This is a resectable case because no CA,
SMA, CHA, SMV, or PV invasion is observed. CT com-
puted tomography, NE non-contrast-enhanced, PPP pan-
creatic parenchymal phase, PVP portal venous phase, DP
delayed phase

not appropriate for evaluating PV invasion and
should be evaluated in PVP. The poorly enhanced
PV may be confused with pancreatic head masses
in PPP; in such cases PVP is required. Moreover,
the contrast of lymph nodes and other abdominal
organs is good in this phase; therefore, PVP is suit-
able for the evaluation of the whole abdomen.

12.3.2.4 DP

Images obtained 240-300 s after administration
of CM. Pancreatic adenocarcinoma has aban-
doned fibrotic tissue; therefore, it holds the con-
trast much longer than normal parenchyma and
may show delayed enhancement in this phase
(Figs. 12.7d and 12.8d). Some pancreatic adeno-
carcinomas are isoattenuated in PPP and PVP
and show delayed enhancement in DP (Fig. 12.8)
[21, 22].



126

S. Ichikawa

Fig. 12.7 Dynamic CT of a 59-year-old woman with
pancreatic neuroendocrine neoplasm. (a) NE-CT, (b) PPP,
(¢) PVP, and (d) DP. It is difficult to detect the mass in the
head of the pancreas on NE-CT (dotted arrow) (a). The
lesion shows avid enhancement with a well-defined mar-
gin in the PPP (b), which is the typical finding of pancre-

Thin slice images (Figs. 12.9a, ¢ and 12.10b)
and MPR images (Fig. 12.9b) are necessary to
allow full assessment of the circumferential and
longitudinal vascular contact, changes in vessel
caliber, and presence of contour deformity sec-
ondary to the tumor, which may not be appreci-
ated on normal axial images alone. Early AP is
considered an optional image. It is useful for pre-
operative planning for pancreatic tumor because
it is essential to assess the anatomy of peripancre-
atic arteries in detail before surgery.

12.3.3 Recommended Injection
Method of CM

The recommended injection method of CM
includes a 600 mgl/kg iodine dose with a stan-

atic neuroendocrine neoplasm (arrow). This mass shows
slightly higher attenuation than that of the pancreas paren-
chyma in the PVP and DP in this case (¢, d). CT computed
tomography, NE non-contrast-enhanced, PPP pancreatic
parenchymal phase, PVP portal venous phase, DP delayed
phase

dard tube voltage (120 kVp) CT and fixed injec-
tion duration (30 s) protocol. For the pancreas,
CM theory has not been studied as in detail as for
the liver; however, dynamic CT should be per-
formed according to the liver protocol. See I-3
and [-4 in detail.

12.3.4 Assessment of Tumor Spread

Staging of pancreatic adenocarcinoma is based on
the tumor size, location within the pancreas,
involvement of the surrounding vessels, and pres-
ence of metastatic lesions. The commonly used
staging systems in the USA are those proposed by
the American Joint Committee on Cancer and the
National ~Comprehensive Cancer Network
(NCCN). The NCCN guidelines define a staging
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Fig. 12.8 Dynamic CT of a 70-year-old man with pan-
creatic adenocarcinoma. (a) NE-CT, (b) PPP, (¢) PVP, and
(d) DP. It is difficult to detect the mass in the body of the
pancreas on NE-CT, PPP, and PVP (dotted arrow) (a—c).
The lesion shows a delayed enhancement in the DP
(arrow) (d). Some pancreatic adenocarcinomas can be

Fig. 12.9 Tumor involvement of the surrounding tissues.
(a) Thin slice (1-mm thickness) PVP image of a 79-year-
old woman with pancreatic adenocarcinoma. The contour
of the SMV shows a change in the caliber (arrow) due to
the contact of the tumor (arrowhead) (“tear drop” defor-
mity). It is considered a sign of PV invasion and this case
is unresectable. (b) Sagittal PPP image of a 90-year-old
woman with pancreatic adenocarcinoma. This case shows
direct abutment of the SMA and severe stenosis. It is con-
sidered a sign of SMA invasion, and this case is unresect-

detected only in the DP, such as in this case. This is a
resectable case because no CA, SMA, CHA, SMV, or PV
invasion is observed. CT computed tomography, NE non-
contrast-enhanced, PPP pancreatic parenchymal phase,
PVP portal venous phase, DP delayed phase

able. (¢) Thin slice (1-mm thickness) PPP image of a
76-year-old woman with pancreatic adenocarcinoma. The
hypovascular mass is in the head of the pancreas (arrow-
head). The peripancreatic retroperitoneal space and fat
space around the SMA are replaced with irregular soft tis-
sue (arrow). This finding indicates extrapancreatic neural
plexus invasion. The SMA is marked with a dotted arrow.
PVP portal venous phase, SMV superior mesenteric vein,
PPP pancreatic parenchymal phase, SMA superior mesen-
teric artery
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Fig. 12.10 PPP of a 64-year-old woman with borderline
resectable pancreatic adenocarcinoma. (a) Normal slice
thickness image (5 mm), (b) thin slice image (1-mm
thickness). The hypovascular mass is in the head of the
pancreas (arrowhead) (a). CHA is surrounded by irregular

system based on tumor extent and offer treatment
recommendations accordingly [23]. In the
absence of metastatic disease, pancreatic cancer
cases are classified into three main categories—
resectable, borderline resectable, and unresect-
able. The disease category selection depends on
the tumor location within the pancreas and the
arterial (celiac axis (CA), superior mesenteric
artery (SMA), and common hepatic artery (CHA))
or venous (superior mesenteric vein (SMV) and
PV) involvement [24]. More than 180° of tumor-
vessel contact is highly specific for tumor inva-
sion of the vessels [25]. Irregularity of the vessel
contour, including a “tear drop” deformity or
change in caliber, is also considered a sign of vas-
cular invasion, regardless of the degree of contact
between the tumor and vessel (Fig. 12.9a) [25].
Resectable cases show clear fat planes around the
CA, SMA, and CHA and no SMV or PV distor-
tion (Figs. 12.6 and 12.8). Unresectable cases
show direct abutment of the SMA/CA exceeding
180° (Fig. 12.9b) or unreconstructive SMV/PV
due to tumor involvement or occlusion
(Fig. 12.9a). Other than that, they are classified as
borderline resectable cases (Fig. 12.10).
Extrapancreatic nerve plexus invasion is
another important factor to be assessed. It is one

soft tissue (arrows) (b). This finding indicates CHA inva-
sion; therefore, this case is borderline resectable. PPP
pancreatic parenchymal phase, CHA common hepatic
artery

of the most important prognostic factors in
patients with pancreatic adenocarcinoma in the
head of the pancreas [26]. Cancer cells possibly
spread and metastasize through the perineural
space, leading to recurrence after surgery.
Therefore, preoperative imaging diagnosis of
extrapancreatic nerve plexus invasion from pan-
creatic adenocarcinoma in the head of the pan-
creas is clinically important for predicting the
prognosis and deciding surgical strategy, includ-
ing extended resection with removal of the adja-
cent major vessels. The CT findings of
extrapancreatic neural plexus invasion are as fol-
lows: (1) replacement fat space in the peripancre-
atic retroperitoneal space with irregular soft
tissue, (2) disappearance of the fat space around
SMA/SMV/CA, and (3) narrowing or disappear-
ance of the fat space behind the splenic vein
(Fig. 12.9¢) [27, 28].

12.4 Conclusion

Dynamic CT is a very useful noninvasive diag-
nostic method for evaluating hepatic and pancre-
atic tumors; however, if appropriate conditions
are not used, it will not be sufficiently effective.
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CM theory has been well established for the liver,
making it important to understand and practice.
The recommended injection method of CM
includes 600 mgl/kg iodine dose with standard
tube voltage (120 kVp) CT, CM with a low iodine
concentration, and fixed injection duration (30 s)
protocol. For the pancreas, CM theory has not
been studied as in detail as that for the liver; how-
ever, dynamic CT should be performed according
to the liver protocol.
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13.1 Liver

13.1.1 Selection of Contrast Material
for Contrast-Enhanced
Magnetic Resonance Imaging
(CE-MRI) of the Liver

Detection and characterization of hepatic
lesions using CE-MRI require multiphasic
acquisition that includes the hepatic arterial-
dominant (HAP), portal venous (PVP), and
delayed (DP) phases, and gadolinium ethoxy-
benzyl diethylenetriamine pentaacetic acid
(Gd-EOB-DTPA; gadoxetic acid) is commonly
utilized as the contrast material for image
acquisition. Conventional acquisition utilizing
extracellular gadolinium-based contrast mate-
rial (ECCM-MRI) allows assessment of lesion
hemodynamics, but more detailed information
requires acquisition of additional imaging dur-
ing the hepatocyte phase (HP), which reflects
absorption of the contrast medium into the
hepatic cells. Acquisition of EOB-MRI,
obtained using Gd-EOB-DTPA for contrast,
includes imaging of all four phases and has per-
mitted the highest detection of lesions in com-
parison among findings using various imaging
modalities. EOB-MRI reflects the degree of
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contrast material taken up by hepatic cells and
the associated iso, hypo-, or hyperintensity of
signal of lesions.

However, gadolinium-based contrast material
is contraindicated in some patients, such as those
with severe renal dysfunction or allergic reaction,
and in these cases, superparamagnetic iron oxide
(SPIO) may be substituted for ECCM and
Gd-EOB-DTPA for image acquisition.

13.1.2 Acquisition of CE-MRI
with ECCM or Gd-EOB-DTPA

Acquisition of MRI utilizing Gd-EOB-DTPA in
both ECCM-MRI and EOB-MRI usually
employs three-dimensional (3D), fat-sup-
pressed, gradient-echo T1-weighted
(3D-FSGRE TI1W) sequences because these
sequences demonstrate excellent spatial and
contrast resolution. Evaluation of hepatic
lesions requires multiphasic acquisition that
includes the hepatic arterial-dominant (HAP),
portal venous (PVP), and delayed (DP) phases,
followed by acquisition of hepatocyte-phase
imaging. For ECCM-MRI, 0.2 mL/kg of ECCM
is injected at 2 to 3 mL/s followed by saline
flush, and for EOB-MRI, 0.1 mL/kg of Gd-EOB-
DTPA is injected at a rate of about 1 mL/s fol-
lowed by saline flush. Faster injection of such a
small amount of contrast material in EOB-MRI
may produce severe artifacts in HAP images [1]

131

S. M. Erturk et al. (eds.), Medical Imaging Contrast Agents: A Clinical Manual,

https://doi.org/10.1007/978-3-030-79256-5_13


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-79256-5_13&domain=pdf
https://doi.org/10.1007/978-3-030-79256-5_13#DOI

132

T. Ichikawa

Fig. 13.1 A 79-year-old man with a partially dedifferen-
tiated hepatocellular carcinoma (HCC) from an early
hypovascular HCC (yellow arrows). Magnetic resonance
images obtained with Gd-EOB-DTPA (EOB-MRI): (a)
unenhanced phase, (b) hepatic arterial-dominant phase
(HAP), and (c) hepatocyte phase (HP). A nodular lesion
showing (a) partial hyperintensity in an unenhanced
image and (b) partial hypointensity in an image obtained

(Fig. 13.1), but diluting the injected dose of
Gd-EOB-DTPA may avoid this effect [2]. Any
method of bolus tracking can be used for HAP
imaging with either ECCM- or EOB-MRI. It is
important to set the scan timing of the center of
the k-space to initiate HAP imaging 15-20 s
after the contrast material reaches the aorta, as
determined by the bolus tracking [3]. PVP
images are then obtained about 70 s after the
initiation of injection of the contrast material
and DP images, about 3 min after injection is
begun. Acquisition of HP images with EOB-
MRI is begun 15-20 min after the start of the
injection of Gd-EOB-DTPA [4].

during hepatocyte phase (c¢) is noted at the inferoposterior
segment of the right lobe of the liver. The area of hypoin-
tensity in (c¢) suggests the partially dedifferentiated com-
ponent of the HCC, and the presence of early contrast
enhancement may be presumed in the area in (a). Note
that transient severe image artifacts in (a) alone prevent
evaluation of early contrast enhancement

13.1.3 EOB-MRI
13.1.3.1 Principle of Hepatic Uptake

of Gd-EOB-DTPA in EOB-MRI

In EOB-MRI, Gd-EOB-DTPA is conveyed through
the sinusoidal membranes of hepatocytes by the
transport protein, organic anion transporter poly-
peptide 1B3 (OATP1B3) [5, 6], and it is excreted
into the bile by another transporter, multidrug resis-
tance protein 2 (MRP2) [7]. Decreased expression
of OATP1B3 in some kinds of hepatic lesions pro-
vides excellent image contrast between lesions and
adjacent normal liver parenchyma in hepatocyte-
phase images [5]. The expression pattern of MRP2



13 Contrast-Enhanced Magnetic Resonance Imaging of the Liver and Pancreas

133

may have some influence on image contrast, but it
is the expression of OATP1B3 by hepatic lesions
that is considered the primary determiner of
enhancement patterns in HP images [5-7].

Kitao’s team elegantly demonstrated a step-
wise decrease in transporter expression in multi-
step hepatocarcinogenesis [8]. Similarly, our
immunohistochemical analysis [9] demonstrated
decreased expression of OATPIB3 in 92% of
early (hypovascular) hepatocellular carcinomas
(e-HCC) from the normal expression in all dys-
plastic nodules (DN). In addition, we observed
excellent correlation between OATP1B3 expres-
sion in both DN and e-HCC and the intensity of
signal in HP images, noting iso-/high signal
intensity in all DN and in e-HCC demonstrating
normal OATP1B3 expression and hypointensity
in most e-HCC demonstrating decreased or no
expression. Thus, the expression of OATP1B3
serves as a major determiner of the hypointensity
of e-HCC in HP images. We have noted similar
association as well between hypointensity and
conventional (hypervascular) hepatocellular car-
cinoma (c-HCC) which ordinarily demonstrates
no OATP1B3 expression.

Characteristics
of Hemodynamics
and Image Contrast
in EOB-MRI
Theoretically, approximately half of Gd-EOB-
DTPA is hepatocyte-specific, taken into the hepa-
tocytes and finally excreted into the biliary tract,
and the other half works outside the liver cells
(extracellular) and is excreted via the kidney
(ECCM). Therefore, both CE-MRI obtained with
conventional acquisition utilizing extracellular
gadolinium-based contrast material (ECCM-MRI)
and that of EOB allow assessment of the arterial
hemodynamics of lesions in hepatic arterial-
dominant-phase images. However, the hepatocytic
uptake of Gd-EOB-DTPA in EOB-MRI permits
subsequent acquisition of HP images [4, 10].
Time-intensity measurement indicates that
Gd-EOB-DTPA uptake into hepatocytes begins
from 1.5 min after its injection [10], with
hepatocyte-specific contrast enhancement visu-
ally identifiable from around 3 min that becomes

13.1.3.2

dominant in images obtained 4—5 min after injec-
tion. Thus, the degree of hepatocyte-specific con-
trast enhancement is the chief determiner of
visual image contrast, and extracellular contrast
enhancement cannot be assessed on images
obtained after 5 min (Fig. 13.2). So, the delayed
phase of EOB-MRI differs from that with ECCM-
MRI. In EOB-MRI, acquisition of delayed-phase
images 3 min after the injection of Gd-EOB-
DTPA may not allow sufficient time to acquire
diagnostically optimal images that clearly depict
lesion characteristics that are readily apparent in
delayed-phase images of ECCM-MRI. As exam-
ples, delayed-phase images of ECCM-MRI can
show the washout that is characteristic of c-HCC,
the pooling of contrast material typical of heman-
gioma, or delayed enhancement commonly man-
ifested in cholangiocarcinoma.

Generally, hepatic-phase images should be
obtained 20 min after injection of GD-EOB-
DTPA, but personal experience has shown that
10-15 min may be adequate for imaging in a
healthy liver. It is helpful to know that the ratio of
contrast between the signal intensity of the liver
and that of the spleen (LSCR) in HP images aids
visual estimation of optimal image contrast, that
is, visually assessing whether hepatocytic uptake
of Gd-EOB-DTPA is sufficient to demonstrate
hepatic lesions in HP images. Based on our results
[11], LSCR of at least 1.5 represents sufficient
contrast to detect lesions in HP images (Fig. 13.3),
but LSCR below 1.5 may not offer adequate con-
trast to identify all lesions (Fig. 13.4). LSCR is
frequently below 1.5 in images of patients with
cirrhotic liver, so that contrast is insufficient to
classify the degree of liver failure as Child-Pugh
A, B, or C. This lack of contrast has been noted at
10 min after injection of Gd-EOB-DTPA in 23%
of patients with diagnosed Child-Pugh A disease,
59% with Child-Pugh B, and 100% with Child-
Pugh C and at 20 min after injection in 9% with
Child-Pugh A disease, 38% with Child-Pugh B,
and 75% with Child-Pugh C. One disadvantage
with EOB-MRI is the prolongation of examination
time to accommodate acquisition of HP images
20 min after the injection of contrast material. The
shortening of overall imaging duration of EOB-
MRI has been reported with the acquisition of T2-
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Fig. 13.2 An 81-year-old woman with a typical hepatic
hemangioma (yellow arrow). Magnetic resonance images
obtained with Gd-EOB-DTPA (EOB-MRI): (a) 20 s after
injection of contrast material (hepatic arterial-dominant
phase [HAP]), (b) 2 min after injection (portal venous
phase [PVP]), (¢) 3 min after injection (delayed phase
[DP]), and (d) 5 min, (e) 10 min, and (f) 20 min after
injection (hepatocyte phase [HP]). A nodular lesion is
observed at the lateral segment of the left lobe of the liver.
The nodule shows (a) peripheral, nodular early contrast

or diffusion-weighted MR images (T2WI or DWI)
between delayed and hepatocyte phases [12], and
using this technique, we have observed no signifi-
cant changes in enhancement of images obtained
before and after either T2WI or DWI acquisition
that affect lesion detection [13] (Fig. 13.5).

13.1.3.3 Clinical Application
of EOB-MRI

Conventional (Hypervascular)

Hepatocellular Carcinoma (c-HCC)

Detection of c-HCC is most common in the
hepatic arterial-dominant phase. Previous studies
have mentioned similar detectability of c-HCC
using classic ECCM-MRI and multiphasic
contrast-enhanced multidetector CT (CE-MDCT),
but findings of each of these modalities have been
inferior to results obtained using a combination of
CT during arterial portography (CTAP) and CT
during hepatic arteriography (CTHA) [14-16].

enhancement in the HAP image and (b) and (c¢) centripetal
extracellular contrast enhancement throughout the nodule
in (b) PVP and (c¢) DP phases, typical findings of hepatic
hemangioma. However, the nodule (d) becomes unclear
5 min after injection of Gd-EOB-DTPA and demonstrates
hypointensity compared with the peripheral hepatic
parenchyma in images obtained (e) 10 min and (f) 20 min
after contrast injection due to the predominance of
hepatocyte-specific contrast enhancement

Furthermore, recent investigations have empha-
sized the greater sensitivity of EOB-MRI to that
of the CTAP-CTHA combination to detect
c-HCC, especially lesions smaller than 2 cm [17].
Hepatocyte-phase images of EOB-MRI have been
particularly useful in the detection, differentia-
tion, and diagnosis of HCC (Fig. 13.6). Di Martino
and associates [18] found that the addition of HP
imaging to the dynamic phases of EOB-MRI sig-
nificantly improved sensitivity and specificity in
the detection of c-HCC, whereas without the
additional HP imaging, sensitivity and specificity
were comparable between EOB-MRI and
CE-MDCT.

Conventional hepatocellular carcinoma typi-
cally shows no expression of OATP1B3 and
appears as hypointensity in HP images. However,
in the current study, we observed increased
expression of OATP1B3 and entire or partial iso-/
hyperintensity on HP images in approximately
10% of c-HCC [19, 20]. Although the precise
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Fig. 13.3 Effects of hepatic function for hepatocyte-
specific contrast enhancement on hepatocyte phase (HP).
Magnetic resonance images obtained with Gd-EOB-
DTPA (EOB-MRI). HP images obtained of patients with
(a) normal liver and (b) cirrhotic liver classified as (b)
Child-Pugh A, (¢) Child-Pugh B, and (d) Child-Pugh

mechanism of the increased expression of
OATP1B3 in c-HCC remains uncertain, this phe-
nomenon may be important because most c-HCC
that demonstrate iso-/hyperintensity on HP
images are moderately as opposed to well or
poorly differentiated (Fig. 13.7) and may show
better clinical outcome [19, 20].

Early (Hypovascular) Hepatocellular
Carcinoma (e-HCC)

Clinical Background and Diagnostic

Significance in the Detection

and Differentiation of e-HCC and Dysplastic
Nodules

Early detection of HCC is important to improve
prognosis [21]. Treatment in its early stages
results in a lower rate of recurrence, longer time

C. Visual contrast of the liver to the spleen (LS) is consid-
ered (a) excellent and (b) good (b). Quantitatively, the
ratio of the contrast in signal intensity between the liver
and the spleen (LSCR) is 1.5 or more. (¢ and d) Visual LS
contrast gradually diminishes in proportion to liver func-
tion, and LSCR is below 1.5

to recurrence, and higher 5-year survival rate
than those of more advanced disease.

HCC develops by multi-step carcinogenesis
from low- to high-grade DN to early HCC to pro-
gressed disease [22, 23]. However, precise detec-
tion of early HCC and its accurate differentiation
from DN are extremely difficult with conven-
tional diagnostic modalities, such as multiphasic
contrast-enhanced CT or dynamic MRI with
extracellular gadolinium contrast agents. The
very similar pathological features, including the
hemodynamic condition of early HCC, with
those seen in DN and sometimes even surround-
ing liver parenchyma contribute to this difficulty
[24].

A distinct pathological definition of early HCC
has been established only recently by a group of 34
pathologists and 2 clinicians from 13 countries [25,
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Fig.13.4 A 70-year-old man with a conventional hepato-
cellular carcinoma (HCC) (yellow arrow). Magnetic reso-
nance images obtained with Gd-EOB-DTPA (EOB-MRI):
(a) 5 min, (b) 10 min, and (c¢) 20 min after injection of
contrast material (hepatocyte phase [HP]). Visual contrast
between the liver and the spleen (LS) is considered (a)
nondiagnostic 5 min after Gd-EOB-DTPA injection and
(b) poor 10 min after injection. Quantitatively, the ratio of

26]. The International Consensus Group for
Hepatocellular Neoplasia (ICGHN) set forth very
specific criteria that characterize the pathology of
early HCC and its differentiation from DN that take
into account the diagnostic ability of each imaging
modality to detect early HCC [25, 27]. After efforts
by many others over decades to describe adequately
diagnostic features of this disease process, the
ICGHN has produced the first reliable and repro-
ducible guide for the sometimes very daunting task
of assessing HCC at all its stages.

contrast between signal intensity in the liver and that in
the spleen (LSCR) is below 1.5, 1.11 in (a) and 1.23 in
(b). (¢) Visual LS contrast is improved 20 min after the
administration of Gd-EOB-DTPA, and the LSCR is more
than 1.5 (1.59). Finally, the HCC just adjacent to the infe-
rior vena cava can be detected as hypointensity compared
with the peripheral hepatic parenchyma only on (¢)

The important role of EOB-MRI has recently
come into focus among various imaging modali-
ties, and its excellent depiction of e-HCC lesions
in HP images is expected. Early reports of
multicenter phase III studies have predicted that
the lack of uptake of Gd-EOB-DTPA by e-HCC
as well as most c-HCC may demonstrate hypoin-
tensity on HP images [28]. Moreover, no other
imaging technique has permitted accurate
differentiation between e-HCC and DN on HP
images [17].
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Fig.13.5 A 68-year-old man with a conventional hepato-
cellular carcinoma (HCC) (yellow arrows). (a) Precontrast
T2-weighted, (b) diffusion-weighted, (¢) postcontrast
T2-weighted, and (d) diffusion-weighted magnetic reso-
nance (MR) images. (a, ¢) T2-weighted MR images dem-
onstrate hyperintensity of HCC at the medial segment of
the left lobe of the liver. Delineation of the tumor is clearer

-

in the postcontrast image (c) than the image acquired
before contrast administration (a). (b, d) In diffusion-
weighted MR images, (b) prior to contrast administration,
the tumor cannot be detected and (d) appears only after
administration of Gd-EOB-DTPA because the signal
intensity of the peripheral hepatic parenchyma decreases
on the postcontrast MR images



138

T. Ichikawa

Fig. 13.6 A 58-year-old man with multiple conventional
hepatocellular carcinomas (HCC). (a) Computed tomog-
raphy (CT) during arterioportography (CTAP), (b) CT
during hepatic arteriography (CTHA), (c—e) magnetic
resonance images obtained with Gd-EOB-DTPA (EOB-
MRI) in (c¢) hepatic arterial-dominant phase (HAP), and
(d) and (e) hepatocyte phase (HP) (axial (d), sagittal (e)).
A nodule is seen at the anterosuperior segment of the right

Comparison of Detection and Differentiation

of e-HCC Among EOB-MRI and Other Imaging
Modalities

Differentiating early HCC from high-grade DN
can be extremely delicate and even impossible
for some nodules, especially in the analysis and
diagnosis of biopsy specimens. We therefore
undertook the evaluation of the entire surgically
resected hepatocellular nodules diagnosed
according to the criteria set forth by the ICGHN
[17]. We found hypointensity on HP images of
EOB-MRI to be the most important imaging fea-
ture for both the detection of e-HCC and its dif-
ferentiation from DN (Figs. 13.8 and 13.9); only
one e-HCC lesion showed isointensity compared
with the surrounding liver parenchyma. EOB-

lobe of the liver. The nodule shows (a) lack of portal flow
in CTAP, (b) and (c) early contrast enhancement (arterial
flow) in CTHA and HAP phase of EOB-MRI, and (d)
hypointensity in axial image of hepatocyte phase in EOB-
MRI, typical findings of conventional HCC (red arrows).
(d, e) An additional small HCC was revealed at the antero-
superior segment of the right lobe of the liver during sur-
gery (yellow arrows)

MRI demonstrated excellent sensitivity (97%)
and specificity (100%) in differentiating e-HCC
and DN.

Other imaging modalities, including contrast-
enhanced CT, unenhanced MRI, CTAP, and
CTHA, highlighted different features for the detec-
tion of e-HCC and its differentiation from DN, but
the sensitivities of these features were fat-contain-
ing appearance determined by hypoattenuation on
unenhanced CT (42%) or combined with in- and
opposed-phase T1-weighted MR images (T1WI)
(52%) (Fig. 13.8b, ¢) and portal flow decrease to
any degree (hypoattenuation) on CTAP (42%).

Thus, only hypointensity on HP images of
EOB-MRI demonstrated near-perfect sensitivity
and specificity for evaluating e-HCC.
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Fig. 13.7 A 62-year-old man with conventional hepato-
cellular carcinoma (HCC). Magnetic resonance images
obtained with Gd-EOB-DTPA (EOB-MRI): (a)
T2-weighted, (b) unenhanced, (c¢) hepatic arterial-
dominant phase (HAP), and (d) hepatocyte phase (HP).
(e) Macroscopic and (f, g) microscopic pathological spec-
imens. A nodule at the anterosuperior segment of the right
lobe of the liver shows (a) hyperintensity in T2-weighted
image and (c) early contrast enhancement in HAP, typical
findings of conventional HCC. (d) The nodule shows par-

Current Consensus for the Diagnosis of e-HCC
with EOB-MRI

Sano and colleagues [17] have reported excellent
sensitivity (97%) and specificity (100%) in HP
imaging, and Golfieri’s team [29] has reported its
accuracy (95-100%) in the detection of e-HCC
and the differentiation of e-HCC from DN. It
might therefore be reasonable to assume from
their results, based on the correlation of imaging
and pathologic findings and clinical follow-up
for nodules showing hypointensity on HP images,
that most hypovascular early-stage hepatocellu-
lar nodules that demonstrate hypointensity on HP
images comprise a greater proportion of early
HCC and lower proportion of high-grade DN and
should therefore be treated clinically as malig-
nancy. This understanding has been researched
and developed in Eastern and Western countries
[30,31], and a review paper by authors in Western

tial uptake of Gd-EOB-DTPA. Pathologically, the area
showing the uptake of Gd-EOB-DTPA (e) looks slightly
greenish in macroscopic specimen (so-called green hepa-
toma; blue circle) and corresponds with (f) the moderately
differentiated component of a microscopic specimen,
whereas (e) the area lacking uptake of Gd-EOB-DTPA in
the macroscopic specimen (yellow circle) corresponds
with (g) the well-differentiated component of the other
microscopic specimen

country has reported the utility of EOB-MRI for
differentiating e-HCC from DN, observing the
hypointensity of most HCC, including early dis-
ease, and the predominant absence of hypointen-
sity on HP images of dysplastic nodules [32].

Hepatic Metastasis

The excellent detectability of hepatic metastases
by HP imaging compared with various other
imaging methods has been noted [33, 34]. Muhi
and associates [34] confirmed similar findings for
HP detection of hepatic metastases from colorec-
tal cancers, observing the highest mean sensitiv-
ity (95%) and mean positive predictive value
(98%) with HP imaging, followed by SPIO-MRI
(80%, 96%), ultrasonography (US) (73%, 84%),
and CE-MDCT (63%, 96%). In addition, their
group clarified the superior sensitivity (92%) and
specificity (100%) of HP imaging to detect
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Fig. 13.8 A 70-year-old man with early (hypovascular)
hepatocellular carcinoma (HCC) (yellow allows).
Magnetic resonance images obtained with Gd-EOB-
DTPA (EOB-MRI): (a) T2-weighted, (b) in-phase and (c)
opposed-phase T1-weighted, (d) hepatic arterial-dominant
phase (HAP), and (e) hepatocyte phase (HP). (a) A nodule
at the anterosuperior segment of the right lobe of the liver

hepatic metastases of 10 mm or less. They
observed sensitivity and specificity of 63 and
96% with SPIO-MRI, 41 and 90% with US, and
26 and 93% with CE-MDCT (Fig. 13.10). Thus,
the widespread recognition of EOB-MRI as the
strongest tool for the assessment of the liver sug-
gests that it should be adopted in place of classic
ECCM-MRI as the standard method for the
acquisition of CE-MRI.

Hemangioma

As noted, 5 min or more after Gd-EOB-DTPA
injection, hepatocyte-specific contrast enhance-
ment becomes dominant and prevents assess-
ment of extracellular enhancement. As a result,
DP images of EOB-MRI are defined as those
obtained 3 min after the injection of contrast
material (Fig. 13.2). However, it should be

cannot be detected on T2-weighted image. (b) Slightly
high signal intensity in in-phase T1-weighted image and
(c) decreased signal in opposed-phase T1 imaging suggest
the presence of a fat component within the nodule. The
nodule shows (d) no early contrast enhancement in HAP
and (e) hypointensity in hepatocyte phase. These MR
imaging findings are typical for early HCC

noted that 3 min may not be sufficient to permit
display of the centripetal delayed contrast
enhancement characteristically observed in
typical hemangiomas with ECCM-MRI, and it
can never be identified on images obtained
more than 5 min after Gd-EOB-DTPA injec-
tion. This is especially true in so-called slow-
flow hemangiomas [35] (Fig. 13.11). Therefore,
the diagnosis of hemangiomas and differentia-
tion of hepatic metastases require comprehen-
sive analysis of MRI findings. Particular
attention should be paid to marked hyperinten-
sity on T2WI and peripheral, nodular early con-
trast enhancement in HAP images. Compared
to findings in hemangiomas, hepatic metastases
have been reported to demonstrate lower hyper-
intensity on T2WI and ring-like, early contrast
enhancement on HAP [36].
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Fig. 13.9 A 63-year-old man with conventional hepato-
cellular carcinoma (HCC) (yellow arrows) and multiple
dysplastic nodules (DN). Magnetic resonance images
obtained with Gd-EOB-DTPA (EOB-MRI): (a) hepatic
arterial-dominant phase (HAP), (b) 2 min after contrast
injection (portal venous phase [PVP]), (¢) 3 min after con-
trast injection (delayed phase [DP]), and (d) 20 min after
injection (hepatocyte phase [HP]). Conventional HCC at

the anteroinferior segment of the right lobe of the liver
shows (a) early contrast enhancement in HAP and (d)
hypointensity in hepatocyte phase. Multiple hypovascular
nodules demonstrated throughout the liver were proven
dysplastic (DN) at surgery. Unlike early HCC, all DN
show hyperintensity in (¢) delayed phase and (d) hepato-
cyte phase because of the uptake of Gd-EOB-DTPA
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Fig. 13.10 A 66-year-old woman with multiple hepatic
metastases from sigmoid colon cancer (yellow allows).
(a) Portal venous phase (PVP) of contrast-enhanced com-
puted tomography (CT) and (b) hepatocyte phase (HP) of
magnetic resonance image obtained with Gd-EOB-DTPA
(EOB-MRI) obtained 20 min contrast injection. (a, b) CT

Pseudolesion (Arterioportal Shunt; AP

Shunt)

In patients with cirrhotic liver, the hypervascu-
larity of AP shunt on HAP images with
CE-MDCT and ECCM-MRI can mimic find-
ings of c-HCC. Their similar shapes may make
it difficult to distinguish the two [37-39]
(Fig. 13.12). The lack of washout of AP shunt
on DP images obtained with CE-MDCT/MRI
is the most important image finding to distin-
guish it from c-HCC, which usually shows
washout [37, 38]. However, c-HCC, especially
of small size, does not always demonstrate
washout. Theoretically, EOB-MRI is useful to
distinguish AP shunt from c-HCC because
lesion hemodynamics do not influence the
static images of hepatocyte phase. In HP
images, most AP shunt shows isointensity with
the surrounding liver parenchyma and is thus
invisible, whereas c-HCC generally shows
hypointensity. Our investigation showed that
13% (4/32) of AP shunt demonstrated hypoin-
tensity on HP images and was difficult to dis-
tinguish from c-HCC [39]. Thus, it should be
emphasized that hypervascular lesions should
be carefully assessed using multi-imaging

and MRI images demonstrate metastasis of 2-cm size
(yellow arrows). (b) Three additional small metastases are
apparent in HP of EOB-MRI (red arrows). Thus, HP
imaging with EOB-MRI is superior to contrast-enhanced
CT to detect small hepatic metastases smaller than 1 cm

diagnostic criteria even if they show hypoin-
tensity on HP images.

13.2 Pancreas
13.2.1 CE-MRI of the Pancreas

The detection and characterization of pancreatic
lesions, similarly to those of hepatic lesions, also
require multiphasic acquisition that consists of
pancreatic parenchymal (PPP), portal venous
(PVP), and delayed (DP) phases. ECCM is gener-
ally used for CE-MRI of the pancreas. The techni-
cal details, including the dose of ECCM, scan
timing for each phase, and sequence parameters
for ECCM-MRI of the pancreas, are the same as
those outlined above for ECCM-MRI of the liver.
However, in pancreatic imaging, PPP acquisition
replaces the HAP scanning of the liver, and PPP
scanning is initiated 25-30 s after the contrast
material reaches the aorta as determined by bolus
tracking, which is 5-10 s later than HAP scanning
of the liver. Pancreatic lesions demonstrate very
similar contrast enhancement patterns with
ECCM-MRI to those with CE-MDCT.
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Fig. 13.11 A 46-year-old woman with an atypical (slow-
flow) hemangioma (yellow allows). (a) T2-weighted mag-
netic resonance image (MRI). (b) diffusion-weighted
MRI (¢, f) Magnetic resonance images obtained with
Gd-EOB-DTPA (EOB-MRI): (c¢) hepatic arterial-
dominant phase (HAP), (d) 2 min after contrast injection
(portal venous phase [PVP]), (e) 3 min after contrast
injection (delayed phase [DP]), and (f) 20 min after con-

13.2.2 Application of EOB-MRI
to Assess Pancreatic Lesions
(Especially Invasive Ductal
Adenocarcinoma)

Of the pancreatic neoplasms, invasive ductal
adenocarcinoma of the pancreas (pancreatic
cancer) is the most common and is the fourth
leading cause of cancer death in the United
States. Several recent studies have reported the

trast injection (hepatocyte phase [HP]). A nodule showing
marked hyperintensity in (a) T2-weighted and (b)
diffusion-weighted images at the anteroinferior segment
of the right lobe of the liver shows neither early nor
delayed contrast enhancement in (¢) HAP, (d) PVP, and
(e) DP and finally (f) demonstrates hypointensity in hepa-
tocyte phase. Based on these imaging findings, it is diffi-
cult to distinguish the nodule from hepatic metastasis

value of ECCM-MRI for preoperative assess-
ment of pancreatic cancer and have suggested
that it is almost equivalent to CE-MDCT, though
older reports describe the superiority of ECCM-
MRI to CE-MDCT [40-43]. In addition, com-
parable diagnostic performance in the
assessment of tumor resectability is reported
between ECCM-MRI with the addition of MR
cholangiopancreatography and imaging with
CE-MDCT [44]. As noted, the detectability of
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Fig. 13.12 A 74-year-old man with a hypervascular
pseudolesion (arterioportal shunt) (yellow allows).
Magnetic resonance images obtained with Gd-EOB-
DTPA (EOB-MRI): (a) hepatic arterial-dominant phase
(HAP) and (b) 20 min after injection of contrast material
(hepatocyte phase, HP). A round lesion at the anteroinfe-

hepatic metastases with HP images of EOB-
MRI is significantly higher than that with
CE-MDCT and the highest among all imaging
modalities [33, 34]. Approximately 20% of
patients with pancreatic cancer demonstrate
hepatic metastases, and the presence of even
one such lesion rules out surgical treatment.
Accurate diagnosis is therefore extremely
important in preoperative assessment. Thus,
clinical management for pancreatic cancers
might seem best to rely on Gd-EOB-DTPA
rather than ECCM as the first choice for CE-MRI
of the pancreas [45, 46].

In terms of differences in enhancement
effects between ECCM and Gd-EOB-DTPA,
the T1-relaxivity of Gd-EOB-DTPA measured
in human blood at 1.5-T is approximately twice
that of standard ECCM, such as gadopentetate
dimeglumine (Gd-DTPA), at a quarter of the
dose (0.025 mmol/kg for Gd-EOB-DTPA ver-
sus 0.1 mmol/kg for Gd-DTPA) [47, 48].
Therefore, the enhancement effect of Gd-EOB-
DTPA in solid organs and vessels during arte-
rial phase would be about half that of

rior segment of the right lobe of the liver shows (a) early
contrast enhancement in HAP and (b) hypointensity in
HP, findings that mimic those of conventional HCC. Please
note that the obscure margin of the hypointense lesion in
hepatocyte phase may help distinguish this lesion from
conventional HCC

Gd-DTPA. As a result, the degree of contrast
enhancement with Gd-EOB-DTPA should be
significantly lower than in ECCM-MRI [47].
However, it may be hypothesized that less con-
trast material may be required for 3D-FSGRE
TIW sequences, commonly employed for
EOB-MRI of the liver and the pancreas, because
the pancreas naturally shows sufficient hyperin-
tensity on unenhanced images [49, 50] to obtain
sufficient tumor conspicuity. In our investiga-
tion [46], we observed no significant differ-
ences between EOB-MRI and CE-MDCT in the
detection of pancreatic cancers based on analy-
ses of areas under the receiver operating char-
acteristic curves, sensitivity, specificity, and
positive/negative predictive values, whereas
sensitivity in the detection of hepatic metasta-
ses was significantly higher with EOB-MRI
than CE-MDCT (Fig. 13.13).

Overall, we choose EOB-MRI rather than
ECCM-MRI at our institution for the preopera-
tive evaluation of pancreatic cancer, particularly
valuing the excellent demonstration of hepatic
metastases in HP images.
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Fig. 13.13 A 72-year-old man with pancreatic cancer at
the head of the pancreas (red arrow) and hepatic metasta-
sis (yellow allows). (a—c¢) Magnetic resonance images
obtained with Gd-EOB-DTPA (EOB-MRI): (a) and (b)
hepatic arterial-dominant phase (HAP) and (¢) 20 min
injection of contrast material (hepatocyte phase [HP]). (d,
e) Contrast-enhanced images of multidetector computed
tomography (CE-MDCT): (d) hepatic arterial-dominant
phase (HAP) and (e) 2 min after injection of contrast
material (portal venous phase (PVP]). (a, d) A hypovascu-
lar lesion (red arrows) is clearly demonstrated at the head
of the pancreas. (a) Please note the sufficient image con-

13.2.3 Acquisition of Magnetic
Resonance
Cholangiopancreatography
(MRCP) with Hepatocyte-
Specific Contrast Material

All types of hepatocyte-specific contrast materi-
als, exemplified by Gd-EOB-DTPA, are finally
excreted into the bile duct. Both manganese
dipyridoxyl diphosphate (Mn-DPDP) and
Gd-EOB-DTPA begin to appear in the bile duct
10 min after contrast injection, and gadobenate

trast between the hypointense lesion and well-enhanced
hyperintense normal parenchyma of the head of the pan-
creas (blue arrow). A nodular lesion showing (b) early
contrast enhancement in HAP and (¢) clear demonstration
of hypointensity in hepatocyte phase of MRI was accu-
rately diagnosed preoperatively as hepatic metastasis.
However, this lesion is not apparent in the HAP (e) and
PVP (f) image of MDCT. Finally, pathological evaluation
of surgical specimens proved the lesion at the head of the
pancreas was indeed pancreatic cancer and the hepatic
nodule was hepatic metastasis

dimeglumine (Gd-BOPTA) begins to appear
20 min after injection [51, 52]. Contrast-enhanced
T1-weighted magnetic resonance cholangiopan-
creatography (CE-MRCP) images can be
obtained after pancreatic imaging with EOB-
MRI because the excreted Gd-EOB-DTPA pro-
duces a strong T1-shortening effect in the bile
duct. CE-MRCP may provide valuable additional
information to that of conventional MRCP
images obtained with heavily T2-weighted MR
sequences (c-MRCP), which have been widely
used. CE-MRCP imaging acquired with
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Mn-DPDP that employs 3D-FSGRE TIW
sequences to improve resolution has more accu-
rately demonstrated anatomic variants of the
intrahepatic bile ducts than findings reported
with ¢-MRCP [51]. It has also been emphasized
that CE-MRCP can provide information regard-
ing function that cannot be evaluated using
c-MRCP images. Examples include information
regarding biliary excretion that may be particu-
larly useful in identifying the site of bile leakage
as a complication after surgery or elucidation of
stenosis/obstruction of the biliary tree [53].
However, CE-MRCP can render the contrast of
c-MRCP images nondiagnostic. Acquisition of
c-MRCP after the administration of contrast
material results in a strong T2-shortening effect as
hepatocyte-specific contrast material is excreted,
so care should be taken to acquire c-MRCP
images before its appearance in the bile duct.
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CT and MR Enterography
and Enteroclysis

14

Sehnaz Evrimler and Oktay Algin

14.1 Small Bowel Imaging

Methods

Several imaging methods have been developed for
small bowel imaging. The purpose of these meth-
ods is to diagnose small bowel diseases such as
inflammatory bowel disease, obscure gastrointesti-
nal tract bleeding, intestinal malabsorption syn-
dromes, and intestinal neoplasm precisely and
confidentially. Small bowel follow-through and
enteroclysis were the first small bowel imaging
methods and were followed by multidetector-row
CT and magnetic resonance imaging (MRI) with
technological developments. Enterography exami-
nations are based on CT or MRI after drinking a
large amount of oral contrast agent (OCA). The
enteroclysis term is used for imaging after adminis-
tration of OCA via nasojejunal intubation [1].
Capsule endoscopy is used for mucosal assessment
and may be preferred in gastrointestinal (GI) bleed-
ing cases of which conventional endoscopy is neg-
ative [2]. Early Crohn’s disease and neoplasms
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which have only mucosal findings may be detected
by only capsule endoscopy. On the other hand,
extra-intestinal findings cannot be evaluated by this
method. The complications of this technique are
the retention and aspiration of the capsule. It is not
recommended for patients with a stricture. CTE or
MRE imaging should be performed before capsule
endoscopy to avoid small bowel obstruction associ-
ated with capsule retention [3].

The most important factor in bowel imaging is
luminal distension, because intraluminal lesions
may be concealed in a collapsed bowel. Also,
inadequate distension can cause misinterpreta-
tion for abnormal wall thickening. Optimal lumi-
nal distension may be obtained by fluoroscopic
enteroclysis, but extraluminal findings cannot be
evaluated. Also, it is a time-consuming method
that is less tolerable for patients. CT enteroclysis
can demonstrate extraluminal findings with opti-
mal luminal distension but still shows less toler-
ability [1, 4-6]. Thus, MRE and CTE
examinations exhibiting similar diagnostic per-
formance with better tolerability were developed
[7, 8]. CTE is a faster and easily achievable
method, while MRE is a radiation-free technique
with higher contrast resolution [1, 9-11].
Ingestion of a large amount of OCA is a prereq-
uisite for both CTE and MRE to obtain adequate
luminal distension. OCAs also decrease MRI
susceptibility artifacts secondary to intraluminal
air via luminal distension in colonic segments
[12]. Lots of oral contrast agents (OCAs) have
been studied for enterography examinations in
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literature. Hyperosmolar agents are more
preferred [13]. Ingestion of OCAs over 45—60 min
is recommended [14]. The optimal volume is not
strictly determined, but volume below 1-L liquid
will probably be inadequate for luminal disten-
sion [15]. On the other hand, there is also a study
suggesting that acceptable quality can be
achieved with 450 mL [4]. Also, there is not a
certain decision about whether OCA should be
drunk in split aliquots or continuously. In a con-
dition of stoma or bowel resection, plugging and
earlier scanning may be recommended [5].
Comparison of CTE with small bowel follow-
through and conventional enteroclysis [9, 16]:

1. Extraluminal and luminal pathologies can be
evaluated in a single examination.

2. Overlapping of loops is not a limitation, and
all small bowel segments can be visualized.

3. Multiplanar images can be reconstructed.

4. It improves diagnostic performance, cost-
efficiency, and patient tolerance.

5. Motility cannot be evaluated.

6. Sinus and fistula patency may be missed.

Comparison of CTE with MRE
The superiorities of CTE [9, 16]:

1. Higher spatial and temporal resolution

2. Faster imaging which can be performed in
single breath-hold

3. Cost-efficiency

4. The ability of luminal navigation

The superiorities of MRE [9, 16]:

Higher contrast resolution

Better fistula detection

A safer intravenous contrast agent
Radiation-free method

Ealb e

14.2 CT Enterography
and Enteroclysis
14.2.1 CT Enterography (CTE)

In 1996, Raptopoulos et al. described CTE for the
first time. Patients drank 1600 mL 2% flavored

barium suspension as an OCA in 1-2 h, and
abdomino pelvic images were obtained 50 s after
intravenous (IV) contrast material injection
(enteric phase) in the prone position [17]. There
have been new technological advancements in
CTE imaging since that day such as shortening the
imaging time to within one breath-hold and
enabling multiplanar reformatted imaging with
improved spatial resolution. Neutral OCAs with
IV contrast material administration have been
more preferred for CTE because they exhibit low
intraluminal density, which improves detection of
inflammation and neoplasm compared to positive
OCAs [18]. Although routine CTE images are
obtained in the enteric phase, multi-phase imaging
can be performed for the assessment of vascular
pathologies and GI bleeding. CTE is superior to
MRE in the detection of GI bleeding. Biphasic
(arterial-portal venous phase) or triphasic (arterial-
enteric-delayed phase) imaging can demonstrate
negative capsule endoscopy obscure GI bleeding
with progressive accumulation of iodinated con-
trast in the small bowel lumen. Vascular patholo-
gies such as arteriovenous malformation may be
observed as arterial enhancement accompanied by
early draining veins. Meckel’s diverticulum may
be the cause of GI bleeding in young patients and
can be demonstrated on CTE images [6, 9, 19, 20].

Small bowel imaging methods are mostly
used for Crohn’s disease which is a chronic dis-
ease, usually seen in young adults, and requires
follow-up imaging for evaluating treatment
response. Therefore, it is crucial to minimize
radiation dose [3]. CTE may be considered for
imaging the first diagnosis of Crohn’s disease,
but MRE is more preferred for follow-up imag-
ing or evaluation of complicated cases. Automatic
exposure is recommended to lower the radiation
dose. According to studies in literature, CT dose
index volume (CTDI-vol) ranges between 11 and
15 mGy for CTE [9, 21, 22].

The attenuation of tissues differs according to
photon energies. Dual-energy (DE) CT technique
separates high-energy X-ray photons from low-
energy X-ray photons. DECT can make iodine
quantification which is a quantitative marker for
perfusion [23-25]. CTDI-vol of DE CTE was
measured 9.89 mGy in a study which is lower
than routine CTE [24].
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14.2.2 CT Enteroclysis (CTEc)

CT enteroclysis (CTEc) is based on CT imaging of
the small bowel after administration of oral con-
trast via the nasojejunal tube. The disadvantages of
small bowel follow-through are overlapping of
intestinal loops and the inability for direct evalua-
tion of intestinal wall and extraluminal structures
[7-9]. CTEc obviates these disadvantages with the
contribution of cross-sectional modality features
such as multiplanar imaging and three-dimen-
sional (3-D) reconstructions [3, 10-13]. This
method is also superior to small bowel follow-
through for detection of level and cause of obstruc-
tion in high-grade and long-standing small bowel
obstruction cases. Fluoroscopic nasojejunal intu-
bation is needed for CTEc which is an invasive
procedure impairing patient tolerance and increas-
ing radiation exposure. Therefore, the radiation
dose of CTEc is higher than CTE. Luminal disten-
sion provided by CTEc is generally better or simi-
lar when compared with CTE, especially in the
jejunum. However, the image or distention quality
of CTE is generally good enough to evaluate
Crohn’s disease involvement which predominantly
affects the ileum [26-30].

14.2.3 CT Enterography and CT
Enteroclysis Imaging Protocol

Patient preparation and imaging protocol recom-
mendations for MRE and MREc are as follows
[5,28,31-34]:

Patient Preparation Avoid solid foods and lig-
uids for 4-6 h before the imaging. Water is
allowed. There is no consensus for bowel cleans-
ing with laxatives the day before, but can be rec-
ommended for colonic imaging.

Oral Contrast Agent Ingestion of 1-2 L of neu-
tral oral contrast over 45-60 min is recom-
mended. If patients have a stoma, it should be

plugged.

Ten milligrams of IV metoclopramide may be
administered 60 min before scanning for stimu-
lating gastric emptying and increasing peristalsis

to facilitate small bowel distension. It should be
avoided in patients with Parkinsonism, pheochro-
mocytoma, insulinoma, diabetes mellitus, and
depression.

MDCT Sixteen-slice CT scanners are the mini-
mum, and 64-slice CT scanners are the optimal
scanners required for CTE/CTEc examinations.

Spasmolytic Agent It is optional to use a spas-
molytic agent, but 20 mg of IV hyoscine butyl-
bromide just before scanning is recommended as
the first-line agent, and 1 mg of IV glucagon may
be used as a second-line agent.

Scanning Scanning should be performed from
the diaphragm to the perineum either in a supine
or prone position. Some authors suggest that the
prone position provides better distension, but the
supine position is more comfortable and tolerable
for patients.

Scan Acquisition Automatic exposure control
is recommended. The tube current should be kept
as low as possible. Tube voltage should be
between 80 and 120 kV for inflammatory bowel
disease and 80 and 140 kV for GI bleeding
according to patient body habitus.

It is advised to record cumulative radiation
dose for repeating CT examinations such as
inflammatory bowel disease imaging.
Slice  Thickness Multiplanar  reformatted
images are obtained. Therefore slice thickness
should be 3 mm or less to avoid stair-step arti-
facts in coronal reformatted images, and overlap
should be at least 30-40% for slice thickness of
3 mm (2 mm reconstruction interval). The over-
lap is not necessary for a slice thickness of 1 mm.

Scan Timing It is recommended to perform the
enteric phase (50 s) or portal venous phase (70 s)
for inflammatory bowel disease. Arterial (20—
25 s) and portal venous phase imaging are recom-
mended for the detection of GI bleeding.

Intravenous Contrast Material Recommended
pump injection rate is 3—5 mL/s via an 18-guage
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cannula, iodine content is 300-370 mg/mL, and
iodine dose is 1.5 mL/kg.

CTEc The same protocol with CTE is applied,
and the only difference is the administration of
OCA via 8-10 F nasojejunal tube at a rate of
80-120 mL/min with an automated pump. The
volume should be decided by monitoring on CT.

14.2.4 Oral Contrast Agents: CT
Enterography
and Enteroclysis

In the mid-1980s negative OCAs such as air and
carbon dioxide that darken the bowel lumen,
causing < —200 HU [35-37], and neutral OCAs
such as water or corn oil emulsions [38] that
cause similar density with water and show grey
density in the lumen were studied in CT
imaging.

The success of CTE depends on the luminal
distension provided by the OCA. Therefore, the
importance of drinking the OCA for the success
of the examination should be explained, and
patients should be encouraged to drink all of the
mixture as much as they can [9].

14.2.4.1 Neutral Oral Contrast Agents
Neutral OCAs have a lower density than the
intestinal wall, thus enabling better assessment of
mural-mucosal contrast enhancement and mes-
enteric vasculature. Major neutral OCAs used in
daily practice are water, milk, polyethylene gly-
col (PEG), water with methylcellulose, lactulose,
and 0.1% barium solution with sorbitol (Volumen;
Bracco, Milan, Italy) [29, 38—43]. Neutral OCAs
facilitate bowel wall visualization, luminal dis-
tension, and assessment of vascular structures
[42]. On the other hand, they may conceal sus-
pected perforation or make it difficult to differen-
tiate between complete and incomplete
obstruction [38, 44, 45].

PEG, water, methylcellulose, mannitol, and
low-concentration barium with sorbitol have
been studied as OCA for CTE in literature.
Patients drink 1350-2000 mL OCA mixture in
45-75 min by dividing the mixture into 2—4 ali-

quots. In general, 75% of mixtures are drunk in
the first 10—15 min [18, 29, 42, 43]. Better disten-
sion is obtained in ileal loops than jejunal loops
[14, 18, 29, 42, 43].

Volumen consists of a low amount of barium
which causes intraluminal attenuation of 20-40
HU. This amount of attenuation is not high
enough to obscure wall enhancement. In addi-
tion, it enables the differentiation of adjacent cys-
tic lesions and fluid collections with a higher
density than water. There is not a specific contra-
indication for Volumen, but it carries the same
risks with other barium consisting agents [42].
Nine hundred to one thousand milliliters of
Volumen is recommended to be ingested in
20-30 min and last 200 mL just before scanning.
Volumen is not the first choice for acute appendi-
citis, because positive OCAs enable better visual-
ization of the appendix [42, 46].

Studies are suggesting that there is no signifi-
cant difference between milk and Volumen [41]
and milk is superior to water [47].

Lactulose was found to be the most successful
OCA in a study comparing water, Metamucil,
PEG (GoLYTELY Braintree Laboratories, MA),
and lactulose (Euro-LAC; Euro-Pharm, Montreal,
Canada) for luminal distension. Lactulose has a
better taste than the others [48]. Lactulose is a
synthetic non-digestible sugar. There are pharma-
ceutical products containing 667 mg/mL (250 mL
Osmolak, Biofarma) or 670 mg/mL (250 mL
Duphalac, Solvay) of lactulose. Ingestion of
1.5 L of lactulose in 60 min, divided into three
aliquots, and immediate scanning afterward is
recommended. It is contraindicated for acute
abdominal pain, fever, vomiting, and galactose
intolerance. Diarrhea is a relative contraindica-
tion. The side effects are diarrhea, nausea, vomit-
ing, and abdominal pain [48].

Metamucil contains psyllium husk, a soluble
fiber supplement, and a bulk-producing laxative.
Therefore, itis not advised for stricture-associated
Crohn patients who eat a low-fiber diet. It is rec-
ommended to drink 2 L. of Metamucil solution in
80 min, divided into four aliquots, each consist-
ing of two packages (12 g/package) and scan
20 min after finishing the last one. Another inges-
tion direction for psyllium solution is to drink
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1000 mL of solution, prepared in eight cups each
consisting of one teaspoon of psyllium [49].
Abdominal distension, abdominal cramp, and
bloating are side effects of Metamucil [48].

PEG is an osmotic laxative. PEG was found
successful for luminal distension. It can cause
diarrhea, abdominal distension, excess gas, and
bloating [43, 48]. Although it provides better
results than milk and water, it is less tolerable
[39]. The price of Metamucil and lactulose is
similar, whereas PEG is more expensive in our
country [48].

Mannitol is a type of sugar alcohol. One thou-
sand milliliters of mannitol solution is prepared
by mixing 125 mL 20% mannitol (Mannitol 20%
w/v  Osmitrol, Baxter Healthcare, Old
Toongabbie, NSW, Australia) with 875 mL water
(2.5% concentration). Mannitol is a more cost-
efficient agent that demonstrates similar disten-
sion and tolerability with Volumen [50]. Mannitol
is also observed to be superior to psyllium fiber
[49]. Mannitol has an osmotic effect which can
cause diarrhea, but there is no significant differ-
ence for adverse effects between mannitol and
Metamucil [49, 51].

14.2.4.2 Positive Oral Contrast
Agents

Positive OCAs provide opacification in both
small and large bowel loops, which improves vis-
ibility of both intraluminal and extraluminal
pathologies. However, they obscure the mural
enhancement by decreasing the contrast differ-
ence between the bowel wall and lumen [11].
They should also be omitted in CT angiography
of GI bleeding cases, because of the same reason.
Negative OCAs have some limitations: (1) it is
difficult to differentiate distended bowel from
adjacent cystic lesions, abscess, and fluid collec-
tions; (2) perforation can be missed; and (3)
enteric fistula and postoperative anastomosis leak
may not be demonstrated clearly and missed [38,
44, 45]. In such cases, water-soluble positive
OCAs are preferred to overcome these limita-
tions. Positive OCAs are beneficial for demon-
strating intraluminal tumors and polyps on
unenhanced scans. Positive OCA ingestion is
also useful for identifying the grade of small

bowel obstruction (SBO) and differentiation of
complete or incomplete SBO. They can be pre-
ferred in partial obstruction cases. The amount of
OCA differs according to the grade and level of
obstruction. A smaller amount (100200 mL) of
water-soluble positive OCA in higher concentra-
tion is preferred for high-grade or proximal-level
obstruction. On the other hand, a larger amount
of OCA-water mixture (400-600 mL) in lower
concentration (1:2) is preferred for low-grade or
distal-level obstruction. A high-grade obstruction
causes dilution of the OCA which is advised for
high concentration OCAs [30].

Diatrizoate meglumine (Gastrografin, Bracco
Diagnostics; Gastroview, Covidien) (Gastrografin;
Schering, Berlin, Germany), a dilute high-osmo-
lar contrast media (HOCM), is used as an oral
contrast agent in CT imaging. It is a well-toler-
ated, water-soluble positive OCA with high osmo-
larity and low absorption that can provide luminal
distension. Even less amount of Gastrografin
ingestion would cause distension as a result of
intestinal secretion caused by duodenal receptors
because of the high osmolarity. This also results
in the dilution of the contrast [30]. Also, the
obscuring of the intestinal wall is less with
Gastrografin than other high-density OCAs such
as iodinated contrast material or barium sulfate
suspension. Water-soluble iodinated contrast
agents can be safely used in perforation-suspected
cases [52]. The most specific finding is the detec-
tion of extraluminal positive OCA [53]. Small
bowel follow-through with Gastrografin may
have a therapeutic effect on adhesive SBO [54].
However, inappropriate dilution of HOCM can
cause electrolyte imbalance in neonates and small
children with low plasma volume. Aspiration
pneumonia is another adverse effect that can
rarely occur. Water-soluble iodinated contrast
agents can cause an anaphylactic reaction [55].

Dilute iodine-based low-osmolar contrast
media (LOCM) can substitute HOCM for enteric
use with a lower risk of adverse effects. Iodine-
based oral contrast agents should be diluted to
avoid streak artifact on CT. Dilute ioversol 320
(Optiray 320, Mallinckrodt) is a commercially
available dilute iodine-based OCA. It can be
administered to pediatric patients with flavored



154

S. Evrimler and O. Algin

additives because it has no taste. Water-soluble
iodinated OCA can be mixed with water or juice.
Iohexol and ioversol are more favorable than dia-
trizoate meglumine [55].

14.3 MR Enterography
and Enteroclysis

14.3.1 MR Enterography

MRE is a radiation-free, reproducible, multipha-
sic imaging method that enables the assessment
of both jejunal and ileal loops according to the
timing of image acquisition. Contraindications of
MRE are the same with MR imaging which are
metal implants, pacemakers, cochlear implants,
claustrophobia, etc. Colonic segments may also
be evaluated with late images without the need
for rectal contrast administration [56]. Collapsed
bowel segments show higher attenuation than
distended segments. This can cause misinterpre-
tation for contrast enhancement. Additional
inflammation findings should be investigated in
such cases. Multiphasic imaging enables an
image of the distension of the contracted segment
and differentiates contraction from the stricture.
Dynamic contrast-enhanced sequences can be
used for vascular and enteric evaluation. This
also enables quantitative assessment of contrast
enhancement. MRE is also functional imaging
with cine imaging sequences. In addition, it can
be preferred in patients that iodinated contrast
material is contraindicated [18, 57].

The essential factors for an optimal MRE
examination are adequate luminal distension,
full anatomic coverage of intestinal loops and
perineum, rapid sequences to evaluate anatomy,
fluid-sensitive sequences for detection of a
mural and mesenteric edema, and contrast-
enhanced sequences for assessment of mucosal-
mural enhancement in inflammatory bowel
disease. Diffusion-weighted imaging (DWI),
cine imaging, and magnetization transfer imag-
ing (MTI) are optional [57]. If gadolinium is
contraindicated, T2-weighted (T2-W) images
and DWI are recommended for the assessment
of inflammation.

14.3.2 MR Enteroclysis (MREc)

This method is the combination of conventional
enteroclysis and MRI. It has the advantages of
cross-sectional imaging with less radiation expo-
sure and provides better bowel distension, espe-
cially in jejunal segments, in comparison with
MRE. Thus, it is a superior technique for the
detection of mucosal and intraluminal patholo-
gies and fistula. MREc may be better in the
assessment of early, superficial mucosal involve-
ment of Crohn’s disease than MRE. It may also
be used for low-grade small bowel obstruction
cases. On the other hand, because of being an
interventional procedure, it impairs patient toler-
ance and is generally not preferred for imaging of
inflammatory bowel disease [57-59].

14.3.3 MRI Protocol of MRE and MREc

Patient preparation and imaging protocol recom-
mendations for MRE and MREc are as follows
[5, 33,34, 57, 60]:

Patient Preparation Avoid solid foods and lig-
uids for 4-6 h before the imaging. Water is
allowed. There is no consensus for bowel cleans-
ing with laxatives the day before, but it may alle-
viate artifacts and also be beneficial for colonic
imaging.

Ingestion of 1-2 L of biphasic OCA over
45-60 min is recommended. If patients have a
stoma, it should be plugged.

Supine or prone position may be preferred.
The supine position is more comfortable for the
patient. Prone position may decrease motility
artifacts secondary to reduced peristalsis, also
decrease bowel loop interposition, and shorten
acquisition time secondary to reduced anterior-
posterior dimension.

Hardware Both phased array coils at 1.5 and
3 T are acceptable.

Spasmolytic Agent Administration of 20 mg IV
hyoscine butylbromide as the first-line agent
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before motion artifact-susceptible sequences
(postcontrast T1-weighted images) in either a
single dose or a split dose, half before the exami-
nation, and half before IV contrast injection is
recommended. One milligram of IV glucagon is
the second-line agent.

Intravenous Contrast (Gadolinium)
Injection 0.1-0.2 mmol/kg with an infusion rate
of 2 mL/s.

Field of View All small and large bowel seg-
ments should be included. The perineum should
be exhibited to detect perianal fistulas.

14.3.3.1 MRI Sequences (Table 14.1)
Rapid sequences: These are fast sequences which
are not susceptible to motion artifacts and used
for evaluating the anatomy and wall thickness:

1. Axial and coronal balanced steady-state free
precession (BSSFP) gradient-echo sequences
without fat saturation

2. Axial and coronal single-shot fast-spin echo
(SSFSE) T2-W sequences without fat
saturation

Fluid-sensitive sequence: An axial or coronal
FSE T2-W sequence with fat saturation (FS).

It is used for identifying mural and mesenteric
edema.

The maximal slice thickness is 5 mm.

Non-enhanced coronal T1-weighted (T1-W)
sequence with fat saturation followed by contrast-
enhanced coronal and axial TI-W sequences
with fat saturation in enteric (45 s) or portal
venous (70 s) phase. The maximal slice thickness
is 3 mm.

Optional Sequences
Cine motility: Decreased or absent motility may
be a sign of inflammation and stricture. For this
purpose, BSSFP sequences (e.g., true-ISP,
FIESTA, BTFE) are used.

DWI (free-breathing technique, range of lower
b values; 0-50, upper b values: 600-900 s/mm?,
with a maximal thickness of 5 mm): Diffusion-
weighted imaging may substitute for contrast-
enhanced sequences in patients that IV contrast
material cannot be used. Diffusion restriction
correlates well with inflammation. Read-out seg-
mented EPI DWI technique may be useful for the
elimination of artifacts.

Table 14.1 Sequences used in MR enterography and enteroclysis

General | Max slice
Plane Generic Siemens | Philips electric | thickness | Respiration Evaluation
Coronal BSSFP TrueFISP | BTFE FIESTA | 7-10 mm | Free- Surveillance scan
breathing, Cine imaging
Breath-holds
Coronal and T2-W HASTE SSHT2 |SSFSE |5mm Respiratory Mural and
axial Half FS FS FS triggering, mesenteric edema
Fourier SS navigation
TSE with
FS
Coronal and TI-W T1-W- THRIVE |LAVA 3 mm Breath-holds | Precontrast for
axial Ultrafast VIBEFS |FS FS baseline imaging
precontrast, 3-D 3-D 3-D 3-D and intraluminal
axial gradient content
postcontrast echo with Postcontrast for
FS inflammation,
neoplasm,
vascular structures

Notes = T1-W T1-weighted, 72-W T2-weighted, 3-D Three-dimensional, BSSFP balanced steady-state free precession,
TrueFISP true fast imaging using steady-state free precession, BTFE balanced turbo field echo, FIESTA fast imaging
employing steady-state acquisition, HASTE half-Fourier axial single-shot fast spin-echo, SS/SSH single shot, FSE fast
spin echo, FS fat-saturated, VIBE volumetric interpolated breath-hold examination, THRIVE T1-W high-resolution

isotropic volume examination, LAVA liver acquisition with volume acceleration
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Magnetization transfer imaging (MTI) is not
recommended for a routine examination. It mea-
sures magnetization transfer ratio (MTR) which
is found to identify the amount of tissue collagen
and fibrosis in animal models.

MREc Nasojejunal tube is placed at the duode-
nojejunal flexure on the fluoroscopy table.
Biphasic OCA is administered via 8—10 F nasoje-
junal tube at an infusion rate of 75-120 mL/min
until it reaches the terminal ileum, and then the
rate is increased to 200 mL/min to decrease
motion artifact by reflex atony in the MR unit.

MRE is more preferred than CTE in the pedi-
atric patient group owing to the lack of ionizing
radiation exposure. If MRE and/or ultrasound
cannot identify the pathology, CTE may be per-
formed. CTE is performed only in the portal
phase. Same MRE sequences with adult patients
are used in pediatric patients. Instructions for
patient preparation are applied according to the
age of the patient. Administration of spasmolytic
is optional. Older children tolerate spasmolytic
and bowel cleanse diets better. The volume of
OCA, spasmolytic agent, and IV contrast agent
depends on the weight of the patient.
Recommendations for pediatric patient prepara-
tion [5, 61]:

Children aged between 6 and 9 years should
avoid food for 2—4 h, and fluid restriction is not
recommended. Children aged over 9 years should
avoid food for 4—6 h, and fluid restriction is not
recommended.

The supine position is more comfortable for
children. They are also told to empty their blad-
der before imaging to avoid bowel compression.

Immediate OCA ingestion is required in MRE
examination; therefore scanning is not routinely
performed under sedation. Also, children older
than 5 years old usually don’t need sedation. If
sedation is required, then MREc is performed
under general anesthesia. It is essential to empty
the stomach after imaging, before extubation to
prevent aspiration.

The optimal volume of OCA is 20-25 mL/kg.
The OCA is ingested in three doses, for patients
weighing less than 50 kg; first 10 mL/kg 60 min

before scanning, then 5 mL/kg 30 min before
scanning, and last 5 mL/kg just before scanning.
Pediatric patients weighing equal to or more than
50 kg may drink equal doses of 450 mL at time
intervals mentioned above, up to the total volume
of 1350 mL.

Spasmolytic agent: Intravenous 0.5 mg/kg hyo-
scine butylbromide or 0.5 mg (<24.9 kg) and 1 mg
(>24.9 kg) at slow infusion rate of 1 mL/s with [V
saline is recommended. Glucagon is preferred in
the case of hyoscine butylbromide contraindica-
tion. Intravenous administration of 0.25 mg in
pediatric patients <20 kg or 0.5 mg in pediatric
patients >20 kg is recommended. Glucagon may
cause rebound hypoglycemia, and therefore drink-
ing fruit juice after examination may be beneficial.

An intravenous contrast agent (gadolinium):
0.1 mmol/kg to a maximum of 5 mmol and a dose
of 5 mL.

Balanced steady-state free precession
(BSSFP) sequences are very fast sequences with
a high signal-to-noise ratio (SNR), lacking intra-
luminal flow artifacts that allow free-breathing
imaging with excellent delineation of bowel and
extra-intestinal anatomy. On the other hand,
these sequences are more prone to susceptibility
artifacts secondary to intraluminal air and post-
operative metallic material, especially at a 3 T
magnetic field. They are also not appropriate for
assessment of bowel wall because it causes black
edge artifact which exaggerates bowel wall
thickness. Coronal free-breathing BSSFP can be
used as surveillance imaging to ensure the arrival
of oral contrast in the terminal ileum. BSSFP
acquisition allows the evaluation of extra-intesti-
nal findings such as mesenteric fibrofatty tissue,
vascular structures, and lymph nodes. Chemical
shift artifacts may be useful for the detection of
intramural fat. Coronal BSSFP images also
allow cine imaging with breath-holds or free-
breathing at a slice thickness of 4—7 mm and two
images/s for 10-20 s. It is used for differentia-
tion between contraction and stenosis/bowel
wall thickening. Post-spasmolytic axial BSSFP
acquisition with free-breathing/breath-holds/
respiratory triggering is optional [61, 62].

Fat-saturated (FS) T2-W single-shot fast spin-
echo (SSFSE) with respiratory triggering or navi-
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gation in axial and coronal planes is performed
after IV spasmolytic administration. FS T2-W
acquisitions are fluid-sensitive, enabling assess-
ment of mural and mesenteric edema, also fistula,
sinus tract, and abscess. SSFSE is more prone to
motion artifacts and has lower SNR compared
with BSSFP, thus performed after spasmolytic
administration. Short inversion time recovery
sequences (STIR) may be preferred for fat sup-
pression instead of chemical fat suppression in
MR imaging of patients with metallic clips or
prostheses causing susceptibility artifacts sec-
ondary to field inhomogeneity [61, 62].

Coronal fat-saturated ultrafast 3-D T1-W gra-
dient echo images with breath-holds are per-
formed before and after IV contrast agent
administration. Precontrast images demonstrate a
baseline signal of the bowel wall and intralumi-
nal content. Postcontrast images are acquired at
45 s in the coronal plane and at 70 s in the axial
plane [61, 62].

DWI is a fat-saturated echo-planar imaging
sequence in axial plane performed with free-
breathing and 3-8 b values of 0-800 s/mm?>.
Apparent diffusion coefficient (ADC) maps are
formed for quantitative analysis of diffusion
restriction. DWI has become a fundamental
sequence for detection of the primary tumor
and metastases in abdominal MR imaging. The
major role of DWI in small bowel imaging is
the detection of active inflammation. In addi-
tion, it improves the delineation of lymph
nodes, fistula, and abscesses. DWI is also con-
sidered as an alternative for intravenous con-
trast administration in the detection of
inflammatory bowel disease (IBD) [61, 62].

14.3.4 Oral Contrast Agents: MR
Enterography
and Enteroclysis

The ideal OCA should provide adequate, homo-
geneous bowel distension and be commercially
available, inexpensive, and lack serious side
effects. Adequate luminal distension is impor-
tant for the evaluation of intestinal wall thick-

ness and enhancement. Normal bowel wall may
look thickened and enhancing in a collapsed
segment. Therefore a non-absorbable solution is
needed for providing luminal distension, espe-
cially in the terminal ileum while examining for
inflammatory bowel disease. Patients are sup-
posed to drink approximately 1.5-2 L of solu-
tion over a 40—-60 min period divided into three
aliquots to be ingested every 20 min. It is rec-
ommended to drink additional water just before
the exam to provide distension of the stomach
and proximal small bowel segments. Patients
with bowel resection history or stoma may drink
less OCA. Late imaging may be performed, or
rectal enema may be used for colonic evaluation
[57, 62].

OCAs used in MRE are categorized in three
groups according to their signal intensity charac-
teristics on T1-W and T2-W images: (1) negative
OCAs, (2) positive OCAs, and (3) biphasic OCAs
(Table 14.2) [63].
14.3.4.1 Negative Oral Contrast
Agents
This group includes superparamagnetic particles
[small particle iron oxide (SPIO), ferumoxsil
(GastroMARK), perfluorooctyl bromide, and
oral magnetic particles], fruit juices (e.g., blue-
berry, pineapple, grape, acai) with very high
manganese concentration, barium sulfate at high
concentration, and room temperature air [12, 63,
64].

They show low intraluminal signal intensity
on both T1-W and T2-W images, as a result of
increasing magnetic field inhomogeneity. These
agents can be utilized for improving the visibil-
ity of mesenteric fat tissue, peri-intestinal
hyperintense lesions such as cysts, inter-loop
abscesses, and fluid collections on T2-W
images. Also, they facilitate bowel wall enhance-
ment assessment or enhancing intraluminal
lesion visibility on postcontrast T1-W images.
Low signal intensity in the bowel lumen facili-
tates the visibility of the biliary system in MR
cholangio pancreatography (MRCP) [65]. They
are not routinely used regarding high cost and
unavailability [12, 63, 64, 66].
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Table 14.2 Classification of oral contrast agents used in MR enterography

MR enterography

oral contrast agents T1-W T2-W

Examples

Negative

SPIO

Ferumoxsil

Perfluorooctyl bromide

Fruit juices with very high manganese concentration

Positive

Gadolinium

High-fat milk

Ferric ammonium citrate

Iron phytate

Manganese chloride

Fruit juices with high manganese concentration

Biphasic

Water

Methylcellulose

Lactulose

Mannitol

Locust bean gum sorbitol

Low-dose barium sulfate-sorbitol suspension
Polyethylene glycol

14.3.4.2 Positive Oral Contrast

Agents
This group includes gadolinium, high-fat milk,
ferric ammonium citrate, iron phytate, and man-
ganese chloride, fruit juices (blueberry, pineap-
ple, grapefruit) owing to the high manganese
concentration, and lipids with short T1 values
(e.g., mineral oils, emulsions, and sucrose poly-
esters) [12, 63, 64].

They demonstrate high intraluminal signal
intensity on both T1-W and T2-W images, as a
result of a decrease in T1 relaxation time, while
T2 relaxation time remains unaffected. This
obscures the evaluation of mural and mucosal
enhancement, because of both lumen and wall
yielding high intensity on postcontrast T1-W
images. Another disadvantage of this group is the
motion artifact that can occur secondary to high
intraluminal signal intensity on T1-W images.
These agents are also not preferred in routine
practice [12, 63, 64, 67].

Gadolinium in 1 mmol/L concentration may
be used as positive OCA. It is contraindicated in
ileus suspected cases and dehydrated patients
[65]. A fistula between the rectum and adjacent
organs may be hindered by perirectal fluid inten-
sity on T2-W images. In such conditions, rectal
administration of 0.5 mL of gadolinium in
500 mL of sterile saline (1:1000) via a rubber

Foley catheter placed to gravity may facilitate the
demonstration of the rectovesical or rectovaginal
fistula by extraluminal extravasation of the con-
trast on fat-saturated T1-W images [63].

14.3.4.3 Biphasic Oral Contrast
Agents

This group includes water, methylcellulose, lact-
ulose, mannitol (2.5%), mannitol (2.5%) with
locust bean gum (0.2%), sorbitol (2%), 0.1%
low-dose  barium-sulfate/sorbitol  suspension
(Volumen, EZ-E-M, Westbury, NY), and polyeth-
ylene glycol (PEG) [12, 63, 64].

They demonstrate low intraluminal signal
intensity on T1-W and high signal intensity on
T2-W images [12]. This facilitates mucosal and
mural enhancement on postcontrast T1-W images
and visibility of intraluminal and mural patholo-
gies on T2-W images. They are the most preferred
OCAs for MRE in daily routine practice, because
of their availability and MRI characteristics.
Tolerability, luminal distension, availability, and
the cost of the agent should be considered while
deciding which OCA to use in MRE. Water is
well tolerated but absorbed quickly and generally
cannot provide adequate distension, especially in
distal segments. Therefore other agents are rec-
ommended for MRE. There is no consensus for
which OCA should be preferred [12, 56, 66, 67].
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Water is the cheapest, safest, and most tolera-
ble OCA, but it is also the most rapidly reab-
sorbed agent that causes inadequacy in bowel
distension [65]. Some compounds, highly osmo-
lar agents such as polyethylene glycol, mannitol,
sorbitol, or non-osmotic agents forming hydro-
gels such as locust bean gum, methylcellulose,
and psyllium seed husk are added to reduce the
reabsorption of water [15, 33].

Volumen contains 0.1% w/v barium sulfate,
1.4% sorbitol, and gum resins. Sorbitol and gum
resins reduce the reabsorption of water by
increasing the intraluminal osmolality. Barium-
containing OCAs should be avoided in perfora-
tion suspected cases, within 1 week after
endoscopic polypectomy, and before bowel oper-
ation [65]. It is recommended to drink 1 L of
Volumen in 30—45 min before imaging.

Metamucil (Proctor & Gamble, Cincinnati,
OH) contains psyllium seed husk [68]. Psyllium
seed husk shows a laxative effect in low doses,
whereas anti-diarrheal effect in high doses.
Active portion, highly branched arabinoxylan
consisting of copolymers of two pentose sug-
ars, unlike found in cereal grains is not exten-
sively fermented by colonic bacteria [69].
Nausea, diarrhea, and bloating are expected
side effects that may also be observed with
other biphasic OCAs. However, highly concen-
trated psyllium may cause small bowel obstruc-
tion. It is recommended to mix 500 mL of 1.6 g/
kg psyllium in 2 L of water and ingest it every
30 min for 2 h [68].

Sorbitol, sugar, and hyperosmolar agent
mostly reache the colon and ferment to lactulose,
short-chain fatty acids, and gases, but unlike
mannitol, explosive gas formation is not observed
with sorbitol [70, 71]. It has a laxative effect in
high doses and shows similar side effects with
other biphasic OCAs. It is preferred owing to the
lower price, availability, and adequate bowel dis-
tension. Sorbitol may be used on its own or with
other agents such as barium sulfate and locust
bean gum. Five hundred milliliters 3% sorbitol is
recommended to be drunk every 15 min for
45 min [68].

Mannitol is another sugar alcohol with high
osmolarity which reduces the reabsorption of

water. The recommended administration protocol
of 3% mannitol is a total 1500 mL solution
ingested in 1 h, 500 mL 1 h before scanning,
500 mL 30 min before scanning, and 500 mL just
before scanning for patients weighing more than
50 kg. Patients weighing less than 50 kg are rec-
ommended to drink 10 mL/kg 1 h before scan-
ning, 5 mL/kg 30 min before scanning, and 5 mL/
kg just before scanning [72]. Mannitol also may
be used in combination with locust bean gum, a
tasteless, insoluble fiber derived from carob
seeds. Mannitol has a sweet taste, but it can cause
moderate-severe diarrhea within 1 h after admin-
istration, whereas locust bean gum does not cause
diarrhea [73].

PEG and sugar alcohol beverages and low-
concentration barium solutions exhibit similar or
better performance than methylcellulose for
bowel distension, but PEG and sugar alcohol bev-
erages are more favorable owing to their flavored
taste. Breeza® (Beekley Corp., Bristol) is a sugar
alcohol beverage that contains sorbitol, mannitol,
and xanthan gum with lemon-lime flavor. PEG
solution (MiralLAX) and Volumen are suggested
to be administered with the addition of sugar-free
fruit-flavored crystals for pediatric patients [74].

PEG is a polyether compound that has many
different uses. It can be used as a laxative or oral
contrast agent in medicine. It may provide better
bowel distension than mannitol, lactulose, meth-
ylcellulose, and low-density barium but tastes
worse [43, 64]. It is recommended to drink
1.5-2 L of PEG in 1 h in three aliquots of 500 mL;
first in 15 min, second in 25 min, and last one
15 min before scanning [39].

Methylcellulose is a bulk-forming laxative,
commercially available in powder form. Ten mil-
ligrams (two teaspoons) are homogenized in
650 mL of hot water with a mixer. Cold water
and/or other biphasic OCAs such as lactulose and
Volumen are added to the solution to obtain a
1-1.5 L mixture. Methylcellulose and water are
the biphasic OCAs that have the least side effects
[43, 64, 75].

Four different volumes (450, 900, 1350, and
1800 mL) of 2.5% mannitol with 0.2% locust
bean gum, Volumen containing 2% sorbitol,
Volumen containing 1.4% sorbitol, and water
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were compared with small bowel distension in a
study. Better distension was achieved with OCAs
containing sugar alcohol than water. Four hun-
dred fifty milliliters of 2% sorbitol containing
Volumen could provide adequate distension, but
a high concentration of sorbitol may cause diar-
rhea. Adequate duodenal distension was obtained
by 900 mL. Better jejunal and ileal distension
was achieved by 1350 mL [76].

14.4 Imaging Findings of Small

Bowel Diseases
14.4.1 Inflammatory Bowel Disease

Differential diagnosis of small bowel diseases is
made by evaluating the localization, length,
thickness, enhancement pattern of the affected
bowel segment, and extra-intestinal findings [9,
11]. Enterography examinations are generally
performed for diagnosis or follow-up imaging of
Crohn’s disease. Therefore we will emphasize
the imaging findings of Crohn’s disease more in
this chapter.

CTE is suggested to be performed for older
patients (>35 years old), patients with acute
symptoms or suspicion of complex intra-
abdominal penetrating disease which can require
intervention or suspected perforation, and
patients who have a contraindication for MRI or
gadolinium [77]. CTE is superior to MRE in the
detection of intramural and extraluminal air in
ischemia and perforation cases, respectively [9,
11]. MRE is preferred in young adults and pedi-
atric group, especially for follow-up imaging.
Perianal fistula and extra-intestinal findings may
be demonstrated better with MRE. It can be used
in pregnant patients without IV contrast adminis-
tration. MRE is recommended for patients who
have iodinated contrast allergy [77].

The terminal ileum is the predominantly
affected segment in Crohn’s disease. Bowel seg-
ments are affected in a skipped pattern. CTE/
CTEc and MRE/MREC examinations show a
very good correlation with endoscopic findings.
There is an imaging classification for Crohn’s
disease which exhibits a good correlation with

clinical and laboratory findings. There are four
types of Crohn’s disease, which are active
inflammatory, fistulizing/penetrating/perforat-
ing, fibrostenotic, and reparative/regenerative
[78]. The enterography examination findings of
Crohn'’s disease are as follows [9, 77]:

1. Small bowel wall thickening (more than
3 mm) and enhancement

2. Mesenteric vascular engorgement: “comb

sign”

Mural and mesenteric edema

4. Mesenteric lymphadenopathy and fibrofatty
proliferation

5. Transmural ulceration and complications such
as sinus tract-fistula-abscess

6. Strictures with upstream dilatation

7. Extra-intestinal manifestations

b

14.4.1.1 The Role of MRE

in the Diagnosis of Crohn’s
Disease

Asymmetric mural enhancement is pathogno-
monic for Crohn’s disease, whereas symmetric
enhancement is non-specific. The differentiation
between active disease, fibrostenotic disease,
and penetrating disease can be achieved accord-
ing to the enhancement pattern. Target appear-
ance created by stratified mural enhancement
owing to early mucosal and serosal enhancement
(high mucosal signal intensity-low submucosal
signal intensity-high serosal signal intensity) on
postcontrast images and high mural signal inten-
sity on T2-W images which is a sign of intramu-
ral edema is an indicator of active disease
(Fig. 14.1). Intramural fat is a sign of chronicity
(Fig. 14.2). Mucosal enhancement correlates
well with disease activity [11]. Mesenteric vas-
cular engorgement creating “comb sign” is
another finding for active inflammation.
Mesenteric fibrofatty proliferation may be
observed in both active and chronic phases [11,
79]. The findings of the fibrostenotic disease are
mural iso-/hypo-intensity on T2-W images and
lacking early mucosal enhancement on T1-W
images. Progressive mural enhancement may be
observed secondary to fibrosis. The treatment
approach, whether to choose medical or surgical
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Fig. 14.1 MRE images of a 65-year-old male patient
with Crohn’s disease. On coronal FS T2-W (a, b), post-
contrast T1-W (c¢), and axial FS T2-W (d, e) images;
mural thickening, edema (arrows in a and b), and contrast
enhancement (arrows in c¢) in distal ileum segments,

treatment, depends on the type of stricture;
therefore distinction of either inflammatory,
fibrotic, or combined form should be made.
Acute inflammation within stricture is treated
with medical therapy. Fibrosis-associated stric-

accompanied with abscess, and mesenteric edema (curved
arrows in d and e), restricted diffusion in these segments
(arrow in @) and abscess in pericecal area (curved arrows
in f and g) on b800 images of DWI

tures require surgery. Surgical interventions are
recommended to be applied in elective situa-
tions; otherwise, complication rates increase in
case of emergent operations. Also, asymmetry,
modularity, and soft tissue extension to mesen-
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Fig. 14.2 Coronal plane FS T2-W (a), Dixon-fat (b), and
postcontrast FS T1-W (c) images of a 45-year-old male
with Crohn’s disease, ileocecal valve involvement (arrows

tery are warning signs of neoplasm [59]. It is
essential to perform CTE or MRE for detection
of stricture before capsule endoscopy because it
can induce small bowel obstruction [24, 25].
Radiology reports should include the localiza-
tion, length of the involved bowel segment, and
stricture type. The length and diameter of the
upstream dilated bowel segment should also be
identified [5, 77].

In penetrating disease, transmural inflamma-
tion exhibits extramural extension resulting in
sinus tract, fistula, abscess formation, and even
perforation. However, perianal fistulas are not
accepted in this group. Sinus tracts may be within
the bowel wall or blind end in mesentery/fascia.
Fistulas occur between epithelial structures such
as enteroenteric, enterocolic, enterocutaneous,
enterovesical, etc. Kinked or tethered loops
which form an “asterisk” shape are findings of
the enteroenteric fistula which is a sign of pene-
trating disease. They present as hyperintense
tracts on T2-W images and demonstrate contrast
enhancement. Inter-loop abscess which is a fluid
collection with peripheral rim enhancement may
accompany (Fig. 14.3) [77].

Inflammation correlates well with diffusion
restriction on DWI (Fig. 14.1). Cine MR imaging

(o]
2016 11:50:21 8044
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in a and b), bilateral active sacroiliitis (arrows in ¢), and
intramural fat accumulation on Dixon-fat images related
to chronic Crohn’s disease (arrow in b)

Fig. 14.3 Axial contrast-enhanced CT image of a
21-year-old female with Crohn’s disease, abscesses, and
inflammation around the right psoas muscle and pericecal
area

is used for motility assessment of the small
bowel. Inflamed segments show decreased or
absent motility. Strictures can be differentiated
from a contraction by cine imaging. Fibrosis
exhibits low mural signal intensity on MT pulse
secondary to collagen content [80]. MT imaging
may aid in the differentiation between acute and
fibrotic strictures [64].

Secondary involvement of the appendix can
cause appendicitis in Crohn’s disease. Mesenteric
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vein thrombosis and small bowel varices may
also occur; therefore it is important to be able to
evaluate vascular structures. Extra-intestinal
manifestations of the disease are sacroiliitis,
spondyloarthritis, primary sclerosing cholangitis,
and avascular necrosis [77]. MRI would be a
good choice for the assessment of these findings.
FOV in MRE examination can be enlarged
according to the suspected finding.

MRE can also aid in the evaluation of Crohn’s
disease severity and activity. Therefore, it can be
used for monitoring treatment response [57].
MRE radiologic reports should also state the
presence or lack of active inflammation in fol-
low-up imaging. Complete or partial response to
medical therapy may be observed. After allevia-
tion of active inflammation, residual sequel find-
ings may present. These are asymmetric mural
fat deposits, pseudo-sacculations, scarring, and
mural thickness without active inflammation
findings [77].

Ulcerative colitis starts from the rectum and
tends to involve all colonic segments continu-
ously. Colonoscopy is more sensitive for diagno-
sis and grading of ulcerative colitis than CTE or
MRE. Large bowel wall thickening, engorgement
of vasa recta, and inflammatory pseudopolyps are
common findings of both colonic involvements
of Crohn’s disease and ulcerative colitis. If the
disease involves the entire colon and arrives at
the terminal ileum level, it may cause backwash
ileitis.

On the other hand, Crohn’s disease involves
predominantly the small bowel, and colitis
occurs in a skipped pattern. Extra-intestinal
manifestations tend to occur in Crohn’s disease
[9, 81].

Infectious bowel diseases can be misinter-
preted as inflammatory bowel diseases.
Especially, tuberculosis usually affects the cecum
and terminal ileum, mimicking Crohn’s disease.
Tuberculosis may manifest with mural thicken-
ing accompanied by necrotic or calcified lymph-
adenopathies, peritonitis, and pulmonary
findings. Transverse or star-shaped ulcers may be
observed in tuberculosis. On the other hand,
ulcers in Crohn’s disease are in longitudinal
shape [81, 82].

Chronic radiation enteritis may present with
mural thickening, contrast enhancement, and
luminal narrowing in a long segment of the distal
ileum, accompanied by mesenteric stranding.
These findings resemble inflammatory bowel dis-
ease. However, a focal abnormal bowel loop
observed in the prior radiation therapy field leads
to the diagnosis of radiation enteritis [83].

14.4.2 Small Bowel Neoplasms

Small bowel neoplasms account for <5% of gas-
trointestinal tumors [84]. The most common
malignant small bowel tumors are adenocarci-
noma, carcinoid tumor, lymphoma, and gastroin-
testinal stromal tumor in descending order.
Hamartomatous polyps associated with Peutz-
Jeghers syndrome and hyperplastic polyps are
benign small bowel tumors. CTE is more sensi-
tive than MRE for the detection of small bowel
tumors owing to higher spatial resolution and less
susceptibility to motion artifacts. Small bowel
tumors are usually detected incidentally or in
patients with occult gastrointestinal bleeding,
iron deficiency anemia, weight loss, abdominal
pain, luminal obstruction, jaundice, or obstruc-
tion [9, 11]. Small bowel tumors can present as a
focal intraluminal mass, irregular transition,
small bowel obstruction, intussusception, asym-
metric mural thickening, and enhancement.
Adenocarcinomas are usually located in the
proximal small bowel, especially close to the
ampulla. Gastrointestinal stromal tumors usually
present as a pedunculated exoenteric mass and
are located in the ileum or jejunum. Although
they are usually homogeneous, large tumors can
show necrosis. Lymphoma should be considered
in the differential diagnosis of an exoenteric mass
with lymphadenopathy or aneurysmal ulceration
and asymmetric long segment circumferential
wall thickening with dilatation. Mucosal/mural
polypoid rapidly enhancing lesions and mural
thickening combined with carpet-like appearance
suggest carcinoid tumors. Carcinoid tumors are
generally located in ileal segments. Mesenteric
carcinoid metastases or liver metastases can
occur. Mesenteric root clustering with desmo-
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plastic reaction and eccentric calcifications sug-
gest mesenteric carcinoid metastases. Hepatic
metastases are usually hypervascular and show
necrosis [9, 11, 81].

14.4.3 Coeliac Disease

Coeliac disease is a malabsorption syndrome
caused by loss of villi and hyperplasia of crypts
resulting in intraluminal excess fluid accumula-
tion. Luminal dilatation, atrophy of jejunal folds,
the reversal of jejunal and ileal fold pattern, tem-
porary small bowel intussusception, duodenitis,
mural edema, and intramural fat may be observed
on CTE/CTEc and MRE/MREc (Fig. 14.4).
Lymphadenopathy and celiac-associated T-cell
lymphoma can accompany these findings.
Dilution of barium, flocculation, and the slow
passage of barium may be observed on small
bowel follow-through and CTE/CTEc [85-89].

14.4.4 Intestinal Malformations

Meckel diverticulum is the most common (2-3%)
congenital malformation of the gastrointestinal
system. Intestinal atresia, stenosis, malrotation,
duplications, and Nutcracker syndrome (superior
mesenteric artery syndrome) are the other intesti-

nal malformations. Meckel diverticulum is a
blind-ending omphalomesenteric duct remnant,
localized at the antimesenteric side of the distal
ileum, 100 cm (30-90 cm in infants) proximal to
the ileocecal valve. Complications of Meckel’s
diverticulum are hemorrhage, obstruction, intus-
susception, diverticulitis, enterolithiasis, and
neoplasm [90-92].

14.4.5 Small Bowel Ischemia

Small bowel or mesenteric ischemia can be in
acute or chronic form. Acute mesenteric ischemia
is generally caused by mesenteric arterial or
venous occlusion. Arterial thromboembolism is
more common. The other causes are systemic
hypotension, trauma, vasculitis, small bowel
obstruction, strangulation, abdominal inflamma-
tory conditions (pancreatitis, diverticulitis, etc.),
and drugs (digitalis, amphetamine, cocaine).
Chemotherapy and radiation therapy can result in
vasculitis-associated enteropathy. Chronic mes-
enteric ischemia causes are atherosclerosis of the
mesenteric artery and chronic radiation enteritis.
Chronic mesenteric ischemia becomes symptom-
atic unless sufficient collaterals develop.
CT-based images allow the evaluation of both
vascular and nonvascular structures. Neutral
OCAs are preferred for the accurate assessment

Fig. 14.4 Coronal CT (a), T2-W (b) and postcontrast FS
T1-W (¢) MR enterography images with biphasic oral
contrast agent of a young male with celiac disease, flatten-

ing and loss of duodenal and jejunal folds, and in contrary
prominent hypertrophic folds in the ileum
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of bowel wall enhancement. Positive OCAs can
obscure mural enhancement and also impair vas-
cular assessment. Positive OCAs may be pre-
ferred in cases with IV contrast contraindication
or suspected bowel obstruction. Both unenhanced
and contrast-enhanced imagings are performed.
Mural hemorrhage is demonstrated on non-con-
trast images with high attenuation. Biphasic
imaging enables the assessment of the arterial
and venous systems. CT findings of acute mesen-
teric ischemia are vascular occlusion or narrow-
ing, bowel wall thickening, intramural gas
(pneumatosis intestinalis), gas in portal vein/
mesenteric vein and branches, engorgement of
mesenteric vasculature and abnormal prolonged
enhancement secondary to stasis, and luminal
dilatation secondary to decreased peristalsis. The
most specific sign of mesenteric ischemia is the
loss of contrast enhancement of the intestinal
wall. Mural thickening with submucosal edema
or hemorrhage may exhibit target sign [93, 94].
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CT and MR Angiography
in the Chest and Abdomen
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15.1 Introduction

Cross-sectional imaging techniques have a widely
accepted usage in varied vascular pathologies.
Most of the diagnostic interventional procedures
are replaced by computed tomography (CT) and
magnetic resonance imaging (MRI), especially in
the chest and abdomen. In this chapter, a sum-
mary of the techniques used in vascular imaging
with CT and MRI in the chest and abdomen and
an emphasis on clinical usage was aimed.

15.2 Computed Tomography
Angiography (CTA)

CTA was developed in conjunction with the evolu-
tion of spiral CT that allows the acquisition of volu-
metric CT datasets in one breath-hold [1]. Short
scan times made visualization of vascular struc-
tures possible with the usage of contrast material.
By the 2000s, CTA become an alternative for con-
ventional angiography for the diagnosis of many
vascular diseases with superiority of CTA such as
demonstration of the vessel wall, perivascular tis-
sue, and end-organ parenchyma [2].

All CTA images are obtained after iodine-
based contrast material injection which has the
ability for absorption of x-rays that increase the
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absolute CT attenuation of the vessels [3, 4].
The goal of injection strategies is to achieve an
adequate iodine concentration within the vascu-
lature of interest [3]. In contrast with parenchy-
mal opacification which is directly related to
the total amount of administrated contrast mate-
rial, arterial enhancement primarily depends on
the amount of contrast material delivered per
unit of time and injection duration [3]. In this
connection, arterial opacification can be
increased by increasing the iodine concentration
of the contrast medium, increasing the injection
flow rate (mL/s), or increasing injection dura-
tion time [3].

The iodine concentration of the contrast mate-
rial is one of the important issues in CT angiogra-
phy. The relationship between enhancement and
iodine concentration is approximately 25-30
Hounsfield units (HU) per milligram (mg) of
iodine per milliliter (mL) at 120 peak kilovoltage
(kV) despite it differs at different CT scanners
[5]. Therefore, contrast material preparations
with a high iodine concentration preferably
higher than 350 mg/mL are ideal for CT angiog-
raphy protocols [6]. Besides, iodine delivery rate
(IDR) that is formulized as [Contrast material
iodine concentration (mg/mL)/1000] x flow rate
(mL/s) can be used to standardize the rate of
iodine delivery among different iodine concen-
trations [7] and it was shown that IDR of 1.5-2 g/s
provides adequate arterial opacification in CTA
protocols [8, 9].
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Changing iodine concentration of the contrast
material has the same effect on arterial enhance-
ment as changing the injection flow rate [3].
Increasing injection flow rate ends up with faster
accumulation of contrast media in the aorta and
increases peak aortic enhancement [6]. However,
it was shown that increasing injection flow rates
over 8 mL/s has no additional benefit as a result
of pooling in the central venous system and reflux
into the inferior vena cava [10]. An injection rate
of 4-5 mL/s is efficacious for arterial opacifica-
tion. The injection duration time is also important
for arterial opacification as it increases cumula-
tively with the injection duration and a minimum
of 10 s for injection duration is recommended for
CTA [3, 6]. Saline flush is also recommended to
push the tail of the contrast medium which would
remain unused otherwise [5]. It is also useful for
the reduction of streak artifact from dense con-
trast medium in the brachiocephalic vein and
superior vena cava, especially in the chest CTAs.

The degree of CT contrast enhancement is
also related to the level of x-ray energy besides
the amount of iodine within the system [5]. X-ray
output energy at low tube voltages is closer to the
iodine k edge of 33 keV. By the way, selection of
low tube voltage results in stronger contrast
enhancement per iodine concentration. The use of
low voltages such as 80 and 100 kVp has poten-
tial benefits like reduction of contrast material
amount and radiation dose. However, tube cur-
rent is increased by automatic exposure control
(AEC) to maintain diagnostic image quality in
many modern scanners and lowers estimated
radiation dose reduction. The larger focal spot
that is used for higher tube current causes a reduc-
tion in spatial resolution [11]. Exaggerated
blooming artifact caused by metallic stents and
calcified plaques is another limitation in usage of
lower tube voltage [12].

On the other hand, there are other factors
affecting arterial opacification that cannot be
controlled such as cardiac output and physiologic
or pathologic situations causing arterial filling
delays. Cardiac output is inversely related to arte-
rial opacification. Decreased cardiac output
means delayed arrival of contrast material with
stronger peak arterial enhancement and persistent

enhancement in the vessels and highly perfused
organs [5, 6]. It is also evident in patients with
hypovolemic shock and systemic hypotension
[5]. Age is another factor that is related to a
delayed contrast enhancement according to the
reduction of cardiac output with age [5].
Arrangement of injection rate and volume
according to the patient’s body weight reduces
the effect of cardiac output on arterial enhance-
ment [3]. It should also be considered that large-
capacity vessels including aneurysm or ectasia or
diseased vessels fill slower [12].

There are two methods, bolus tracking, and
test bolus to designate the optimal arterial
enhancement of the interested vessel. Bolus
tracking is the most commonly used one without
added contrast material administration and time.
This technique is performed by placing a round
of interest (ROI) on the interested vessel by
acquiring a selected reference level in the topo-
gram on a non-contrast image. The enhancement
of ROI is monitored thereafter the contrast mate-
rial administration after a fixed time delay. When
the ROI reaches a specified level, such as 100—
150 HU, scanning begins after a delay that allows
peak arterial enhancement that is approximately
8 s. Test bolus method is performed by adminis-
tration of a small amount of contrast material
before a full bolus for diagnostic CT. Following
this test bolus injection, multiple sequential
images are acquired generally at the starting level
of the diagnostic scan. The time to peak contrast
enhancement is determined from the time-
enhancement curve obtained by measuring
enhancement within an ROI placed over the
interested vessel.

A novel imaging technique, dual energy CT
(DECT) that acquires two CT datasets at differ-
ing x-ray energy spectra has promising advance-
ments in CTA [13]. The differences in photon
absorption of different materials such as calcifi-
cation, metallic materials, and contrast at various
energy levels provide discrimination between
them. There are two main DECT scanners;
source-based DECT such as dual-source dual-
energy (DSDE) and single-source dual-energy
(SSDE) and detector-based DECT using dual
layer of detectors. DECT improves arterial opaci-
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fication of the vessel despite poor iodine concen-
tration within it by reconstruction images at low
keV levels. DECT is also useful to obtain virtual
non-contrast images that can replace true non-
contrast image acquisition. Therefore, it is useful
for establishing real contrast extravasation and
endoleaks and dose reduction. Artifacts caused
by extensive vascular calcifications and metallic
devices within the vessel can also be reduced by
post-processing techniques in DECT. It is also
possible to assess organ perfusion by using iodine
map imaging.

Motion artifacts may be problematic espe-
cially in patients with high heart rates. It is obvi-
ous in the aortic root and may be misunderstood
as a subtle aortic lesion. ECG-gating techniques
are useful for reducing motion artifacts without
need for administration of beta-blockers. It can
be performed as prospective gating, retrospective
gating, or high-pitch gated mode according to the
available scanner. The image acquisition window
is determined by the percent of R-R interval. The
optimum phase for image acquisition for patients
with a heart rate less than 75 beats per minute is
a diastolic acquisition window of approximately
70-80%. A systolic phase acquisition (30—40%)
is preferred in patients with higher heart rates [6].

The clinical indication is important to gener-
ate the optimal acquisition protocol in CTA. It is
useful to obtain a non-contrast image first as it
will give valuable information about the pathol-
ogy. Hyperattenuating signs at non-contrast
images are described for different pathologies
that help the diagnosis including acute vascular
occlusion, arterial dissection, and aortic rupture
[14]. It is also useful in patients with clinical sus-
picion of active hemorrhage. The knowledge of
factors affecting vascular opacification shows
that there is no optimal contrast injection proto-
col for body CTA. Fleischmann et al. suggested a
CTA protocol for a scanner with 64 channels and
automated tube current modulation; a scan time
of 10 s; injection duration of 18 s; scan timing of
8 s after the contrast arrival arranged with bolus
triggering and injection rate according to the
patient weight that is 4 mL/s for a 55 kg or a
leaner patient and increasing 0.5 mL for every
10 kg of body weight with a pitch generally

below 1 and usage of high-concentration contrast
medium [12].

15.3 Magnetic Resonance
Angiography (MRA)

MRA uses imaging techniques that discriminate
flowing spins in blood from the surrounding sta-
tionary tissue. It was firstly described as a vascu-
lar imaging method without the need for
a contrast medium based on gradient echo
sequences called non-contrast MRA. Contrast-
enhanced MRA (CE-MRA) is another technique
in which gadolinium-based contrast agents
(GBCA) are used that shortens longitudinal
relaxation (T1) of the blood. The main advantage
of both techniques is they do not expose the
patient to ionizing radiation that enables repeated
acquisitions, especially in children.

CE-MRA with the use of GBCA improves
image quality by increasing SNR and reducing
flow and motion artifacts [15]. The basic princi-
ple of CE-MRA is intravenous administration of
a bolus of contrast medium and imaging the first
passage of the contrast through the vessel of
interest [16]. In accordance with this principle, it
is important to maximize the signal enhancing
effect of contrast medium in the interested vessel
and minimize the signal of the surrounding tissue
and unwanted vessels [17]. It is desired to reduce
T1 value of blood to 50 ms or below to differ
especially from fat which has the shortest T1
value in the surrounding tissues with approxi-
mately T1 value of 170-230 ms depending on
field strength [17]. The concentration of contrast
media in the first pass should be enough for this
purpose and estimated by the injection rate
divided by the cardiac output. Increasing injec-
tion rate increases concentration of GBCA and
SNR till T2* effect reduces signal that occurs at
an injection rate greater than 5 mL/s. Besides,
increasing injection rate results in higher doses of
contrast administration which is intolerable.
Injection duration is also important for the totally
administrated GBCA volume. The duration of
injection should match the acquisition time of the
MR pulse sequence. Choosing techniques using
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shorter acquisition time provides shorter duration
of injection and leads to the use of lower GBCA
with no need to change injection rate [17]. Rapid
changes in the GBCA concentration create ring-
ing artifacts and should also be avoided. It is gen-
erally recommended to use 2-3 mL/s as an
injection rate for CE-MRAs.

The GBCA dose for CE-MRA changes across
different institutions, indications, and available
software and hardware. The dose can be arranged
according to the weight of the patient between 0.1
and 0.4 mmol/kg (typically 0.2 mmol/kg) or
20-30 mL per patient for a single station and
larger field of view [15]. Extending coverage
should require increasing the contrast dose to
0.3 mmol/kg or 40-45 mL. Higher doses are also
needed for venous evaluation because of dilution
of the contrast agent or pathologies such as large
aneurysms or dissections as it takes more contrast
agents to fill the aneurysm or false lumen [18, 19].

It is important to inform the patient about the
examination as performing the acquisition during
patient breath-holding is necessary in many
MRA applications in chest and abdomen.
Relaxation also decreases cardiac output and
increases arterial Gd concentration. A 20- or
22-gauge catheter is optimal for contrast admin-
istration and arms elevation is recommended.
Hand or power injection can be performed for
contrast material administration. It is mandatory
to use saline flush after the contrast injection
which is important for the delivery of the entire
contrast and flushes the arm veins [15].

Spoiled-gradient-echo pulse sequence with
short TE and TR is the standard pulse sequence
for CE-MRA with different names according to
the vendor as FLASH (Siemens), TI-FFE
(Philips), or SPGR (GE). It is important to mini-
mize TR for short acquisition times and increased
saturation that result in signal reduction in the
background tissue and TE for minimizing signal
from T2 and magnetic susceptibility effects of
the contrast medium. Two-dimensional or 3D
acquisitions can be  performed  for
CE-MRA. However, 3D sequences are generally
preferred as they have higher spatial resolution
with high signal-to-noise (SNR) values and thin
slices that improves the quality of multiplanar

reformatting (MPR) and maximum intensity pro-
jections (MIP). Flip angle values between 30°
and 40° are preferred to improve saturation of the
background. It is recommended to use lower flip
angles such as 15°-25° in case of imaging sys-
temic veins to maximize signal in later phases
because of dilution of contrast agent [15].

Timing is the most crucial aspect of CE-MRA
as scan acquisition should be in accordance with
the peak contrast agent concentration in the
interested vessel. Besides, central lines of
k-space should be acquired at the time of highest
concentration of contrast in the vessel as center
of k-space primarily contributes to the contrast
in an image. Timing can be organized in three
ways; test bolus, automatic triggering, and MR
fluoroscopy technique [15, 17]. A small bolus,
approximately 2 mL of contrast administration
and 20 mL saline infusion, and acquiring fast
gradient echo images through the vessel of inter-
est at fixed time intervals is used in the test bolus
technique. Time to peak enhancement can be
calculated by visual assessment or signal inten-
sity measurements and image acquisition time
can be planned by considering the injection
duration of larger amount of contrast medium.
Automatic triggering is an approach that uses
a pulse sequence which automatically detects
contrast arrival in the selected vessel and image
acquisition is triggered when the signal intensity
is above the selected threshold value. MR fluo-
roscopy is another way that uses rapid imaging
techniques to watch contrast arrival to the inter-
ested vessel. The operator then triggers image
acquisition.

There are different acquisition modes for
CE-MRA and the two common ones are single
phase and time-resolved MRA. The single phase
mode describes acquiring vascular images at a
single point of time, whereas time-resolved
contrast-enhanced MRA techniques acquire mul-
tiple 3D datasets in a short time and provide con-
secutive dynamic angiography. Multiple phases
such as arterial or venous can be obtained with no
need to predetermine the timing of contrast agent
in this technique. K-space is divided into several
zones and the central part of k-space is reacquired
more frequently than the other zones that result in
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updating contrast information rapidly in this
technique [17]. This technique is useful for eval-
uating arteriovenous malformations and vascular
anomalies [17].

Most GBCA are extracellular agents as they
leak out of capillaries because of their small size.
There are also different MRI contrast agents
referred to as blood pool contrast agents that are
large or bind large serum molecules reversibly
and stay within the intravascular compartment.
These agents enter venous circulation after the
first pass in the arterial circulation and both arte-
rial and venous vessels can be screened with a
longer period of time which is named steady-
state imaging [20]. Gadofosveset trisodium is
one of them which was the only blood pool agent
to receive United States Food and Drug
Administration (FDA) approval and therefore the
most widely used one. This agent reversibly
binds to albumin with a serum half-time of
29 min that allows vascular imaging up to 1 h.
Thakor et al. suggested a dosage of gadofosveset
trisodium as 10 mL for patients with a weight of
70 kg and above and 0.12 mL/kg for smaller
patients [20]. They also offered a 50:50 dilution
of gadofosveset trisodium with saline for all
cases; as undiluted gadofosveset trisodium causes
irritation on injection [20].

Ferumoxytol is another one that is an
ultrasmall superparamagnetic iron oxide (USPIO)
coated with dextran that decreases its immunoge-
nicity. The agent’s serum half-life is 15 h and
dilution of this agent generally as 1 part feru-
moxytol to 4 parts sterile saline is also recom-
mended [21]. The dosage can be organized as
1-4 mg/kg with an injection rate of 2 mL/s and
the following saline flush [21, 22]. This agent can
be safely used in patients with end-stage renal
disease. Rapid bolus administration of this agent
was reported to have adverse serious events
including death which led to discontinuing of
first-pass bolus imaging by many centers.
Monitoring the patient’s blood pressure, heart
rate, and oxygen saturation for 30 min duration
after administration of this agent is also recom-
mended [21]. MRA with blood pool agents has
potential benefits in thoracic and abdominal vas-
cular imaging [20].

Non-contrast MRA options are generally
reserved for patients with renal failure to avoid
nephrogenic systemic fibrosis. The techniques
depend on the motion of blood in or through the
image plane. There are different ways to demon-
strate vessels without contrast with MRI; flow
independent ones including balanced steady-
state free precession (bSSFP), non-subtractive
inflow dependent including time of flight (TOF),
inflow dependent inversion recovery (IFDIR) and
Quiescent interval slice-selective (QISS), sub-
tractive 3D MRA including cardiac gated 3D fast
spin echo, flow sensitive dephasing (FSD) and
arterial spin labeling (ASL), phase contrast (PC)
including 2D, 3D, and 4D PC; and velocity-
selective 3D MRA [23]. bSSFP sequence with
cardiac gating is commonly used in thoracic and
abdominal vascular imaging. The main problem
with this sequence is off resonance artifact which
is commonly seen in higher magnetic fields.

CTA and MRA provide large data sets which
are difficult to review by using standard axial
images. MPR means non-axial 2D images which
may be in coronal, sagittal, oblique, or curved
planes [24]. MIP displays only the highest attenu-
ation value from the source image that is helpful
especially to show contrast material-filled struc-
tures such as CTA and MRA. MIPs help to see
longer segments of the vessel and are useful in
rapid evaluation of vascular stenosis or occlusion.
Overestimation of stenosis caused by a calcified
plaque in CTA is the limitation of the technique
and source images should be evaluated for confir-
mation [25]. It is also prone to artifacts in
CE-MRA especially when the background signal
is greater than the vascular structures or there are
overlapping vessels [15]. Volume rendering (VR)
is another post-processing method that is useful in
displaying especially complex anatomy.

15.3.1 Pulmonary Arteries

The main indication for imaging pulmonary
arteries is acute pulmonary embolism (PE).
Chronic PE and pulmonary arteriovenous mal-
formations are other indications for the evalua-
tion of pulmonary arteries. In these specific
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Fig. 15.1 A 67-year-old man with suspected acute pulmonary embolism. Axial dual energy CT image (a) and overlay
image (b) demonstrate bilateral thrombus (arrows) at different levels with perfusion defects

indications, CTA is the modality of choice. The
goal of pulmonary CTA is to provide optimum
contrast material in the pulmonary arteries with
minimal contrast in the superior vena cava
which results in streak artifact [26, 27]. Test
bolus or an ROI placed in the pulmonary trunk
or main pulmonary artery should be used for
optimizing contrast bolus timing. It is also
important to minimize acquisition time to
reduce motion artifacts. Inspiration immediately
prior to the scan or Valsalva maneuver may lead
to changes in intrathoracic pressure and cause
inadequate or inhomogeneous intravascular
contrast and careful instructions should be given
to the patient [28]. Both cranio-caudal and
caudo-cranial directions can be used with the
most commonly preferred one is caudo-cranial
as the final phase of the imaging is less disturb-
ing in the upper portions of the lung and beam
hardening artifact caused by the inflow of high
contrast can be avoided [28]. Contrast material
injection parameters are also important as injec-
tion with high flow rates (4-6 mL/s) and using
high-concentration contrast material (370-
400 mg of iodine/mL) result in better visualiza-
tion of small and peripheral vessels [29].
Techniques reducing radiation dose and contrast
material have come into prominence recently
for pulmonary CTA. It is shown that reducing
tube voltage from 120 to 100 kV results in

reduction of both radiation exposure and con-
trast material requirement by 33% [30]. DECT
has advanced in PE imaging. Beyond the lumi-
nal assessment, dual energy perfusion maps cre-
ated by DECT show iodine-perfused lung
tissues and by the way acts like scintigraphy and
show hypoperfused areas (Fig. 15.1).
Pulmonary CTA is also useful for showing
chronic pulmonary thromboembolic pulmonary
hypertension (CTEPH) and pulmonary arteriove-
nous malformations (PAVMs) [31]. The CTA
findings of CTEPH are vascular findings such as
occlusion or narrowing of the pulmonary artery
with eccentric or mural thrombus, webs or tortu-
ous vessels, and a smaller pulmonary artery rela-
tive to the adjacent bronchus. Dilatation of the
central pulmonary arteries and mosaic perfusion
are other findings in CTEPH. PAVMs are direct
communications between pulmonary arteries and
veins. The imaging findings of PAVMs are
enhancing nodular focus or ground-glass opacity
with a feeding pulmonary artery and a draining
pulmonary vein. CTA is also useful to demon-
strate enlargement of bronchial or non-bronchial
systemic arteries caused by variable pathologies
such as CTEPH, chronic inflammatory diseases
of lung parenchyma or airways, and malignity
[32]. The main clinical importance of these ves-
sels is rupture which leads to hemoptysis and
CTA also plays a crucial role in mapping of these



15 CTand MR Angiography in the Chest and Abdomen

175

vessels prior to endovascular treatment in selected
patients [32].

Assessment of pulmonary vessels can be per-
formed with MRA especially in young or preg-
nant patients to avoid radiation exposure. The
main MRA of pulmonary vessels is CE-MRA
with 3D acquisition within a single breath-hold
[33]. Large venous access such as antecubital
vein is needed for high Gadolinium injection
rates such as 5 mL/s to reduce venous contamina-
tion. Contrast doses of Gadolinium are 0.1-
0.2 mmol/kg followed by 20 mL saline. Blood
pool agents such as Gadomer-17, Gadofosveset
trisodium, and ferumoxytol can be used espe-
cially in patients that cannot hold their breath
[34]. Ferumoxytol can also be used in patients
with contraindication to gadolinium. Imaging
parameters of MRA are TR = 2.5-3 ms,
TE = 1-1.5 ms, a = 30°-40°, FOV = 460 mm,
matrix = 40 x 192 x 256 and parallel imaging
factor R =2 [35]. Central elliptic phase encoding
with optimal scan timing ensures maximum SNR
and separation of arterial and venous phases [33].

Capillary level tissue perfusion can be shown
with perfusion MRI that has lower spatial but
higher temporal resolution compared with
MRA. A dynamic time-resolved MRA sequence
with subtraction of post-contrast images from
pre-contrast ones is used with a lower contrast
material such as 0.005 mL/kg. Imaging
parameters of dynamic contrast-enhanced perfu-
sion MRI are TR = 2-2.5 ms, TE = 0.8—-1 ms,
a = 30-40°, FOV = 460 mm, and
matrix = 32 x 96 x 128 [33]. Perfusion images
allow demonstration of perfusion defects and
their anatomical location and typically seen as
wedge-shaped segmental or sub-segmental
defects in acute PE, wedge-shaped or mottled
defects in CTEPH, and diffuse defects in pulmo-
nary hypertension [33]. Pulmonary blood flow
(PBF), pulmonary blood volume (PBV), and
mean transit time (MTT) can be quantified with
post-processing.

Non-contrast-enhanced MRA and perfusion
imaging can be an option in patients with risk for
nephrogenic systemic fibrosis, pregnant patients,
and pediatric population. Double inversion recov-

ery fast spin echo (DIR FSE) imaging is useful in
the evaluation of pulmonary embolism and slow
flow or pulmonary clot is seen as high signal inten-
sity relative to the flowing blood which is low sig-
nal intensity. 3D bSSFP sequence is another option
in which clot or lesions can be identified in con-
trast with bright blood caused by long T2
(Fig. 15.2). In the ECG-gated 3D partial Fourier
Fast spin echo (FSE) technique, arteries appear
dark in systole due to fast flow and high in diastole
due to relatively slow flow. Veins have some signal
in both phases due to slow flow. Subtraction of
systolic from diastolic images enables demonstra-
tion of the arterial system. ASL and TOF-MRA
can be used in the chest. PC MRA has potential
benefits in the evaluation of pulmonary vascular
resistance and turbulent flow in the pulmonary
arteries [36, 37]. Time-resolved imaging of the
lungs during free breathing with Fourier decompo-
sition (FD) analysis can be used for imaging of
lung perfusion with no need to contrast material.

15.3.2 Thoracic Veins

Imaging studies of the veins in the chest such as
pulmonary veins and central veins of the thorax
can also be performed with both CT and MR. The
indications for imaging of pulmonary veins
include pulmonary venous anomalies and RF
ablation planning in cases with atrial fibrillation.
General purposes to evaluate a systemic vein are
stenosis or thrombosis. Pulmonary venous anom-
alies including total and partial anomalous pul-
monary venous return, pulmonary vein stenosis,
pulmonary varix, and pulmonary vein atresia can
be detected with both CT and MR [38]. Image
acquisition time for CE-MRA should be timed
for enhancement in the left atrium for imaging of
pulmonary vein and as early equilibrium phase
for systemic vein evaluation [39]. Direct MR
venography can also be performed by adminis-
tration of dilute GBCA directly into the periph-
eral veins during 3D image acquisition [15].
Non-contrast MRA can be useful in patients with
gadolinium allergy or risk for nephrogenic sys-
temic fibrosis [39].
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Fig. 15.2 A 43-year-old man with suspected pulmonary
embolism. Axial (a) and sagittal (b) HASTE and sagittal
True-FISP images (¢) demonstrate hyper-intense filling
defects in the left pulmonary artery. CE-MRA (d) also

15.3.3 Aorta

There are different pathologies affecting aorta
with variable clinical scenarios. In emergency
settings, CTA is generally the preferred modality
to evaluate acute aortic traumatic injuries includ-
ing aortic intimal flap, pseudoaneurysm, aortic
thrombus, adventitial hematoma, aortic transec-
tion and acute aortic syndrome including aortic

demonstrates the filling defect with hypoperfusion in the
left lung. The patient was operated and the diagnosis was
hydatid disease

dissection (AD), intramural hematoma (IMH),
penetrating atherosclerotic ulcer (PAU), and rup-
tured/leaking aneurysm [40] (Fig. 15.3). CTA has
also an important role in the follow-up evaluation
of surgical or endovascular treatment of these
pathologies [41].

Oral contrast material is not indicated as it
hinders the evaluation of aortoduodenal or aorto-
enteric fistula. A non-enhanced scan with a sec-
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Fig. 15.3 A 60-year-old man presented with acute abdominal pain. Axial (a), MIP (b), and VR (¢) CTA images dem-
onstrate ruptured abdominal aortic aneurysm. With courtesy of Dr. Mehmet Ruhi Onur

tion thickness of 3—5 mm is needed to demonstrate
an IMH which is thought to be an aortic dissec-
tion with an early thrombosed false lumen. This
scan is also important to demonstrate hyperat-
tenuating signs generally indicating clots in many
diseases as discussed before [14]. In preoperative
planning for endovascular stent graft repair
(EVAR), this scan helps in the delineation of cal-
cified plaques. In postoperative evaluation, it is
useful to detect high-density surgical materials
[42, 43]. The addition of a delayed non-enhanced
scan in the eventuality of an abnormal CTA is
another option. DECT enables the reconstruction
of virtual non-contrast images with no need to
acquire a separate non-contrast CT.

CTA of the aorta should cover the entire aorta
from thoracic inlet to groin with a section thick-
ness of 1 mm after intravenous administration of
preferably high iodine concentration. ECG-
gating is mandatory for the thoracic portion to
reduce motion and pulsation artifacts that mimic
dissection or subtle abnormalities. Tube current
modulation that delivers full radiation in the dias-
tole phase and limits in the other cardiac phases
can be an option to reduce radiation dose in
retrospective gating [44]. In prospective gating
step and shoot, acquisition can be used for dose
reduction if available and reported to reduce dose
up to 75% [45]. Preferring lower kV values
would reduce radiation dose in small patients.
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Fig. 15.4 A 21-year-old woman with suspicion of vascu-
litis was evaluated with CTA. On the axial image (a), dif-
fuse wall thickening of the aorta is seen. On MIP (b) and

Delayed phase imaging with 70 s delay is essen-
tial for detection of active bleeding and follow-up
study of patients with EVAR to evaluate the size
of the aneurysm and endoleak [46, 47]. A split
bolus injection technique that acquires arterial
and delayed phase images in one acquisition by
injecting two sequential contrast material bolus,
separated by a time delay of approximately 35 s
has the potential to reduce radiation dose [48].
Image post-processing can help visualization of
subtle and complex lesions and treatment plan-
ning [40] (Fig. 15.4).

Aorta MRA can be helpful in assessing
the overall size, shape, and extend of aortic aneu-
rysm. MRA has advances in the evaluation of AD
such as determination of slow flow or thrombus
in the false lumen [49]. MRA and MRI have also
the capability to show IMH and PAU [50]. Aorta
MRA is the preferred modality in patients with
suspected aortic infections [51]. MRA enables to
evaluate the site of narrowing, involvement of
branch vessels, and the extent of collateral ves-
sels in aortic coarctation [52]. It is also possible
to measure velocities and by the way stenosis
degree with PC MRI techniques.

SSFP is the main sequence to evaluate struc-
tural and functional characteristics of aortic
valve and thoracic aorta and useful in the dem-
onstration of aneurysms, AD, and aortic root
structure [53]. ECG-gated cine sequences enable
to evaluate flow disturbances within the aorta
and by the way qualitatively analysis of aortic

/

VR (c¢) image, a diffuse narrowing of the infrarenal aorta
is seen. With courtesy of Dr. Tuncay Hazirolan

stenosis and regurgitation [54]. For quantitative
evaluation of blood flow characteristics, PC MRI
can be used. In this sequence selected peak
velocity encoding (VENC) is important and
should be 250 cm/s for the initial selection in
patients with a suspicion of aortic stenosis [55].
To evaluate vessel wall and slow flow or static
blood within the lumen such as false lumen in
AD, DIR FSE is a useful sequence. It is also
good for imaging of surrounding structures.
CE-MRA demonstrates lumen and less prone to
flow-related artifacts than bSSFP. ECG-gating
sagittal oblique “candy-cane” CE-MRA is useful
in the evaluation of aortic root motion [56]. Non-
contrast-enhanced MRA can be performed with
bSSFP with ECG-gating and respiratory naviga-
tion for thoracic aorta or 3D half-Fourier fast
spin echo sequences [53]. In patients with clini-
cal suspicion of large vessel vasculitis or aortic
infection, it is important to add pre- and post-
contrast T1 weighted 3D spoiled GRE sequence
with a fat selective pre-pulse to demonstrate
arterial enhancement [51, 57].

Bicuspid aortic valve (BAV) is the most com-
mon congenital cardiovascular malformation that
can be associated with aortic stenosis, aortic
regurgitation, and infective endocarditis [53]. In
this clinical scenario, high-resolution cine SSFP
is useful for the demonstration of BAV morphol-
ogy and physiology, whereas PC MRI has roles
in the evaluation of valvular stenosis and insuffi-
ciency. Spin Echo MR Images are good for ana-
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tomic evaluation of aortic coarctation and PC
MRI helps understanding the severity of the dis-
ease as mild cases can be managed medically. It
is also useful for preoperative planning and post-
surgical follow-up. MRI is also helpful in
the characterization of the plaques and evaluation
of plaques that are vulnerable to thrombosis or
embolization [58]. In the setting of acute aortic
syndrome, MRA is not the preferred study.
However, it is useful in the differentiation of
intramural hematomas from mural thrombi [59].
Demonstration of flow dynamics is helpful in
the differentiation of true and false lumen in
AD. First-pass and steady-state imaging with
blood pool agents were shown to demonstrate
correct detection or exclusion of significant ste-
nosis of abdominal aortic vessels [60].

15.3.4 Abdominopelvic Veins

Imaging of abdominal and pelvic venous struc-
tures is also feasible with CT and MR venogra-
phy. The main indications for imaging veins are
congenital anomalies, venous thrombosis, and
May-Thurner syndrome. CT venography is the
preferred modality in the evaluation of acute
traumatic injuries and potential IVC complica-
tions [61] (Fig. 15.5). It should be noted that in

the equilibrium phase of gadolinium distribution
which is the optimal phase for venous imaging,
the vascular signal is reduced and flip angle
should be decreased [15]. MR venography with
time-resolved imaging has benefits in the physi-
ologic assessment of the direction of the flow
within the veins and helps evaluation of pelvic
venous insufficiency [62, 63].

15.3.5 Mesenteric Vessels

Demonstration of mesenteric vasculature and dif-
ferent pathologies involving them such as steno-
sis,  occlusion, dissection, arteriovenous
malformations, vasculitis, aneurysm, pseudoan-
eurysm, and bleeding is possible with CTA. In
the suspicious of acute mesenteric ischemia
(AMI) and gastrointestinal hemorrhage, CTA is
the preferred imaging modality. CTA is also use-
ful in the evaluation of hepatic, pancreatic, and
splenic circulation in patients with tumor or eval-
uation of liver transplant living donors and recipi-
ents and complications after liver transplantation
[64]. CTA protocol may differ according to the
indication.

It is important to cover entire of the intestine
by obtaining images from the dome of the liver to
the perineum for evaluation of mesenteric

Fig. 15.5 A 43-year-old man with penetrating injury to inferior vena cava. Axial (a) and coronal (b) MIP images show
contrast extravasation from the anterolateral aspect of IVC (arrows)
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Fig. 15.6 A 78-year-old man admitted to the emergency department with a complaint of abdominal pain. Axial CTA
image (a) shows clot in the SMA. VR image (b) demonstrate embolic occlusion of SMA

ischemia [65]. Non-enhanced images are neces-
sary as well as arterial and venous phase images
obtained after administration of 100-150 mL
nonionic iodinated contrast material at a rate of
2.5-4 mL/s [65]. Multiplanar image reformations
are helpful such as sagittal and coronal images
and MIP and VR to show the interruption of the
vessel with an embolus (Fig. 15.6) [65, 66].
Positive oral contrast material administration is
not recommended as it obscures assessment of
bowel wall enhancement in mesenteric ischemia
and luminal contrast extravasation in gastrointes-
tinal bleeding. It is also recommended to obtain
three phase images—non-enhanced, arterial, and
venous phase—and a rapid contrast material
injection of 4-5 mL/s in order to maximize iden-
tification of contrast extravasation in gastrointes-
tinal bleeding [67]. Non-enhanced images are
helpful in the detection of high-attenuating
lesions that may simulate disease and sentinel
blood clots. The arterial phase is helpful in
the demonstration of vascular anatomy and lumi-
nal extravasation in arterial source of bleeding
with the use of MIP images and three-dimensional
volume renderings [67] (Figs. 15.7 and 15.8).
The portal venous phase is useful in the detection
of luminal extravasation and venous source of

bleeding. DECT also has advances in the evalua-
tion of gastrointestinal bleeding. VNC images
can be used instead of non-enhanced ones and by
the way using DECT reduces radiation dose.
Iodine maps and monochromatic images have
potential benefits of increased detection of con-
trast material extravasation [68].

3D CE-MRA is the main imaging modality
for mesenteric vasculature with MRA. With
the usage of modern scanners and parallel imag-
ing techniques, small vessels and branches can be
visualized with this technique with a lower reso-
lution than CTA [69, 70]. The images can be
obtained in one breath-hold and repeated to
obtain venous phase images after administration
of 0.1 mmol/kg gadolinium with an injection rate
of 1-2 mL/s [71]. Time-resolved MRA tech-
niques provide morphologic and hemodynamic
flow information about mesenteric vasculature
with a significant reduction in acquisition times
[70, 72]. Cardiac-triggered respiratory gating 3D
SSFP sequences can be used for mesenteric non-
contrast MRA in patients with risk for nephro-
genic systemic fibrosis. QISS MRA which is a
2D bSSFP pulse sequence can be used for non-
contrast arterial and venous imaging of the abdo-
men [73]. MRA can be useful in close follow-up
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Fig. 15.7 A 76-year-old woman with complaints of
hematochezia underwent CTA. Axial non-enhanced (a),
arterial (b), and venous (¢) phase coronal MIP (d), and VR

of flow-related aneurysms caused by stenosis of
celiac or superior mesenteric artery stenosis and
recanalization after embolization [74, 75]. MRA
with blood pool agents can be used for the assess-
ment of median arcuate ligament syndrome [20].

15.3.6 Renal Vessels

The main indications for demonstration of renal
vasculature are suspected renovascular hyper-
tension and potential donors and recipients for

(e) images demonstrate active extravasation from a diver-
ticula in the transverse colon

renal transplantation. CTA is commonly used for
these indications. Renal arterial flow is approxi-
mately 25% of cardiac output with a predomi-
nantly distribution to the renal cortex which
leads to an initial cortical angionephrogram
effect after contrast material delivery [76]. This
effect lasts up to 80 s after injection and then
medullary enhancement increases due to glo-
merular filtration. Between 120 and 180 s, a uni-
form nephrogram occurs and afterward excretory
phase begins with calyceal excretion of contrast
material [77]. The main renal vein opacification
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Fig. 15.8 A 50-year-old woman with a history of portal
hypertension applied to the emergency department with
hematemesis. A CTA was performed. On axial non-
contrast image (a), a clot is seen in the stomach (arrow).

occurs concurrently with renal arteries and corti-
cal angionephrogram as a result of rapid paren-
chymal contrast circulation [77].

The desired contrast attenuation in the renal
arteries (approximately 300-400 HU) can be

On arterial phase, axial image (b) no contrast extravasa-
tion is seen. However, in the venous phase both axial (c)
and coronal MIP images (d) demonstrate active extravasa-
tion from varix draining to the splenic vein (arrows)

achieved by injection of contrast material with
a concentration of 300 mg/mL or greater with an
injection rate of 5-6 mL/s [76]. In normal weight
patients, an acquisition time equal to 4 s and a
delay time equal to 6 s with a total of contrast
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material injection duration of 10 s is optimal. In
patients with larger body weights, a longer delay
time with a longer injection duration is used [76].
The acquisition should cover adrenals and aortic
bifurcation to evaluate pheochromocytoma aris-
ing from the adrenal medulla and extra-adrenal
paraganglioma most commonly arising from the
organ of Zuckerkandl located near the origin of
the inferior mesenteric artery [78].

Renal artery stenosis that can be caused
mostly by atherosclerosis in the elderly and
fibromuscular dysplasia (FMD) in the young
adult population may result in renovascular
hypertension. CTA has the capability to demon-
strate all but superior to MRI in the field of
demonstrating FMD. A hemodynamically sig-
nificant renal artery stenosis means a luminal
diameter reduction of approximately 60-70%
and best demonstrated with MIP images and
curved planar reformations [76]. CTA is also
good to demonstrate renal artery aneurysm,
traumatic renal artery injury, and acute renal
artery occlusive disease such as dissection and
thromboembolism (Fig. 15.9). Living donor
kidney imaging is important especially with
increasing ratios of laparoscopic surgery and
CTA is the preferred modality as it provides

a better depiction of small renal arteries than
MRI [79]. A non-enhanced CT is obtained to
demonstrate vascular calcifications and nephro-
lithiasis [80]. It is recommended to take a dou-
ble pass acquisition after contrast administration
to show arteries, veins, and collecting system in
these patients [76].

CE-MRA can be an alternative to CTA for
the demonstration of renal artery stenosis.
Rountas et al. showed that CE-MRA performed
with a coronal 3D fast spoiled gradient-echo
breath-hold sequence with fat saturation can be
used for detection of renal artery stenosis and
FMD with a slightly lower sensitivity compared
to CTA [81]. Non-CE-MRA is a commonly used
method in the assessment of renal vasculature
with recent technical advances and of concerns
about the safety of gadolinium-based contrast
agents especially in patients with renal insuffi-
ciency. TOF-MRA, PCA, ASL, and bSSFP angi-
ography have been used for the assessment of
RAS. However, the most commonly used
sequence is respiratory gated bSSFP sequence
with inversion recovery saturation and was shown
to have good agreement with CE-MRA and CTA
for the presence of renal artery stenosis and FMD
[82, 83] (Fig. 15.10).

Fig. 15.9 A 42-year-old man with acute onset severe left
flank pain. On the axial image (a) spontaneous dissection
of the left renal artery is seen (arrow). On MIP images (b)

perfusion defect is seen in the middle and lower portion of
the left kidney
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Fig.15.10 Two
patients referred for
evaluation of renal artery
stenosis with non-
contrast MRE. bSSFP
sequence was performed
in both patients. Figure
(a) shows normal renal

arteries. Figure (b)
shows severe renal
artery stenosis in the left
renal artery. With
courtesy of Dr. Tuncay
Hazirolan
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BBB  Blood-brain barrier
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CE Contrast enhancement
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16.1 CA Enhancement

Mechanisms
and Accumulation in Brain

According to endothelial structure, normal
microvasculature is divided into four main cat-
egories: continuous, discontinuous, fenestrated,
and tight junctional (blood-brain barrier). Brain
has the most restrictive environment for CA dif-
fusion due to the presence of the blood-brain
barrier (BBB). Contrast material enhancement
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of the brain is compound of two primary mecha-
nisms: intra and extravascular enhancement.
After injection of contrast medium through a
peripheral vein, the amount of contrast mate-
rial is increased and gradient occurs between the
extravascular interstitial fluid and the capillary
endothelium. CA diffuses into the perivascu-
lar interstitium from the endothelial membrane
where capillary permeability occurs, but an
intact BBB prevents it.

Knowledge about the patterns and mecha-
nisms of CAs is important in terms of radiologi-
cal differential diagnosis. Brain enhancement is
associated with both intravascular and extravas-
cular contrast material. Intravascular enhance-
ment might show neovascularity, vasodilatation,
or hyperemia, and shortened transit time or shunt-
ing [1-6]. Although interstitial CE varies accord-
ing to the permeability conditions in the BBB,
intravascular CE is proportional to increased
blood flow or volume. Intravascular opacifica-
tion on CT can be seen simultaneously with
CE. However, when we get the image 1015 min
after the injection, CE is interstitial.

Interstitial CE in MRI requires both free water
protons and Gd. If there is no free water pro-
ton in a tissue, Gd involvement is not observed
in T1-weighted studies. For example, the skull
and dura mater often show shiny enhancement
of the falx and tentorium on CE-CT images, but
they do not routinely show similar enhancement
on MRI [7]. Normal dura mater does not have
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a BBB, but it lacks enough water to display the
T1 shortening essential for enhancement on MR
images. Physiologic or pathological situations
may show abnormal CE, whether or not related to
the primary lesion. Angiogenesis, active inflam-
mation, cerebral ischemia, and hypertension are
all related to variation in permeability of the
BBB. In addition, reactive hyperemia and neo-
vascularity often have increased blood volume
and flow that will cause a shortened mean tran-
sit time. These properties, abnormally increased
capillary permeability, modified blood volume
and flow, result in abnormal CE on Gd-enhanced
MRI and iodine-enhanced CT examinations.

In current practice, Gd-based CAs have been
taken into account safe when used at clinically
recommended doses in subjects without severe
renal insufficiency. The introduction of the rela-
tionship between nephrogenic systemic fibrosis
with the use of Gd-based CAs and the use of
new regulations about injections have led to the
elimination of the NSF since 2009. But in 2014,
we were first concerned with Gd accumulation in
subjects with normal renal function. Kanda et al.
in 2014 [8] revealed abnormal T1 shortening in
the globus pallidus and the dentate nuclei in sub-
jects who had undergone recurrent administration
of Gd. And with coupled plasma mass spectrom-
etry they demonstrate that Gd accumulation was
not only in the global pallidus and dentate nuclei
but also in frontal lobe cortex, frontal lobe white
matter, and cerebellar white matter, at concen-
trations that far exceeded those seen in the con-
trol group. And of course this situation rises the
question, whether the CA or agent class affects
Gd deposition. Gd-based CAs can be classified
as ionic and non-ionic. While ionic agents were
thermodynamically more stable, no link between
stabilization and Gd deposition was shown. Also,
they are more commonly classified as linear or
macrocyclic based on the chemical structure of
the chelating agent which binds to the Gd. There
are many studies investigating the effect of lin-
ear or macrocyclic agents on Gd deposition. In a
study performed in subjects who underwent six or
more gadopentetate dimeglumine (linear agent)
or gadoterate meglumine (macrocyclic agent)
enhanced MRI were compared. While no signifi-

cant signal increase was observed in the subjects
with macrocyclic agent, linear agent injected
subjects showed increased signal in the dentate
nucleus compared to the pons and in the globus
pallidus compared to the thalamus [9]. In another
study [10] comparing gadobenate dimeglu-
mine and gadopentetate dimeglumine (two lin-
ear agents), a signal increase was observed in
the dentate nucleus compared to pons and CSF
in subjects who were administered gadobenate
dimeglumine. But this signal increase was lower
with gadopentetate dimeglumine than gadopen-
tetate. Radbruch et al. [11] compared the dentate
nucleus signal intensity with pons and middle cer-
ebellar peduncle in 33 subjects. After 20 consecu-
tive injections of macrocyclic agents (gadoterate
meglumine and gadobutrol) there was no signal
increase in the dentate nucleus after both agents.
Radbruch and his colleagues [11] interpreted the
difference in signaling, when exposed to linear
and macrocyclic agents, with the fact that the two
groups differ in chemical stabilization thus con-
taining different amounts of non-chelating Gd.
This hypothesis was based on the fact that the sig-
nal increase was associated with Gd deposition,
as shown in autopsy series, and that some linear
agents had lower thermodynamic stability.

16.1.1 Extraaxial Enhancement

Extraaxial enhancement of the CNS can be divided
into pachymeningeal or leptomeningeal. The
meninges that surround the CNS, origin of cranial
and spinal nerves, consists of three connective
layers. Pachymeningeal enhancement shows dural
enhancement while leptomeningeal enhance-
ment shows pial and arachnoidal enhancement.
Pachymeninks are formed of two membranes, the
periosteum of the inner layer of the skull and the
meningeal layer. Pachymeningeal enhancement
is come up with bone or dural reverberations of
the falx cerebri, tentorium cerebelli, or cavern-
ous sinus, while leptomeningeal enhancement is
seen in surface of the brain or subarachnoid space.
In pathological pachymeningeal enhancement,
there is an increase in thickness as well as signal
density or intensity [12, 13]. In leptomeningeal
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enhancement, unlike pachymeningeal, a gyriform
or serpentine pattern is observed following the
pial and subarachnoid spaces along the sulcus and
cisterns [7].

16.1.2 Pachymeningeal
Enhancement

The avid uptake of CA and enhancement in dura
is the result of absent BBB within the vessels in
dura, which allows diffusion of the CAs easily
[14]. While normal dural enhancement is well
seen on CT scans in the dural reflections, it is not
well recognized in the inner table of the skull [7].

The dura mater is isointense to the cortical
bone of the inner table of the skull on T1 and T2
weighted images. Dura shows thin, linear uninter-
rupted CE, which can be seen in half of the nor-
mal population after injection of contrast material
[7-15]. Under focal or diffuse pachymeningeal
enhancement, there can be many benign and
malignant conditions. Intracranial hypotension,
infectious or inflammatory processes (granuloma-
tous diseases), neoplasms (menengiomas, metas-
tasis, seconder CNS lymphoma), and iatrogenic

(lumbar puncture) can be given as an example.
Pachymeningeal enhancement can return to nor-
mal after the underlying cause has disappeared.

Intracranial hypotension is a rare benign con-
dition due to low CSF pressure, generally due to
CSF leakage (Fig. 16.1). When the CSF pressure
decreases, there might be secondary fluid transfer
that causes volume increase in capacitance veins
in the subarachnoid space. Diffuse pachymenin-
geal enhancement is the main MRI finding and
orthostatic headache is clinical finding. Except
diffuse pachymeningeal enhancement, MRI
might also show enhancement above and below
the tentorium, expansion of the pituitary gland,
low cerebellar tonsils, and subdural effusions in
some subjects [16, 17].

Meningiomas represent the most common
primary brain tumor and implicate three World
Health Organization (WHO) grades. WHO grade
1 (90%) is the most frequent [18]. They are also
the most common primary dural neoplasms with
pachymeningeal enhancement [7-15]. The inci-
dence increases with age and shows marked
female dominance, especially in third and sixth
decade [19]. Clinical findings such as personal-
ity changes, neurological deficits, sensorimotor

Fig. 16.1 A 34-year-old female subject with orthostatic
headache, CE-MRI reveals diffuse non-nodular dural
thickening at post-contrast images (a) and after the treat-

ment (b), post-contrast images show significant decrease
in dural enhancement
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changes and visual symptoms, aphasia, and sei-
zures can all be manifested by the location of the
menengioma. For example, skull-based menin-
giomas may cause cranial nerve palsies. Despite
the superiority of MRI in the evaluation of soft
tissue, the combination with CT is important
for the determination of bone invasion which is
important in the planning of surgery and radio-
therapy [20, 21]. Due to the lack of BBB, menin-
giomas show marked CE in CT and T1-weighted

MRI examinations. Since the prognosis is directly
related to the removal of the infiltrated dura, the
determination of the pathological changes in the
dura by assessing dural tail sign is very important
for the surgical approach (Fig. 16.2).

Dural metastases of the other primary tumors
may also show pachymeningeal enhancement,
especially breast and prostate metastases [7, 22,
23] (Fig. 16.3). Granulomatous diseases, rheu-
matoid nodules, fungal diseases may cause dural

Fig. 16.2 In pre-contrast T1 images (a), there is a mass
with heterogeneous intensity which does not allow to dis-
criminate morphologically. In post-contrast coronal (b)

Fig. 16.3 A 67-year-old
man with primary
prostate cancer,
post-contrast MR
imaging shows nodular
CE of the dura, which is
a biopsy-proven
metastases

and sagittal (c) images, the lesion shows diffuse homoge-
nous CE, causes thickening of the dura in the neighbor-
hood which indicates a menengioma
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involvement and pachymeningeal enhancement
[7]. Chronic subdural hematoma, sinus throm-
bosis, carotico-cavernous fistula, and tempo-
ral arteritis have been reported to show dural
enhancement [24-27].

16.1.3 Leptomeningeal
Enhancement

Leptomeningeal enhancement is the enhance-
ment of sulcus and cistern into the subarach-
noid spaces or enhancement of the pia mater.
Leptomeningeal CE is mostly due to meningi-
tis which may be caused by viral, bacterial, or
fungal agents. Bacterial and viral agents display
thin and linear enhancement while fungal agents
cause thick and nodular CE [28]. In the diagnosis
of meningitis, imaging is not performed for ini-
tial diagnosis but to confirm the suspicious clinic,
to eliminate meningitis mimics and increased
intracranial pressure before lumbar puncture and
to assess complications. CE-MR is superior to
CE-CT in identification of pathological menin-
geal CE in basal cistern, sylvian fissure, and deep
cortical sulci [29].

Tumor cells spreading along the brain surface,
mostly leptomeningeal less pachymeningeal,
is called meningeal carcinomatosis. Meningeal
carcinomatosis may be due to both primary
(medulloblastoma, ependymoma, glioblastoma)
and secondary tumors (lymphoma, breast cancer)
(Fig. 16.4). Neoplastic conditions, similar to fungal
meningitis, may cause thick and nodular CE [7].

16.1.4 Intraaxial Enhancement

16.1.4.1 Gyral Enhancement

Superficial enhancement of the brain parenchyma
is generally caused by vascular or inflammatory
processes.

Reperfusion of ischemic brain, vasodilata-
tion phase of migraine, posterior reversible
encephalopathy syndrome can be given as an
example of vascular causes to serpentine CE [30,
31]. Inflammatory causes include meningitis and
encephalitis. The distinction between vascular
and inflammatory causes can be made according
to clinical history and contrast-enhancing local-
izations. While sudden clinical symptoms refer a
vascular cause, sluggish and nonspecific headache
or lethargy suggests inflammation-infection. In
addition, gyral lesions in which single vessel dis-
trict is affected are thought to cause by vascular
pathologies, whereas multiple districts are thought
to cause by inflammatory events. The most com-
monly affected vascular circulation district is the
middle cerebral artery, but lesions in posterior
reversible encephalopathy syndrome are generally
in the posterior cerebral artery territory [31, 32].

The most common and the most serious form
of acute encephalitis is herpes encephalitis and
the agent is usually latent Herpes Simplex Virus
1. The latent virus extends along the trigeminal
nerves through the leptomeninges of the anterior
and posterior cranial fossa retrogradely from the
trigeminal ganglion. Patients present with acute
fever, headache, altered conscious level, or seizure.
In the imaging, bilateral asymmetric temporal lobe

Fig. 16.4 A 65-year-old subject with a history of primary
lung cancer, post-contrast axial (a, b) and coronal MR
images (c) of the patient showed leptomeningeal enhance-

ment (arrows) in bilateral occipital and infratentorial area
consistent with diffuse linear metastasis. Also note the
nodular metastatic lesions (dashed arrow)
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involvement together with insula which extends to
the putaminal border is observed. CT may appear
normal or show edema. On MRI, gyral enhance-
ment in cortex and white matter of the temporal
lobe is typical with increased T2 signal. In T2*
examination, cortical microbleedings can be seen
[33]. Other sections of the brain may also be
involved, such as cingulum of the frontal lobe.
The vascular causes of gyral enhancement may
occur in varying periods of time with different
mechanisms. Temporary disruption of BBB after
ischemia with reperfusion is the earliest cause
of enhancement [34, 35]. Early reperfusion also
causes vasodilatation, increase in blood volume,
and shortening of the mean transit time. These
properties were first detected in conventional
angiography [36]. Increased blood flow can be
explained by the autoregulation mechanisms that
develop due to increased PCO, pressure because
of ischemia. CT or MRI images taken after isch-
emia with early reperfusion may show gyral
enhancement within minutes. Vascular prolifera-
tion or hypertrophy is seen in the recovery phase
of cerebral infarction after several days or weeks.

CE returns after 1-4 months after ischemia and
leaves its place to decrease in brain volume [37].

Post-ictal status imaging aspect is similar
in many respects to cerebral infarct findings;
increased T2 signal, gyral swelling, sulcal and
gyral enhancement [38].

16.1.4.2 Nodular Cortical

and Subcortical

Enhancement
Subcortical or cortical parenchymal nodular
enhancement refers to the hematogenous spread
of metastasis or clot embolism. These lesions are
usually <2 cm and located at the gray-white mat-
ter junction. Brain metastases are the most com-
mon malignant brain tumors in adults and their
incidence increases [39, 40]. This may be related
to prolongation of life, more effective treatment
methods, and imaging techniques. Lung cancer,
breast cancer, and melanoma are the most com-
mon metastatic tumors of the brain [41].

Metastatic lesions show T1 hypo-T2 hyper-

intensity and show CE in nodular pattern after
post-contrast images (Fig. 16.5). Malign mela-

Fig. 16.5 A 54-year-old woman with primary breast can-
cer has a hyperintense lesion of less than 1 cm (arrow) in
her left basal ganglia in T2W images (a). Post-contrast

T1W coronal image (b) shows a nodular contrast-bearing
lesion consistent with metastasis (dashed arrow)
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noma metastases may show hyperintensity in T1
weighted images due to hemorrhage or melanin
component [42]. Metastases to the brain are gen-
erally by hematogenous transmission, usually
through the arterial system. They are mostly seen
in gray-white matter junction where the ves-
sel diameter decreases and embolic tumor cells
are trapped [43]. While metastases are mostly to
the supratentorial region, in one study 23% of
colorectal cancer patients with brain metastasis
were shown to have isolated cerebellar metastasis
[44]. In another study, it was shown that cerebellar
metastasis was detected in 31% of patients with
primary gastrointestinal tumors [45]. The reason
for this predisposition to posterior fossa might be
related to transmission through Batson’s plexus.
Routine CE CT-MRI may detect approxi-
mately 40-60% of metastases, while increasing
contrast dose or taking late-phase images may
demonstrate additional metastatic lesions.

16.1.4.3 Deep and Periventricular
Enhancement

These deeper subcortical lesions might involve
the white matter, basal ganglia, thalamus, or
both white and gray matter. Metabolic diseases
and toxins mostly affect deep gray matter. Many
diseases which disrupt myelin construction pri-
marily affect white matter. And most leukoen-
cephalopathies become destructive during their
natural process and cause reduction in white mat-
ter volume. These changes may cause increased
water signal intensity on MRI and decreased
attenuation on CT images.

16.1.5 Deep Ring Enhancing Lesions

Many etiologies of infectious, neoplastic, inflam-
matory, or vascular origin may cause ring-like
CE in the brain. Schwartz and colleagues exam-
ined 221 lesions with a ring-style CE and found
that 40% were gliomas, 30% metastasis, 8%
abscesses, and 6% demyelinating disease [46].
In their study, 45% of metastases and 77% of
gliomas were single lesions, whereas 77% of
abscesses and 85% of MS lesions were seen as
multiple lesions.

Lesions with ring CE accompanied by mass
effect and edema in the deep white matter are
usually primary brain tumors or abscesses [46].
Metastatic lesions may also show ring CE due
to central necrosis. Infectious etiology should
be considered in subjects with subacute bacte-
rial endocarditis, permanent catheters, or cardiac
valves, that have multiple cortical or subcortical
ring contrast-enhancing lesions. These lesions
appear to be hypo-isodense in non-contrast CT,
but they exhibit homogeneous ring-like CE in
the post-contrast images. These lesions, which
may vary in size, are usually accompanied by
perifocal edema. They are usually located at the
junction of the gray-white matter, but they also
can be seen in the subcortical area and deep in the
brain parenchyma [7].

Abscess Brain abscess is a focal collection of
purulence in the brain because of necrosis of
infected tissues. It is a life-threatening condition
and its diagnosis and treatment are urgent. In the
etiology, infections from adjacent structures
(mastoiditis, sinusitis, etc.), head trauma or surgi-
cal history can be seen. It can also develop due to
hematogenous spread of infection from other
parts of the body (osteomyelitis, etc.). The clinic
can develop in a broad spectrum. Fever and
fatigue due to the infectious state; headache,
vomiting, and confusion due to increased intra-
cranial pressure; and a variety of neurological
symptoms may occur due to focal brain damage.

The abscess first begins as a focal cerebritis
and usually has four stages; early cerebritis, late
cerebritis, early capsule abscess, and late capsule
abscess [47]. Abscess is the final stage of cereb-
ritis resulting in a necrotic cavity which seems
as an irregular-shaped rim-enhancing collection
debris. At 20-40 min delayed images that gained,
central CE on CT and MR suggests cerebritis
rather than abscess. Because of its purulent con-
tent and liquefaction necrosis, there is no CE
in abscess cavity even on the delayed images
(Fig. 16.6). There are several explanations about
rim T2 hypointensity on MRI. These include col-
lagen and hemosiderin content. Nearly 90% of
the abscesses have hypointense rim and 75% of
them show steady hypointense rim [46].
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Fig. 16.6 A 39-year-old female with a history of MVR
who presented with headache-fever, pre-contrast axial
T1W MR image showed an obscure hypointense area with
a diameter of approximately 15 mm in the white matter
adjacent to the left atrial ventricular atrium (a). The post-

16.1.6 Necrotic High-Grade Primary
Neoplasms

Necrotic neoplasms are usually primary or
metastatic malignancies. These lesions which
are located deeply, especially in the corpus cal-
losum and thalamus, suggest primary astrocytic
glial neoplasms. In adults, such lesions are often
diffusely infiltrating astrocytomas, with 60%
high grade (glioblastoma multiforme). The most
common primary malignancy in adults is glio-
blastoma multiforme (GBM) [48]. Although
its appearance is different, the most important
pathological feature that differentiates GBM
from low-grade astrocytomas is the presence of
central necrosis. Beside increased cellularity,
atypia, and mitotic activity as other anaplastic
astrocytomas, GBM also shows central necrosis,
microvascular proliferation and invasion [49].
In GBM, neoplastic cells form an irregular bor-
der around the necrotic debris [50, 51]. And this
characteristic pathology is fundamental of imag-
ing findings of GBM. MRI shows thick, irregular
ring of heterogeneous CE, that surrounds non-
enhancing central necrosis and hyperintensity in
T2-FLAIR images indicating peritumoral edema
(Fig. 16.7) [52, 53].

contrast axial TIW MR image revealed the hypointense
central necrosis, a lesion consistent with an abscess (b),
and diffuse contrast enhancement in the adjacent ventricu-
lar wall which represents the extension of inflammation
(dashed arrow)

16.1.7 Ventricular Neoplasms

Several different neoplasms can arise in the ven-
tricular system. These neoplasms may appear
from a variety of ventricular structures, includ-
ing the ependymal lining (ependymoma), sub-
ependymal layer (subependymoma), choroid
plexus (choroid plexus neoplasms), or they may
have a cell of origin that has yet to be deter-
mined (chordoid glioma). Central neurocytoma,
subependymal giant cell tumor, meningioma,
rosette-forming glioneuronal tumor, and metas-
tases are among the other neoplasms infiltrating
the ventricular system. Differential diagnosis in
intraventricular neoplasms are broad and most of
them have similar imaging findings and CE pat-
terns. After contrast administration, ependymo-
mas enhance heterogeneously, subependymomas
enhance non-minimal or less often moderately
heterogeneous, the central neurocytomas enhance
variable but generally mid-strongly, subepen-
dymal giant cell tumors and the choroid plexus
neoplasms exhibit avidly CE [54]. Subjects may
present clinically headache, increased intracra-
nial pressure findings, or focal neurological defi-
cits. In addition, ataxia or paresis may be seen
in neoplasms infiltrating the fourth ventricle. The
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Fig. 16.7 A 57-year-old male presented with right-sided
weakness. The unenhanced CT revealed amorphous
hypodensity (a) in the left posterior fronto-parietal space.
In CE-CT, vasogenic edema and environmental CE are
suspicious (b). The pre-contrast TIW image shows hypo-
isointense areas with unclear boundaries (c). In the post-

age, sex, and history of the subject along with the
location of the lesion in the ventricular system
are important in terms of differential diagnosis.

16.1.8 Cyst with a Mural Nodule
Primary Neoplasms

The well-demarcated appearance is the general
characteristic of “cyst within a mural nodule” pri-
mary tumors of the brain [55]. Most cysts within
a mural nodule tumors display enhancement in
the mural nodular part, but some may show a
nodule with partial rim enhancement. Familial
pilocytic astrocytoma and hemangioblastoma

contrast TIW image, high-grade glial tumor with
heterogeneous and nonuniform enhancing with unen-
hanced areas compatible with necrosis at the central site
and vasogenic edema can be easily selected (d). Note the
multifocality of the tumor (arrowhead)

can be given as samples located in the cerebel-
lum. Pilocytic astrocytoma, pleomorphic xantho-
astrocytoma, ganglioglioma, and extraventricular
ependymoma are the tumors that usually show
settlement above the cerebellar tentorium.

16.1.9 Demyelination

Multiple sclerosis (MS) is the most common
cause of demyelination which is a chronic
immune moderated disorder. In MS, the diag-
nosis is made by the presence of neurological
symptoms with the spread of the lesions over
time. Subjects presenting with MS clinic should



198

Y. Onal

undergo MRI because almost all of them have
abnormal appearance [56] and in more than 80%
of subjects with clinically isolated syndrome [57].
MS plaques are hyperintense in T2 and FLAIR
examinations. And they show post-contrast
enhancement acutely within first 4—6 weeks as a
result of perivascular inflammation and impaired
BBB (Fig. 16.8) [58].

16.1.10 Deep Lesions:
Periventricular Pattern

The frequent causes of periventricular enhance-
ment contain primary CNS lymphoma, primary
glial tumors, and infectious ependymitis.
Primary CNS lymphoma constitutes 4—7%
of all primary brain tumors but the incidence
has increased recently. Although the increase in
the incidence of the acquired immunodeficiency
syndrome (AIDS) has an impact on this condi-
tion, the incidence in subjects with no immune
defect has also increased [59]. Primary CNS
lymphoma is diffuse large B cell lymphoma in
90% of cases and is often high grade. Less com-
mon histological types are Burkitt’s lymphoma

and T cell lymphoma [60]. Unlike systemic lym-
phoma, neurological symptoms may occur in the
primary CNS lymphoma. In a study performed
in 248 subjects with primary CNS lymphoma,
focal neurological deficits, seizures, eye, and
neuropsychiatric symptoms were observed due
to increased intracranial pressure [61]. In another
study of 466 subjects, B symptoms such as fever,
weight loss, and night sweat were observed
in only 8% of the subjects [62]. Primary CNS
lymphoma is usually a single and supratento-
rial lesion. In a study of 100 subjects with no
immune deficiency, 38% were found to have the
lesion in cerebral hemispheres, followed by basal
ganglia and thalamus in 16% of the subjects [63].
Corpus callosum is another site of characteristic
involvement [64]. Similar to GBM, the primary
lymphoma disseminates throughout the corpus
callosum, involve both frontal lobe and corpus
callosum genus given the appearance of butterfly
pattern (Fig. 16.9). These lesions are larger than
the other primary CNS lymphomas [63]. The cer-
ebellum and brainstem involvement are less fre-
quent [63-65].

Primary lymphomas are observed as hyper-
attenuating on non-contrast CT and after

Fig. 16.8 In a subject with diagnosis of MS, T1W pre-contrast image (a) shows hypointense lesion, after gadolinium
administration post-contrast rim enhancement of the plaque (b) indicating active disease
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Fig. 16.9 A well-demarcated, 2 cm in diameter lesion
localized at the corpus callosum genu can be seen in
FLAIR image (a). In post-contrast coronal (b) and sagittal
(¢) TIW images, a diffuse homogeneous CE is observed.

post-contrast images they show homogenous
CE. However, a complete lack of enhancement has
been reported [63]. Heterogeneous or ring CE is
more common in subjects with AIDS or immune
deficiency. CE-MR imaging is the optimal imag-
ing method [66]. Primary CNS lymphomas are
hypointense in T1 and also hypointense in T2
compared to gray matter. With this feature, they
can be distinguished from T2 hyperintense many
primary brain tumors. Because primary CNS lym-
phoma is rarely seen hyperintense in T2, CE tends
to be homogeneous in primary CNS lymphoma.

Thin, linear enhancement along the borders
of the ventricles on CT and MR images is typi-
cal of infectious ependymitis. Both ependymi-
tis and ventriculitis can also cause thin linear
enhancement along the ventricular surface of the
corpus callosum. This finding may indicate CM V-
induced ventriculitis in subjects with immunode-
ficiency. Subjects with ventricular shunt catheters
may also develop ventriculitis from an ascending
infection in the shunt tubing.
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Highlights

e Perfusion imaging allows to select patients
most suitable for thrombolytic or endovascu-
lar treatment by differentiation of penumbra
from ischemic core.

e In the discrimination of malign solitary intra-
axial brain lesions, a perfusion curve in DSC-
MRI that does not turn close to the baseline
suggests metastasis rather than glioma or
lymphoma.

» Differantiation of true tumor progression from
treatment effects can be done by using perfu-
sion imaging/rCBV.

* High relative cerebral blood volume may be
useful to differentiate residual/recurrent tumor
from treatment-related changes.

17.1 Introduction

Since the beginning of the century, brain per-
fusion imaging has been used with increasing
interest. Perfusion imaging techniques provide
valuable information about brain physiology,
hemodynamics, and microvascular structure of
brain lesions. Depending on modality (magnetic
resonance imaging [MRI], computed tomography
[CT]) and method (arterial spin labeling [ASL],
dynamic contrast-enhanced [DCE], dynamic sus-
ceptibility [DSC]) used, perfusion parameters
indicating different properties of perfusion algo-
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rithm can be obtained and assessed qualitatively
and quantitatively. The blood volume in a partic-
ular tissue region and the blood movement over
time are the main parameters that are evaluated.
Additionally, it is possible to evaluate vascular
leakage quantitatively by measuring vascular
permeability.

In clinical practice, perfusion imaging is widely
used for initial diagnosis and characterization
of the tumor, biopsy or surgical navigation, and
monitoring and evaluation of treatment response
[1]. Today, especially perfusion weighted MRI
(PW-MRI) has become indispensable for initial
diagnosis and monitoring of brain tumors [2]. By
the emerging and development of CT perfusion
(CTP) imaging, it has started to be used widely in
emergencies, in particular, stroke management [3].

This chapter reviews the technical properties
and the clinical applications of brain perfusion
imaging.

17.2 Methods

17.2.1 Perfusion Weighted MR
Imaging (PW-MRI)

The metrics of PW-MRI can be obtained from
gadolinium-based contrast-enhanced and also
non-contrast-enhanced  (ASL) techniques.
Contrast used technics are two types: dynamic
contrast-enhanced (DCE)-MRI (T1-weighted)
and dynamic susceptibility contrast-enhanced
(DSC)-MRI (T2*-weighted) imaging [4, 5].
Although the methods used to measure cerebral
perfusion by these techniques are different, both
are based on the tracking of contrast material in
time [6]. In DCE, the contrast bolus causes T1
shortening in the vascular structure and also in
the tissues that have accumulation of contrast
agent due to the leakage of vessels. The T1 short-
ening effect causes an increase in signal, and
therefore the technique is called positive contrast
permeability technique. In DSC, the contrast
bolus causes a signal drop during the initial pass
through the vascular structure. For this reason,
this technique is called negative contrast blood
volume tracking technique.

Both of these contrast-enhanced technics can
be used at the same imaging session to enable
as a complementary tool about microvascular
changes of tissue. DSC-MRI is prone to suscep-
tibility effects mainly caused by calcium, metals,
and blood products, while DCE-MRI without
these effects can be used in close bone structure
neighborhoods and parenchyma-air interfaces
[7]. Conversely, DSC-MRI imaging has a better
signal-to-noise ratio and needs a more straight-
forward postprocessing procedure.

Both methods provide several perfusion
parameters;

Cerebral blood volume (CBV) derived from
DSC and influx transfer constant (Ktrans)
derived from DCE which are mostly used [8].
Relative CBV (rCBV) a ratio of pathologic side
to the contralateral side is an indicator of micro-
vascular structure and angiogenesis [9]. Ktrans
is a microvascular permeability metric, show-
ing the transfer coefficient from plasma to the
extravascular extracellular space [9]. Both CBV
and Ktrans correlate with molecular markers and
histopathological changes of vascular endothe-
lial growth factor (VEGF) [10]. Besides, several
studies revealed that rCBV is correlated with
tumor grading and molecular markers indicating
high-grade tumors [11, 12].

ASL is a relatively new technique and does
not require contrast material. Perfusion imaging
data is obtained using labeled inflowing arterial
blood water protons at the proximal segment of
the imaging area. Cerebral blood flow (CBF)
maps provide quantitative measurement in a wide
range of clinical conditions. ASL enables quick
imaging of the whole brain parenchyma and
needs little postprocessing procedure in nearly
all software of manufacturers.

PW-MRI has some advantages over CTP
imaging. Primarily, PW-MRI does not require
ionizing radiation, which is crucial for particu-
larly oncologic patients because these patients
may require repeat imaging with short intervals
for tumor surveillance. MRI is a standard imag-
ing tool to assess treatment response or disease
progression, especially in neuro-oncological
imaging. The perfusion parameters obtained by
PW-MRI require the inclusion of additional
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sequences instead of a completely separate exam-
ination as in CTP, which is another advantage.
17.2.1.1 Dynamic Contrast

Enhanced-T1 MR Imaging
(DCE-MRI)

DCE-MRI is technically dependent on an
increase in contrast agent concentration, which
shows a proportional increase in T1 relaxation
rate. DCE-MRI allows to characterize the micro-
vascular changes by the help of quantitative
(model-dependent) parameters derived from var-
ious pharmacokinetic models (commonly used
classic Tofts-Kermode model), including Ktrans
(influx transfer constant), Kep (reverse transfer
constant), Ve (volume of extracellular extravas-
cular space), and Vp (blood plasma volume) [13].
Ktrans refers to the volume transfer coefficient
from plasma to extracellular extravascular space
and is the main parameter of permeability. It also
indicates blood flow depending on the degree of
permeability (Fig. 17.1). An increase in Ktrans
shows the increase in capillary permeability and
disruption of blood-brain barrier (BBB), particu-
larly in high-grade gliomas and used to differen-
tiate from low-grade gliomas [14, 15]. Kep refers
to the volume transfer coefficient from extracel-
lular extravascular space to plasma, a wash-out
parameter, and has also been found correlated
with glioma grading, tumor recurrence [16, 17].

Similar to Ktrans, elevated Ve, elevated fractional
volume of the extravascular extracellular space is
indicative of a wider BBB disruption and higher
tumoral grade.

DCE has some advantages compared to DSC
imaging, such as a smaller dose of contrast agent
and better temporal resolution. But, in contrast to
DSC-MRI, DCE has not been extensively studied
in the diagnosis and grading of tumors and the
differentiation of true progression from pseudo-
progression. However, it has been reported that
it can differentiate recurrent/residual tumor from
treatment response using the maximum slope
of initial enhancement [18]. Both absolute and
normalized values of maximum slope of initial
enhancement in progressive and recurrent tumors
show significantly higher values than those in
treatment-related necrosis [18].

The clinical use of quantitative metrics of
DCE-MRI is usually limited to the complex,
multi-compartmental ~ physiological  models
needed to achieve quantitative measurements.
To increase clinical benefit, semi-quantitative
metrics (model-free) were developed to evalu-
ate tissue perfusion. This method is easy to apply
without fitting complicated pharmacokinetic
models and semi-quantitative parameters derived
from signal intensity-acquisition time curve. On
the other hand, lower temporal resolution and
limited knowledge of lesion vascular pathophysi-
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ology are the main limitations [19]. The initial
and wash-out phase of contrast distribution has
been evaluating to provide objective indices by
the help of signal intensity-time curve which
provides a slope of wash-in, wash-out slopes
and also the initial area under the time—intensity
curve (IAUC).

Technical issues

— Itis recommended to include whole brain with
maximum field of view with no gap.

— To obtain baseline T1 signal, several non-
contrast series should be obtained initially.

17.2.1.2 Dynamic Susceptibility

Contrast Enhanced T2*

Imaging (DSC-MRI)
DSC-MR imaging is the most used perfusion
technique in clinical practice [4-6, 8, 20, 21].
The technique uses T2* susceptibility-weighted
imaging with the help of the initial pass effect
of contrast material through tissue to constitute
a signal intensity-time curve and a postcontrast
time-concentration curve. Once the contrast
material reaches the tissue, there is an abrupt drop
in signal intensity due to the shortening effect of
T2 *, but over time signal intensity recovers as
the contrast material disperses within the tissue
[4-6, 8, 20, 21].

Since the first-pass effect of the contrast
agent for DSC-MRI is very short, rapid imag-
ing techniques such as echo-planar imaging
(EPI) should be used to accurately characterize
the decrease in signal intensity [20]. Gradient
echo (GRE) techniques also are preferred over
spin echo techniques due to the sensitivity to
wider range of vessel size [6]. However, sus-
ceptibility artifacts, particularly due to the close
neighborhood of bone and air or blood con-
tents of tumors, are main disadvantages of these
sequences. DSC-MRI is also vulnerable to errors
associated with contrast leakage from disrupted
BBB, especially in high-grade hypervascularized
tumors or meningiomas. Low molecular weight
extravascular contrast materials make this effect
even more prominent by causing a rapid contrast
extravasation from the vascular compartment to
the interstitium. Consequently, the leakage pro-
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duces a strong T1 relaxation effect (T1 shine-
through effect) [22] and increasing or decreasing
of T2* effect, which may result in misestimation
of rCBV. Several methods, such as pre-bolus
contrast material administration, baseline correc-
tion, and gamma-variate fitting, are being used to
decrease T1 contamination [5, 7, 23].

Perfusion parameters derived from DSC-MR
are CBF, CBV, and mean transit time (MTT).
CBYV is the most widely used parameter and
is calculated using the area under the time-
concentration curve (Fig. 17.2), CBV indicates
the amount of blood in a particular tissue region
over a given period of time, and usually defined
in milliliter per 100 g of tissue. CBF calculation
is more complex and is obtained by dividing
CBV by MTT. MTT is defined as the average
time to pass through the interested tissue and
calculated in seconds. CBF is expressed in mil-
liliters of blood per 100 g in 1 min. In addition,
another time-dependent parameter map, time to

Kirans

Fig. 17.2 Signal intensity-time curve illustration of nor-
mal white matter and tumor. Red colored triangular shapes
indicate CBV for both regions. CBV is significantly
higher in tumor area than that in normal white matter.
Signal drop at initial phase (green lines) is related to vas-
cularity. Higher vascularity shows higher signal drop
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peak (TTP), can be measured for the detection of
abnormal signals in the tissue. Because the use
of absolute quantities is not optimal due to the
nonlinear relationship between signal change
and gadolinium contrast, in daily practice the
relative values of these parameters (ratio of
pathologic tissue value to the contralateral nor-
mal tissue value; rCBV, rCBF, rMTT) are used.
On signal intensity-time curve, the amount of
signal decrease is correlated tissue vascularity.
Highly vascular lesions such as glioblastomas
(GBs), metastasis, or meningiomas show more
signal loss than low-grade gliomas and normal
white matter. Accordingly, increased CBV is a
marker of higher tumor aggressiveness due to
increased neoangiogenesis. On the other hand,
the amount of signal recovery (percentage sig-
nal recovery [PSR]) depends on whether the
blood-brain barrier is intact or disrupted. In
metastasis, signal recovery is lower than those
in lymphoma and glioblastoma due to the dis-
ruption of BBB.

Technical Issues

— Perfusion imaging is performed during the
injection of contrast material via an automatic
injector at a minimum rate of 4 mL/s.

17.2.1.3 Arterial Spin Labeling (ASL)

ASL perfusion technique uses the tagging or label-
ing of arterial blood as an endogen tracer. After
this labeling procedure, a so-called labeling delay
is required to allow time for the labeled blood to
reach the targeted tissue. For ASL imaging, both
labeled and unlabeled images are taken and sub-
tracted. The signal obtained from the subtraction
of the labeled images from unlabeled images is
used to generate the CBF maps. Labeling arte-
rial water varied in methodology, and take these
names according to these methods; continuous
ASL, pseuducontinuous ASL, pulsed ASL, and
velocity selective [24]. A long-term RF pulse in
continuous ASL (CASL). Continually tags arte-
rial blood water at a specific proximal segment of
the imaging area [4]. CASL has higher perfusion
sensitivity than the other. But, prolonged RF may
cause higher energy accumulation and lead to
magnetization transfer effect, which cause over-

estimation of perfusion [24]. Conversely, Pulsed
ASL uses a single short RF pulse to tag the vessel
[24]. Although PASL shows better labeling per-
formance with single RF pulse, perfusion sensi-
tivity is lower compared to CASL.

After arterial blood labeling, ASL is obtained
using fast EPI techniques, similar to DSC-MRI
imaging. Again, similar to DSC-MRI, EPI
sequences are prone to susceptibility artifacts
caused by close neighboring bone, and air or
blood contents of lesion.

As an easily applicable technique, ASL has
some advantages compared with other perfu-
sion imaging methods. Similiarly with other
MR perfusion techniques, ASL does not require
radiation. The most important advantage is that,
unlike other MR and CT perfusion methods, ASL
does not require an exogenous tracer to generate
perfusion imaging which is beneficial for patients
with renal failure.

In recent years, increased number of studies
have reported the diagnostic value in the diag-
nosis of high-grade gliomas, metastases, and
meningiomas due to increased CBFs [25-29].

The authors found that ASL is a very useful
and easy-to-use technique with several advan-
tages compared to other perfusion techniques.

Technical Issues

— After the labeling procedure, a delay time is
required for the labeled blood to reach the tar-
geted tissue.

17.2.2 CT Perfusion (CTP) Imaging

CTP is based on the principle of the transit
of iodinated contrast material through brain
parenchyma. The main purpose is to evaluate
the distribution of the contrast agent in tissue
over time. This technique requires the acquisi-
tion of multiple series in short intervals after
intravenous injection of contrast agent. CTP
enables both CBV, CBF, MTT, and also perme-
ability (permeability surface [PS]) to be evalu-
ated in a single scan. Direct measurement of
quantitative parameters helps in interpretation
of CTP. CTP protocols vary depending on the
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cause of the examination, such as brain tumor
or ischemia.

Technical Issues

— Hemorrhage should be ruled out with low-
dose radiation non-contrast CT prior to perfu-
sion screening.

— Perfusion maps are obtained by the use of a
number of commercially available software
applications. An input artery is used to obtain
the time-attenuation curve to determine the
arterial input function, and venous sinus,
usually superior sagittal sinus, is used to
determine the venous output [30].

17.3 Clinical Applications
17.3.1 Neuro-oncologic Imaging

In recent years, increasing interest and pub-
lished articles focused on cranial neoplasms
revealed that the perfusion imaging of brain has
an important role in differentiation of tumor
subgroups (lymphoma, metastasis, glial tumors,
e.g.), glial tumor grading, discrimination of
benign and malign tumors. The relationship
between neoangiogenesis and tumor aggres-
siveness has been demonstrated by both CT and
MR perfusion methods. Increased permeability
and CBV are related to higher grade tumors
[12, 31]. DSC-MRI can also be helpful in brain
tumor monitoring and evaluation of response to
therapy.

17.3.1.1 Tumor Grading

The main method in grading tumors is the his-
topathological evaluation of the tissue which is
based on the World Health Organization grad-
ing system. However, grading systems based
on histopathology and molecular imaging are
confronted with several limitations, in particu-
lar sampling error and interobserver variation.
Furthermore, the biopsy material may not fully
represent the tumor characteristics due to inap-
propriate resection and tumoral heterogeneity,
which can lead to incorrect grading and classifi-
cations especially for high-grade gliomas (HGG)

[30]. If surgical removal of the lesion is not nec-
essary or if it is located in a critical area that can-
not be surgically removed, it is very important
to make a definitive diagnosis without a biopsy.
Conventional MRI is limited for glioma grading.
Approximately 45% of non-enhanced gliomas
are malignant and approximately 20% of the
enhanced oligodendrogliomas (ODG) are benign
[32, 33]. MR PWI and CT PWI have been suc-
cessfully used in grading of gliomas and targeted
biopsy.

Tumor vessels in low-grade gliomas (LGGs)
are constituted of normal endothelial cells with
a relatively intact BBB [34]. Malignant gliomas
have aberrant neovascularization consist of disor-
ganized, irregular, large caliber vascular structure
with immature endothelial cells, and disrupted
BBB [35]. This abnormal vascular structure
results in increasing permeability and perfusion
in malignant gliomas. Many researchers have
shown that increased rCBV is related to increased
angiogenesis and higher tumor grades, and is a
potential noninvasive biomarker in assessing
tumor grade [12]. Using a threshold value of 1.75
for rCBYV, Law et al. achieved to distinguish low-
and high-grade gliomas with 95% sensitivity and
57.5% specificity [12].

rCBV correlates is the most reliable hemo-
dynamic parameter in overall MR PWI param-
eters. Studies based on CT PWI also revealed a
good diagnostic performance in the differentia-
tion of low-grade tumors from high-grade tumors
(Fig. 17.3). Ellika et al. reported that a threshold
of 1.92 for rCBV derived from CT PWI showed
85.7% sensitivity and 100% specificity in distin-
guishing between low- and high-grade gliomas
[36]. For ODG, this approach could be challeng-
ing due to the ODGs can also have high tCBV
values [5, 37, 38].

Tumor grade is also reported to correlate with
Ktrans which represents the larger extension
of BBB disruption, but the correlation value is
lower compared to the value of rCBV [15, 31,
39]. PSR derived from signal intensity-time
curve is negatively correlated with vascular per-
meability and tumor grade. In other words, lower
PSR represents higher vascular permeability and
higher tumor grade [40, 41].
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Fig. 17.3 Axial FLAIR (a), axial T1 postcontrast (b),
DSC perfusion cerebral blood volume map (c) of diffuse
astrocytoma in left temporal lobe. Axial FLAIR (d), axial
T1 postcontrast (e), DSC perfusion cerebral blood volume
map (f) of anaplastic astrocytoma in talamomesancephalic
region. Axial FLAIR (g), axial T1 postcontrast (h), DSC

perfusion cerebral blood volume map (i) of glioblastoma
in left frontal lobe. Anaplastic astrocytoma (f) and glio-
blastoma (i) demonstrate high perfusion on cerebral blood
volume map, while no increase was observed for diffuse
astrocytoma (c)
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Fig. 17.3 (continued)
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Fig. 17.3 (continued)

Low-grade gliomas can continue to differenti-
ate through malignant transformation. This dif-
ferentiation time can be shown in rCBV maps
before they occur in conventional MR imaging.
“Angiogenic switch” refers to the time when a
low-grade tumor becomes angiogenic and shows
malignant transformation [35, 42]. The angio-
genic switch may be determined in perfusion
imaging by an increase in rCBV 12 months prior
to the appearance of contrast enhancement in
T1-weighted images [43].

17.3.1.2 Molecular/Genetic
Characteristics

2016 update of WHO classification of brain
tumors integrates molecular/genetic criteria with
histological diagnosis [44]. Molecular classifica-
tion for gliomas encompasses various molecular
and genetic markers, such as isocitrate dehydro-
genase (IDH) gene mutation, methyl-guanine
methyltransferase (MGMT) promoter meth-
ylation status, chromosome 1p/19q codeletion,
and epidermal growth factor receptor (EGFR)
status. Identification of these molecular/genetic
properties before surgery can be very useful in
differential diagnosis, treatment planning, and
monitoring. Recent studies have focused on the

discrimination ability of perfusion MRI in the set-
ting of genotypic characteristics of gliomas [45].

IDH mutation is present approximately in
50-80% of grade II-III gliomas and nearly in all
secondary GBs. In general, IDH-1 mutations are
much more seen than IDH-2 mutation [46, 47].
Patients with IDH-1 gene mutation have a bet-
ter prognosis than those with wild type gliomas,
which indicates IDH-1 mutations can be accepted
as an independent prognostic factor [46, 48]. The
detection of IDH gene mutations by noninvasive
methods is very useful in the management of treat-
ment in gliomas. Several studies revealed that the
rCBYV has the potential to predict IDH mutation
status in all grades of astrocytoma [49-52]. Wild
type gliomas have much more neoangiogenesis
with a less heterogeneous microenvironment.
rCBV may be a reliable imaging marker to pre-
dict the IDH mutation status [53]. On the other
hand, DCE-MRI-derived Ktrans also showed
significant differences between IDH-mutated and
IDH-wild type high-grade gliomas. IDH-wild
type tumors have higher Ktrans values than IDH-
mutant types [39].

GBs with EGFRvVIII mutation have poor prog-
nosis [54]. EGFR has been considered to be a
potential target for immune therapy [55]. The
establishment of reliable imaging biomarkers is
important in determining EGFR status of gliomas
to assist in treatment plan [54]. The publications
suggest that tumor angiogenesis characterized by
increased perfusion and permeability may reflect
EGFR status [56]. Gupta et al. [57] reported
that GB with EGFR amplification positive
showed higher rCBV and lower PSR values in
preoperative DSC-MRI measurements. Another
study with DCE-MRI reported that Ktrans and
Vp values in EGFRvIII-positive GBs were sig-
nificantly higher than negative group. The predic-
tive power of Vp has been reported as better than
that of Ktrans [58].

MGMT is a DNA repair enzyme in glioma
cells. MGMT methylation may inhibit the func-
tioning of this gene and cause DNA damage
[59]. Patients with MGMT methylation have bet-
ter prognosis and long-term survival [60], bet-
ter responding to temozolomide chemotherapy
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[61], and increased pseudoprogression formation
[62]. Biopsy procedures today often show inad-
equate biopsy due to tumor heterogeneity [63].
Noninvasive prediction of MGMT methylation
by imaging methods is very important. Several
studies have been studied on perfusion param-
eters as a noninvasive tool to predict MGMT
methylation in GB. Lower rCBV values were
found with 73.3% sensitivity and 85.7% speci-
ficity for MGMT methylation in GB [64]. In
another study, Ahn et al. [65] indicated that only
Ktrans was associated with the MGMT methyla-
tion status in GB. Interestingly, GB with MGMT
methylation showed higher Ktrans indicating that
MGMT methylation may have an impact on the
angiogenesis of glioma characterized by vascu-
lar structures with high endothelial permeability.
Larger studies are needed to clarify the relation-
ship between imaging characteristics and MGMT
status.

17.3.1.3 Differentiation of Solitary
Brain Tumors

Perfusion MRI has been shown as an effective
tool in the characterization and differentiation
of solitary brain lesions. It is very important to
determine the histologic features of a lesion, to
guide treatment plans and to determine the prog-
nosis. High-grade glioma, primary central ner-
vous system lymphoma (PCNSL), and solitary
brain metastasis have similar imaging charac-
teristics on conventional MRI, and the differen-
tial diagnosis is difficult with this method alone.
Advanced MRI techniques may add physiologi-

cal information that was not previously found in
the evaluation of brain lesions. Perfusion param-
eters indicating microvascular changes can be
used to facilitate diagnosis and differentiation of
brain tumors (Table 17.1) [11, 31, 67].

Perfusion imaging can be used in discrimina-
tion between HGG and PCNSL. PCNSL is known
to show markedly impaired vascular integrity and
less neovascularization, and therefore low blood
perfusion and increased vascular permeability in
comparison with other tumors [68, 69].

GBs have high rCBV values while lymphoma
does not show a significant increase in perfusion
(Fig. 17.4). And also lower PSR is suggestive of
GB (Fig. 17.4) [66, 70]. Despite similar findings,
cut-off values of rCBV and PSR vary between
the studies [66, 69, 71]. The difference between
imaging protocols can cause this variability.

Perfusion imaging may also help in the dif-
ferentiation of GB from solitary metastasis
where other sequences are limited. Perfusion
imaging has been used on the basis of the fact
that microstructure of tumor capillaries varies
greatly between glioma and brain metastasis
[72]. Metastasis generally has no disruption of
BBB in contrast to GBs, which causes relatively
lower rCBYV but increased more capillary perme-
ability throughout the tumor [73]. Besides, vaso-
genic edema around metastasis has no infiltrative
tumor cells or angiogenesis [74, 75]. Metastasis’s
signal intensity curve does not return close to
baseline due to the leakage of contrast material
within leaky capillaries in contrast to gliomas
whose signal intensity curve comes to close after

Table 17.1 CBYV and Ktrans parameters changes in common cranial tumors

CBV Ktrans
PCNSL Not increased or minimal 11 (severe vascular leakage)
Metastasis ™ 11 (absence of BBB component)
High-grade glioma M 1 (disruption of BBB)
Low-grade glioma Not increased Not increased
Radiation necrosis | l
Meningioma ™M )
Ependymoma ™ )
Medulloblastoma ™ ™
Hemangioblastoma 1 t

CBYV cerebral blood volume, Ktrans voliime transfer constant, BBB blood-brain barrier, PCNSL primary cranial nervous

system lymphoma
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Fig.17.4 Axial FLAIR (a), axial T1 postcontrast (b), DSC
perfusion cerebral blood volume map (c¢) of glioblastoma in
left temporal lobe. Axial FLAIR (d), axial T1 postcontrast
(e), DSC perfusion cerebral blood volume map (f) of breast
carcinoma metastasis in parietooccipital region. Axial T2
(g), axial T1 postcontrast (h), DSC perfusion cerebral blood
volume map (i) of lymphoma in corpus callosum and
neighboring bifrontal area. Glioblastoma (c¢) and metastasis
(f) showed an increase in relative cerebral volume, while no

increase was observed in lymphoma (i). [llustrations of sig-
nal intensity-time curves of dynamic susceptibility contrast
MR represent significant differences in percentage signal
recovery (j). In metastasis (gray curve), the curve does not
return close to baseline due to leaky capillaries in contrast
to the one in glioblastoma (blue curve). On the other hand,
the signal recovery showed higher values for lymphoma
(orange curve) in contrary to the others
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Fig.17.4 (continued)
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Fig.17.4 (continued)

a while of contrast administration (Fig. 17.4).
Statistically significant differences were reported
between values of PSR between metastasis and
glioma. It has been reported that rCBV is further
increased in the infiltrating peritumoral edema of
high-grade gliomas compared to the vasogenic
edema surrounding the metastasis. Compared
with metastasis, higher rCBV and higher PSR
were present in the peritumoral region of HGG
[71, 73, 76-80]. On the other hand, DSC-MRI
is not sufficient in differentiating high vascular
brain metastasis, such as melanoma metasta-
sis from HGG, due to similar vascular features.
Studies based on Ktrans value derived from
DCE-MRI showed significant overlaps between
lymphoma, metastasis, and high-grade gliomas
(Fig. 17.4) [81].

Ependymomas and medulloblastomas can have
increased rCBV and Ktrans values (Fig. 17.5).
Evaluation of the PSRs may be useful in differen-
tiation. Ependymoma shows a poor return to the
baseline in PSR curve due to fenestrated blood
vessels and focal deficits in the BBB [82].

Although hemangioblastoma (HB) and pilo-
cytic astrocytoma (PA) have similar imaging find-
ings in conventional MRI, perfusion imaging can
be used in differentiation. PA showed high tCBV
and permeability values, but HB has higher tCBV
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values when compared. Meningioma and choroid
plexus tumors show increased rCBV values due
to highly leaky capillaries (Fig. 17.6) [5, 83, 84].

17.3.1.4 Differentiating Primary
Gliomas from Tumefactive
Demyelinating Lesions

Perfusion imaging is useful in differentiating
brain tumors from tumefactive active demy-
elinating plaques. Tumefactive demyelinating
lesions (TDL) with a larger size, accompanying
perilesional edema, and mass effect with atypi-
cal enhancement, particularly ring-shaped
enhancement, can be challenging in differen-
tiation from tumoral lesions [85]. These imaging
findings are frequently seen in glial tumors, often
in glioblastoma, and in some cases, a biopsy is
required for diagnosis. On the other hand, some
studies revealed that tumefactive demyelinat-
ing lesions could mimic gliomas on pathologic
examinations [86]. Differences in vascularity on
perfusion imaging can lead to differentiate these
entities. High-grade gliomas show increased per-
fusion dynamics due to neoangiogenesis. TDLs
contain inflammatory vessels that show mild
to moderate angiogenesis, and thus resulting in
lower permeability surface and CBV values com-
pared to high-grade gliomas on CTP imaging [4,
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Fig. 17.5 Intraventricular ependymoma. Axial T2 (a), axial T1 postcontrast (b), DSC perfusion cerebral blood volume
map (c). Relative cerebral blood volume increased at a significant level
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Fig. 17.6 Meningioma. Axial FLAIR (a), axial T1 post-
contrast (b), DSC perfusion cerebral blood volume map
(c). This large enhancing extra-axial meningioma devel-

87]. rCBV values obtained from MR perfusion
also demonstrate significant difference between
high-grade gliomas and TDLs [88]. However,
perfusion imaging is limited in the differentia-
tion of grade 2-3 glial tumors and TDL, due to
both of these entities have a similar increase in
the level of rCBV [89].

oping on parietal region shows increased cerebral blood
flow at a significant level

17.3.1.5 Guiding Biopsy

and Radiosurgery
Misclassification of gliomas is a common prob-
lem affecting treatment management and out-
comes. Tumor heterogeneity is an important
cause of sampling errors. Contrast enhance-
ment has a limited specificity in tumor grading,



218

E. Cindil et al.

although it has a widely used MR imaging fea-
ture to evaluate GBs.

Because of the heterogeneity of the lesion, it is
known that GB contains areas of different grades.
Recent data suggest that angiogenesis and high
cellularity-related rCBV values are increased in
high-grade areas of GBs [90]. Therefore, areas
with a high rCBV value in perfusion imag-
ing should be preferred for biopsy sampling. It
can also be used to identify the most malignant
regions of irradiated tumors.

17.3.1.6 Differentiation of Recurrent
Tumor and Response
to Treatment

Recent studies have demonstrated that perfusion
imaging, particularly MR perfusion imaging,
has a vital role in discrimination between treat-
ment effects and disease progression because
accurate differentiation results in changes to
the treatment approach. Determining the prog-
ress or response of the disease by conventional
imaging depended on the evaluation of the con-
trast enhancing lesion using MacDonald crite-
ria [91]. By recognizing the importance of the
non-enhancing region in monitoring the treat-
ment response, the non-enhancing region of the
tumor is considered in the updated guidelines
for Response Evaluation in Neuro-Oncology
(RANO) [92]. Postoperative infarcts, treatment-
related inflammatory processes, and postictal
changes, related to tumor physiopathology can
disrupt the BBB, and lead to contrast enhance-
ment, and mimics recurrent or residual tumor,
today has been named pseudoprogression.
On the other hand, steroid and antiangiogenic
drug therapies stabilize the BBB, and cause a
decrease in contrast enhancement even there is
no true treatment response. This condition is
called pseudoresponse [93, 94].

Pseudoprogression

Pseudoprogression is the name given to an
increase in enhancing lesion size and/or edema
due to treatment without a real increase in tumor
component. These findings do not show improve-
ment on follow-up imaging. Pseudoprogression

caused by increased fluid of interstitial space
due to increased vessel permeability and
inflammation in tissue and perilesional edema
area, and usually is seen in the 2- to 6-months
after chemoradiation therapy. Discrimination
between pseudoprogression and true tumor pro-
gression is not possible with conventional MRI
because they both can show similar imaging
findings, including increased enhancement and
edema. By the way, perfusion imaging, which
provides information on changes in the level
of the microvascular system, is very helpful in
distinguishing these two conditions. In pseu-
doprogression, contrast-enhanced lesions lack
neoangiogenesis and do not show increased
perfusion in contrast to true tumor progression
(Fig. 17.7) [95-99].

Pseudoresponse

Antiangiogenic drugs (anti- VEGF antibody bev-
acizumab and VEGF receptor tyrosine kinase
inhibitor cediranib) have been used as a second
choice in high-grade glioma treatment proto-
cols. These drugs restore the integrity of the
BBB, causing a marked and rapid decrease in
contrast enhancement and lesion circumference
edema. Although antiangiogenic drugs provide
a 6-month progression-free survival with this
effect, they do not have a significant effect on
overall survival [100-102]. High-grade gliomas
are usually multicentric at the time of diagno-
sis and malignant infiltrating cells are found in
the area of peripheral edema. Therefore, total
excision of tumor is difficult. Non-enhanced
infiltrating brain parenchyma adjacent to the
surgical bed is observed as hyperintense on
fluid-attenuated inversion recovery (FLAIR)
and T2-weighted images. These areas con-
tinue to expand with disease progression. When
tumor cells in these regions progress and trans-
form a more malignant form, an angiogenic
switch occurs, which leads to contrast enhance-
ment. However, if antiangiogenic agents are
used in this process, by reducing the vascular
permeability and correcting the BBB decreases
the contrast enhancement even if there is real
tumor progress (Fig. 17.8). These effects can be



17 Perfusion CT and MR Imaging of the Brain 219

Fig. 17.7 Pseudoprogression in a treated glioblastoma. Contrast enhancement is prominent due to the changes
Axial T1 postcontrast (a), DSC perfusion cerebral blood caused by treatment regime. Cerebral blood volume did
volume map (b) obtained after chemo-radiotherapy. not show any increase consistent with pseudoprogression

Fig. 17.8 Pseudoresponse. Axial T1 postcontrast (a), contrast enhancement is seen due to the treatment effect of
color DSC perfusion cerebral blood volume map (b) of antiangiogenic agent. But increased cerebral blood vol-
glioblastoma after the treatment with bevacizumab. No  ume reveals recurrent tumor



220

E. Cindil et al.

detected within hours after the start of treatment.
When the use of medication is discontinued due
to toxicity concerns, this reverses vascular nor-
malization, resulting in rebound enhancement
and edema [103].

Radiation Necrosis

Radiation necrosis is a late effect of radiation
injury and occurs in about 3-24% of patients
who had received standard radiation therapy.
Radiation necrosis usually occurs around the
original tumor and in the region of the maximum
radiation dose surrounding the surgical cavity
usually between 3 and 12 months after radiation
treatment [104].

Radiation necrosis is caused by obstruc-
tive vasculopathy leading to stroke-like attacks.
Radiation necrosis is associated with endothelial
proliferation, hyalinization, and consequently
vascular thrombosis and fibrinoid necrosis of
small vessels. By the way, recurrent/residual
tumors are related to vascular proliferation
and neoangiogenesis without vascular luminal
obstruction [105].

The clinical findings of radiation necrosis and
true tumor progression are similar and compli-
cate patient management. It is also difficult to
distinguish true tumor progression and radiation
necrosis in conventional imaging because they
both occur around the original tumor, enhance
after contrast administration, and grows in time
with peripheral edema. Necrosis caused by
chemoradiotherapy and tumor recurrence/prog-
ress may also coexist.

Perfusion imaging techniques are quite help-
ful in distinguishing radiation necrosis from true
tumor progression. tCBV increases in the area
of the tumor and decreases in the area of radia-
tion necrosis (Table 17.1) [21, 84, 104]. Ktrans
with PW-MRI or permeability surface (PS) in
CTP imaging as an indicator of vascular leakage
has also been used in differentiation tumor pro-
gression from radiation necrosis. Blood vessels
of irradiated tissue are prone to sustain patency
of BBB which results in lower Ktrans compared
to recurrent tumor with neoangiogenesis which
tends to have leaky BBB (Table 17.1).

17.3.1.7 Tumor Surveillance

In the light of current information, standard
conventional imaging methods do not provide
sufficient information about the pathophysi-
ological characteristics of the tumor and there-
fore are not sufficient to accurately assess the
success of treatment. Perfusion imaging has
a significant effect when used in conjunction
with conventional imaging in the detection of
treatment response. CBV is a hot topic in dis-
tinguishing treatment effects from true tumor
progression [106], and a definitive cut-off point
is still needed for discrimination in larger stud-
ies. Roughly, it can be said that a progressively
increasing rCBV may suggest tumor progres-
sion, and a decreasing rCBV may suggest treat-
ment effects [106].

17.3.2 Stroke Management

Non-contrast CT, cranial CT angiography, and
then diffusion-weighted imaging of brain are the
first imaging modalities in the suspicious of isch-
emic stroke. After determining the arterial occlu-
sion, it is critical to evaluate the presence and size
of the hypoperfused tissue with a risk of necro-
sis, called penumbra, around the infarct core.
The aim of thrombolytic therapy in acute stroke
is to rescue the hypoperfused penumbra under
the risk of ischemia which surrounds the infarct
core. The time of clinical onset of symptoms is
so crucial to apply anti-thrombolytic therapy to
survive penumbra. The main point is to identify
and define the patients that may benefit from anti-
thrombolytic therapy.

17.3.2.1 CT Perfusion

Maps computed for perfusion imaging include
CBYV, CBF, MTT, and time to maximum (Tmax)
[107]. The definition of the penumbra and the
infarct core depend on the measurement of CBF
on CT PWI. The CBF varied according to the
age of the patient and is approximately three
times higher in gray matter than white matter. In
general, the CBF of the normal perfused area is
greater than 50 mL/100 g/min. The CBF value
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is between 20 and 40 mL/100 g/min in the oli-
gemia, 10 and 20 mL/100 g/min in the penum-
brae, and 10 mL/100 g/min in the ischemic area.
The vascular autoregulation is lost in the isch-
emic area, and CBV value also reduces while
MTT value prolongs. In the penumbra, there is a
decrease in CBF when trying to protect CBV by
vasodilatation and collateral pathways. In criti-
cally hypoperfused tissue, the Tmax duration is
longer than 6 s [16]. The mismatch between the
critically hypoperfused tissue and the ischemic
core is used to predict the penumbra.

17.3.2.2 MR Perfusion

DWI is useful in the determination of the isch-
emic core by defining cytotoxic edema. The
decrease in the ADC indicates that there is an
irreversible necrosis. It is critical to determine the
tissue at risk. In the last decade, there has been an
effort to determine thresholds to define the pen-
umbra with MRI diffusion/perfusion mismatch
and also CT perfusion values. In a study using
diffusion and perfusion mismatch, better neuro-
logical recovery was reported with early reperfu-
sion (patients who received tPa for 3—6 h after the
onset of symptoms) [108]. The criteria for mis-
match include: a lesion with Tmax over 2 s and
the lesion size at least 20% greater than that mea-
sured in DWI. Another study showed [109] that
tPA had no significant effect on the growth of the
ischemic area but significantly improved reper-
fusion in patients with mismatch and improved
clinical outcome. Consequently, patients who
have a lesion with Tmax of more than 2 s and
at least 20% greater than that measured in DWI
may benefit from tPA therapy within 6 h of the
onset of symptoms. The mismatch approach also
helps eliminate poor candidates who will not
benefit from treatment.

Lansberg et al. [110] proposed three groups of
patients with newly defined thresholds. The first
group consists of patients with mismatch benefit
from reperfusion, resulting in a better clinical
outcome and a reduction in the size of the infarc-
tion. The second group without mismatch does
not show a significant clinical response and the
size of the infarct does not decrease. The third
group of patients with the worst profile (volume

of infarct core is overl00 mL in DWI or Tmax
is superior 8 s on perfusion imaging) show no
improvement in clinical and image findings after
reperfusion.

17.3.3 Delayed Cerebral Ischemia
(DCI) due to a Vasospasm

DCI may occur due to a complication of sub-
arachnoid hemorrhage. In half of the patients
with severe vasospasm, ischemia occurs in the
progressive process. The use of perfusion CT in
delayed ischemia has increased. If the MTT is
above 6.4 s on perfusion imaging, it can be said
that the risk of DCI increases [111].

17.4 Conclusion

Perfusion imaging tools today are invaluable in
the setting of differential diagnosis of a wide
range of brain pathologies. Understanding of
these techniques and wide application in routine
clinical practice will make an impact especially
in the interpretation of challenging conditions.
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18.1 CT Angiography of the Brain

and Carotid Arteries

The brain CTA is from CI to vertex and the neck
CTA is from the aortic arch to C1. In stroke imag-
ing, head and neck CTA is performed from aortic
arch to vertex, including Willis. For reducing the
volume of contrast material (CM) and to prevent
venous opacification, CT scannings are caudo-
cranial [1-5]. CTA is a must in acute cerebrovas-
cular disease. It is important to demonstrate the
patency of intracranial vascular structures and the
stenosis in the carotid artery in transient ischemic
attack or stroke patients. The stenosis-forming
plaque in the carotid artery may be the source of
emboli. Besides, CTA shows exactly which seg-
ment of the vessel is occluded in patients under-
going mechanical thrombectomy [6-8]. CTA is
more preferred than MRA in acute cases because
of its speed. Evaluation of CTA in the evaluation
of carotid artery stenosis (more than 70%) has
a high specificity and sensitivity [9-17]. Single
section CTA 1is not widely used in patients with
CAS (Fig. 18.1). This may be due to the use of
more than 100 mL of CM and a slice thickness
of more than 2 mm. MDCT has eliminated most
of these limitations. In addition to the use of less
dose of CA, it allows obtaining less than 1 mm
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slice thickness and high resolution (HR) images
[18-20]. In addition, MDCTA can show carotid
arteries from the aortic arch to Willis in <15 sec-
onds (s), with 1 mm slice thickness, HR, and most
importantly low-dose CA [19, 20]. As the tech-
nology progresses in radiology, it has become
important to reduce the dose of the CA, along
with the radiation dose, in such a way as not to
affect the image quality. Another way to reduce
the amount of contrast agent (CA) is to give saline
bolus immediately after administration [21-25].
de Monyé et al. [18] compared different volumes
of CM at 16 detector row computed tomographic
CTA of the carotid arteries. Patients included in
the study were divided into three groups: Group
1 80 mL CA, Group 2 80 mL CA followed by
40 mL saline, and Group 3 60 mL CA followed
by 40 mL saline. The Hounsfield unit was mea-
sured from the ascending aorta and arteries from
the aorta at 1-s intervals. The attenuation was
measured more than the other groups in patients
who received 40 mL of the saline bolus in 80 mL
of contrast. In the group with 60 mL CA, attenu-
ation was lower than the other groups. Kim and
colleagues [26] developed a contrast dose proto-
col for CTA at 64 detector CT for the diagnosis
of acute cerebrovascular disease. A 70 mL CA
(iohexol, Omnipaque 350 mgl/mL) and 25 mL
saline bolus were given at a rate of 5 mL/s for
CTA. About 1 min after CTA, CE brain CT was
performed. The purpose of this brain CT after
CTA is to demonstrate incidental lesions, sub-
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Fig. 18.1 CTA and digital subtraction angiography
(DSA) of the carotid arteries before and after stenting.
CTA MIP image (a) and DSA (b) of the left carotid artery

acute infarctions, hematoma, or contrast extrava-
sation in aneurysm rupture. 150 mL of contrast
medium (CM) is used (2 x 40 mL for CT perfu-
sion and 70 mL for CTA). The total time of the
procedure is approximately 8 min and the tim-
ing of contrast injection is very important for the
best filling of the arteries. CA can be given with
a delay of approximately 25 s. Since blood flow
dynamics will change from patient to patient, it
is useful to use the bolus tracking method espe-
cially in 64 section CT [26-29]. In a study by
Kayan et al. [30], image resolution of carotid and
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stenosis before stenting. CTA MIP image (c¢) and DSA (d)
of the left carotid artery after stenting

cerebral CTA with a low voltage and low dose
of CA was evaluated. Subjects were divided into
two groups. CTA was performed with high-dose
CA (1 mL/kg) and high-voltage (100 kv) in the
first group and with low-dose CA (0.5 mL/kg)
and low voltage (80 kv) in the second group.
CA (iopromide, Ultravist 370, Bayer Schering
Pharma, Berlin, Germany) with 370 mg iodine
was used in both groups. The attenuation val-
ues were measured as HU from the lumen of the
arteries and 300 HU and above were accepted
as good image quality. The attenuation values



18 CTand MR Angiography of the Brain and Carotid Arteries

229

were over 300 in both groups. In other words, it
is possible to perform carotid and cerebral CTA
with low voltage and low CA with 128-detec-
tor CT. Thus, possible nephropathy and possible
damaging effects of radiation are reduced. In
another study about the reduction of the dose of
CA, in one group cerebral CTA was performed
with a moderate concentration of CA and 80 kV
protocol, while the other group received a high
concentration of CA with 120 kV [31]. Moderate
concentration of CA with 80 kV protocol has
better arterial opacification, has better signal
to noise and contrast to noise ratios than a high
concentration of CA with 120 kV protocol. Also,
the iodine used in the low contrast group is about
18.9% less than the other group. Besides, subjec-
tive image quality is better, although less iodine
is used. So giving less CA can reduce the risk of
CIN, because it has less osmolality and less vis-
cosity [31]. Similar to these studies, Nagayama
et al. [32] demonstrate that under the 80 kVp
(296 mgl/kg) with sinogram affirmed iterative
reconstruction protocol, both the radiation and
the CM dose were substantially reduced at cere-
bral bone subtraction CTA and that the image
quality was better than on scans obtained with
the standard 120 kVp (CA was 370 mgl/kg) with
FBP protocol. In another study [33], the authors
investigated results of low concentration CAs in
craniocervical dual-energy CTA using a monoen-
ergetic reconstruction method. In the first group,
high concentration CA was used (iopromide 370)
and in the second group low concentration CA
was used (iopromide 270). Image qualities were
comparable. So contrast dose could be reduced
by the monoenergetic reconstruction method in
craniocervical dual-energy CTA. Hinkmann et al.
[34] evaluated the efficacy of low-dose contrast
in carotid CTA using 128 slice ultra-fast (with a
gantry rotation time of 300 ms) spiral CT. One
group was studied with 80 mL contrast at a rate
of 5 mL/s, while another group was studied with
a 30 mL contrast, at a rate of 4 mL/s, followed by
saline flushes in two groups. They used the test-
bolus technique to calculate transit time in both
groups. They showed that 30 mL of CM was suf-
ficient to show arterial stenosis, vascular contrast
density, and image quality.

In MDCTA volume of CA is related to the
time of the procedure which is dependent on
detector numbers [35].

50-100 mL CA containing about 350-
370 mg iodine are used in carotid and cerebral
CTAs depending on the patient size and speed
of the scanner [36]. To achieve CTA attenu-
ation of 250-350 HU for a 70 kg patient, 35 g
iodine was administered at 1.4 g of iodine/s
(100 mL of 350 mg of iodine/mL concentration
at 4 mL/s) over 25 s is suggested for 16 detec-
tor CT, while 25 g of iodine injected at 1.6 g of
iodine/s (75 mL of 350 mg of iodine/mL con-
centration at 4.5-5.0 mL/s) over 15 s is sug-
gested for 64 detector CT, followed by a saline
flush. When administration rates are decreased
for a given CM volume to prolong the injection
time for slower CT scanners, the magnitude of
contrast enhancement will decline, if a higher
iodine concentration CA is not given. Injection
time appropriate to scan time may be estimated
by using an approach, 15 s + (1/2) scan time.
Speed of 4 mL/s is suggested for a 70 kg adult
(slower injection for a smaller subject but faster
for a larger subject), with a saline flush. In
MDCT, a fixed delay time of 18-20 s is used for
the cerebral CTA, 15 s for the carotid CTA [5].
Although the values are not certain, the duration
of the injection is 15-20 s and the screening time
can be 5-15 s. However, these values may not
be appropriate even in an individual with normal
circulation parameters. Therefore, it is important
to use variable scan delays that allow variations
to the patient while shooting. If it was assumed
that the time to the peak contrast enhancement
at the carotid artery is similar to the ascending
aorta, the variable scan delay for carotid CTA
may be determined as injection time + 5 — (1/2)
scan time for an injection time more than 15 s or
as 15 + (1/2) injection time — (1/2) scan time for
an injection time 15 s or less (for a short injec-
tion, the CM transit time is governed more by
intrinsic physiological circulation time of CM
bolus than the injection time). Scan delay for
cerebral CTA only is obtained by adding 3-5 s to
carotid CTA. According to the patient’s circula-
tion, we use region of interest (ROI) to determine
the scan delay. If we are going to perform carotid
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and cerebral CTA, we put the ROI in ascending
aorta, if we want to perform a cerebral only CTA,
we place ROI over the aortic arch or mid carotid
artery. When 12 s is used as the normal default
value for CM arrival time in aortic arch, the
time to peak aortic enhancement corresponds to
injection time + (CM arrival time — 12) + (5 s)
or injection time + CM arrival time — (7 s). So,
at CM arrival time equals 12, the circulation
adjusted and variable delay approaches become
equivalent. CM arrival time would increase in
subjects with slow circulation. From the equa-
tion, scan delay can be computed as injection
time + CM arrival time — (7 s) — (1/2) scan
time. For example, for a 10-s scan with a 20-s
injection, scan delay would be 20 + CM arrival
time — 7 — (10/2) or CM arrival time + 8. So,
scan delay is determined by adding 8 s to CM
arrival time measured from a test-bolus tech-
nique. On the other hand, when a bolus track-
ing technique is used, CM arrival time is not
estimated prior to the injection of a full bolus of
CM. CT scan will start at CM arrival time + 8,
that is, 8 s of additional diagnostic delay after
a time of reaching 50 HU enhancement thresh-
old [36, 37]. A longer diagnostic delay will be
required for a faster scan, a longer injection, and
the brain-only CTA triggered at aorta but the
scan started more distally at C1 level. MDCTA

A

Fig. 18.2 CTA MIP image (a) and DSA (b) showing occlusion of left MCA M1segment
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is a widely used method for brain imaging,
especially in stroke (Fig. 18.2). However, in the
64-detector CT, the z-axis coverage is 3.2 cm and
only allows for perfusion in small brain tissue
around Willis and does not permit the evaluation
of whole-brain circulation by dynamic angiog-
raphy. Ruiz et al. [38] performed a whole head
dynamic CTA using a 16 cm z-axis coverage
with 320 detector MDCT in a patient with ste-
nosis in the carotid. In addition to perfusion of
the whole brain, all the vascular structures in
the brain were demonstrated with dynamic sub-
tracted angiography. CT with 320 detectors has
uniquely increased z-axis coverage and is a very
important innovation for all brain perfusion and
subtracted dynamic angiography. It has a very
important place in the first intention imaging of
neurovascular diseases, especially in stroke [38].

When talking about CAs, it is even impor-
tant that the CA is delivered from the right arm
or the left arm. The purpose of the authors in a
paper was to demonstrate the results of right and
left-sided CA injection and mutual effects on the
subject’s age, gender, body weight, and arterial
opacification in carotid and cerebral angiogra-
phy. Their findings support preferential right-
sided injection in subjects older than 40 years
who have higher body mass index and weight in
CTA procedures [39].

A
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CE cone-beam CT plays an important role
in stent imaging especially in patients with
stent implantation due to intracranial aneurysm.
Currently applied CE cone-beam CT images
require a quantitative dilution of the CA to
improve image quality. In a study, it was shown
that this technique could be performed without
quantitative contrast dilution. CM dilution for
high image quality can be achieved from quan-
titative contrast infusion (0.2 cm?®/s) with saline
flushes through a guiding catheter and using nor-
mal blood flow. Saline flush with a 300 mmHg
pressure bag is suggested to show the relation-
ship between stent strut and the parent artery and
stent architecture [40].

Doerfler et al. [41] wanted to clarify whether
iopromide, a nonionic CA, is safe in stroke. In
their study rats underwent endovascular occlu-
sion of the middle cerebral artery. Four hours
later, they received iothalamate sodium and
iopromide. Iopromide (Ultravist 370; Schering,
Berlin, Germany) is available as a stable, clean,
and colorless aqueous solution for parenteral
injection; it has an iodine content of 370 mg/
mL. The osmolality of the nonionic, monomeric
solution was 770 mOsm per kilogram of water.
Iothalamate sodium (Conray 70; Mallinckrodt,
Hennef, Germany) is an ionic, iodinated CA that
is available as an aqueous solution for parenteral
injection; it has 420 mg/mL iodine. Lothalamate
sodium contains sodium salt of iothalamic acid.
The adequate dose is 588 mg of iodine per kilo-
gram body weight. The osmolality of the solu-
tion was 2520 mOsm per kilogram of water.
Bolus injection of the nonionic iopromide does
not statistically significantly affect infarction vol-
ume or cerebral ischemia symptoms. The ionic
CA iothalamate sodium caused higher mortality
and morbidity and increased infarction volume in
rats. Nonionic rather than ionic CAs should be
preferred during acute cerebral ischemia.

While the carotid CTA is performed, the CA
from the arm is not yet diluent, so it causes peri-
venous artifacts especially at the level of the sub-
clavian vein, brachiocephalic vein, and superior
vena cava [42, 43]. These artifacts cause a pos-
sible pathology to be missed in the main arter-
ies originating from the aortic arch. In one study,

the authors tested how these perivenous artifacts
were affected by the craniocaudal scan direction
and the caudocranial scan direction. In CTAs with
16-detector MDCT, low attenuation in the carotid
artery and low attenuation in superior vena cava
were obtained in the craniocaudal direction.
Streak artifacts were significantly decreased and
a better evaluation was obtained in the arteries
originating from the arch [44].

Since the autopsy is highly traumatic for the
family of the deceased person, it is particularly
undesirable for the relatives of the deceased.
Postmortem imaging may be a good alternative to
autopsy and is now becoming increasingly popu-
lar. There is a lot of research on this subject, for
example, Ross et al. [45] have tried to establish
a contrast protocol for whole body CTA. They
evaluated the results by comparing lipophilic and
hydrophilic CAs. In the first group, paraffin oil and
iodized oil (Lipiodol Ultra Fluide, Guerbet) were
used in aratio of 15/1. In the other group, the PEG
solution (PEG 200, Schaerer-Schlaepfer AG) and
iopentol (Imagopaque 300, GE-Healthcare) were
perfused to be 10/1 (average density 600 HU). In
these images, end portions of vascular structures
and small extravasations were shown better than
those in alive patients.

An inguinal incision was made before imag-
ing and retrograde cannulation in femoral artery
and antegrade cannulation in femoral vein was
performed. 2000 mL was perfusion volume,
80 mmHg was perfusion pressure, 800 mL/min
was flow rate for head and neck CTA. Postmortem
angiography using PEG is successful in visual-
izing tissues showing good vascularization and
prevents unintended gastrointestinal extravasa-
tion [45].

18.2 MR Angiography of the Brain
and Carotid Arteries

CE MRI can show many pathologies that are
not seen in non-CE imaging [46-52]. In 1988,
Gd-DTPA (Magnevist), the first specific CA that
is compatible with MRI, was released [53]. These
MR-compatible CAs showed considerable varia-
tion over time. These extracellular, gadolinium-
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based CAs show kidney excretion and are
increasingly used in routine clinical practice over
the years. Gadoterate was introduced in 1989,
gadoteridol in 1992, gadodiamide (Omniscan) in
1993, gadobutrol in 1998, and gadoversetamide
(Optimark) in 1999. In addition to these CAs,
gadobenate which was received by hepatocytes
in the liver was released in 1998 and gadoxetic
acid was introduced in 2005. CAs that contain
gadofosveset and very small super-paramag-
netic iron oxide (USPIO) particles can be used
in MRA because they can remain in the vessel
for a long time [54]. Gadolinium-based CAs are
divided according to their ability to shorten relax-
ation time and their level of accumulation in tis-
sue. Gadobutrol is the only gadolinium-based CA
formulated as 1.0 m, which accumulates more
in tissue and is twice the concentration of other
agents. Due to its high relaxation, it is the maxi-
mum T1 shortening CA per volume [55-57].

When using the CA in MRA, the SNR
increases, the flow and motion artifacts are
reduced, because the paramagnetic Gd reduces
the T1 relaxation time [58]. Evaluating the ves-
sel lumen using the T1 sequence which is not
affected by flow artifacts removes many problems
in TOF or flow-based MR sequences. Turbulence
decreases, resolution increases, high-speed MRA
images with high SNR are obtained. If Gd is
given at a high injection rate, the concentration
increases, SNR increases, but if the concentra-
tion increases too much, it can reduce the signal
with T2* effect. The T2* effects start if the injec-
tion is faster than 5 mL/s. It is necessary not to
change the Gd concentration during the process
because this may cause a ringing artifact. Also, if
we make an injection with high speed for a long
time, this causes too much Gd usage and high
cost. It should also not exceed the FDA limit. For
this reason, it would be correct to make an injec-
tion at a rate of 2-3 mL/s in less than the scan
time to maximize the injection rate while keeping
the dose minimum.

Although DSA is the gold standard in CS
evaluation [59], it is an invasive method and non-
invasive methods such as Doppler US, MRA, and
CTA have come to the fore. Although there is no
clear consensus about exactly what is the best

option, MRA, CTA, and Doppler US is widely
used in the diagnosis of CS. Since the 1990s,
TOF MR has been used to detect CS with a speci-
ficity and sensitivity of more than 70% [60-62].
CE MRA can cover more of the carotid artery
distribution in a fraction of time that TOF MRA
is needed. Although there are plenty of papers,
the optimal protocol for carotid CE MRA is still
controversial.

Willinek et al. [63] compared CE MRA and
DSA in the evaluation of lesions in supra-aortic
arteries. They found the specificity, sensitivity,
positive predictive value, and negative predictive
value of CE MRA in detecting 70-90% stenosis
was 99.3%, 100%, 93.6%, 100%, respectively.
The same parameters were calculated as 100%,
100%, 100%, and 100% in the same order when
evaluating the CE MRA occlusion. In this study,
0.2 mmol/kg Gd was used with an infusion rate
of 3 mL/s, followed by 30 mL saline bolus. CE
MRA, which is a noninvasive method in supra-
aortic strictures, seems to be a good alternative
to replace DSA.

Because of the complications such as nephro-
genic systemic fibrosis which may develop after
the use of CA, CAs should be used at the low-
est dose or as low as possible. For this reason,
methods such as TOF, which is an MRA protocol
without CA become popular.

Fellner et al. [64] compared 3D TOF MRI
with HR CE MRI and time-resolved CE MRA
in the evaluation of carotid stenosis. When eval-
uating these three methods, they used DSA and
endarterectomy specimens as the gold standard.
The sensitivity of all MR methods in severe
stenosis was 100%, while the specificity of 3D
TOF MRI, HR CE MRI, and time-resolved CE
MRA were 96.7%, 80.6%, and 83.9%, respec-
tively. While 3D TOF MRI is better than others
in grading stenosis at carotid bifurcation level,
the best option should be to combine these
methods. However, according to this study, TOF
MRI seems to be adequate when evaluating the
carotid arteries if the contrast administration is
risky. If we evaluate how CA is used in contrast-
enhanced MRA sequences in this study: In
HR CE MRA, 25 mL of Gd-DTPA was given
with a speed of 2 mL/s. Timing for the HR CE
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sequence was performed with fluoroscopic trig-
gering at one image/s. 3D MRA sequence was
started manually when CA was seen in the com-
mon carotid arteries on the fluoroscopy. In time-
resolved CE MRA four data sets were acquired
consecutively, resulting in a timing interval of
10 s between successive data sets; no data shar-
ing or temporal interpolation was employed.
Instead of a dedicated timing procedure, mea-
surement of the sequence and the injection
of 15 mL of Gd-DTPA (2 mL/s) were started
simultaneously. The data set showing the opti-
mal arterial phase was selected afterward.

For the more widespread use of MRI in
patients with stroke, the speed of MRI acqui-
sition should be increased. In a study [65]
conducted on the feasibility of low-dose CE
MRA and dynamic contrast perfusion without
extra CM, a total of 0.1 mmol/kg of Gd was
given to patients (0.05 mmol/kg for CE MRA,
0.05 mmol/kg for dynamic contrast perfusion).
This 0.1 mmol/kg CM was diluted with saline to
a total of 50 mL. Transit time to the carotid artery
was calculated with 3 mL of this 50 mL CM by
flashing 20 mL of saline, and then 22 mL of con-
trast was flushed with 20 mL saline and CE MRA
was performed. In this process, the contrast rate
is set to 1.5 mL/s. The remaining 25 mL contrast
was flushed with 20 mL saline and MR perfusion
was performed. Here, the speed of contrast is set
to 5 mL/s. In the full-dose group, the same pro-
cedure was performed without dilution. The half-
dose CM group and full-dose CM group were
compared with the DSA results and there was no
significant difference between the two groups in
terms of SNR, maximum T2 * effect, and detect-
ing the degree of arterial stenosis.

In a study comparing 2D TOF MRA and CE
MRA in patients with hemodynamically signifi-
cant carotid stenosis [66], no significant differ-
ence was found between these two methods. In
CE MRA, they gave 0.01 mmol/kg (or 0.2 mg/
kg) CM as a single dose of 20 mL at a rate of
3 mL/s. Although CE MRA showed neurovascu-
lar structures better than 2D TOF MRA in this
study, Gd administration did not provide any
advantage in carotid stenosis requiring surgical
treatment. Therefore, 2D TOF MRI may be suf-

ficient to evaluate carotid stenosis patients with
renal problems.

In a study [67], 3D HR MRA of supra-aortic
arteries was performed with 3 T MRI scanner with
three different contrast regimens, and patients
were divided into three groups: high dose (group
A), moderate dose (group B), and low dose (group
C). Group A received 0.154 mmol/kg, group B
received 0.097 mmol/kg, and group C received
0.047 mmol/kg Gd-DTPA. Incrementally, CA
dose decreased from an initial dose of 12.5 mmol
Gd-DTPA (0.5 mmol/mL in 25 mL) to 7.5 mmol
and then to 3.875 mmol, based on clinical observa-
tion of the stability of image quality. In all dose lev-
els, infusion time was fixed at 15 s, corresponding
to 0.8 mmol/s for group A, 0.5 mmol/s for group
B, and 0.25 mmol/s for group C. For the group
B and C, CM was diluted with normal saline by
factors of two and three, respectively, to maintain
equivalent injected volumes and rates. According
to the results of the study, it is possible to dem-
onstrate the supra-aortic arteries at 3 T MRI with
3D CE MRA at a low CM dose of 0.047 mmol/kg
without reducing the image quality.

Jung et al. [68] performed a study to deter-
mine the optimal dose of Gd-DTPA for CE MRA
of intracranial vascular diseases. In this study,
subjects suspected of having intracranial vas-
cular diseases had cerebral MR angiograms on
a 1.5 T unit. Patients were randomly assigned
to receive one of four doses of Gd-DTPA
(Magnevist; Schering, Berlin, Germany): 36
subjects received no injection, 37 received 5 mL
(0.04 0.06 mmoVkg), 38 received 10 mL (0.08
0.12 mmoVkg), and 11 received 20 mL (0.15
0.25 mmol/kg). The other 30 subjects had unen-
hanced and CE MR angiography (10 subjects
each for the 5 ml, 10 ml, and 20 mI groups). CE
MR angiograms were obtained immediately after
IV injection of a bolus of gadopentetate dimeglu-
mine. 5-10 mL of Gd-DTPA appears to be suffi-
cient for CE cerebral MR angiography. Injection
of 20 mL of the CM frequently limited visual-
ization of the major arteries because of venous
overlap. 5-10 mL of Gd-DTPA appears to be an
optimal dose range for CE cerebral MRA. Use of
this dose can help in differentiating true stenosis
of large arteries from artifactual narrowing and in



234

C. Samanci

depicting small arteriovenous malformation with
a slow flow.

TOF MRI is a very popular method since it
does not require contrast and is used in the diag-
nosis of cerebral aneurysms. In a study [69],
authors compared TOF MRA and CE MRA using
the elliptical centric method with the 3 T MR
scanner for the diagnosis of cerebral aneurysms.
Using 2 mL of gadoteridol and 20 mL of saline
flush, the time between injection and reaching of
CM to the skull base level was calculated. 25 mL
of gadoteridol followed by 25 mL of saline flush
was given at 2 mL/s. In terms of image quality,
TOF MRA was shown to be superior (Fig. 18.3).

In another similar study, 3D TOF MRA and
CE MRA were used to evaluate cerebral aneu-
rysms treated with flow diverter stents [70]. In the
CE MRA process, 20 mL bolus CM followed by
30 mL saline flush was used. This time, CE MRA
was found to be superior to TOF MRI in subjects
such as the presence of residual filling in the
aneurysm and parent artery patency (Fig. 18.4). If
we look at how the contrast should be used in the
MRA when grading cerebral AVMs [71],in 3 T
MRI, with a two-cylinder injector, the Gd-DTPA

Fig. 18.3 2D TOF
MRA showing stenosis
in left ICA (arrow)

in one cylinder and saline in the other cylinder is
prepared then 20 mL Gd is given at 5 mL/s, fol-
lowed by 40 mL of saline flush. With this proto-
col, in the CE MRA, the feeders, draining veins,
and nidus of the AVM can be shown clearly.

There is a manganese-based alternative to Gd.
Gale et al. [72] compared iv contrast enhance-
ment produced by the manganese-based MRI CA
manganese N picolyl N,N’,N’ trans 1,2 cyclohex-
enediaminetriacetate (Mn PyC3A) to Gd-DTPA
and evaluated the excretion, pharmacokinetics,
and metabolism of Mn PyC3A in baboons. Mn
PyC3A was eliminated via renal and hepatobi-
liary excretion with similar pharmacokinetics
to Gd-DTPA. High-performance liquid chroma-
tography revealed no evidence of Mn PyC3A
biotransformation. Mn PyC3A enables CE
MRA with comparable contrast enhancement to
Gd-based agents and may overcome concerns
regarding Gd-associated toxicity and retention.
Mn PyC3A may enable CE MRA in subjects
with renal insufficiency who are currently con-
traindicated for Gd-based CAs.

New MR protocols and new CAs that are
constantly evolving provide the opportunity to
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Fig. 18.4 CTA (a) and selective DSA of the right internal carotid artery (b) before treatment reveals a giant carotid
ophthalmic aneurysm. DSA (c) and 2D TOF MRA (d) of the same aneurysm after coil embolization
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Peripheral Contrast-Enhanced CT
and MR Angiography

Shintaro Ichikawa

19.1 Introduction

Peripheral arterial occlusive disease (PAOD) is a
common condition associated with arteriosclero-
sis that most commonly affects the lower extrem-
ities [1]. Luminal narrowing of the peripheral
arteries is caused by progressive accumulation
of plaque on the arterial wall. PAOD is a chronic,
progressive disease in which the first and typical
symptom is intermittent claudication that ulti-
mately leads to organ ischemia or severe infec-
tion. The most severe forms of PAOD will
require lower limb amputation, which markedly
reduces the patient’s quality of life. Diabetes
mellitus is a major risk factor for PAOD, and its
prevalence is increasing worldwide [2].
Therefore, the number of patients with PAOD
will continue to increase in the future.
Traditionally, surgical bypass has been the main-
stream therapeutic choice for PAOD. Recently,
endovascular treatment has become widely
accepted as a routine treatment [3]. Along with
the development of interventional techniques,
detailed assessment of lesion localization or
severity has been required before treatment.
Digital subtraction angiography (DSA) has long
been considered the reference standard for the
assessment of PAOD; however, noninvasive
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imaging diagnostic tests such as computed
tomography (CT) and magnetic resonance (MR)
angiography have recently begun to play a cru-
cial role in the planning and follow-up of treat-
ment. Both of them provide complementary
information; therefore, it is necessary to use both
methods depending on the intended purpose.
General features of contrast-enhanced CT and
MR angiography are summarized in Table 19.1.
This chapter focuses on imaging techniques,

Table 19.1 General features of contrast-enhanced CT
and MR angiography

CT angiography | MR angiography

Contrast agents Iodine-based Gadolinium-
based

Availability High Low
Scan time Shorter Longer
Radiation With Without
exposure
Toxicity of Contrast- Nephrogenic
contrast agents induced systemic

nephropathy fibrosis
Cost Cost-effective Costly
Diagnostic High High
accuracy
Evaluation of Possible Impossible
calcification
Evaluation of Difficult Possible
severely calcified
lesions
Evaluation of Difficult Possible
critical limb
ischemia
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advantages, and drawbacks of peripheral
contrast-enhanced CT and MR angiography.

19.2 CT Angiography (Fig. 19.1)
19.2.1 General Features

CT angiography is a quick, noninvasive imaging
modality with excellent spatial and temporal
resolution. Recent CT scanners can provide sub-
millimeter isotropic three-dimensional (3D)
datasets during the first pass of intravenous
iodine-based contrast medium, and 3D visual-
ization of the vascular abnormalities using the
datasets helps to plan and guide interventions.
The diagnostic performance of CT angiography
in PAOD has been reported to be very high (sen-
sitivity and specificity were 92-99% and
93-99%, respectively) [4-7]. However, the
image quality of the peripheral artery tends to be
lower than that of abdominal level arteries
(Fig. 19.2). CT angiography is excellent in the
detection of calcification and useful for evaluat-

S. Ichikawa

ing the properties of arterial walls. In patients
with indications for surgery or endovascular
treatment, the presence or absence of calcifica-
tion and its degree are indispensable informa-
tion. For example, vascular anastomosis at
severe calcification sites is difficult. In the case
of percutaneous transluminal angioplasty, when
a balloon with a larger diameter is selected at
severe calcification sites, vascular injuries may
result. On the other hand, CT angiography has
some drawbacks such as radiation exposure, use
of nephrotoxic iodine-based contrast medium,
and blooming artifacts.

19.2.2 Protocol

More than 16-row CT scanners are adequate for
CT angiography. Obtaining satisfactory arterial
enhancement is crucial for CT angiography.
Optimizing intravenous contrast medium admin-
istration is important in obtaining strong arterial
enhancement during CT angiography. There are
three adjustable factors that determine arterial

Fig. 19.1 CT angiography of an 80-year-old man with
PAOD. (a) Axial image, (b) coronal image, (¢) MIP
image, (d) VR image. CT angiography shows a lengthy
left popliteal artery to below-the-knee artery occlusion
(arrows) with severe arterial wall calcification (dotted
arrows). CT angiography demonstrates diffuse severe
arterial wall calcification in the bilateral superficial femo-

ral arteries thus rendering the evaluation of the arterial
lumen very difficult (c). It is difficult to evaluate the foot
arteries in detail because of their low contrast (¢, d). CT
computed tomography, PAOD peripheral arterial occlu-
sive disease, MIP maximum intensity projection, VR vol-
ume rendering
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Fig. 19.2 CT angiography of a 75-year-old man with a
common iliac artery occlusion. (a) Axial image, (b) coro-
nal image, (¢) MIP image, (d) VR image. CT angiography
shows a lengthy left common iliac artery occlusion

enhancement: iodine concentration, iodine dose,
and injection rate when the injection duration is
fixed. High iodine delivery rates determined by
the iodine concentration of the contrast medium
and the injection rate are important in obtaining
adequate enhancement of arteries in CT angiog-
raphy [8]. If contrast medium preparations with
lower iodine concentrations are used, a greater
amount of contrast medium and a higher injec-
tion rate are required to maintain the same degree
of enhancement achieved as when contrast
medium preparations with higher iodine concen-
trations are used. Therefore, contrast medium
preparations with higher iodine concentrations
such as 370 mg/mL are recommended for CT
angiography. The strength of arterial enhance-
ment is proportional to the injection rate.
Increasing the injection rate leads to a faster
accumulation of contrast medium in the aorta,
increasing peak aortic enhancement. With recent

(arrows). CT is excellent in detection of arterial wall cal-
cification (dotted arrows). The image quality is better than
Fig. 19.1. CT computed tomography, MIP maximum
intensity projection, VR volume rendering

CT scanners, an injection rate of 4-5 mL/s is usu-
ally sufficient to provide excellent arterial
enhancement for most vascular studies [9]. It
needs to be tailored to the individual because
patient-related factors can influence arterial
enhancement. For example, lower cardiac output
causes delayed peak arterial enhancement. The
bolus tracking technique is commonly used to
obtain accurate scan timing. It involves acquiring
a pre-contrast image at a reference level with the
placement of a region of interest (ROI) over a tar-
get vessel. After the contrast medium injection is
started, a low-dose monitoring scan is performed
at a predetermined level after a fixed time delay
(usually 5 s) and thereafter every 1-3 s, until the
enhancement in the ROI reaches a specified level
(typically 150 Hounsfield Units). The CT angiog-
raphy then begins after a prespecified adjustable
delay to allow peak arterial enhancement
(approximately 8 s) [9].
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19.2.3 Image Processing

In CT angiography, processing is performed by
volume rendering (VR), maximum intensity pro-
jection (MIP), and multi-planar reconstruction
(MPR)/curved MPR. VR involves a color display
that gives images with a stereoscopic effect and is
suitable for overviewing (Figs. 19.1d and 19.2d).
In VR, small arteries or arteries with low enhance-
ment cannot be visualized due to the display set-
tings; therefore, there is a possibility of
overestimating lesions. By removing bone, MIP
obtains a projection image similar to DSA and is
usually displayed in gray scale (Figs. 19.1c and
19.2c). Recently, automated CT angiography
analysis software has been developed to measure
the vascular lumen. It can automatically measure
diameters on the short axial section in the post-
processing workstation [10]. Measurement of
vascular diameter is useful in planning endovas-
cular treatment of PAOD.

19.2.4 Drawbacks of CT Angiography

Evaluation of Severe

Calcified Lesion

CT angiography is excellent in the detection of
calcification and useful for evaluating the proper-
ties of the arterial walls however blooming arti-
facts can arise from heavily calcified arterial
walls. These artifacts have been reported to result
in the overdiagnosis of the severity of stenotic
lesions and significantly decrease diagnostic
accuracy, especially in the peripheral arteries to
the knee arteries [4]. The following two methods
may be effective as solutions against the prob-
lem: dual energy CT and ultra-high-resolution
CT. Several dual energy CT systems are available
for each vendor, but all the techniques provide
different spectral data acquired from two differ-
ent voltages. The settings of 80 and 140 kV are
commonly used because they provide the maxi-
mum difference and least amount of overlap
between the spectra with standard tubes [11]. The
spectral data enable the separation of contrast
medium and calcification. The luminal image is
obtained by subtraction between these two datas-

19.2.4.1

ets. There are several reports about the utility of
diagnosing PAOD using dual energy CT [12-14];
however, there are still some problems. The pro-
cessing of subtraction using the different spectral
data might introduce some artifacts. Moreover,
dual energy CT remains limited in the evaluation
of poorly opacified lumen or small arteries [12,
15]. Recently, an ultra-high-resolution CT sys-
tem has been released by Canon Medical
Systems, and it allows more than twofold increase
in spatial resolution. The high spatial resolution
may be particularly beneficial in the visualization
of small arteries [16].

19.2.4.2 Evaluation of Critical Limb
Ischemia
For severely ischemic limbs, it is necessary to
evaluate the lower leg arteries with poor blood
flow or the arteries below the ankle, but these are
often difficult to evaluate with CT angiography
due to its low contrast (Fig. 19.2c, d). Ultra-high-
resolution CT systems may help in such cases.
Small vasculature such as the pedal arch, digital
arteries, and collateral arteries can be observed
by using a reconstruction field of view [16].
Another solution for such cases is MR angiogra-
phy. As will be described later, MR angiography
has good contrast, and there is the possibility that
contrast enhancement can be evaluated even in
peripheral arteries in which the blood flow has
decreased (Fig. 19.3).

19.2.4.3 Radiation Exposure

Wide range and thinner section images are
required for CT angiography; therefore, it has
gained widespread concern because of the radia-
tion dose. Various methods of reducing the radia-
tion dose for CT angiography have been
developed such as low tube voltage [17-20] and
dual energy CT. Using low tube voltage is an
effective method to reduce radiation doses
because of the exponential relationship between
tube voltage and radiation dose. It has been
reported that a 30-91% radiation dose reduction
was achieved using 80 kVp instead of 120 kVp
for CT angiography [17, 18, 20]. The main disad-
vantage of using low tube voltage is that it dimin-
ishes image quality by increasing image noise
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Fig. 19.3 CE-MR angiography of a 57-year-old man
with PAOD. CE-MR angiography shows lengthy bilateral
superficial femoral artery occlusion (arrows), as well as
severe stenosis of the right posterior tibial artery (dotted
arrow). CE-MR angiography has good contrast, and there-
fore stenosis/occlusion of the arteries of the foot can be
evaluated in detail (arrowheads). CE-MR contrast-
enhanced magnetic resonance, PAOD peripheral arterial
occlusive disease

however iterative model reconstruction (IMR)
can solve the problem. IMR is a knowledge-
based reconstruction method that has the poten-
tial to improve image quality by decreasing
image noise through iterative minimization of the
difference between measured raw data and the
estimated image [21]. In general, with the cur-
rently available high-end scanners, radiation
doses from dual energy CT are lower or no more
than 10-15% higher than single energy CT [22].
However, dual energy CT can significantly
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decrease radiation doses much lower than in sin-
gle energy CT without significantly affecting
image quality, using an optimized protocol and
IMR [22].

19.2.4.4 Toxicity of Contrast Agents:
Contrast-Induced
Nephropathy

Iodine-based contrast medium has been consid-
ered as the common cause of hospital-acquired
acute kidney injury [23]. Post-contrast acute kid-
ney injury (PC-AKI) is defined as an increase in
serum creatinine level >0.3 mg/dL (or
>26.5 pmol/L), or >1.5 times the baseline value,
within 48-72 h of intravascular administration of
a contrast agent [24]. The most important risk
factor for PC-AKI is renal dysfunction without
dialysis, namely an estimated glomerular filtra-
tion rate (eGFR) < 30 mL/min/1.73 m? before
intravenous contrast medium. Patients on dialy-
sis can receive iodine-based contrast medium,
and early post-procedural dialysis is not rou-
tinely required. Patients with PAOD often have
renal dysfunction because diabetes mellitus is a
major risk factor for PAOD. The association
between intravenous contrast dose and nephro-
toxicity is controversial, but in general, it is
desirable to reduce the amount of contrast
medium in patients with renal dysfunction.
Using low tube voltage or dual energy CT is also
an effective method to reduce contrast dose.
Enhancement of iodine-based contrast medium
substantially increases at lower tube voltage, as
the effective energy of the x-ray beam approaches
the absorption k-edge of iodine (33.2 keV) [25].
The concept of using low tube voltage examina-
tions to achieve high contrast-to-noise ratios in
the evaluation of peripheral arteries while reduc-
ing iodine dose (and radiation dose) has been
widely investigated [17, 19, 26, 27]. However,
lowering the tube voltage causes an increase in
image noise, for which dual energy CT may be a
solution. Low-energy virtual monochromatic
datasets generated from dual energy CT can
yield more than double the iodine attenuation of
single energy CT [28], enabling reduction of
iodine load for CT angiography without decreas-
ing the contrast-to-noise ratio. Recent studies
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have reported that a 50% reduction of iodine
dose for peripheral CT angiography was
achieved by using dual energy CT [29].

19.3 MR Angiography (Fig. 19.3)
19.3.1 General Features

MR angiography is a multiparametric imaging
modality with excellent contrast resolution.
Contrast-enhanced (CE-) MR angiography relies
on the T1 shortening effect of gadolinium-based
contrast agents (GBCAs), accurately diagnosing
the anatomic location and extent of stenosis in
PAOD. CE-MR angiography has equal perfor-
mance to CT angiography in the detection of
arterial stenosis and occlusion [30]. CE-MR
angiography is often preferable to CT angiogra-
phy, especially in patients with distal disease, and
in those with heavily calcified vessels which can
hinder stenosis assessment on CT angiography
[31]. Time-resolved CE-MR angiography (see
below for details) is an excellent method of
assessing the patency of small arteries and is par-
ticularly useful when imaging below-the-knee
arteries [32, 33]. On the other hand, MR angiog-
raphy has some drawbacks, such as not being
able to evaluate calcification and toxicity from
GBCAs (resulting in nephrogenic systemic fibro-
sis [NSF]).

19.3.2 Protocol

A rapid 3D T1-weighted spoiled gradient echo
(GRE) pulse sequence with a short repetition
time and echo time is ideal for CE-MR angiogra-
phy. This sequence provides images with high
signal-to-noise ratio, good spatial resolution, and
with no flow-related artifacts [9, 34]. In general,
an injection rate of 1.5 mL/s provides arterial
imaging with high vessel-to-background con-
trast. Two different acquisition modes are com-
mon in CE-MR angiography: single phase and
time-resolved MR angiography [9]. Single phase
MR angiography captures vascular images at a
single point in time. On the other hand, time-

resolved MR angiography consists of multiple
acquisitions of an imaged volume over succes-
sive time points post GBCAs administration.
This technique is particularly useful in displaying
the passage of the contrast bolus through smaller
vessels including severely ischemic limbs. The
core of time-resolved MR angiography is a
3D-spoiled GRE sequence employing k-space
filling tricks to quicken image acquisition, such
as view sharing, in which central k-space (respon-
sible for image contrast) can be sampled more
frequently than peripheral k-space (responsible
for spatial resolution), providing improvement in
apparent temporal resolution [9, 35, 36]. These
techniques, aligned with the use of parallel imag-
ing, improve acquisition speed [36]. For routine
MR angiography, the standard protocol is to
begin with localizers of the anatomical area in
question, followed by coronal and axial
T2-weighted imaging, which allows for a global
anatomic assessment. This is then followed by
3D CE-MR angiography providing anisotropic
images that allow for reconstruction of the data-
set on a 3D workstation. Finally, an axial
T1-weighted 3D spoiled GRE sequence of the
anatomical area can be acquired, allowing for the
assessment of significant incidental findings [9].

19.3.3 Image Processing

Subtraction technique improves contrast resolu-
tion in CE-MR angiography. This reduces signal
from background tissues by acquiring a mask
image prior to GBCAs administration and sub-
tracting it from the post-contrast imaging [9].
Similar to CT angiography, MPR/curved MPR
and MIP images are required for MR angiogra-
phy because arteries tend to not follow anatomi-
cal axial, coronal, or sagittal planes.

19.3.4 Drawbacks of MR
Angiography

19.3.4.1 Evaluation of Calcification
MR angiography is advantageous since it is not
affected by calcification, but it also has a prob-
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lem that it cannot visualize calcification. The
reason this is problematic is that in patients
with indications for surgery or endovascular
treatment, the presence or absence of calcifica-
tion and the degree of calcification are indis-
pensable information. It is important to use CT
and MR angiography complementarily for each
case.

19.3.4.2 Toxicity of Contrast Agents:

Nephrogenic Systemic

Fibrosis
NSF is a very late adverse reaction to GBCAs
(see Chap. 2 for details). Patients with renal dys-
function, particularly with an eGFR <15 mL/
min/1.73 m? or on dialysis are at risk for NSF
[24]. Although patients on dialysis can undergo
CT angiography, neither examination can be per-
formed in patients with severe renal dysfunction
without dialysis. The following two methods
may be effective as solutions for such patients:
non-contrast MR angiography and ferumoxytol-
enhanced MR angiography.

There are several different contrast mecha-
nisms available for non-contrast MR angiogra-
phy [37]. The optimal contrast mechanism and
associated imaging technique are highly depen-
dent on the individual clinical indication since no
single mechanism or imaging technique is yet
ideal in all situations. There are several sequences
that are currently available in non-contrast MR
angiography, such as balanced steady-state free
precession, time-of-flight, inflow-dependent
inversion recovery, quiescent-interval slice-
selective (QISS), cardiac-gated 3D fast spin-
echo, flow sensitive dephasing (FSD), arterial
spin labeling, 2D/3D phase contrast, 4D phase
contrast, and velocity selective [38]. Among
them, QISS, cardiac-gated 3D fast spin-echo, and
FSD are useful for lower extremity MR angiogra-
phy, and they have a comparable diagnostic abil-
ity to CE-MR angiography [39—44].

Ferumoxytol, an iron-based material that is
United States Food and Drug Administration
(FDA) approved for the treatment of iron defi-
ciency anemia in adult patients with chronic kid-

ney disease, has been proposed as an alternative
to GBCAs for CE-MR angiography [38].
Ferumoxytol poses no risk for NSF. Due to its
large size, once it is injected intravenously, feru-
moxytol is trapped within the intravascular space
producing dramatic enhancement of blood ves-
sels, but virtually no enhancement of extravascu-
lar spaces [45]. These properties make it a
vascular contrast agent that is highly suited for
MR angiography (first-pass image). Moreover,
the plasma half-life of ferumoxytol is about
14-21 h [46]. This means that once the steady-
state is achieved in approximately 2 min, a
steady-state image can be obtained anytime
within several hours afterwards, and adequate
images can be generated up to a day later [45].
There are several reports that have examined the
usefulness of ferumoxytol-enhanced MR angiog-
raphy for PAOD [47—-49]. While ferumoxytol has
great potential for use in CE-MR angiography,
there are serious drawbacks including (1) high
cost, (2) non-FDA approval for use as an MR
contrast agent, and (3) a boxed warning (the
strongest type of FDA warning) because of
reports of serious and potentially fatal allergic
reactions [50]. This warning includes a recom-
mendation to only administer diluted ferumoxy-
tol as an intravenous infusion over a minimum of
15 min, which is problematic for first-pass imag-
ing [38].

19.4 Conclusion

CE-CT and MR angiography are very useful
noninvasive diagnostic methods for PAOD. MR
angiography has the advantage of superior obser-
vation of the vessel lumen, but evaluation of cal-
cification is only possible with CT angiography.
Both of them provide complementary informa-
tion thus which technique to use depends on the
desired outcome. It is thought that these tech-
niques will continue to be developed in the future
as the technology progresses, and therefore we
have to continue to update ourselves with the lat-
est knowledge.
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20.1 Introduction

Contrast agents are widely used in routine clini-
cal practice for enhancing the diagnostic value of
radiologic modalities, including fluoroscopy,
computed tomography (CT), magnetic resonance
(MR) imaging, and ultrasonography (US) both
for pediatric and adult patients. Barium sulfate
and iodinated contrast agents can be used for
fluoroscopic studies and for computed tomogra-
phy via oral or rectal administration. Low osmo-
lality contrast agents can be used via intravenous
administration in computed tomography exami-
nation. Gadolinium-containing contrast agents
can be used for magnetic resonance imaging.
Each one of the contrast agents has advantages
and disadvantages for pediatric patients.

20.2 Barium Sulfate

Barium suspension is the most widely used con-
trast agent in fluoroscopic studies in pediatric
patients for demonstrating and evaluating the
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Fig. 20.1 In fluoroscopic image of the 2-year-old boy
with anorectal malformation who received iodinated con-
trast agent from his ostomy a rectovesical fistula could be
seen (arrow)

gastrointestinal tract (Fig. 20.1). These agents
can be administered orally, rectally, or via osto-
mies and catheters.

Barium sulfate is derived from barium that has
an atomic number of 56 [1]. Barium suspension
could not be absorbed or metabolized and is
excreted with feces [1]. Barium sulfate is gener-
ally well tolerated orally by pediatric patients.
Barium-based contrast agents are considerably
less expensive than most iodine-based nonionic
contrast agents for a given volume of contrast [1].
However, barium-based contrast agents have
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some disadvantages. They may convert partial
intestinal obstructions to a total of one [2]. If bar-
ium sulfate suspension leaks into surrounding
soft tissues from the gastrointestinal tract, it may
produce an inflammatory response and will
remain there permanently [1]. These agents
should not be given in the suspicion of gastroin-
testinal perforation, toxic megacolon, and within
10 days after a biopsy. In these circumstances,
iodine-based contrast agents should be consid-
ered for the fluoroscopic evaluation of the gastro-
intestinal tract, especially if gastrointestinal
perforation is suspected.

20.3 lodinated Contrast Agents

Todinated contrast agents are the most frequently
used contrast materials. These agents are either
water-soluble or oil-soluble. Lipiodol, which is
an oil-soluble agent, can be used for lymphangi-
ography, sialography, and chemoembolization.
Most of the water-soluble forms are used intra-
vascularly. They are often preferred for proce-
dures, including CT and angiography, while these
agents could be used for gastrointestinal imaging
and voiding cystourethrography. Contrast admin-
istration for CT examinations is beneficial in
most of the diseases, including the differential
diagnosis of pulmonary nodules, malignancies,
infections, and inflammatory diseases (Figs. 20.2
and 20.3). The ionic iodinated contrast agents
have a high osmolality and limited use, including
the treatment of meconium ileus and voiding cys-

tourethrography in pediatric patients. The osmo-
lality of the contrast agents should be considered
when deciding which iodinated contrast material
to administer orally since the high-osmolality
contrast agents may lead to a fluid shift into the
gastrointestinal cavity and thus may cause hypo-
tension, dehydration, and electrolyte imbalance
[2-7]. Likewise, any injected hyperosmolar
material creates an osmotic gradient in blood and
leads to a fluid shift into the vessels [8]. The
osmotic load and fluid shift into the vessels may
cause complications such as congestive heart
failure and pulmonary edema, especially in
infants who have underlying diseases such as
congenital heart disease and renal failure [8].
Thus, low osmolality contrast material should be
preferred in those patients [9]. High-osmolality
iodinated contrast agents should be avoided in
children who are at risk for aspiration, as well.
The aspirated hyperosmolality contrast agent
may cause fluid shifts into the pulmonary alveo-
lus and chemical pneumonitis with resultant pul-
monary edema [10-12].

In 1968, the carboxyl group, which is respon-
sible for the adverse events, was removed from
the structure of the contrast agents and replaced
with the amide component. Since it does not dis-
solve in blood, the era of nonionic contrast agents
began [2]. Adverse reactions, including nausea
and vomiting, allergic reactions, and fatal
reactions are less with nonionic contrast agents
when compared with the ionic ones [2].

Viscosity is another essential feature, espe-
cially for the administration of the contrast agents

Fig. 20.2 Axial CT images with and without contrast administration of a 3-year-old boy with rhabdomyosarcoma in
bladder reveal a mass enhancing with contrast agent
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Fig. 20.3 1In the left figure; contrast-enhanced axial CT
image of an adolescent patient demonstrated a contrast-
enhanced nodular lesion which is indicating a vascular
lesion. The contrast-enhanced CT findings save the patient
from biopsy procedure which could lead to over-bleeding.

intravenously. An increase in viscosity makes the
contrast agent injection more challenging. The
viscosity of the contrast agents is variable similar
to their osmolality. While using high viscosity
agents, especially in pediatric patients, since the
catheters’ and needles’ sizes are small, the
desired flow rates might not be reached, and cath-
eter rupture or vascular injuries might occur [8].
Viscosity generally varies with temperature and
decreases with increasing temperatures. Thus, it
is recommended to warm up the contrast agents
to the body temperature before the administration
in pediatric patients [8]. Another method is dilut-
ing the contrast agents with saline to decrease the
viscosity. This method is useful, particularly in
CT angiography. It also reduces the beam hard-
ening effect on CT images [13].

20.4 Allergic-Like Reactions
and Chemotoxicity
with lodine-Based Contrast

Agents

The majority of allergic-like reactions are related
to the release of histamine or the other mediators
from basophils, eosinophils, and mast cells, not

In the right axial contrast-enhanced CT image of the
9-year-old girl who had fever and abdominal pain, there is
a hypodense area compatible with the absence of contrast
enhancement and enlargement of the kidney indicating
pyelonephritis

connected with Ig E [9]. Low osmolality non-
ionic contrast agents cause less histamine release
than the high osmolality ones [14]. Although
some complications are milder for adults, the
same complications might be severe for children.
For example, warmth at the injection site may
cause the child to cry and move. This may lead to
bad quality images, recurrent examinations, and
increased radiation exposure [8]. Besides, nausea
and vomiting can lead to aspiration of gastric
contents. They can also cause delay in the exami-
nation time and skip the optimal phase for the
contrast-enhanced images [8]. Low osmolality
nonionic monomers lead to nonallergic-like reac-
tions such as nausea and vomiting less than the
high-osmolality ionic iodine-based contrast
agents [9]. In 2007, Dillman et al. [15] reported
the acute allergic reactions in pediatric patients in
whom nonionic contrast agents were used; they
detected 20 allergic reactions among >11,000
intravenous injections. Sixteen of those 20 aller-
gic reactions were mild, one of them was moder-
ate, and three of them were severe reactions.
There were no deaths reported. The patient with
moderate reaction experienced wheezing. Severe
reactions included wheezing and facial edema.
Dillman et al. reported that allergic reactions are
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less common in pediatric patients when com-
pared with adults. Other authors did not detect
any difference between the children and adults
about adverse reactions [16, 17].

The predicted incidence of allergic-like reac-
tions related to iodine-based contrast agents is
between 0.18 and 0.46% in the pediatric popula-
tion [15, 18]. Contrast media reactions are high-
est in pediatric patients between 16 and 18 years
of age. These reactions are infrequent under the
age of three [18].

The premedication approach in pediatric
patients is similar to adults. There is only dose
change [9]. There are two choices for premedica-
tion: steroid use alone or combined steroid and
antihistamine use. Usually, the oral application is
preferred well than the intravenous route [9].
Steroids should be given at least 612 h before
the examination [8]. However, one should know
that premedication could not prevent life-
threatening reactions. Antihistamine (e.g.,
diphenhydramine) orally 1 h before contrast
agent administration may reduce the frequency
of urticaria, angioedema, and respiratory symp-
toms [9].

20.5 Contrast-Induced Renal
Toxicity

Although the incidence of contrast-induced
nephropathy (CIN) has not been well established
in the pediatric population, it is considered
extremely rare in children with normal renal
functions. In children, CIN occurs only in the use
of iodine-based contrast agents. It is not seen in
the use of gadolinium-based contrast materials in
their recommended amounts [13].

Serum creatinine levels should be observed
before the contrast material administration in
children with abnormal renal function [19]. A
normal serum creatinine level is different in chil-
dren compared to adults and changes with age.
Serum creatinine levels should be 0.6 under the
age of 1, 0.7 between 1 and 5 years, and 1.0
between 6 and 10 years, 1.2 between 10 and
18 years, and 1.4 above 18 years. However, serum
creatinine level does not directly reflect renal

function. It only shows the creatinine balance
between that produced by muscles and excreted
from the kidney [8]. A normal serum creatinine
level cannot exclude acute renal failure because it
starts to increase when the glomerular filtration
rate (GFR) decreased by 50%. An increase in
serum creatinine level can be seen only after a
few days in patients with acute renal failure.
GFR is considered a gold standard in predicting
and demonstrating renal function. However,
GFR detection with routine laboratory examina-
tion is both time-consuming and expensive.
Thus, several formulas are produced for estimat-
ing GFR from the serum creatinine value. Among
them, the Schwartz equation is recommended for
calculating GFR in the pediatric population.
According to this formula; GFR (mL/
min/1.73 m?) = (k x height in cm)/serum creati-
nine (mg/dL) [20]. In this formula, k is a con-
stant and equal to 0.33 in preterm infants, 0.45 in
up to 1 year, 0.55 in 1-13 years, and 0.7 in older
children. According to this formula, GFR below
30 mL/min/1.73 m? indicates renal failure and
GFR between 30 and 60 mL/min/1.73 m? indi-
cates renal insufficiency [8]. Contrast-dependent
nephropathy may be defined as a 50% increase or
>0.5 mg/dL increase in the creatinine value over
72 h following the contrast agent administration.

The most important recommendation for pre-
venting contrast-induced nephropathy in children
who have mild or moderate renal function impair-
ment is hydrating the patient sufficiently. The
other suggestions are including using low osmo-
lality contrast agents, decreasing the amount of
administered contrast material, and avoiding the
nephrotoxic and diuretic drugs. A premedication
with acetylcysteine could also be considered.
Patients with more severe renal dysfunction
should have aggressive therapy, including oral
and intravenous liquid replacement that started
12 h before the examination [8].

Dialysis can be preferred in two cases; the first
is in patients with chronic renal insufficiency
who receive regular dialysis. These patients do
not need urgent dialysis and intravenous adminis-
tration of contrast material and contrast-enhanced
examinations could be planned before the dialy-
sis session. The second is in patients with mild to
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moderate renal dysfunction. These patients
should receive urgent dialysis just after the con-
trast agent administration since the removal of
contrast materials reduces renal toxicity.
However, one should consider that the benefit of
dialysis is not proven [8].

In pediatric patients with implanted ports or
peripherally inserted central catheters that are not
designed for use with a power injector, complica-
tions including catheter fragmentation and embo-
lization may develop. Injection by hand or using
pressure-limiting power injectors are recom-
mended in those patients. Placement of periph-
eral intravenous catheters may be required for
contrast-enhanced CT examinations in children
with implanted ports or peripherally inserted cen-
tral catheters [21]. Especially pressure-limiting
power injectors significantly reduce complica-
tions due to administration of contrast agents
through central lines and provide consistent
injection rates [22]. A maximum injection rate
varies with different catheter sizes. Maximum
injection rate is 0.5 mL/s for 16-18 gauge cathe-
ters, 4.0 mL/s for 20 gauge, 2.5 mL/s for 22
gauge, and 1.0 mL/s for 24 gauge catheters [21].
Contrast media injection rates also change
according to the examination type, and this
should be below or equal to 2.0 mL/s in routine
CT examinations while it should be between
2.0 mL/s and 4.0 mL/s in CT angiography
examinations.

20.6 Contrast Agent
Extravasation

Contrast media administration has a risk of
extravasation of the contrast agent to the soft tis-
sue in addition to allergy and renal toxicity. This
is a rare condition with an incidence of 0.1-0.9%
[21]. Contrast material extravasation can lead to
complications such as tissue ulceration, necrosis,
and neurovascular injury, as well as serious com-
plications such as compartment syndrome. It is
important to decide when the patient should be
referred to the surgery. Radiologists should estab-
lish the approximate amount of extravasated con-
trast medium. If this amount is small, elevation of

the extremity and applying an ice pack would be
sufficient for the treatment. However, if symp-
toms are suggesting a clinic of compartment syn-
drome, including blistering, abnormal tissue
perfusion, severe pain, or neurologic symptoms,
surgical consultation is required [21].

20.7 Gadolinium-Containing
Contrast Agents

Contrast-enhanced magnetic resonance (MR)
examinations play an important role in detection
and evaluation of tumors, infections and inflam-
mations, metastases, differentiation of benign
lesions from malignancies, evaluation of congen-
ital vascular malformations and detection of arte-
rial supply and venous drainage in vascular
malformations, evaluation of neurocutaneous
diseases and metabolic diseases (Figs. 20.4, 20.5,
and 20.6). Contrast media administration is also
required for congenital cardiac malformation
imaging and advanced MR practice, including
MR urography, perfusion MR.

The recommended dose is 0.1 mmol/kg for
the use of this contrast agent in pediatric patients.
The majority of gadolinium-based contrast
agents are available as 0.5 molar formulations
while gadobutrol is a new generation 1 molar
contrast medium [23]. Higher gadolinium con-
centration is advantageous because a smaller
injection volume may be used for contrast-
enhanced MR imaging procedures. Besides,
gadobutrol has higher relaxivity compared to the
other contrast agents. The most critical disadvan-
tage of gadolinium-based contrast substances is
the risk of nephrogenic systemic fibrosis (NSF)
development. NSF is a disease characterized by
progressive tissue fibrosis with deposition of
collagen and fibroblast [24, 25]. As far we know,
there is not any reported NSF case related to
gadolinium-based contrast media in patients
under 8 years of age [26, 27]. However, one
should consider the risk of NSF in the pediatric
population [19].

The use of gadolinium-based contrast agents
has the risk of free gadolinium deposition in
addition to NSF development. Free gadolinium
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Fig. 20.4 In 16-year-old girl with the diagnosis of mul-
tiple sclerosis MR examination was performed to detect
the activity of the disease. Axial FLAIR and coronal
T2-weighted images demonstrate a demyelinating area in

may deposit in human tissues even in patients
with a normal renal function who had gadolinium-
based contrast media administration [28, 29].
Free gadolinium may accumulate in the metaph-
ysis of bones in addition to globus pallidus ve

the periventricular white matter in the left frontal lobe.
Contrast-enhanced axial and coronal images show con-
trast enhancement in this area indicating disease activity.

dentate nucleus, especially in patients who have
multiple gadolinium-based media administration
[30, 31]. The long-term effects of gadolinium
deposition are not yet known. Pediatric patients
may be more vulnerable to gadolinium deposition
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Fig.20.5 MR images of a 9-year-old girl with anaplastic
astrocytoma are shown. Axial T2-weighted, FLAIR, and
T1-weighted images show a mass in temporal lobe adja-
cent to temporal horn of right lateral ventricle invading the
right hipocampus and mesencephalus. T1-weighted axial

since free gadolinium may have much more toxic
effects on the developing brain or bones [19].
Active myelination and bone ossification could
be affected by gadolinium in children. Besides,
the risk of complications related to gadolinium

image with contrast administration demonstrate the
demarcation of lesion better than the conventional
sequences and show the avid enhancement of the lesion
with the contrast media

accumulation is higher in children due to their
longer life span. While osmolality and viscosity
are critical characteristics of the iodine-based
contrast agents, they are not that important
regarding the gadolinium-based ones because
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Fig. 20.6 Axial T2-weighted image of the 15-year-old
girl with inflammatory bowel disease reveals a mild
increase in the thickness of sigmoid segment of colon.
Contrast-enhanced axial T1-weighted image with fat sup-

they are administered in smaller volumes.
Besides, high injection rates are not needed in
pediatric patients [8, 13]. Thus, the risk of vascu-
lar injury and contrast extravasation is lower as
well [13].

Regarding the allergic-like reactions, it was
reported that only 6 of the 13.344 children injected
with gadolinium-based contrast agents had mild
reactions including coldness at the injection site,
nausea, headache, warmth, and dizziness [32]. To
the best of our knowledge, renal toxicity related to
the gadolinium-based contrast agents is not
reported in the literature [8].

In conclusion, in fluoroscopic studies, barium
suspension is the most widely used oral contrast
material in the examination of the gastrointesti-
nal tract since it is well tolerated and creates a
good image quality in pediatric patients.
Regarding the use of intravenous contrast agents
in CT imaging, low osmolality iodinated contrast
materials are preferable since they are safer com-
pared to high osmolality ones. High-osmolality
contrast agents can lead to a fluid shift and heart
and renal failure. Regarding the MR imaging,
macrocyclic chelates have a lower risk of gado-
linium accumulation, and therefore are safer to
use compared to the linear ones. Finally, it should
be remembered that children are not just small
adults.

pression shows significant mucosal enhancement with
contrast media and increase in vasculature in the
mesentery
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Breast cancer (BC) is still the most common can-
cer among women. Breast cancer mortality has
decreased substantially in recent decades, due
both to early detection of BC through improved
imaging techniques and improved therapeutics
[1]. The common clinical indications for contrast-
enhanced (CE) breast magnetic resonance imag-
ing (MRI) include preoperative BC staging,
screening for high-risk patients, assessment of
BC response to neoadjuvant chemotherapy, dif-
ferentiation between scar and recurrence, evalua-
tion of breast implants, assessment of patients
with cancer of unknown primary [2—4]. Breast
MRI appears to be more useful than mammogra-
phy and ultrasound, especially for the assessment
of invasive lobular cancer, ductal carcinoma in
situ, multifocal/multicentric disease, and lesions
with suspected associated extensive intraductal
component [5].

Abnormal breast tissue demonstrates differ-
ences in longitudinal (T1) and transverse (T2)
relaxation times in vitro compared with normal
tissue [6]. Contrast-enhanced MRI evaluates the
permeability of blood vessels by using intrave-
nous gadolinium that shortens the local T1 time,
leading to a higher signal on TI-weighted
images (WI). The underlying principle is that
neoangiogenesis leads to the formation of leaky
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vessels that allow for faster extravasation of
contrast agents thus leading to rapid local
enhancement [7].

The sensitivity of MRI for BC is relatively high
(reported to approach 100%) [2]; however, speci-
ficity is moderately low (ranging from 47 to 97%)
due to overlap in the imaging features of benign
and malignant lesions [8]. Its modest specific-
ity can lead to unnecessary biopsies, follow-ups,
and patient anxiety [9]. To overcome limitations
in specificity, several functional MRI parameters
such as diffusion-weighted imaging (DWI) and
magnetic resonance spectroscopy can be com-
bined with dynamic contrast-enhanced (DCE)
MRI to visualize specific biological properties,
such as cellularity and chemical composition; this
approach is defined as multiparametric MRI [6].

21.1 Breast MR Imaging

MR imaging should include an acquisition using
a high-field magnet that is bilateral with com-
plete breast and axilla coverage. Only dedicated
breast surface coils are appropriate for breast MR
imaging to provide enough signal-to-noise (SNR)
for high-quality breast imaging [6]. The use of
high-resolution protocol allows the more accu-
rate assessment of tumor morphology and neoan-
giogenesis. Its diagnostic value can be further
improved by parallel imaging techniques and
higher field strengths leading to higher spatial
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and temporal resolution; therefore, breast MRI is
increasingly moving towards 3 T. Breast MRI
should be ideally performed in the second week
of the menstrual cycle to reduce background
enhancement of normal parenchyma [10].

Although there is a wide variation among cen-
ters with respect to the number of post-contrast
phases acquired, the ACR Breast MRI
Accreditation Program requires acquisition of at
least two post-contrast T1-WI, with the first post-
contrast sequence acquired within 4 min of after
contrast injection [11].

DCE-MR imaging provides two primary
imaging features that can be used to evaluate
breast lesions: morphology and kinetic enhance-
ment features [10]. Both assessment of tumor
morphology and enhancement kinetics are neces-
sary for the optimal diagnosis of breast lesions.

21.1.1 Assessment of Morphology

The ACR BI-RADS atlas describes three general
lesion types: foci, masses, and non-mass
enhancements (NMEs) [12]. Masses and NMEs
should be reported with additional descriptors
that can further refine an interpreting radiolo-
gist’s suspicion for malignancy. Typically benign
morphological features include round or oval
shape, circumscribed margins, dark septa, and
homogeneous slow-to-medium/persistent
enhancement. Irregular shape, irregular or spicu-
lated margins, heterogeneous or rim enhance-
ment, and a wash-out curve are descriptors that
most strongly indicate malignancy [13, 14].
According to a modified interpretation scheme, a
lesion should be assigned as BI-RADS category
4 if both shape and margin are suspicious but
enhancement kKinetics suggest a benign lesion, or
if lesion shape and margin are both non-suspi-
cious but a wash-out is observed [10].

21.1.2 Semiquantitative Kinetic
Enhancement Features

Cancers typically develop an abnormal vascula-
ture and increased vessel permeability to support

its high metabolic demand for oxygen and nutri-
ents. The DCE-MRI is able to visualize and char-
acterize this abnormal vasculature and
permeability as a tumor-specific feature through
the measurement of semiquantitative kinetic fea-
tures [10]. Breast kinetic enhancement features
are measured semi-quantitatively using a modest
temporal resolution with at least two post-
contrast T1-WI, with k-space centered at approx-
imately 90-120 s after contrast injection for the
first post-contrast images [6]. Using the data
obtained at each of these time points, a time—sig-
nal intensity curves can be determined for a given
lesion or region of interest (ROI), allowing
assessment of two phases of enhancement: initial
phase, within approximately 2 min of contrast
injection, and delayed phase, after 2 min or after
peak enhancement (Fig. 21.1) [15].

In the initial phase, enhancement classifica-
tions of slow, medium, and fast are determined by
signal intensity increase (Slyincease) defined by the
following enhancement formula: Slgicrease [(STpost
contrast = Slprecontrast)/Slprecontrast] X 100% [16].

In the delayed phase, enhancement curves can
be described using three curve types: persistent,
plateau, and wash-out [17]. Persistent enhance-
ment is generally considered a benign curve type,
whereas plateau enhancement is of intermediate
suspicion for malignancy, and wash-out enhance-
ment is the most suggestive of malignancy. The
most classic combined curve type for malignant
breast lesions is fast initial enhancement fol-
lowed by early wash-out [6].

21.1.3 Quantitative Kinetic
Enhancement Features

MR imaging techniques that acquire post-
contrast images with high temporal resolution
can allow a quantitative kinetic enhancement
analysis through pharmacokinetic modeling [6].
Pharmacokinetic model, also known as two-
compartment model first proposed by Tofts and
Kermode, allows the quantification of the con-
trast agent exchange between the intravascular
and the interstitial space, providing MRI pharma-
cokinetic parameters of K., K., and V. (%).
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Fig. 21.1 Kinetic curve analysis of breast lesions. The enhancement kinetics is evaluated by assessing the time—signal

intensity curve with its initial and delayed phases

Contrast agent concentrations for each compart-
ment vary with time after bolus injection [18].

K,..s 1s the volume transfer constant, which
describes the rate of contrast agent uptake into
tumor from plasma.

K., is the transfer rate constant, which
describes the reflux of the contrast agent from
tumor to the plasma.

V. (%) is the leakage of fractional volume
from the extravascular extracellular space into
the plasma [8].

Pharmacokinetic MRI parameters can poten-
tially improve the differentiation of benign and
malignant breast tumors. Ki,,s > 0.25/min and
K., > 1/min are associated with malignancy, and,
therefore, have been suggested as parameters to
aid in the differentiation between benign and
malignant breast tumors [10].

Pharmacokinetic MRI parameters have also
been investigated to distinguish different BC sub-

types. Yim et al. found that V, values were signifi-
cantly lower in BC with high tumor/stroma ratio,
whereas K., values were significantly lower in
BC with dominant collagen type and higher in
BC with high nuclear grade [19].

21.1.4 Intravoxel Incoherent
Motion DWI

Intravoxel incoherent motion (IVIM) DWI is sen-
sitive to perfusion because the flow of blood in
randomly oriented capillaries mimics a diffusion
process through the IVIM effect. Several studies
have investigated IVIM in breast tumors and pre-
liminary data suggest that it may provide valu-
able information about both tissue microstructure
and the microvasculature for improved BC diag-
nosis and for differentiation of different BC sub-
types and molecular prognostic factors [6].
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21.1.5 Abbreviated MRI

Recently, abbreviated as well as ultrafast dynamic
imaging protocols have been evaluated for both
BC diagnosis and screening. Several studies have
investigated whether a shortened protocol, con-
sisting of either a pre-contrast T1-WI and a single
early post-contrast T1-WI or high-resolution
ultrafast dynamic imaging is suitable for BC
detection. All authors concluded that the abbrevi-
ated MRI protocol for breast MRI screening
allows detection of breast lesions and classifica-
tion with high accuracy. These results suggest
that a significant shortening of scan protocols is
possible and support the possibility of refining
breast MRI screening protocols [20, 21].
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22.1 Sonography

of Musculoskeletal Imaging

US is an important tool for the imaging of MSK
pathologies. For example, in a patient with
inflammatory arthritis, US may show inflamma-
tion in the synovium, or in non-inflammatory
arthritis, US can show the soft tissue pathologies.
Contrary to MRI and CT, CAs are frequently
used in US imaging. CAs have a role in US and
Doppler US evaluation of synovial inflammation,
especially in superficial soft tissue lesions and
inflammatory arthritis.

Contrast-enhanced ultrasound (CE-US) is a
modality which can assess the flow in tumors and
to support Doppler US examinations [1]. US CAs
are gas-filled micro-bubbles composed of a shell
of biocompatible materials which contain gases
of low solubility and diffusivity [2]. Szkudlarek
et al. [3] showed that the IV CAs increase the
sensitivity of power Doppler (PD) examination,
especially in the evaluation of synovitis in hand
and finger in RA patients.

The first published studies regarding CE-US
used 7-15 mL bolus, first-generation CA
(Levovist) ~400 mg/mL [4], within 1 min [5], or
in slow 15-20 min perfusion [6]. In new studies,
second-generation CA (SonoVue), 2.4 mL [7-9]
or 4.8 mL [10, 11] was used. The appearance of
micro-bubbles in the joint from the injection of
the CA shows a high variability time interval.
Microbubble appearances in articular and periar-
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ticular tissues were identified by bolus adminis-
tration in 20 s which is typical for small joint
inflammation [12]. On the other hand, this time is
usually up to 30 s for the hand and foot joints,
because of the small calibration of the vessels.
The presence of micro-bubbles for the inflamed
synovium in large joints such as the knee is
approximately 15 s after the use of the CA [12].

In bolus CA use, the examination window is
3-5 min. The slow 15-20 min IV perfusion
allows the examination of the joints in this time
period. This technique provides an increase in
uniform CA over a longer time period and allows
for the imaging of a greater number of joints [6].
Slow perfusion allows the penetration of micro-
bubbles to small vessels [13]. No more than one
or two joints can be examined by the bolus
administration technique however this technique
provides quantifying of inflammation analyzing
time—intensity curve. It is a significant purpose of
arthritis CE-US monitoring of the disease evolu-
tion and treatment response. The mean duration
of an examination should be approximately
20 min. With the help of technological develop-
ments, the time allocated to a patient was
decreased by computer programs that analyze
time—intensity curves faster [12].

Both CE-US and gadolinium (Gd)-enhanced
MRI are key techniques for the evaluation of
joint diseases. Although MRI examination was
the mainstay of joint imaging, it was found that
CE-US results were significantly correlated with
MRI in some studies [14].

In a paper by Szkudlarek et al. [3] it was
revealed that the synovial color coding of the
metacarpophalangeal (MCP) joint in RA
patients after IV injection of the US contrast
medium (Levovist) (Schering, Berlin, Germany)
was significantly increased compared to non-
contrast PD examinations. Besides, Klauser
et al. [15] detected active synovitis and inactive
intra-articular thickening in RA patients using
CE-US.

Although CE-US is not used often for the
knee in comparison with contrast-enhanced MRI,
Song et al. [16] demonstrated synovium hyper-
vascularization in osteoarthritis (OA) patients
treated with intrauterine bradykinin receptor 2

antagonist and found the results were consistent
with contrast-enhanced MRI.

Loizides et al. [17] stated that tumor charac-
terization can be achieved with CE-US according
to the enhancement pattern of soft tissue masses.
Although the definitive diagnosis of soft tissue
masses is made by biopsy, CE-US can provide
great convenience to determine where the biopsy
should be made. In a study, the authors deter-
mined the viable tumor region of the mass by
CE-US for biopsy targeting with a 100% diag-
nostic yield [18].

22.2 Computed Tomography
in Musculoskeletal Imaging

CT is a useful tool in MSK pathologies because it
has the ability to detect most of the bone lesions
correctly. MRI with the competence of producing
MPR imaging and its high ST characterization
has an important role. Also, multidetector com-
puted tomography (MDCT) has a significant role
in MSK pathologies, it has apparent superiorities
when compared to MRI in acute trauma and eval-
uation of the postoperative patients [19].

Contrast administration for CT examinations
is very helpful in most of the MSK diseases
including malignancies, infections, and inflam-
matory diseases. Computed tomographic arthrog-
raphy (CTA) has a high spatial resolution so it is
a remarkable imaging technique in the diagnosis
of a wide spectrum of joint disorders. CTA is a
good alternative to magnetic resonance arthrog-
raphy (MRA) in a failed MRI examination, in
obese or claustrophobic patients, or when the
medical device is not compatible with MRI [20].

Iodinated CA with single- or double-contrast
administration into the joint shows articular sur-
face perfectly in CTA. A single contrast tech-
nique can be applied with CA or air; whereas a
double-contrast technique can be used by inject-
ing minimal CA followed by air. Evaluation of a
loose body and cartilage is superior using double-
contrast method; but with the advancement of
technology, CT has gone quite far, and there is
nearly no difference between these two tech-
niques [20].
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CTA is highly good at showing cartilage and
bone pathologies, many of which can not be dis-
played with other modalities. CTA provides the
classification of traumatic tears of the interosse-
ous ligaments as complete or incomplete and as
partial or full thickness tears in the wrist and also
differentiates that from asymptomatic degenera-
tive lesions. In a paper by Moser et al. [21], it is
recommended that 5 mL of iodinated CA should
be used for wrist CTA [21].

The foremost defect in CTA is that the detec-
tion of soft tissue abnormalities, which may be
shown by other imaging methods like US and
MRI [21].

Contrast-enhanced tomography is very good
for rheumatologic diseases. The sensitivity of CT
is higher when compared to MRI in the diagnosis
of RA erosions [22-25]. Polster et al. [26] indi-
cate that IV contrast-enhanced CT can be used to
demonstrate synovitis, tenosynovitis, and bone
erosion in RA patients.

Delayed CT arthrography (dCTA) [27] can be
used for the detection of tissue changes of bone
and cartilage. Myller et al. [28] have shown that
delayed CBCT arthrography is very successful
in evaluating cartilage and bones in the knee
joint in patients with osteoarthritis. They were
also able to evaluate the fissures in the cartilage
with the CA given to the joint. In dCBCTA, CA
is injected intra-articularly, similarly as in clini-
cal MRI of the rotator cuff of the shoulder,

whereas in dGEMRIC, the CA is injected
intravenously.

22.3 Magnetic Resonance
Imaging in Musculoskeletal
Imaging

MRI as a noninvasive method without ionizing
radiation is the first choice in musculoskeletal
imaging with capabilities such as providing high-
resolution images in cartilage and soft tissues with
an ability to acquire images in every desired angle
or plane [29-31]. Major indications of contrast-
enhanced MRI broadly include assessment of
bone and soft tissue tumors, infections and inflam-
matory processes, and MRA.

MRA has increased the diagnostic confidence
for the assessment of tendon tears and complex
labral abnormalities. MRA of many joints is rou-
tinely performed in current clinical practice,
common joints being the shoulder, hips, wrist,
and elbow [32] (Figs. 22.1 and 22.2).

Elbow is a complex joint formed by three
separate joints and these joints are connected by
several ligaments and a large capsule. Because
of its complex structure, the elbow represents a
challenge in terms of diagnosis, therapy, and
rehabilitation [33]. Currently, MRI is the most
preferred method to evaluate cartilage lesions
noninvasively [34, 35]. On the other hand, most

Fig. 22.1 MR arthrography (axial (a) and sagittal (b) TIW-fat sat) imaging of left hip reveals posterior acetabular
labral tear with and paralabral lobulated cyst (arrow)
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Fig. 22.2 Fat suppressed TIW coronal oblique MR
arthrography image reveals articular surface tear of the
supraspinatus tendon (arrow)

studies on conventional MRI techniques point
out limitations in the diagnosis of early chondro-
malacia [36-38]. MRA is more sensitive than
conventional MRI in surface lesions of articular
cartilage [39-41]. Also, several authors who
investigated the value of MRI of articular carti-
lage recommended the use of intra-articular con-
trast media to improve the detectability of small
surface lesions [39, 40].

In the wrist, MRA improves the detection rate
for diagnosis of both interosseous ligament and
TFCC tears [42—45]. Intra-articular injection of
Gd-based CAs is a reliable method [46]. The
image quality for diagnostic purposes becomes
critical 45 min after contrast injection for the
wrist joint and after 90 min for the shoulder and
hip joints [47].

Gd-chelates which are administered intra-
articularly are eliminated with trans synovial dif-
fusion [48-51]. The mechanism of trans synovial
diffusion of Gd is complex and it can be affected
by various factors, including the permeability,
vascularity, and surface area of the synovial mem-
brane; the volume of articular fluid; the concen-
tration gradient of plasma and contrast-enhanced
joint fluid; and intra-articular pressure [52, 53]. In
patients with inflammatory rheumatologic disor-
ders, synovial perfusion is significantly increased
secondary to inflammation. Therefore, diffusion

of the intra-articular Gd-chelates in MRA may be
faster in these patients, that results from shorter
time window during MRA [47].

In the evaluation of the hip joint, MRA pro-
vides more data than conventional MRI [54]. In
routine clinical practice, the diluted Gd is usually
injected into the hip joint space with US guid-
ance. Gd can be injected under palpation or under
a scopy but palpation is not very reliable. US is
the most preferred method since the scopy also
contains radiation. The fact that US is the most
preferred method because it is fast, radiation-
free, and practical.

MRA and CTA of the shoulder are consid-
ered the best-performing imaging techniques in
diagnosing shoulder diseases if prospectively
compared with arthroscopic and open surgical
findings. Both of the modalities are certainly
superior to plain CT or MRI of the shoulder
because of the contrast resolution due to the
presence of intra-articular diluted paramagnetic
contrast or iodinated agent, respectively, and to
the distension of the joint capsule [55, 56]. The
evaluation of the site, type, grade, and extent of
the disease is more reliable, in particular for
rotator cuff tears [57, 58] and congenital or trau-
matic glenohumeral instability [59, 60]. The
two methods represent different information
due to a higher CT sensitivity for calcifications
and bone injuries [61, 62] and an optimal MR
contrast resolution for soft tissue abnormalities
[57]. The stability of the mixture of Gd-chelates
and iodinated CAs are well-known [63] while
its clinical safety has been reported for perform-
ing CTA and MRA of the ankle as a one-shot
exam (CTA-MRA) [64]. Aliprandi et al. [65]
performed CTA and MRA of the shoulder as a
one-shot exam using a mixture of iodinated and
paramagnetic CAs and to test the value of this
CTA-MRA exam compared with each of the
two modalities used separately, using arthros-
copy as a standard of reference. Their experi-
ence confirms the reliability of intra-articular
administration of a mixture of iodinated and
paramagnetic CA and provides the feasibility of
CTA and MRA as a one-shot exam. Furthermore,
CTA-MRA provides more data than CTA or
MRA separately.
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22.3.1 MSK Infections

MSK infections which are considered a therapeu-
tic emergency affect bones, soft tissues, and
joints. MRI is currently the best technique to
determine the presence or absence of disease and
its extent. It is recommended to administer IV Gd
in MRI of all possible MSK infections. IV Gd
contrast allows a better description of fluid col-
lections, joint effusions, and soft tissue inflam-
mation on soft tissue infections also it is useful
for detecting soft tissue abscesses and sinus
tracts, distinguishing synovial thickening from
fluid and evaluating spine infections [66].

MRI of cellulitis reveals thickening of the sub-
cutaneous tissues, diffuse linear or ill-defined
increased signal intensity of superficial soft tis-
sue on fluid-sensitive sequences, and correspond-
ing low signal intensity on T1-weighted (T1W)
sequences consistent with edema. Imaging after
IV administration of CA is useful to demonstrate
diffuse enhancement of the same areas, consis-
tent with inflammation, although the extent and
degree of enhancement are variable [67-69].

Even though STIR sequences in MRI enable
for detecting inflammation and edema, contrast-
enhanced T1W images have a remarkable higher
signal-to-noise-ratio, which may have better
identifiability of pathologic findings [70].

22.3.2 MSK Tumor Imaging

MRI is a valuable method for noninvasively
imaging and evaluating MSK tumors [71].
Although unenhanced MRI can be a diagnostic
solving method in evaluating MSK masses [72—
74] gd-CM is often needed and plays an impor-
tant role in the characterization of a lesion, in
staging the extent of MSK masses, in biopsy
planning, in monitoring chemotherapy, and in the
detection of local recurrence [71].

MRI is also particularly helpful in the assess-
ment of bone tumors when the lesion is indeter-
minate (e.g., solitary versus aneurysmal bone
cyst) or likely to be biopsied (e.g., eosinophilic
granuloma versus Ewing’s sarcoma, acute osteo-
myelitis versus Ewing’s sarcoma, enchondroma

versus low-grade chondrosarcoma) [75]. All sus-
pected bone sarcoma should be staged with MRI
before biopsy [71].

The use of CA in MRI may be helpful in dem-
onstrating tumor characteristics and also shows
different characteristics of tumor in two different
localizations. For instance, predominantly spin-
dle cell variants encountered in the MSK system
reveals higher CA enhancement both at CT and
MRI, lower T2-signal at MRI. On the other hand,
its gastrointestinal counterpart, consisting pre-
dominantly of the myxoid vascular type, shows a
higher T2 signal at MRI and a lesser CA enhance-
ment with CT and MRI [76].

Administration of Gd can help to distinguish
between cystic and aneurysmal tumor compo-
nents. Generally, cystic components of tumor
have a homogeneous high signal intensity,
whereas aneurysmal tumor components reveal a
fluid-fluid level on T2-weighted (T2W) images.
Therefore, T2W images are often sufficient to
differentiate an aneurysmal from a simple bone
cyst. The presence of non-enhancing, cystic-
appearing zones, filled with lymphatic fluid, dif-
ferentiate lymphangioma from hemangioma,
which enhances entirely because it is perfused
with Gd containing blood [71].

Contrast administration provides identifica-
tion of solid, cystic, necrotic, myxoid, and carti-
laginous components in MSK masses. All these
components have a decreased signal intensity on
T1W images and an increased signal intensity on
T2W images but have different enhancement pat-
terns [71]. Seromas, cysts, and cystic tumor com-
ponents have homogeneous increased signal
intensity on T2W images and show no enhance-
ment or negligible enhancement of a thin wall.
Tumor necrosis or abscess has a homogeneous or
heterogeneous increased signal intensity on T2W
images and reveals no enhancement [71].

Administration of Gd is also significant in
managing biopsy to solid, vascularized areas that
provide diagnostic tissue rather than nondiagnos-
tic areas of hemorrhage, necrosis, or highly myx-
oid regions. If only static contrast-enhanced MRI
is performed to find an appropriate biopsy area,
the most intense enhancement regions should be
selected (Fig. 22.3).
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Fig. 22.3 Osteosarcoma of the left tibia in a 12-year-old
girl. (a) Axial T1-weighted precontrast MR image shows
a large mass in the proximal tibial metaphysis. The tumor
is almost isointense to muscle. (b) Axial T1-weighted

Fig.22.4 MR images of a 35-year-old woman with low-
grade myofibroblastic sarcoma are shown. Coronal TIWI
(a) shows an isointense mass (arrow) in the left trapezius
muscle. TIW coronal image with contrast administration

Administration of Gd is a powerful choice to
detect viable tumor components and suggest the
diagnosis of sarcoma in extensive hemorrhages,
where solid, cellular tumor components might be
overlooked (Fig. 22.4).

The pharmacokinetic behavior of Gd-chelates
CA is equal to that of the well-known, iodinated

postcontrast MR image shows non-enhancing necrosis
(arrowhead) and enhancing viable tumor (arrow). The
biopsy was taken along the course of the arrow, distant
from the necrotic area

(b) demonstrates the demarcation of lesion better than the
T1W coronal image without contrast sequence and shows
the avid enhancement of the lesion with the contrast
media

angiographic and urographic CAs in radiographic
examinations. After rapid intravascular distribu-
tion, Gd diffuses into the extracellular space and
is completely excreted through the kidneys. The
standard dose for MSK applications is 0.1 mmol
per kilogram of body weight at a concentration of
0.5 M [77].
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Dynamic MRI is very useful to detect and to
differentiate viable tumor from reactive changes
after treatment. This method is recommended
to distinguish recurrent neoplastic nodules from
small seromas or reactive changes. Also, it is very
useful to differentiate acute marrow infarction
from tumor, because infarction is avascular, and
will show no or only late enhancement [78]. In
dynamic contrast-enhanced MRI, the early intra-
vascular and interstitial distribution of Gd in MSK
masses can be followed. Ultra-fast, T1W snap-shot
sequences are applied after IV bolus injection, to
trace the early contrast-enhancement during and
immediately after the first pass of the Gd through
the lesion [79]. This technique provides physi-
ologic information, such as tissue perfusion, tis-
sue vascularization, capillary permeability, and
volume of the interstitial space, that is not avail-
able on the anatomic images obtained with routine
static imaging sequences [80].
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The field of cardiac imaging using computed
tomography (CT) and magnetic resonance imag-
ing (MRI) is expected to detect the complicated
nature of heart and coronary vessels anatomy and
diagnose the pathologic cases. Mostly, contrast
enhancement is needed for the evaluation of cor-
onary vessels and soft tissues of the heart.
Therefore, as cardiac CT and cardiac MRI
become widespread, the wusage of contrast
medium is increasing. According to a key com-
ponent of cardiac imaging is effective contrast
protocol that concerted to existent cardiac imag-
ing technique [1, 2]. The aim of this section is to
provide main information for the optimal
contrast-enhanced CT and MRI in cardiac
imaging.

23.1 Contrast Optimization

in CardiacCT

Optimal contrast enhancement for cardiac CT
has been the subject of various studies; the goal is
to achieve uniform contrast enhancement in the
target structures, use the least amount of contrast
material as possible to reduce the risk of nephrop-
athy, and avoid streak artifacts caused by the con-
trast bolus. A slender technical balance is required
to achieve each of these goals.

Innumerable coacting factors have influence
on contrast enhancement at CT which can be
labeled as patient-dependent parameters, CT
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scanner-dependent parameters, and contrast
medium-dependent parameters [3-5] (Fig. 23.1).

The patient and contrast medium-related
parameters are well correlated with the distribu-
tion of contrast medium. Contrast enhancement
is unrelated to CT scanning process and is influ-
enced purely by the patient and contrast medium-
dependent parameters. Howbeit, CT
scanner-dependent parameters have a discrimina-
tive position in the acquisition of images at a spe-
cial time of enhancement [3, 6, 7].

The body size (weight, height, body surface
area) and cardiac output are the major patient-
dependent parameter on contrast enhancement
[3,7].

The body size effect may be explained on the
principle of the relation of blood volume and
body weight. Since patients with large size have
larger blood volumes than the patients with
smaller size, the contrast medium applied to the

bloodstream is more diluted in a larger size
patient than in a smaller size patient [8].
Accordingly, low iodine concentration and low
contrast increase occur. It would be ideal to adapt
the quantity of iodine to the patient’s weight or
body surface area. Whereas, because of the easier
management in clinical use, in most cardiac CT
studies a constant amount of contrast medium
has notified [2, 3].

Cardiac output and characteristics of the cir-
culatory system effect the timing of contrast
enhancement [9].

The circulation of contrast medium deceler-
ates with a decrease in cardiac output. The bolus
of contrast medium reaches leisurely and clears
leisurely. The timing of contrast enhancement
and peak contrast time in all organs is directly
proportional to the decrease in cardiac output
[10]. Therefore, the scan delay should be indi-
vidualized using a test bolus or bolus monitoring

Contrast medium-dependent parameters

lodline volume and concentration
Injection rate
Bolus pattern
Injection period and velocity
Saline flush
Contrast protocol

Fig. 23.1 Contrast-enhancement-dependent parameters
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technique, as the scan delay is crucial for cardiac
CT imaging [3].

Though with entirely defined patient and
injection-depended parameters for contrast
enhancement, unsatisfactory performed CT
acquisition factors will end as an inefficient
enhanced study. A long contrast medium injec-
tion is needed for a long CT scan period. For this
reason, the duration of scan time affects the dura-
tion of injection and the injection rate or contrast
agent volume immediately. The duration of scan
time is connected to the quickness of the CT
scanner, scanning mode, and the clinical applica-
tion [2, 6].

23.1.1 Contrast Injection Protocols

The quality of cardiac CT images is subject to
contrast to noise ratio. In coronary CT angiogra-
phy, it is preferable that optimal contrast enhance-
ment is between 250 and 300 Hounsfield Units
(HU) to distinguish low-density atherosclerotic
plaques, middle-density fibrous plaques, and
high-density calcified plaques with over 130
HU. It should be avoided to exceed 350 HU to
beware the difficulty in distinguishing coronary
calcifications. As optimum images need high
intra-arterial contrast enhancement, contrast
agents with high iodine concentrations are cho-
sen (270-400 mg Iodine/cc). Also, albeit low
injection rates may be proper for lower kVp scans
that depending on body habitus or intravenous
(IV) catheter size (18-20 G), in most patients an
injection rate of 57 cc/s is preferred for coronary
CT angiography [11-13].

In order to prevent streak artifacts that may
occur in the left subclavian vein, contrast injec-
tion is preferred from the 18 G IV catheter placed
in the right antecubital vein instead of the left. In
case of necessity central catheter can be used.
Depending on the body habitus, 20 G catheters
may be sufficient in some patients [3, 13].

Total contrast material volume is defined as a
function of injection flow rate and injection time
and is the primary determinant of contrast
enhancement. In coronary CT angiography, high
iodine concentration is used in a combination

with high injection rate [14]. As a consequence of
the increase in the injection rate, an earlier and
higher arterial contrast enhancement is obtained.
Therefore, an increased rate of contrast injection
is used at higher cardiac outputs. The injection
time should be as long as the estimated scan time
or slightly longer. In very short scan times, the
injection time should be at least 10 s. This is
because the minimum bolus required for coro-
nary contrast enhancement can be provided,
although very short scan times are possible with
current CT scanners [2, 3, 15, 16].

23.1.1.1 Contrast Infusion Method

In the coronary CT angiography examinations,
different contrast injection protocols are used,
varying from center to center, except for standard
protocols.

Coronary artery enhancement can be achieved
by monophasic injection protocol. A single head
power injector is sufficient in this method.
However, this protocol causes many artifacts
related to flow, especially streak artifacts. It is
also disadvantageous because it requires a high
contrast medium volume and can not provide
contrast differentiation between the right heart
chamber and the right coronary artery. To over-
come some of these deficiencies, a biphasic
injection protocol has been developed [17, 18].

In the biphasic injection protocol, a saline
chaser is used after contrast agent injection that
permits decreased contrast agent use and pro-
vides better images than the monophasic injec-
tion protocol. This can be achieved by dual head
power injectors which have separate receptacles
for saline and contrast medium. The risk of
nephropathy is reduced with the use of lower
amount of contrast agent. This injection protocol
also provides excellent contrast enhancement in
coronary arteries with reduced streak artifacts in
superior vena cava. Nevertheless, in many
patients, an effective flushing is achieved in the
right heart chambers where it is impossible to
distinguish the lumen from walls, valve, and pap-
illary muscles [19]. This prevents the appearance
of the right ventricular contour required for right
ventricular evaluation. The biphasic contrast
injection protocol is the most plausible method if
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the aim is only to perform coronary artery
assessment and if ventricular and functional car-
diac evaluation is not needed [19-21].

For the triphasic injection protocol, the dual
head power injector is also required like the
biphasic protocol. The triphasic injection proto-
col is applied by first administering the contrast
medium followed by the contrast-saline mixture
and then followed by the saline flush. This tech-
nique allows right ventricular imaging in addition
to uniform contrast enhancement in the coronary
arteries. Recent literature studies have shown that
by using the triphasic injection protocol, coro-
nary artery evaluation can be performed with an
adequate attenuation, besides right ventricular
imaging with a significant reduction in streak
artifacts [21-23].

23.1.1.2 Timing Method: Test Bolus
Versus Bolus Tracking

The definite timing for data acquisition is the
moment when the IV contrast medium reaches
the target structure, in CT angiography tech-
nique. Under normal conditions, the scan delay
time required to fill the whole coronary arteries is
calculated by adding 2—4 s to the transit time of
the contrast medium from the access vein to the
ascending aorta [13]. In recent days, as CT scan-
ners became faster and scan times decreased, the
time interval required for optimal coronary artery
development has significantly been shortened.
For this reason, the fixed delay method is not rec-
ommended for cardiac CT angiography. In deter-
mining the scan start time, commonly two
techniques are used which are called test bolus
and automatic bolus tracking [2, 9].

The test bolus technique is based on minimal
(10-20 mL) contrast medium injection prior to
the actual CT scan with full bolus injection.
Instantaneously following the test bolus injec-
tion, dynamic imaging is performed at a low radi-
ation dose. The contrast-time curve is plotted by
the region of interest (ROI) placed in the aorta.
The optimal delay time is calculated after the
peak contrast time is determined. Eventually, the
diagnostic CT scan is performed according to the
calculated time [3, 24]. The favorable feature of

the test bolus method is that it gives a trial oppor-
tunity for I'V catheter function and injection rate.

The bolus tracking method is based on the
principle of low dose real-time serial imaging
from a ROI while IV contrast medium is injected.
When the contrast threshold is reached to a pre-
defined value between 100 and 150 HU then the
scan is automatically triggered [13] (Fig. 23.2).
The advantage of the bolus tracking technique is
that it is efficient and practical. Because less con-
trast medium usage is sufficient and can be
scanned at a single injection phase. Also, it has
been shown that the bolus tracking technique
provides more homogenous contrast enhance-
ment than the test bolus method, in the literature
[25]. Notwithstanding, this method has a signifi-
cant disadvantage. The breath-hold command,
which should be given when threshold attenua-
tion value is reached, can delay the initiation of
the CT scan. Therefore, optimal enhancement
moment may be missed [2, 3]. Except that, if the
selected threshold value is too low, the contrast
medium in the background can not be distin-
guished from the artifact and the attenuation
value can not be measured. Similarly, a very high
threshold is also impractical. The threshold value
may never be reached, or the time to reach may
be prolonged, resulting in a long scan delay or an
improper enhancement [26].

Recently, a new method called dual-ROI
tracker technique has been developed, which
improves contrast enhancement. The threshold
for the first ROI is 100 HU, at which breath-hold
command is given. The threshold value for the
second ROl is selected near 300 HU and triggers
the CT scan [27, 28].

23.1.2 CT Scanning Factors

CT scan factors play a crucial role in the acquisi-
tion of contrast-enhanced images in a specified
time frame. Though the factors of the patient and
contrast injection protocols are excellently
planned, images obtained with inadequate CT
scanner parameters will not reach optimal qual-
ity. Technical advances that make the CT scanner
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Fig.23.2 Bolus tracking method

convenient for optimal cardiac CT imaging have
occurred, especially in recent years. It is impor-
tant to learn and track the novel technical
advances to improve the cardiac CT image qual-
ity and diagnostic value, and also to determine
the radiation dose [3, 13]. Depending on the 320
detector rows structure or depending on the high
pitch characteristics of the dual-source technique,
new generation CT scanners offer high spatial
and temporal resolution in short scan times that
can be reduced to a single heartbeat. On the other
hand, the precision of the time of contrast agent
bolus has a critical importance for cardiac CT
scanning. Both the adaptation of old techniques
and the application of new techniques have also
played a critical role in the contrast injection pro-
tocols [2].

Todine contrast medium attenuation is higher
in the low tube voltages because the k-edge is
closer to tube voltage of 70-80 kVp than 120 kVp
tube voltage. Further, it has been shown in the
literature that CT angiography can be performed
at low tube voltages [29]. However, the noise of

the images that are scanned with the low tube
voltage is increased when compared with the
high tube voltage scans, at the same display pre-
set [2, 29]. Also, the image noise can be reduced
advantageously by the iterative reconstruction
(IR) technique, which is an alternative to the fil-
tered back projection (FBP) technique, that are
the algorithms developed by CT vendors [29,
30]. The coexistence of the IR technique and the
low radiation dose protocol may result in a 60%
reduction in dose while the FBP reconstruction
technique maintains image quality compared to
conventional radiation dose at the tube voltage of
120 kVp [31, 32]. The combination of low kVp
and IR algorithm paves the way for reduction in
the amount or concentration of iodine contrast
medium. There is no significant difference
between the CT images at low iodine contrast
medium concentration (270 mgl/mL) with
100 kVp tube voltage and the CT images at stan-
dard iodine contrast medium concentration
(370 mgl/mL) with 120 kVp tube voltage, in
terms of vessel attenuation [33-35]. Also, Oda
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Table 23.1 Comparison of tube voltage and contrast
medium dose for similar image qualities

CT CT CT
protocol I | protocol 11 | protocol IIT
Tube voltage 120 100 80
kVp)
Contrast medium | 370 270 210
dose (mgl/kg)

et al. demonstrated that using 80 kVp makes it
possible to reduce the dose of radiation and con-
trast agent. Coronary vascular enhancement and
quality of images are satisfactory in not only
proximal but also distal segments of coronary
arteries [28] (Table 23.1). However, if the stan-
dard tube voltage of 120 kVp is selected depend-
ing on the body habitus during the scan with the
automatic tube voltage system, the low contrast
medium dose will weaken the vessel attenuation.
Thus, optimal enhancement cannot be achieved.
Conversely, if the contrast medium concentration
is not reduced while scanning with low kVp, cal-
cified plaques may be missed as the vessel atten-
uation increases significantly [2].

23.1.3 Optimal Contrast
Enhancement for Specific
Imaging Protocols

23.1.3.1 Pulmonary Vein

Demonstration

Progression in imaging technology has led CT to

gain an important place in pre-procedural plan-

ning and guidance in atrial fibrillation patients.

Cardiac CT plays an important role in the ana-

tomical and dimensional evaluation of pulmo-

nary veins, and also provides the imaging and
dimensional ~measuring of left atrium.

Retrospective gating is preferred for atrial fibril-

lation and ROI is usually placed in the left atrium

to provide optimal contrast [36].

23.1.3.2 Congenital Heart Diseases

Imaging in congenital heart diseases is now more
confronted by better surgical and interventional
techniques. Cardiac CT also plays an important
role in this disease group, in preoperative evalua-

tion and postoperative follow-up, as an alterna-
tive to MRI [37]. Compared to MRI, CT has
several advantages, especially great spatial reso-
lution, high temporal resolution, multi-plane
reconstruction aptitudes at isotropic resolution,
wide field of view, and fast and short scanning
time. Due to remarkable rapid acquisition time,
CT allows avoidance of anesthesia in young chil-
dren or patients with disabilities or when there is
a contraindication to sedation. One of the most
important reasons for staying away from CT is
the presence of ionizing radiation [38—40]. But
with today’s technology, a clear reduction in radi-
ation dose can be achieved as significant dose
reduction methods have been developed by CT
vendors and also CT scanners are now able to
scan in a single heartbeat [39, 40]. In congenital
heart diseases, the complex anatomy and postop-
erative changes cause difficulties in the stages of
scanning and interpretation. Contrast injection
protocols also vary individually in these patients
[41-43].

Congenital coronary anomalies seen in 0.2—
2% of the population can be investigated by CT
angiography in the best appropriate way since
CT allows monitoring of coronary vascularies
obviously from the origin to the distally. In
patients with atrial or ventricular septal defects
may require cardiac CT rarely if there is an addi-
tional major vascular pathology. MRI is usually
used for postoperative evaluation and follow-up
in the patient with tetralogy of Fallot. But in pre-
operative planning, unique anatomical informa-
tion can be obtained with CT, such as aortic root,
pulmonary trunk and branches, coronary arteries
[42, 43].

The largest IV catheter that is available for the
patient should be used for contrast media injec-
tion. The maximum amount of contrast medium
that can be used in children is 1-2 cc per kg of the
body weight. Also, according to the size of the
selected IV catheter, the injection rate of contrast
medium varies between 0.5 and 6 mL/s. Patient’s
age, hemodynamic parameters, type of cardiac
pathology, postoperative changes are important
factors in determining the acquisition time fol-
lowing the contrast medium injection. Because of
the rapid contrast medium flow in the neonatal
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patient group, the bolus time can be extended by
starting the acquisition following the half or one-
third of contrast medium injection that mixed
with saline. The test bolus technique can be pre-
ferred especially if the patient has pulmonary
venous anomaly, cardiac shunt, or ventricular
functional insufficiency. But this method requires
additional contrast and time [37, 42, 43].

23.1.3.3 Triple Rule-Out

The triple rule-out protocol is intended to assess
three main vascular that causing acute patholo-
gies that appeared with chest pain as coronary
arteries, aorta, and pulmonary arteries, in a single
session. To scan these three vascular together, a
greater amount of contrast material is required. It
has been shown that very good images can be
achieved with only 60 mL volume of 370 mg/mL
contrast medium and triphasic injection protocol,
in a study which was performed using the bolus
tracking method with ROI placed at pulmonary
trunk level by 320-row detector scanner [44]. A
better enhancement can be achieved by the dual-
ROI tracker technique, if the first ROI is placed
for pulmonary artery evaluation and the second
ROI for coronary arteries [2].

23.1.3.4 Pre-procedural
Transcatheter Aortic Valve
Replacement Planning

Transcatheter aortic valve replacement (TAVR) is
an alternative treatment method in patients with a
high risk of open surgery. Pre-TAVR CT angiog-
raphy consists of two acquisitions, that is, for the
selection of device size and evaluation of coro-
nary arteries and also for the assessment of the
vascular access that extend from the thoracic,
abdominal, and pelvic arteries to the level of the
femoral artery (Fig. 23.3). For this patient group,
more attention should be paid in using contrast
medium, as the risk of nephropathy is higher than
the normal population. Although a few studies
have shown that pre-TAVR imaging can be per-
formed with a contrast medium volume of 20 mL,
in many studies optimal enhancement has been
reported with 370 mg/mL contrast medium in a
volume of approximately 60 mL [45, 46].

Fig.23.3 Pre-TAVR CT angiography

23.2 Contrast Optimization
in Cardiac MRI

The use of cardiac MRI in diseases such as car-
diac tumors, ischemic heart diseases, cardiomy-
opathies, myocardial viability, and congenital
heart diseases is becoming increasingly wide-
spread. Present imaging modalities used in non-
invasive cardiac imaging are listed as
echocardiography, CT, and MRI. MRI has supe-
rior sides to echocardiography because of the less
operator dependence and the absence of con-
straints like acoustic window and bowel gas. It
also has the advantage over CT because it does
not contain ionizing radiation and has a high soft
tissue resolution [47]. Also, contrast enhance-
ment plays a crucial role in diagnostic and fol-
low-up evaluation by cardiac MRI. In cardiac
MR, the innate contrast of the blood and myo-
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cardium is dependent on the relaxation time of
T1 and T2 and the proton density. Using contrast
medium with varied MRI sequences may cause
differentiation in this innate contrast [47, 48].

Extracellular contrast medium, which is mostly
gadolinium chelates, is injected into the intravas-
cular cavity. These contrast mediums, with a half-
life of about 20 min, are rapidly dispersed in the
extracellular space. The extracellular contrast
mediums have similar effects because the relax-
ation times of T1 and T2 are close to each other.
In addition to cardiac mass and viability evalua-
tion in MRI, it is also used in magnetic resonance
angiography (MRA) for the assessment of main
vascular structures [47]. However, in 2017, the
European Medicines Agency (EMA) reviewed
gadolinium contrast agents which found that gad-
olinium deposition in brain tissue. And EMA con-
firmed the recommendation to restrict (gadoxetic
acid, gadobenic acid, and gadopentetic acid) or
suspend the permission (gadodiamide and gado-
versetamide) of some linear gadolinium agents
used in MRI scans. On the other hand, according
to EMA, gadolinium-based macrocyclic agents
(gadobutrol, gadoteric acid, and gadoteridol) are
more stable than linear agents. So these agents
may be used at the lowest doses that permitting
adequate enhancement of the images which must
be scanned with contrast medium.

A dose of approximately 0.1 mmol/kg body
weight contrast medium is recommended for
most imaging protocols except cardiac
MRI. However, the preferred dose for cardiac
MRI is about twice that (circa 0.2 mmol/kg),
especially for late gadolinium enhancement and
perfusion [48, 49]. Though it has been demon-
strated that the myocardial enhancement also
improves as the contrast medium dose increases,
there is no significant change in diagnostic accu-
racy due to false-negative results depending on
the susceptibility artifact [50, 51].

23.2.1 Late Gadolinium
Enhancement

Late gadolinium enhancement (LGE) is an
important entity while the area of myocardial
infarction is indicated by MRI. Depending

on the expansion in the extracellular space
and due to the occluded capillaries that cause
decrease in the surface area needed for trans-
port, the time to arrive and clean the contrast
medium in the myocardial tissue become lon-
ger. Tissue T1 relaxation time increases by
the washout of the contrast medium. At this
stage, the infarcted myocardium area appears
relatively hyperintense while normal tissue is
hypointense [52, 53].

The contrast to noise ratio in LGE imaging
has been improved and the clinical usage has
become widespread with the introduction of the
inversion recovery (IR) technique. IR sequence
requires selection of inversion time (TI) to null
healthy myocardium (seen as low signal and
dark image). Optimal TI selection is critical to
achieve diagnostic accuracy. Therefore, TI scout
scans must be added prior to IR sequence to
define the optimal TT in each patient. The LGE
technique based on an injection protocol of a
0.1-0.2 mmol/kg bolus of Gd-containing con-
trast, and after 10-20 min the initiation of acqui-
sition with an adequate TI to null the signal from
healthy myocardium. The infarcted region of the
myocardium may be visualized less than the
actual size, if the acquisition is started earlier
than the required waiting period. Whereas, if the
acquisition is started too late, whole myocardial
contrast medium enhancement will disappear
and cause poor signal-to-noise ratio. Phase-
sensitive inversion recovery (PSIR) techniques
have been developed to overcome the disadvan-
tages of the TI selection. PSIR reconstruction
maintains the positive and negative polarities of
tissue and negative longitudinal magnetizations
seem darker than positive magnetizations. For
this reason, contrast-enhanced tissue always has
a higher signal than the normal myocardium
without setting TI to null myocardium.
Nevertheless, although the PSIR sequence
allows to acquire good quality images without
using TI value, PSIR images will be better by
setting selected TT [54-56].

Since the T1 mapping with modified Look-
Locker inversion recovery (MOLLI) technique
has been introduced, synthetic IR images can
also be produced besides mapping. The images
of synthetic IR can be determined retrospec-
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tively by using tissue T1 values from any TI
images that are scanned with a MOLLI tech-
nique retrospectively. If T1 mapping is included
in the acquisition protocol, the LGE step can be
omitted [57].

23.2.2 Myocardial Perfusion Imaging

Myocardial perfusion imaging is the first pass
perfusion scanning method, which is performed
by using gadolinium-chelated contrast agent.
Due to the paramagnetic effect of gadolinium,
well-perfused myocardial tissues show contrast
enhancement on T1-weighted images. Since low
doses of gadolinium are administered, T2 and
T2* effects are not visible and myocardial tissue
signal is not affected in this technique. The first
pass perfusion is performed in the stress and the
rest phases to determine the reversible and irre-
versible myocardial ischemic tissue in chronic
ischemic heart diseases [52, 58].

During rest, coronary arteries can regulate the
blood flow with vasodilatation compensation up
to about 85% stenosis. However, with the appli-
cation of pharmacological stress, relative perfu-
sion defects in the stenosis of 50% and over can
be detected owing to increased myocardial flow
demand cannot be satisfied [59, 60].

Even a low dose contrast medium such as
0.025-0.05 mmol/kg is sufficient for myocardial
perfusion, much better contrast enhancement can
be obtained at the total dose of 0.1-0.2 mmol/kg.
A high rate contrast medium infusion of 3—7 mL/s
is performed and followed by at least 30 mL
saline chasing bolus [49, 61].

23.2.3 Extracellular Volume Mapping

Extracellular volume (ECV) mapping is a new
and important technique for examining myocar-
dium to detect the physiologic and pathophysio-
logic biologic modifications. Native and
post-contrast T1 maps make calculation of ECV
maps possible. Even though native T1 mapping is
able to detect the sum of intracellular and extra-
cellular area, ECV mapping can focus on the
extracellular space advantageously, which gives a
clear idea about edema, fibrosis, or amyloid
involvement. ECV mapping values can be calcu-
lated by the measurement of native and post-
contrast T1 images, blood T1, and hematocrit
values [62, 63] (Fig. 23.4).

It has been demonstrated that the “bolus only”
contrast injection protocol is sufficient for ECV
measurement. In addition, ECV values should be
measured after a delay of at least 15 min after a

ECV [= (1- hematocrit)

post-contrast T1myocardium

native T1 myocardium

1 1

post-contrast T 1piood

native T1biood

Fig. 23.4 (a) Native and (b) post-contrast T1 mapping images, (¢) ECV formula
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bolus of 0.2 mmol/kg gadolinium-based contrast
medium injection. Also to create accurate maps,
hematocrit value required for ECV mapping cal-
culation should be measured at the same time
period of the cardiac MRI [64, 65].

23.2.4 Coronary MRI Angiography
with Contrast Medium

MRA acquisition by gradient echo sequence
using gadolinium-based contrast medium pro-
vides high signal-to-noise ratio and significant
enhancement in the vessel lumen. In coronary
MRA with contrast medium administration,
gadolinium-based contrast mediums extravasate
to the extracellular area from the intravascular
space in 10—15 min. Due to this restrictive effect
of gadolinium-based contrast medium, a slow
infusion technique is recommended in coronary
MRA. In this technique, contrast medium infu-
sion is administered at 0.3 mL/s rate to prolong
the blood signal coming from the coronary artery
with the accompanying of respiratory navigators
and ECG-gating [66].

Except the evaluation of the coronary artery
lumen, vessel wall remodeling and inflammation
may also be visualized by coronary MRA with
contrast medium [67].

L S

23.2.5 Appropriate Use of Contrast-

Enhanced Sequences

in Specific Imaging Protocols
23.2.5.1 Myocardial Infarction
and Ischemia
Myocardial infarction emerges when coronary
arteries do not adequately supply the blood to the
myocardium. When the extracellular space gets
enlarged due to cellular death, extracellular distri-
bution of the contrast medium also increases. One
of the most satisfying method to evaluate the
infarct area is the LGE imaging [47, 56]
(Fig. 23.5). By LGE protocol, the location and
size of the acute or chronic infarct area can be
determined with high accuracy and reproducibil-
ity rates. The presence of a strong correlation
between the delineations of the MR-visualized
contrast area and histological findings of myocar-
dial infarction has been verified in many studies
[68—70]. Furthermore, ECV mapping also shows
accuracy on diagnostic evaluation in the discrimi-
nation of myocardial infarction from healthy
myocardium. Besides infarcted tissue, subclinical
pathologies in areas that are defined as healthy in
LGE images can be detected by ECV mapping.
Although ECV mapping is superior to the LGE
method in this respect, it needs to be improved
due to artifacts and unclear cut-off values [71].

Fig. 23.5 (a) Four chambers and (b) short axis views showing contrast enhancement in apex and apical septal seg-

ments in LGE sequences
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Cardiac MRI provides crucial information
about the evaluation of myocardial ischemia by
perfusion imaging. CMR stress perfusion allows
defining the ischemic heart disease in patients
who are unable to exercise or the patients with
resting ECG abnormalities. Also this technique
lets to determine the candidates for interventional
procedures [72, 73]. This asserts that myocardial
perfusion imaging allows an effective prognostic
evaluation in the patient population with coro-
nary artery disease (CAD), besides it is an alter-
native diagnostic method for the diagnosis of
CAD [73-76].

Stress perfusion imaging is usually performed
along with LGE imaging. Following the amount
of 0.05 mmol/kg contrast medium that is used for
perfusion imaging, the additional contrast
medium should be administrated to complete the
total dose of 0.1-0.2 mmol/kg during LGE acqui-
sition [49].

Also, coronary MRA with contrast medium is
an alternative method for CT angiography. In
comparison to the diagnostic accuracy of coro-
nary MRA with and without contrast medium,
the contrast noise ratio and visualization of the
coronal segments show superiority in the group
that used contrast medium.

23.2.5.2 Nonischemic
Cardiomyopathy

Nonischemic cardiomyopathies can be grouped
as genetic, acquired, and mixed type. While
hypertrophic  cardiomyopathy (HCM) and
arrhythmogenic right ventricular cardiomyopathy
(ARVC) are genetic subgroups, dilated cardiomy-
opathy (DCM) is a component of mixed subgroup
and myocarditis is in the acquired group [72].

HCM is a disorder characterized by hypertro-
phy and fibrotic changes in the myocardium. A
strong correlation has been demonstrated
between the regional contrast patterns deter-
mined by LGE imaging and perfusion defects.
Also, assessment of contrast enhancement with
LGE imaging is enounced as a prognostic indica-
tor in several studies in HCM patients [77-79].

ARVC occurs as a global or regional dys-
function associated with fatty or fibrous

replacement and usually involves the right
ventricle. LGE on the right ventricular wall is
a more specific indicator than myocardial fat,
for this disease. If the right ventricular tissue
characterization and wall motion assessment
are performed together, high diagnostic accu-
racy can be obtained [80, 81].

In DCM disorder, left ventricular systolic
function and septal midwall fibrosis can be
evaluated by cardiac MRI. Midwall fibrosis can
be detected with LGE and it was found to be
associated with unwanted clinical situations
[82, 83].

Fifty percent of sarcoidosis patients have car-
diac involvement, with only 5% symptomatic.
However, heart involvement is the most impor-
tant cause of mortality. Cardiac MRI can be used
to show inflammation with early contrast
enhancement and ECV mapping, and also define
scar tissue by LGE technique [84, 85].

23.2.5.3 Cardiac Masses
Cardiac MRI performed in the presence of a car-
diac mass suspicion is useful in distinguishing
mass from thrombus or benign tumor from malig-
nant tumor [85]. The LGE method for mass and
thrombus differentiation provides critical infor-
mation. Cardiac masses are usually contrast-
enhanced lesions as opposed to the thrombus
(Fig. 23.6). However, conventional post-contrast
T1-weighted sequences may be affected by para-
magnetic artifacts due to blood pool [49, 86]. An
avascular tissue nulling sequence that is specially
improved for thrombus estimation uses a 600 ms
long inversion time. By using this method, the
vascularized tissue appears gray while the nulling
effect is seen in the avascular thrombus [87, 88].
Most of the primary tumors of the heart are
benign (myxoma, papillary fibroelastoma, and
fibroma) and also the most common cardiac
malign tumors are sarcomas and primary cardiac
lymphomas. It is noteworthy that the malignant
tumors show heterogeneous contrast enhance-
ment. Furthermore, by first pass imaging, vascu-
larized metastases such as renal cell carcinoma
can be distinguished from nonvascularized
lesions [72].
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Fig. 23.6 (a) SSFP CINE and (b) LGE images in four chambers view; right atrial myxoma (arrows) showing contrast
enhancement but thrombus (arrowhead) is hypointense in LGE sequence
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24.1 Introduction

Contrast agents are divided into two as positive
contrast agents and negative contrast agents in
general. Positive contrast agents attenuate X-rays
more than the soft tissues. Negative contrast
agents attenuate X-rays less than the soft tissues
[1]. In interventional radiology positive contrast
agents that can be used are iodinated contrast
agents and gadolinium-based contrast agents
while the only negative contrast agent that can
be used through an intravascular route is carbon
dioxide (CO,).

lodine-Based Contrast
Agents

24.2

The numerous types of iodine contrast media
(ICM) can be grouped physicochemically
according to their: [1] osmolality into high
osmolar CM (HOCM), low osmolar (LOCM),
or iso-osmolar (IOCM); [2] ionicity (to ionic or
nonionic CM); and [3] the number of benzene
rings (either monomeric or dimeric CM). They
share a common tri-iodinated benzene ring either
as a monomer or dimer. HOCM have an osmolal-
ity of 2000 mOsm/kg, LOCM have an osmolal-
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ity range of 600-800 mOsm/kg, and IOCM have
an osmolality of 290 mOsm/kg which is isotonic
to plasma. Development of ionic contrast agents
in the 1920s and 1930s were with HOCM agents
which allowed radiologists visualize vessels and
organs. These first initiated HOCM have been
replaced by lower osmolality contrast agents
because of their toxicities and adverse reactions.

The role of contrast agents in interventional
radiology carry some nuances than diagnostic
imaging and every interventional radiologist
should consider these small differences. First of
all, the route of administration is more likely to
be arterial except from the procedures involving
veins. Secondly, patient population that has been
administered ICM with DSA should be consid-
ered different in their clinical status. Therefore,
when using ICM in vascular procedures quality
of the images, nephrotoxicity, and other adverse
effects may be different.

Previously many studies showed that intra-
arterial use of ICM has a higher risk for develop-
ing contrast nephropathy than intravenous routes.
However, in the last two decades the literature has
been dominated by reports from cardiac angiog-
raphy especially on the topic of contrast nephrop-
athy. Instead, coronary angiography is different
than other angiographic procedures and of course
from intravenous route of administration. One
should keep in mind that coronary angiogra-
phy is an injection of ICM from a suprarenal
position with the use of a catheter that may
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dislodge an atherosclerotic plaque and the ICM
dose delivered to kidney are more abrupt and
concentrated [2—4]. Because of the possibility of
various points of administration through an intra-
arterial route, in the latest update of European
Society of Urogenital Radiology (ESUR) guide-
lines the term intra-arterial administration has
been broadened. The change is made based on
the dilution factor of the ICM regarding points
of administration. The terms intra-arterial ICM
administration with first pass renal exposure and
intra-arterial ICM administration with second
pass renal exposure are now in use. Injections
from catheters into the right heart, pulmonary
arteries, carotid, subclavian, brachial, coronary,
mesenteric arteries as well as into the infrarenal
abdominal aorta, iliac, femoral, and crural arter-
ies are now under the definition of intra-arterial
ICM administration with second pass renal expo-
sure as they undergo dilution by circulation. On
the other hand, the term intra-arterial ICM admin-
istration with first pass renal exposure indicates
that ICM reaches the renal arteries during its first
pass in a relatively undiluted form depending on
the distance of the site of injection from the renal
arteries. This consists of injections into the left
heart, thoracic and suprarenal abdominal aorta,
and selectively into the renal arteries [5].

The choice of contrast agent in interventional
radiology depends on their general and local tol-
erance, iodine content, injectability and image
quality, and effects on renal function.

24.2.1 Contrast Enhancementin DSA
Images

The contrast enhancement of the vessels in
interventional procedures depend on the X-ray
absorption by iodine content in the contrast
media. A direct proportional relationship
between iodine content and vascular enhance-
ment has been established in previous CT
studies [6, 7]. However, the effect of osmolal-
ity has also been pointed out that the contrast
enhancement effect is lowered by intravascular
dilution suggesting that agents with an osmo-
lality higher than blood (290 mOsm/kg H,0)

will undergo dilution more than the iso-osmolar
agents. Pannu et al. reported no statistical differ-
ence in mean aortic attenuations between IOCM
iodixanol (320 mgl/mL) and LOCM iohexol
(350 mgl/mL) although iodixanol has a lower
iodine concentration and concluded that there is
less dilution with IOCM [8]. However, another
study has proven otherwise comparing iodixa-
nol (320 mgl/mL) with iopamidol (370 mgl/
mL). This study was a MDCT study and showed
statistically significant greater vascular contrast
with iopamidol-370 by measuring CNR values
of the coronary arteries [6].

In clinical practice, many interventional radi-
ologists use LOCM with 300 mg iodine per
mL. It is believed that lowering the concentration
may disrupt image quality, especially in periph-
eral angiography examinations. However, a clini-
cal randomized non-inferiority trial done with
300, 240, and 140 mgl/mL content of iohexol
among patients undergoing DSA for peripheral
arterial disease showed results of non-inferior-
ity in diagnosing and treating arterial stenosis
and occlusions. Although the CNR values were
higher for the control group of iohexol 300 as
expected, the trial showed similar confidence
scores in between groups. The image quality for
femoropopliteal and crural angiographies were
generally diagnostic however the negative side of
using lowered iodine concentration caused using
larger volumes of contrast [9].

On the other hand, a recent study done with
DSA phantoms suggested that the molecu-
lar structure of the nonionic contrast media is
another factor effecting the contrast enhance-
ment. lopamidol, iomeprol, iopromide, ioversol,
iohexol, and iodixanol were evaluated in this
study. The authors derived a formula for predict-
ing the pixel value ratio of two different contrast
media and called it “contrast enhancement ratio”
(CER). This formula was based on weight factor
and the results showed that iodixanol, iopamidol,
and iomeprol have the same ability of contrast
enhancement and iohexol showed the lowest
ability [10].

All of these studies show that iodine content,
plasma dilution, leak to the interstitium, and
flow rates of contrast media are all responsible
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for contrast visualization in images. However,
we should also keep in mind image quality is
not only determined by the contrast agents and
patient-related factors (weight, etc.) and techni-
cal factors (resolution of the DSA equipment,
mAs and kVp values, etc.) are also responsible.

24.2.2 Adverse Effects of Contrast
Agents Regarding Their
Properties

Patient Discomfort

Associated with Intra-

arterial Injections

The intensity and severity of adverse events
have been dramatically reduced with the shift
from HOCM to LOCM. However, different than
intravenous administration sensation of pain and
discomfort and warmth are still seen in interven-
tional procedures. These symptoms are caused
by damage in the endothelium in combination
with secondary local vasodilatation of the arter-
ies and capillaries [11]. Other than these damage
to erythrocytes, disturbed blood-brain barrier
and depressed cardiac contractility are other
osmolality-related adverse effects. General toler-
ance depends on osmolality and chemotoxicity.
Additional to osmolality, local tolerance also
depends on the site of injection, flow rate, vol-
ume and patient’s age, and underlying disease
and psychology. Pain worsens with the increas-
ing intravascular concentration. Patients under-
going visceral angiography report less pain
than patients undergoing extremity angiography
procedures where injections are done into arter-
ies supplying skeletal muscles [12]. Suprarenal
aortic injections are slightly better tolerated than
infrarenal aortic injections. Aorto-bifemoral
angiography produces less discomfort than
selective femoral angiography. Elimination of
discomfort and pain is important as the advent
use of DSA imaging. DSA is more susceptible to
movement artifacts. High-quality visualization of
below the knee vessels or arteries of the hand and
digits require more volume of contrast or selec-
tive injections which both enhance the sensation
of discomfort [13].

24.2.2.1

Earlier results were in favor of LOCM when
compared to HOCM. Early studies done compar-
ing LOCM within themselves showed a lower
degree of pain and heat after iopromide when
compared to iohexol [11]. In controversy, other
larger populated studies have reported no statisti-
cally significant difference in between [14].

In the English literature, there are many trials
comparing IOCM to LOCM. In general popula-
tion, the incidence of pain and discomfort is seen
in 20% of intra-arterial procedures [15-17]. A
meta-analysis by McCullough reviewed 22 ran-
domized control trials (RCT) to compare the
discomfort rates associated with IOCM to those
reported with various LOCM. Overall discomfort
(regardless of severity) was significantly differ-
ent between patients receiving IOCM and vari-
ous LOCMs. IOCM was favored over all LOCMs
combined for incidence of pain, regardless of
severity. A greater reduction in the magnitude
of pain was observed with IOCM, particularly
with selective limb and carotid/intracerebral
procedures. Similarly, the analysis of warmth
sensation, regardless of severity, favored IOCM
over LOCMs. LOCM included in the analyses
were iohexol, ioxaglate, iopamidol, and iomep-
rol and the IOCM included in the analyses was
iodixanol [18]. Another study done by Palena
et al. prospectively compared [OCM iodixanol to
LOCM ioversol in a diabetic patient population
who underwent treatment for critical limb isch-
emia. This study also confirmed results in favor
of IOCM [19]. Reduction in pain and discomfort
is an important goal for the tolerability of proce-
dures and also for image quality. The uncomfort-
able feelings will cause body motion which will
jeopardize diagnostic accuracy and effect clinical
decision-making and also prolong the procedure
resulting in repeat examinations. This will expose
patients to additional injections and higher doses
of radiation [18].

Iodixanol is more viscose than other agents.
When the viscosity of the CM increases it
requires more pressure to maintain adequate flow
rates during angiography [20]. Another issue is
injectability; it is harder to inject with high vis-
cosity agents when microcatheters are used. A
study from the cardiology literature compared
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the effects of viscosity during balloon angio-
plasty with [OCM and LOCM. Balloon inflation
times were found to be higher in coronary bal-
loon catheters with IOCM (iodixanol) compared
to LOCM (ioxaglate) [21]. This study is also
valuable for vascular interventions as reducing
inflation times will reduce limb discomfort seen
in peripheral angioplasty. A new IOCM iosi-
menol is a dimeric, nonionic agent with lower
molecular weight and viscosity than iodixanol at
equal concentration. The early results showed an
efficacy similar to that of iodixanol but with the
advantage of having a higher iodine concentra-
tion and lower viscosity. However, further larger
trials are needed [22].

24.2.2.2 Post-contrast Acute Kidney
Injury in Vascular
Interventional Radiology

The term contrast-induced nephropathy (CIN) is
now replaced with the term post-contrast acute
kidney injury (PC-AKI) by the suggestions of
ACR Committee on Drugs and Contrast Media
[4]. PC-AKI is a general term used to describe a
sudden deterioration in renal function that occurs
within 48 h following intravascular administra-
tion of ICM. PC-AKI is a correlative diagnosis
and it can occur regardless of whether the con-
trast medium was the cause. The committee sug-
gested the use of the term CIN in patients where
only a causal relation between the administrated
CM and deterioration of the renal function can
be clearly shown. CIN is defined as a caus-
ative diagnosis and considered as a subgroup of
PC-AKI. They suggested that the studies so far
likely include the combination of both and do
not permit separation of CIN from PC-AKI. This
should be kept in my mind while reading further
with this chapter. The studies in the literature
with intra-arterial use of CM will further be dis-
cussed under the term PC-AKI as no study has
been done with a suitable control group to sepa-
rate these two terms.

In the latest update of ESUR guidelines, the
committee suggested that the studies directly
comparing intravenous to intra-arterial route and
found no difference [2, 23-25] had selection bias

and the new definitions of first pass and second
pass renal exposure were not separated.

The incidence of PC-AKI following intra-
arterial administration with first pass renal
exposure is frequently reported higher than intra-
venous route. However, as mentioned before the
literature is dominated by coronary interven-
tions and in these studies the patients have many
procedural variables (hypotension, etc.), co-
morbidities, and catheter manipulations which
can also be a cause of AKI therefore making the
results confounding [3, 26, 27]. Nonetheless, AKI
in general is a significant problem in this kind
of critically ill patients. A meta-analyses done
by Ghumman et al. showed that the incidence
of AKI after peripheral angiography performed
with carbon dioxide as a contrast agent remained
high at 6.2% supporting the idea of other factors
existing and causing renal impairment other than
ICM [28].

The latest update brought new changes in the
guidelines of ESUR. Intra-arterial administra-
tion of CM with a second pass is now consid-
ered as having no higher risk than intravenous
CM administration. These include procedures of
infrarenal abdominal aorta, iliac, femoral, crural
arteries and subclavian, brachial, carotid, and
selective mesenteric artery injections. Because
of the difficulties in separating the effects of the
procedure from CM, the committee decided to
choose a higher cut-off eGFR level for patients
undergoing interventional procedures with first
pass renal exposure. They also decided to include
coronary interventions in this category. Taking
preventive measurements are now recommended
for patients with an eGFR value <45 mL/
min/1.73 m? who will undergo a first pass renal
exposure intervention. For patients undergoing
intra-arterial administration with a second pass
or intravenous administration the cut-off eGFR
value was decided as 30 mL/min/1.73 m? and
preventive measurements are suggested for the
patients having lower eGFR values [5].

The results of the studies comparing PC-AKI
incidence between LOCM to IOCM are con-
troversial. One of the first trials the NEPHRIC
trial randomized patients with diabetes and
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chronic kidney disease comparing LOCM and
IOCM. The result was in favor of IOCM, they
found the incidence of PK-AKI with iodixanol
lower in this high-risk population [29]. After this
many RCTs were done in high-risk populations
and meta-analyses of these trials were published
showing that the incidence of PC-AKI was simi-
lar between IOCM and LOCM [30-32]. The most
recent meta-analyses including patients with
renal insufficiency undergoing coroner angiog-
raphy with or without PTA again confirmed the
same results. However, in this latest analysis
which was done in between iodixanol and iopro-
mid a significant reduced risk for cardiovascular
events were found in favor of iodixanol [32]. In
the latest update, it is still accepted as there is no
significant difference between [IOCM and LOCM
in PC-AKI risk and the guideline recalls the
avoidance of HOCM and repeated CM injections
in a short period of time (48—72 h). More recent
studies published after the guideline still show no
significant difference between [IOCM and LOCM
[33, 34].

Another important subject to consider is the
volume of CM. Cigarroa et al. suggested the
following formula of (5x body weight in kg)
divided by serum creatinine (mg/dL) to calcu-
late the maximum volume of contrast agent to
be used. However, this was developed at the time
when HOCM were in use and does not apply to
date situations [35, 36]. To date ratios of CM
dose to eGFR or CM volume to eGFR are used.
When using intra-arterial administration CM
dose (in grams Iodine) to absolute eGFR (in mL/
min/1.73 m?) should be below 1.1 or CM volume
(in mL) to eGFR (in mL/min/1.73 m?) should be
below 3 [37-40].

There are only a few trials describing long-
term effects of ICM with viscosity and osmo-
lality. A recent study investigated the long-term
effect of contrast volume with an incidence of
1 year major adverse cardiac and cerebrovascular
events (MACCE) and all cause bleeding events.
They divided the contrast volume amount into
quartiles of <100 mL, 101-140 mL, 141-200 mL,
and >200 mL. MACCE incidences were found
7.1%, 7.8%, 9.3%, and 11.7%, respectively with
statistical significance [41].

24.3 (CO,as aContrast Agent
24.3.1 History

Room air was the first negative contrast that was
used as an imaging agent in 1914 with an attempt
to visualize the abdominal viscera with radio-
graphs. After that visualization of retroperitoneal
structures was done with room air, oxygen, and
CO,. Intravenous usage of CO, was first done in
the 1950s for the evaluation of pericardial effu-
sion [42]. Later in 1969 Hipona reported the use
of CO, for the evaluation of inferior vena cava
[43]. Hawkins a well-known pioneer of CO,
angiography discovered the intra-arterial use of
CO, by accident. In 1971 during a routine celiac
axis injection, 70 cc of room air was inadvertently
injected into a patient instead of iodinated con-
trast. Hawkins visualized the celiac axis and its
branches as a negative image on cut film. Luckily
no ill side effects were observed and he coupled
this experience with his previous knowledge of
CO, as an intravenous agent and pioneered it as a
potential negative contrast agent for intra-arterial
system. After studies with animals, he success-
fully applied the principles on humans however
the imaging quality was scent because of techni-
cal limitations of angiography of that time. Later
in the 1980s after introduction of digital subtrac-
tion angiography, safer and more reliable deliv-
ery systems, CO, evolved into a safe and valid
vascular imaging agent [44]. Carbon dioxide was
initially used only in patients with renal failure
and contrast allergy. Today with the advent of
imaging technologies and the many unique prop-
erties of CO, provides its use in multiple occa-
sions alone or in combination with iodinated
contrast agents.

24.3.2 Physical and Chemical
Properties of CO,

Understanding the basic principles and proper-
ties of CO, is essential for a safe use. CO, is a
colorless, odorless, compressible nontoxic gas
with high solubility and low viscosity proper-
ties. It is the only negative contrast agent that has
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proven to be safe and reliable in patients with
renal insufficiency and iodinated contrast agent
allergy. CO, is also an endogenous byproduct of
the body. After injection, it rapidly dissolves in
the blood and is transported to the lungs predomi-
nantly as bicarbonate ion which is reversed back
into CO, and then exhaled. As it is also endog-
enously produced it has no hepatotoxicity, neph-
rotoxicity, or allergy which has been confirmed
by multiple animal and human studies [45, 46].
Some of its unique physical properties contribute
to the utility of its use as a contrast agent and in
some occasions CO, has advantages over ICM.

24.3.2.1 High Solubility

Carbon dioxide is highly soluble in blood causing
rapid intravascular clearance. It is more soluble
than oxygen by 20-30 times. When administered
intravenously it dissolves within 30-60 s. It is
less occlusive than other gases.

24.3.2.2 Fluid Displacement

Iodinated contrast agents mix with blood when
administered whereas CO, displaces blood
instead of mixing with it. This miscibility fea-
ture of CO, provides better visualization of large
caliper vessels as it does not suffer from dilution
effects seen in ICM.

24.3.2.3 Low Viscosity

Viscosity of CO, is 1/400 than ICM. This pro-
vides high diffusibility among structures. It can
be administered through small size catheters.
CO, also passes through the space in between
catheters and guidewires which facilitates inter-
ventional procedures by eliminating the need
for guidewire catheter exchanges [47]. For diag-
nostic imaging 15-30 mL of CO, can be easily
administered through 3F catheters, 20-25G nee-
dles, end hole catheters, in between catheter and
guidewires, from side ports of vascular sheaths
(Fig. 24.1).

24.3.2.4 Buoyancy

The density of CO, is lower than blood therefore
when submerged into a fluid the gas bubble rises
upward by the exerted force of the stronger fluid.

This property is called as buoyancy meaning
floating on blood [48]. CO, prefers the nonde-
pendent (anterior) portion of the vessel. Studies
showed that the buoyancy of a CO, bubble has
a parabolic flow profile along the nondependent
portion of the vessel with incomplete fluid dis-
placement along the dependent portion regardless
of the vessel size [49]. This key feature affects
image quality in angiography. In vessels originat-
ing from anterior portions of the aorta such as
celiac artery, mesenteric arteries, and buoyancy
is an advantage (Fig. 24.2); however, in vessels
originating posteriorly this feature causes disad-
vantage in posterior vessels like left renal artery,
internal iliac arteries making them difficult to
visualize. Patient repositioning, tilting/rotation of
the table, or selective injections can be done to
overcome this disadvantage. Low viscosity and
buoyancy of CO, enable excellent visualization of
central veins and vena cava even with peripheral
injections. In lower limb angiography buoyancy
is used to improve the visualizations of below the
knee vessels by tilting the table in Trendelenburg
or elevating the limb by 15-20° to enhance infra-
geniculate vessel filling (Fig. 24.3).

24.3.2.5 Reflux

The gaseous nature of CO, causes bubbles to
be formed at the catheter’s tip and they move
upwards. A central reflux forms (Fig. 24.4) from
the point of administration [50]. This permits
visualization of ostial pathologies without the
need of catheter withdrawal and offers an advan-
tage in visceral artery stenting procedures.

24.3.2.6 Compressibility

As all gases CO, is also compressible. During
injection via a catheter pressure builds up and
when exiting the tip of the catheter this will
cause an expansion of the gas known as explo-
sive delivery. This will cause discomfort to the
patient and poor image quality and also carries
a risk of vascular injury due to the local pres-
sure rise in the elastic vascular chamber [50]. To
decrease this explosion rate, catheters should be
cleared from liquid or blood with a test injection
of 3-5 mL of CO, [51].
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Fig. 24.1 A femoropopliteal angiography image with
CO,. The injection is done from the side port of the vascu-
lar sheath without exchanging the crossing-over catheter

244 Delivery Systems

Different kinds of methods have been published
for the delivery of CO, [52-54]. As a source
of CO,, medical/research grade high purified
sources should be used. From this source, there
should be a mechanism to deliver. Many com-
mercial canisters contain three million of pressur-
ized gas. First attempts were to apply CO, with a

(black arrows in a and b). Red arrow in (b), points out the
recanalization point of the popliteal artery

syringe directly from the source into the delivery
catheter. This approach causes compressed pres-
surized volumes within the syringe resulting in
explosive delivery therefore is not used.

The handheld syringe method has been used
for decades and it is safe if properly used. One-
way or three-way stopcock and a 30-60 mL luer-
lock type syringe is required. Filling and injection
are done manually. The blood is first washed out
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Fig. 24.2 Abdominal aortography with CO,. Anterior positioned arteries celiac artery (red arrow) and superior mesen-
teric artery (black arrow) are easily visualized because of the buoyancy effect of CO,

with 5 mL of CO,. As it is controlled manually,
it has the advantage of optimal timing, injection
control, and ability to stop injection immediately.
Low cost is also another advantage. However, air
contamination is a potential risk and radiation
exposure is higher [55].

The plastic bag systems were the method of
choice by experts for many years [52]. Filters
were used to remove particulates or bacterial
contaminations from the cylinder, regulator,
and connecting tubes. Commercially there were
kits containing the tubes, stopcocks, and bags.
However, they are now discontinued because of
an unfortunate complication of inadvertent filing
of the bag with O, instead of CO, [56].

A portable medical CO, delivery system the
CO, Mmander is a FDA-approved system con-

sisting of a small 10,000 cc canister of CO,. It is
used in conjunction with the AngiAssist deliv-
ery apparatus which consists of a K valve, one-
way safety valves, preattached 60 mL reservoir
syringe, and a 30 mL syringe. The system does
not require complex assembly and therefore is
user-friendly. It allows nonexplosive gas deliv-
ery [57].

Early in the 1990s, automated injectors were
designed to offer more control over injection rates
as they did in ICM. However, the first generations
were bulky, cumbersome to use, and expensive
and were not successful to replace the much
cheaper and easy-to-use bag method. Recently
new generation computerized automated injec-
tors are designed. They offer several advantages
as precise control of injection timing, pressure,
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supine

SM

10° elevation+stacking

Fig. 24.3 Angiography of the crural arteries. Incomplete filling of posterior tibial artery (a) has improved after eleva-
tion of the limb (b) and a better image quality is achieved with stacking software

and volume. They significantly reduce the radia-
tion exposure of the operator. The newest device
the Angiodroid Injector (Angiodroid SRL, Italy)
computes the amount of gas to be injected into
the vessel and accordingly automatically purges
air out, verifies CO, purity, and determines the
delivered CO, volume and pressure [48]. Early
results with this system are encouraging in effi-
cacy and safety [58-60].

24.5 Injection of CO,: Tips

and Tricks

So far there are no standardized methods for dos-
ing, injection rates or which catheter to choose,
adjunct techniques, and safeguards, although
some general principles for particular applica-
tions exist. CO, can be delivered through any
lumen as told before but end hole catheters are
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iohexol S

Fig. 24.4 Hepatic artery angiography during a TACE
procedure. Injection with ICM (a) and CO, (b) with a
2.4 F microcatheter. The central reflux is visualized (red

sufficient. The operator should consider the
volume of blood to be displaced and the vessel’s
origin of takeoff to be imaged. The injection rate
should slightly exceed the rate of the blood flow
in the vessel being studied [48]. With the auto-
mated injectors, this rate can usually be defined
as [systolic pressure of the patient +30]. Too slow
injections will not be enough to completely fill
the vessel. Too rapid injections on the other hand
will reflux. Reflux feature can be handy in undu-
lating arteries, proximal vessels, or in the arter-
ies in dependent areas. For example, an injection
from the common femoral artery will reflux
into the iliac arteries and distal aorta. An injec-
tion of CO, from the renal artery will result in
filling of the renal orifice. Amounts of CO, for
the aorta are 15-30 mL/s for 1.5 s. Amounts for
mesenteric, renal, iliac, and femoral arteries are
10-20 mL/s. Regardless of the volume injected,
CO, is delivered within 2 s. In small vessels such
as tibial arteries, CO, is injected over 2-3 s [51]
(Table 24.1).

24.6 Advantages and Indications

All of the previously described features of CO,
offer some advantages during vascular proce-
dures. First of all, the main benefit is the lack of

arrows in b) from the point of administration. Also, note
that some visceral collaterals are seen with CO, (b) but
not with ICM

Table 24.1 Adjustable parameters for a better image
quality when CO, is used as a contrast agent

Tips and tricks for CO, Imaging

Positioning Elevation of region of interest
10-30°

Use sedation to decrease motion
Glucagon to decrease bowel gas
Nitroglycerin for peripheral
arteries

High-resolution DSA

5-7 frame/rates

60 ms pulse width

End hole catheter

Selective injection

Wait in between injections 30-60 s
Aorta 20-50 mL

Visceral arteries 5-20 mL
Peripheral lower extremity arteries
5-20 mL

Inferior vena cava 20-50 mL
Central veins 5-20 mL

Portal vein 10-20 mL

Pixel shift

Mask shift

Stacking software

Imaging
parameters

Injection

Volume

Post imaging

renal toxicity and allergic responses. All patients
with renal insufficiency or under higher risk of
developing CIN should be considered for CO,
imaging.

All arterial structures below the diaphragm
and all venous structures can be evaluated with



24 Contrast Agents in Vascular Interventional Radiology

299

CO,. It can be used instead of ICM or in con-
junction with ICM. Low viscosity and buoy-
ancy and the ability to image with reflux are the
advantages that can be used in visceral artery
stenting. By selective catheterization, the orifices
of the vessels can be delineated and stented with
lesser catheter exchanges. Advantage of its lack
of nephrotoxicity is unquestionable especially
in patients with renal vascular disease who have
already compromised renal function [61].

The efficacy in iliofemoral imaging with
CO, has been well documented with the high-
est diagnostic value being above the knee arte-
rial segments [62]. However, due to its low
viscosity CO, is superior to ICM in identifying
collaterals which is very important in occlusive
diseases (Fig. 24.1). Antegrade, retrograde, and
even contralateral (cross-midline) collaterals are
easily identified with CO, allowing the operator
to assess the physiology of the disease, reconsti-
tuted segments distal to the occlusion, and better
demonstration of revascularization options [51,
58]. Although infrapopliteal arteries are more
challenging for CO, imaging, we believe that
new computerized automated injectors will have
better results.

Detection of bleeding is another area that CO,
is advantageous over ICM. Because of its viscos-
ity gas travels easier from small points of bleed-

ST 5

Fig. 24.5 Wedge hepatic venography during TIPS proce-
dure. ICM allows visualization of only a limited segment
of the portal vein (a) whereas with CO, injections from

ing sources and when existing through a bleeding
point it expands and a cloud-like image is formed
and is easier to identify [63].

Another mostly used area of CO, is TIPSS
procedure. The localization of the portal vein
which is the most cumbersome step can be done
from the hepatic veins with catheter wedged
CO, injections [64]. The low viscosity and high
diffusibility of CO, make it very easy to pass
through the sinusoids into the portal system and
will stay in the portal vein as a target (Fig. 24.5).
Hawkins later modified the technique and used
the TIPS needle for CO, injection within the
hepatic parenchyma [44]. This modification pre-
vents the rarely seen complication of capsular
rupture.

24,7 Disadvantages
and Contraindications

The fluid displacement and non-mixing feature
of CO, causes fragmentation of bubbles in high
turbulence flow areas like bifurcations. This
causes a specific type of artifact called pseudo
stenosis which is only seen in CO, imaging. This
appearance resembles cobblestones and should
be confirmed with additional views or by using
diluted ICM (Fig. 24.6).

the same point (red arrow in a and b) the whole portal
system can be visualized (b)



300

F. G. Eldem and B. Peynircioglu

Fig. 24.6 Pelvic angiography with CO,. After bifurca-
tion, a cobblestone appearance (red arrows in a) is seen in
the right iliac artery as pseudo stenosis. Reconstructed

Imaging with CO, requires specific imag-
ing parameters and software programs and also
specific delivery systems to prevent air contami-
nation and gas compression. As it is a negative
contrast agent, subtracted imaging is required
and high-resolution digital subtraction angiog-
raphy (DSA) equipment is essential. To enhance
contrast visualization high mA and low kV are
needed which increase the radiation exposure.
The gas bubbles of CO, need some time to clus-
ter and displace the whole blood and to track this
aggregation higher frame rates are used which
also is another reason for higher radiation expo-
sure. As DSA is required the images are very
susceptible to motion artifacts (Fig. 24.7), bowel

image with stacking software (b) shows that the right iliac
artery has no stenosis and the real diseased segment is the
left iliac artery (white arrow in b)

gas, and peristalsis causing degraded images with
CO,. Therefore, post-processing software such as
masking, pixel shifting, and stacking software are
required for optimum image quality (Fig. 24.8).
Although CO, bubbles are very soluble, it has
been shown to cause myocardial ischemia and
has a severe effect on left ventricular functions
in animal studies [65]. In the cerebral circulation
multiple injections of CO, cause break down on
the blood-brain barrier therefore it is considered
as neurotoxic [66—68]. Imaging of thoracic aorta,
coronary arteries, and cerebral circulation is con-
traindicated with CO,. Injections into the aorta
with a prone positioned patient is also contrain-
dicated because of the risk for spinal ischemia. In
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Without breathold

With breathold

Fig. 24.7 Abdominal aortography with CO,. Motion artifacts caused by breathing disrupt the image quality (a).
Repeated injection with breath hold command (b) avoids motion artifacts caused by respiration

Fig.24.8 Selective renal angiography with CO,. The ini-
tial image obtained with CO, (a) has a low diagnostic
quality because of a mismatch with the timing of the
mask. It is not possible to evaluate the orifice of the renal

patients who will undergo CO, imaging should
not receive nitrous oxide anesthesia as it may
cause volume expansion in the CO, bubble. In

Reconstructed image

artery. Reconstructed images with a replaced mask and
pixel shift and stacking (b) show a significant improve-
ment in image quality

patients with pulmonary hypertension or severe
chronic obstructive lung disease the duration in
between the injections should be kept longer.
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Since the invention of x-rays, the use of contrast
materials in radiological imaging continued to
develop and evolve parallel to the technological
advances in radiological devices. Technical devel-
opments in radiology have led to the creation of
novel applications in imaging techniques and a
decrease in using contrast agents. Considering
that radiology is an area in which novel medical
technology is most used, it is not surprising that
it plays a lead role in medicine.

There have been recent developments in the
use of contrast agents in radiological imaging. For
instance, they are being utilized in perfusion MRI
or CT for the diagnosis of acute stroke, and dem-
onstration of salvageable tissue called penumbra
in the brain parenchyma. The evaluation of con-
trast agent uptake kinetics by perfusion imaging
enables quantitative evaluation of cerebral blood
flow per unit time, cerebral blood volume, peak
enhancement time, and mean blood transfer time,
and allows the evaluation of ischemia or tumor
vascularity in cerebral parenchyma. Perfusion
imaging provides essential information in the
analysis of ischemic stroke and the evaluation of
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recurrence after radiotherapy and characteriza-
tion of brain tumors. Besides, simultaneous CT
or MR angiography reveals pathological findings
in intracranial arterial structures to explain stroke
etiology. Recent advances in prostate imaging
have enabled the imaging of clinically significant
prostate cancer foci using multi-parametric MR
imaging. Perfusion imaging plays an important
role in multi-parametric prostate MR imaging.
We can now evaluate not only the presence and
pattern but also dynamic characteristics of con-
trast enhancement can in solid lesions and espe-
cially in breast and kidney masses [1].

Another current issue on the agenda is the use
of iodinated contrast agents in mammography,
which reduces the need for breast MRI. Contrast-
enhanced mammography is used at a few centers
worldwide; however, it is expected to become
widespread due to the short imaging time and
lower costs when compared to MRI [2].

New technological developments aim to
reduce the need for and the dosage of contrast
agents. Contrast enhancement can be evalu-
ated using a lower amount of contrast material
on dual-energy CT, and iodine maps obtained
are employed for the demonstration of contrast
material distribution [3]. In MR imaging devices,
shorter T1 relaxation times allow adequate imag-
ing at lower doses of contrast agents. MR angi-
ography examinations without administration of
contrast agents are routinely employed for the
visualization of arteries and veins. Dual-head
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contrast agent injection systems, which allow the
saline and contrast agent injection at the desired
rate and dose, are also beneficial in reducing the
dose of the drug. Perfusion maps of the cerebral
parenchyma can be obtained without contrast
agents using the arterial spin labeling technique.

The new drafting techniques aim to reduce not
only the contrast agent but also the radiation dose
in CT imaging. For example, with split bolus
techniques, the contrast agents are administered
stepwise. Thus, different tissues and organs can
be visualized at a single imaging session by using
less ionizing radiation and without increasing the
total contrast agent dose [4].

By changing the molecular structure of con-
trast agents, not only the side effect profile but
also the distribution of the agent in the body can
be altered. This approach paved the way for the
emergence of contrast agents specific to different
tissues. Contrast agents specific to the hepatobi-
liary system produce specific contrast enhance-
ment of the liver parenchyma on MR imaging
and pass through the biliary tract to visualize the
biliary system. Iron-containing hematopoietic
system-specific contrast agents are also avail-
able, and atherosclerotic plaque-specific contrast
agents are being investigated [1]. Contrast mate-
rials containing synthetic compounds of HDL
and LDL imitations, and hydrophobic nanoparti-
cles containing gadolinium forming micelles are
developed to show atherosclerotic plaques [5].
With tissue-specific contrast agents using iodine-
containing nanoparticles, metastatic tissues,
pathological lymph nodes, specific inflammation,
and infections can be visualized [6]. We are about
the enter a new era of “smart molecules” that are
used as contrast agents.

Chemical particles formed by elements other
than iodine are also investigated as contrast
agents. Gold is one of the leading elements.
Gold-containing nanoparticles have low viscos-
ity and osmolality and can provide higher x-ray
absorption compared to iodized contrast media,
and these nanoparticles provide advantages in
imaging by remaining longer in blood compared
to iodinated contrast media. It is argued that
these nanoparticles have fewer side effects than
conventional contrast agents. This is especially

important in obese patients that need higher
amounts of contrast media and for procedures
such as angiography [6].

Conjugation of iron oxide-containing nanopar-
ticles with various antibodies and molecules
made the specific enhancement of colorectal
cancers and glial tumors possible [7]. Bismuth,
tantalum, tungsten, ytterbium, and gadolinium
are elements that can be utilized as contrast-
enhancing nanoparticles [8]. Increasing and
diversifying tissue- and organ-related contrast
can offer diagnostic convenience and have the
potential to produce clinically important results
in identifying and staging of lesions.

Micro-air bubbles containing a phospholi-
pidic shell can be used as contrast media safely
in ultrasonography. In fact, ultrasound contrast
agents can be used for therapeutic purposes,
as well [9]. For instance, tissue ablation and
sonothrombolysis can be achieved by generating
thermal energy from micro-air bubbles using low
acoustic energy. Drug particles can be placed into
these micro-air bubbles for targeted therapy. This
method can be used for gene delivery in systemic
gene therapies [10].

Another current issue in terms of contrast
agents is the use of carbon dioxide as an alter-
native to iodinated contrast agents in digi-
tal subtraction angiography. The risk of renal
impairment because of the use of high volumes
of iodinated contrast media may cause a broader
use of carbon dioxide [11]. Xenon is another
gaseous contrast agent that can be used to dem-
onstrate ventilation [6].

Thanks to the developments in information
technology, nowadays, massive amounts of data
are quickly recorded and complex analyses can
easily be performed using approaches such as
deep learning. Deep learning proves itself in ana-
lyzing radiological images. Using deep learning,
radiologists will be able to reduce the contrast
agent dose [12-15]. The artificial intelligence
technology and the opportunities provided by it
will most probably have unpredictable results.
Through the automation of the radiological imag-
ing process, it is envisaged that steps including the
acquisition and analysis of images will improve
by using artificial intelligence. Artificial intel-
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ligence will definitely affect the way we utilize
contrast media. In conclusion, although recent
developments in imaging technology appear to
decrease the need of contrast media, “smarter”
agents are expected to emerge in a near future.
We believe that our fellow radiologists will adapt
themselves quickly to new developments.
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