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Abstract Gadolinium-based contrast agents can increase the
accuracy and expediency of an MRI examination. However
the benefits of a contrast-enhanced scan must be carefully
weighed against the well-documented risks associated with
administration of exogenous contrast media. The purpose of
this review is to discuss commercially available gadolinium-
based contrast agents (GBCAs) in the context of pediatric
radiology. We discuss the chemistry, regulatory status, safety
and clinical applications, with particular emphasis on imaging
of the blood vessels, heart, hepatobiliary tree and central ner-
vous system. We also discuss non-GBCA MRI contrast agents
that are less frequently used or not commercially available.
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Introduction

Magnetic resonance imaging (MRI) offers high-resolution as-
sessment of tissue anatomy and cellular composition without the
need for ionizing radiation and is thus ideally suited for evalua-
tion of pathological processes throughout the body, especially in
the pediatric population [1-3]. The value of an MRI examina-
tion can be further increased by administration of a gadolinium-
based contrast agent (GBCA) to characterize visceral organ le-
sions, stage malignancies, assess infectious and inflammatory
processes, and evaluate vascular abnormalities [1, 4]. The ad-
vantages conferred by GBCAs can be particularly attractive in
the context of pediatric patients because of the desire to avoid
invasive diagnostic procedures in this population and the often
smaller size of detected lesions compared with adults.

In this review article we summarize the chemistry related to
the clinical use and safety of GBCAs, the regulatory status of the
commercially available GBCAs, well-documented and newly
raised safety concerns associated with GBCAs, and the clinical
applications of GBCAs in imaging the vasculature, heart,
hepatobiliary tree and central nervous system in children. We
also provide a short discussion of clinically available non-
GBCA contrast media, including the pediatric imaging with
commercially available ultra-small iron oxide nanoparticles and
newly emergent contrast agents that are not yet in clinical use.

Gadolinium-based contrast agents

Biophysics and chemistry relevant to the clinical use
of GBCAs

MRI contrast reflects subtle differences in the endogenous

magnetic properties of different tissues [2, 3]. In MRI, typi-
cally the hydrogen atoms of water and mobile lipids are
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detected, and water and fat can be distinguished by their dif-
ferent chemical shifts (different frequencies for detection).
Contrast can arise from differences in water content among
tissues, i.e. proton density. Contrast can also be created by
exploiting the different properties of water in local environ-
ments, e.g., distinguishing flowing water (blood) from station-
ary water (tissue), or by making images weighted to the rate of
water diffusion. In a magnetic field, water molecules are char-
acterized by their relaxation times: T1, T2, T2* and Tl1p.
Differences in the local magnetic environment of the tissue
cause variance in these relaxation times, and scans can be
designed or weighted to reflect the tissue-dependent differ-
ences in relaxation rates. Relaxation times can also be affected
by the presence of an exogenously administered contrast agent
[5]- Most contrast-enhanced examinations take advantage of
the potent T1-relaxation properties of GBCAs, which generate
positive contrast in T1-weighted scans [4].

No other element is as well-suited to generate positive image
contrast as gadolinium [4, 6, 7]. In its free, unchelated state, the
gadolinium ion is toxic at the doses required for MRI; it is also
insoluble. GBCAs must be formulated in a way that results in
high water solubility and also shields the child from exposure to
the free gadolinium ion. All GBCAs thus comprise gadolinium
housed within an organic molecule, termed a chelate from the
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Latin for “claw,” that envelops the gadolinium ion in order to
block interactions between gadolinium and proteins or cells
[6-8]. The chelate component in all clinically used GBCAs is
designed to bond to eight positions on the gadolinium ion, thus
maintaining a tight hold to sequester the toxic metal ion. The
generic names and molecular structures of the nine GBCAs
approved by the U.S. Food & Drug Administration (FDA) are
depicted in Fig. 1 (trade names in parentheses).

The contrast generating efficacy of GBCAs is measured by a
property termed relaxivity [6, 7]. Relaxivity describes the ca-
pability of a contrast agent to shorten water proton relaxation
rates (1/T1, 1/T2), normalized to the contrast agent concentra-
tion, Eq. 1. Relaxivity is denoted r; or r, when referring to T1 or
T2 shortening, respectively, and has units of (mmol/L) " *s™.

= A(1/T;)/[GBCA] where i (1)

= 1,2 and [GBCA] is the GBCA concentration

GBCA relaxivity is dictated by the molecular structure and
by the dynamic solution behavior of the gadolinium-
containing molecule [4, 6, 7, 9—12]. A direct bonding interac-
tion between gadolinium and at least one water molecule is a
requisite to achieving high relaxivity. However the water must
only be bound to gadolinium transiently and be in rapid
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Fig. 1 Molecular structure and formal charge of the gadolinium-containing component of the nine gadolinium-based contrast agents approved by the
U.S. Food & Drug Administration, with proprietary names in parentheses
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exchange in order efficiently transfer the magnetic relaxation
effect of gadolinium throughout the bulk water. Relaxivity
also reflects the rate at which the GBCA rotates in solution.
In most cases slower rotation translates to higher relaxivity;
the magnitude of this effect is much greater at field strength <3
tesla (T). Slower rotation occurs when the GBCA is larger or if
the molecule is transiently bound to protein, e.g., serum albu-
min. Each GBCA depicted in Fig. 1 possesses a single
gadolinium-bound water molecule that exchanges with bulk
water with a rate of 10° to 10% s at 37°C, which is ideal for
achieving high relaxivity. The GBCAs are of similar molecu-
lar weight and expected to rotate at a rate of ~10'° s at 37°C.
The r; values of each clinical GBCA in human whole blood at
37°C at various magnetic field strengths are summarized in
Table 1 [13—-19]. Given the similarities in structure and

solution dynamics between these GBCAs, it is not surprising
that there is generally little variation in relaxivity. The notable
exceptions are gadofosveset, gadoxetic acid and gadobenic
acid, which bind transiently and non-covalently to serum pro-
teins. In blood, a fraction of these GBCAs exists in protein-
bound, slowly rotating and high relaxivity form.

Resistance to gadolinium release from the GBCA chelate is
dictated by two important physical properties, thermodynamic
stability and kinetic inertness [6—8]. Thermodynamic stability
is a measure of the chelate affinity for gadolinium under equi-
librium conditions; kinetic inertness describes the rate of gad-
olinium release from the GBCA under dissociation driving
conditions. The thermodynamic stability and kinetic inertness
of different GBCAs are summarized in Table 1. It should be
noted that experimental conditions used to generate

Table1 Relaxivity (as mM's") in human whole blood, thermodynamic stability constant (logK) at pH 7.4, and dissocation half life (¢,/,) following
zinc chloride challenge (2.5 mM GBCA, 2.5 mM zinc chloride, pH 7.0, 50 mM phosphate) or dissolution in pH 1 solution
GBCA Relaxivity Relaxivity Relaxivity logK tp tn

(1.5 T, 37°Cy (3 T, 37°C) (7 T, 37°C) pH 7.4% Zn challenge' pH 1!
Gadopentetic acid 4303 3.8+0.2 3.1£0.4 18.1 45h 10 min
(Magnevist)*
Gadodiamide 4.540.1 3.940.2 3.7+0.2 14.9 0.8 h 35s
(Omniscan)®
Gadoversatamide 4.4+0.2 4.2+40.1 4.340.2 15.0 N/A N/A
(OptiMARK)®
Gadobenic acid 6.2+0.4 5.440.3 4.7+0.1 18.4 N/A N/A
(MultiHance)®
Gadoxetic acid 7.240.2 5.540.3 4.940.1 N/A 250 h N/A
(Eovist/Primovist)®
Gadofosveset 27.7™" 9.9" 5.4° N/A 633 h N/A
(Ablavar)f
Gadoteric acid 3.940.1 3.54¢0.3 2.8+0.4 18.8 >83 h >1 month
(Dotarem)®
Gadoteridol 4.440.5 3.54¢0.5 3.4+0.1 17.2 >83 h 2h
(ProHance)h
Gadobutrol 4.6+0.2 4.5+0.2 4.24+0.2 N/A N/A 24 h
(Gadavist/Gadovist)!

h hours, min minutes, s seconds, 7 tesla
# Bayer HealthCare, Wayne, NJ

® GE Healthcare, Princeton, NJ
¢Mallinckrodt, St. Louis, MO

4 Bracco Diagnostics, Monroe, NJ

¢ Bayer HealthCare, Whippany, NJ
fLantheus Medical Imaging, North Billerica, MA
€ Guerbet, Bloomington, IN

" Bracco Diagnostics, Monroe, NJ
iBayer HealthCare, Wayne, NJ

i Taken from [13]

* Taken from [14]

!Taken from [15, 16]

" Value in blood plasma taken from [17]
"Value in blood plasma taken from [18]
©Value in blood plasma taken from [19]
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comparative metrics of kinetic inertness are non-physiological
conditions that far exceed the challenge encountered in vivo
[15, 16]. In other words, the inertness assays serve only to
draw attention to the relative differences between GBCAs’
resistances to degradation, and do not reflect actual rates of
gadolinium release in vivo. However the extent of gadolinium
deposition in tissue appears to be predicted by the relative
kinetic inertness of the GBCAs [20, 21].

The thermodynamic and kinetic properties of each GBCA
are a direct function of their unique chelate component. The
molecular structures of chelates found in all clinically used
GBCAs are classified based on the chelator type, either open-
chain (sometimes referred to as linear) or macrocyclic, and the
overall charge of the GBCA, either neutral or anionic (nega-
tively charged, also referred to as ionic). Four classes exist: (1)
open-chain neutral, which includes gadodiamide (GE
Healthcare, Princeton, NJ) and gadoversetamide
(Mallinckrodt, St. Louis, MO); (2) open-chain anionic, which

Table 2

includes gadopentetic acid (Bayer HealthCare, Whippany, NJ),
gadobenic acid (Bracco Diagnostics, Monroe Township, NJ),
gadoxetic acid (Bayer HealthCare) and gadofosveset (Lantheus
Medical Imaging, North Billerica, MA); (3) macrocyclic neu-
tral, which includes gadoteridol (Bracco Diagnostics) and gad-
obutrol (Bayer HealthCare); and (4) macrocyclic anionic,
which includes gadoteric acid (Guerbet, Bloomington, IN) [6,
17]. Table 1 shows that the thermodynamic stability constants
and rates of gadolinium release vary by orders of magnitude
among GBCAs. The table also shows that kinetic inertness
within the series of FDA-approved GBCAs can be organized
in the following order: open-chain neutral < open-chain anionic
<<< macrocyclic neutral < macrocyclic anionic.

Regulatory status

Table 2 summarizes the indicated use, recommended dose,
incidence of adverse drug reactions (ADRs), and most

Indicated use, regulatory approval status, recommended dose, adverse drug reaction (ADR) incidence, and frequently experienced ADRs for

gadolinium-based contrast agents (GBCAs) approved by the U.S. Food & Drug Administration (FDA)

GBCA FDA indicated use® Approved for Recommended dose ADR incidence Most frequent ADR
patients ages:
Gadopentetate Visualization of lesions in the >2 years 0.1 mmol/kg <4.8% Headache, nausea, injection site
(Magnevist) CNS, head, neck, and reaction, dizziness
body”
Gadodiamide Visualization of lesions in the >2 years 0.1 mmol/kg (0.05 <3.0% Nausea, headache, dizziness
(Omniscan) CNS, intrathoracic®, mmol/kg for
intra-abdominal, pelvic, kidney)
and retroperitoneal regions
Gadoversatamide Visualization of lesions in the >18 years 0.1 mmol/kg 35% Injection site reaction, headache,
(OptiMARK) CNS and liver vasodilation, taste perversion,
dizziness, nausea, paresthesia,
body pains, diarrhea, asthenia,
rhinitis, dyspepsia
Gadobenic acid Visualization of lesions in the >2 years 0.1 mmol/kg 10.4% (>18 years old) Nausea, vomiting, feeling hot,
(MultiHance) CNS, MR angiography of 6.5% (2—17 years old) injection site reaction, headache,
the renal and aorto-ilio- pyrexia, hyperhidrosis,
femoral vessels dysgeusia, paresthesia, dizziness
Gadoxetic acid Detection and >18 years 0.025 mmol/kg 4.0% Nausea, headache, feeling hot,
(Eovist/Primovist) characterization of lesions dizziness, back pain, vomiting,
in the liver blood pressure rise, injection site
reactions
Gadofosveset MR angiographic >18 years 0.03 mmol/kg <1.0% Pruritus, headache, nausea,
(Ablavar) evaluations of aortoiliac vasodilation, paresthesia
occlusive disease
Gadoteric acid Visualization of lesions in >2 years 0.1 mmol/kg 3.9% (>18 years old) Nausea, headache, injection site
(Dotarem) the CNS 4.3% (2-17 years old) pain or coldness, burning
sensation
Gadoteridol Visualization of lesions in the >2 years 0.1 mmol/kg 1.4% Nausea, taste perversion
(ProHance) CNS, head and neck
Gadobutrol Visualization of lesions in All ages 0.1 mmol/kg 4.0% Headache, nausea, injection site
(Gadavist/Gadovist) the CNS reactions, dysgeusia, feeling hot

CNS central nervous system
* All information is taken from the FDA package inserts
® Excluding the heart
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frequent ADRs for the nine FDA-approved GBCAs. ADRs
are rare and the most frequently encountered adverse effects
are not life-threatening. However the FDA boxed warnings
state that acute kidney injury and cardiac arrest have been
observed following administration of GBCAs to patients with
severe renal impairment.

Most GBCAs are approved for use in patients ages 2 years
and older, excepting gadoversetamide, gadoxetic acid and
gadofosveset, which are approved only for patients 18 years
and older. As a result, the use of GBCA in many pediatric
patients is an off-label indication. Gadobutrol is the only
GBCA that has received FDA approval for use in children
younger than 2 years, although gadoteric acid is actively being
evaluated in children younger than 2 [22]. American College
of Radiology (ACR) guidelines for GBCA usage in children
generally reflect those outlined for adults [23]. However it is
worth noting that few published studies have concentrated on
adverse drug reactions of GBCAs in children.

Safety

In 2006, a direct link was established between GBCAs and the
onset of nephrogenic systemic fibrosis (NSF), a rare but poten-
tially fatal fibrotic dermopathy, in renal-impaired patients [24,
25]. The FDA responded in 2007 by labeling all GBCAs with a
boxed warning that advises against exceeding the recommend-
ed dose and against frequent repeat GBCA-enhanced examina-
tions in patients with compromised renal function [26, 27].
Three GBCAs (gadodiamide, gadoversetamide, gadopentetic
acid) are currently FDA-contraindicated in patients with glo-
merular filtration rate (GFR) <30 mL/min/1.73 m?. The ACR
recommends screening GFR of any patients with known or
suspected renal impairment and advises against the use of any
GBCA in patients with GFR <30 mL/min/1.73 m?, suffering
acute kidney injury, or requiring dialysis [23].

NSEF risk is believed to increase with diminishing renal
function. GBCAs are cleared primarily through renal filtration
and the GBCA dwell time is significantly prolonged in cases
of renal impairment. For example, it was shown that the clear-
ance half-life of gadobenic acid extends from 2 h in patients
with normal renal function, whereas in patients with GFR of
31-60 mL/min/1.73 m? it extends to 6.1+3.0 h, and in patients
with GFR of <30 mL/min/1.73 m? it extends to 9.5+3.1 h [28].
Clearance half-lives of more than 30 h have been observed in
cases of severe renal impairment [29]. Other GBCAs exhibit a
comparable GFR dependence on clearance half-life [30, 31].

The mechanistic underpinnings of NSF are unknown, al-
though a correlation between NSF incidence and GBCA kinet-
ic inertness supports exposure to de-chelated gadolinium as a
nidus of the disease. A data-mining analysis discussed in a
2015 FDA briefing showed that the proportional reporting ratio
(PRR) and relative reporting ratio (RRR) of NSF cases associ-
ated with exposure to different GBCAs correlate inversely with

kinetic inertness [29]. The European Medicines Agency classi-
fication of GBCAs as posing high, intermediate or low risk for
NSF is a direct reflection of GBCA inertness, with the more
rapidly dissociating GBCAs (gadodiamide, gadoversetamide,
gadopentetic acid) classified as high risk [32].

There are few reported cases of NSF in pediatric patients
[33]. GBCAs exhibit similar clearance profile across all ages,
and body weight is the primary determinant of clearance half-
life in patients 2 years and older [34]. Renal function is still
maturing up to 2 years of age and infants could be at greater
risk for GBCA-associated toxicity. Quantification of gadobu-
trol clearance in 43 children with normal renal function ages
<1 month to 2 years revealed that clearance rates are slightly
decelerated with decreasing age [35]. We are unaware of any
formal studies correlating NSF risk to renal function or indi-
vidual GBCAs in children. However it is recommended that
the same precautions applied to adults with known or
suspected renal insufficiency be applied to children.

A number of recent reports point toward non-negligible
gadolinium (Gd) accumulation in the brains of patients with
normal renal function who have received multiple GBCA in-
jections. Suspicions were raised following a 2013 report of
hyperintense dentate nuclei and globus pallidus in contrast-
free T1-weighted scans of patients having previously received
multiple GBCA-enhanced examinations [36]. A subsequent
study demonstrated that the dentate nucleus-to-pons and globus
pallidus-to-thalamus signal-intensity ratios in contrast-free
scans were highly correlated to the number of prior GBCA
injections received [37]. A 2015 study on autopsy specimens
confirmed Gd accumulation in the central nervous system
(CNS) as the source of brain-tissue hyperintensity [38]. The
risk of CNS gadolinium accumulation also appears to correlate
with GBCA class and is likely related to the level of kinetic
inertness. Recent studies have demonstrated that the dentate
nucleus-to-cerebellum signal-intensity ratio was strongly corre-
lated to the number of prior contrast-enhanced MR examina-
tions for patients having exclusively received injections of a
linear GBCA but not for patients who only received a macro-
cyclic GBCAs [39, 40], suggesting that macrocyclic contrast
agents deposit gadolinium in tissues at a lower level than linear
agents. In 2015, a retrospective analysis of unenhanced brain
scans recorded on a single pediatric patient receiving multiple
injections of gadopentetic acid between the ages of 5 and 21
revealed dose-dependent hyperintensity patterns consistent
with those observed in adults [41].

There is emerging evidence of potential GBCA deposition
from MRI studies outside the brain, including a 2016 autopsy
study demonstrating elevated bone levels of gadolinium by mass
spectrometry in adults with normal renal function who had prior
contrast MRI with either a linear or macrocyclic GBCA [42];
additionally, another study demonstrated a positive correlation
between liver gadolinium and iron concentrations in pediatric
patients with iron overload undergoing MRI with the
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macrocyclic agent gadoteric acid [43]. Interestingly, this last
study also showed a decrease in gadolinium liver concentration
in patients undergoing iron chelation therapy, suggesting a po-
tential treatment strategy for gadolinium tissue deposition.

The health risks posed by tissue deposition of gadolin-
ium not associated with NSF remain unclear, as do the
mechanisms driving gadolinium accumulation. In 2015
the FDA announced plans for an investigation to identify
and evaluate the safety risks associated with this phenom-
enon. Future investigation is also needed to quantify and
determine the risks associated with gadolinium accumula-
tion in the pediatric population.

Review of pediatric clinical applications of GBCAs

Gadolinium-based contrast agents are useful and increase di-
agnostic efficacy in many situations, although the incremental
benefit of GBCA use might vary widely depending on the
body part imaged, patient size and intravenous access, and
the clinical indication. Specific clinical applications of
GBCA in pediatric MRI are discussed next.

Magnetic resonance angiography and venography

The clinical indications for body MR angiography and MR
venography in pediatric imaging are numerous, with new ap-
plications continuously developing. Among their more com-
mon uses are in the evaluation of vascular tumors and
malformations, vasculitis, aortic coarctation, renal artery ste-
nosis, portal hypertension and thoracic outlet syndrome.
These modalities can also be used in preoperative planning,
such as prior to liver transplantation or for living-donor eval-
uation [44, 45].

Both non-contrast and contrast-enhanced techniques can be
used to perform MR angiography and MR venography. Non-
contrast sequences are attractive for use in the pediatric pop-
ulation for several reasons, including eliminating the poten-
tially deleterious effects of contrast agents and allowing for
repeat sequences in case of excessive artifact [46].
Nevertheless, contrast-enhanced techniques have numerous
advantages, which include fast acquisition with high spatial
and contrast resolution and the potential to perform dynamic
time-resolved imaging [47]. Therefore the choice of how to
perform body MR angiography and MR venography should
be based on the clinical question and patient-specific factors,
such as renal function and the ability to breath-hold.

Contrast-enhanced MR angiography can be performed with
routine extracellular gadolinium-based agents. Because signal-
to-noise ratio is a key parameter in producing quality body MR
angiographic images, agents with higher T1 relaxivity, which
produce greater intravascular signal [44], are preferred if avail-
able. Nonetheless an optimally performed study with any

@ Springer

gadolinium-based contrast agent should produce diagnostic im-
ages. Intravenous contrast agent is dosed based on weight, a
conversion that is specific to the agent chosen. At some insti-
tutions, contrast agent is diluted in saline up to 1:6 as a means of
lengthening bolus time to avoid missing peak enhancement and
to minimize contrast volume-related artifacts, particularly in
small children, who require as little as 1-2 mL of contrast agent
based on weight. Administration of contrast agent is typically
done using a power injector, with rates ranging 2—3 mL/s for
MR angiography and approximately 1 mL/s for MR venogra-
phy; hand-injected boluses can typically only be done at a rate
of 1.5-2 mL/s and may be uneven. A saline chaser of 10—
20 mL might also be used to help achieve smooth enhancement
peak for optimal imaging, though volume overload could be a
concern in very small children [45].

The success of MR angiography and MR venography tech-
niques lies in the timing of the bolus. Two strategies can be
employed to optimize timing: test bolus and automated trig-
gering. With a test bolus, a small volume of contrast agent is
administered and the desired region of interest is continuously
scanned until a target signal intensity is achieved, thereby
determining the appropriate scan delay after injection of the
full contrast dose. With automated triggering, a similar con-
tinuous monitoring strategy is used after injection of the full
bolus, with scanning beginning when a target signal intensity
is reached at the region of interest [44].

The workhorse sequence in contrast-enhanced MR angiog-
raphy and MR venography is a T1-weighted spoiled gradient
echo with minimal repetition time (TR) and echo time (TE)
and low flip angles [44, 48]. These sequences provide high
spatial resolution but are sensitive to motion artifact and typ-
ically take 15-30 s to acquire [48], which can limit their use in
children who are unable to sufficiently breath-hold.
Furthermore, multi-phase acquisitions are limited by the time
to acquire the sequence and the ability of the child to perform
multiple breath-holds in a relatively short period of time.
Time-resolved techniques are also available, such as keyhole
imaging, in which only the center of k-space is sampled re-
peatedly with high temporal resolution while a contrast bolus
progresses through the region of interest, with complete k-
space acquisition occurring either at the beginning or the end
of imaging. The center of k-space provides contrast data while
the periphery supplies fine detail, leading to a rapid high-
resolution scan. An additional phase can be acquired before
contrast agent arrival for subtraction, resulting in improved
signal-to-noise ratio [49]. Many institutions use this technique
with 2.5-s temporal resolution. Bolus timing is not a concern
with this technique.

One agent with specific properties that aid in effective MR
angiography and MR venography imaging is gadofosveset.
Gadofosveset is distinct in that it binds intravascular albumin
and circulates throughout the blood pool for an extended pe-
riod of time [50]. Optimal timing of a contrast bolus is still



Pediatr Radiol (2017) 47:507-521

513

required to obtain true first-pass arterial phase imaging; how-
ever, steady-state vascular imaging can be performedupto 1 h
or longer after injection [44]. This gives ample opportunity to
obtain images in children who have difficulty lying still, and
also allows for multiple stations to be imaged without sacrific-
ing image quality (Fig. 2). Many institutions use gadofosveset
routinely for all contrast-enhanced MR angiography and MR
venography studies. Of note, at the time of publication of this
manuscript, gadofosveset was no longer available for distri-
bution in the United States and alternative MRI contrast
agents such as ferumoxytol were being explored for cardio-
vascular MR indications.

Cardiac magnetic resonance imaging

Cardiac applications of GBCA include five general catego-
ries: angiography, late gadolinium enhancement (LGE), early
enhancement, myocardial perfusion, and pre- and post-T1
mapping. MR angiography, myocardial perfusion and LGE

Fig. 2 Gadofosveset MR
angiography in a 3-year-old boy
with acquired knee contracture. a,
b Axial T1-weighted (a) and T2-
weighted fat-suppressed (b) MR
images through the distal thigh
demonstrate abnormal signal in
the biceps femoris and
semimembranosus muscles
(arrows), with infiltration of the
intervening fat. ¢, d MR
angiography images after
administration of gadofosveset
during arterial (¢) and venous (d)
phases demonstrate venous-
predominant (d; arrow)
enhancement of the same region.
Pathological diagnosis was
fibroadipose vascular anomaly.
Images courtesy of Hansel Otero,
MD, Children’s National
Hospital, Washington, DC

are the most widely used applications of GBCA technique
when performing cardiovascular MR in children, particularly
in the setting of congenital heart disease.

Performing pediatric cardiovascular MRI presents several
challenges: (1) small volumes of injected contrast agent result
in very transient first-pass luminal opacification; (2) many
children are unable to hold their breath when imaged awake;
(3) often sedation is chosen over intubation with general an-
esthesia for safety reasons, and (4) small size and variable and
high heart rates lead to fast circulation times, requiring more
precision and planning for the timing of imaging after contrast
administration. Fortunately, both hardware and imaging tech-
niques have evolved over the years, making cardiovascular
MRI with GBCA in children relatively routine. For nearly
all purposes in pediatric cardiovascular imaging, some form
of accelerated time-resolved imaging (Fig. 3) is used [47, 51].
Each acquisition is dynamic and the length of time for each
acquisition is tailored for the clinical question and depends on
individual patient characteristics. If one does not need to
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Fig. 3 Cardiac MR angiography performed with GBCA depicts
congenital heart disease and surgical anatomy. a Coronal maximum-
intensity projection obtained from a time-resolved angiogram in a 15-
year-old boy shows the post-surgical appearance of a classic Fontan
operation. b Coronal 3-D surface-rendered display of the pulmonary

separate the pulmonary phase from the systemic circulation
and venous phase, temporal resolution of each dynamic can be
relatively long, and longer acquisition time can be used to
increase spatial resolution. If the converse is needed, fast dy-
namic imaging can be achieved by reducing spatial resolution.
The image acquisition is accelerated by taking advantage of
spatial redundancy using surface coil arrays and redundancy
of information in k-space over time, resulting in high temporal
and spatial resolution [51].

The concepts of MR angiography were discussed in detail
in the previous section. However some techniques are relevant
to the pattern of circulation in congenital heart disease and
repaired congenital heart disease, and these are worthy of
mention. The circulation of contrast agent from a venous in-
jection in a child who has undergone a total cavopulmonary
connection (Fontan) is dependent on whether an upper or
lower limb is injected for first-pass angiography because of
flow splits between inferior vena cava and superior vena cava
flow [52]. In the past these children were often injected simul-
taneously or via a split bolus injection into both an upper and
lower extremities for viewing the blood flow trajectory asso-
ciated with each injection. However it is now more common
to use a blood-pool agent, such as gadofosveset or ultra-small
superparamagnetic iron oxide, to image during equilibrium
[53], and some centers are advantageously using the blood-
pool contrast agent to optimize 4-D flow acquisition [54, 55].

The next most frequently used application of GBCA in
imaging heart disease in children is late gadolinium enhance-
ment. This technique was initially demonstrated on CT using
iodinated contrast agents [56], but it has really increased in
clinical application with MRI and GBCAs [57]. The technique
is based on the GBCA'’s initial entry into and subsequent
washout from normal myocardium at defined time intervals,
with abnormal myocardium demonstrating GBCA retention
for an extended period of time (Fig. 4). This phenomenon
can be exploited by delayed imaging with a T1-weighted

@ Springer

outflow tract and arteries from a 40-year-old man with ventricular
septal defect and aortic coarctation treated with pulmonary artery
banding shows narrowing at the main pulmonary artery with post-
stenotic aneurysmal dilation. GBCA gadolinium-based contrast agent

pulse sequence after the typical time interval of GBCA wash-
out from normal myocardium to visualize LGE. The contrast
between normal and abnormal myocardium is increased by
choosing an inversion time that suppresses the signal intensity
of the normal myocardium [58]. Abnormal myocardium can
be thought of as having increased extracellular space [58] and
collagen deposition as a result of myocardial cell death.

Generally LGE cannot be visualized until there is a geo-
graphically large enough area to enhance several adjacent
voxels such as after ischemia secondary to a myocardial in-
farction in adults; however imaging myocardial infarction in
the pediatric and congenital patient population is uncommon.
Occasionally imaging is performed specifically looking for
infarction in children and can be seen when coronary arteries
are injured during surgical repair of congenital heart disease or
in Kawasaki disease. More commonly LGE is applied in chil-
dren with cardiomyopathies, including hypertrophic cardio-
myopathy, Duchenne and Becker muscular dystrophies, and
deposition diseases where its presence has predictive implica-
tions [59, 60].

A promising development under the umbrella of LGE is the
use of T1-mapping pre- and post-gadolinium to calculate ex-
tracellular volume fractions [61]. This technique allows frac-
tionation of the myocardium into cellular and interstitial com-
ponents and can be advantageous in diseases such as cardio-
myopathies, myocardial inflammation and deposition disor-
ders before they exhibit a geographic area of LGE following
coalescence of fibrosis or extracellular protein deposition. The
ability to visualize and quantify extracellular fibrosis prior to
the appearance of LGE is proving to be a powerful imaging
technique. Additionally, first-pass perfusion [62] is an infre-
quent technique in children that is most commonly used to
assess for myocardial ischemia in conditions such as
Kawasaki disease, vasculitis, elevated serum troponin levels,
evaluation after arterial switch operations, or in evaluation of
cardiac masses [63, 64].
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Fig. 4 Cardiac MRI with late
gadolinium enhancement in a 9-
year-old boy with Duchenne
muscular dystrophy, initial
evaluation of cardiomyopathy. a
Short-axis slice through the base
of the heart shows sub-epicardial
enhancement in the basal
anterolateral/mid-anterolateral
segments of the left ventricle
(arrows). b Orthogonal slice in
the three-chamber plane confirms
the presence of the late
gadolinium enhancement
(arrows)

One final use of GBCA in pediatric cardiac imaging is for
assessment of myocarditis. Tissue characterization to aid in
the diagnosis of myocarditis is the main contribution of cardi-
ac MRI. MR pulse sequences used to characterize myocardial
abnormalities in the setting of myocarditis include T2-
weighted imaging, first-pass perfusion, T1-weighted myocar-
dial early gadolinium enhancement and LGE [65, 66].
Typically the areas of increased T1-weighted signal intensity
are defined by increased signal relative to skeletal muscle, or
in the case of myocarditis with myositis an absolute increase
in myocardial signal intensity of greater than 45% is required
[66]. Native T1 mapping, T2 mapping and T1 mapping during
carly and late washout of GBCA are promising quantitative
techniques that will be forthcoming in the near future [67, 68].

Hepatobiliary magnetic resonance imaging

Extracellular GBCAs traditionally have been used for routine
hepatobiliary imaging because of their utility in detecting focal
lesions in solid visceral organs. However hepatocyte-specific
MR contrast agents, because of their accumulation in hepato-
cytes and subsequent biliary excretion, are preferred for detec-
tion of focal hepatic lesions as well as characterization of he-
patic lesions seen on prior imaging. Biliary anatomy can also be
assessed because of the biliary excretion of these contrast
agents [69]. In general, images following hepatocyte-specific
GBCA administration are acquired after a longer time interval
following injection compared with standard extracellular
agents. Hepatocyte-specific contrast agents available for clini-
cal use include gadoxetic acid, gadobenate meglumine and the
manganese (Mn)-based agent mangafodipir (Teslascan; GE
Healthcare). Mangafodipir is no longer in clinical use.
Gadoxetic acid has 50% hepatobiliary and 50% renal excre-
tion. Following intravenous injection, gadoxetic acid distributes
into the vascular and extravascular spaces during the arterial,
portal venous and late dynamic phases. Gradually, there is he-
patocyte uptake and subsequent excretion into the biliary tree.

The hepatocyte uptake of gadoxetic acid occurs via the organic
anion transporter polypeptides OATP1B1 and B3, located at the
sinusoidal membrane and biliary excretion via the multidrug-
resistance-associated proteins MRP2 [70]. Gadoxetic acid was
FDA-approved 2008 as an intravenous contrast agent for eval-
uation of known or suspected focal liver disease in adults.
Safety and efficacy of this drug in children have not been
established. The recommended dose of administration is
0.1 mL/ kg body weight (0.025 mmol/ kg body weight) to be
administered as an intravenous bolus injection at rate of 2 mL/s
in adults. The standard delay for hepatobiliary phase imaging
with gadoxetic acid is 20-min post-injection. Of note, signifi-
cant hepatic dysfunction can lead to decreased hepatobiliary
excretion of gadoxetate that can alter the contrast between nor-
mal liver parenchyma and focal lesions during hepatobiliary
phase imaging. Anionic drugs that are mainly excreted into
the bile such as rifampicin can also reduce the hepatic contrast
enhancement and biliary excretion of the drug [71].

Gadobenic acid undergoes less hepatobiliary excretion
(5%) relative to gadoxetic acid, with the rest undergoing
renal excretion. The mechanism of hepatocyte uptake and
excretion into the biliary system is similar to that of
gadoxetic acid. This contrast agent was approved by the
FDA in 2004 as an intravenous contrast agent for use in
MRI of the central nervous system in adults and children
older than 2 years to visualize lesions with abnormal
blood-brain barrier or abnormal vascularity of the brain,
spine and associated soft tissues. Hepatic dysfunction does
not have significant impact on the pharmacokinetics of this
drug; however the elimination half-life significantly in-
creased in patients with moderate and severe renal dys-
function. The recommended dose for intravenous adminis-
tration in adults is 0.2 mL/ kg body weight (0.1 mmol/ kg
body weight) followed by a saline flush. The high
relaxivity and longer intravascular circulation time of
gadobenic acid compared with other extracellular GBCA
is advantageous for evaluation of vascular structures.
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Both gadoxetic acid and gadobenic acid are extensively
used for problem-solving in hepatobiliary imaging.
Indications for these agents include staging of primary hepatic
malignancies and detection of hepatic metastases; focal hepat-
ic lesion characterization, particularly in cases of suspected
focal nodular hyperplasia; and assessment of anatomy, func-
tion, and integrity of the biliary tree. Focal nodular hyperplasia
shows accumulated contrast agent on hepatobiliary phase im-
aging, while primary hepatic malignancies, hepatic metastases
and hepatocellular adenomas demonstrate low signal intensity
(Fig. 5). Hemangiomas also might demonstrate low signal
intensity on hepatocyte-phase imaging but typically demon-
strate nodular centripetal enhancement in the venous phase
and contrast retention in the equilibrium phase (2-5 min
post-injection). Longer delays (30—120 min post-injection)
are often required to evaluate the biliary system using
hepatobiliary GBCAs. Because of the increased biliary excre-
tion of gadoxetic acid compared with gadobenic acid, the
hepatocyte phase during gadoxetic acid imaging is much ear-
lier (20 min post-injection) compared to gadobenic acid (60—
120 min post-injection). As a result, gadoxetic acid has almost
completely replaced gadobenic acid in North America for
hepatobiliary evaluation in adults [71]. Gadoxetate and
gadobenate have similar safety profiles, with rarely occurring
serious ADRs. In two separate studies, no cases of NSF were
reported during a 2-year follow-up of patients with impaired
renal function who received either gadoxetate or gadobenate

[72, 73]. Use of hepatobiliary GBCAs in children should be
limited to cases in which they are likely to provide added
diagnostic value after consideration of risks and benefits.

Central nervous system MRI

MRI plays a critical role in the evaluation of central nervous
system pathology in children [1]. Specific diseases that are
evaluated by MRI in children include stroke, solid intracranial
masses, congenital central nervous system (CNS) and vascular
malformations, hereditary metabolic diseases, hypoxic—ische-
mic injury, demyelinating disease, epilepsy, inflammatory dis-
eases and infections. Standard indications for GBCAs in MR
imaging of the pediatric CNS include suspected infection, char-
acterization of focal masses, and assessment of activity of de-
myelinating or inflammatory diseases. For these indications,
extracellular GBCAs are used with post-contrast images obtain-
ed at least 3—5 min after contrast injection, corresponding to the
extravascular equilibrium phase of CNS enhancement [74].
For cases in which evaluation of vascularity/perfusion using
MR angiography is desired, both extracellular and blood-pool
GBCAs have been used in the pediatric population.
Gadofosveset is the only blood-pool GBCA in the United
States that is approved for clinical use in adults, but it has been
successfully used as an off-label agent in numerous pediatric
imaging studies [75, 76]. Injection of GBCA followed by
high-temporal-resolution imaging in the arterial and venous

Fig. 5 Hepatobiliary MR imaging using gadoxetic acid. T2-weighted
fat-suppressed (a, d) and arterial phase (b, e) and 20-min hepatobiliary
phase post-contrast (¢, f) images. a—¢ Focal nodular hyperplasia in an 8-
year-old girl demonstrates a T2-weighted hyperintense central scar (a,
arrows), avid arterial-phase enhancement (b) and hepatobiliary contrast
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excretion (c¢). d—f Hepatocellular adenoma in a 10-year-old boy
demonstrates low T2-weighted signal intensity (d, arrows), early
arterial enhancement (e) and minimal hepatobiliary contrast excretion
(f). Adenoma images courtesy of Jonathan R. Dillman, MD, Cincinnati
Children’s Hospital Medical Center
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phases is a standard part of the MR angiography technique.
Gadofosveset, because of its relatively long blood-pool half-life,
allows for additional high-resolution or triggered steady-state
image acquisition to delineate vascular anatomy [77]. Dynamic
contrast-enhanced (DCE) and dynamic susceptibility-weighted
contrast-enhanced (DSC) perfusion MRI may also be used to
evaluate brain parenchymal perfusion in children with suspected
stroke or to characterize microvascularity and aggressiveness of
intracranial mass lesions [78]. In these techniques, extracellular
GBCA is power-injected and high-temporal-resolution T1-
weighted (DCE) or T2*-weighted (DSC) images are acquired
before, during and after contrast administration. Subsequently
pharmacokinetic perfusion maps of GBCA tissue enhancement,
including cerebral blood volume and permeability transfer coef-
ficient, can be generated.

Alternative MRI contrast agents
Superparamagnetic iron-oxide nanoparticles

Sub-microscopic particles of colloidal iron oxide, termed
superparamagnetic iron-oxide nanoparticles (SPIONs), are
extremely potent MR contrast agents [79]. The particles them-
selves are insoluble and intravenous contrast formulations are
composed of particles functionalized with solubilizing carbo-
hydrate coatings. The relaxivity properties, distribution and
pharmacokinetics of SPION formulations are mostly dictated
by particle size, but the choice of iron-oxide coating can also
influence distribution [80]. In all FDA-approved SPION for-
mulations, the particles exceed 10 nm in diameter and are thus
unable to extravasate from the blood vessels or be filtered
through the kidneys. The particles are taken up by tissues that
participate in the reticuloendothelial system: liver, spleen and
lymph nodes [81, 82]. Particles exceeding 80 nm in diameter
are more rapidly accumulated within the reticuloendothelial
system but smaller particles can exhibit circulatory half-lives
on the order of days [83, 84].

SPION relaxivity is also influenced by particle size.
SPIONS are best known for their high magnetic susceptibility
and strong influence over T2* (signal loss); that is, they pro-
vide negative contrast. For larger particles, e.g., exceeding
40 nm in diameter, the T1 relaxivity is very low and these
particles cannot be used for T1-weighted imaging. For smaller
particles, T1 relaxivity can be very high at 1.5 T but decreases
rapidly with increasing field strength. These particles, some-
times called ultra-small particles of iron oxide, can generate
both positive and negative image contrast with T1-weighted
or T2*-weighted imaging schemes, respectively [79].

Because of the major differences between the distribution
and pharmacokinetics of GBCAs and SPIONS, the two classes
of contrast agents can be used interchangeably in only a lim-
ited number of applications. Small SPIONs such as

ferumoxytol (Feraheme, AMAG Pharmaceuticals,
Lexington, MA) can substitute for GBCAs in MR angiogra-
phy examinations [85]. Ferumoxytol particles are sufficiently
small to partially evade the reticuloendothelial system and
maintain a blood half-life of 12-14 h and to provide strong
positive vessel-to-tissue contrast. The long circulatory half-
life of ferumoxytol is very attractive for pediatric MRI.
Whereas GBCAs provide a fleeting window for MR angiog-
raphy that can be easily missed in the case of an uncooperative
child, the substantially elongated angiographic window pro-
vided by ferumoxytol allows several attempts at diagnostic
imaging from a single injection. The elongated acquisition
window also offers an opportunity to collect sufficient data
to construct high-quality motion-averaged images from free-
breathing examinations.

SPIONS can also be used as an alternative to GBCAs (i.e.
gadoxetic acid) to characterize hepatic lesions. The FDA-
approved but commercially discontinued ferumoxide is a for-
mulation of SPIONS ranging 80—120 nm in diameter, for this
purpose. A similar formulation, termed ferucarbotran
(Resovist, Bayer HealthCare), was approved for the
European market but has also been commercially
discontinued. Accumulation of SPIONS in the Kupffer cells
found throughout liver parenchyma renders normal liver dark,
while tissue devoid of Kupffer cells, such as hepatoma lesions,
are hyperintense relative to healthy liver [80].

SPIONSs can also be imaged after long time delays (24 h) to
exploit their reticuloendothelial cell accumulation for lymph
node characterization. For example, comparison of signal
change pre- and post-SPION administration can be used to
differentiate malignant from normal lymph nodes in T2*-
weighted scans [86, 87]. SPION affinity for the reticuloendo-
thelial system induces a large signal drop in normal lymph
nodes, whereas signal remains largely unchanged in malig-
nant lymph nodes in which the macrophage population is
reduced by the presence of tumor cells.

Ferumoxytol is the only SPION formulation currently
marketed in the United States. Ferumoxytol received FDA
approval as an intravenous iron supplement for anemic pa-
tients but has been administered for off-label use in MR angi-
ography [85, 88]. There are very few accounts of ferumoxytol-
enhanced MRI examinations in children. A 2015 retrospective
analysis of ferumoxytol-enhanced abdominal MR angiogra-
phy and cardiac MRI in patients ages 3 days to 18 years con-
cluded that ferumoxytol administered at dosages of 1.5—
3.0 mg iron (Fe) per kilogram body weight provides highly
diagnostic angiographic images [89]. A 2016 evaluation of
ferumoxytol in pediatric patients with severe chronic kidney
disease demonstrated that diagnostic MR venography can be
achieved using 4.0 mg Fe per kilogram body weight [90].
Conclusions drawn from the ferumoxytol-enhanced imaging
were in accord with the conclusions drawn from any addition-
al imaging or invasive procedures, without exception.
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Another study evaluated ferumoxytol-enhanced dynamic sus-
ceptibility contrast in assessing the vascularization of brain
tumors in children [91]. Relative cerebral blood flow and rel-
ative cerebral blood volume were quantified and the authors
concluded that this vascular information was highly useful in
guiding resection plans and postoperative monitoring.
Serious ADRs from ferumoxytol occur with higher inci-
dence than with GBCAs and have led to the FDA to issue a
boxed warning about potential serious allergic reactions [92].
Severe hypersensitivity reactions were observed in 0.2% of
patients during clinical trials; 79 cases of severe anaphylaxis
resulting from intravenous administration of ferumoxytol
were reported to the FDA between 2009 and 2014, and 18
of these cases were fatal [92]. However a 2016 summary of
ADR incidence in 68 patients ages <18 years who were
experiencing tumors or undergoing kidney transplants report-
ed 4 mild ADRs (2 experienced transient hypotension, 1 ex-
perienced nausea and 1 experienced an injection site reaction)
[93]. Each of the pediatric ADRs was self-resolved. The au-
thors acknowledge that a much larger pediatric patient cohort
is required to assess the pediatric risk of severe ADRs ob-
served in ferumoxytol-treated adults. Ferumoxytol is indicated
for iron replacement therapy and is given as an intravenous
dose of 510 mg to adults, which is approximately 7 mg/kg.
Doses used for imaging are reported in the 1-4 mg/kg range.

Manganese-based contrast agents

Manganese induces magnetic relaxation via analogous mech-
anisms and with comparable potency to gadolinium [7, 94].
The manganese-based contrast agent mangafodipir
(Teslascan) was FDA-approved for imaging of the
hepatobiliary tree but was commercially discontinued [18,
94-98]. Mangafodipir is a manganese-chelate formulation
that is partially dissociated in the bloodstream [99]. De-
chelated manganese and a fraction of the intact mangafodipir
are accumulated by hepatocytes and cleared via the
hepatobiliary path, thus providing excellent hepatobiliary con-
trast. The chelate component of mangafodipir serves to atten-
uate manganese exposure, which is cardio-depressive when
bolused at high concentrations [100, 101].

Manganese-based contrast agents (MBCAS) offer the most
feasible possibility for an efficacious GBCA substitute and
represent a highly attractive alternative in light of NSF and
the recent discovery of gadolinium accumulation in the central
nervous system. A small-molecule MBCA could reasonably
substitute for a GBCA in any indication. Manganese is a bio-
genic element that is essential for human life, and the human
body possesses mechanisms to process and tightly regulate
manganese levels [102]. Thus the toxicity burden posed by
dissociation of small amounts of manganese is very low com-
pared to that of gadolinium. Mangafodipir, which is largely
dissociated in vivo, was administered to thousands of patients
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with very low incidence of ADR and little apparent toxicity.
The primary impediment to developing manganese-based
substitute for GBCAs is the generally low thermodynamic
stability and kinetic inertness of chelated manganese vs. che-
lated gadolinium. Manganese dissociating agents like
mangafodipir provide more limited or specialized diagnostic
information (e.g., imaging manganese-accumulating tissue
such as liver) than intact and freely distributing contrast
agents. However recent accounts of high-relaxivity, thermo-
dynamically stable and kinetically inert manganese-chelate
molecules support the possibility of MBCAs as potential
GBCA alternatives [103].

Other MRI contrast agents

Not all MRI contrast agents generate contrast through magnetic
relaxation. Contrast can also be generated by agents detected
directly through non-water protons or heteroatoms (e.g., fluo-
rine, carbon) [104—107], or indirectly via chemical exchange
saturation transfer [19, 108]. Relaxation agents are generally
detected with much greater sensitivity than agents detected by
direct nuclear observation or chemical exchange saturation
transfer and are truly the best candidates for multipurpose, free-
ly distributing probes. To date, all FDA-approved MRI contrast
agents are relaxation agents. However non-relaxation-inducing
contrast agents have been meaningfully used in the clinical
setting, particularly in the context of molecular imaging.
Hyperpolarization can decrease the detection limit of directly
detected nuclei by up to 6 orders of magnitude, reaching levels
well below the detection limit of GBCAs. Direct detection of
molecules labeled with hyperpolarized nuclei, such as 13C-
polarized pyruvate, can be used to interrogate the metabolic
profile of malignant tissue [109]. Hyperpolarized 129Xe and
3He have been utilized to characterize pulmonary gas uptake
[110, 111]. Unfortunately hyperpolarized contrast agents are
not shelf-stable because hyperpolarized states decay on the
order of seconds to minutes. Thus imaging studies using
hyperpolarized contrast agents require an on-site polarizer and
near-perfectly timed data acquisition.

Conclusion

Administration of a GBCA can add tremendous value to pedi-
atric MRI examinations. GBCAs provide positive contrast to
enhance the conspicuity of lesions and enable dynamic imaging
of the vasculature and tissue perfusion over time. Although
adverse reactions to GBCAs occur with low incidence,
GBCAs pose a risk of severe toxicity in patients with renal
impairment and new evidence raises the possibility of gadolin-
um accumulation in the central nervous system of patients
requiring multiple GBCA-enhanced scans. Radiologists should
ensure that GBCA is likely to add diagnostic value to a pediatric
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MRI study before administering contrast agent, especially in
children likely to require multiple MRI exams over time.
SPIONs such as ferumoxytol might be used in the place of
GBCAs to image the blood pool and reticuloendothelial tissue,
although they should be used with caution given their potential
allergy risks.
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