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INTRODUCTION

Magnetic resonance imaging (MRI) is a valuable non-
invasive imaging modality that provides high-resolu-
tion, three-dimensional images of internal structures.
Compared to computed tomography (CT), MRI ofters
better contrast between various soft tissues of the body.
Because MRI offers information on anatomy, function,
and metabolism of tissues, it is especially useful in neu-
rological (brain), musculoskeletal, cardiovascular, and
oncology imaging.! However, unlike CT, MRI uses
no ionizing radiation. Additionally, the contrast agents
used in MRI are less likely to be nephrotoxic or to cause
an allergic reaction, compared to the iodinated contrast
agents used in CT.?

MRI is a relatively recent technology; the first studies
on a living human being were published in 1977.3
Basically, MR imaging is the visualization of hydrogen
atoms in free water and in organic macromolecules
(i.e., lipids and proteins). In simple terms, this tech-
nology is based on the response of the body’s hydrogen
atoms (protons) to a magnetic field that receives a
pulse from a radio-frequency (RF) transmitter. First,
the magnetic field causes the hydrogen atoms, which
behave like bar magnets, to align themselves along
the magnetic field. They are not stationary, and they
don’t align themselves perfectly in this external mag-
netic field; they continue to rotate in place (in a cone-
shaped fashion). The frequency of this rotation, termed
precession, is dependent on the strength of the magnetic
field. An applied radio-frequency pulse adjusted to the
same frequency of procession alters the alignment of the
protons in this magnetic field from a longitudinal to a
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FIGURE 1. A Representation of the Behavior of
I};I)/dro en Atoms Exposed to an External Magnetic
teld Fxposed to a adio—Freguency Pulse
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perpendicular (or transverse) axis. This alteration can
be measured. After the RF pulse, the hydrogen atoms
recover back to their original state (Figure 1).

This recovery in both the longitudinal and transverse
magnification is termed relaxation. The time it takes
after an RF pulse for the tissue to recover to its original
longitudinal magnetic field is termed T1 (or spin-lattice
relaxation). The time it takes after an RF pulse for the
relaxation of the transverse magnetization to dissipate is
termed T2 (or spin-spin relaxation). T1 and T2 values
vary depending on the tissue type; for example, water
has a relatively long T1 and T2 compared to fat, which
has a relatively short T1 and T2. The RF pulse-induced
alterations in transverse and longitudinal magnetic fields
are detected by an antenna system housed within the
scanner and converted into an image. By applying spe-
cifically designed sequences of RF pulses, the MR oper-
ator can vary the ima%e to emphasize the characteristics
of a particular tissue.” The appearance of T1- and T2-
weighted images will differ depending on the tissue type
being studied (Table 1).

TABLE 1. A Comparison of T1- and T2-weighted

Images

Substance T1-weighted |T2-weighted
Water/ Vitreous/ Light grey or
CSF Llzels -

Fat White Light grey
Muscle Grey Grey

Air Black Black

Lty Lo White Light gre
marrow ght grey
White brain .

matter Light grey Grey

Grey brain matter | Grey Very light grey

From the Royal College of Ophthalmologists*

BENEFITS OF MRI

The benefits of MRI have been discussed in several
CEwebsource.com articles. It is clear from these papers
that MRI is now considered to be the preferred imaging

method for providing high-detailed images of musculo-
skeletal abnormalities, cardiac tumors,’ anatomy of the
heart and coronary arteries,® and acute stroke.”

A recent study demonstrated that MRI has a distinct
advantage over standard radiography in an emergency
department for detecting hip and pelvic fractures.® In
this retrospective study, radiographs and MR images
(at Duke University) from 2005 through 2008 were
reviewed and compared. Using MRI, fractures were
found in 14% of patients with normal radiographic
tindings. Conversely, in 12% of patients with radio-
graphs suggesting a fracture, MRI showed no fracture.
In a majority of patients (73%), MRI was able to con-
firm the absence of a fracture and to identify the source
of pain, including muscle edema and tears, trochanteric
bursitis, and hamstring tendinopathy.

GADOLINIUM-BASED CONTRAST
AGENTS

Under most conditions, tissue proton spin density
and the longitudinal (T1) and transverse (T2) relax-
ation times are usually high enough to provide suffi-
cient contrast for quality MR images; however, some
pathological conditions do not display specific enough
changes in relaxation times to differentiate them from
surrounding healthy tissue. In these cases, MRI con-
trast agents that alter the local relaxation times of tissue
have been shown to improve detection of pathological
tissue. This combination of MRI and contrast agents
has improved our ability to visualize a variety of dis-
ease states, including inflammation (arthritis), tumor
angiogenesis, atherosclerosis, and multiple sclerosis.
Gadolinium-based contrast agents (GBCAs) have been
successfully used to enhance MR images by affecting
both T1 and T2 relaxation times, providing a stronger
MR signal and a brighter image.!

Gadolinium is a paramagnetic trivalent lanthanide
cation (Gd3*) that is highly toxic as a free ion because it
competes with calcium. Because gadolinium has a higher
binding affinity for calcium-binding enzymes, it dis-
places calcium and alters all biological processes catalyzed
by these enzymes.? Free gadolinium ions interfere with a
variety of calcium-related enzymes, including Ca®*-acti-
vated Mg-adenosine triphosphatase (ATPase) dehydro-
genases, kinases, glutathione S-transferases, and aldolase,
due to its noncompetitive inhibition of Ca?* binding.!
Free gadolinium also interferes with calcium channels
to block physiological pathways that rely on Ca?* influx
(i.e., neural transmission and coagulation).!? When bound
(or chelated) to an organic ligand, gadolinium is gener-
ally regarded as safe for use as an MRI contrast agent.
Chelation also improves water solubility.!!

Currently, there are nine GBCAs approved for use in
the United States and/or the European Union (Table 2).?
Seven of these are approved for use in the United States:
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gadobenate disodium (MultiHance), gadodiamide
(Omniscan), gadopentetate dimeglumine (Magnevist),
gadobutrol (ProHance), gadoversetamide (Optimark),
gadoxetate disodium (Eovist, also known as Primovist),
and gadofosveset trisodium (Ablavar, previously known
as Vasovist).12

TABLE 2. Chemical, Generic, and Product (Trade)
Name;v[for Gadolinium-Based Contrast Agents Ap-

prove b[or Use in the United States of America and/
or the European Union
Generic Name Product/Trade Name
Gadopentetate dimeglumine | Magnevist
Gadoterate meglumine Dotarem
Gadodiamide Omniscan
Gadoteridol ProHance
Gadobutrol Gadovist
Gadoversetamide Optimark
Gadobenate disodium MultiHance
Gadoxetate disodium Primovist/Eovist
Gadofosveset trisodium Vasovist/Ablavar

Most available GBCAs that shorten the T1 relaxation
time to enhance MR images are low-molecular-weight
polyamino-carboxylate compounds.! They can be clas-
sified on the basis of their binding to serum albumin,!?
their biochemical structures (macrocyclic vs linear), or
their ionicity (ionic vs nonionic).!3

The pharmacokinetics of most GBCAs are also similar.
They are water soluble, are distributed in the extra-

TABLE 4. Characteristics of GB CAs1113

cellular spaces, are not metabolized, and are excreted
unchanged by the kidneys. There are exceptions, though.
Gadoxetate disodium enters liver cells and is excreted in
both feces and urine. This GBCA has been used suc-
cessfully to enhance MRI of the liver. Circulating gado-
tosveset is 80% to 90% bound to serum albumen and has
been successfully used as a blood pool agent due to its
longer intravascular duration. A small portion of circu-
lating gadobenate is also bound to serum protein; how-
ever, it is taken up by liver cells and approximately 4% is
excreted in the feces. Other than gadobenate and gado-

tosveset, GBCAs are not protein-bound or excreted in
feces (Table 3).11

TABLE 3. Summary of GBCA Binding to Serum
Albumen
No binding

Gadopentetate diglumine

Gadodiamide

Gadoteridol

Gadoversetamide

Gadoxetate disodium
Weak binding

Gadobenate disodium

Strong reversible binding

Gadofosveset trisodium

In patients with normal renal function, the half-life of
GBCAs is approximately 1.5 hours and 90% is excreted
after 24 hours.! Molecular weights of GBCAs vary from
559 to 1058 Daltons (Table 4).

Generiename | Opmtein 375, T Vot [ Voo | Moot [corge [ srurue
Gadopentetate 1.96 4.9 2.9 939.0 Tonic Linear
Gadodiamide 0.79 2.0 1.4 573.6 Nonionic | Linear
Gadoteridol 0.63 2.0 1.3 558.7 Nonionic | Cyclic
Gadoversetamide 1.11 3.1 2.0 661.8 Nonionic | Linear
Gadoxetate 0.688 - 1.19 682.0 Tonic Linear
Gadobenate 1.97 9.2 5.3 1058.2 Tonic Linear
Gadofosveset 0.825 3.0 1.8 958.0 Tonic Linear
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GBCAs also vary with respect to osmolality and
viscosity. Imaging quality variations have not been
reported between ionic and nonionic GBCA formu-
lations!#; however, nonionic agents tend to have lower
osmolarity and are less viscous,'® important traits
under certain circumstances (i.e., use of power injec-
tors).!> Low-viscosity GBCAs require less pressure to
inject and can be administered using smaller gauge
needles or catheters. Using low-viscosity agents with
lower pressure levels makes rapid injection rates better
tolerated.’® Nonionic low-osmolar GBCAs also cause
fewer negative inotropic effects, an important con-
sideration for cardiac patients.!® Tonic- and interme-
diate-osmolality GBCAs can lead to tissue necrosis
following inadvertent extravasation,l’ whereas non-
ionic GBCAs tend to be less toxic in this situation.1®
Nonionic chelates have been reported to be less stable
than ionic agents with respect to binding of the chelate
to gadolinium. The nonionic formulation, especially
the nonionic linear molecule, has a weaker binding to
Gd3* compared to the ionic agents.!318

TABLE 5. Administration of GBCAs

High-dose or | Low osmolar nonionic GBCAs offer

bolus injection | lower osmolar load!?

High-speed | Low viscosity agents reduce the risk
of injector rupture and extravasation??
Routine Low osmolar agents reduce the risk of

extravasation,~ and nonionic agents
induce less inflammation and necrosis
following an inadvertent extravasationl’

As mentioned earlier, for use in humans, gado-
linijum must be chelated to reduce its toxicity. From
animal studies, chelated gadolinium has been shown
to be 100-fold less toxic.!! There are differences in
the chemical structure of chelates used to bind the
gadolinium ion (macrocyclic vs linear). The chemical
structure of a typical linear and a typical macrocyclic
GBCA are depicted in Figure 2.

The macrocyclic chelates tend to bind more tightly
with gadolinium ions and in theory are more stable
and have a lower dissociation rate than linear formu-
lations, making them less likely to release free gad-
olinium, which can cause a toxic reaction.!3 Most
approved MRI agents in the United States are linear
(six linear, one macrocyclic [Gadoteridol]). Although
the approved macrocyclic GBCA is more stable than
the approved linear compounds, all macrocyclic formu-
lations are not necessarily more stable than their linear
analogs; macrocyclic formulations have been described
that are less stable than their linear analogs.’
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24. Typical macrocyclic agent (Gadobutrol)

HDO{:T\‘N”{_\‘N"{_\‘N"{_CDDH
CHaNHOC—/ L \—CONHCH,
COOH

Gd™*

2B. Typical linear agent (Gadodiamide)
FIGURE 2. Chemical Structures of GBCAs

ADVERSE REACTIONS

Mild adverse reactions such as nausea or hives occa-
sionally occur following GBCA administration.!> Other
uncommon adverse events include headache, taste dis-
turbance, dizziness, and paraesthesia.?? Anaphylactoid
reactions have been reported, but they are very infre-
quent.’> While adverse reactions are rare in the general
patient population, they are more common in patients
with a history of asthma or allergy, and in patients
injected at a faster rate.!? These types of adverse events
are similar with all GBCAs, with no significant differ-
ences between agents.101

Early investigations reported that relative to iodin-
ated contrast agents used in x-ray procedures, GBCAs
are not nephrotoxic, giving them a significant advantage
in patients with renal insufficiency.?> However, increased
oft-label use of GBCAs at high doses (i.e., CT angiog-
raphy and digital subtraction angiography) has increased
safety concerns, especially in patients with chronic renal
insufficiency.!%11 Based on this recent nephrotoxic data,
the European Society of Urogenital Radiology and sev-
eral authors have recommended that GBCAs should not
be used in place of iodinated CM in patients with CKD
or renal insufficiency.1%11

Although no data hasbeen reported on the safety of these
agents in the pediatric population or during pregnancy,
no GBCAss are approved for use during pregnancy!®?2 or
in children less than two years old.

EXTRAVASATION

Extravasation is the accidental release of medicinal
drugs into the surrounding tissue during vascular admin-
istration. Monitoring a patient for extravasation can be
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a challenge in MRI, especially when the patient is deep
in the bore of the MR unit, some distance from the cli-
nician. An extravasation can occur at a distance from
the injection site.!® Extravasation of GBCAs into sur-
rounding tissues can cause edema, inflammation, and
necrosisi®; however, in most cases the effect is minimal
with no long-term sequelae. Certain patients, however,

are less able to tolerate extravasation. These include?!:
* Infants and young children
*  Unconscious and debilitated patients
+  Patients receiving chemotherapy
» Patients with arterial insufficiency

*  Compromised venous or lymphatic drainage

As mentioned earlier, low-osmolar nonionic GBCAs
reduce the risk of an extravasation because they tend to
be lower viscosity, and because they are better tolerated,
they reduce the severity following an occurrence.?!

NEPHROGENIC SYSTEMIC FIBROSIS

The risk of nephrogenic systemic fibrosis (NSF) has
become a big issue in radiology. It was first observed by
Cowper et al in 1997 and published in 2000.24 Initially
called nephrogenic fibrosing dermopathy because the
cutaneous changes consisted largely of indurated plaques
and papules on the extremities and trunk in patients with
renal disease,?® NSF was recognized as a severely dis-
abling systemic fibrosing condition resulting in increased
morbidity and mortality. They had no idea what caused
this condition, and they speculated that it was caused by
an infectious and/or toxic agent. It wasn’t until 2006 that
the association of NSF with GBCAs was first described
by Grobner.?® Many other contributing factors for NSF
have also been reported, including hypercoagulation syn-
dromes, elevated parathyroid hormone, hypothyroidism,
antiphospholipid antibodies, deep vein thrombosis, met-
abolic acidosis, high dose erythropoietin administration,
and surgical or vascular interventions. Although the cause
of NSF remains speculative, retrospective studies have
suggested that exposure to a GBCA alone is not respon-
sible for NSF and that other risk factors seem necessary
for the development of NSF in the majority of cases.?’28
A cumulative risk factor model of NSF has been pro-
posed (Figure 3) that may help to explain the diversity
of NSF patients. This model proposes that patients with
higher cumulative risk are more vulnerable to NSF and
may need only low dosages of GBCA to trigger the devel-
opment of NSF.?8

The number of reported NSF cases varies greatly
depending on who is doing the reporting, and there
are quite a few organizations that collect data on NSF
(i.e., manufacturers, FDA MedWatch, European
Pharmacovigilance Working Party, and the NSF

Registry). The NSF Registry has identified over 335
cases.?? However, according to an FDA briefing docu-
ment using data provided by companies that manufac-
ture GBCAs, there have been 1,161 reported cases of
NSF globally.3% According to FDA documents, the reli-
ability of this data is limited by the “variable definition of
a reported case, the lack of consistent criterion until 2009
for the diagnosis of NSF, an undetermined number of
duplicate reports, a lack of dosing information, and lack
of information concerning renal function testing.” In any
case, the number of reported cases indicates that NSF is
a very rare event, especially when you consider that in the
United States, 30% of the 31 million annual MR exam-
inations are performed using GBCAs to enhance the
image,3! and the total number of patients who received
GBCA is estimated to be over 200 million globally.3?

— High risl of MEF

2z
Impaired Renal Function U

High enthropoietin dose

I,
I,
I Increased body iron
s
I,

Systemic inflammation Ij

Wascular injury

Rizk factors are curmulative

Hypothyroidism |

— Loy Hisk of MSF

FIGURE 3. Cumulative Risk Factor Model of NSF
Showing Inverse Relationship between Gadolinium

Dosage and Extent of Risk Factors for NSF?8

Adapted from Swaminathan S, Shah MV. New insights into neph-
rogenic systemic fibrosis. ] Am Soc Nephrol. 2007;18:2636-43.

Although this condition is extraordinarily rare, in
patients with markedly reduced kidney function, the
incidence is substantially higher, ranging from 2.9% to
4.0%.2* NSF is known to occur exclusively in patients
with decreased renal function (glomerular filtration
rate < 30mL/min/1.73m?).11:33 The current theory on
the etiology of NSF proposes that because of the pro-
longed clearance time of GBCAs in renally-impaired
patients,!! gadolinium chelates have a propensity to
undergo transmetalation, in which other cations in the
body displace gadolinium from its chelate,!! releasing
free gadolinium which is then deposited in various tis-
sues. This syndrome can include fibrosis of skeletal
muscle, lungs, testes, and myocardium that can be
debilitating, and in some cases fatal.?® However, this
theory is based on differences in the thermodynamic
stability constants of these agents and there is no clin-
ical evidence to support this hypothesis. The patho-
genesis of NSF is not yet established.

NSF cases have been reported for all GBCAs.
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Although the majority of NSF cases involve the linear
GBCAs—the most commonly reported agent was gado-
diamide followed by gadopentetate and gadoverset-
amide33—NSF has also been reported for gadoteridol,
the macrocyclic formulation.33-3% In spite of these differ-
ences in the incidence of NSF, there is no evidence that
any of the approved GBCAs are safe in the at-risk patient
population (eGFR < 30mL/min/1.73m?).3¢ Conversely,
in patients without renal disease, all gadolinium-based
contrast agents seem to be safe.3?

There are still a lot of unanswered questions about
NSF. For example, only a small proportion of severe
renally-impaired patients that receive GBCAs actu-
ally develop NSF. Most don’t. Some at-risk patients
develop NSF, and others don’t. And then there are
those reports of NSF in patients with no history of
exposure to GBCAs.13:37

Regarding the relative safety of the various GBCAs,
the American College of Radiology (ACR) Manual on
Contrast Media states, “It must be emphasized that the
frequency with which NSF has been associated with
different GBCM may reflect a combination of differ-
ences in agent toxicity and market share. In addition,
reported frequency is also further confounded by the
fact that some agents, particularly gadodiamide, may
have been used disproportionately more frequently in
patients receiving high doses of GBCM for magnetic
resonance angiography.”36 It should be noted, however,
that gadodiamide is not approved for magnetic reso-
nance angiography.

Similarly, the FDA, recognizing that it is not possible to
know if the extent of risks for developing NSF is the same
for all agents and suggesting that all gadolinium chelates
are potentially linked to NSF, has asked all manufacturers
to include a boxed warning on the product labeling of all
GBCAs used to enhance MRI (Figure 4).33

It is clear that in the vast majority of cases, neph-
rogenic systemic fibrosis has been reported only in
patients with acute or chronic severe renal insufficiency
(eGFR < 30mL/min/1.73m?), and there have been no
reports of NSF in patients with normal kidney function.3?

GUIDELINES ON GBCA USAGE

The FDA does not state that any specific prepara-
tion is contraindicated; however, it does recommend
that physicians carefully consider the need for any gad-
olinium chelate in patients with increased risk for NSF
(i.e., patients with acute or chronic severe renal insuf-
ficiency [GFR < 30mL/min/1.73m?]) or acute renal
insufficiency due to hepatorenal syndrome or in the
perioperative liver transplant period.!33

The ACR recommends that, prior to an MRI using
a GBCA, physicians should identify patients who have
severe renal failure (GFR < 30mL/min/1.73m?) by
questioning patients for a history of renal disease and
should obtain an eGFR measurement within six weeks

of the procedure in patients with renal disease (including
patients with a solitary kidney, renal transplant, or renal
neoplasm), in anyone over 60 years old, or in patients
with hypertension, diabetes mellitus, or a history of
severe liver disease.3® When a high-risk patient is iden-
tified, the ACR recommends considering alternative
studies and informing these patients about the potential
risks of GBCA-enhanced studies, should such studies
be deemed necessary, using the lowest possible dose of
GBCA to obtain the necessary clinical information, and
avoiding double or triple dose studies, if possible, and
avoiding using those GBCAs that have been most fre-
quently associated with NSF.

The ACR has specific recommendations for high-risk
groups based on kidney function (Figure 5).

CKD STAGE 4 OR §

This patient group is problematic because an iodinated
CM can worsen renal function requiring dialysis, and a
GBCA for MRI could lead to NSF. Data suggests that
patients with eGFR < 15 mL/min/1.73m? (stage V CKD)
have the greatest risk of NSF. In these patients, it is rec-
ommended that any contrast media administration be
avoided if at all possible. If an MRI is absolutely essen-
tial, the physician should use the lowest possible dose
and, although there is no proof that any GBCA is com-
pletely safe in this patient group, some have suggested
avoiding gadodiamide and considering the use of a mac-
rocyclic agent.3

CKD STAGE 3

For patients with eGFR between 30-59mL/min/1.73 m?
(stage III CKD), there is an extremely low, or no, risk for
NSF using a GBCA dose of <0.1 mmol/kg.36

CKD STAGE 1 OR 2

There is no evidence of increased risk of NSF in
patients with eGFR 60-119 mL/min/1.73m? (stage I or
IT CKD). All GBCAs can be safely administered using a
dose of < 0.1 mmol/kg.3¢

IDENTIFYING AND MANAGING THE
AT-RISK PATIENT

Chronic kidney disease is often asymptomatic and may be
undetected prior to GBCA-enhanced MRI. The National
Health and Nutrition Examination Survey (NHANES)
examined the prevalence of CKD in the United States
from 1999-2004 among adults 20 years or older, and they
reported that 5.7% of this population had Stage I CKD,
5.4% had Stage II, 5.4% had Stage I1I, and 0.4% had Stage
IV-V.3% From this data, only 0.4% of the adult United
States population is at risk for NSF (Figure 6).
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Boxed Warning:

e Exposure to GBCAs increases the risk for NSF in patients with:
o acute or chronic severe renal insufficiency (glomerular filtration rate <30 mL/min/1.73m?2),
o acute renal insufficiency of any severity due to the hepato-renal syndrome or in the
perioperative liver transplantation period.

e NSF is a debilitating and sometimes fatal disease affecting the skin, muscle, and internal organs.

o Avoid use of GBCAs unless the diagnostic information is essential and not available with non-
contrast enhanced magnetic resonance imaging (MRI).

e Screen all patients for renal dysfunction by obtaining a history and/or laboratory tests.

e When administering a GBCA, do not exceed the dose recommended in product labeling. Allow

e nen administer cec SeT TN npr

sufficient time for elimination of the GBCA prior to any readministration.

FIGURE 4. GBCA Boxed %rning33
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CHKD risk Mild ¥ in Moderate ¥ Severe ¥
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with preserved GFR function function function
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Kidney function (GFR in mL/min/1.73 m?)

No reported cases of NSF Risk of NSF

FIGURE 5. Stages of Chronic Kidney Disease (CKD)*®
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FIGURE 6. Prevalence of CKD in the United States from 1999-2004 in Adults 20 Years or Older?®
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Because it is clear that chronic kidney disease is asso-
ciated with the risk of NSF, most guidelines recommend
that physicians assess renal function prior to a GBCA-
enhanced MRI procedure to determine baseline renal
tunction. Renal function can be estimated using specially
derived predictive equations based on serum creatinine
(SCr) measurements.

Because these tests can be uncomfortable, time con-
suming, and expensive, a patient questionnaire has been
developed to identify patients at risk of having abnormal
renal function.*? The six questions most strongly associ-
ated with elevated SCr are as follows:

1. Have you ever been told you have renal problems?

2. Have you ever been told you have protein in your
ine?
uriner

Do you have high blood pressure?
Do you have diabetes?

Do you have gout?

A

Have you ever had kidney surgery?

If the answer to any of these questions is “yes,” it is
recommended that a SCr measurement be taken to cal-
culate the patient’s eGFR before a GBCA is adminis-
tered.!3 Using this questionnaire, in 67% of the patients
who responded “no” to all six of these questions, there
was a high likelihood that their SCr level would be
normal (94%). Although this survey was designed to
identify patients with kidney disease and other risk fac-
tors for contrast-induced nephropathy prior to adminis-
tering an iodinated contrast agent, it could also help to
identify patients at higher risk for NSF.

As healthcare providers have been restricting their use
of GBCAs in patients at risk for NSF, the incidence of
NSF in the United States has been dropping. This reduc-
tion reflects the changes that have been implemented
in radiology practice since the risks of NSF have been
widely publicized.*!

CONCLUSION

GBCA-enhanced MRI has proven to be an invaluable
diagnostic tool distinguished not only by its ability to
provide a high level of contrast between tissues, but also
by the range of anatomical and physiological informa-
tion it provides. Millions of doses of GBCAs have been
administered annually to enhance the clinical usefulness
of MR images.

The link between GBCAs and the risk of NSF has
greatly affected radiology departments. Although the
incidence of NSF is extraordinarily low in patients with
normal kidney function, in at-risk, renally-impaired
patients, the incidence is higher (approximately
2.9% to 4.0%). The extensive attention paid to GBCAs,

NSF, and the FDA’s boxed warning has greatly reduced
the incidence of GBCA-related NSF. Although a cause-
and-effect relationship between GBCAs and NSF
has not been established, it is clear that NSF occurs
exclusively in patients with severe to end-stage CKD
(eGFR < 30 mL/min/1.73m?), and exposure to all
GBCA:s in this patient population should be avoided if
at all possible.

Hopefully, by observing the new guidelines and pro-
tocols, radiologists can now continue to generate high
quality GBCA-enhanced MR images while protecting
their patients from NSF.
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10.

11.

12.

13.

Which of the following contrast agents is most
often used to enhance MRIs?

a. Gadolinium-based contrast agents

b. lodinated contrast media

c. Water

d. Barium

What is the term used to describe the rotation of
hydrogen atoms in a magnetic field?

a. Excitation

b. Relaxation

c. Precession

d. Polarization

T1-weighted images refers to

a. relaxation in the longitudinal magnetic field.
b. relaxation in the transverse magnetic field.

c. relaxation in all magnetic fields.

d. bothaandb.

Water in a T1-weighted image will appear

a. light gray.

b. black.
c. clear.
d. white.

MRI has recently been shown to be superior to
radiographic images in which of the following?

a. Stroke

b. Acute MI

c. Bone fractures

d. Chest pain

Free gadolinium is most toxic because it competes
with which of the following?

a. Magnesium

b. Calcium

c. Iron

d. Potassium

Binding or chelating free gadolinium to an
organic ligand makes it

a. less toxic.

b. more water soluble.

c. easier to excrete.

d. both aandb.

Currently, there are how many approved GBCAs
in the United States?

a. 9
b. 8
c. 7
d 6

Gadolinium-based contrast agents can be charac-
terized by their

a. binding to protein.

b. ionic charge (ionic vs nonionic).

c. magnetic charge.

d. both aandb.

Almost all GBCAs are

a. excreted in the urine.

b. excreted in the feces.

c. not metabolized before being excreted.
d. bothaandc.

14.

15.

16.

17.

18.

19.

20.

Low-viscosity GBCAs are

a. usually nonionic and low osmolar formulations.
b. usually ionic and high osmolar formulations.
c. excreted in the feces.

d. always more difficult to inject.

Which GBCAs tend to be more stable?

a. Nonionic formulations

b. Macrocyclic molecular structure

c. lonic formulations

d. Bothaandb

Which GBCAs have the most serious adverse

reactions?

a. lonic

b. Nonionic

c. Linear

d. Most GBCAs are similar with respect to

adverse reactions.
Extravasation of a GBCA can cause
a. edema.
b. nose bleeds.
C. necrosis.
d. bothaandc.
The most serious risk of GBCAs is
a. extravasation.
b. nephrogenic systemic fibrosis.
c. adverse reaction.
d. allergic reaction.
Nephrogenic systemic fibrosis has been reported

only in patients with
a. normal kidney function.
b. diabetes.

c. serious decreased renal function.

d. high blood pressure.

Prior to an MRI procedure, physicians should
identify patients at risk of NSF, who have which
stage of chronic kidney disease?

a. Stagel

b. Stage II

c. Stage III

d. Stage IV-V
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