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SUMMARY: The aim of this article was to review the properties of the various gadolinium-based contrast agents used for CNS imaging

along with the clinical evidence and published data that highlight the impact these different properties can have on diagnostic perfor-

mance. In addition, approaches to optimizing image acquisition that take into account the different properties of specific gadolinium-

based contrast agents and an extensive review of the safety profiles of the various agents are presented.

ABBREVIATIONS: CE = contrast-enhanced; CNR = contrast-to-noise ratio; GBCA = gadolinium-based contrast agent; Gd = gadolinium; NSF = nephrogenic
systemic fibrosis; rCBV = relative cerebral blood volume; rCBF = relative cerebral blood flow

f the 9 gadolinium-based contrast agents (GBCAs) ap-

proved by the United States FDA for contrast-enhanced
(CE) MR imaging, 7 (gadoterate meglumine, Dotarem, Guerbet,
Aulnay-sous-Bois, France; gadobutrol, Gadavist, Bayer Health-
Care Pharmaceuticals, Wayne, New Jersey; gadopentetate dime-
glumine, Magnevist, Bayer HealthCare; gadobenate dimeglu-
mine, MultiHance, Bracco Diagnostics, Princeton, New Jersey;
gadodiamide, Omniscan, GE Healthcare, Milwaukee, Wisconsin;
gadoversetamide, OptiMARK, Covidien, Dublin, Ireland; gad-
oteridol, ProHance, Bracco Diagnostics) are approved specifically
for CE-MR imaging of the CNS."” The 2 agents not approved for
CE-MR imaging of the CNS (gadofosveset trisodium, Ablavar,
Lantheus Medical Imaging, North Billerica, Massachusetts; and
gadoxetic acid, Bayer HealthCare Pharmaceuticals [Eovist or Pri-
movist]) have distinct properties that render them unsuitable for
this indication; Ablavar® is an intravascular “blood-pool” agent
approved for MR angiography of the aortoiliac vessels, whose
strong binding to serum albumin (and resulting large effective
molecular size) restricts permeability across the open blood-brain
barrier, which limits suitability for CNS applications, while Eo-
vist® is an approved liver-specific agent inappropriate for CNS
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applications because 50% of the injected dose is taken up and
eliminated by hepatocytes.

Although numerous studies published in high-ranking peer-
reviewed journals have confirmed the safety and efficacy of the 7
GBCAs approved for CNS imaging, differences among these
agents and the impact these differences may have on diagnostic
sensitivity and clinical decision-making remain underappreciated
and sometimes misunderstood.

The aim of this article was to review the properties of the var-
ious GBCAs used for CNS imaging together with the clinical evi-
dence and published data that highlight the impact these different
properties can have on diagnostic performance. In addition, ap-
proaches to optimizing image acquisition that take into account
the different properties of specific GBCAs and an extensive review
of the safety profiles of the various agents will be presented.

For the purposes of the present review, brand names rather
than chemical names have been used throughout to refer to the
various GBCAs. Although chemical names would ordinarily be
used in a review article such as this, it was thought that because the
actual practitioners of MR imaging are typically more familiar
with brand names than with chemical names, the use of brand
names would help avoid the possibility of obfuscation and thereby
enhance clarity in this field. Moreover, because generic formula-
tions of these agents are not available in the United States, these
brand names are clinically relevant designations. We have there-
fore elected to specifically use the same brand names for the var-
ious agents with which the reader will be most familiar.

GBCAS: WHAT THEY ARE AND WHAT THEY DO

As a heavy metal in the lanthanide series, elemental free gadolin-
ium (Gd) is toxic to humans. GBCAs are formed by chelation of
gadolinium to organic ligands to decrease its toxicity and render it
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FIG1. Comparison of T1shortening of GBCAs as a function of Gd concentration, calculated from the ri-relaxivities in blood reported by Rohrer

et alin 2005."

safe for human use. Structurally, there are 2 distinct categories of
GBCAs: 1) macrocyclic molecules in which the Gd>* ion is caged
within the cavity of the ligand, and 2) open-chain or “linear”
molecules (On-line Table 1). Within each category, there are both
ionic and nonionic GBCAs. Despite their different molecular
structures and physicochemical properties, all GBCAs used for
CE-MR imaging of the CNS have an identical mechanism of ac-
tion involving shortening of the T1, T2, and T2* relaxation time
constants of adjacent water protons in tissues'® and similar bio-
distribution profiles because all are extracellular agents that do
not cross the intact blood-brain barrier. The fundamental ability
of GBCAs to selectively shorten T1 relaxation within a lesion com-
pared with normal tissue is the basis for the most commonly ap-
plied usage of contrast agents in clinical practice today.

The extent to which the time constants are shortened, and
hence the effectiveness of a specific GBCA in clinical practice,
depends on the local concentration of the GBCA (Fig 1) and on
the relaxivity values r; (with i = 1, 2, 2*) of the agent. Relaxivities
are defined as the slope of the linear regression generated from a
plot of the measured relaxation rate (1/7;) versus the concentra-
tion of the GBCA:

%z T%o) + 7, X [GBCA]
where T; denotes the longitudinal (T1) or transverse (T2, T2*)
relaxation times of a solution containing GBCA and T, the
relaxation time of the solvent without GBCA.'"' Agents with
higher 71, r2, and r2* values will shorten the T1, T2, and T2*
relaxation times of tissues to a greater extent, resulting in
greater signal-intensity enhancement on T1-weighted images
or greater signal-intensity loss on T2- and T2*-weighted im-
ages, respectively.

Molecules normally tumble or rotate in space at a rate that is
dependent on many factors, not the least of which is their molec-
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ular mass. This tumbling rate can also be represented as the in-
verse of the so-called molecular correlation time. The closer the
tumbling rate of the gadolinium-containing chelate molecule to
the resonant frequency of water molecules, the greater is the re-
laxivity or relaxation enhancement. The molecules of each of the 7
FDA-approved CNS gadolinium chelates are all relatively small
and therefore have exceedingly high tumbling rates that exceed
the resonant frequencies of water molecules at the clinically used
MR imaging field strengths. However, as the molecular tumbling
rates between the paramagnetic contrast agent and the target wa-
ter-based molecules become closer, energy exchange between the
2 molecules is facilitated and longitudinal magnetization is en-
hanced (ie, the target tissue T1 shortens).

One of the approved CNS agents, MultiHance, interacts
weakly and transiently with serum albumin in vivo. This interac-
tion slows the molecular tumbling rate of the complex, rendering
it closer to the resonant frequency of water molecules at the field
strength at which they are being imaged. This increases the (en-
hanced) tissue rotational correlation time (ie, slows its tumbling
rate) and therefore brings it closer to matching that of water. The
result is greater relaxivities/rI values and stronger relaxation en-
hancement effects.>'*'> Thus, the 1 of MultiHance measured in
human plasma at 37°C has been reported to be as high as 7.9 L X
mmol ™' X s7' at 1.5T,"* whereas the reported r1 values of
GBCAs that do not significantly interact with serum albumin
range from approximately 3.6 L X mmol™"' X s~ ' at 1.5T for
Dotarem to 5.2 L X mmol ™' X s~ ' at 1.5T for Gadavist.'"'*
However, reported relaxivity values may vary somewhat between
investigating groups due to measurements being made under dif-
ferent conditions. For example, the 71 and r2 values reported by
Rohrer et al'' were obtained by using nonsterile bovine blood

plasma, while those reported by Pintaske et al'* were obtained by
using human blood plasma.

Six of the 7 GBCAs approved for neuroradiologic imaging are



formulated as 0.5 mol/L concentrations, while 1 agent, Gadavist,
is formulated at 1.0 mol/L. The physicochemical properties of this
latter GBCA resemble those of the other conventional GBCAs, and its
molecular structure differs from that of ProHance in that a hydroxy-
propyl group on the ProHance molecule is replaced by a trihydroxy-
butyl group on the Gadavist molecule.'® Thus, the slightly higher
relaxivity of Gadavist can be ascribed mainly to the slightly larger size
and hence slightly slower molecular tumbling rate of the Gadavist
molecule itself. Notably, the magnitude of the slowing of the molec-
ular tumbling rate is smaller than that observed for GBCAs approved
for neuroradiologic applications that interact with serum albumin as
well as non-neuroradiologic agents such as Ablavar for which pow-
erful protein binding is observed.

The degree of tissue T1 (and T2 and T2*) shortening by any
GBCA is determined by the local concentration of the agent
within the tissue being imaged in combination with the relative
relaxivity of the agent. Varied concentrations of administered
GBCAs can be theorized to result in varied rates of uptake of the
agent into the extracellular fluid of the tissues being imaged, with
faster tissue uptake expected with a GBCA formulated at a greater
concentration. Theoretically, albeit not demonstrated clinically,
in routine T1-weighted steady-state imaging, the higher concen-
tration of Gadavist might impact the “ideal” postcontrast imaging
time for this agent versus others with lower molarity. Recalling,
however, that intravenous administration requires that all admin-
istered boluses pass through the heart and lungs before being
distributed to the rest of the body, it would seem that any concen-
tration difference per time among the various neuroradiologic
GBCAs, other than possibly first-pass effects, would be quite small
and likely not clinically discernable in steady-state. In addition,
one should recognize that even if the contrast agent may theoret-
ically accumulate faster in the target lesion, enhancing back-
ground tissues would also be expected to similarly accumulate
that same amount more rapidly. Notwithstanding these theoretic
considerations, in daily clinical practice, it appears that the ulti-
mate steady-state concentrations in the tissues being imaged are
sufficiently similar for all GBCAs regardless of the administered
concentration and that the final concentration in tissues in
steady-state is most likely determined predominantly by the total
administered dose, based on the similarity of observed contrast
enhancement when corrected for differences in relative relaxivity
of the different agents as discussed later in this review. Thus, for
routine, equidose, postcontrast T1-weighted steady-state imag-
ing, enhanced signal intensities are dominated predominantly by
the relative relaxivity values of the agents being compared. There-
fore, the higher the 71 value, the greater will be the contrast be-
tween the lesion and nonenhancing background tissues.

Dynamic phase imaging (as is used in perfusion-weighted im-
aging and in contrast-enhanced MR angiographic studies) differs
from the above in that the target tissue of interest is the blood—
the same “tissue” into which the agent is directly injected. Thus,
per the equation above, higher GBCA concentration and/or
higher relaxivity could each produce increases in signal intensity
of the intravascular blood for T1-weighted imaging, or greater
signal loss for T2- or T2*-weighted imaging. For dynamic bolus
CE-MRA examinations, a principal objective is to time the bolus
arrival within the vessels of interest to coincide with acquisition of

the lowest order phase-encoding steps in k-space to obtain max-
imum vessel enhancement. Because all 7 GBCAs approved for
neuroradiologic imaging are approved at identical administered
total doses of 0.1 mmol/kg body weight, this means that the higher
the concentration of the administered agent, the smaller the vol-
ume injected. Thus, a standard administered dose to a 70-kg pa-
tient would be 14 mL of any of the 6 GBCAs formulated at 0.5
mol/L, while it would be 7 mL for Gadavist formulated at 1.0
mol/L. However, the result of a smaller injected volume is that the
timing window of opportunity during which to catch the higher
concentration Gadavist in the vessels of interest is shortened by as
much as one-half, making bolus timing more difficult and poten-
tially more error-prone. This can possibly be offset by halving the
injection rate when administering higher concentration agents or
by diluting them with normal saline before administration. How-
ever, these approaches would negate any theoretic advantage of
using a higher concentration agent.

The relatively recent FDA approval of GBCAs formulated at dif-
ferent concentrations but approved at identical administered doses
provides opportunities for comparison among such agents. How-
ever, such attempts at comparison should use identical FDA-ap-
proved doses; comparisons should not be performed by using arbi-
trarily defined equivalent volumes because this would result in
“double-dosing” of the higher concentration agent. Such studies
evaluating agents of different concentrations would be useful because
the ideal time to image is dependent on many factors, which include
blood vessel size, flow rate and transit time in the case of CE-MRA,
perfusion dynamics (vascularity and permeability) of the anatomy/
pathology to be imaged in the case of perfusion MR, the concentra-
tion and relaxivities of the administered agent, and the design of the
MR imaging pulse sequence to be used to acquire the postcontrast
images. Furthermore, “ideal” timing will also be highly dependent on
whether first-pass, dynamic contrast information is sought as op-
posed to steady-state images. “Ideal” timing tends to be spread over
far longer windows of opportunity for steady-state acquisitions,
while the window for first-pass, dynamic contrast information is
quite short and is far more significantly impacted by such factors as
the manner in which k-space is filled and the temporal resolution of
the acquired images. Imaging parameters and timing that might be
ideal for one agent might prove to be quite different for another
GBCA with different concentration or relaxivity.

CLINICAL EVIDENCE FOR THE ROLE OF RELAXIVITY
ON DIAGNOSTIC PERFORMANCE
Methodologic Considerations

Early studies to compare contrast agents for diagnostic efficacy
were designed exclusively as interindividual parallel group studies in
which each patient (with varying disease entities) was randomly as-
signed to receive just 1 of the 2 contrast agents.'®>> Unfortunately,
studies of this type are subject to wide interpatient and interlesion
variability, resulting in disparate variations within each arm of the
study. Such studies do not permit reliable demonstrations of relevant
differences between study groups and agents. Indeed, such parallel
group studies can only demonstrate equivalence between study
groups for equivalent doses of different GBCAs and not superiority
or inferiority, even among GBCAs with widely varying relaxivity

values.>**>
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Direct comparison among different agents is accomplished
more objectively with an intraindividual crossover study in which
each patient receives both GBCAs in random order in 2 identical
MR imaging examinations separated by just a few days. Such
studies are better designed to isolate the GBCA as the only variable
being assessed. Thus, variations due to patient-, disease-, or ex-
amination-related factors are eliminated or, at least, minimized.
In such studies, any differences in findings can be attributed solely
to the GBCA because all other variables are identical for the 2
examinations.

Summarized below are the findings of several such intraindi-
vidual crossover studies performed in human subjects for CNS
evaluation of various GBCAs. In organizing this discussion, we
realized that there is no standardized definition for use of the
term, “high relaxivity.” It is the opinion of these authors that
“high relaxivity” should be defined not numerically alone, but
rather by an objectively proved ability of an agent to deliver in-
creased clinical utility as measured by clinically relevant increases
in signal enhancement (rather than merely small but statistically
significant signal increases) or, preferably, an objectively mea-
sured increase in lesion number or lesion extent compared with
other “standard” GBCAs.

Steady-State Imaging. To analyze the possible differential roles
of relaxivity and concentration in imaging performance, findings
are presented for studies that compared the following: 1) Dota-
rem, Magnevist, Omniscan, OptiMARK, and ProHance (which
all possess similar [standard] relaxivity values and are formulated
at standard [0.5 mol/L] concentrations), 2) Gadavist (the GBCA
with slightly higher relaxivity and the highest concentration [1
mol/L]), and 3) MultiHance (the GBCA with the highest relaxiv-
ity and formulated at standard concentration).

1) Intraindividual Crossover Studies Comparing GBCAs with Stan-
dard Relaxivity/Standard Concentration (Dotarem, Magnevist,
Omniscan, OptiMARK, ProHance). To the authors’ knowledge,
Greco et al*® performed the only intraindividual crossover study
that compared GBCAs with standard relaxivity/standard concen-
tration. In that study, 2 blinded readers intraindividually com-
pared Magnevist (rI-relaxivity at 1.5T: 3.9—4.1 L X mmol ™' X
s~ 1)'"!*with ProHance (r1-relaxivity at 1.5T: 4.1 L X mmol ' X
s~ ! measured in bovine plasma at 37°C)"! in 80 subjects for the
presence of disease, degree of enhancement, location and number
of lesions, and additional information gained (definition of lesion
borders, improved visualization, distinction of edema, disease
classification, determination of recurrent tumor, and so forth).
Neither reader noted any significant differences in terms of GBCA
preference (readers 1 and 2 preferred ProHance over Magnevist in
2 and 4 cases, respectively, and Magnevist over ProHance in 1 and
2 cases, respectively), and no differences were noted between
agents in terms of the additional information provided on post-
contrast images (On-line Table 2).

2) Intraindividual Crossover Studies Comparing a GBCA with Slightly
Higher Relaxivity and High Concentration versus Standard Relaxiv-
ity/Standard Concentration Agents (Gadavist versus Either Dota-
rem, Magnevist, Omniscan, OptiMARK, or ProHance). To date, 5
published reports have described intraindividual crossover com-
parisons of Gadavist with standard relaxivity GBCAs.>”>' Three
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of these looked specifically at the potential benefit of Gadavist

2728 or ProHance?® for the detection and visu-

versus Magnevist
alization of cerebral metastases and concluded, in each case, that
Gadavist is advantageous for lesion detection primarily because of
improved lesion conspicuity (On-line Table 2). However, the
conclusions in a study by Anzalone et al*” were based solely on
subjective assessment of images from 27 patients by 2 neuroradi-
ologists in consensus, but unfortunately, no quantitative assess-

ment of lesion enhancement was reported. Kim et al*®

reported
improved quantitative enhancement (lesion/brain contrast-to-
noise ratio [CNR]) with Gadavist, but this study was retrospective
and only compared double (0.2 mmol/kg body weight) doses of
Gadavist and Magnevist. Furthermore, GBCA administration was
not random (all patients received Magnevist for the first exami-
nation and Gadavist for the second). In the third study in patients
with brain metastases, Katakami et al* evaluated a larger number
of patients by using a prospective design and concluded that a
single 0.1-mmol/kg dose of Gadavist is noninferior to a double
0.2-mmol/kg dose of ProHance for lesion detection. However,
despite administering a single 0.1-mmol/kg dose of ProHance as
part of the study design, no assessment of single-dose ProHance
images was performed. Thus, it is not possible to say whether a
single dose of ProHance would have proved noninferior to a sin-
gle dose of Gadavist by using their study design, sample size, and
assessment methodology.

In a more recent single-center study in 51 patients with either
primary or secondary brain tumors, 2 blinded readers each pre-
ferred Gadavist to ProHance in more patients in terms of subjec-

» «

tive “preference in contrast enhancement,” “overall preference,”
and “preference in diagnostic quality.”*® However, differences in
quantitative enhancement were inconsistent and sequence-de-
pendent, with a higher SNR for Gadavist noted only on a second
T1-FLASH sequence at approximately 10 minutes postinjection,
with no differences between agents seen on T1-spin echo or
MPRAGE sequences. Indeed, Bayer HealthCare (manufacturer of
gadobutrol, Gadavist) reported to the FDA that the performances
of 0.1-mmol/kg doses of Gadavist and ProHance for brain tumor
imaging are similar.>*' In a prospective multicenter phase III
study performed in 419 patients for the FDA approval of Gadavist
for CNS imaging, 3 blinded readers each reported similar contrast
enhancement, lesion border delineation, and lesion internal mor-
phology and a similar overall accuracy of diagnosis when these 2
agents were administered at an equivalent dose of 0.1 mmol/kg
body weight. The conclusion of the study was that Gadavist is
noninferior to ProHance.>"'

Another recent report presented findings from a study that
prospectively compared single-dose Gadavist (r1-relaxivity: 4.7—
52 L X mmol ' X s~ in plasma at 37°C'"'*) with single-dose
Dotarem (rl-relaxivity: 3.6 L X mmol ' X s~ ') in 136 patients
with cerebral neoplastic enhancing lesions.>? In this study, signif-
icant preference for Gadavist compared with Dotarem was noted
by 2 of 3 blinded readers for overall reader preference. However,
none of the 3 readers considered Gadavist superior to Dotarem
for lesion delineation, while only 1 blinded reader noted a mini-
mally significant preference for Gadavist for the definition of le-
sion internal structure. Quantitatively, the percentage lesion en-
hancement following Gadavist was approximately 9% higher than



that following Dotarem, as expected from the differences in their
respective relaxivities, but this yielded no significant difference
between the 2 agents for measured CNR. Most important, no
differences in the number of lesions detected with either agent
were observed.

3a) Intraindividual Crossover Studies Comparing the GBCA with the
Highest Relaxivity/Standard Concentration versus GBCAs with
Standard Relaxivity/Standard Concentration (MultiHance versus
Dotarem, Magnevist, Omniscan, OptiMARK, or ProHance). Nu-
merous multicenter studies have compared MultiHance with
standard GBCAs by using an intraindividual crossover study de-
sign with blinded image evaluation by fully independent experi-
enced neuroradiologists.”>*" All of these studies were designed to
demonstrate superiority rather than noninferiority, and the find-
ings of all concluded that MultiHance is significantly superior in
terms of both qualitative enhancement (global diagnostic prefer-
ence, lesion border delineation, definition of disease extent,
visualization of lesion internal morphology, lesion contrast en-
hancement) and quantitative enhancement (CNR, lesion-to-
background ratio) (On-line Table 2). In each of these studies, the
authors concluded that the superiority of MultiHance was due to
its higher r1 value.

3b) Intraindividual Crossover Study to Compare the Highest Re-
laxivity GBCA versus the GBCA Formulated at the Highest Con-
centration (MultiHance versus Gadavist). A recent study by Seidl
etal*! directly addressed the relative merits of high relaxivity ver-
sus high gadolinium concentration. In their randomized, double-
blind, intraindividual crossover study, 123 patients each under-
went 1 examination with 0.1-mmol/kg MultiHance and 1
examination with 0.1-mmol/kg Gadavist. Three blinded readers
consistently demonstrated a highly significant (P < .0001) pref-
erence for MultiHance for all qualitative end points with good
interreader agreement for all evaluations (On-line Table 2). In
addition, significant superiority was noted for all quantitative as-
sessments with a mean difference of approximately 22% in per-
centage lesion enhancement between MultiHance and Gadavist.

This study demonstrated that gadolinium concentration has
little-to-no practical clinical impact on steady-state morphologic
imaging and that at identical approved (0.1 mmol/kg) doses, the
relaxivity of the GBCA is the dominant characteristic determining
the degree of enhancement.

Perfusion Imaging. Cerebral perfusion assessment by dynamic
susceptibility contrast MR imaging is frequently used for evalua-
tion of brain tumors, stroke, and degenerative diseases such as
dementia. The technique is based on rapid intravenous injection
of a GBCA and subsequent bolus tracking by using a fast suscep-
tibility-weighted imaging sequence that uses the T2* relaxing
properties of the GBCA. Following tracer kinetic modeling, para-
metric maps of mean transit time, regional cerebral blood volume
(rCBV), and regional cerebral blood flow (rCBF) can be calcu-
lated by unfolding tissue concentration curves and the concentra-
tion curve of the feeding artery.

Compared with conventional morphologic (static) imaging,
(dynamic) perfusion imaging is more dependent on the shape of
the injected contrast bolus and thus on the rate at which GBCAs
are injected. Additionally, higher administered GBCA concentra-

tion and higher relaxivity might each be beneficial in augmenting
the signal loss associated with the first-pass contrast bolus
through the tissues of interest.

Although interindividual parallel group studies have com-

pared Gadavist with Magnevist at 1.5T,*>*

comparatively few
intraindividual crossover studies have been performed to com-
pare GBCAs for perfusion imaging. Those that have been per-
formed have compared Gadavist with either Magnevist at 3T** or

MultiHance at 1.5T*° or 3T.*¢*”

1) Inter- and Intraindividual Crossover Studies Comparing GBCAs
with Standard Relaxivity/High Concentration versus Standard Relax-
ivity/Standard Concentration (Gadavist versus Magnevist). An in-
terindividual parallel group comparison of Gadavist with Magn-

evist was first performed by Griffiths et al,**

who compared 10-
and 20-mL injections of Gadavist with 20-mL injections of Magn-
evist (all at 5 mL/s, resulting in overall injection times of 2 and 4
seconds, respectively) in 6 groups of 6 patients (36 patients over-
all) at 1.5T to determine whether the higher Gd concentration of
Gadavist was beneficial when using thinner sections (4 mm as
opposed to 7 mm) for single-shot, gradient-recalled echo-planar
imaging. They compared time-intensity curves calculated at re-
gions of interest in the hemispheric white matter and thalamus in
terms of maximum signal reduction (ie, the difference between
mean baseline and minimum value on the time-intensity curve),
full width at half minimum, and signal-to-noise measurements.
No significant differences were found between 20 mL of Magnev-
istand 10 mL of Gadavist in terms of the maximum signal changes
observed in either anatomic area and at either section thickness.
On the other hand, the signal changes nearly doubled when
20-mL Gadavist was compared with 20-mL Magnevist (ie, when a
2-fold higher dose of Gadavist was used), indicating that the total
amount (ie, dose) of Gd was the dominant factor in determining
signal response rather than the administered concentration per se.

A second interindividual parallel group comparison of Gada-
vist and Magnevist at 1.5T was subsequently performed by the
same group when investigating whether 2 gadolinium perfusion
studies of the whole brain could be performed during the same
table occupancy without degradation of the derived data in the
second study.*’ In this study, 12 patients each received 2 injec-
tions at a fixed rate of 5 mL/s of either 20-mL Magnevist (6 pa-
tients) or 10-mL Gadavist (6 patients), with each administration
separated by 8 minutes. Although the study was not designed
specifically to compare the 2 agents directly, the authors never-
theless showed no significant differences in either the maximum
signal change or full width at half maximum with 10-mL Gadavist
compared with 20-mL Magnevist.

A small-scale intraindividual crossover comparison of these 2
GBCAs was recently performed at 3T by Giesel et al** in 11 pa-
tients (6 with intra-axial tumors, 5 with extra-axial tumors), who
each underwent examinations with 5-mL Gadavist and 10-mL
Magnevist by using a T2*-weighted, gradient recalled-echo, echo-
planar technique. As in the studies by Griffiths et al,*>** the in-
jection rate for both agents was 5 mL/s. However, unlike Griffiths
et al, the authors reported significantly higher maximal signal
changes for Gadavist in both gray and white matter and noted that
Gadavist depicted a larger number of “hot spots” (areas with
higher blood perfusion in the tumor) on color-coded maps than
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Magnevist in most of the 6 intra-axial tumors. The authors con-
cluded that the higher concentration of Gadavist offers advan-
tages over standard-concentration Magnevist for delineation of
gray and white matter and for the demarcation of highly vascu-
larized tumor tissue and that these advantages are due to an im-
proved bolus effect with increased intravascular concentration
during the first pass.

2) Intraindividual Crossover Studies Comparing High Relaxivity/
Standard Concentration versus Standard Relaxivity/High Con-
centration (MultiHance versus Gadavist). Early intraindividual
crossover studies to compare Gadavist and MultiHance were per-
formed independently by Essig et al*> and Thilmann et al* in
healthy volunteers at 1.5T and 3T, respectively. In the study by
Thilmann et al,*® 16 healthy volunteers each underwent 3
DSC-MR imaging examinations separated by at least 3 days, re-
ceiving a single (0.1-mmol/kg; 7-mL) dose of Gadavist, a double
(14-mL) dose of Gadavist, and a single (14-mL) dose of Multi-
Hance, each at an injection rate of 5 mL/s (ie, resulting in injection
times of 1.4, 2.8, and 2.8 seconds, respectively). Quantitative de-
terminations based on signal intensity/time curves were made at
regions of interest on gray and white matter and specific arteries
selected for perfusion analysis. Additionally, gray-scale and color-
coded maps of regional cerebral blood volume and regional cere-
bral blood flow were calculated and compared.

Quantitative analysis revealed nearly identical signal intensity/
time curves for the 2 single-dose examinations. No differences
were noted in terms of maximal relative signal drop, full width at
half maximum, or signal-to-noise ratio of the concentration
curve at maximum concentration. Likewise, qualitative evalua-
tion of rCBV and rCBF maps by 2 experienced blinded radiolo-
gists revealed no differences between the 2 single-dose examina-
tions with no advantage noted for either of the 2 GBCAs. More
pronounced signal drops (52% versus 32%) and better quality
perfusion maps (rCBV and rCBF) were obtained with double-
dose Gadavist compared with either single-dose examination,
though both single-dose examinations were considered suitable
for diagnostic purposes.

More recently, Wirestam et al*’

performed further evaluations
of data acquired by Thilmann et al*® and confirmed that double-
dose Gadavist results in higher absolute CBV, CBF, and mean
transit time than single-dose Gadavist and that no significant dif-
ferences are apparent between single-dose Gadavist and single-
dose MultiHance.

Similar findings and conclusions to those of Thilmann et al*®
were made by Essig et al*® in a study comprising 12 healthy male
volunteers who each underwent 4 highly standardized perfusion
MR imaging examinations with 0.1- and 0.2-mmol/kg doses of
Gadavist and MultiHance, each administered at 5 mL/s. As in the
1,4

study by Thilmann et al,** a single dose of both agents was shown
to be sufficient to achieve high-quality, diagnostically valid perfu-
sion maps. Again, no differences were noted between single doses
of the 2 agents for any quantitative parameter (susceptibility effect
[percentage signal drops of approximately 30%], rCBV, and rCBF
values) apart from full width at half maximum, which was signif-
icantly greater for MultiHance. Likewise, 2 off-site blinded read-
ers found no significant differences between Gadavist and

MultiHance in terms of image quality, adequacy of white-to-gray
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matter differentiation, or subjective preference for 1 agent or the
other in terms of CBV and CBF image sets. Better overall image
quality was noted with double (0.2 mmol/kg) doses of the 2
agents, for which a slightly higher susceptibility effect was seen
with Gadavist. Nevertheless, the authors considered that double
doses of the 2 agents provided no clinical benefit over single-dose
examinations. The authors also concluded that single doses of
both agents were effective at inducing sufficient signal drop on
T2* EPI sequences to permit robust and reproducible quantifica-
tion of perfusion parameters. Moreover, they concluded that the
greater volume of injection of MultiHance had no disadvantage
and gave comparable perfusion values to those obtained with the
more highly concentrated Gadavist.

Contrast-Enhanced MR Angiography. Similar to perfusion imag-
ing, dynamic bolus contrast-enhanced MR angiography is a rapid
imaging technique in which images are acquired during the first
pass of a GBCA through the vessels of interest. However, unlike
DSC perfusion imaging, the level of enhancement is dependent on
the r1 of the agent rather than the r2* value. Accordingly, image
quality and diagnostic performance are dependent not only on
the image acquisition parameters but also on the contrast-injec-
tion protocol. Thus, while advances in sequence design can lead to
marked improvements in the spatial and temporal resolution of
vessel images, it remains fundamental that bolus timing and the
peak concentration of intraluminal contrast coincide with the ac-
quisition of the lower order phase-encoding steps of k-space im-
age acquisition. To achieve MR angiograms with adequate homo-
geneous arterial contrast and without image artifacts, contrast
bolus timing must achieve high concentration and a relatively
constant plateau during acquisition of the central part of k-space,
which contributes most of the image contrast. In addition, evi-
dence appears to support the need to maintain a high level of Gd
in the vessels during much of the higher order phase-encoding
acquisition to minimize vessel edge blurring that can reduce vessel
detail and visualization of smaller vessels.*®

For the purposes of the present article, the focus will mainly be
on studies comparing GBCAs for CE-MRA of the intracranial and
supra-aortic vessels. However, the underlying principles of GBCA
administration and image acquisition are common to all CE-
MRA examinations across all vascular territories.

Intraindividual Crossover Studies Comparing GBCAs for
CE-MRA of the Supra-Aortic Vessels

Of the few intraindividual crossover studies performed in the su-
pra-aortic vessels, most have compared MultiHance with Magn-
evist.*”>" In a very early study of 12 patients referred for CE-MRA
of the carotid arteries, Pediconi et al*> compared a single 0.1-
mmol/kg dose of MultiHance with a double (0.2-mmol/kg) dose
of Magnevist and found superior quantitative and qualitative en-
hancement with MultiHance for carotid time-resolved CE-MRA.
Both doses of GBCAs were administered at a fixed rate of 2 mL/s,
and the better imaging performance was ascribed to the higher r1
of MultiHance. In that study, a single 0.1-mmol/kg dose of
MultiHance would have been administered during 7.5 seconds
for a 75-kg patient. Conversely, the double 0.2-mmol/kg dose of
Magnevist would have been administered during 15 seconds, po-

tentially resulting in exclusion of a portion of the increased Magn-



evist dose from the central part of the k-space during the MRA
acquisition. On the other hand, the extended injection time for
double-dose Magnevist would have provided double the window
of opportunity to correctly “catch” the highest intraluminal
GBCA concentration and may have contributed to better vessel
wall sharpness, though this was not evaluated in the study. Em-
piric adjustments to optimize signal by using a specific pulse se-
quence, gadolinium agent, acquisition timing, and injection pa-
rameters are, therefore, critical in achieving best image quality.

A recent study by Li et al*® in 46 patients compared single-dose
MultiHance and double-dose Magnevist. In this study, the 2-fold
greater volume of Magnevist required to achieve a double dose
was injected at a 2-fold faster rate to achieve comparable bolus
geometry for the 2 examinations in each patient. Three blinded
readers in the study found no differences between single-dose
MultiHance and double-dose Magnevist for any qualitative pa-
rameter (vessel anatomic delineation, detection/exclusion of pa-
thology, and global preference) or for quantitative measures of
contrast enhancement (SNR, CNR). Indirect support for the find-

1°° comes from a study by Biiltmann et al,>' who

ings of Li et a
compared single 0.1-mmol/kg doses of MultiHance and Magnev-
ist across 19 arteries/arterial segments (comprising the internal
carotid arteries; anterior, middle, and posterior cerebral arteries;
vertebral arteries; and basilar artery) in 12 healthy volunteers
at 3T. Maximum-intensity-projection images acquired with
MultiHance were found to be markedly superior in terms of mean
technical quality and vessel delineation to those acquired with
Magnevist. Likewise the relative CNR was significantly greater
with MultiHance, with overall increases of 23.3%, 26.7%, and
28.5% noted for the internal carotid, middle cerebral, and basilar
arteries, respectively.

More recently, Kramer et al**> compared Gadavist with both
MultiHance and Dotarem in 20 healthy volunteers at 3T. Al-
though the total dose of each GBCA administered was 0.1
mmol/kg body weight, at variance with previous studies, the au-
thors acquired both static CE-MRA and dynamic (time-resolved)
CE-MRA images with 0.07 mmol/kg injected initially for the ac-
quisition of static images followed by a further 0.03 mmol/kg for
the acquisition of dynamic MRA. A fixed injection rate of 2 mL/s
was used for both injections with all 3 GBCAs, and determina-
tions were made of both quantitative and qualitative end points.
Qualitative assessment of static images by 3 blinded readers found
Gadavist to be not significantly different from MultiHance but
superior to Dotarem, while few differences were noted between
MultiHance and Dotarem. In terms of quantitative assessment of
static images, a higher SNR with Gadavist was noted in the prox-
imal ICA but not in the distal ICA, while the CNR with Gadavist
was not significantly different from that with MultiHance but
significantly superior to that with Dotarem. Similar findings were
obtained for dynamic MRA. Finally, no differences were noted
between the different GBCAs in terms of vessel sharpness.

The manner in which the contrast agents were administered
for this study is not one routinely used in clinical practice. Never-
theless, it supports the advantages potentially gained with in-
creased GBCA concentration if data acquisition can be appropri-
ately timed to the shortened first pass of contrast bolus.

SAFETY

With recognition of the association between Gd and nephrogenic
systemic fibrosis (NSF) in 2006, there has been a sharply increased
focus on GBCA safety. The 7 GBCAs currently approved by the
FDA for CNS imaging have nearly identical pharmacokinetic
(biodistribution and blood half-lives) profiles and mechanisms of
action, and 6 of the 7 have similar clearance pathways almost
exclusively through the kidneys. MultiHance differs in that a
small fraction of the injected dose (approximately 3%-5%) is
taken up by normally functioning hepatocytes and excreted into
the bile.

Nephrogenic Systemic Fibrosis

NSF is a rare, potentially life-threatening disease that has been
linked to the administration of some GBCAs in patients with se-
vere renal impairment. In the peer-reviewed literature, approxi-
mately 78% of all unconfounded, single-agent cases of NSF have
been associated with Omniscan, while a further 20% have been
associated with Magnevist, and <2%, with OptiMARK.> Very
few single-agent cases (0.5%) have been associated with the mac-
rocyclic agent Gadavist, while no unconfounded cases have been
reported for Dotarem, MultiHance, or ProHance.>” Similarly,
no unconfounded cases have been reported for the 2 GBCAs
not approved for CNS imaging (Ablavar, Eovist). Of note,
GBCAs associated with the lowest number of putative cases of
NSF, if any, are characterized either by a macrocyclic structure
with high kinetic stability (Dotarem, Gadavist, ProHance) or a
unique ability to interact with or bind to plasma proteins (Ab-
lavar, Eovist, MultiHance). With the latter group, it has been
proposed that the aromatic moiety on these complexes, in ad-
dition to being responsible for the protein-binding character-
istics, may also increase the stability of the molecule by im-
proving their kinetic inertia. This is possibly due to the steric
effect of the bulky substituents that slightly hinders unwrap-
ping of the ligand around the gadolinium.>*

The introduction of specific recommendations such as patient
prescreening for renal disease, the contraindication of less stable
so-called high-risk GBCAs (Magnevist, Omniscan, and Opti-
MARK) in patients at risk of NSF, restricting the use of GBCAs to
the lowest dose needed to provide the required diagnostic infor-
mation, and a drastic reduction in the number of cases in which
the recommended single dose is exceeded, has resulted in a mark-
edly reduced incidence of NSF. Indeed, these measures have re-
sulted in the number of new NSF cases dropping close to zero.>

Adverse Reactions
Although the tolerability of GBCAs is very good, adverse reactions
are observed after the administration of all agents as reported in
the prescribing information approved by regulatory authorities.
On the basis of published data, rates of adverse reactions follow-
ing GBCA administration range between 0.03% and 2.4%.%°%° Of
these reactions, >74% are transient and mild in intensity. Reac-
tions of moderate or severe intensity have been reported to range
from <1% to 19% of cases.’>>*°'"%¢ Life-threatening and fatal
reactions are very rare, with 40 deaths per 51 million administered
GBCA doses reported between 2004 and 2009.°

Adverse drug reactions fall into 2 major categories. The first
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includes reactions that can occur in any patient, such as drug
overdose and drug interactions; the second includes reactions that
are restricted to susceptible patients, such as drug toxicity/aug-
mented effects (ie, drug idiosyncrasy or reduced tolerance) and
hypersensitivity reactions that are either allergic or pseudoallergic
in nature.®” These latter 2 reactions are clinically indistinguish-
able because their symptomatic presentations are very similar;
however, they differ vastly mechanistically. Although true allergic

d,®®°? the available evi-

reactions to GBCAs have been reporte
dence suggests that most adverse reactions to GBCAs are pseudo-
allergic in nature and are not associated with immunologic
specificity.””

Acute reactions typically affect susceptible patients and occur
within the first hour after GBCA injection. Mild reactions, such as
nausea and vomiting, are usually self-limiting and do not require
treatment.>””® Patients who experience mild reactions should
be monitored for at least 30 minutes post-GBCA exposure to en-
sure that there is no progression of signs and symptoms.”” Mod-
erate reactions consist of more severe symptoms than mild reac-
tions, or they can appear as other clinically significant reactions
that require specific treatment. The vital signs of patients sus-
pected of experiencing a moderate reaction should be monitored
closely to make certain that progression to a severe event is
avoided. Severe reactions, though quite rare, are significant in that
they can present life-threatening situations; thus, immediate rec-
ognition and treatment are warranted. In many cases, life-
threatening events begin with mild signs and symptoms, and
then evolve rapidly. As a result, it is imperative that practitio-
ners monitor all patients receiving a GBCA during their MR
imaging procedure, with particular attention paid to asthmatic
and atopic patients and patients with allergic respiratory phe-
nomena because these patients are considered more “at risk” of
an adverse event. Recent legal action and findings confirm the
seriousness with which the Centers for Medicare and Medicaid
Services approaches the mandate that GBCA administration be
under direct physician supervision.”"

Regulatory authorities have not differentiated among com-
mercially available GBCAs in terms of acute adverse-reaction pro-
files. Most published reports consider GBCAs to have comparable
adverse event profiles for mild reactions such as nausea and for
severe anaphylactoid reactions.”” To remain objective and scien-
tifically sound, comparisons of adverse event rates across agents
should ensure that the mode of data collection (study design,
prospective versus retrospective) and population (sex, clinical
profile, body area) are taken into account. Variations in these
factors alone can result in up to 100-fold differences in apparent
event rates.®>"*>7>”7> When differences in incidence rates among
GBCAs are encountered, such differences are sometimes attribut-
able to methodologic bias or to the so-called Weber or Lalli
effects.”®””

The Weber effect occurs when a new medication introduced to
the clinical market leads to heightened safety vigilance on the part
of practitioners and, as a consequence, more frequent reporting of
adverse reactions.”®”%”® After experience is accumulated by using
a given product, previously noteworthy reactions are perceived as
being predictable and less noteworthy and, therefore, may be re-
ported less frequently.>*”%7® Thus, the Weber effect is character-
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ized by a transient increase in adverse event reporting that tends to
peak in the second year following introduction of a new agent,
with a subsequent return to the original baseline reaction rate
observed before the introduction of the new agent.”® Such an
effect was recently reported with GBCAs by Davenport et al,””
who described the impact of an abrupt switch from Magnevist to
MultiHance on the incidence of immediate allergic-type adverse
events. After MultiHance was substituted for Magnevist, a signif-
icant transient increase in the frequency of reported allergic-like
reactions occurred that peaked in the second year postswitch and
then declined, suggestive of the Weber effect. The subsequent
reaction rate during last 3 calendar quarters of the monitoring
period did not differ significantly from the original baseline reac-
tion rate with Magnevist.”” However, the authors did note that the
study was underpowered to confirm noninferiority among differ-
ent GBCAs with respect to severe reactions.

Another confounder in the comparison of adverse events
among various GBCAs is the Lalli effect, which occurs when prac-
titioners unintentionally project their feelings about a new prod-
uct onto patients, inducing fear and anxiety. This may result in
unpredictable, idiosyncratic reactions of varying severity.””

Both of these effects have been observed with contrast
agents®*”””%; however, true differences between agents in terms
of severe acute reaction rates have not been demonstrated in well-
controlled, statistically powered, prospective, randomized,
blinded studies.”® The main reason for the lack of such studies is
their complexity, duration, and cost due to the low incidence of
adverse events. For an idea about the estimated sample size, a
randomized, parallel-group study aimed at comparing the safety
of agent A versus agent B with expected rates of allergic-type se-
vere adverse reactions of 1/20,000 and 1/100,000, respectively,
would require 350,000 patients per agent—that is, 700,000 pa-
tients for 85% statistical power by using 2 group Fisher exact tests
with an a of .05 and a 2-sided significance level. Such a sample size
would be required for a 5-fold difference in the rate of adverse
reactions. If you assume that agent A has a reaction rate of
1/50,000 and agent B has a reaction rate of 1/100,000, the number
of patients per group for the same 85% power would rise to
2,890,000.

Several reports have claimed to show differences across
GBCAs.°>°° However, these reports have largely been retrospec-
tive surveys or observational studies with major methodologic
flaws, such as reliance on the accuracy of historic recordkeeping
by busy health care providers, lack of randomization, presence of
unbalanced study groups, possible selection bias, potential for
confounding data, and inappropriate analysis. In contrast, more
reliable data are derived from prospective development studies.
Unfortunately, most development studies are noncomparative
and, when comparative, are typically too small to allow robust and
unequivocal conclusions.”®

DISCUSSION

Morphologic Imaging

One major conclusion to be drawn from intraindividual cross-
over studies performed to compare GBCAs at approved doses (0.1
mmol/kg body weight) for morphologic imaging of brain lesions
(mostly tumors) is that rI-relaxivity is the primary determining



factor for contrast efficacy. Thus, large-scale, well-controlled,
prospective clinical studies have found no differences between
GBCAs with similar r1 values (Magnevist versus ProHance,?® Ga-
davist versus ProHance,®"), while differences have been observed
between GBCAs with higher rl-relaxivity versus GBCAs
with “standard” rl-relaxivity (Gadavist versus Dotarem>2;
MultiHance versus Dotarem, Magnevist, Omniscan, Gadavist®>*").
Moreover, the studies performed so far suggest that the magni-
tude of the superiority reflects the magnitude of the difference in
rl-relaxivity. Thus, the difference in percentage lesion enhance-
ment of approximately 9% for Gadavist compared with Dota-
rem”” reflects only a slightly greater r1-relaxivity of Gadavist com-
pared with Dotarem, while the larger differences of 22%-27% for
MultiHance compared with Gadavist*' and Magnevist,*” respec-
tively, reflect the larger differences in rI-relaxivity between these
agents. Notably, small differences in percentage lesion enhance-
ment have not been demonstrated to add significant clinical effi-

CaCy,SLSZ

while larger differences have been shown to result in
significantly superior depiction of tumor morphologic features,
lesion extent, and border delineation.?>*! The previously cited
studies also support our earlier hypothesis that in steady-state
postcontrast T1-weighted imaging typically used for conven-
tional CNS imaging, in which postcontrast acquisition times are
delayed at least 2—5 minutes following contrast agent injection,
the administered Gd concentration of the agent does not play a
significant clinical role when the different GBCAs are delivered at

equal FDA-approved doses.

Perfusion Imaging

The magnitude of signal drop in DSC perfusion imaging is largely,
if not solely, dependent on the r2* value of the GBCA together
with the local concentration of Gd. The 71 and r2 values of GBCAs
play no detectable role in DSC perfusion. Thus, at least theoreti-
cally, the higher concentration of Gadavist should be advanta-
geous for perfusion imaging compared with standard-concentra-
tion GBCAs when administered at equivalent doses at a fixed
injection rate. Hence, while a 75-kg patient administered a stan-
dard Gadavist dose of 0.1 mmol/kg body weight at a rate of 5 mL/s
would receive a total volume of 7.5 mL in 1.5 seconds, the same
patient administered an equivalent gadolinium dose of standard
concentration GBCA at the same rate would receive a total vol-
ume of 15 mL during 3 seconds. In this setting the possibility of
injecting an equivalent number of Gd molecules in a shorter time,
giving a sharper contrast bolus, might be expected to result in
more Gd molecules in the tissue of interest during image acquisi-
tion and thus a greater susceptibility effect, as suggested by Giesel

1.** However, the experimental results of Thilmann et al*® and

eta
Essig et al*® revealed no significant differences for similar injected
doses of Gadavist and MultiHance (identical signal intensity/time
curves obtained for single-dose examinations with both GBCAs).
These findings suggest that bolus dispersion (ie, physiologic wid-
ening [dilution] of the contrast bolus during the first pass through
the lungs and heart) leads to normalization of the resulting bolus
shape to a point where the local intravascular concentration of Gd
is similar for injections of equal total dose. Dilution of the con-
trast bolus in this manner appears to obviate any benefit of

higher Gd concentration at the short injection times (typically

<5 seconds) required for perfusion imaging.** In this case, the
susceptibility perfusion effect is determined primarily by the
administered GBCA dose, rather than by administered GBCA
molarity.*® There is support for this possibility in a study by
van Osch et al,®° which reported the altered results of perfusion
measurements obtained when varying parameters, including
injection rate, injection volume, and injection time, even when
using the same total Gd dose.

Contrast-Enhanced MR Angiography

When injected under comparable conditions (ie, with identical
bolus geometry), the greater rI-relaxivity of MultiHance has been
shown to be beneficial for CE-MRA of the supra-aortic arteries,
giving superior quantitative and qualitative enhancement when
administered at an equivalent dose to Magnevist®' and equivalent
enhancement and diagnostic performance, when a single dose of
MultiHance is compared with a double dose of Magnevist.”®
These findings in the supra-aortic arteries are supported by the
findings of numerous intraindividual crossover studies in other
vascular territories.®' "

It is reasonable to conclude that increased GBCA concentra-
tion (as seen in Gadavist) and significant increases in r1-relaxivi-
ties (to the magnitude seen with MultiHance) would each be ben-
eficial for increased vascular signal intensity for CE-MRA, though
the benefit obtained from higher concentrations may be accom-
panied by a concomitant shortening of the optimal image-acqui-
sition timing window when both agents are injected at similar
rates. Attempting to increase the likelihood of successfully match-
ing the timing window of the lowest order phase-encoding steps
with the first passage of the contrast agent by slower injection rates
or by dilution of the administered agent may help offset any such
timing problems but may simultaneously serve to negate any po-
tential benefit that the higher concentration agent might have
introduced.

CONCLUSIONS

The use of GBCAs in neurorardiologic applications has revolu-
tionized the field since their introduction 25 years ago. Clinical
applications in steady-state parenchymal imaging, MR angiogra-
phy, and perfusion are developing rapidly. Radiologists should be
aware in detail of the characteristics of the various agents includ-
ing relaxivity, concentration, and chelate stability along with how
these affect diagnostic efficacy and patient safety. In this review,
we have attempted to present these in a manner that will, hope-
fully, enable the physician user to optimize agent selection and
imaging parameters to achieve the best results for any given clin-
ical situation.
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