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Rationale and objectives: Previous studies on possible accumulation of gadolinium-based contrast
agents (GBCA) in the brain suggest that macrocyclic GBCA are less likely to accumulate than linear
GBCA. However, conflicting results have been reported, especially in MS. The aim of this study is to
investigate retrospectively the correlation between gadoterate-meglumine (macrocyclic GBCA) use and
T1 signal intensity changes (SI) in the dentate nucleus and the GP on unenhanced T1-weighted images
in a large cohort of MS patients.

Materials and methods: Unenhanced T1-weighted images of 232 MS patients who previously received
multiple intravenous administrations of 0.1 mmol/kg of gadoterate-meglumine were reviewed. The
change in T1 SI ratios of dentate nucleus/central pons (DN/CP) and globus pallidus/centrum semiovale
(GP/CSO) was calculated between the first and last MRIs and correlated with age, number of injections,
time interval between MRIs, disease duration, activity, and therapy.

Results: DN/CP ratio showed no significant changes whereas the GP/CSO ratio showed a significant
decrease (p < 0.0001) between the first and last MRIs. Multivariable analyses of both ratios, controlling
for age, disease duration, and time interval between MRIs, showed no significant correlation between
the number of gadolinium injections and the differences in DN/CP (standardized beta = ¡0.018,
p = 0.811) or GP/CSO SI ratios (standardized beta = ¡0.049, p = 0.499).

Conclusion: Repeated administration of gadoterate-meglumine in MS patients did not result in
increased T1 SI in the DN or the GP. The significant decrease of GP/CSO ratio between the first and last
MRIs is not due to gadolinium accumulation but rather to varying MR parameters.

Key Words:Multiple sclerosis; Macrocyclic gadolinium-based contrast agents; Gadoterate-meglumine;
Dentate nuclei; Globus pallidus.
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SD
standard deviation

SI
signal intensity
INTRODUCTION
M RI is one of the safest, noninvasive and highly
informative diagnostic imaging modalities. Cou-
pled with gadolinium-based contrast agents

(GBCAs), MRI assesses variable brain pathologies and pro-
vides clinical information that are often undetectable on
unenhanced MRI. Nonetheless, GBCAs administration
safety, in terms of brain deposition and secondary neurotox-
icity, has been one of the most debatable topics, ever since
the first report of increased signal intensities (SI) in the den-
tate nucleus (DN) and globus pallidus (GP) (1). To our
knowledge, besides the issues reported by Semelka et al. that
lack scientific evidence (2), there have been no observed
adverse clinical symptoms associated with gadolinium tissue
deposition and the clinical impact remains unclear.
The free gadolinium ions are highly toxic and thereby

require chelation to a ligand to remain stable in the human
body. Based on the chemical structure of the ligand, GBCA
can be either linear or macrocyclic (3). The difference
between both ligands is the structural stability of the gadolin-
ium chelate. The tighter the gadolinium ion is bound to the
chelating molecule, the less likely it is to dissociate from it.
However, when dissociated before elimination, the released
gadolinium ion could be picked up by a variety of anions and
cation-binding proteins circulating in the blood and depos-
ited in certain regions of the brain (4). Gadolinium deposition
was shown to increase T1 SI in the DN and GP. This was sig-
nificantly associated with linear rather than macrocyclic
GBCAs (1,5�12). The macrocyclic ligand structure cages the
gadolinium ion in a preorganized cavity rendering its dissoci-
ation rate slower than the linear ligands, thus making it more
stable in the human body, most likely to be excreted intact,
and less likely to be deposited (3,13).
Multiple sclerosis (MS) is a chronic inflammatory demyelinat-

ing disease of the central nervous system. It is the most common
cause of nontraumatic neurologic disability in young adults (14).
GBCAs will improve the accuracy of MRI in staging MS disease
activity by differentiating enhanced active from unenhanced
nonactive lesions (15). Any abnormal enhancement in the brain
parenchyma would therefore reflect a disrupted brain blood bar-
rier (16). This sensitivity implies that MS patients are subjected
to, at least, yearly contrast-enhanced MRI evaluation, thereby
increasing the possibility of gadolinium deposition. Several stud-
ies already assessed the effect of GBCAs in MS patients. How-
ever, most had many limitations i.e. small sample size, and
heterogeneity of study samples, which lead to conflicting results.
Indeed, findings of increased SI after serial administrations of lin-
ear (17) and macrocyclic GBCAs (18) were reported in the DN
and GP of MS patients. In contrast, Eisele et al. showed no
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intensity increase in the DN after repeated administration of a
macrocyclic GBCA (Dotarem) in MS patients (19).

The paucity of research and evidence-based conclusions on
this topic showed a need for further investigations. Since our
institution is a major referral center for MS patients, in Leba-
non and Arab countries, we proposed to do a retrospective
study of our patients, assessing the effect of gadoterate-
meglumine (Dotarem) on T1 SI change in the DN and GP
of MS patients.
MATERIALS AND METHODS

Subjects

In this retrospective study, 250 adult patients diagnosed with
clinically definite MS according to the 2010 McDonald's cri-
teria (20) were enrolled from our institution‘s longitudinal
cohort database. Patients were included if they had at least
two brain MRI studies performed (first MRI referred to as
MRI1 and last available MRI referred to as MRI2 in this
study) between 2009 and 2017. Exclusion criteria included a
history of intravenous steroids or MS relapse within the past
4 weeks prior to MRI, pregnancy, history of dementia or
other neurodegenerative diseases, neuromyelitis optica, or
poor MR image quality. Clinical and demographic variables
included age, gender, disease duration, disease course (relaps-
ing-remitting vs progressive MS), number of attacks and ste-
roids courses until MRI1 and between MRI1 and MRI2,
MS treatments, number of new gadolinium-enhancing and
nonenhancing lesions between MRI1 and MRI2, number of
gadolinium injections prior to MRI1 (including nonbrain
MRI), number of gadolinium injections between MRI1 and
MRI2 (including nonbrain MRI), interval between MRI1
and MRI2 in months. Patients were divided into two sub-
groups: patients without gadolinium injections prior to
MRI1 (Gd¡) and patients with one or more gadolinium
injections (Gd+) at other centers (of unknown GBCA struc-
ture) prior to MRI1 at our institution. This retrospective
study was approved by the Institutional Review Board of our
institution that waived the requirement to obtain informed
consent from patients.
Acquisition

All patients had both their MRIs performed between October-
2008 and April-2017. MRI acquisitions were performed on a
3T Philips Ingenia System (Philips Healthcare, Best, The Neth-
erlands) using a 16-channel head coil. MRI protocol consisted
of: 2D gradient-echo (GE) axial T1-weighted (TR/TE: 260/
204ms; Flip angle 80°; slice thickness 3 mm); 3D sagittal
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T1-weighted with and without gadolinium injection
(0.1 mmol/kg of gadoterate-meglumine) (TR/TE: 8.3/3.8 ms;
Flip-angle 8°; slice thickness: 1 mm); 3DFLAIR (TR/TE/TI:
4800/302/1650 ms; slice thickness: 0.97�1.1 mm). For the
purposes of this study, only unenhanced T1-weighted (2D or
3D depending on the availability) and 3DFLAIR images were
used. The MRI protocol for MS patients in our center has been
updated to include 3D T1-weighted images instead of 2D
images in 2016. Thus, most MRI1 were acquired with a 2D
GE T1 and all MRI2 were acquired using 3D T1. Only 18
patients had both MRI1 and MRI2 acquired with 3D T1.
Figure 2. Regions of interest used for the extraction of the dentate
nuclei (DN), globus pallidus (GP), central pons (CP), and centrum semio-
vale (CSO) signal intensities. (Color version of figure is available online.)
Image Analysis

A quality control step was first performed by an experienced
operator with more than 10 years of experience on all MRIs
to rule out and exclude any images with major artifacts that
could implicate an error during the manual and automatic
segmentation processing steps. Of the 250 MS patients, 18
were excluded due to movement or susceptibility artifacts in
at least one of their MRIs that rendered the images unfit for
processing.

Quantitative analysis was performed on a total of 464
unenhanced-T1 images (232 patients, 2 MRIs for each
patient, MRI1 and MRI2). Image processing started with
applying a bias field correction on all T1 images using the
N4-algorithm in 3DSlicer (https://www.slicer.org/), fol-
lowed by a whole-brain extraction using the Brain Extraction
Tool of the FMRIB Software Library (FSL5.0) (21). The
resulting images were nonlinearly registered to the MNI152
space using Nifty-Reg (https://cmiclab.cs.ucl.ac.uk/mmo
dat/niftyreg/). Once registered, an average T1 image of our
cohort was created to serve as reference for the histogram
matching step performed using 3DSlicer (Fig. 1). This final
step will correct the variations in scanner sensitivity due to
differences in scanner performance thereby reducing the var-
iations in WM intensities.

ROI in the DN, central pons (CP), GP, and centrum semi-
ovale (CSO) were manually delineated by an experienced
operator with more than 10 years of experience. Delineation
was carried out on FLAIR images of ten randomly selected
patients with various stages of the disease. DN and GP hypoin-
tense signal on FLAIR makes them easier to delineate when
Figure 1. Processing pipeline for the measurement of the DN/CP and
dentate nucleus; GP, globus pallidus. (Color version of figure is available o
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compared to T1 images. Delineation was performed on both
left and right hemispheres. Only the central part of the ROIs
was delineated to avoid any contamination from partial vol-
ume effects with the surrounding tissue. FLAIR images and
the corresponding masks were then nonlinearly registered to
the MNI space. ROIs were next merged, averaged and then
eroded to cover only the central part of each structure, thereby
excluding any voxels that could introduce bias to the signal
quantification due to partial-volume effects. The resulting
masks were finally applied on all unenhanced-T1 images to
extract the intensity values within each ROI (Fig. 2). Manual
delineation being time-consuming, we segmented the ROIs
on ten patients since only the central section of the ROIs was
used. There was therefore, no need to be very thorough in the
delineation.

Prior to value extraction, FLAIR images of all patients
were checked for any lesion occurrence at the ROI locations.
In case of a lesion occurrence, ROIs were adjusted and placed
away from any lesion visible on T1 images. Out of the 464
MRIs, 69 DN, 60 CP, 45 GP, and 91 CSO had lesions that
were corrected. Furthermore, unenhanced-T1 images of
both first and last MRIs were reviewed by two experienced
the GP/CSO ratios. CP, central pons; CSO, centrum semiovale; DN,
nline.)
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TABLE 1. MS Patients Demographics

Characteristics Mean § Standard
Deviation

Min�Max

Age (years) 33.17§11.63 11�75
Disease duration (months) 104.40§90.73 1�519
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neuroradiologist (with more than 10 and 20 years of experi-
ence) for any visually apparent hyperintense signal in the DN
and/or GP as well as calcifications or lesions within these
structures. The inspecting neuroradiologist was blinded to
the number of gadolinium injections received between
MRI1 and MRI2.
Time interval between MRI1
and MRI2 (months)

36.48§27.78 1�101

Attacks between MRI1
and MRI2

0.56§1.06 0�6

Gadolinium injections
before MRI1

2.03§3.29 0�18

Gadolinium injections between
MRI1 and MRI2

3.09§2.87 0�23

New lesions between
MRI1 and MRI2

1.86§3.69 0�32

Enhancing lesions until MRI2 1.91§3.41 0�25
Steroid courses between
MRI1 and MRI2

0.88§1.75 0�13

Steroid courses before MRI1 1.39§3.57 0�49
Statistics

Statistical analysis was performed using the Statistical Package
for Social Sciences software (IBM Corp. IBM SPSS Statistics
for Windows, Version 25 Armonk, NY: IBM Corp.). The
normality of distributions was evaluated through the Shapiro-
Wilk test. A two-sided p value of less than 0.05 was considered
significant. Mean (SD) and counts (proportions) were reported
for the clinical and demographic variables, including the num-
ber of gadolinium injections before and between the included
MRIs. DN/CP and GP/CSO SI ratios were calculated for
each of MRI1 and MRI2, as well as the difference in the SI
ratio between both MRIs.
DN/CP and GP/CSO SI changes were explored between

MRI1 and MRI2 as continuous variables, using paired sam-
ples t tests or the nonparametric Wilcoxon Signed ranks test,
as appropriate. One-way ANOVA was used to evaluate if the
extent of the difference in SI ratios from MRI1 to MRI2 was
unequal between specific subgroups of patients. Linear mixed
effects models were performed with random intercept and
slope, examining the effect of cumulative gadolinium expo-
sure on MRI signal intensity ratio as outcomes (DN/CP
ratio, GP/CSO ratio), controlling for, age, disease duration,
and interval between first and last MRI. Other covariates
were explored as well, including: sex, number of previous
gadolinium injections, number of steroids between first and
last MRI, number or gadolinium enhancing lesions between
the first and last MRI, number of attacks between first and
last MRI. Furthermore, given the possibility of exposure to
unknown types of GBCA among patients who underwent
gadolinium injections at other centers prior to MRI1, we
repeated the analyses controlling for age, disease-duration,
and time interval between the MRIs, among the subgroup of
patients with no history of gadolinium exposure until MRI1,
and another subgroup with one or more doses of gadolinium
received prior to MRI1. Similarly, these sensitivity analyses
were done on the subgroup of patients with RRMS as well
as those with progressive MS.
RESULTS

In this study, 232 (209 relapsing-remitting MS and 23 pro-
gressive MS) patients were included, with a mean (SD) age of
33.2 (11.6) years and mean (SD) disease duration of 104.4
(90.7) months. The mean (SD) interval between MRI1 and
MRI2 was 36.5 (27.8) months. One hundred and seven
(46.1%) patients had no gadolinium injections prior to MRI1
(Gd¡), while 125 (53.9%) received at least one gadolinium
Downloaded for Anonymous User (n/a) at American University o
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injection (Gd+) at other centers (of unknown GBCA struc-
ture) prior to MRI1 at our institution. Clinical and demo-
graphic characteristics of the studied patients are shown in
Table 1.

There was no significant change in the DN/CP SI ratios
between MRI1 and MRI2. Howe`ver, there was a statisti-
cally significant decrease in GP/CSO ratios between MRI1
and MRI2 (Table 2, Supplementary Table 1), with no differ-
ences in the extent of decrease in the SI ratios between Gd¡
and Gd+ patients.

Using a mixed effects model to control for age, disease
duration, and time interval between the first and last MRI,
there was no association between number of gadolinium
injections and the DN/CP ratio (coefficient =¡3.08, 95%
confidence interval: ¡0.073 to 0.73, p = 0.933) or the GP/
CSO ratio (coefficient = 0.0003; 95% confidence interval:
¡36.03 to 36.04; p = 1.0) over time (Fig. 3).

Time interval between MRI1 and MRI2 was the only sta-
tistically significant variable (standardized beta = ¡0.296,
p < 0.0001) that was associated with the decrease in GP/
CSO ratios between MRI1 and MRI2. Since the drop in
GP/CSO ratio was not explained by age, disease-duration, or
number of gadolinium injections between MRIs, but rather
by the interval between MRIs, sensitivity analyses were per-
formed including only patients who had 3D MRIs at both
MRI1 and MRI2. This was done to determine if the change
in GP/CSO ratio was related to technical differences
between 2D and 3D MRI acquisitions. Eighteen patients
were available for this subgroup analysis, showing no changes
between MRI1 and MRI2 for either DN/CP
(MRI1 = 0.9994§0.0129 vs MRI2 = 0.9979§0.0136;
p = 0.407) or GP/CSO (MRI1 = 0.9868§0.0098 vs
MRI2 = 0.9826§0.0149; p = 0.144) ratios.
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TABLE 2. Paired-Samples Differences in DN/CP and GP/CSO Ratios Between MRI1 and MRI2

Ratio N MRI1 MRI2 MRI2-MRI1 p Value1

DN/CP 232MS 0.9988§0.0100 0.9974§0.0100 ¡0.0014§0.0118 0.083
107Gd¡ 0.9981§0.1151 0.9969§0.0103 ¡0.0012§0.0124 0.301
125Gd+ 0.9993§0.0086 0.9979§0.0097 ¡0.0015§0.0114 0.158

GP/CSO 232MS 0.9990§0.0089 0.9865§0.0131 ¡0.0125§0.0127 p < 0.0001
107Gd¡ 0.9992§0.0078 0.9851§0.0119 ¡0.0142§0.0111 p < 0.0001
125Gd+ 0.9987§0.0096 0.9877§0.0139 ¡0.0110§01362 p < 0.0001

CP, central pons; CSO, centrum semiovale; DN, dentate nucleus; GP, globus pallidus; Gd¡, patients without gadolinium injections prior to
MRI1; Gd+, patients with one or more suspected gadolinium injections prior to MRI1; N, patients number.

1 Paired-samples t test.
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Upon visual inspection, an increased SI on MRI2 com-
pared to MRI1 was reported in the DN of 17 patients (7.3%)
and in the GP of 4 patients (1.7%).

The presence/absence of a hyperintense signal detected upon
visual inspection, as well as the numbers of gadolinium injections
before MRI1, new lesions and steroid courses between MRI1
and MRI2, enhancing lesions until MRI2, and steroid courses
before MRI1, showed no statistically significant relationship
with the differences in SI ratios in the regression analyses.

The quantitative changes in SI ratios between MRI1 and
MRI2 were also explored among patients based on their clini-
cal MS course, whereby no statistically significant changes
were observed in any of DN/CP (209 relapsing-remitting MS:
MRI1 = 0.9984 § 0.0098 vs MRI2 = 0.9973 § 0.0101; 23
progressive MS: MRI1 = 1.0021 § 0.0113 vs MRI2 = 0.9980
§ 0.0086) and GP/CSO ratios (209 relapsing-remitting MS:
MRI1 = 0.9989 § 0.0088 vs MRI2 = 0.9862 § 0.0127; 23
progressive MS: MRI1 = 0.9995 § 0.0089 vs MRI2 = 0.9891
§ 0.0160) in each clinical form.
DISCUSSION

Our retrospective observational study showed no significant SI
increases within the DN and GP on unenhanced T1 images in
Figure 3. Signal intensity ratios of DN/CP (A) and GP/CSO (B)
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MS patients, following multiple injections of the macrocyclic
GBCA, gadoterate-meglumine (Dotarem). The relatively large
sample of patients included in this study added power to our
conclusion that was in accordance with previous reports
(5,7,9,19). Although there was a significant decrease of GP/
CSO ratio, neither related to GBCA administrations before
MRI1, nor to the total cumulative dose, we noted that this result
was mostly influenced by the MRI acquisition type (2D or 3D).

Our study showed no increased SI in the DN or GP of MS
patients even when controlling for age (taking into account
the increased T1 signal in the basal ganglia secondary to age-
related calcifications), disease-duration, the mean interval
between MRI scans, and the mean number of gadoterate-
meglumine injections. This finding is consistent with previous
studies reporting no SI increase in the DN and GP even with
increased cumulative doses of macrocyclic GBCA and time
(7�10,19,22�25). Stojanov et al. reported increased T1 SI in
the DN following macrocyclic GBCA (gadobutrol) adminis-
tration in MS patients (26). However, this study had a number
of confounders that could have influenced the results (27).

Interestingly we found a significant decrease of GP/CSO ratio
over time at the bivariate level. However, multivariate analysis
showed that this decrease was not associated with the number of
GBCA administrations, nor age, nor disease-duration, but rather
in function of the number of gadolinium injections exposure.
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with the time interval between MRIs. A sensitivity analysis was
therefore required to determine whether this change was related
to technical differences between 2D and 3D MRI acquisitions.
Indeed, when analyzing patients with only 3DT1 sequences at
MRI1 andMRI2, GP/CSO ratio changes were no longer signif-
icant (p=0.144). Hence, acquisition type (2D vs 3D) plays a
major role in data processing. On one hand, 2D TSE and/or gra-
dient-echo sequences have excellent tissue contrast and high in-
plane spatial resolution but are affected by the relatively thick
slices. On the other hand, 3D images can reduce these negative
effects through fast acquisitions, thin continuous slices, and isotro-
pic voxels that enable a multiplanar reconstruction (28). The
main difference observed between GE 2D and 3D imaging is the
signal-to-noise ratio, which is determined by the voxel size and
detection volume, the pulse sequence, and the field strength.
Thus, the observed differences could be the resultant of slice
thickness and voxel resolution differences. Additionally, a recent
study by Moser et al. (12) also showed an unexpected significant
decrease of DN/CP ratio between the initial and last MRIs.
Authors attributed this result to clearance of previously deposited
GBCA from prior unknown administration before the date of
the initial MRI (“gadolinium holiday” theory). However, this
theory does not apply to our study, since the analysis of both
Gd¡ (N= 107) and Gd+ (N=125) patients showed no signifi-
cant difference in the extent of decrease in GP/CSO ratios
between the two groups.
DN hyperintensities have also been reported in secondary pro-

gressive MS patients (29). In order to mitigate the confounding
effect of MS subtypes, we statistically analyzed our MS patients
based on their clinical course. No significant intensity increases
were detected neither within the 209 relapsing-remitting MS
patients nor the 23 progressive MS patients. Moreover, visual
checking of T1 SI in progressive MS patients also confirmed the
quantitative results by highlighting the lack of any hyperintensities
in the DN or GP. In contrast to the report by Roccatagliata
et al., we did not find an association between DN hyperintensity
and secondary-progressive MS subtype, number of new or
enhancing lesions, or steroid treatment, thus raising the possibility
that the reported association may have been driven by the type of
GBCAs (linear or macrocyclic) or the number of gadolinium
administrations (29).
The anatomic locations that seem to retain and accumulate

the greatest amount of gadolinium on pathologic examina-
tions are the DN and GP. We selected the CP and CSO as
reference regions for the DN and GP respectively. Both
regions are less affected by image artifacts and easier to repro-
duce and correct in case of lesion occurrence (7,17). Previous
studies used the thalamus as a reference for the GP (31).
However, the thalamus may be affected by demyelinating
lesions and antero-retrograde degeneration in MS that could
make it a possible confounder (32).
The small percentage of residual gadolinium, if dissociated in

vivo, has a long biologic residence time. Thus, it might have the
potential to lead to chronic toxic effects. Acute toxic effects may
Downloaded for Anonymous User (n/a) at American University o
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be caused by the ability of gadolinium to interfere with
calcium-mediated cellular processes through the modulation of
the immune system via induction of cytokine expression and
inhibition of the mononuclear phagocyte system. Unlike the
known acute toxicities of gadolinium and GBCAs, there is less
evidence of chronic GBCA-mediated toxicities after intrave-
nous administration. However, although gadolinium retention
is lower in the brain than in bones or skin, there are concerns
about metal toxicity in the brain and developing organs (30).

Our study had several limitations that could have impacted our
results. The retrospective nature of our study is a limitation.
Another limitation is the long interval over which the MRIs
were obtained that impacted the choice of acquisition type
(2D vs 3D). Nonetheless, Ramalho et al. reported no significant
differences between 2D and 3D sequences (33). Image resolution
difference was another limitation, since 2D images had greater
slice thickness compared to 3D images. Indeed, voxel size and
therefore the resolution depend on the matrix size, the field-of-
view, and the slice thickness. However, biases related to partial
volume effects and region-delineation errors were avoided by
normalizing all images to the MNI space and using a single ROI
for all patients. Almost half of our cohort (Gd+= 125) had
received at least one or more gadolinium injections of unknown
structure outside of our institution. This could be considered as a
major limitation especially since the structure of the injected agent
(linear or macrocyclic) could not be accounted for. However,
since the analysis of these patients showed no significant differen-
ces in either the DN/CP or the GP/CSO ratios, this limitation
could be considered negligible. The ROI delineation on the
FLAIR images of ten randomly selected patients with various
stages of the disease could be questionable in view of the anatom-
ical variations. However, since all the patients’ T1 images as well
as the manually delineated ROIs were nonlinearly registered to
the same MNI152 standard space, the bias introduced by the
anatomy alterations between patients is greatly reduced.

The long-term impact of gadolinium deposition on public
safety in the brain remains unknown. Our paper along with pre-
vious reports reported no signal intensity increases using the
macrocyclic GBCAs gadoterate-meglumine (contrarily to linear
GBCAs). Future studies should continue to investigate histo-
pathological gadolinium deposition on autopsy specimen using
more sensitive techniques like inductively coupled plasma mass
spectrometry introduced by McDonald et al. (6) that can detect
small amounts of accumulated macrocyclic gadolinium in the
brain not detectable by MRI. According to the “NIH perspec-
tive on reports of gadolinium deposition in the brain,” it appears
prudent at this time to use macrocyclic agents for their favorable
safety profile, higher in vitro and in vivo stability and longer dis-
sociation half-lives, and a low risk of potential long-term deposi-
tion within normal tissue (34). NIH also recommended the use
of GBCASs only when clinically indicated (use of macrocyclic
rather than linear agent) or when specified in an institutional
Review Board approved protocol. Additionally, MRI protocols
should always consider FDA label indications and dosing
e289
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schemes for administration of GBCAs. Finally, a research road-
map is crucial and needed to improve our understanding of gad-
olinium retention and its clinical importance (30,35).
CONCLUSION

In conclusion, we found no increased T1 SI in the dentate
nuclei and globus pallidus regions susceptible to gadolinium
deposition after multiple administrations of the macrocyclic
GBCA gadoterate-meglumine.
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