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ORIGINAL RESEARCH
ADULT BRAIN

Gadolinium Retention in the Brain: An MRI Relaxometry Study
of Linear and Macrocyclic Gadolinium-Based Contrast Agents
in Multiple Sclerosis

Y. Forslin, ©J. Martola, ©A. Bergendal, ©s. Fredrikson, “MK. Wiberg, and ©'T. Granberg

ABSTRACT

BACKGROUND AND PURPOSE: Brain gadolinium retention is consistently reported for linear gadolinium-based contrast agents, while
the results for macrocyclics are contradictory and potential clinical manifestations remain controversial. Furthermore, most previous
studies are based on conventional TI-weighted MR imaging. We therefore aimed to quantitatively investigate longitudinal and transversal
relaxation in the brain in relation to previous gadolinium-based contrast agent administration and explore associations with disability in
multiple sclerosis.

MATERIALS AND METHODS: Eighty-five patients with MS and 21 healthy controls underwent longitudinal and transverse relaxation rate
(R, and R,) relaxometry. Patients were divided into linear, mixed, and macrocyclic groups based on previous gadolinium-based contrast
agent administration. Neuropsychological testing was performed in 53 patients. The dentate nucleus, globus pallidus, caudate nucleus, and
thalamus were manually segmented. Repeatability measures were also performed.

RESULTS: The relaxometry was robust (2.0% scan-rescan difference) and detected higher R, (dentate nucleus, globus pallidus, caudate
nucleus, thalamus) and R, (globus pallidus, caudate nucleus) in patients receiving linear gadolinium-based contrast agents compared with
controls. The number of linear gadolinium-based contrast agent administrations was associated with higher R, and R, in all regions (except
R, in the thalamus). No similar differences and associations were found for the macrocyclic group. Higher relaxation was associated with
lower information-processing speed (dentate nucleus, thalamus) and verbal fluency (caudate nucleus, thalamus). No associations were
found with physical disability or fatigue.

CONCLUSIONS: Previous linear, but not macrocyclic, gadolinium-based contrast agent administration is associated with higher relaxation
rates in a dose-dependent manner. Higher relaxation in some regions is associated with cognitive impairment but not physical disability or
fatigue in MS. The findings should be interpreted with care but encourage studies into gadolinium retention and cognition.

ABBREVIATIONS: CN = caudate nucleus; DN = dentate nucleus; EDSS = Expanded Disability Status Scale; GBCA = gadolinium-based contrast agent; GP = globus
pallidus; R, = longitudinal relaxation rate; R, = transverse relaxation rate; SDMT = Symbol Digit Modalities Test

rain gadolinium retention after administration of gadolinium-
based contrast agents (GBCAs) has been demonstrated,
mainly for linear GBCAs in the dentate nucleus (DN) and globus
pallidus (GP), by several studies since the initial report in 2014."
Studies of macrocyclic GBCAs, however, remain contradictory,
with several studies showing no lasting T1 hyperintensities,”™

Received March 19, 2019; accepted after revision May 20.

From the Department of Clinical Neuroscience (Y .F. JM. AB., SF, MKW, T.G),
Karolinska Institutet, Stockholm, Sweden; Departments of Radiology (Y.F., M.,
M.K.W., T.G.) and Neurology (S.F.), Karolinska University Hospital, Stockholm, Swe-
den; and Department of Medical and Health Sciences (M.K.W.), Division of Radio-
logical Sciences, Linkdping University, Linképing, Sweden.

This research was supported by Karolinska Institutet and the Stockholm County
Council through an ALF grant.

Please address correspondence to Yngve Forslin, MD, Department of Radiology,
Cl1-46, Karolinska University Hospital, 141 86 Stockholm, Sweden; e-mail: yngve-
forslin@ki.se

while a few retrospective studies had positive findings,”” though
there has been criticism regarding some of these results.® Animal
studies have, however, found brain gadolinium retention after
multiple administrations of macrocyclic GBCAs, though to a
lesser extent than for linear GBCAs.” This finding suggests that
detecting T1 alterations after macrocyclic GBCAs may require
more sensitive methods than conventional MR imaging. Further-
more, the semiquantitative approach of signal intensity ratios
based on T1-weighted imaging may also be flawed by the need for
scaling the arbitrary signal intensities with a reference region. His-
topathologic studies have shown that gadolinium retention is
widespread and also occurs in brain regions that are often used as
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Table 1: Demographics of the study population and the number of GBCA administrations

Healthy
Controls Linear MS Group Mixed MS Group Macrocyclic MS Group
Participants (No.) 21 T 59 15
Male/female ratio 10:M 38 18:41 41
Age (mean) (yr) 359 +13.8 51.0 +10.7 438103 374 =137
MS duration (mean) (yr) NA 19.8 +93 129 £ 81 51+ 6.0
MS subtype, RR/SP/PP NA 5/6/0 39/17/3 14/1/0
EDSS score (median) (range) NA 25(0-6yn=1 2(08.5);n =54 2(45n=13
SDMT score (median) (range) NA —0.19 (—147-0.84;n =5  —11(—3.9-14);n = 36 =13 (—4.3-051;n =12
Verbal fluency test score (median) (range) NA 0.74 (—1.82-36);n =4  —024(—247-217);n=17 —132(—294-04);n =6
MS lesion volume (median = interquartile NA 51£10.1 31192 24+42
range) (mL)
Brain parenchymal fraction (%) 88.0 24 79.6 =49 827 £59 84.6 =50
Linear GBCA administrations (No.) (median) 0 (1-7) 4 (1-19) 0(0)
(range)
Macrocyclic GBCA administrations (No.) 0 0 2 (1-4) 3(1-6)
(median) (range)
Time since last GBCA administration NA 52 (24-172) 12 (3-91) 7 (3-14)

(median) (range) (mo)

Note:—PP indicates primary-progressive; RR, relapsing-remitting; SP, secondary-progressive; NA, not applicable.

#Numbers are given as means unless otherwise specified.

areference, such as the thalami.” Relaxometry provides the means
to study gadolinium retention quantitatively without the need for
areference region, but so far, there are only a few T1-relaxometry
studies in the context of gadolinium retention,'>'" and no T2-
relaxometry studies. While chelated GBCAs lead to a shortening
of T1, they also cause a shortening of T2."*

The clinical significance of the retained gadolinium is debated,
but medical authorities have used the precaution of moderating
the use of mainly the linear GBCAs.'>'* A large retrospective
study of patients undergoing contrast-enhanced MR imaging
without a neurologic indication did not find any increased inci-
dence of Parkinsonism in the exposed patients.'”> Furthermore, a
preliminary report from an aging cohort did not show any cogni-
tive decline or worsened motor performance in those who were
exposed to GBCAs during the study.'® However, in a small retro-
spective long-term follow-up study in multiple sclerosis, there
were associations between T1 signal intensity ratio increases and
impaired cognitive function, prompting further studies on the
subject.'”

We aimed to apply a new robust method for simultaneous T1
and T2 relaxometry in a prospective cohort of patients with MS
and healthy controls to investigate associations between both
longitudinal and transverse relaxation rates in the DN, GP,
caudate nucleus (CN), and thalamus with exposure to linear
and macrocyclic GBCAs. We also aimed to study possible as-
sociations between longitudinal and transverse relaxation rate
(R, and R,) values and cognitive and physical disability scores
in MS.

MATERIALS AND METHODS

Study Population

This prospective cross-sectional cohort study was approved by the
local ethics review board, and written informed consent was ob-
tained from all participants. We consecutively recruited patients
with MS referred for brain MR imaging between January and June
2015 at Karolinska University Hospital in Huddinge, Stockholm,
Sweden. The only inclusion criterion was an MS diagnosis accord-
ing to the concurrent 2010 McDonald criteria for patients. Exclu-
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sion criteria were neurologic diseases (other than MS for pa-
tients), traumatic brain injury, or imaging artifacts. Additionally,
23 age- and sex-matched healthy controls without exposure to
GBCAs were recruited. In total, 88 patients with MS consented to
participate, but 2 were excluded due to previous brain trauma and
1 due to movement artifacts. Among the controls, 2 were excluded
due to widespread white matter hyperintensities and a cerebellar
cardiovascular lesion in 1 of the 2 excluded controls. In total, 85
patients with MS and 21 healthy controls were found eligible and
were enrolled in the study. The demographics of the study popu-
lation is detailed in Table 1.

The 85 patients with MS were divided into 3 groups depending
on which type of GBCA they had received. The linear group con-
sisted of 11 patients who had previously received only linear
GBCAs, nonionic gadodiamide (Omniscan; GE Healthcare, Pis-
cataway, New Jersey), and/or linear ionic gadopentetate dimeglu-
mine (Magnevist; Bayer HealthCare Pharmaceuticals, Wayne,
New Jersey). The mixed group consisted of 59 patients who had
received linear nonionic gadodiamide (Omniscan) and/or linear
ionic gadopentetate dimeglumine (Magnevist) as well as macro-
cyclic gadoterate meglumine (Dotarem; Guerbet, Aulnay-sous-
Bois, France). The macrocyclic group consisted of 15 patients who
had received only gadoterate meglumine (Dotarem). None of the
21 healthy controls had received any GBCAs.

To evaluate the repeatability of the relaxometry MR imaging
scans, 14 patients with MS and 17 healthy controls also underwent
asecond MR imaging acquisition with repositioning immediately
after the first scan. The demographics of the repeatability cohort is
presented in On-line Table 1.

Image Acquisition

All imaging was performed on the same 3T Magnetom Trio MR
imaging scanner (Siemens, Erlangen, Germany) with a 12-chan-
nel head coil. In addition to the national Swedish brain MR im-
aging protocol for MS,'® a quantitative MR imaging sequence for
simultaneous T1 and T2 relaxometry was applied without admin-
istration of any GBCA. The quantitative sequence consisted of a
saturation-recovery TSE sequence with 2 TEs and 4 TRs, for



which the acquisition order was changed with each repetition,
resulting in 4 different TIs. Both the phase and magnitude data
were saved, providing a total of 16 images per voxel. A least
squares fit was applied to the data to obtain the R, and R, (R, = 1/
T1 and R, = 1/ T2, with a unit of second ") in the SyMRI soft-
ware 11.0 Beta 4 for Mac (Synthetic MR, Linképing, Sweden).'”
The technique has been validated as having good accuracy for T1
and T2 quantifications.”® The quantitative maps were also used to
synthesize T1- and T2-weighted images on the basis of the default
settings in the same software. SyMRI was further used to measure
the brain parenchymal fraction (brain parenchymal volume nor-
malized to the intracranial volume) as a measure of brain atrophy,
which has been shown to be a robust atrophy measure in MS.>**
For the patients with MS, the lesion-probability algorithm in the
Lesion Segmentation Toolbox 2.0.12 (Technische Universitit
Miinchen, Munich, Germany) for SPM12 (http://www.fil.ion.u-
cl.ac.uk/spm/software/spm12)>>**
ment MS lesions on the basis of a 3D-FLAIR acquisition. The
lesion masks were manually corrected by a resident in radiology

was used to automatically seg-

(T.G.) to obtain the MS lesion volumes. The MR imaging param-
eters are detailed in On-line Table 2.

Radiologic Evaluation

On the basis of previous publications,”** the DN, GP, head of
the CN, and thalamus were a priori selected as ROIs. The segmen-
tations were performed by a resident in radiology (Y.F.) in
ITK-SNAP, Version 3.4.0 (www.itksnap.org)*® on the synthetic
T1- and T2-weighted images. As exemplified in On-line Fig 1,
synthetic T2-weighted images were chosen to easily identify the
DN, and synthetic T1-weighted images, to identify the CN, GP,
and thalamus. The outer edges of the structures were not included
in the segmentations to mitigate partial volume effects. Further-
more, lesioned voxels were excluded from the ROI. On-line Fig 2
illustrates how lacunar infarcts within the caudate nucleus were
avoided. The segmentations were applied to the inherently
aligned R, and R, maps using FMRIB Software Library tools,
Version 6.0 (http://fsl.fmrib.ox.ac.uk/fs]) to extract the relaxation
values for each structure.””

Clinical Information

The radiologic and clinical charts of the patients with MS were
reviewed to obtain information on the number and type of previ-
ous GBCA administrations, MS disease duration, MS subtype,
and disease-modifying therapy. Charts were also used to extract
disability scores from the Expanded Disability Status Scale
(EDSS), Fatigue Severity Scale, Symbol Digit Modalities Test
(SDMT), and verbal fluency test. The cognitive test scores were
normalized to z scores by adjusting for age, educational level,
and sex on the basis of normative data. Only results within 6
months from the MR imaging examination were accepted for
the study.

Statistics

SPSS, Version 24.0 (IBM, Armonk, New York) was used for the
statistical analyses. Measures of the relaxation values from
the paired right and left anatomic structures were averaged. The
Shapiro-Wilk test was used to determine whether the data were

normally distributed. The R, and R, values were normally distrib-
uted, except for the R, values in the GP for the macrocyclic group
that were positively skewed. After exclusion of 1 extreme outlier
(>3 interquartile ranges of the data), normal distribution was
achieved for all relaxation values. The ordinal EDSS data were,
as expected, positively skewed, and normal distribution was
achieved after a logarithmic transformation. The scores of SDMT,
verbal fluency, and the Fatigue Severity Scale were all normally
distributed.

Group comparisons were performed with 1-way ANOVA, fol-
lowed by the Hochberg post hoc test for pair-wise comparisons
among the groups. Multiple linear regression analyses were used
to investigate associations between the number of received GBCA
administrations (independent variable) and the R, and R, values
(dependent variable). The healthy controls were included as a
baseline reference in the regression analyses for each group. To
increase the generalizability of the results, we excluded 1 patient
with a high (0.45) leverage value (who had received 19 GBCA
administrations) from the linear regression analyses.

Associations between cognitive and physical disability scores
(dependent variable) and R, and R, values (independent variable)
were evaluated with multiple linear regression. To correct for the
MS disease severity, we additionally performed these regression
analyses with the disease duration, lesion volume, and brain pa-
renchymal fraction added as covariates.

The scan-rescan repeatability was assessed by calculating the
relative change in relaxation values between the 2 measurements
by dividing the absolute difference by their mean: |Scan 1 — Scan
2|/ Mean (Scan 1 + Scan 2).

An alevel of .05 was used to determine statistical significance,
which was adjusted to .023 for the regression and ANOVA anal-
yses after correction for the false discovery rate.*®

RESULTS

Repeatability

The median scan-rescan difference of the R, and R, measure-
ments among all regions was 2.0%. The difference ranged be-
tween 0.8% and 2.1% for the DN, thalamus, and CN, while the GP
had a median difference of 4.1% and 4.2%, respectively, for the R,
and R, measurements. On-line Table 3 details the repeatability for
R, and R, in all ROIs.

Group Differences

There were overall differences in R, and R, (P < .001-.031)
among the 4 groups (linear, mixed, macrocyclic, and controls) in
all ROIs in the 1-way ANOVA, except the R, values in the DN
(P =.05) and thalamus (P = .66). The Hochberg post hoc test was
used to explore between-group differences, as further detailed in
Table 2. The R, was higher in the DN, GP, and CN in both the
linear and mixed groups compared with the healthy controls. The
R, was higher in the thalamus, and R, was higher in both the GP
and CN in the mixed group compared with the healthy controls.

Associations of GBCA Administrations with R, Values

Table 3 details all regression analysis results between the number
of GBCA administrations and relaxation rates. In the linear
group, a higher number of GBCA administrations was associated
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Table 2: Group comparisons of the relaxation rates®

Dentate Nucleus Globus Pallidus Caudate Nucleus Thalamus

R'I RZ R'I R2 R'I RZ R'I RZ
Linear 128 £0.05 1674196 131+0.05 2052*+174 096=*=003 1444=*=0.62 114=*=0.05 14.45=*0.54
Mix 129 £0.05 1659 £121 129+ 0.06 2089 *147 095*0.04 1475*0.83 115*=0.05 14.64 = 0.50
Macrocyclic 126 £ 0.04 1587 =114 127 =0.04 2050=*=1101 093+0.02 1418*074 115*£0.03 1455+ 048
Controls 123 +=0.05 1586 =0.96 124 £0.06 19.63 *124 091003 13.88*=0.50 112*0.04 14.64 =047
Linear vs controls 026 32 on® 52 .006° 28 A4 87
Mix vs controls >.001° 14 .004° .004° <.001° <.001° .020° 10
Macrocyclic vs controls 13 1.0 .55 A1 .69 .82 25 1.0
Linear vs mix 99 .99 .89 97 1.0 79 1.0 .82
Linear vs Macrocyclic .98 44 42 1.0 27 95 1.0 1.0
Mix vs macrocyclic .64 32 77 93 18 .07 1.0 .99

2 The upper 4 rows report the R, and R, values in seconds ™' as the means. The lower 6 rows report the P values for the group comparisons performed with 1-way ANOVA and

the Hochberg post hoc test.
bp<.023.

Table 3: Associations between the number of GBCA administrations and relaxation rates®

Linear Mixed Macrocyclic

Uncorrected Corrected® Uncorrected Corrected® Uncorrected Corrected®
DNR, 0.52,P = .002¢ 0.50, P = .005¢ 0.57,P <.001¢ 0.54, P <001 0.23,P =19 0.24,P =16
DNR, 0.14,P = 45 0.04,P = .83 0.30,P = .006¢ 017,P =14 0.04,P = .82 0.07,P = .64
GPR, 0.51,P = .004¢ 0.50, P = .009¢ 0.43,P < .001¢ 0.37,P = .002¢ 0.16,P = 36 0.17,P= 33
GPR, 0.28,P = 14 0.26,P =19 0.43,P < .001¢ 0.42, P < .001¢ 0.29,P = .10 0.29,P = .10
CNR, 0.41,P = .020¢ 0.33,P = .07 0.45,P < .001¢ 0.39,P = .001° 0.24,P =16 0.27,P= T
CNR, 0.21,P = 25 0.06,P =72 0.50, P < .001 0.36, P < .001¢ 0.36,P = .032 0.40, P = .006¢
Thalamus R, 023,P =21 0.24,P =22 0.39, P=.001¢ 0.41,P < .001° 0.28,P =10 027,P =12
Thalamus R, —0.2,P =26 0.15,P = 44 0P =232 0.16,P =17 0.10,P = 59 0.08,P = .65

2 All association results are given as B coefficients. The healthy controls (GBCA administrations: n = 0) are included in regression analyses for each group.

b Corrected for age.
€ Corrected for age and number of macrocyclic GBCA administrations.
dp <.023.

with a higher R, in the DN, GP, and CN. The results for the DN
and GP remained significant after correcting for the patient’s age.
In the mixed group, the number of linear GBCA administrations
was associated with higher R, in all ROIs, and the results remained
significant after correction for the patient’s age and the number of
macrocyclic GBCA administrations. In the macrocyclic group, no
significant associations were found between the number of mac-
rocyclic GBCA administrations and R . The associations of GBCA
administrations with relaxation values are shown in Fig 1.

Associations of GBCA Administrations with R, Values

In the linear group, no associations were found between the num-
ber of GBCA administrations and R,. In the mixed group, a higher
number of linear GBCA administrations was associated with
higher R, in the DN, GP, and CN. The results for the GP and CN
remained significant after correcting for the patient’s age and the
number of macrocyclic GBCA administrations. In the macrocy-
clic group, there was a trend toward higher R, in the CN, which
became significant after correction for the patient’s age. For the
other ROIs, no significant associations were found.

Associations with Cognitive and Physical Disabilities

In terms of information-processing speed (SDMT), there were
few patients with data in the linear group, explaining why only the
mixed and macrocyclic groups were studied. A detailed presenta-
tion of all regression results with cognitive tests for the mixed
group can be found in Table 4. In the mixed group, there were
several significant results and trends between higher relaxation
rates and lower information-processing speed. Most notably,
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higher R, and R, in the thalamus were associated lower processing
speeds both before and after correction for the MS disease dura-
tion, lesion volume, and brain parenchymal fraction. Higher R, in
the DN was also associated with lower SDMT scores before and
after these corrections. In the macrocyclic group, no associations
were found between R, and R, values and information-processing
speed (P = .14—.94).

In terms of verbal fluency, there were few patients with data in
the linear (# = 4) and macrocyclic (n = 6) groups, explaining why
only the mixed group was studied. In the mixed group, higher R,
in the CN and thalamus was associated with lower verbal fluency
both before and after correction for MS disease duration, lesion
volume, and brain parenchymal fraction. A similar trend was
found for R, in the CN and GP, which, after corrections, became
statistically significant. No association was found between verbal
fluency and relaxation values in the other brain structures. Figure
2 illustrates the associations of R; and R, with information-pro-
cessing speed and verbal fluency in the mixed group.

No significant associations were found between fatigue or
EDSS scores and R; and R, values for any structure (data not
shown).

DISCUSSION

In this study, we applied multiparametric MR imaging in patients
with MS and healthy controls to quantitatively study changes in
relaxation values and their association with GBCA administra-
tion. We have shown that our method has good repeatability and
was able to detect relaxation abnormalities associated with GBCA
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FIG 1. Associations of R, and R, with the number of GBCA administrations. In the linear group, the number of linear GBCA administrations was
associated with higher R; (4), but not R, (B). In the mixed group, the number of linear GBCA administrations was associated with both higher R, (C) and
R, (D). The healthy controls, who had not received any GBCA administrations, are represented in each group and included in the regression analyses. The
full regression analysis results are reported in Table 3. In the macrocyclic group, no significant associations were found with the number of macrocyclic
GBCA administrations (E and F). The dentate nucleus is represented by green squares; the globus pallidus, by blue x’s; the caudate nucleus, by orange
circles; and the thalamus, by red triangles with corresponding linear regression lines. The y-axis presents the relaxation rates (R, and R,) in seconds ™"
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Table 4: Associations between relaxation rates and cognitive tests for the mixed group®

SDMT (n = 36) Verbal Fluency Test (n =17)

Uncorrected Corrected® Uncorrected Corrected®
DN R, —0.34,P = .04 —0.35,P =.028 —0.38,P=.18 —0.36,P =13
DNR, —0.41,P = .012¢ —0.37,P = .014° —0.06,P = .82 —0.04,P = .87
GPR, —0.32,P=.07 —029,P=.13 —043,P=16 —031,P= .26
GPR, —0.18,P = 32 —0.12,P =51 —0.37,P =23 —0.64,P = .003°
CNR, —0.46, P = .005° —0.34,P = .05 —0.63,P = .009° —0.68,P = .003°
CNR, —0.39,P = .018° —0.21,P=.29 —0.52,P=.04 —0.89,P = .006°
Thalamus R, —0.45, P = .005° —0.38,P = .014° —0.59, P = .017¢ —0.50, P = .020°
Thalamus R, —042,P = .01° —0.45, P=.002° —0.44,P = .09 —0.34,P =10

2 All association results are given as B coefficients.
b Corrected for disease duration, lesion volume, and brain parenchymal fraction.

P <.023.
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FIG 2. Associations of R, (A and B) and R, (C and D) with information-processing speed and verbal fluency in the mixed group. Please refer to
Table 4 for the regression analyses corresponding to this figure.
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administrations not only in R, but also in R,. We have also pro-
vided tentative results regarding associations between relaxation
values and cognitive performance in MS.

We found that patients with MS receiving linear GBCAs had
higher R, in the DN, GP, and CN (and in the mixed MS group,
also the thalamus) compared with healthy controls and that the
number of administrations of linear, but not macrocyclic, GBCAs
was associated with higher R, in all studied brain regions, suggest-
ing a dose-dependent association. With regard to the high R, in at
least the DN, increased T1 signal in the DN has previously been
associated with MS progression®® and could thus be partly due to
iron deposits related to neurodegeneration.”

Furthermore, the R, in the GP and CN was also higher in the
mixed group than in healthy controls, a finding indicating that T2
relaxation is also affected by gadolinium retention. It is also
known that chelates that bind to macromolecules cause higher
relaxivity.12 It is, however, unclear how much the transversal re-
laxation is affected by retained gadolinium that is bound to dif-
ferent macromolecules or retained in other species (rather than
chelated in GBCAs).'” This problem highlights the need to also
study T2 effects in the context of gadolinium retention.

The European Medicines Agency has recently decided to sus-
pend the use of several linear types of GBCA, while the US Food
and Drug Administration instead merely recommended more
precautionary use, particularly of linear GBCAs.'>'* In line with
the results of most previous studies, we found no associations
between the number of administrations of the macrocyclic agent
gadoterate meglumine (Dotarem) and the relaxation rates. Mac-
rocyclic agents have histopathologically been shown to be re-
tained to a lower degree than linear GBCAs and have previously
shown weaker or no associations in imaging studies.”>'">"”?
However, the lack of significant associations within the macrocy-
clic group might also be caused by the small number of patients
(n = 15) and the relatively few administrations of macrocyclic
GBCAs (median, 3) in the current study. Meanwhile, significant
associations were found in the linear group, which was even
smaller (n = 11), illustrating that the methodology used in this
study is sensitive in picking up signal changes related to previous
GBCA administrations and that the lack of significant results in
the macrocyclic group may indeed reflect differences in the degree
of retention between linear and macrocyclic GBCAs.

A few industry-sponsored studies on rodents have shown that
retained gadolinium from gadodiamide has a time-dependent
partial clearance from the brain of healthy rats, which leads to a
decrease in T'1 intensity, especially during the first month after the
GBCA administration.>” One of these animal studies also
showed, by using histopathologic measurements in the DN, a
higher degree of gadolinium clearance for gadoterate meglumine
compared with gadodiamide.” However, the current finding of
remaining gadolinium retention after the initial washout period is
in line with a previous study in which high T1 hyperintensities on
conventional MR imaging remained even 9 years after the last
administrations of linear GBCA.'” If there is a continued clear-
ance of gadolinium with time, it would have been unfavorable to
the macrocyclic GBCAs in our study because there was a shorter
time since the last GBCA administration in the macrocyclic group

(median, 8 months) in comparison with the mixed (median, 12
months) and linear groups (median, 52 months).

In line with a previous study in which a separate cohort of
patients with MS was studied retrospectively with semiquantita-
tive T1-weighted intensity ratios,'” significant associations were
found in the current study between detected MR imaging changes
and lower verbal fluency performance. Furthermore, in this
study, we also found associations between lower information-
processing speed and higher relaxation rates in the DN and thal-
amus, with similar tendencies also in the GP and CN. Neverthe-
less, the associations between relaxation rates and cognitive
functioning must be interpreted with caution because the MS
pathology may confound the results, and although we corrected
for the MS disease progression, brain parenchymal fraction, and
lesion volume it might not have been sufficient to counteract such
confounds. For example, MS is a disease with varying lesion to-
pography (including cortical lesions), numerous treatment regi-
mens, and differences in cognitive reserves among patients, which
might also need to be taken into account.>**>

Information-processing speed is also one of the most affected
cognitive domains in MS, making it even harder to conclude any
causality to GBCA exposure.”* Designing prospective studies ex-
ploring such associations should, therefore, focus on other patient
groups exposed to multiple GBCA administrations, with fewer
confounders related to the clinical outcome variables, such asin a
previous study performed in patients with Crohn disease.” In line
with a recent study,”” we did not find any association between
gadolinium exposure and physical disability in MS. This suggests
that future studies should continue to focus on cognitive aspects.

Limitations of the study are mainly related to the results of the
MS cohort possibly being confounded by MS itself. The investi-
gative possibilities of the study are also limited by its cross-sec-
tional and noninterventional design, in which the stratification of
the groups (based on the type of administered GBCA) is not
randomized. There were also relatively few patients who had un-
dergone neuropsychological testing. There are, however, also
strengths to the study. By applying a quantitative approach with
the same MR imaging scanner, we avoided methodologic limita-
tions of many previous studies with reliance on conventional MR
imaging and semiquantitative signal intensity ratios, which may
have been due to several risks for confounders such as the diver-
sity of MR imaging parameters and equipment as well as the need
for a reference region, which may, in itself, be affected by gado-
linium retention.”

CONCLUSIONS

T1 and T2 relaxometry can be used to robustly and quantitively
study MR imaging changes related to administration of GBCAs,
removing the need for a reference region that may, in itself, be
confounded by retained gadolinium. The number of linear, but
not macrocyclic, GBCA administrations was associated with high
R, in all investigated brain structures and R, in the GP and CN in
MS. Higher relaxivity in patients with MS receiving linear GBCAs
was associated with a lower information-processing speed and
verbal fluency in some brain regions, but not with motor function
or fatigue. These findings must, however, be interpreted with care
because they may be confounded by cognitive decline caused by

AINR Am J Neuroradiol 40:1265-73  Aug 2019  www.ajnr.org 1271



MS. The findings do, however, encourage future studies to further

explore possible negative clinical effects of retained gadolinium,

especially in regard to cognitive domains and exposure to linear
GBCAs.
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