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Background:  T'1-weighted MRI and quantitative longitudinal relaxation rate (R1) mapping have been used to evaluate gadolinium
retention in the brain after gadolinium-based contrast agent (GBCA) administration. Whether MRI measures accurately reflect
gadolinium regional distribution and concentration in the brain remains unclear.

Purpose:  To compare gadolinium retention in rat forebrain measured with in vivo quantitative MRI R1 and ex vivo laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) mapping after gadobenate, gadopentetate, gadodiamide, or
gadobutrol administration.

Materials and Methods: ~ Adult female Sprague-Dawley rats were randomly assigned to one of five groups (eight per group) and admin-
istered gadobenate, gadopentetate, gadodiamide, gadobutrol (2.4 mmol/kg per week for 5 weeks), or saline (4.8 mL/kg per week for
5 weeks). MRI R1 mapping was performed at baseline and 1 week after the final injection to determine R1 and AR1. Postmortem
brains from the same rats were analyzed with LA-ICP-MS elemental mapping to determine regional gadolinium concentrations.
Student # tests were performed to compare results between GBCA and saline groups.

Results:  Rats that were administered gadobenate showed gadolinium-related MRI AR1 in 39.5% of brain volume (AR1 = 0.087
second™ £ 0.051); gadopentetate, 20.6% (AR1 = 0.069 second™ + 0.018); gadodiamide, 5.4% (AR1 = 0.055 second™ + 0.019);
and gadobutrol, 2.2% (AR1 = 0.052 second™" + 0.041). Agent-specific gadolinium-related AR1 was detected in multiple forebrain
regions (neocortex, hippocampus, dentate gyrus, thalamus, and caudate-putamen) in rats treated with gadobenate or gadopentetate,
whereas rats treated with gadodiamide showed gadolinium-related AR1 in caudate-putamen. By contrast, LA-ICP-MS elemental
mapping showed a similar regional distribution pattern of heterogeneous retained gadolinium in the forebrain of rats treated with
gadobenate, gadopentetate, or gadodiamide, with the average gadolinium concentration of 0.45 pg - g + 0.07, 0.50 pug - g + 0.10,
and 0.60 pg - g + 0.11, respectively. Low levels (0.01 pg - g* + 0.00) of retained gadolinium were detected in the forebrain of gado-

butrol-treated rats.

Conclusion:

Differences in in vivo MRI longitudinal relaxation rate versus ex vivo elemental mass spectrometry measures of retained

gadolinium in rat forebrains suggest that some forms of retained gadolinium may escape detection with MRI.

© RSNA, 2022

Online /

7 5
pp material is

ilable for this article.

adolinium-based contrast agents (GBCAs) are widely
Gused in diagnostic MRI and have highly favorable
safety profiles (1-3). However, emerging evidence sug-
gests that repeated administration of GBCAs is associated
with gadolinium retention in the brain, even in patients
with normal renal function (4-9). Clinical reports of
GBCA-associated gadolinium retention in gray matter nu-
clei (notably, dentate nucleus, globus pallidus, and thalam-
ic nuclei) have been confirmed in laboratory animals after
intravenous GBCA administration (10-15). In addition,
nonhomogeneous gadolinium retention has been identi-
fied in specific regions of the cerebral cortex after GBCA
administration in rats and humans (14). For example,
rats administered gadopentetate dimeglumine showed

regional, subregional, and layer-specific gadolinium reten-
tion in the anterior cingulate cortex and piriform cortex at
tissue concentrations comparable to subcortical structures
known to retain gadolinium (14).

T1-weighted MRI has been used to detect and moni-
tor gadolinium retention in the human brain. Retained
gadolinium increases the longitudinal relaxation rate (R1),
which equals 1/T1, and produces hyperintensities detect-
able with T1-weighted MRI (16). Although T1-weighted
MRI is a convenient method to assess gadolinium reten-
tion in vivo, this technique provides an indirect measure
that is sensitive to local microenvironment factors that
affect T1-weighted signals and interpretation. Moreover,
T1-weighted MRI methods to assess gadolinium retention
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Abbreviations

GBCA = gadolinium-based contrast agent, LA-ICP-MS = laser ablation
inductively coupled plasma mass spectrometry

Summary

Gadolinium retention in the brain measured with MRI longitudinal
relaxation rate mapping and laser ablation inductively coupled plasma
mass spectrometry yielded different results, indicating that some forms
of retained gadolinium may escape detection with MRI.

Key Results

= Gadolinium retention in the rat brain after repeated gadolinium-based
contrast agent administration was measured with MRI
longitudinal relaxation rate (R1) mapping and mass spectrometry.

s With MRI R1 mapping, brain gadolinium retention was higher
for gadobenate versus gadodiamide and gadobutrol (P < .001 for
gadobenate or gadopentetate vs gadodiamide).

s With mass spectrometry, gadolinium retention was higher for ga-
dodiamide (0.60 pg - g! + 0.11) versus gadobenate (0.45 ug - g™
+0.07) and gadobutrol (0.01 pg - g™ + 0.00) (P < .01 for trend).

require use of a reference tissue that can introduce systematic
bias. By contrast, R1 mapping, a quantitative implementation of
T1-weighted MR, is not subject to these confounds. However,
whether MRI R1 mapping accurately reflects gadolinium reten-
tion and distribution in the brain remains unclear. Understand-
ing these relationships is critical for accurate interpretation of
MRI measures of gadolinium retention in the brain.

Laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) is a powerful technique that enables defini-
tive identification, analytical quantitation, and high-resolution
spatial mapping of elements and isotopes in biologic tissues
(11,14,17,18). 'This technique is recognized as the analytical
standard for elemental detection and mapping of gadolinium re-
tention in the brain. In this study, we hypothesized that MRI R1
and LA-ICP-MS mapping would detect the same regionally dis-
tributed pools of retained gadolinium in the brain after GBCA
administration. To evaluate this hypothesis, we compared in vivo
quantitative R1 maps and ex vivo LA-ICP-MS maps of gadolin-
ium retention in the forebrain of rats after repeated intravenous
injection of one of four GBCAs or saline (the control).

MRl examinationswith GBCAsareassociated withgadolinium
retention in the brain (4-13). However, the question of whether
MRI results accurately reflect gadolinium concentrations and
distribution in the brain remains unanswered. The aim of the
study is to evaluate if MRI R1 mapping could accurately reflect
gadolinium concentrations and distribution in the brain. The
GBCAs investigated in this study are commercially available and
commonly used for clinical MRI examinations. The representa-
tive GBCAs were chosen from different classes and varied by
molecular structure, complex ionization, and thermodynamic

stability.
Materials and Methods

Experimental Design and Animal Subjects
Female Sprague-Dawley rats (7 = 40; Charles River Laborato-
ries), 9-10 weeks of age, were group housed (Boston Univer-
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sity Animal Science Center) and randomly assigned to one of
four treatment groups (eight per group): gadobenate (Multi-
Hance; Bracco Diagnostics), gadopentetate (Magnevist; Bayer
Healthcare), gadodiamide (Omniscan; GE Healthcare), or
gadobutrol (Gadovist; Bayer Healthcare) with one dose (2.4
mmol/kg, intravenous) per week for 5 weeks. The selected
GBCAs differ by class and exhibit different thermodynamic
stabilities according to the following rank order: macrocyclic
nonionic (gadobutrol), linear ionic (gadobenate and gadopen-
tetate), and linear nonionic (gadodiamide). A control group
was treated with volume-matched saline (4.8 mL/kg per week
for 5 weeks). GBCA dosing was harmonized with recent pre-
clinical studies and represents four human-equivalent GBCA
doses adjusted for total body surface area (14,19). MRI scans
were acquired before the first (pre-exposure) and 1 week af-
ter the final (fifth) GBCA or saline injection (post-exposure).
Rats were sacrificed within 3 hours after postexposure MRI
examination by CO, asphyxiation and transcardial perfusion
with 200-mL phosphate-buffered saline followed by 200-mL
4% (weight by volume) paraformaldehyde. Harvested brains
were submerged in 4% paraformaldehyde for 24 hours, trans-
ferred to phosphate-buffered saline, and stored at 4°C. Brains
were hemisected, cryoprotected in 30% sucrose (weight by
volume) for 3 days, snap frozen in isopentane cooled in liquid
nitrogen, and stored at -20°C until analysis. The study was
approved by the Institutional Animal Care and Use Commit-
tee at Boston University.

MRI Acquisition and Quantitative R1 Analysis

Rat MRI (3.0-T Achieva; Philips) scans were acquired (N.H.,
with >15 years of experience) at both pre- and post-exposure
time points (eight per group; 40 rats total). During MRI,
rats were anesthetized with isoflurane (Butler Schein Animal
Health) (induction, 3.5% vol/vol; maintenance, 1.5%—-2% vol/
vol) and inserted into a 16-element knee coil. A mixed turbo
spin-echo sequence was used to obtain R1 maps with use of a
quadruple time point sequence that combines R1 weighting by
inversion recovery and transverse relaxation rate (hereafter, R2)
weighting by multiecho sampling in a single acquisition. This
sequence uses two inversion times and two effective echo times
to generate four self-coregistered images per section, each with
different R1 and R2 weighting. Four acquired images were pro-
cessed to generate R1 and R2 maps. The key parameters for the
images were as follows: inversion time, 1000 msec; repetition
time of the inversion recovery portion, 4000 msec; repetition
time of the spin echo portion, 3000 msec; echo times, 12.9 and
90 msec; field of view, 40 x 40 mm?; acquisition matrix size,
100 x 96; in-plane resolution, 0.30 x 0.32 mm? reconstructed
to 0.18 x 0.18 mm?; section thickness, 2 mm; and number
of averages, six. R1 maps were generated with use of in-house
MATLAB (MathWorks, R2017b) software as previously de-
scribed (20-22). The R1 histogram for each rat was modeled
by using a bi-Gaussian fitting to obtain R1 of gray and white
matter separately (23). A voxel-based method was used to as-

sess regional differences. Skull-striped images were registered to
a T2-weighted template (24) with use of the FMRIB Software
Library (hetps://fsl.fmrib.ox.ac.uk/fsl/fshwiki) (25). Registered R1
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Table 1: Averaged R1 Mapping MRI Values for Gray Matter and White Matter for Each Experimental Group of Rats

Gray Matter R1* White Matter R1*
Treatment R1,. R1, ARI (AR1, - R1,. R1, ARI (AR1, -
Saline 1.042 + 0.012 1.068 £ 0.013"  0.026 + 0.014 1.234 + 0.013 1.268 £ 0.018"  0.034 + 0.011
Gadobutrol 1.044 + 0.017 1.073 £0.017%  0.029 + 0.017 1.232 £ 0.025 1.267 £0.020°  0.035 + 0.027
Gadodiamide 1.054 + 0.027 1.092 + 0.014"  0.038 + 0.018 1.244 + 0.034 1.281 £0.018*  0.037 + 0.021
Gadopentetate 1.026 + 0.026 1.089 £ 0.008*  0.063 = 0.029 1.213 £ 0.033 1.279 £ 0.019"  0.066 + 0.038
Gadobenate 1.004 + 0.042 1.087 £ 0.014"  0.083 = 0.038 1.188 + 0.044 1.274 + 0.014*  0.086 + 0.045

injection time point, AR1 = R1 changes.

* Values are measured in second™.

Note.—Values represent means + SDs. R1 = longitudinal relaxation rate, R1

" 'The P value significance level for pre- versus post-injection R1 values is P < .001.
# The P value significance level for pre- versus post-injection R1 values is 2 =.001.
$ The P value significance level for pre- versus post-injection R1 values is P = .004.
" The P value significance level for pre- versus post-injection R1 values is P = .002.

no = R1 at the post-injection time point, R1, = R1 at the pre-

maps from prior (hereafter, Rlpre) and post (hereafter, Rlpm)
contrast material administration were used to calculate R1
changes (AR1 = Rl
ing, AR1 maps for each GBCA group were compared with the

o ~ R1). To compensate for normal ag-
saline group with use of voxel-by-voxel Student 7 tests. AR1
in voxels that were significantly different (P < .05) compared
with the saline control group were considered related to GBCA
treatment. Identified voxels were normalized to total brain vol-
ume (1.86 cm?) in template space (24) to obtain percentage
brain volume with gadolinium-related AR1.

LA-ICP-MS Elemental Brain Mapping

Elemental brain mapping (gadobenate, 7 = 6; gadopentetate,
n = 5; gadodiamide, 7 = 5; gadobutrol, 7 = 6; saline, n = 7)
was performed with LA-ICP-MS imaging (O.M., with >15
years of experience in imaging; N.L., with >25 years of ex-
perience in mass spectrometry) with use of a laser ablation
system (LSX-213; Teledyne CETAC Technologies) hyphen-
ated to a quadrupole inductively coupled plasma mass spec-
trometer (ICAP-Q; Thermo Fisher Scientific), as previously
described (14). Analytical calibrations of gadolinium-LA-
ICP-MS maps were conducted by using gadolinium-spiked
gelatin standards (10% wt/vol) (17). The calibration curves
had eight points (0.0-3.0 pg - g!). Gadolinium 158 LA-ICP-
MS maps were calibrated for total gadolinium concentration.
Brain sections and standards were cryosectioned (CM1850;
Leica Biosystems) at 10-pum thickness and scanned by using
the following parameters: spot size = 50 pm, line separation =
0 um, and scan speed = 100 pm - second'. LA-ICP-MS data
were exported to a customized MATLAB program (Math-
Works, R2017b) and Image] (NIH open-source software,
version 2.1.0/1.53¢) for quantitative analysis. Two readers
(L.E.G., with >35 years of experience in experimental pathol-
ogy, blinded to groups; N.H., with >15 years of experience
in preclinical imaging) drew manual contours to calculate
gadolinium concentrations in regions of interest based on the
Paxinos and Watson atlas (26). Values were averaged for each

GBCA group.
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Statistical Analysis

The R1 and AR1 values of gray and white matter are presented
as means + SDs. Gadolinium concentration measured with LA-
ICP-MS are reported as means + standard errors of the means for
each region of interest per treatment group. The intraclass cor-
relation coefficient was calculated in SPSS (IBM, version 27) to
assess the reliability of region-of-interest measurements. Student
t tests were performed in MATLAB (MathWorks, R2017b) to
compare each GBCA group to the saline group. To control for the
family-wise error in AR1 mapping, a cluster-based permutation
method was used. For all statistical tests, significance was defined
as P <.05.

Results

Gadolinium Retention in Rat Brain Evaluated with
Antemortem MRI RT Mapping
Table 1 shows the average R1 values and AR1 for gray and
white matter before and 1 week after the final (fifth) injection
of GBCA or saline. Mean R1 values in gray and white matter at
1 week after the final (fifth) injection were significantly greater ver-
sus mean R1 values at baseline for all GBCA and saline groups
(Table 15 all P < .01). The R1 increase observed in saline-treated
rats is consistent with expected aging-related changes in my-
elination between MRI acquisitions. Therefore, we conducted
a voxel-based analysis of the R1 values (Figs 1, E1 [online])
and compared results to the saline group to isolate regions that
showed additional R1 increases attributable to the gadolinium
exposure. Gadolinium-related R1 changes (AR1 = Rlpos[ Rlpre)
were overlaid on a T2-weighted MRI template (24) for anatomic
visualization. Consistent with previous studies (10,11,13,14),
we detected gadolinium-related R1 increases in deep cerebellar
nuclei and pons of rats treated with gadodiamide, gadopentetate,
or gadobenate (Fig E1 [online]). In the forebrain, AR1 showed
agent-specific patterns of gadolinium-related changes.

In the gadobenate group, 39.5% (0.73 of 1.86 cm®) of
brain volume showed gadolinium-related AR1, and in those

regions, average AR1 was 0.087 second! + 0.051. Bilateral

radiology.rsna.org = Radiology: Volume 306: Number 1—January 2023
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Figure 1: MRl templates show distribution of gadolinium-related longitudinal relaxation rate (R1) increases (AR1) in rats freated with gadobutrol, gadodiamide, gado-

pentetate, or gadobenate. AR1 for each gadolinium-treated group was compared with a saline-injected control group in a voxel-by-voxel manner. Voxels with AR T, which

are significantly different (P < .05) from that of the saline group (color maps), were defined as gadolinium-related ART voxels. The corresponding ART values were overlaid

on a T2-weighted MRI template (gray images). Arrows point to bilateral gadolinium-related AR 1 in caudate-putamen in rats treated with gadodiamide.
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Representative longitudinal relaxafion rate (R1) maps 1 week after the final (fifth) intravenous injection of gadolinium (Gd)-based contrast agent (GBCA) or

saline (top row, both hemispheres) and corresponding laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) brain maps of retained gadolinium (bot-

fom row, left hemisphere] at the level of the rostral hippocampus. Arrowheads denote dorsal and ventral exient of layer 1 in the piriform cortex. MRI_, = MRI scan acquired

at the fime point of 1 week after the final injection of GBCA or saline.

gadolinium-related AR1 was observed in cerebral cortex, hip-
pocampus, caudate-putamen, globus pallidus, and thalamus.
Gadolinium-related AR1 was not observed in piriform cortex,
amygdala, or hypothalamus.

In the gadopentetate group, 20.6% (0.38 of 1.86 cm?) of brain
volume showed gadolinium-related AR1, and in those regions,
average AR1 was 0.069 second™" + 0.018. Bilateral gadolinium-re-
lated AR1 in the gadopentetate group was detected in deep layers
of the cerebral cortex, globus pallidus, and medial caudate-puta-
men with notable sparing of hippocampus and ventral thalamus.

In the gadodiamide group, there were gadolinium-related
R1 increases in 5.4% (0.10 of 1.86 cm?®) of brain volume, and
in those regions, average AR1 was 0.055 second™' + 0.019.
Gadolinium-related AR1 showed bilateral changes in the
caudate-putamen.

Radiology: Volume 306: Number 1—January 2023 = radiology.rsna.org

In the gadobutrol group, 2.2% (0.04 of 1.86 cm’) of brain
volume showed gadolinium-related R1 increases, and in those
regions, average AR1 was 0.052 second™ + 0.041. We did not
detect region-specific bilateral AR1 in the forebrain of rats
treated with gadobutrol.

Collectively, MRI R1 mapping revealed agent-specific
variation in the distribution of gadolinium-related AR1 in
the brain of rats treated with gadobenate, gadopentetate, ga-
dodiamide, or gadobutrol.

Gadolinium Retention in Rat Brain Evaluated with
Postmortem LA-ICP-MS Elemental Mapping

Representative gadolinium brain i maps generated by quanti-
tative LA-ICP-MS elemental analysis are shown in Figures 2
and 3. Rats treated with gadodiamide, gadopentetate, gado-
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benate, or gadobutrol exhibited average concentrations of
retained gadolinium in the forebrain at 0.60 pg - g* + 0.11,
0.50 pg - g + 0.10, 0.45 pg - g + 0.07, or 0.01 pg - g
+ 0.00, respectively (Fig 3). The concentrations of retained
gadolinium in rats treated with GBCAs were significantly
greater compared with saline controls (P < .001 for all four
groups). In addition, the average gadolinium concentrations
in rats treated with gadodiamide, gadopentetate, or gadoben-
ate were significantly greater compared with rats treated with

Gd Concentration (ug-g™)
o o o
'S (=] o
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Figure 3: Box and whisker plot shows the average gadolinium (Gd) concen-
tration measured with laser ablation inductively coupled plasma mass spectrom-
efry at the level of the rostral hippocampus in rat brains 1 week dfter the final (fifth)
infravenous injection of one of four gadolinium-based contrast agents (GBCA)

or saline. The average gadolinium concentration for individual rats is indicated

by small circles in the box and whisker plot for each treatment condition. The red
line indicates the median, and the box indicates the first and third quartiles. The
average gadolinium concentrations in all GBCA groups were significantly greater
compared with the saline control group (P<.001). Average gadolinium concen-
trations in rats freated with gadodiamide, gadopentetate, or gadobenate were
significantly greater than that with gadobutrol (all P<.001). Average gadolinium
concentrations in rafs treated with gadodiamide were significantly greater than
that with gadobenate (P <.01).

gadobutrol (all P < .001). We also found that the average
gadolinium concentration in rats treated with gadodiamide
was significantly greater than in rats treated with gadobenate
(P < .01) but not gadopentetate (P = .15).

Next, we performed region-of-interest analysis of forebrain
gadolinium distribution in GBCA- versus saline-treated rats.
Intraclass correlation coefficient for regions of interest assessed
by two independent readers showed excellent reliability (0.93;
95% CI: 0.88, 0.96). In contrast to MRI R1 results, regional
LA-ICP-MS showed that rats treated with gadodiamide, gado-
pentetate, or gadobenate exhibited similar patterns of regional
gadolinium retention in cerebral cortex and subcortical nuclei,
including anterior cingulate cortex, piriform cortex, hippo-
campus (cornu ammonis), dentate gyrus, caudate-putamen,
globus pallidus, and thalamic nuclei (Fig 2, Table 2). We de-
tected layer-specific gadolinium retention (Figs 2, 4). For ex-
ample, primary somatosensory cortex showed laminar gado-
linium retention with predominance in middle cortical layers
in rats treated with gadodiamide, gadopentetate, or gadobenate
(Fig 4). All three GBCAs exhibited peak gadolinium retention
at approximately 60% of the relative cortical depth. Layer-
specific gadolinium retention was also detected in the anterior
cingulate cortex and piriform cortex in rats treated with gado-
diamide, gadopentetate, or gadobenate (Fig 2). In these three
GBCA-treated groups, retained gadolinium was also detected
in the choroid plexus (Fig 2, Table 2). Low-level gadolinium re-
tention was detected in white matter (internal capsule) (Fig 2,
Table 2). Rats treated with gadobutrol showed low levels of
gadolinium retention in the forebrain and choroid plexus, a
vascular endothelial tissue in the ventricles (Fig 2, Table 2).

Comparison of MRI and LA-ICP-MS Measures of
Gadolinium Retention in Brain

The relaxation rate Rlpost measured 1 week after the final (fifth)
GBCA administration provides a snapshot metric of gadolinium
retention derived from quantitative MRI. We observed differences
between measures of gadolinium retention measured with quan-
titative MRI (Rlpm) and LA-ICP-MS elemental mapping (Fig 2).
AR1 maps (Fig 1) showed partial concordance with gadolinium
LA-ICP-MS mapping results (Fig 2). In rats treated with gadopen-

Table 2: Mean Gadolinium Concentration Measured with Laser Ablation Inductively Coupled Plasma Mass Spectrometry in
Discrete Regions of the Brain

Brain Region Gadobutrol Gadodiamide Gadopentetate Gadobenate
Anterior cingulate cortex (layers 2 and 3) 0.01 + 0.00 0.95 +0.18 0.92 £ 0.15 0.91 £0.11
Piriform cortex (layer 1) 0.01 + 0.00 0.88 + 0.07 0.74 + 0.16 0.42 +0.03
Hippocampus (stratum pyramidale, CA1) 0.01 + 0.00 0.77 £ 0.20 0.57 +0.18 0.40 + 0.07
Dentate gyrus 0.01 + 0.00 0.51 +0.08 0.37 + 0.04 0.35 £ 0.03
Caudate-putamen 0.01 + 0.00 1.07 £ 0.17 0.77 £ 0.08 0.66 + 0.06
Thalamus (lateral dorsal nucleus) 0.01 + 0.00 0.57 + 0.07 0.47 £ 0.09 0.44 + 0.04
Thalamus (reticular nucleus) 0.01 + 0.00 1.14 + 0.09 0.91 +0.10 0.96 + 0.09
Globus pallidus (lateral subdivision) 0.01 +0.00 1.72 £ 0.30 1.21+0.25 1.37 + 0.09
Internal capsule (white matter) 0.01 + 0.00 0.25 + 0.02 0.24 + 0.03 0.23 + 0.02
Choroid plexus (ventricular) 0.08 + 0.02 2.50 + 0.21 1.54 + 0.37 1.91 £ 0.52
Note.—Values represent means + standard errors of means (gadolinium, in pug - g'). CAl = cornu Ammonis 1.
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Figure 4:  Dotted line graphs show the nonhomogeneous laminar distribution of retained gadolinium (Gd) detected with laser ablation inductively coupled plasma mass

spectrometry elemental mapping in the primary somatosensory cortex (barrel field) of the brains of rats treated with a linear gadolinium-based contrast agent (GBCA| (ga-

dodiamide, gadopentetate, or gadobenate). The line profiles of gadolinium concentration in the primary somatosensory cortex were measured along an axis line drawn
perpendicular to the cortical surface to the underlying white matter (external capsule). Line length was normalized to cortical thickness to obtain relafive cortical depth. Val-

ues were averaged for each GBCA group at the same relative cortical depth (dots) and plotted as a smoothed average profile (red line).

tetate or gadobenate, we observed gadolinium-related R1 increases
in cerebral cortex, globus pallidus, and caudate-putamen that par-
tially accord with regional gadolinium retention detected with
LA-ICP-MS. However, gadolinium-related AR1 was detected
in hippocampus and ventral thalamus in rats treated with gado-
benate but not gadopentetate (Fig 1), which is discordant with
LA-ICP-MS mapping results (Fig 2) that show similar patterns
of retained gadolinium after repeated treatment with either two
GBCAs. Differences between R1 and LA-MS-ICP maps were
most notable in the gadodiamide treatment group. MRI R1
mapping revealed bilateral gadolinium-related AR1 (Fig 1) in the
caudate-putamen of gadodiamide-treated rats. By contrast, LA-
ICP-MS brain mapping in rats treated with gadodiamide showed
a regional gadolinium distribution pattern that was similar to that
in rats treated with gadopentetate or gadobenate (Fig 2, Table 2).
Differences between MRI and LA-ICP-MS measures of gadolin-
ium retention were also notable in piriform cortex where gado-
linium retention in rats treated with gadopentetate, gadobenate,
or gadodiamide was detected with LA-ICP-MS mapping but not
with MRI R1 mapping.

Discussion

MRI  examinations with gadolinium-based contrast agents
(GBCAs) are associated with gadolinium retention in the brain
(4-13). However, the question of whether MRI results accurately
reflect gadolinium concentrations and distribution in the brain
remains unanswered. In this study, we found that rats admin-
istered one of three linear GBCAs showed different patterns
of gadolinium retention detected with R1 MRI. Gadolinium-
related R1 changes (AR1) in the rat brains were 0.087 second™
+ 0.051 for rats administered gadobenate and 0.069 second™ +
0.018 and 0.055 second™ + 0.019 for rats administered gado-
pentetate and gadodiamide, respectively. This was also indi-
cated by different percentages of brain volume showing gado-
linium-related AR1 (39.5%, 20.6%, or 5.4%, respectively) in
rats treated with gadobenate, gadopentetate, or gadodiamide.
However, these three linear GBCAs showed similar patterns of
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gadolinium retention detected with laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS). R1 mapping
results are discordant with findings of LA-ICP-MS mapping.

For example, gadolinium-related AR1 was observed in mul-
tiple forebrain regions in gadobenate- or gadopentetate-treated
rats but only a limited number of brain regions (eg, caudate-
putamen) in gadodiamide-treated rats. By contrast, LA-ICP-
MS mapping revealed a similar regional pattern of retained
gadolinium in rats treated with one of three linear class
GBCAs (gadodiamide, gadopentetate, or gadobenate). More-
over, gadolinium retention was detected with LA-ICP-MS in
discrete regions and subregions of the forebrain that were not
observed with R1 MRI mapping. For example, LA-ICP-MS
mapping revealed layer-specific gadolinium retention in piri-
form cortex in rats treated with linear class GBCAs that were
not detected with MRI R1 mapping.

We ascribe the observed differences between MRI R1 and
LA-ICP-MS measures of gadolinium retention in the brain
to differences in the origin of signals detected with each
modality. MRI R1 is proportional to the product of con-
centration and molar relaxivity of gadolinium-containing
complexes (16), the latter of which is influenced by various
confounding factors (16,27). For example, in a microen-
vironment containing biologically ubiquitous cations (eg,
calcium, iron, zinc, copper), gadolinium may be released
from its chelate through transmetalation (28-32) and bind
to soluble and insoluble macromolecules by means of tran-
schelation (33). Differences between R1 and LA-ICP-MS
maps were most pronounced in rats treated with gadodi-
amide, followed by gadopentetate, and least with gadoben-
ate. This rank order is consistent with GBCA thermodynamic
instability (28,34). Soluble gadolinium-containing macromo-
lecular complexes exhibit decreased molecular tumbling that
approach the Larmor frequency of protons and increase mo-
lar relaxivity of gadolinium. Insoluble gadolinium-containing
complexes have limited water accessibility, becoming MRI si-
lent. The differences we observed between MRI R1 scans and
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LA-ICP-MS suggest that specific pools of retained gadolinium
may be stored as insoluble complexes that escape MRI detec-
tion. This finding is consistent with a prior report of electron-
dense deposits of insoluble GdPO, in the brains from rats ad-
ministered gadodiamide (35). Speciation analysis also suggests
that gadolinium may be stored in insoluble macromolecular
complexes in the rat brain following repeated administration
of gadodiamide (12,33).

We also want to point out that the regional and laminar dis-
tribution of gadolinium retention detected with LA-ICP-MS in
rats treated with linear GBCAs is colocalized with parenchymal
iron, as we previously reported for gadopentetate (14). We spec-
ulate that colocalization of gadolinium retention and iron en-
richment may reflect shared carriers, transporters, and trafficking
mechanisms by which these metals cross the blood-brain barrier
and distribute in the brain (14).

The study has several limitations. First, we used a mixed
turbo spin-echo sequence that samples only two points on
the nonlinear R1 relaxation curve. Results using this se-
quence may deviate from that obtained with inversion re-
covery—based sequences. Second, tissue processing may re-
sult in leaching of soluble gadolinium species that might
lead to differential agent-specific extraction. This potential
confound may contribute to low levels of retained gado-
linium in gadobutrol-treated rats. We also cannot exclude
possible confounding effects due to variation in extraction
efficiency of different gadolinium complexes that cannot be
distinguished with LA-ICP-MS. Third, our results may be
biased by species, age, sex, and intersubject variation of the
rat model, as well as by the high-dose GBCA regimen and
single post-exposure interval of our study. Accordingly, our
study does not address lower dose GBCA regimens or long-
term gadolinium retention in the brain. Fourth, this study
included a single macrocyclic GBCA (gadobutrol), thus
limiting generalization across this class. Finally, we cannot
rule out other potential confounds.

The results of this study underscore several important ca-
veats regarding interpretation of MRI measures attributed to
gadolinium retention in the brain. Attributing MRI measures
such as T1-weighted hyperintensity or increased longitudinal
relaxation rate (R1) to increased gadolinium tissue concentra-
tion may lead to an underestimation of localization or extent
of gadolinium retention. More importantly, based on our laser
ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) results, the absence of T1-weighted hyperintensity
or increased R1 does not preclude the presence of retained
gadolinium in the brain. T1-weighted or R1 MRI measures
do not provide sufficient information to make analytical assess-
ments regarding local gadolinium tissue concentrations in the
brain. In conclusion, our results indicate differences between
in vivo R1 mapping MRI and ex vivo LA-ICP-MS imaging
measures of gadolinium retention in the forebrain. Caution
is warranted when interpreting MRI R1 maps with respect to
gadolinium retention, concentration, and distribution in the
brain. In particular, the absence of MRI manifestation may not
rule out the possibility that the subjects are free from gado-
linium deposition.
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