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Purpose: To measure the levels of gadolinium present in the rat 
brain 1 and 20 weeks after dosing with contrast agent and 
to determine if there are any histopathologic sequelae.

Materials and 

Methods:

The study was approved by the GE Global Research Cen-
ter Institutional Animal Care and Use Committee. Abso-
lute gadolinium levels were quantified in the blood and 
brains of rats 1 week after dosing and 20 weeks after dos-
ing with up to 20 repeat doses of gadodiamide (cumulative 
dose, 12 mmol per kilogram of body weight) by using in-
ductively coupled plasma–mass spectrometry. Treatment 
groups (n = 6 rats per group) included low-dosage and 
high-dosage gadodiamide and osmolality-matched saline 
controls. Brain sections were submitted (blinded) for 
standard toxicology assessment per Registry of Industrial 
Toxicology Animal data guidelines. Analysis of variance 
and Mann-Whitney U tests with post hoc correction were 
used to assess differences in absolute gadolinium levels 
and percentage of injected dose, respectively.

Results: Dose-dependent low levels of gadolinium were detected 
in the brain, a mean 6 standard deviation of 2.49 nmol 
per gram of brain tissue 6 0.30 or 0.00019% of the in-
jected dose 1 week after dosing. This diminished by ap-
proximately 50% (to 1.38 nmol per gram of brain tissue 
6 0.10 or 0.00011% of the injected dose) 20 weeks after 
dosing. As a percentage of injected dose, the levels of 
gadolinium measured were comparable between different 
doses, indicating that mechanisms of uptake and elimina-
tion were not saturated at the tested doses. There were 
no histopathologic findings associated with the levels of 
gadolinium measured.

Conclusion: Low levels of gadolinium are present in the brain after 
repeat dosing with gadodiamide, which is partially cleared 
over 20 weeks with no detectable neurotoxicity.
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was designed to investigate clinically 
relevant dose dependency, kinetics, and 
potential neurotoxicity of gadolinium 
presence in the healthy rat brain by 
using high and low cumulative dosage 
groups (6 and 12 mmol per kilogram 
of body weight) and two time points (1 
and 20 weeks after dosing). Gadolinium 
levels in the brain were determined by 
using inductively coupled plasma–mass 
spectrometry (ICP-MS), and a blinded, 
independent, standard histopathologic 
toxicology assessment of the brain was 
performed. A gadopentetate dimeglu-
mine group was included as a GBCA 
class comparator. A schematic of the 
study groups and timelines is presented 
in Figure 1.

Animals

The study was approved by the GE 
Global Research Center Institutional 
Animal Care and Use Committee. 
Female Sprague-Dawley CD Interna-
tional Genetic Standard rats (150–200 
g; Charles River Laboratories, Wilm-
ington, Mass) were housed two rats 
per cage (a microisolator) with water 
and food ad libitum under a 12:12 
light-dark cycle in an Association for 
Assessment and Accreditation of Lab-
oratory Animal Care International–
accredited vivarium. All animals were 

studies were focused on the enhance-
ment on T1-weighted MR images and 
the presence of gadolinium and did 
not include a focus on possible histo-
pathologic sequelae. Several aspects of 
the association between prior GBCA 
exposure and unenhanced hyperinten-
sity on T1-weighted images have im-
portant implications and remain unex-
plored. First, despite the presence of 
gadolinium in the brains of rats and 
patients that received multiple doses of 
GBCA, no neurological syndrome has 
been clearly linked to GBCA use, which 
prompts the hypothesis that gadolinium 
presence is clinically silent and below 
toxic thresholds. Second, to our knowl-
edge, no studies to date have been 
conducted to investigate whether this 
material was deposited permanently or 
was being cleared.

Therefore, the purpose of this 
study was (a) to measure the levels 
of gadolinium present in the rat brain 
1 and 20 weeks after dosing and de-
termine if there were any histopatho-
logic sequelae and (b) to test for dose 
dependency and clearance from the 
brain, along with any potential long-
term toxicity.

Materials and Methods

Study Design

This study was supported by a finan-
cial contribution from GE Healthcare. 
M.M., J.R., J.M.C., J.C., L.L., and C.M. 
had control of inclusion of any data and 
information that might present a con-
flict of interest for the authors who are 
employees of GE Healthcare. The study 
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ANOVA = analysis of variance
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Advances in Knowledge

 n The small fraction of injected 
gadolinium (up to 0.00026% of 
the injected dose) present in the 
rat brain after multiple gadodi-
amide doses (up to 20 doses of 
0.6 mmol per kilogram of body 
weight) clears with time.

 n There are no acute or chronic 
histopathologic effects of gado-
linium in the rat brain after 6 
months.

Implications for Patient Care

 n There is clearance of gadolinium 
from the rat brain over time 
after multiple gadolinium-based 
contrast agent (GBCA) adminis-
trations, yet it remains to be 
confirmed whether this also 
occurs in humans.

 n The clinical use of GBCAs 
remains appropriate when used 
according to approved product 
labeling.

G
adolinium-based contrast agents 
(GBCAs) are frequently used to 
enhance clinical magnetic res-

onance (MR) imaging examinations, 
and use of these agents has been stan-
dard medical practice for more than 
20 years. Recently, hyperintensity on 
unenhanced T1-weighted MR images in 
patients with a prior history of GBCA-
enhanced examinations was reported in 
specific brain regions (1–14). Kanda et 
al (2) linked hyperintensity in the den-
tate nucleus and globus pallidus to the 
number of previous GBCA-enhanced 
examinations. In autopsy samples and 
in agreement with others (1), Kanda et 
al went on to show a relationship be-
tween the signal intensity on T1-weight-
ed images and direct measurements of 
gadolinium thought to contribute to the 
hyperintensity on T1-weighted images 
(15). Further studies demonstrated 
that both linear and macrocyclic GBCAs 
are associated with detectable gado-
linium in postmortem brain specimens 
(13). While these studies demonstrated 
an association between the amount of 
GBCA administered and the amount 
present in the brain tissues of deceased 
patients, the investigators did not ex-
plore the pharmacokinetics of gadolini-
um presence in the brain, leaving open 
the question of the potential time de-
pendence of observed gadolinium con-
centration (1,13,15).

Recent reports demonstrated that 
enhancement on T1-weighted images 
could be detected in the healthy rat 
brain after repeat dosing with GBCA 
(16–18) and that gadolinium was mea-
surable after acute phase clearance 
(16,17). However, these nonclinical 
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fixative (n = 3 per treatment group) 
before the heart was transected to 
ensure death. The fixed brain was iso-
lated and bisected along the sagittal 
midline.

Gadolinium Measurement with ICP-MS

The left hemisphere of each brain and 
200 µL of blood were analyzed with 
ICP-MS (J.M.C., with 18 years of ex-
perience). Each weighed sample was 
predigested in a polytetrafluoroethylene 
microwave liner (CEM, Buckingham, 
United Kingdom) at room temperature 
for 30 minutes in 2.0 mL of concen-
trated HNO

3
, 1.5 mL of concentrated 

H
2
O

2
, and 3.0 mL of deionized water. 

Complete digestion was achieved in a 
microwave digester at 180°C for 30 
minutes. Samples were diluted to 20 
g with deionized water, and a twofold 
secondary dilution to 10 mL included 
internal standards of indium, niobium, 
rhodium, and terbium (final concentra-
tions of 2 ng/mL each). Samples were 
examined with an ICP-MS unit (Elan 
6000; PerkinElmer, Waltham, Mass) 
(with gadolinium 158, gadolinium 160, 
indium 115, and terbium 159). Stock 
osmolality-matched saline, saline for 
perfusion, and fixatives were analyzed 
to confirm the absence of gadolinium. 
Twenty gadolinium calibration stan-
dards were prepared as solutions in 
5% HNO

3
 that ranged from 5 pg/mL 

to 13 ng/mL. Raw data were present-
ed as a report (M.M., J.R., J.M.C., 
J.C., L.L., and C.M., with 10–25 years 
of experience) with gadolinium levels 
in tissue expressed as nanomoles per 
gram of tissue. Percentage of injected 
dose was calculated as the ratio of the 
amount of gadolinium measured in the 
whole brain (2 times the hemispheric 
measure) divided by the cumulative 
dose administered.

Histopathologic Toxicology Assessment

The right hemisphere was trimmed to 
provide coronal tissue blocks accord-
ing to Registry of Industrial Toxicology 
Animal data (20) and North Ameri-
can Control Animal Database (21–23) 
guidelines (L.L., with 13 years of expe-
rience), which corresponded to levels 
1–3 as defined by (a) cerebrum at the 

these regimens, we attempted to 
model potential repeat total cumula-
tive dose exposure that might occur 
in the clinic, albeit over a period of 5 
weeks in this study, compared with a 
period of months to years in a realis-
tic clinical time frame. Doses for each 
animal were calculated once weekly on 
the basis of body weight. Controls (n 
= 6) received an equivalent volume of 
osmolality-matched saline (789 mOsm 
per kilogram of body weight; a 9.15:1 
mixture of sterile United States Phar-
macopeia, or USP, water and sterile 
USP 23.4% NaCl) (Fig 1).

Blood samples (.500 µL) were 
collected into dry anticoagulant tubes 
prior to terminal procedures. Eutha-
nasia was performed via transcardiac 
perfusion fixation with deep isoflurane 
anesthesia to ensure the best possible 
tissue morphologic appearance and to 
remove blood from the brain. After 
initiating anesthesia, the abdominal 
and chest cavities were opened, the 
descending vena cava was transected, 
and a needle was inserted into the 
heart. Saline (60 mL) was pumped 
through the heart (10 mL per minute 
via a syringe pump), followed by 100 
mL of either formalin fixative (n = 3 
per treatment group) or Karnovsky’s 

allowed 6 days to acclimate before 
the study. Health monitoring was per-
formed daily to assess any visible signs 
of distress and was performed weekly 
for body weight. Rats were randomly 
assigned to seven treatment groups (n 
= 6 per group; Fig 1). GBCAs were ad-
ministered at daily doses of 0.6 mmol 
per kilogram of body weight (Fig 1), 
equivalent to the typical human dose 
of 0.1 mmol per kilogram of body 
weight, after adjustment for body 
surface area as recommended by the 
U.S. Food and Drug Administration 
(19) and as comparable to doses used 
by others (16,17). Note that although 
each dose was equivalent to a clinical 
dose (adjusted for species differences 
in rates of distribution and/or clear-
ance), repeated dosing represents su-
praclinical exposure.

Gadodiamide (Omniscan; GE Health-
care, Princeton, NJ) or gadopentetate 
dimeglumine (Magnevist; Bayer, Whip-
pany, NJ) was administered intrave-
nously via the lateral tail vein. Dose 
quantities were confirmed by weighing 
syringes before and after administra-
tion. Low-dosage groups received two 
doses per week for 5 weeks. High-
dosage groups received four doses 
per week for 5 weeks (Fig 1). With 

Figure 1

Figure 1: Schematic of the study design, including all dosing regimens and the two time points, at week 

7 (1 week after dosing) and week 25 (20 weeks after dosing). Note that the high and low cumulative dose 

groups were administered identical daily doses but at different frequencies per week. Each dose adminis-

tered (0.6 mmol per kilogram of body weight) is equivalent to a human dose of 0.1 mmol per kilogram of 

body weight, adjusted for allometric scaling (19).
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high-dosage gadodiamide groups (mean 
6 standard deviation, 1.39 nmol per 
gram of brain tissue 6 0.20 vs 2.49 
nmol per gram of brain tissue 6 0.30, 
respectively; P , .0001 according to 
ANOVA; n = 6 per group; Fig 2). Levels 
of gadolinium detected in the brains 
of animals treated with gadopentetate 
dimeglumine were lower than those in 
the equivalent gadodiamide group (2.49 
nmol per gram of brain tissue 6 0.3 vs 
1.40 nmol per gram of brain tissue 6 
0.14, respectively; P , .0001 accord-
ing to ANOVA; n = 6 per group) in 
agreement with others (17). Levels of 
gadolinium in whole blood were detect-
able in all treated animals (Fig 3) (low-
dosage gadodiamide, 0.50 nmol per 
gram of blood 6 0.08 [n = 6]; high-dos-
age gadodiamide, 0.70 nmol per gram 
of blood 6 0.07 [n = 6]; high-dosage 
gadopentetate dimeglumine, 0.16 nmol 
per gram of blood 6 0.02 [n = 6]; sa-
line, 0.00 nmol per gram of blood 6 
0.02 [n = 6]). Blood gadolinium levels 

no significant differences in body weight 
increase between groups either during 
the treatment period or during the pe-
riod after dosing, which was indicative 
of general good health.

Determination of Brain and Blood 

Gadolinium Concentrations with ICP-MS

Gadolinium levels detected in the 
brain—up to 0.489 µg of gadolinium 
per gram of brain tissue (equivalent to 
approximately 3 nmol per gram of brain 
tissue in the high-dosage gadodiamide 
treatment group 1 week after dosing, 
n = 6)—were a small fraction of the in-
jected dose, maximally 0.00026% of the 
injected dose (3.38 nmol/1.29 mmol). 
The levels of gadolinium per gram of 
brain tissue as a percentage of injected 
dose agreed with those in previous (26) 
and recent (16) rat studies and in most 
subjects in autopsy studies (1,13,15).

One week after dosing, levels of 
gadolinium in the brain showed a dose 
response between the low-dosage and 

optic chiasm, (b) cerebrum at the base 
of the posterior hypothalamus, and 
(c) midcerebellum and medulla oblon-
gata. This slide set contains multiple 
anatomic structures that include both 
the globus pallidus and the deep cer-
ebellar nuclei (of which part is the 
equivalent of the human dentate nu-
cleus). Tissues were postfixed over-
night in formalin and processed to 
paraffin blocks, which were shipped to 
Pathology Associates International (a 
division of Charles River Laboratories) 
for slide preparation and independent 
histopathologic toxicology assessment. 
Toxicology assessments (24) were per-
formed on hematoxylin-eosin–stained 
sections by a board-certified toxicol-
ogy pathologist who was blinded to 
the treatment groups until all indi-
vidual animal assessments had been 
performed. Assessment included pres-
ence or absence of, and any appropri-
ate grading of extent or severity of, any 
neoplastic and nonneoplastic morpho-
logic changes in numerous anatomic 
regions present, as per best-practice 
guidelines (25).

Statistical Analysis

Statistical analysis and graphing were 
performed by A.P.L.S. (with 17 years 
of experience) by using Statistica soft-
ware (version 8; StatSoft, Tulsa, Okla). 
Parametric tests (analysis of variance 
[ANOVA]) were performed for con-
tinuous variables (eg, gadolinium mea-
surements), and nonparametric tests 
were used for normalized data (eg, 
percentage of injected dose). A level 
of significance of .05 was assumed. Re-
sults of all pairwise tests presented in 
the Figures remained significant after 
Bonferroni post hoc correction. The 
elimination half-life was calculated by 
using the equation T

1/2
 = (T

t
 – T

0
)ln(2)/

[ln(N
0
) – ln(N

t
)], where T

1/2
 is the elimi-

nation half-life, N
0
 is the level measured 

at time T
0
, and N

t
 is the amount mea-

sured at time T
t
.

Results

All animals completed the study suc-
cessfully, and there were no adverse 
health monitoring reports. There were 

Figure 2

Figure 2: Plot shows that gadolinium levels measured in the brain with ICP-MS were dose dependent 

(compare high- and low-dosage gadodiamide groups) and decreased with time (compare levels 1 week 

after dosing with those 20 weeks after dosing). Error bars represent 61 standard deviation of the mean. 

∗∗∗ = P , .0001 according to ANOVA for pairwise comparison. OS = Omniscan.
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Histologic Toxicology Findings

Histologic specimens from three ana-
tomic levels of the brain were stained 
with hematoxylin-eosin and examined 
(Fig 5). One week after dosing, a to-
tal of 72 sections from four treatment 
groups (three sections per animal and 
six rats per group) were examined, and 
all were described as having findings 
within normal limits. These sections in-
cluded six animals treated with saline 
and 18 animals treated with GBCA (six 
rats in each of three groups: low-dosage 
gadodiamide, high-dosage gadodiamide, 
and gadopentetate dimeglumine groups) 
with known gadolinium levels ranging 
from 1.049 to 3.009 nmol per gram of 
tissue present for 1 week (both low-
dosage and high-dosage gadodiamide 
groups and high-dosage gadopentetate 
dimeglumine group; n = 6 per group). 
Twenty weeks after dosing, a total of 54 
sections from two gadodiamide treat-
ment groups (low dosage and high dos-
age; n = 6 per group) and saline controls 
(n = 6) were examined, and all were also 
described as having findings within nor-
mal limits. These included 18 sections 
from animals with known measured 
gadolinium levels higher than 0.56 nmol 
per gram of brain tissue that had been 
present in the tissue for 20 weeks (n = 
6 rats in the low-dosage gadodiamide 
group and n = 6 rats in the high-dosage 
gadodiamide group).

Discussion

This study confirms the presence of 
small amounts of gadolinium (approx-
imately 1/1 000 000th of the injected 
dose) in the brain after repeated dos-
ing of gadodiamide in healthy rats and 
demonstrates partial clearance over 20 
weeks. Toxicology evaluation showed 
no evidence of treatment-related histo-
pathologic findings.

For most studies to date, some dif-
ferentiation has been reported between 
the classes of GBCA in both the clin-
ical (5,10,27) and nonclinical (16–18) 
setting with respect to hyperintensity 
on T1-weighted images, but there is 
evidence of low levels of gadolinium in 
the brain from all GBCAs tested with 
ICP-MS in rats (16,17) and humans 

brain tissue 6 0.30 vs 1.38 nmol per 
gram of brain tissue 6 0.10, respec-
tively [P , .0001]; P values obtained 
with ANOVA; n = 6 per group) and as 
a fraction of injected dose (low dos-
age, 0.000216% 6 0.000032 of injected 
dose [mean, 2.78 nmol/1.29 mmol; n = 
6] vs 0.000108% 6 0.000019 of injected 
dose [mean, 1.40 nmol/1.29 mmol; n 
= 6], respectively [P = .005]; high dos-
age, 0.000193% 6 0.000023 of injected 
dose [mean, 4.97 nmol/2.58 mmol; n = 
6] vs 0.000107% 6 0.000008 of inject-
ed dose [mean, 2.76 nmol/2.58 mmol; 
n = 6], respectively [P = .005 according 
to the Mann-Whitney test]). The levels 
20 weeks after dosing represent ap-
proximately 1 000 000th of the injected 
cumulative dose. Gadolinium was below 
detection limits in the blood 20 weeks 
after dosing (Fig 3). A brain elimina-
tion half-life of 19.08–22.40 weeks was 
calculated (on the basis of either per-
centage of injected dose or absolute 
measures, respectively).

were significantly lower in the animals 
treated with gadopentetate dimeglu-
mine when compared with the equiva-
lent animals treated with a high dosage 
of gadodiamide (P , .0001 according to 
ANOVA; n = 6 per group). The fraction 
of gadolinium in the brain measured as 
a percentage of injected dose was com-
parable between the low- and high-dos-
age gadodiamide groups (0.000216% 6 
0.000032 of injected dose [mean, 2.78 
nmol/1.29 mmol; n = 6] vs 0.000193% 
6 0.000023 of injected dose [mean, 
4.97 nmol/2.58 mmol; n = 6], respec-
tively; P = .18 according to the Mann-
Whitney U test; Fig 4).

When compared with values 1 week 
after dosing, 20 weeks after dosing, the 
gadolinium measured was significantly 
decreased both in absolute terms (low-
dosage gadodiamide, 1.39 nmol per 
gram of brain tissue 6 0.20 vs 0.70 
nmol per gram of brain tissue 6 0.12, 
respectively [P , .0001]; high-dosage 
gadodiamide, 2.49 nmol per gram of 

Figure 3

Figure 3: Plot shows that gadolinium levels measured in the blood with ICP-MS were dose dependent 1 

week after dosing but were below detection limits 20 weeks after dosing. Error bars represent 61 standard 

deviation of the mean. ∗∗ = P , .001 according to ANOVA, ∗∗∗ = P , .0001 according to ANOVA for 

pairwise comparison. OS = Omniscan.
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labeled gadodiamide, levels of either 
radiolabeled gadolinium (29) or the ra-
diolabeled chelate (30) in the brain are 
below the limit of detection within 24 
hours. With inductively coupled plasma 
atomic emission spectroscopy, levels in 
the brain 24 hours after dosing were 
0.000344% of the injected dose after 
a single dose of 1 mmol per kilogram 
of body weight and 0.000191% of the 
injected dose 48 hours after six repeat 
doses of 1 mmol per kilogram of body 
weight (26), the same order of magni-
tude as our findings. We interpret the 
detection of gadolinium in the blood 1 
week after dosing and persistence in the 
brain 1 week and 20 weeks after dosing 
as both a function of the repeated dose 
regimen with a higher cumulative dose 
(26) and the higher sensitivity of ICP-
MS over previously used techniques 
(29,30). We also provide evidence that 
gadolinium is slowly clearing from the 
brain, albeit at slower rates than seen 
in the first 24–48 hours (26,28,31), 
which suggests that the simple two-
compartment model used to describe 
previous GBCA pharmacokinetic data 
is an oversimplification.

Importantly, we saw no overt clinical 
sequelae from these supraclinical treat-
ment regimens. This is in agreement 
with previous studies in rats at lower 
(26) or equivalent doses (16,17) in ac-
cordance with comparable body weights 
between the treatment and control 
groups in our study. A lack of acute his-
topathologic findings in the brain agrees 
with findings in a previous study (26), 
while our study included animals with a 
higher cumulative dose of 12 mmol per 
kilogram of body weight and extended 
the exposure to 20 weeks after dosing. 
We also included perfusion fixation to 
optimize morphologic preservation and 
a standardized toxicology assessment of 
the brain, which conforms to methods 
used in safety toxicology studies. We 
considered it important to conduct his-
topathologic analysis after both acute 
(1 week after dosing) and chronic (20 
weeks after dosing) exposure to elimi-
nate the possibility of both acute toxic-
ity and delayed toxicity that might only 
be apparent after prolonged periods of 
exposure. The lack of histopathologic 

However, in the clinical setting, these 
levels are in the context of a highly var-
iable period of time between the last 
GBCA dose and autopsy, ranging from 
a few days to years. Indeed, the highest 
levels of gadolinium seen in the autopsy 
cases may be associated with the short-
est time between dosing and autopsy 
(13,15), so it is difficult to determine 
any clearance rates from the human 
data.

Previous pharmacokinetic studies 
of gadodiamide have been described as 
fitting an open two-compartment model 
with a rapid extracellular distribution 
phase (on the order of minutes) and 
longer elimination phase (with a half-
life on the order of hours) and with 
recovery of GBCAs on the order of 
94%–99% in the urine within 24–48 
hours (28). After a single dose of 

(1,13,15). In the rat, there is a fourfold 
to 14-fold range of gadolinium concen-
tration in the brain between linear and 
macrocyclic agents at equivalent doses 
(17), and even within the linear agents, 
we see twofold lower initial brain levels 
with gadopentetate dimeglumine than 
with gadodiamide, in agreement with 
others (17). These observed gadolini-
um levels of 0.2–4.0 nmol per gram of 
brain tissue result from a supraclinical 
dosing regimen in healthy rats (a) with 
a presumably intact blood-brain barrier 
and (b) within a few weeks of dosing. 
In the clinical setting, gadolinium levels 
in autopsy samples are typically similar, 
on the order of 0.1–6.0 nmol per gram 
of brain tissue across a range of linear 
and macrocyclic GBCAs (1,13,15), but 
may be as high as 370 nmol per gram 
of brain tissue in exceptional cases (1). 

Figure 4

Figure 4: Plot shows that gadolinium measured in the brain as a percentage of 

injected dose shows equivalency with dose, which indicates that uptake mechanisms 

are not saturated, and equivalency in elimination shows that elimination mechanisms 

are not saturated. Error bars represent 61 standard deviation of the mean. n.s. = not 

significant, ∗∗ = P = .005 according to the Mann-Whitney U test.
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in the deep cerebellar nuclei. Although 
others report only modestly lower gad-
olinium levels in cerebral cortex and 
subcortical structures when compared 
with cerebellum, local concentrations 
are likely to be heterogeneous and fo-
cally higher than the values reported 
here and by others (16). It is important 
to note that to date, in only a single 
study has gadolinium been localized, 
measured with respect to the blood-
brain barrier at the microscopic level 
(1). In autopsy samples, most gado-
linium was present in the endothelial 
wall of the blood-brain barrier, with 
a variable level apparently within the 
brain parenchyma. Localization should 
be further investigated in a nonclinical 
model without potentially confound-
ing comorbidities and with the better 
tissue morphologic appearance over 
cadaveric specimens afforded by per-
fusion fixation.

The mechanism by which gado-
linium reaches the brain remains un-
known, as most GBCAs were consid-
ered not to cross an intact blood-brain 
barrier. A possible route of brain ex-
posure to all GBCAs via the cerebro-
spinal fluid observed in rats (18) and 
some humans (32), thereby bypassing 
the blood-brain barrier, needs to be ex-
plored further in both nonclinical and 
clinical settings.

In conclusion, results of the present 
study confirm the presence of low levels 
of gadolinium in the rat brain after re-
peated GBCA exposure up to a cumu-
lative dose of 12 mmol per kilogram of 
body weight (approximately 0.0002% 
of the injected dose). This gadolinium 
is in a form that is cleared over time 
without histopathologic consequence in 
the rat.
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performed to investigate the kinetics of 
gadolinium in the brain and the histo-
pathologic findings across the various 
approved GBCAs. We did not include a 
20-week assessment for gadopentetate 
dimeglumine. The methods used in the 
current study did not address the ques-
tions of the gadolinium species present, 
although the absence of neurotoxicity 
suggests that gadolinium remains che-
lated or in a nontoxic form. In our study, 
gadolinium was not localized within the 
brain. We measured gadolinium levels 
in whole hemispheric samples, and this 
may dilute the potential concentration 

findings in the brain is consistent with 
a lack of in-life sequelae in this study or 
similar rat studies (16–18,26). To date, 
there remain no definitive clinical find-
ings associated with hyperintensity on 
T1-weighted images or the presence of 
gadolinium in the brain (1–14), and it 
is important to rationally evaluate the 
potential risk of gadolinium present in 
the brain against the considerable diag-
nostic benefits of contrast material–en-
hanced MR imaging examinations.

Limitations of our study include 
the assessment of only two contrast 
agents, and further work needs to be 

Figure 5

Figure 5: No histopathologic abnormalities were observed in any treatment group at any time point. 

Histopathologic assessment was conducted on specimens from three anatomic levels (upper panels). 

The cerebrum at the optic chiasm, the cerebrum at the base of the posterior hypothalamus, and the 

midcerebellum and medulla oblongsata are shown (low-power middle panels). High-power representative 

photomicrographs (hematoxylin-eosin stain; original magnification, 3400) from the deep cerebellar nuclei 

(DCN ; lower expanded panels) and cerebellar cortex (upper expanded panels) of animals treated with saline 

and those treated with a high dosage of gadodiamide 1 week and 20 weeks after dosing are shown. 

Ac = anterior commisure, Cc = cerebral cortex, CC = cerebellar cortex, Cca = corpus callosum, H = hypo-

thalamus, Hc = hippocampus, HD = high-dose, Mo = medulla oblongata, MO = medulla oblongata, 

OS = Omniscan, SR = striatum, T = thalamus.
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