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Purpose: To determine whether gadolinium deposits in neural tis-
sues of patients with intracranial abnormalities following 
intravenous gadolinium-based contrast agent (GBCA) ex-
posure might be related to blood-brain barrier integrity 
by studying adult patients with normal brain pathologic 
characteristics.

Materials and 
Methods:

After obtaining antemortem consent and institutional re-
view board approval, the authors compared postmortem 
neuronal tissue samples from five patients who had under-
gone four to 18 gadolinium-enhanced magnetic resonance 
(MR) examinations between 2005 and 2014 (contrast 
group) with samples from 10 gadolinium-naive patients 
who had undergone at least one MR examination during 
their lifetime (control group). All patients in the contrast 
group had received gadodiamide. Neuronal tissues from 
the dentate nuclei, pons, globus pallidus, and thalamus 
were harvested and analyzed with inductively coupled 
plasma mass spectrometry (ICP-MS), transmission elec-
tron microscopy with energy-dispersive x-ray spectros-
copy, and light microscopy to quantify, localize, and assess 
the effects of gadolinium deposition.

Results: Tissues from the four neuroanatomic regions of gadodi-
amide-exposed patients contained 0.1–19.4 mg of gadolin-
ium per gram of tissue in a statistically significant dose-de-
pendent relationship (globus pallidus: r = 0.90, P = .04). 
In contradistinction, patients in the control group had un-
detectable levels of gadolinium with ICP-MS. All patients 
had normal brain pathologic characteristics at autopsy. 
Three patients in the contrast group had borderline re-
nal function (estimated glomerular filtration rate ,45 mL/
min/1.73 m2) and hepatobiliary dysfunction at MR exam-
ination. Gadolinium deposition in the contrast group was 
localized to the capillary endothelium and neuronal inter-
stitium and, in two cases, within the nucleus of the cell.

Conclusion: Gadolinium deposition in neural tissues after GBCA ad-
ministration occurs in the absence of intracranial ab-
normalities that might affect the permeability of the 
blood-brain barrier. These findings challenge current un-
derstanding of the biodistribution of these contrast agents 
and their safety.
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If true, this theory would suggest that 
the phenomenon of gadolinium tissue 
deposition is entirely limited to pa-
tients with intracranial abnormalities. 
Alternatively, if intracranial gadolinium 
deposits were discovered in patients 
with normal brain pathologic features, 
it would suggest that this phenomenon 
is more widespread than currently as-
sumed, occurring by means of an un-
defined mechanism of deposition and 
potentially affecting tens of millions of 
patients worldwide.

In the current study, we sought to 
examine the phenomenon of intracra-
nial gadolinium deposition in patients 
lacking intracranial abnormalities who 
underwent multiple gadolinium-en-
hanced MR examinations.

Materials and Methods

The design and execution of this single-
center retrospective study were subject 
to institutional review board oversight 
and Health Insurance Portability and 
Accountability Act guidelines regarding 
patient data integrity and privacy.

Study Design and Population
Deceased adult patients (18 years) in 
whom autopsy was performed following 
antemortem consent and who had 

tissues for months to years after expo-
sure to intravenous GBCAs.

In our previous study using elec-
tron microscopy (3), we were able to 
localize and quantify the distribution of 
these deposits within the neural tissues. 
In that analysis, we discovered that a 
majority of the gadolinium deposits 
were sequestered within the endothe-
lial walls, presumably trapped behind 
the tight junction of the blood-brain 
barrier, and a minority of deposits 
were scattered throughout the neural 
interstitium. This latter finding is sur-
prising and suggests that some chemi-
cal species of gadolinium (free or che-
lated) are capable of either directly or 
indirectly circumventing an apparently 
intact blood-brain barrier. Because 
most patients in these recent studies 
had underlying intracranial abnormal-
ities, it is possible that the underlying 
intracranial lesion or treatment could 
have injured the surrounding tissues, 
thereby damaging the blood-brain bar-
rier and rendering it more permeable 
to larger molecules such as GBCAs. 
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Advances in Knowledge

nn Elemental gadolinium accumu-
lates in neuronal tissues after 
intravenous administration of a 
gadolinium-based contrast agent 
(GBCA) in the absence of intra-
cranial abnormalities.

nn Inductively coupled plasma mass 
spectrometry of autopsied brains 
exposed to GBCAs demonstrates 
a significant dose-dependent rela-
tionship in the amount of gado-
linium deposited within neuronal 
tissues (Spearman rank correla-
tion coefficient [r] = 0.82–0.94, 
P , .04).

nn Gadolinium deposition occurs in 
all sampled sites (globus pallidus, 
thalamus, dentate, pons) and is 
greatest in the dentate nucleus, 
with concentrations of 0.1–19.4 
mg of gadolinium per gram of 
tissue.

nn Findings from transmission elec-
tron microscopy suggest that a 
majority of detectable gadolinium 
deposits occurs within the endo-
thelial walls and a smaller frac-
tion of deposits is detected in the 
interstitium, some within the 
cytoplasm and nucleus of neu-
rons within the dentate nuclei.

Implications for Patient Care

nn Neuronal tissue deposition of 
gadolinium appears to be cumu-
lative during a patient’s lifetime 
and occurs in the absence of in-
tracranial abnormalities that 
could potentially weaken the 
blood-brain barrier.

nn Neuronal tissue deposition ap-
pears to take place in all patients 
exposed to gadolinium and is de-
tectable with as few as four life-
time doses of GBCA.

nn The presence of gadolinium de-
posits within the cytoplasm of 
neurons, particularly within the 
nucleus, raises the possibility of 
biologic activity of these de-
posits, possibly from modulation 
of calcium channel activity or 
direct interaction with cellular 
biomolecules; these facts not-
withstanding, the clinical signifi-
cance of gadolinium deposition in 
neural tissues remains undefined 
without evidence of neurotoxicity 
at this time.

Emerging evidence of intracranial 
gadolinium deposits after intra-
venous administration of gadolin-

ium-based contrast agents (GBCAs) for 
routine magnetic resonance (MR) im-
aging has raised serious concerns about 
the safety of these contrast agents. 
Kanda and colleagues (1) initially re-
ported the positive correlation between 
increased signal intensity in the dentate 
nucleus and basal ganglia and previous 
exposure to GBCAs. Subsequent stud-
ies directly confirmed the presence of 
gadolinium deposits within neuronal 
tissues and a dose-dependent relation-
ship with cumulative GBCA exposure 
(2–4). Despite the small sample sizes, 
these studies suggested that gadolini-
um tissue deposition was taking place 
in the setting of normal renal function 
and that these deposits may remain in 
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and the National Institute of Standards 
and Technology (Gaithersburg, Md). 
Tissue gadolinium concentration was 
determined by multiplying the weight of 
gadolinium per milliliter in the digested 
solution by the dilution factor and divid-
ing by tissue sample weight.

Transmission Electron Microscopy
Transmission electron microscopy with 
electron-dispersive x-ray spectroscopy 
was performed (R.J.M., with 14 years 
of experience, and another investi-
gator with 27 years of experience) at 
our institutional microscopy core fa-
cility to characterize and quantify the 
distribution of gadolinium deposits in 
these formalin-fixed tissues as previ-
ously described (3). Briefly, formalin-
fixed tissue samples were rinsed in 0.1 
mol/L phosphate buffer, secondarily 
fixed in Trump fixative (4% paraformal-
dehyde plus 1% glutaraldehyde in 0.1 
mol/L phosphate buffer), dehydrated 
by means of an ethanol series, and em-
bedded in epoxy resin (Embed 812 + 
Araldite 502; EMS, Hatfield, Pa). Ultra-
thin embedded tissue slices (0.1 mm) 
were then stained with 2% lead citrate 
and mounted on platinum grids. Micro-
graphs were acquired by using a trans-
mission electron microscope (Technai 
G2 12; FEI, Hillsboro, Ore) equipped 
with an energy-dispersive spectrometry 
system (EDAX, Mahweh, NJ). Image 
densitometry was performed by using 
image-processing software (ImageJ; Na-
tional Institutes of Health, Bethesda, 
Md) to quantify the fraction of electron-
dense foci present within the neuronal 
interstitium relative to the total amount 
detected in the image.

Statistical Analysis
All statistical analyses were performed 
by R.J.M. (16 years of experience) 
and J.S.M. (17 years of experience) 
with use of software (R, version 3.1; R 
Foundation for Statistical Computing, 
Vienna, Austria) (6). Continuous var-
iables are presented as medians and 
interquartile ranges owing to nonnor-
mal data distributions unless otherwise 
noted. Differences in the amounts of 
gadolinium detected in the four sam-
pled neuronal tissues with ICP-MS were 

tissue samples were harvested from the 
posterior fossa (dentate nucleus and 
pons) and basal ganglia (globus pallidus 
and thalamus) of archived formalin-
fixed whole-brain specimens. Whole-
brain specimens were removed at the 
time of autopsy, fixed in formalin for 
approximately 10 days, sectioned into 
approximately 0.5-cm-thick samples, 
placed in 10% neutral buffered forma-
lin, and archived in our institutional 
biospecimen repository. Tissue samples 
for this study were harvested from the 
posterior fossa (dentate nucleus and 
pons) and basal ganglia (globus palli-
dus and thalamus) of archived whole-
brain specimens and placed in formalin 
solution for further analysis. Autopsy 
records were reviewed in conjunction 
with inspection of the sectioned brain 
to exclude the presence of underlying 
occult intracranial abnormalities. In 
addition, hematoxylin-eosin–stained 
microscope slides of the dentate, har-
vested at the time of autopsy for diag-
nostic purposes, were retrieved from 
pathology archives and reviewed (by 
M.E.J.).

Mass Spectrometry
Elemental gadolinium quantification of 
acid-hydrolyzed tissue samples was car-
ried out by D.L.M. (20 years of expe-
rience) with use of inductively coupled 
plasma mass spectrometry (ICP-MS) in 
our institutional heavy metals labora-
tory as previously described (3). Briefly, 
desiccated formalin-fixed brain tissues 
were digested with a concentrated ni-
tric acid (Fisher Scientific, Hampton, 
NH; 80°C, 20 minutes), quenched with 
hydrogen peroxide (30 wt%), and di-
luted with 1% nitric acid containing 
rhodium and terbium internal stan-
dards. Tissue gadolinium quantification 
was performed by using an inductively 
coupled plasma mass spectrometer 
(ELAN DRC II; Perkin Elmer, Shelton, 
Conn) with gadolinium masses 157 and 
160. For gadolinium ions, the analytical 
range of this system has been shown 
to range from 0.1 to 1000 ng/mL. Re-
sults of tissue mass spectrometry were 
compared with internal standards pur-
chased from the European Commission 
Joint Research Center (Geel, Belgium) 

undergone at least one unenhanced MR 
examination (control group) or at least 
four gadolinium-enhanced MR exami-
nations (contrast group) of the chest, 
abdomen, pelvis, and/or extremities 
at our institution from 2000 to 2014 
were included in this study. Pediatric 
patients (<18 years, both groups) and 
those with intracranial disease that 
could potentially alter the permeability 
of the blood-brain barrier (known at 
or before the time of autopsy, contrast 
group only) were excluded from further 
study. The control group consisted of 
adult patients (>18 years) who had un-
dergone at least one unenhanced MR 
examination of the brain (3). All clini-
cal and procedural data were extracted 
from our institutional electronic med-
ical record system by R.J.M. (6 years 
of experience) and J.S.M. (7 years of 
experience) with use of relational da-
tabase software (Data Discovery and 
Query Building; IBM, Armonk, NY) as 
previously described (3).

MR Imaging and GBCA Administration
All patients in this study underwent MR 
examination of the chest, abdomen, 
pelvis, or extremities with one of 10 MR 
imaging systems at our institution dedi-
cated to thoracic, abdominal, breast, or 
musculoskeletal imaging (five GE 1.5-T 
units [GE Healthcare; Little Chalfont, 
England], two GE 3.0-T units, two Sie-
mens 1.5-T units [Siemens Healthcare; 
Erlangen, Germany], and one Siemens 
3.0-T unit). All gadolinium-enhanced 
MR examinations were performed with 
the intravenous agent gadodiamide 
(Omniscan, GE Healthcare) by using an 
institutional weight-based nomogram 
for a target dose of 0.1 mmol/kg. Renal 
function was assessed before each MR 
examination to screen for chronic renal 
failure by using estimated glomerular 
filtration rate derived from serum cre-
atinine results collected within 24 hours 
of the examination (5).

Tissue Processing
All autopsies and brain sectioning were 
performed by one of three board-cer-
tified staff neuropathologists (including 
M.E.J.) with 10–37 years of experience, 
as previously described (3). In brief, 
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assessed by means of the Mood median 
test. Correlations among cumulative 
gadolinium dose, changes in T1 signal 
intensity, and the amount of gadolinium 
detected in neuronal tissues with ICP-
MS were assessed by using the non-
parametric Spearman rank correlation 
(r). P  .05 was indicative of a statisti-
cally significant difference.

Results

Fifteen deceased patients (five from the 
contrast group and 10 from the control 
group) met all inclusion and exclusion 
criteria for this study. The demographic 
and clinical characteristics of these pa-
tients are shown in Table 1. Patients in 
the contrast group had undergone four 
to 18 separate contrast-enhanced MR 
examinations; the previously identified 
10 control patients had no history of 
GBCA exposure. None of the patients 
in the contrast group had presented 
during their lifespan with neurologic 
symptoms that warranted intracranial 
MR imaging. All but one patient in the 
contrast group had undergone MR im-
aging only for surveillance of their re-
spective intraabdominal or intrapelvic 
disease, as indicated in Table 1; the one 
notable exception was patient 1, who 
had undergone 17 contrast-enhanced 
MR examinations of the abdomen and 
one contrast-enhanced cardiac MR ex-
amination for the evaluation of myo-
cardial function. All five patients in the 
contrast group and eight of the 10 in 
the control group had lived within Ol-
msted county and had received all of 
their adult health care at our medical 
center; the remaining two patients in 
the control group were regional pa-
tients, which enabled us to access their 
outside medical records and previous 
radiologic examination results. Contrast 
material–exposed patient 2 had under-
gone focused external beam radiation 
therapy for cholangiocarcinoma and 
patient 5 had undergone radioactive 
seed implantation for prostate adeno-
carcinoma; none of these patients had 
undergone irradiation of the neuraxis. 
Similarly, contrast material–exposed 
patient 2 was the only patient who 
had been treated with conventional 
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0.73, P = .03; globus pallidus: F = 18.06, 
R2 = 0.82, P = .01; thalamus: F = 69.27, 
R2 = 0.95, P = .001; pons: F = 2.43, R2 =  
0.38, P = .19), despite mild to moder-
ate chronic renal disease in several of 
the patients exposed to gadolinium. 
The median gadolinium concentration 
in the globus pallidus increased from 
1.5 to 9.0 mg/g in patients in the con-
trast group, which is higher than what 
we had previously observed within this 
range of GBCA dosing (3), whereas the 
dose-normalized gadolinium concentra-
tions in other neuroanatomic regions 
were very similar to those in our pre-
vious study.

Localization of Gadolinium within 
Neuronal Tissues and Assessment of 
Histologic Changes
Unlike control patients, in whom gado-
linium accumulation was not observed 
(Fig 2, A), patients in the contrast 
group had extensive gadolinium de-
posits within neuronal tissues detected 
by means of transmission electron mi-
croscopy with energy-dispersive x-ray 
spectroscopy (Fig 2, B). In addition 
to the absence of gross anatomic dif-
ferences at autopsy, no gross histo-
logic differences between contrast and 

an elevated aspartate aminotransferase 
level and patient 3 had an elevated total 
bilirubin level during the course of their 
MR examinations. Median hepatobili-
ary function (alkaline phosphatase, as-
partate aminotransferase, and total bil-
irubin levels) was otherwise normal in 
the remaining patients in the contrast 
group near the time of gadolinium ad-
ministration (Table 1).

Effect of Gadolinium Exposure on Tissue 
Deposition
Elemental gadolinium was detected in 
the four neuroanatomic regions of all five 
patients in the contrast group, with con-
centrations ranging from 0.1 to 19.4 mg 
gadolinium per gram of tissue (Table 2).  
The highest concentration of gadolinium 
was detected in the globus pallidus of 
patients 1, 2, and 3 and in the dentate 
nucleus of patients 4 and 5. None of 
the patients in the control group had 
detectable levels of elemental gadolini-
um. For each neuroanatomic location, 
the cumulative gadolinium dose showed 
a moderate to strong correlation with 
tissue gadolinium concentration (Fig 1) 
(r = 0.82–0.94, P , .04) and followed 
a relatively linear correlation with lin-
ear regression (dentate: F = 10.68, R2 = 

chemotherapy (5-fluorouracil); patient 
1 had taken octeotide (Sandostatin; 
Novartis Pharmaceuticals, Basel, 
Switzerland) and soratinib for carci-
noid, patient 3 had undergone nephrec-
tomy and embolization for renal cell 
carcinoma, patient 4 had been treated 
with leuprolide (Lupron; Abbvie, North 
Chicago, Ill) and prostatectomy, and 
patient 5 had received no systemic 
therapy for hepatocellular carcinoma 
that developed after long-standing 
alcohol- and hepatitis C virus–induced 
chronic hepatitis. Control patients 3 
and 9 had both undergone chemother-
apy (patient 3, cyclophosphamide and 
dexamethasone; patient 9, cytarabine 
and dexamethasone); neither patient 
had undergone irradiation of the neur-
axis. All patient medical records were 
reviewed; no other confounding comor-
bid diagnoses that may have increased 
the permeability of the blood-brain bar-
rier were identified.

Patients in the contrast group un-
derwent four to 18 contrast-enhanced 
MR examinations, and patients in the 
control group underwent one to six un-
enhanced MR examinations. The me-
dian age at the time of death was lower 
in the contrast group (68 years; range, 
47–73 years) than in the control group 
(79 years; range, 60–88 years) (P = 
.27). The median time between the last 
MR examination and death was signifi-
cantly shorter in the contrast group (56 
days; range, 1–1257 days) than in the 
control group (727 days; range, 8–2359 
days) (P , .0001). The median baseline 
renal function during MR examinations 
was similar among patients in the con-
trast group (41 mL/min/1.73 m2; range, 
24–104 mL/min/1.73 m2) and those 
in the control group (46 mL/min/1.73 
m2; range, 10–104 mL/min/1.73 m2) 
(P = .67). Patients 1, 3, and 5 in the 
contrast group had renal insufficiency 
throughout the course of their MR ex-
aminations, with estimated glomeru-
lar filtration rates of less than 45 mL/
min/1.73 m2. Gadolinium was withheld 
for one examination in patient 3 owing 
to poor renal function, but otherwise 
gadolinium was not withheld from any 
patient because of acute or chronic re-
nal dysfunction. Patients 1 and 5 had 

Table 2

Results of Mass Spectrometry

Group and Patient No. Dentate Pons Globus Pallidus Thalamus

Contrast group
  1 8.9 0.7 19.4 2.1
  2 6.7 0.2 9.0 1.1
  3 2.6 0.2 11.1 0.6
  4 2.2 0.7 2.1 0.9
  5 6.1 0.1 3.2 0.5
Control group
  1 0 0 0 0
  2 0 0 0 0
  3 0 0 0 0
  4 0 0 0 0
  5 0 0 0 0
  6 0 0 0 0
  7 0 0 0 0
  8 0 0 0 0
  9 0 0 0 0
  10 0 0 0 0

Note.—Data are gadolinium concentrations detected with ICP-MS (in micrograms of gadolinium per gram of tissue).
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Figure 1

Figure 1:  Graphs show gadolinium detection with mass spectrometry of cadaveric tissues. A–D, Changes in gadolinium ion signal intensity detected with mass 
spectrometry plotted against cumulative intravenous gadolinium exposure for each neuroanatomic area. Strength of association between gadolinium ion signal inten-
sity and dose is shown with Spearman rank correlation coefficient (r) and associated P value.

Figure 2

Figure 2:  Tissue localization and cellular response to gadolinium deposition. A, B, Micrographs from transmission electron microscopy (0.2% 
lead citrate stain; original magnification, 310 000) show cellular localization of gadolinium in dentate nuclei tissue samples from, A, control 
patient 7 and, B, gadolinium-exposed patient 1. X-ray spectra are shown in inset of each respective panel for selected electron-dense foci 
(arrows); gadolinium peaks in spectra are indicated by red overlay. C = carbon, Ca = calcium, Cs = cesium, Cu = copper, Gd = gadolinium, 
Ni = nickel, O = oxygen, Os = osmium, Pb = lead, Ti = titanium, V = vanadium. C, D, Photomicrographs from light microscopy (hematoxylin-
eosin stain; original magnification, ×100) of dentate nuclei samples from, C, control patient 7 and, D, gadolinium-exposed patient 1.
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neural tissue accumulation of gadolin-
ium in the absence of such abnormal-
ities. Because the integrity of the blood-
brain barrier may be compromised in 
patients with intracranial abnormalities, 
our findings provide more definitive ev-
idence of gadolinium accumulation in 
nondiseased neuronal tissues across 
an intact blood-brain barrier. Further-
more, our findings complement findings 
in studies showing that these deposits 
form in the absence of severe renal or 
hepatobiliary dysfunction (2,4,11).

Although the dentate nucleus ap-
pears to be the preferential site for 
deposition in patients with intracranial 
disease, the basal ganglia accumulated 
a greater amount of gadolinium in our 
current cohort of patients with normal 
brain morphologic characteristics. In 
the current study, gadolinium depo-
sition in the globus pallidus increased 
sixfold when compared with deposition 
rates in patients with intracranial ab-
normalities, whereas deposition rates 
in other neuroanatomic regions were 

differs somewhat when compared with 
that in patients with intracranial ab-
normalities insofar as the deposits are 
greatest within the basal ganglia rather 
than in the dentate nucleus in most 
patients, similar absolute dose-nor-
malized amounts of gadolinium were 
detected in normal brain tissues (3). 
Despite direct evidence of gadolinium 
deposition in neural tissues, we were 
unable to detect gadolinium-mediated 
histologic changes that might suggest 
cytotoxicity. However, the discovery 
of gadolinium deposits in the nuclei of 
neurons merits additional investigation 
in light of the cytotoxic and genotoxic 
potential of free lanthanide rare earth 
metals (7–10).

To date, only three previous single-
center studies have directly measured 
gadolinium concentrations in neural 
tissues of deceased humans by means 
of ICP-MS (2–4). Our current findings 
complement and expand upon earlier 
investigations of patients with intracra-
nial abnormalities to now show ongoing 

control groups were noted in hematox-
ylin-eosin–stained samples to suggest 
cellular injury from gadolinium
deposition (Fig 2, C, 2, D). Although 
many of the gadolinium deposits were 
clustered in foci within the endothelial 
wall, a smaller fraction was found on 
wider-field views to be in small elec-
tron-dense deposits within the neuro-
nal tissue interstitium (Fig 3). In two 
patient samples, gadolinium deposits 
were identified within the nucleus of a 
neuronal cell (Fig 3).

Discussion

The results of this single-center, ret-
rospective study suggest that neuro-
nal tissue deposition of gadolinium af-
ter multiple intravenous GBCA doses 
demonstrates a statistically significant 
dose-dependent relationship among 
patients with normal brain morpho-
logic characteristics and presumably 
an intact blood-brain barrier. Although 
the neuronal tissue deposition pattern 

Figure 3

Figure 3:  Nuclear localization of gadolinium (Gd) deposits. Images from transmission electron microscopy (0.2% lead citrate stain) show 
cellular localization of gadolinium in dentate nuclei tissue samples from, A, gadolinium-exposed patient 1 and, B, gadolinium-exposed patient 5 
at 2000–10 000-fold magnification. X-ray spectra were collected for selected electron-dense foci (arrows) to verify their identity.
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chelation state of these gadolinium de-
posits will be critical to our understand-
ing of the mechanism of and risks associ-
ated with tissue deposition.

In conclusion, our findings demon-
strate that gadolinium deposition in neu-
ronal tissues occurs even in the absence 
of intracranial abnormalities among 
patients exposed to multiple gadolini-
um-enhanced MR examinations. These 
findings argue for additional studies to 
better characterize this phenomenon 
and clarify the safety of GBCAs.
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