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Résumé 

Objectifs: 

Le but de cette étude était d'évaluer systématiquement la modification spatiale et temporelle du 
signal au niveau des noyaux gris centraux des séquences T1 non contrastées d'IRM cérébrales 
chez des patients adultes ayant été exposés à au moins 10 doses consécutives de gadodiamide. 

Matériel et Méthode 

Dans cette étude monocentrique rétrospective longitudinale, nous avons analysé les IRM 
cérébrales de 30 patients (12 femmes, 18 hommes ; âge moyen de 43 ans+- 11.6 ans) dont les 
images ont été acquises entre décembre 1998 et mars 2008. Nous avons tracé des régions 
d'intérêt dans le noyau denté, le globus pallidus, le putamen, le pulvinar, le noyau ventral 
postérieur du thalamus, le collicule supérieur, la substance noire et la substance blanche sur des 
séquences T1 non injectées. Chaque intensité de signal moyenne d'une région d'intérêt était 
normalisée par le signal moyen du pont. Les intensités moyennes normalisées étaient mesurées 
sur l'IRM baseline avant injection de gadodiamide puis sur chacune des 10 IRM successives. 
Nous avons utilisé des modèles linéaires à effets mixtes pour analyser les informations récoltées. 

Résultats: 

Nous avons observé une augmentation linéaire significative du ratio d'intensité de signal sur les 
10 administrations de gadodiamide (l'ensemble des noyaux de la base étudié était 
statistiquement significatif (P<0.001) à l'exception du thalamus ventral-postérieur avec P<0.05), 
avec l'augmentation la plus rapide de l'intensité de signal au niveau du noyau denté (B = 0.010), 
puis le globus pallidus (B = 0.0068), le putamen (B = 0.0063), le pulvinar (B = 0.0062), le collicule 
supérieur (B = 0.0057), la substance noire (B = 0.0034), et le noyau ventral-postérieur du 
thalamus (B = 0.0031 ). Au niveau de la substance blanche, aucune augmentation significative 
du signal a été observée (P > 0.05). 

CONCLUSIONS: 

Plusieurs administrations consécutives de Gadodiamide sont associées à une augmentation 
du signal sur la séquence T1 sans injection de contraste, affichant un modèle graduel et non 
uniforme sur les différents noyaux de la base, entre autres le noyau ventral postérieur du 
thalamus qui était utilisé dans les précédentes études comme tissu de référence. 



ORIGINAL ARTICLE
Spatiotemporal Pattern of Gadodiamide-Related T1 Hyperintensity
Increase Within the Deep Brain Nuclei
Guillaume P.O. Marie, MD, Polona Pozeg, PhD, Reto A. Meuli, MD, PhD,
Philippe Maeder, MD, and Joachim Forget, MD, PhD
Objectives: The purpose of the study was to systematically evaluate the precise
spatial and temporal pattern of gadolinium-related changes in T1-weighted signal in-
tensity on unenhanced magnetic resonance (MR) images, occurring in the deep brain
nuclei of adult patients exposed to at least 10 consecutive doses of gadodiamide.
Materials and Methods: In this monocentric retrospective longitudinal study,
we analyzed the brain MR images of 30 patients (12 women, 18 men; mean
age, 43 ± 11.6 years) acquired between December 1998 and March 2008. We drew
the regions of interest in the dentate nucleus, globus pallidus, putamen, pulvinar, ven-
tral posterior nucleus of the thalamus, superior colliculus, substantia nigra, and white
matter on unenhanced T1-weighted images. Each region of interest’s mean signal in-
tensity was normalized by the mean intensity of the pons. The normalized signal in-
tensities were measured at the baseline before first gadodiamide administration and at
each of 10 successive MR imaging examinations. We used linear mixed effects
models to analyze the data.
Results:We observed a significant linear increase of signal intensity ratios across
10 successive gadodiamide administrations (all basal nuclei were significant at
P < 0.001, except the ventral posterior thalamus, where P < 0.05), with the fastest
signal intensity increase in the dentate nucleus (B = 0.010), followed by the globus
pallidus (B = 0.0068), putamen (B = 0.0063), pulvinar (B = 0.0062), superior
colliculus (B = 0.0057), substantia nigra (B = 0.0034), and ventral posterior nucleus
of the thalamus (B = 0.0031). No significant signal increase was observed in the
white matter (P > 0.05).
Conclusions: Multiple consecutive administration of gadodiamide is associated
with an increase in T1-weighted hypersignal on the unenhanced scans, displaying a
gradual and nonuniform pattern across different deep brain nuclei, including the ven-
tral posterior thalamus, which was used as a reference tissue in previous studies.

Key Words: gadolinium retention, magnetic resonance imaging, deep brain
nuclei, T1-weighted hyperintensity, gadodiamide

(Invest Radiol 2018;53: 748–754)

G adolinium-based contrast agents (GBCAs) are widely used in
magnetic resonance (MR) imaging due to gadolinium’s excellent

paramagnetic properties, which improve visualization of blood-brain
barrier disruption and hypervascularity. The GBCAs are classified into
linear or macrocyclic agents based on the ligand’s structure or into ionic
or nonionic agents based on their charge. Their in vitro and in vivo sta-
bilities differ, with macrocyclic GBCAs being kinetically more stable
than linear GBCAs, and ionic linear GBCAs being thermodynamically
more stable than nonionic linear agents.1,2 Gadolinium-based contrast
agent use was initially assumed to be safe until 2006, when the role
of linear GBCAs in the genesis of nephrogenic systemic fibrosis in
Received for publication May 18, 2018; and accepted for publication, after revision,
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patients with renal failure was reported,3 resulting in the restriction of
linear agents to patients with normal renal function.

Recently, new data emerged, suggesting that gadolinium deposits
in the brain tissue of patients with normal renal function. Kanda et al4 first
reported abnormally increased T1 signal intensity (SI) in the dentate nu-
cleus (DN) and globus pallidus (GP) on unenhanced T1-weighted se-
quences after repeated injections of linear GBCA. These findings were
later replicated5–7 and extended to other brain structures: posterior thal-
amus,8 colliculi, red nucleus, putamen, and substantia nigra (SN).9 Fur-
thermore, post mortem studies using inductively coupled plasma mass
spectroscopy revealed a positive correlation between the cumulative
GBCA dose, SI in T1-weighted MR images, and gadolinium concen-
tration in neuronal tissues (DN, GP, and thalamus), providing direct ev-
idence for the relationship between linear GBCA and subsequent
neuronal tissue deposition.8,10

Despite the well-established link between abnormally increased
SI in the brain and accumulative GBCAs exposure, the exact spatiotem-
poral pattern of gadolinium deposition has not been addressed yet. For
example, multiple studies compared the SI between the patients’ baseline
and the last MR examination4,7,8,11 or they assessed the SI change after
different injection number intervals,9 but no continuous assessment of
the SI change over consecutive GBCA exposure has been performed at
a subject level. Moreover, previous studies have used different reference
areas to normalize the region of interest’s (ROI) SI, for example, the
thalamus to normalize the values of GP, pons or medial cerebral pedun-
cle for the DN, SN, colliculi, and red nucleus,4,5,7,9,11 or cerebellar
white matter for the DN,12 making a comparison between ROIs impos-
sible. As such, it remains unclear whether certain brain areas are more
prone to accumulate gadolinium.

The purpose of this study was to map the rate of SI increase over
consecutive GBCA administrations across multiple deep brain struc-
tures. This was performed by a longitudinal study where each patient
was followed from the first baseline through each of the 10 consecutive
gadodiamide-enhanced MR imaging examinations, using quantitative
assessment of SIs and a single reference tissue for ROIs normalization.
MATERIALS AND METHODS
The study was approved by the Ethics Committee of canton

Vaud (CER-VD, reference no. 2017–00959). Due to the retrospective
type of the study, the informed consents have been waived.

Patients
The patient’s data have been extracted from our hospital data-

base between December 1998 and February 2008, as this was the period
when gadodiamide (Omniscan; GE Healthcare, Chalfont Saint Giles,
United Kingdom) was administered routinely as the only MR imaging
contrast agent in the hospital. We extracted the data of 83 patients
who had undergone first 10 successive contrast-enhanced MR exami-
nations and an unenhanced T1 imaging of the 11th contrast-enhanced
MR examination in the given period, and were at least 18 years old at
the time of the first MR examination. This sample did not include pa-
tients with multiple sclerosis, metabolic disease, metal toxicity, congen-
ital cerebral malformations, or intracranial infections. We excluded
estigative Radiology • Volume 53, Number 12, December 2018
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TABLE 1. Patient Characteristics

Total No. Patients 30

Mean age (at the baseline MRI) 42.97 (19–67, SD = 11.81)
Sex
M 18
F 12

Mean cumulative dose (mL per
10 injections)

144.73 (90–210, SD = 26.60)

(mmol Gd per 10 injections) 72.37 (45–105, SD = 13.30)
Mean interval between gadodiamide

administrations, wk
12.6 (0–61, SD = 11.1)

Mean total interval between the first
and 11th gadodiamide*
administration, wk

141.9 (65–292, SD = 62.2)

Tumor
WHO grade II (oligodendroglioma,
oligoastrocytoma)

9

WHO grade III (anaplastic astrocytoma) 4
WHO grade IV (glioblastoma) 10
other (germinoma, brain metastasis,
meningioma, cavernomatosis)

7

Surgery 29
Chemotherapy 22
Radiotherapy

Partial 22
Radiosurgery 2

eGFR (mL/min per 1.73 m2)
>90 15
90–60 13
30–60 1

*Each MRI session included first an unenhanced imaging, followed by an ad-
ministration of gadodiamide. The interval between the baseline and the last mea-
sure is therefore identical to the interval between the first and the 11th
gadodiamide administration.

MRI indicates magnetic resonance imaging;WHO,World Health Organization;
eGFR indicates estimated glomerular filtration rate, using CKD-EPI formula.

FIGURE 1. Placement of the ROIs. Three sagittal slices show the ROIs on unenh
to right): (A) substantia nigra, superior colliculus, and pons; (B) white matter o
nucleus of the thalamus, and pulvinar; and (C) dentate nucleus.
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patients with bilateral lesions involving one or more predefined ROIs
(n = 5) and those patients who had a previous MR examination at an
outside hospital due to a possible exposure to other GBCAs (n = 48).
Demographic data and relevant clinical information were collected
from the patients’ electronic medical records. Our final sample com-
prised 30 patients (12 women, 18 men; age range, 19–67 years,
M = 43, SD = 11.6 years). The patients’ demographic and clinical infor-
mation is displayed in Table 1.

Imaging Protocols
All patients in the final sample underwent multiple MR imaging

of the brain, which included unenhancedT1-weighted sagittal spin echo se-
quence of entire brain. The majority of MR examinations were performed
with a 1.5 T Siemens scanner (Vision or Symphony; Siemens Healthcare,
Erlangen, Germany); however, some were acquired with a Philips scanner
(Intera 3 T; Philips Healthcare, Best, the Netherlands) or Siemens 3 T scan-
ner (Trio orVerio). The image data acquired on the Phillips scanner (7%) or
3 T Siemens scanners (0.6%) were omitted from the analyses. At our insti-
tution, a standard dose of 0.1mmol Gd/kg of gadodiamide (Omniscan, GE
Healthcare) was administered at every contrast-enhancedMRexamination.

The measurements were performed on the unenhanced sagittal
T1-weighted spin echo sequences (repetition time/echo time, 450–524/
12–14 milliseconds; matrix size, 256 � 256 or 512 � 512; slice thick-
ness, 5 mm) acquired during the standard imaging protocols.

Imaging Analysis
TheMR imageswere reviewed andmeasured on the institutional

PACS viewing software (VuePacs; Carestream, Rochester, NY). Quan-
titative image analyses were performed independently by 2 observers: a
radiologist with 2 years of experience and a neuroscientist with 1 year
of experience, whomanually traced regions of interest on the following
ROIs: DN, GP, anterior putamen, posterior thalamus (pulvinar), ventral
posterior nucleus of the thalamus (VPN), SN, superior colliculus (SC),
WM (anterior corona radiata), and the pons. The placement of ROIs is
shown in Figure 1. All the ROIs were drawn contralateral to the side of
the tumor (contralesional, healthy side), except when a proper place-
ment on the SC was not possible due to the interslice gap, the ROI
was placed on the ipsilesional side. Corresponding T2-weighted images
were used to guide the placement of the ROIs. The pons was used as a
reference tissue to account for intrasubject and intersubject intensity
variations and MR scanner differences. We calculated the ratios by di-
viding the mean value of the ROI’s SI by the mean value of the pons.
anced T1-weighted spin echo images. The ROIs were placed on (from left
f anterior corona radiata, putamen, globus pallidus, ventral posterior

www.investigativeradiology.com 749
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In contrast to previous studies4,5,7,9,11 where adjacent tissues were used
for normalization (eg, thalamus for GP, and pons for the DN), we used
the pons as the only reference tissue for all our ROIs. This enabled us to
directly compare the rate of signal increase between the ROIs.

Clinical Data Analysis
We evaluated age, sex, diagnosis, chemotherapy, and radiother-

apy treatments for all selected patients. Based on the World Health Or-
ganization grading of central nervous system tumors,13 the diagnoses
were grouped into the following 4 categories: (a) grade II tumors, (b)
grade III tumors, (c) grade IV tumors, and (d) other tumors. We
assessed whether the patients were treated with whole-brain radiother-
apy, tumor-selected radiotherapy, or stereotactic radiosurgery.

Statistical Analysis
Statistical analyses were conducted using statistical software (R,

version 3.4.1; R Foundation for Statistical Computing, Vienna,
Austria). To account for the missing data, subject-level variability, and
longitudinal data dependencies, we analyzed our data with linear mixed
effects models using the statistical package lme4.14

The number of gadodiamide administrations and covariates (age
at the baseline MR examination [in years], sex, diagnosis, time elapsed
since the respective and previous MR examination [in weeks], radio-
therapy, and chemotherapy) were entered as fixed effects without inter-
action terms. Intercepts for subjects and by-subject slopes for the effect
of the number of injections were entered as random effects. For each
normalized ROI, we built a minimal model including only the random
subject intercept. The best modelwas then selected by forward stepwise
addition of predictors, usingχ2 tests on log likelihood ratios to compare
different models and assess the model fit. The P values of the predictors
in the final model were calculated based on Satterthwaite approxima-
tion using the lmerTest package.15

In addition, to assess a possible logarithmic relationship between
the number of injections and SI ratio, we compared, for each ROI, the lin-
ear model with the model where the predictor (number of gadodiamide
administrations) was logarithmically transformed with the natural loga-
rithm. The statistical comparisons of the model fit were performed with
Vuong test16 for non-nested models selection.

To evaluate potential differences between the ROIs in their signal
ratio increase rate across successive gadodiamide administrations, we
compared the average slopes of the ROIs through pairwise compari-
sons, using lstrends function of the lsmeans R package.17 Tukeymethod
was used to correct the P values for multiple comparisons.
TABLE 2. F Tests and Related Statistical Values for the Predictors in the F

ROI Predictor df

DN No. Gd administrations 1, 252.9 4
GP No. Gd administrations 1, 96.3 1

age 1, 95.9
Put No. Gd administrations 1, 95 1

age 1, 98.8
Pul No. Gd administrations 1, 50.4 1
SC No. Gd administrations 1, 66.4 3
SN No. Gd administrations 1, 245.1 1
VPN No. Gd administrations 1, 251.6
WM* No. Gd administrations 1, 251.6

*Inclusion of the predictor (number of gadodiamide administrations) did not signif

ROI indicates region of interest; CI, confidence interval; DN, dentate nucleus; GP, g
nigra; VPN, ventral posterior nucleus of the thalamus; WM, white matter.

750 www.investigativeradiology.com

Copyright © 2018 Wolters Kluwer H
RESULTS

Patients
All our patients, except one, underwent surgical removal of the tu-

mor, 22 patients were treated with chemotherapy (73%), none of our pa-
tients underwent a whole-brain radiation therapy, and 22 patients
underwent gamma-knife stereotactic radiosurgery or other tumor selective
radiation therapy (73%). All of the selected patients had glomerular filtra-
tion rate values above 30 mL/min per square meter. Nine patients (30%)
had grade II brain tumors (oligodendroglioma and oligoastrocytoma),
4 patients (13.3%) grade III tumors (anaplastic astrocytoma), 10 patients
(33.3%) grade IV tumors (glioblastoma), and 7 patients (23.3%) other type
of lesions (germinoma, brain metastasis, meningioma, or cavernomatosis).
The mean time interval between 2 successive gadodiamide administrations
was 12.6 ± 11.1 weeks, ranging from 0 to 61 weeks, and the mean interval
between the first gadodiamide injection and the patient’s last unenhanced
MR image used in the analysis was 141.9 ± 62.2 weeks, ranging from
65 to 292 weeks. Themean accumulated contrast dose for 10 gadodiamide
administrationswas 144.73mL(72.37mmolGd)±26.60mL (13.30mmol
Gd), ranging from 90 to 210 mL (45 to 105 mmol Gd).
Effect of Gadodiamide Exposure on Unenhanced
T1-Weighted Signal Intensity

Compared with previous studies, which either analyzed the signal
change between the baseline and the last GBCA administration4,5,7,8,11,18,19

or analyzed the signal change after different administration number in-
tervals,9 we here quantitatively assessed the T1-weighted signal at the
baseline and after every of the first 10 GBCA administrations for 8 dif-
ferent brain structures to establish a detailed temporal and spatial pat-
tern of the gadolinium-related signal increase.

Statistical analyses showed that the SI significantly increased
with the number of gadodiamide administrations in all the selected deep
brain structures but not in theWM. The fastest SI increasewas observed
in the DN (P < 0.001), followed by GP (P < 0.001), putamen
(P < 0.001), pulvinar (P < 0.001), SC (P < 0.001), SN (P < 0.001),
and VPN (P = 0.0117). No significant SI increase was observed in
the WM (P = 0.055). Moreover, we found a significant positive effect
of age on the SI of the GP (P = 0.0127) and the putamen (P = 0.037).
Detailed statistical results are presented in Table 2. Scatter plots show-
ing the increase in SI ratios are presented in Figure 2. An example of the
signal increase on unenhanced T1-weightedMR images before any and
inal Models

F P B 95% CI

8.5 <0.001 0.010 0.0075, 0.0134
9.2 <0.001 0.0068 0.0037, 0.0099
6.4 0.0127 0.0011 0.0003, 0.0020
9.7 <0.001 0.0063 0.0035, 0.0091
8.8 0.037 0.0012 0.0004, 0.0020
4.5 <0.001 0.0062 0.0030, 0.0095
4.3 <0.001 0.0057 0.0035, 0.0078
1.2 <0.001 0.0034 0.0014, 0.0053
6.5 0.0117 0.0031 0.0007, 0.0056
3.7 0.0550

icantly improve the simpler model.

lobus pallidus; Pul, pulvinar; Put, putamen; SC, superior colliculus; SN, substantia

© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. Scatter plots for the SI ratios (ROI/pons) of the ROIs across 10 successive gadodiamide administrations. Each data point presents a ratio
of a patient at the respective gadodiamide administration. DN indicates dentate nucleus; GP, globus pallidus; Pul, pulvinar; Put, putamen; SC, superior
colliculus; SN, substantia nigra; VPN, ventral posterior nucleus of the thalamus; WM, white matter. The shaded areas represent 95% confidence interval
of the regression line.

Investigative Radiology • Volume 53, Number 12, December 2018 Mapping Gadolinium Retention in the Brain
after the 10th gadodiamide administration in a single patient is demon-
strated in Figure 3.

Statistical analyses showed that the logarithmic regression of the
SI ratios on the number of injections did not show a better fit to the data
as compared with the linear regression for all the ROIs (all P > 0.05).

The comparison of the slopes (average fitted lines of ratio across
the number of gadodiamide administrations) between the ROIs showed
that the DN slope was significantly steeper than the slopes of SN, VPN,
and WM (all P < 0.05). Other pairwise comparisons were not statisti-
cally significant (P > 0.05).
DISCUSSION
We analyzed retrospective longitudinal MR imaging data of

brain lesion patients, who had received at least 10 consecutive doses
of gadodiamide, a linear nonionic gadolinium contrast agent. We dem-
onstrated that the T1-weighted hyperintensity ratios increased gradu-
ally, that they were positively correlated with the number of received
gadodiamide administrations, and that the rate of the observed increase
was nonuniform across different deep brain nuclei. By using a single ref-
erence tissue, we were able to compare the increase rate of the signal
© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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across all our ROIs. We showed that the increase is the most pronounced
in the DN, followed by GP, putamen, pulvinar, SC, SN, and VPN.

We speculate that the observed differences between the brain tis-
sues in their capacity to accumulate gadolinium might be explained by
their different intrinsic content of metal cations. A prominent explanation
of the gadolinium deposition is the transmetallation reaction, during
which the endogenous metallic cations compete for the ligand in the che-
late and cause dechelation of the gadolinium ion, which subsequently
binds to other biomolecules such as phosphates.20–22 As proposed by
Swaminathan,23 endogenous level of iron in the brain tissue might play
an important role in the process of transmetallation and gadolinium reten-
tion. In fact, the structures, which are prone to accumulate gadolinium
(specifically DN, GP, putamen, SN, and red nucleus), have been often
identified as structures intrinsically rich in iron24–26 and as targets for iron
accumulation related to neurodegenerative diseases.27 Multiple adminis-
tration of linear GBCA has also been linked to an increase in iron mobi-
lization and serum ferritin levels,23 and to increased iron accumulation in
autopsy tissue of nephrogenic systemic fibrosis patients.28 Moreover, an
in vivo study on rats who received a cumulated dose of 12 mmol/kg of
gadodiamide over 5 weeks showed that the gadolinium concentration
positively correlated with the distribution of iron in the deep brain struc-
tures.29 Alternative to the transmetallation explanation, the correlation
www.investigativeradiology.com 751
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FIGURE 3. MR images of a woman experiencing right frontal glioblastoma: (A) unenhanced T1-weighted images before the first gadodiamide
administration and (B) after the 10th administration showing visible increase of the signal intensity in the (from left to right) substantia nigra, colliculi,
globus pallidus, pulvinar, and dentate nucleus.

Marie et al Investigative Radiology • Volume 53, Number 12, December 2018
between iron and gadolinium content concentrations might be due to a
possibility that both metals use the same pathway of accumulation in
the brain.29 Besides iron, the role of zinc,30 calcium,31 and phosphate2,32

in the dechelation and tissue deposition has been suggested.
Our analyses revealed that besides the number of gadodiamide

administrations, an increased age also significantly contributed to the
augmentation of the SI in the GP and putamen. This finding might in-
dicate a confounding effect of the age-related accumulation of other
metallic cations in these structures, potentially contributing to the ob-
served SI enhancement. The putamen and GP are 2 of the deep brain
structures with high susceptibility to accumulate iron with advanced
age.24,27 A recent meta-analysis of 20 studies on non-heme iron concen-
tration in the subcortical nuclei showed that the largest age-related dif-
ferences occur in the putamen but the smallest in GP.33 However, iron
accumulation in GP steeply increases in the first life decade and reaches
a plateau in early adulthood.34 The age heterogeneity of our sample
might explain why we have not observed the aforementioned age-
related differences in signal increase between the 2 nuclei. On the other
hand, the putamen and GP are also susceptible to accumulate patholog-
ical levels of manganese and copper, and physiological calcification,
which all result in hyperintense T1-weighted signal.35 These confound-
ing effects should be thus taken into account when interpreting the gad-
olinium deposition data, specifically in the pediatric population where
the basal ganglia’s normal iron concentrations augment drastically
752 www.investigativeradiology.com
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during the childhood.25,34 The exact mechanism of how gadolinium en-
ters the brain is not fully understood; however, the results of the study
using inductively coupled plasma mass spectroscopy and transmission
electron microscopy suggest that the GBCAs cross an intact blood-
brain barrier and deposit in the neural interstitium.8 Our data support
this notion as we found dose-dependent SI increase in the structures,
which were measured on the contralesional site, and had therefore pre-
sumably intact blood-brain barrier. However, gadolinium could also en-
ter into the neural interstitium by a different pathway. An alternative but
prominent explanation for the gadolinium entry in the brain is by cross-
ing the blood–cerebrospinal fluid barrier through choroid plexus and
consequently penetrating into the brain parenchyma either by diffusion
or through a glymphatic system36–38—a recently hypothesized waste
clearance system of the brain.39 The observed signal increase across
the successive administrations of gadodiamide is most probably af-
fected by a complex interaction of multiple factors, including the stabil-
ity of the gadolinium contrast, metal content of the tissue, and possibly
the tissue’s anatomical proximity to the cerebrospinal fluid.

In addition, the time lapse between 2 successive gadodiamide ad-
ministrations did not significantly affect the normalized SI, and the SI
increase was linear, demonstrating that the washout during the first
10 gadodiamide administrations is not very likely, or it occurs in
amounts we were not able to detect with our methodology. However,
we cannot conclude from the present data whether such linear increase
© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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persists after the 10th GBCA administration or whether a nonlinear
trend occurs with larger number of injections, possibly indicating an
elimination of accumulated gadolinium.

Our detailed temporal analysis using single reference tissue re-
vealed that the increase is gradual and, importantly, that it occurs before
it can be detected by visual inspection of the MR images. It is therefore
possible to see early SI enhancement also in the structures where the
gadolinium retention after a single dose of gadodiamide was detected
with post mortem inductively coupled plasma mass spectroscopy anal-
ysis8,40 or in the structures that have been previously used as a reference
tissue, for example, thalamus.4,5,7,9,18 As such, our results contrast and
complement previous qualitative studies, stating that the increase in the
DN is visually observed by a trained radiologist only after about 5 ad-
ministrations of linear GBCA5,41 and in several other structures (puta-
men, thalamus, and SC) only after 12 or 24 injections.9 Also, when
compared with Errante et al,5 who used 6 GBCA administrations as a
qualitative cutoff for their DN/pons SI subgroup analysis, we observed
no inflection of the DN/pons ratio curve before or after 6 injections,
making the justification of the split-off questionable.

Moreover, in the previous studies different reference tissues were
used for normalization of the nuclei’s T1-weighted signal. Authors most
commonly used adjacent thalamus to normalize the values of GP,4,5,7,9,18

and pons or medial cerebral peduncle for the DN, SN, colliculi, and red
nucleus.4,5,7,9,18 Despite a recent autopsy report of low levels of gadolin-
ium detected in the pons,8 we nevertheless used this structure for the nor-
malizing reference as it has a central position in the brain and is therefore
less subjected to the magnetic field inhomogeneity. Being a relatively
large structure, it also reduces the risk of partial volume effect during
the measurement, as it is a mix of gray and white matter and is not like
cerebrospinal fluid susceptible to noise.12

Due to a low spatial resolution of our MR images, we were not
able to measure several other deep brain structures, such as the caudate
nucleus, red nucleus, nucleus accumbens, caudolenticular gray bridges,
or discriminate between different substructures of putamen or thalamus
or the adjacent nuclei (subthalamic nucleus, lateral, and medial genicu-
late). We speculate that using higher-resolution imaging would identify
a more extensive and diffuse pattern of accumulation. For example, the
post mortem specimen autopsy using inductively coupled plasma mass
spectroscopy, detected low levels of gadolinium also in the cerebellar
white matter, frontal lobewhite matter, and frontal lobe cortex,41 showing
that the distribution of the gadolinium is not only limited to the deep
brain nuclei.

In conclusion, this is the first longitudinal retrospective study that
systematically quantified the spatiotemporal pattern of gadolinium-related
T1-weighted signal increase in the brain. We showed that multiple con-
secutive administration of gadodiamide is associated with an increase
in T1-weighted hypersignal on unenhanced MR images, displaying a
gradual and nonuniform pattern across different deep brain nuclei.
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