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Contrast agent–enhanced MRI is the most sensitive meth-
od for breast cancer detection (1). Importantly, its sen-

sitivity crucially relies on gadolinium-based contrast agents 
(GBCAs) (2–4). Since the first report of gadolinium-related 
increased signal intensities of deep brain nuclei by Kanda 
et al (5) in 2014, this topic has become an active area of 
research investigating the potential toxicity of GBCAs.

Macrocyclic GBCAs were identified to be less at risk 
for causing T1-weighted signal increase in globus pallidus 
(GP) and dentate nucleus (DN) because of their superior 
kinetic inertness (6,7). Therefore, linear GBCAs, except 
for liver-specific GBCAs, were mostly banned from in-
travenous application in Europe (8). Most of the studies, 
however, investigated cohorts of patients who had either 
neurologic disorders (eg, multiple sclerosis) or neoplasms 
(9). Little data are available in healthy patients, which is in-
herently linked to the retrospective nature of most of these 
studies (10). It is self-evident that healthy individuals do 
not usually undergo repeat GBCA-enhanced MRI.

Whereas recent evidence suggests that the glymphatic 
barrier enables GBCAs to enter brain parenchyma, a dys-
functional blood-brain barrier would expose brain paren-
chyma to larger amounts of GBCAs compared with brain 
parenchyma protected by an intact blood-brain barrier 
(11–14). Except for healthy young individuals, other co-
horts including children have blood-brain barriers that 
are impaired either because of immaturity (in young chil-
dren), treatment (eg, chemotherapy), disease in the cen-
tral nervous system (eg, inflammation, ischemia, or tumor 
neoangiogenesis), or simply old age that increases the 
leakiness of the blood-brain barrier (15). Therefore, the 
collective of women undergoing contrast-enhanced MRI 
for high-risk breast cancer screening constitutes a unique 
cohort of healthy young individuals with high cumulative 
GBCA lifetime exposure. In these women, MRI screen-
ing usually starts at age 25 years and is performed annu-
ally (4). Whereas the benefit of contrast agent–enhanced 
MRI screening in these women is unchallenged, to our 
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Background: Otherwise healthy women at high risk for breast cancer undergo annual contrast agent–enhanced breast MRI screening 
examinations, resulting in high cumulative doses of gadolinium-based contrast agents (GBCAs). Whereas the majority of studies 
showed no T1 signal ratio increase in deep brain nuclei after more than six doses of macrocyclic GBCA, this has not been explored 
in a healthy study population.

Purpose: To assess whether women who are administered large cumulative doses of macrocyclic GBCA with breast MRI at high-risk 
breast cancer screening exhibit T1 alterations in deep brain nuclei.

Materials and Methods: In this prospective study from November 2017 to March 2018, healthy women who were either exposed 
(because of high-risk breast cancer screening) or unexposed to only gadoterate meglumine underwent 3.0-T brain MRI with a dedi-
cated head coil, including T1 mapping and magnetization-prepared rapid gradient-echo sequences. T1 times and T1 signal intensi-
ties were measured in the dentate nucleus (DN), globus pallidus (GP), crus anterior of capsula interna (CA), and pons. Ratios of 
DN to pons and GP to CA were calculated, and univariable Pearson correlation coefficients were calculated. Multivariable analysis 
included partial regression analysis.

Results: This study evaluated 25 women (mean age, 51 years 6 11 [standard deviation]) who were exposed to a mean GBCA dose 
of 129 mL (median 112 mL; range, 70–302 mL) and 16 women (mean age, 37 years 6 10) who were never exposed to any GBCA. 
Infratentorially, no correlation between cumulative GBCA dose and T1 times or signal intensity ratios was detected (P = .66 and 
.55, respectively). In partial correlation analysis by considering age as a confounder, there was a moderate negative correlation be-
tween GP-to-CA ratio and GBCA dose (r = 20.40; P = .01) but not for GP T1 times (r = 0.19; P = .24).

Conclusion: After administration of relatively large cumulative doses of gadoterate dimeglumine, healthy women at high risk for 
breast cancer who underwent annual contrast-enhanced breast MRI screening did not exhibit T1 signal increase in deep brain nu-
clei at 3.0-T MRI.
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or neurologic disease. The women were volunteers and were re-
cruited solely for the purpose of this study. The participants of 
this study formed a random series.

Women included in the study had normal kidney and liver 
function and were never administered any contrast medium 
other than gadoterate dimeglumine (exposed group) or any 
GBCA (unexposed group) according to their own account and 
all available medical records. Study participants with uncertain 
medical history and records regarding neurologic symptoms, his-
tory of cancer, history of neurologic disease, liver and kidney 
function, and exposure to other (exposed group) or any (unex-
posed group) GBCA were excluded (Fig 1).

MRI Protocol and Analysis
MRI was performed by using a clinical 3.0-T system (Prisma 
fit; Siemens Healthineers, Erlangen, Germany) with a vendor-
supplied 20-channel multichannel head coil. The study par-
ticipants were positioned headfirst in the supine position. The 
MRI protocol included an axial T2-weighted fast spin-echo se-
quence (repetition time msec/echo time msec, 6000/100; 512 3  
384 matrix; field of view, 220 3 220 mm; section thickness, 
4 mm; acquisition time, 2:30 minutes), an axial susceptibility-
weighted MRI gradient-echo sequence (27/20; 223 3 256 
matrix; field of view, 199 3 220 mm; section thickness, 1.5 
mm; acquisition time, 4:52 minutes), an axial magnetization-
prepared rapid gradient-echo sequence (2840/2.98; flip angle, 
9°; 248 3 256 matrix; field of view, 248 3 256 mm; section 
thickness, 1.1 mm; acquisition time, 6:21 minutes) with in-
line calculation of inversion recovery–prepared T1 maps by the 
vendor-supplied imager software, and an axial three-dimen-
sional gradient-echo sequence (fast low-angle shot, 16/4.32; 
205 3 256 matrix; field of view, 256 3 256 mm; section 
thickness, 1 mm; acquisition time, 5:38 minutes).

Imaging data were anonymized and stored as uncompressed 
Digital Imaging and Communications in Medicine files. All 
MRI analyses were performed by using an open-source viewer 
(Horos DICOM v3.2.1; www.horosproject.org). Regions of inter-
est were placed by two investigators (P.A.T.B., a board-certified 
and neuroradiology fellowship–trained consultant radiologist 
with . 13 years of experience, and B.B.B., a neuroradiology fel-
lowship–trained radiology resident with 5 years of experience) 
blinded to the cumulative amount (both in numbers and mil-
liliters) of previous GBCA doses into the participant’s DN, pons, 
crus anterior (CA) of the capsula interna, and GP (example of 
anatomic placement of regions of interest is in Fig 2). The ana-
tomic regions of interest were identified by careful inspection of 
T1-weighted, T2-weighted, and susceptibility-weighted images.

The region-of-interest sizes for GP, CA of capsula interna, 
DN, and pons ranged from 20 to 30 mm2, 3 to 5 mm2, 10 to 
12 mm2, and 16 to 24 mm2, respectively. These regions of inter-
est were then copied onto corresponding quantitative T1 maps 
and T1 images. T1 times and T1 signal intensities were obtained 
from these regions of interest, and GP-to-CA and DN-to-pons 
signal intensity ratios were calculated from the latter. To address 
the reproducibility of region-of-interest measurements, a reader 
(B.B.B.) repeated all measurements in a blinded manner after 
more than 3 months.

Abbreviations
CA = crus anterior, DN = dentate nucleus, GBCA = gadolinium-based 
contrast agents, GP = globus pallidus

Summary
Women at high risk for breast cancer undergoing annual breast 
MRI screening with relatively large cumulative doses of gadoterate 
dimeglumine did not exhibit T1 signal increase in either globus pal-
lidus or dentate nucleus at unenhanced 3.0-T brain MRI.

Key Results
 n Neither the globus pallidus nor dentate nucleus displayed T1 sig-

nal increase after high cumulative doses of gadoterate meglumine 
(mean dose, 129 mL 6 57 [standard deviation]) in healthy wom-
en participating in a high-risk screening program for breast cancer.

 n Multivariable analysis of both T1 time of dentate nucleus and the 
T1 dentate nucleus–to-pons signal ratio at unenhanced 3.0-T 
MRI showed no correlation with cumulative dose of gadoterate 
dimeglumine (P = .66 and .55, respectively).

knowledge the potential risk of repeated GBCA exposure has 
not been assessed.

The purpose of our study was to determine whether women 
at high risk to develop breast cancer who undergo annual con-
trast-enhanced MRI by using gadoterate dimeglumine for early 
breast cancer detection exhibit brain signal alterations in deep 
brain nuclei at T1-weighted unenhanced 3.0-T MRI.

Materials and Methods

Study Participants
Our institutional review board–approved, single-center pro-
spective study (clinicaltrials.gov, NCT03393442) was com-
posed of 41 study participants. All participants provided 
written informed consent. Our study did not receive any in-
dustry-sponsored support. None of the authors controlling the 
data served as consultants to the industry.

Otherwise healthy women at high risk of developing breast 
cancer with no history of cancer or neurologic disease who had 
been administered at least six doses of macrocyclic GCBAs in 
an ongoing national high-risk breast MRI screening program 
were included in the macrocyclic GBCA–exposed group (16). 
The MRI protocol was in accordance with international recom-
mendations (2).

The contrast medium used at our tertiary care university 
hospital for breast cancer screening in women at high risk was 
gadoterate dimeglumine (Dotarem; Guerbet, Roissy, France) in-
jected into a cubital vein at a dose of 0.1 mmol per kilogram of 
bodyweight. Study participants were identified by the electronic 
MRI appointment schedule. Eligibility criteria were checked 
by the electronic medical records, and eligible women were re-
cruited on site where eligibility criteria were rechecked by patient 
anamnesis (B.B.B.). Unenhanced brain MRI examinations were 
performed between November 2017 and March 2018. There 
were at least 7 days between last GBCA-enhanced breast MRI 
and unenhanced brain MRI. The control group consisted of 
16 healthy women who had never been administered GBCAs, 
with no history of cancer or known high risk for breast cancer 
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Figure 1: Participant flowchart. CNS = central nervous system, GBCA = gadolinium-based contrast agent.

Figure 2: Example of anatomy-based region-of-interest placement in a 52-year-old woman with nine previ-
ous administrations of macrocyclic gadolinium-based contrast agent (GBCA), axial views. A–C, Exemplary 
supratentorial region-of-interest placement in globus pallidus and crus anterior bilaterally on, A, T1 maps, B, 
T1-weighted MRI, and, C, susceptibility-weighted MRI (control only). Infratentorial region-of-interest placement is 
shown, D, on a T1 map, E, on an image from T1-weighted MRI, and, F, on an image from susceptibility-weighted 
MRI (control group only).
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(P = .78) and DN-to-pons T1 signal intensity ratios (P = .95) 
(Table 2). To exemplify and compare, Figure 4, E–H, shows 
that there is no obvious signal hyperintensity in a woman with 
18 cumulative macrocyclic GBCA administrations, whereas 
Figure 5, E–H, depicts the same region of a woman who was 
never administered GBCA.

Supratentorial Measurements
There was a moderate negative correlation of GP-to-CA T1 
signal intensity ratios with cumulative GBCA dose (r = 20.47; 
P = .002). Furthermore, a moderate positive correlation  
(r = 0.33; P = .04) was noted for GP T1 times and cumulative 
GBCA dose. Partial correlation by using age as a confounder 
confirmed a moderate negative association of GP-to-CA T1 
signal intensity ratio (P = .01) but not for GP T1 times (P = 
.24) with cumulative GBCA dose (Fig 3, Table 2). To exem-
plify and compare, Figure 4, A–D, illustrates that there are no 
obvious signal hyperintensities in a woman with 18 previous 
macrocyclic GBCA administrations, whereas Figure 5, A–D, 
depicts the same region of a woman who was never adminis-
tered GBCA.

Reproducibility of Region-of-Interest Measurements
Coefficients of variation were calculated between first and sec-
ond measurements as follows: GP T1 time, 3.5%; GP-to-CA 
ratio, 3.5%; DN T1 time, 4.5%; and DN-to-pons ratio, 3.5%. 
At Bland-Altman analysis, the mean difference and 95% lim-
its of agreement were as follows: GP T1 time, 1.1 (28.1% to 
10.4%); GP-to-CA ratio, 21.2 (211.1% to 8.7%); DN T1 
time, 21 (212.4% to 10.4%); and DN-to-pons ratio, 20.1 
(29.6% to 9.5%) (Fig 6).

Discussion
The literature regarding potential macrocyclic gadolinium-
based contrast agent (GBCA)–induced signal changes in deep 
brain nuclei is controversial. Whereas most studies find no 
signal increase at serial administration of macrocyclic contrast 
agents, some authors associated such signal increase to repeated 

Statistical Analysis
To assess the relationship between the number of cumulative 
GBCA doses, age, high-risk status, T1 times, and signal in-
tensity ratios as previously specified, Pearson correlation 
coefficients were calculated. To consider indirect correlations 
and collinearity, multivariable analyses were performed: first, 
partial correlation analysis was performed by using potential 
confounders as covariates. In addition, we performed multi-
variable regression analyses with cumulative dose of GBCA ad-
ministrations in milliliters and age as independent predictors, 
and T1 times and signal intensity ratios as dependent variables. 
A second set of regression analyses exchanged the cumulative 
dose of GBCA in milliliters with the cumulative number of 
doses. No models that used both covariates at the same time 
were used because of a high collinearity between both variables. 
Collinearity was explored by univariate Pearson correlation 
coefficients and collinearity diagnostics were performed by 
including the calculation of variance inflation factors. Vari-
ables with Pearson correlation coefficients greater than 0.8 or 
variance inflation factors of three or more were not included. 
Reproducibility of all region-of-interest measurements was in-
vestigated by calculating Bland-Altman statistics and coef-
ficients of variation. P values of .05 or less were considered to 
indicate statistical significance. Although this study used mul-
tiple testing, no formal correction (eg, Bonferroni) was applied. 
However, the results were interpreted by considering potential 
a error inflation. The sample size to detect a univariate Pearson 
correlation coefficient of 0.5 or higher according to Fisher z 
test was determined as 30 participants when aiming for an a 
error of 5% and a power of 80%. Statistical analyses and graph 
construction were performed by using statistical software pack-
ages (SPSS version 25, IBM, Armonk, NY; Stata version 16, 
StataCorp, College Station, Tex; and MedCalc version 19.0.7, 
MedCalc, Mariakerke, Belgium).

Results

Study Participants
The complete study group was composed of 41 women (me-
dian age, 44 years; age range, 25–75 years; 95% confidence 
interval: 41, 49). Participants in the GBCA-exposed subgroup 
(n = 25; median age, 47 years; age range, 33–75 years; 95% 
confidence interval: 46, 55) had been administered an average 
of 9.5 cumulative doses of gadoterate dimeglumine (median 
number of doses, nine; range, six to 23). Mean absolute dose 
in the exposed group was 129 mL (median, 112 mL; range, 
70–302 mL). The non–high-risk control group with no ex-
posure to GBCAs (n = 16) were median age of 34 years (age 
range, 25–55 years; 95% confidence interval: 29, 45). Partici-
pant characteristics are listed in Table 1.

Infratentorial Measurements
We found a moderate positive correlation of cumulative dose 
and age (r = 0.44; P = .004). Cumulative dose did not correlate 
with DN-to-pons T1 ratio (P = .55) and DN T1 times (P = 
.66) (Fig 3). Multiple regression analysis confirmed that cu-
mulative GBCA dose was not predictive of both DN T1 times 

Table 1: Participant Demographics

Parameter Value
Total no. of participants 41
 Mean age (y) 45 6 13 (41, 49)
Participants administered GBCA 25
 Mean age (y) 51 6 11 (46, 56)
 Mean cumulative gadolinium  
  meglumine dose (mL)

129 6 57 (106, 153)

 Mean no. of gadoterate meglumine  
  doses

9.6 6 4.1 (8, 11)

Participants without GBCA exposure 16
 Mean age (y) 37 6 10 (32, 42)

0

Note.—Mean data are 6 standard deviation; data in parenthe-
ses are 95% confidence intervals. All participants were women. 
GBCA = gadolinium-based contrast agent.
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Figure 3: Scatterplot matrix including full raw data points of all analyzed variables (lower triangle) and corresponding Pearson 
correlation coefficients with their P values (upper triangle). The italic numbers are the results from partial regression analysis consider-
ing age as a confounder. Units for the scatterplot labels are on the vertical axis. CA = crus anterior of capsula interna, DN = dentate 
nucleus, GBCA = gadolinium-based contrast agent, GP = globus pallidus.

Table 2: Multiple Regression Analysis Model Regression Coefficients

Parameter

Supratentorial Infratentorial

GP T1 Average GP-to-CA Ratio DN T1 Average DN-to-Pons Ratio

Cumulative GBCA 
doses in milliliters
 Coefficient 0.35 22.2 3 1024 20.03 23.8 3 1026

 Standard error 0.29 21.3 3 1025 0.11 6.8 31025

 P value .26 .04 .78 .95
Age
 Coefficient 2.32 23.0 3 1024 1.16 0.001
 Standard error 1.53 0.001 1.01 0.001
 P value .14 .73 .27 .48
No. of cumulative 
GBCA doses
 GBCA
  Coefficient 3.59 20.003 20.45 5.5 31025

  Standard error 4.11 0.001 1.65 0.001
  P value .38 .007 .76 .96
 Age
  Coefficient 2.5 22.7 3 1024 1.17 0.001
  Standard error 1.51 0.001 1 0.001
  P value .12 .72 .27 .54

Note.—Variance inflation factors for both covariates were less than two. Standard errors and P values 
underwent were bootstrap analysis; two different runs of models were calculated as indicated by using 
the absolute cumulative gadolinium-based contrast agent dose in milliliters and alternatively by using the 
number of cumulative doses as covariate. CA = crus anterior of capsula interna, DN = dentate nucleus, 
GBCA = gadolinium-based contrast agent, GP = globus pallidus.
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rial exposure to large amounts (eg, more than six doses) of mac-
rocyclic contrast agents in healthy participants. Women at high 
risk for breast cancer undergo annual contrast-enhanced MRI 
for early breast cancer detection. They experience a high life-
time exposure to GBCA, and the recent debate about the safety 

doses of macrocyclic GBCAs (10,17–22). The latter studies, 
however, were retrospective and were performed in patients 
who mostly had central nervous system abnormalities (23–27). 
We reported our prospective study results by investigating po-
tential 3.0-T MRI signal changes in deep brain nuclei after se-

Figure 4: Axial images in a 50-year-old woman with 18 previous macrocyclic administrations of gadolinium-based contrast agent. A–D, Supra-
tentorial regions at, A, T1-weighted MRI, B, T1 map, C, susceptibility-weighted MRI, and, D, T2-weighted imaging. E–H, Infratentorial regions at, E, 
T1-weighted MRI, F, T1 map, G, susceptibility-weighted MRI, and, H, T2-weighted imaging. Arrows show the regions of interest.

Figure 5: Axial images in a 33-year-old woman with no previous administrations of gadolinium-based contrast agent. A–D, Supratentorial 
region at, A, T1-weighted imaging, B, T1 mapping, C, susceptibility-weighted MRI, and, D, T2-weighted imaging. E–H, Infratentorial region at, E, T1-
weighted MRI, F, T1 mapping, G, susceptibility-weighted MRI, and, H, T2-weighted imaging. Arrows show the regions of interest.



Bennani-Baiti et al

Radiology: Volume 00: Number 0— 2019  n  radiology.rsna.org 7

testing. After accounting for age as a possible confounding vari-
able, only a moderate negative association of GP-to-CA T1 sig-
nal intensity ratio remained with cumulative GBCA exposure. 
The infratentorial results agree with most of the published results 
on macrocyclic GBCA. The supratentorial results, however, are 
unexpected. Although T1 time increases in brain parenchyma 
have been described in association with increasing age (26), 
to our knowledge, no study has described an association of a 
decrease of GP-to-CA signal intensity ratios and large doses of 
GBCA of any nature. Because GBCA affects T1 shortening, this 
result is the opposite of what GBCA deposits would translate 
into. Whereas T1 shortening as an ageing effect is explicable, 
the remaining GBCA-associated decrease in GP-to-CA signal ra-
tios after accounting for age may require further analyses. Until 
confirmed otherwise, we primarily assume an effect of age and 
the equivocal statistical results from a low sample size. The lack 
of statistical significance regarding direct T1 time measurements 
hints not at direct alterations but at relative alterations of the GP 
region. Whether these are because of GBCA exposure, high-risk 
status, or other causes cannot be answered by the available data 
and needs to be further explored in a larger prospective cohort 
with longitudinal follow-up examinations.

As a limitation, it could be argued that we chose a subopti-
mal supratentorial reference region, considering the small size of 
the CA. However, thalami that are usually chosen as reference 
regions have been repeatedly reported to exhibit GBCA affinity 
in the dorsal part. This is why we selected the CA as a reference 
region (14,30). Although it eliminates the potential influence of 
conceivable concurrent deposits in thalami, this also introduces 
a potential bias because it is a more difficult region on which to 
place a region of interest because of its small size. However, ac-
counting for the concomitant assessment of T1 times in addition 
to relative signal intensities that do not rely on a reference region, 
and for our high agreement between repeated measures, we feel 
that this potential bias was sufficiently addressed and does not 
impact our study results.

Whereas our study lacks histopathologic data, it is composed 
of a well-defined healthy study sample with no renal or hepato-
biliary dysfunction and a healthy blood-brain barrier. None of 
the women in our study exhibited any neurologic disorders or 
symptoms. Because of the prospective nature of our study, our 
control group included only participants who underwent brain 
MRI solely for the purpose of this study and had no other po-
tential confounding factors (ie, seizures, headaches, psychiatric 
abnormalities, or high-risk status). On the basis of medical re-
cords and personal history, all women who were included and 
exposed to GBCAs were administered only gadoterate dimeglu-
mine. Our results are limited to a single contrast agent. Future 
studies could include longitudinal brain imaging follow-up in 
such a cohort.

To summarize, our results agree with the majority of the litera-
ture that found no macrocyclic gadolinium-based contrast agent–
induced signal changes detectable at 3.0 T in deep brain nuclei. We 
show that even after relatively large cumulative doses of gadoterate 
dimeglumine, healthy women at high risk for breast cancer who 
undergo annual contrast-enhanced breast MRI screening do not 
exhibit T1 signal increase in deep brain nuclei at 3.0-T MRI.

of GBCA raised concerns about the potential risks of GBCA 
exposure in this cohort. It was therefore our aim to explore 
whether these women exhibit brain signal alterations in deep 
brain nuclei at T1-weighted noncontrast-enhanced 3.0-T MRI 
after high doses of gadoterate dimeglumine and to determine 
whether in an otherwise healthy population (except for high-
risk status for breast cancer) such signal changes occur. Our 
findings demonstrated that neither the globus pallidus (GP) 
nor dentate nuclei (DN) showed T1 signal increase after high 
cumulative doses of a macrocyclic GBCA in healthy women 
participating in a high-risk screening program for breast can-
cer. We found no significant correlation between both abso-
lute T1 times of the DN and the dentate-to-pons ratios. This 
does not, however, disprove the potential existence of residual 
gadolinium species in these regions; they could be inexistent, 
at a concentration below the detection limit of 3.0-T MRI, or 
in a chemical state without MRI signal change.

Lack of histopathologic correlation was a limitation 
of our study. Murata et al (28) found gadolinium deposits in  
brain tissue autopsy samples after one dose of macrocyclic 
GBCA in patients without renal impairment, a finding 
backed by studies in rodents (6,29). However, whereas five 
studies described T1 signal increase related to macrocyclic 
GBCA administration detectable at MRI, none of these stud-
ies were performed in healthy individuals, but rather in patients 
whose blood-brain barrier and likely also the glymphatic system 
were affected by chemotherapy, radiation therapy, and central 
nervous system tumors with surgical intervention (23–27).

Another study (19) was performed in healthy participants 
that investigated T1 signal changes after a 1.5-fold single dose of 
a macrocyclic GBCA (gadobutrol). Because no MRI-detectable 
signal changes were described after less than five doses of macro-
cyclic GBCA, understandably no signal changes were described 
by the authors.

For supratentorial results, however, we found a moderate neg-
ative correlation of T1 signal intensity ratios of GP to CA and a 
moderate positive correlation for GP T1 times with both the cu-
mulative number and absolute amount of GBCA at univariable 

Figure 6: Forest plot of Bland-Altman analysis results of reproducibility of 
region-of-interest measurements.
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