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BACKGROUND AND PURPOSE: Intrinsic TI-hyperintense signal has recently been reported in the deep gray nuclei on brain MR imaging
after multiple doses of gadolinium-based contrast agents. Most reports have included adult patients and excluded those undergoing
radiation or chemotherapy. We investigated whether Tl shortening is also observed in children and tried to determine whether radioche-
motherapy is a risk factor for this phenomenon.

MATERIALS AND METHODS: In this single-center retrospective study, we reviewed clinical charts and images of all patients 18 years of
age or younger with =4 gadobenate dimeglumine—enhanced MRIs for 6 years. Seventy-six children (mean age, 9.3 years; 60 unconfounded
by treatment, 16 with radiochemotherapy) met the selection criteria (>4 MR imaging examinations; mean, 8). T1 signal intensity ratios for
the dentate to pons and globus pallidus to thalamus were calculated and correlated with number of injections, time interval, and therapy.

RESULTS: Among the 60 children without radiochemotherapy, only 2 had elevated T1 signal intensity ratios (n = 20 and 16 injections).
Twelve of the 16 children with radiochemotherapy showed elevated signal intensity ratios. Statistical analysis demonstrated a significant
signal intensity ratio change for the number of injections (P < .001) and amount of gadolinium (P = .008), but not for the interscan time
interval (P = .35). There was a significant difference in the average signal intensity ratio change between those with and without radioche-
motherapy (P < .001). Chart review revealed no new neurologic deficits in any patients, related to their underlying conditions and prior
surgeries.

CONCLUSIONS: Compared with published adult series, children show a similar pattern of T1 hyperintense signal changes of the dentate
and globus pallidus after multiple gadobenate dimeglumine injections. The T1 signal changes in children may have a later onset but are

accelerated by radiochemotherapy.

ABBREVIATION: RCTX = radiochemotherapy

During the past year, several reports have been published de-
scribing the hyperintense appearance of the deep brain nu-
clei of adult patients on unenhanced T1-weighted MR images.
This increased signal intensity occurred in patients with normal
renal function who underwent multiple gadolinium-enhanced
MR imaging examinations.'”'? This phenomenon has been eval-
uated using multiple different gadolinium-based contrast
agents, including the linear agents gadodiamide,' * gadobenate
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dimeglumine,”” and gadopentetate dimeglumine® ' as well as

the macrocyclic agents gadoterate meglumine”''

and gad-
obutrol.>'*'>!? Postmortem studies have demonstrated the
presence of gadolinium in these deep nuclei within the brain,
confirming that increased signal intensity is likely due to the
deposition of gadolinium.”'*'> Recent animal studies have
also shown this in rats.'®"'®

To date, most of the human studies have involved adult pa-
tients, with only 1 adult study including a small group of pediatric
patients.® Three recent studies analyzed smaller groups of up to
21 children undergoing gadopentetate dimeglumine examina-
tions.'*" In addition, 2 case reports described 3 pediatric pa-
tients with up to 35 contrast-enhanced MRIs, using gadopentetate
dimeglumine.”*** Similar to the adult population, these patients
had multiple courses of chemotherapy, radiation therapy, and
external beam radiation for orbital rhabdomyosarcoma. In fact,

earlier reports of an increased signal of the dentate nucleus in
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unenhanced T1-weighted images attributed the changes to brain
irradiation.* This study included only patients 30 years of age
and older and did not analyze the number of contrast-enhanced
MRIs performed. Studies on unconfounded adult patients are
rare.

A very recent publication evaluated whether increased signal
intensities can also be found after multiple injections of the mac-
rocyclic agent gadoterate meglumine in children.*® As in all other
pediatric patient studies, the authors explicitly excluded patients
with a tumor in the cerebellum. Patients having had or undergo-
ing chemotherapy were evaluated, but no subanalysis for differ-
ences was presented.

To date, pediatric studies are limited to investigations on
the linear agent gadopentetate dimeglumine and the macrocy-
clic agent gadoterate meglumine. Therefore, the purpose of
this retrospective study was 2-fold: 1) to investigate whether T1
shortening is also observed in children after multiple injections
of gadobenate dimeglumine, and 2) to investigate whether
brain radiation or chemotherapy or both impact this
phenomenon.

MATERIALS AND METHODS

Patients

In this institutional review board—approved (University Hospital
Essen), single-center retrospective study, we performed a search
of the image data base to extract all patients 18 years of age and
younger with at least 4 contrast-enhanced MRIs archived on a
PACS between August 2009 and September 2015. We reviewed all
clinical charts and images to verify that all patients received only 1
gadolinium agent (gadobenate dimeglumine, used routinely from
this time point onward). The remaining patients were screened
for treatment variables and underlying diseases known to poten-
tially present with increased T1 signal in deep brain nuclei (like
Langerhans cell histiocytosis and neurofibromatosis). To create
comparable groups, we chose to evaluate 2 groups: patients with
no radiation and/or chemotherapy (RCTX) (group 1) and those
with a posterior fossa tumor undergoing RCTX (group 2). Figure
1 represents a flow chart showing the patient selection. Patients
with large, bilateral posterior fossa tumors involving or masking
the dentate nucleus on both sides were excluded because these
nuclei would be difficult or impossible to evaluate on preopera-
tive imaging. In unilateral tumors, the dentate nucleus of the con-
tralateral side was evaluated.

For all patients included in the study, age, sex, and diagnoses
were documented. We also reviewed the electronic health records
for any new or unexplained onset of movement disorders or cer-
ebellar dysfunction. In the patients with posterior fossa tumors,
whether they had surgery and which chemotherapy and radiation
therapy they received were also assessed. If patients received radi-
ation therapy, it was always a tumor-selective radiation therapy
plan. In addition, the time interval between the first and last MR
imaging was documented as well as the total cumulative amount
of gadolinium injected across time.

MR Imaging Protocol
MR imaging of the brain was performed on clinical 1.5T (Optima
MR450w or Signa HDxt; GE Healthcare, Milwaukee, Wisconsin)

325 children with > 4 contrast agent
injections

113 children with
gadobenate
dimeglumine

injections only

212 children with at
least one injection of a
different or unknown
contrast agent

60 patients lsvsiitr:eants 37 patients
with no " with
posterior fossa
treatment tumor (PET) confounders
confounder and RCTX other than PFT

FIG1. Flow chart showing the patient-selection criteria. PFT indicates
posterior fossa tumor.

or 3T scanners (Discovery MR750 or MR750w; GE Healthcare)
using 8-channel head coils. Imaging protocols included the fol-
lowing sequences before administration of gadobenate dimeglu-
mine at a dosage of 0.1 mmol (0.2 mL) per kilogram of body
weight: axial T1-weighted 3D inversion recovery—prepared fast-
spoiled gradient-echo sequences (BRAVO: section thickness, 3
mm; TR, 8.5-9.3ms; TE, 3.2-3.7ms; flip angle, 13° [1.5T], 12°
[3T]; TL 450 ms) and/or sagittal T1-weighted 2D fluid-attenuated
inversion recovery (section thickness, 3 mm; TR, 2212 ms [1.5T],
30503400 ms [3T]; TE, 8.4—8.8 ms [1.5T], 23.3-23.9 ms [3T];
flip angle, 90° [1.5T], 111° [3T]; TL, 750 ms [1.5T], 917-964 ms
(3TD).

Image and Data Analysis

As a first step, visual analysis of the first and last MR imaging
was performed, and a qualitative visual signal increase (present
or not present) was documented. For objective image analysis,
we analyzed images as previously described by Kanda et al*®:
De-identified images were imported and subsequently ana-
lyzed with open-source Digital Imaging and Communications
in Medicine software OsiriX MD (Version 2.5.1 64-bit; http://
www.osirix-viewer.com). Image analysis was performed by a
radiologist with 10 years’ experience in MR imaging and spe-
cific experience in neuroradiology and pediatric imaging. A
freehand ROI was drawn on the unenhanced T1-weighted im-
ages in the bilateral dentate nuclei, the central pons, the middle
cerebellar peduncle, and the left and right globus pallidus as
well as the left and right thalamus, excluding the pulvinar thal-
ami, which have been shown to exhibit T1 shortening as well in
patients after multiple linear gadolinium-based contrast agent
injections. To ensure accurate segmentation of the dentate nu-
cleus, we performed correlation with T2- and T2*-weighted
images when necessary. We also added the middle cerebellar
peduncle as a correlation in addition to the pons, as described
by Ramalho et al.* We therefore assessed not only the dentate-
to-pons ratios but also the dentate-to-middle cerebellar pe-
duncle ratios. Dentate-to-pons, dentate-to-middle cerebellar
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Patient characteristics®

Unconfounded Cases Posterior Fossa Tumors P Value
Total No. of patients 60 16
Age (yr) 8.7 (6-14) 7.8 (4-10) .095
Sex: female 30(50.0%) 6 (37.5%) 543
Contrast-enhanced MRIs 7(5-9) 14.5 (11.2-16) <.001
First-to-last MRI with contrast (yr) 31(1.3-47) 3.4(1.4-4.7) 794
Accumulated dose of gadoterate dimeglumine (mL) 48.5(311-87.2) 63.8 (49.8-130.5) 161
Mean ratio change of dentate to pons 0.028 (0.007-0.049) 0.090 (0.049-0.132) <.001
Mean ratio change of globus pallidus to thalamus 0.034 (0.013-0.055) 0.130 (0.091-0.168) <.001

Note:—min indicates minimum; max, maximum.
? Data are presented as means with 95% confidence intervals in parentheses.

FIG 2. Tl-weightedimagesacquired before (A and C) and after 20 gadobenate injections (B and D)
in a patient with follow-up for optic glioma without radiation or chemotherapy (A and B) and a
patient with medulloblastoma after an operation and radiochemotherapy (C and D). Subtle signal
changes of the dentate (arrows) can be seen in the patient without any therapy, while the patient
with RCTX shows distinct Tl signal changes of the dentate and perifocal edema.

peduncle, and globus pallidus-to-thalamus ratios were calcu-
lated from the first and last MR imaging dataset. The ratio
change between the first and last imaging was calculated.

Statistical Analysis
Statistical analysis was performed with R statistical and computing
software (http://www.r-project.org). Intraclass correlation coeffi-
cients (2,1) were used to assess the reliability of the ratio measure-
ments between the means of the cerebellar peduncle and pons.
Mixed-effects linear regression was used to test the ratio
between different factors (number of injections, time between
first and last imaging, and amount of gadolinium injected)
with subject as a random effect. Repeated-measures ANOVA
was used to test whether the change in the ratio across time was
significantly different between factor groups with subject as a
random effect. Pearson correlation coefficients were calculated
to assess the linear relationship between total gadolinium dos-
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age and signal intensity ratio change
for patients with and without therapy.

RESULTS

A total of 325 children with at least 4
contrast injections were identified. Of
these, 76 children (mean age, 9.3 years)
met the listed selection criteria (4-20
contrast-enhanced MRIs; mean, 8). Six-
teen patients had posterior fossa tumors
treated with radiation alone (n = 2),
combined chemo- and radiation ther-
apy (n = 9), and chemotherapy alone
(n = 5), and 60 were unconfounded by
such treatment. The characteristics of
both patient groups can be found in the
Table.

On visual inspection, 12 of the 16 pa-
tients with posterior fossa tumor and ra-
diation or chemotherapy showed hyper-
intensities of the deep brain nuclei.
These patients had undergone between
10 and 20 contrast injections, and the 4
patients without signal increase had
<10 gadobenate dimeglumine injec-
tions. In the 60 patients without RCTX,
only 2 patients were found to have a vi-
sual signal increase of the dentate nu-
cleus or the globus pallidus between the
first and last brain MR imaging. These
patients had the highest contrast exposures, with 20 and 16 gado-
benate dimeglumine injections.

Figure 2 shows a comparison of 2 patients after 20 injections,
one with no treatment variables and 1 patient with medulloblas-
toma after radiochemotherapy. Figure 3 shows images before and
after 10 gadobenate dimeglumine injections in a patient with no
treatment variables and a second patient with a medulloblastoma,
after surgery and radiochemotherapy.

Statistical analysis showed a statistically significant change in
the signal ratio for the number of scans and contrast injections
(P <.001) as well as the amount of gadolinium (P = .008), but not
for the interscan time interval (P = .353). For each additional
contrast-enhanced MR imaging, the signal ratio increased by 0.01
on average. There was a significant difference in the average
change in ratio with time between those with RCTX versus those
without (P < .001). A comparison of the ratio change for the



FIG 3. Tl-weighted images acquired before (A and C) and after 10 gadobenate injections (8 and D)
in a patient being followed for a mass at the craniocervical junction with only surgical therapy (A
and B) and a patient with medulloblastoma after an operation and radiochemotherapy (C and D).
No signal change can be seen in the dentate for the patient without RCTX, while the patient with

RCTX already shows signal changes after 10 injections.

dentate to pons and globus pallidus to thalamus showed no sig-
nificant difference in average change in the ratio between mea-
surements in the dentate and in the globus pallidus (P = .199),
like that of children after focal radiation of the cerebellum (P =
.4). Furthermore, no statistically significant difference was found
for the use of the middle cerebellar peduncle or the pons as a
control for the dentate (P = .39).

Figure 4 shows a distribution of the signal ratio change for the
globus pallidus compared with thalamus in children with no
treatment variables and children with radiochemotherapy.

Figure 5 shows the correlation of the total gadolinium dose
administered and the signal ratio change for patients with and
without therapy.

Directed neurologic chart review revealed no obvious new
neurologic clinical deficits in the children with apparent T1 hy-
perintensities. We specifically searched for signs or symptoms re-
ferable to the extrapyramidal motor system such as tremor, bra-
dykinesia, movement disorders, and motor dysfunction, which
were not explained by the patient’s known disease process.

DISCUSSION
In this retrospective study, we investigated whether pediatric pa-
tients show T1 shortening of deep brain nuclei after multiple
doses of gadobenate dimeglumine and whether there is any dif-
ference between patients with and without radiation and/or
chemotherapy.

This study has 4 messages we believe
to be important:

First, children show a pattern of T1
signal changes of the dentate nucleus
and globus pallidus after multiple injec-
tions of gadobenate dimeglumine, like
that reported in adults. This has been
shown for gadopentetate dimeglumine
in a few recent small studies in chil-
dren.'”*' We were able to show it for
gadobenate dimeglumine, another lin-
ear contrast agent, in a pediatric patient
cohort for the first time. A first study in
pediatric patients examining the effect
of multiple doses of a macrocyclic con-
trast agent supports similar results in
adults: Macrocyclic agents show no sig-
nal intensity increase after serial injec-
tions of a macrocyclic agent.”®'>*” The
study by Stojanov etal,'” reporting a sig-
nal increase for a macrocyclic agent has
been severely criticized because visual
inspection of reported images did not
seem to support the quantitative results
of the study.

The second key finding is that pa-
tients without radiochemotherapy were
much less likely to show T1 changes. In
the absence of RCTX, only 2/60 showed
these changes, and these occurred in the
2 patients with the most gadobenate
dimeglumine injections (n =16 and 20,
respectively). This observation is consistent with findings in
adults for gadobenate dimeglumine: Ramalho et al* investigated
the influence of 2 linear contrast agents (gadodiamide and gado-
benate dimeglumine) on the dentate nucleus and globus pallidus
and showed a significant signal increase with gadodiamide-en-
hanced studies, but not with gadobenate dimeglumine. Their
adult patient population comprised only patients without prior
targeted or whole-brain radiation and those without multiple
sclerosis and other diseases that might result in T1 shortening of
deep brain nuclei and can thus be considered unconfounded like
our 60-patient subgroup. However, the maximal number of MR
images obtained in their patient population was 11 examinations.
Because we saw an increase only after 16 examinations in un-
confounded children, the number of injections might be too
small in the study of Ramalho et al to find a visually discernible
effect. Weberling et al,” however, investigated adult patients
with melanoma with 5-15 injections of gadobenate dimeglu-
mine (on average, 7.7 injections) and found an increase in
signal intensity in the dentate nucleus. The results of Weber-
ling et al in adults are therefore in line with ours in children:
There seem to be a certain number of injections needed before
signal intensity changes become visible. They, like Adin et al®
and Radbruch et al,” did not find a correlation between radia-
tion therapy and signal changes in adults, which is different
from our results in children.
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FIG 4. Distribution of the signal ratio change of the globus pallidus compared with the thalamus (globus pallidus to thalamus) in children with
no treatment variables (gray bars) and children with radiochemotherapy (black bars) shows a shift/tendency to higher ratio changes in children
with posterior fossa tumors under therapy.

We also found that the time interval

B — No therapy: rho = 0.126 . from gadolinium-based contrast agent

—=— Therapy: rho = 0.128 injection until signal changes occur in
children can be significantly reduced in

0.3 the setting of radiochemotherapy, which

R . impacts the blood-brain barrier. While
* e . Weberling et al® did not find a correla-
tion for radiation therapy, they did not
test for differences concerning chemo-

0.2

therapy. Because most of their adult
patients had melanoma, it can be assumed
o1 7 that many patients received chemother-
apy, even if not explicitly stated. This is

important because we found that in pa-
0.0

Change in Ratio

tients receiving radiation therapy for
posterior fossa tumors, the signal of the
dentate changed like the signal of the glo-
bus pallidus, which leads to the presump-

tion that radiation therapy itself locally
does not lead to signal changes or acceler-
. ation of these changes, but rather the ther-
apy (radiation therapy and/or chemother-
apy) has an influence on the blood-brain
Se barrier, which leads to uptake of gadolin-
T T T T T T ium in any of the deep brain nuclei.

5 10 20 50 100 200 Montagne et al*® showed, in a recent
investigation, that blood-brain barrier
breakdown is an early event in the aging

Amount of Gadolinium (log scale)

FIGS5. Scatterplot showing the correlation between cumulative gadolinium doses and signal ratio human brain, starting from the hip-
change for patients with and without therapy. pocampus but also involving other brain
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regions. The fact that children who did not undergo radiation or
chemotherapy showed a later onset of signal increase might be
also due to their still fully intact blood-brain barrier.

A key message that can be drawn from this study that is also in
accordance with other studies is that the observed signal changes
are apparently asymptomatic and are also independent of the time
between injections. In all patients presented in prior studies, as in
our patient group 2, presumed gadolinium deposition has not
been linked to clinical deficits but does appear to be an imaging-
observed adverse effect of therapy. Although neurologically
asymptomatic, the appearance is dependent on the number of
injections and the cumulative amount of gadolinium. Therefore,
until more follow-up studies and prospective neurologic and neu-
rocognitive surveillance are available, each injection of a gadolin-
ium-based contrast agent should be carefully considered. Other
contrast agents, like iron oxide particles, can be a possible alter-
nate to gadolinium-based agents in brain imaging.”**°

During this analysis, we incidentally found that the red nu-
cleus shows an intensity change like that of the dentate and globus
pallidus. This finding might suggest the deposition of gadolinium
in the red nucleus as well. New onset of tremor, gait disturbances,
or other neurologic deficits have not been found in these children.
Further analysis will show how signal changes in the dentate nu-
cleus and globus pallidus might correlate with signal changes in
other deep brain nuclei, especially the red nuclei, all of which are
also known to take up iron as a normal physiologic finding, so
changes might be difficult to analyze and attribute to a certain
origin.

The linear gadolinium agent we studied here was originally
chosen and continues to be used in our practice due to the com-
bination of proved beneficial T1 enhancing effects and an excel-
lent risk profile. Gadobenate has the highest relaxivity of any of
the gadolinium agents marketed for central nervous system appli-
cations. It is been shown in multiple double-blind randomized
crossover studies to show better tumor-enhancing performance
metrics compared with any of the other agents.”" It also has an
excellent risk-benefit profile for nephrogenic systemic fibrosis,
with thousands of renally impaired, high-risk patients given gado-
benate due to diagnostic need in potentially life-threatening con-
ditions, with no subsequent nephrogenic systemic fibrosis ob-
served.’” At the present time, we are therefore continuing to use
this agent in our practice, while still recognizing the potential for
apparently asymptomatic T1 shortening and presumably gado-
linium deposition in the deep gray nuclei.

Our study clearly has limitations: First, we cannot prove that
the contrast agent we used, gadobenate dimeglumine, is the rea-
son for the later onset of signal changes in children compared with
adults in the literature. Direct comparisons with adults from our
data base are forthcoming. In addition, we cannot exclude gado-
linium being deposited in the brain regions we used as compara-
tors in children because we do not yet have postmortem studies in
children. If this is the case, the postulated later onset in children
might be due to different storage amounts. Furthermore, post-
mortem studies in children are especially needed.

Also, we cannot exclude the T1-weighted sequences we used
having an influence on the detectability rate of signal changes. In
133

a letter, Kanda et al”” discussed different pulse sequences having

different imaging appearances and different signal-to-noise ra-

tios, which can have an influence on the image appearance and
contrasts. We used conventional unenhanced T1-weighted gradi-
ent-echo sequences, which have been used in prior studies on this
topic by different authors.>>'? Another issue is that different
magnetic field strengths were used in these patients. However,
Adin et al® examined the influence of different field strengths in a
subanalysis of their study and could show that no statistically
significant difference was present.

CONCLUSIONS

Our study shows that children show a pattern of T1 signal changes
of the dentate and globus pallidus after multiple injections of
gadobenate dimeglumine like that in adults in published studies
of this agent. The appearance in children may have a later onset
and seems to be accelerated by radiation and chemotherapy.
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