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To compare changes in signal intensity (SI) ratios of the
dentate nucleus (DN) and the globus pallidus (GP) to those
of other structures on unenhanced T1-weighted magnetic
resonance (MR) images between linear and macrocyclic
gadolinium-based contrast agents (GBCAs).

The study was approved by the ethical committee of the
University of Heidelberg (reference no. S-324/2014). Ow-
ing to the retrospective character of the study, the ethical
committee did not require any written informed consent.
Two groups of 50 patients who underwent at least six con-
secutive MR imaging examinations with the exclusive use
of either a linear GBCA (gadopentetate dimeglumine) or a
macrocyclic GBCA (gadoterate meglumine) were analyzed
retrospectively. The difference in mean SI ratios of DN to
pons and GP to thalamus on unenhanced T1-weighted im-
ages from the last and first examinations was calculated.
One-sample and independent-sample ¢ tests were used to
assess the difference in SI ratios for both groups, and re-
gression analysis was performed to account for potential
confounders.

The SI ratio difference in the linear group was greater
than O (mean DN difference * standard deviation, 0.0407
+ 0.0398 [P < .001]; GP, 0.0287 = 0.0275 [P < .001])
and significantly larger (DN, P < .001 and standardized
difference of 1.16; GP, P < .001 and standardized differ-
ence of 0.81) than that in the macrocyclic group, which
did not differ from 0 (DN, 0.0016 = 0.0266 [P = .680];
GP, 0.0031 = 0.0354 [P = .538]). The SI ratio difference
between the last and first examinations for the DN re-
mained significantly different between the two groups in
the regression analysis (P < .001).

This study indicates that an Sl increase in the DN and
GP on T1-weighted images is caused by serial application
of the linear GBCA gadopentetate dimeglumine but not
by the macrocyclic GBCA gadoterate meglumine. Clinical
implications of this observation remain unclear.
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nvestigators in three recently pub-

lished studies (Kanda et al [1] [2014],

Errante et al [2], and Kanda et al [3]
[2013]) reported increased signal inten-
sities (SIs) in the dentate nucleus (DN)
on unenhanced T1-weighted magnetic
resonance (MR) images after serial ap-
plication of gadolinium-based contrast
agent (GBCA) for contrast material-
enhanced MR imaging. The authors of
these studies suggested a deposition of
gadolinium in the DN as a possible cause
of the increased SI on unenhanced T1-
weighted images.

Free gadolinium is highly toxic, which
is why it needs to be bound to a ligand
for its use as a contrast agent (4). Hence,
one mechanism underlying the potential
toxic effects of GBCAs is the release of
gadolinium ions (Gd®*) from the complex
and its deposition in tissues. This po-
tential release of Gd** ions depends
on the stability of the GBCA in a bio-
logic environment, the physicochemical
properties, and the chemical structure
of the gadolinium complex. In this re-
spect, commercially available gadolinium
complexes can be divided into two major
classes: linear and macrocyclic complexes
(Fig 1) (5,6). Several investigators have
found an increased release of Gd** ion in
vitro from linear GBCAs compared with
macrocyclic GBCAs, as well as a higher
deposition rate in some tissues In vivo

Advances in Knowledge

B Increased signal intensities (SIs)
in the dentate nucleus (DN) and
globus pallidus (GP) on unen-
hanced T1-weighted images are
related to the serial application
of the linear gadolinium-based
contrast agent (GBCA) gadopen-
tetate dimeglumine (P < .001 for
both DN and GP).

B No significant SI increase could
be demonstrated after serial ap-
plications of the macrocyclic
GBCA gadoterate meglumine (P
= .680 for DN, P = .538 for GP).

B The SI increase of the DN
depends on the accumulated
dose of the applied GBCA in the

gadopentetate dimeglumine
group (P =.001).

(6,7). These findings suggest that the oc-
currence of increased SI in the DN after
serial application of contrast agents may
result from a local Gd* ion deposition
and depend on the class of GBCA used.

In Kanda et al (3), the authors pro-
vide evidence that Sl increase in the
DN on unenhanced T1-weighted MR
images is associated with the previ-
ous administration of the linear GBCA
gadopentetate dimeglumine (Magnev-
ist; Bayer), but not with the macrocyclic
GBCA gadoteridol (ProHance; Bracco
Spa, Milano, Italy). However, the sta-
tistical power of this study was limited
because of the low number of included
patients with proven hyperintensity on
unenhanced T1-weighted images in the
DN (nine patients) and the absence
of a longitudinal comparison of Sls in
patients who received high numbers of
previous GBCA administrations.

In the current study, we investigated
two large patient cohorts who underwent
at least six serial MR imaging examina-
tions to compare changes in SI ratios of
the DN and the globus pallidus (GP) to
those of other structures on unenhanced
T1-weighted MR images between linear
and macrocyclic GBCAs.

Materials and Methods

This retrospective study was finan-
cially supported by Guerbet. The au-
thors of this study had full control of
the data and the information submit-
ted for publication.

Patients

The study was approved by the ethical
committee of the University of Heidel-
berg (reference no. S-324/2014). Be-
cause of the retrospective character
of the study, the ethical committee
did not require any written informed

Implication for Patient Care

B Even though no clinical implica-
tions can be drawn from the
reported hyperintensities in the
DN and the GP, the findings are
worrisome and should be taken
into account when deciding
whether to use gadopentetate
dimeglumine.

consent. All patients had given consent
to the use of their image data at the
time of the examination.

Our in-house radiologic informa-
tion system was screened for consec-
utive patients until two groups of 50
consecutive patients were identified
who underwent at least six consecu-
tive MR imaging examinations by using
exclusively linear GBCAs (gadopen-
tetate dimeglumine, Magnevist; Bayer)
or macrocyclic GBCAs (gadoterate
meglumine, Dotarem; Guerbet) and
who fulfilled inclusion criteria and did
not fulfill the exclusion criteria.

Inclusion  criteria  were  the
following: (a) at least six consecutive
gadolinium-enhanced MR imaging ex-
aminations were performed with ex-
clusively linear GBCAs or exclusively
macrocyclic GBCAs as the contrast
agent and (b) all of those consecutive
MR imaging examinations were per-
formed exclusively in our department.
Included MR imaging examinations
did not have to be the first examina-
tions in which GBCAs were used, and
prior gadolinium-enhanced examina-
tions might have been performed at
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Abbreviations:

Cl = confidence interval

CSF = cerebrospinal fluid

DN = dentate nucleus

eGFR = estimated glomerular filtration rate
GBCA = gadolinium-based contrast agent
GP = globus pallidus

S| = signal intensity
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Figure 1:  Diagrams of (a) the chemical structure of the macrocyclic GBCA gadoterate meglumine (Dotarem; Guerbet,
Paris, France) and (b) the linear GBCA gadopentetate dimeglumine (Magnevist; Bayer, Leverkusen, Germany). Generally,
macrocyclic ligands form a rigid cage with a preorganized cavity to fit the coordination sphere of the Gd®* ion, while
linear ligands wrap around the Gd®* ions, forming a more flexible chelate, since the cages are not fully closed.
our institution that were not included
owing to the presence of exclusion cri-
teria. Exclusion criteria were (a) an Exclusion Criteria
estimated glomerular ﬁltI‘athI.] rate Parameter Macrocyclic GBCA Group  Linear GBCA Group
(eGFR) lower than 60 mL/min per
1.73 m? in a blood sample recent to Initially selected 64 81
the date of the last MR imaging exam- Excluded because of renal dysfunction 2 3
ination; (b) a history of brain hemor- (eGFR < 60 mUmin per square meter)
rhage, stroke, or brain ischemia; (c) Excluded because qustory gf brain hemorrhage, 4 3
. stroke, or brain ischemia
edema, tumor, or other lesions located e
. . Excluded because of lesions in the pons or cerebellum 2 2
in the cerebellum or pons; (d) history . : o
. .. . Excluded because of a history of intracranial infections 1 3
of intracranial infection, such as men- o )
it halitis: L. ) Excluded because of missing or unsatisfactory 1 10
met 1s' or encephalitis; (e) mlssmg o1 unenhanced T1-weighted images
unsatle_aCtor y unenhanced T1 —Yvelght— Excluded because of missing documentation of the 4 0
ed MR images (eg, largely varying MR contrast agent
parameters) from the first or last MR Excluded because of different sequences used to 0 10
imaging examination performed with obtain T1-weighted images
linear GBCAs or macrocyclic GBCAs; Final no. of patients 50 50

and (f) missing documentation of the
contrast agent applied. Table 1 lists
the number of patients excluded owing
to each of the exclusion criteria.

Data Analysis

Eighty-one consecutively examined pa-
tients who underwent at least six con-
secutive MR imaging examinations with
linear GBCAs and 64 patients who un-
derwent at least six examinations with
macrocyclic GBCAs were assessed to
identify 50 patients in each group who
fulfilled the inclusion and exclusion cri-
teria (Table 1). All patients in the linear
GBCA group underwent their last MR
imaging examination in the time period
from 6 am on December 8, 2008, to 6 pm

Note.—Data are numbers of patients.

on January 31, 2009, and all patients in
the macrocyclic GBCA group underwent
their last MR imaging examination in the
time interval from 10 aM on August 25,
2014, to 11 pm on September 30, 2014.
The different time periods in which the
data of the different groups were col-
lected are explained by the fact that both
GBCAs were preponderantly used at dif-
ferent time periods in our clinic.

For all included patients, age, sex,
diagnosis, liver function, and eGFR
were evaluated by means of chart re-
view (Table 2). Diagnosis was further

specified as (a) glioblastoma World
Health Organization, or WHO, grade
IV, (b) glioma WHO grade I-III, (c)
brain tumor other than glioma WHO
grade [-IV, such as cerebral lymphoma,
and (d) no tumor. For all included pa-
tients, it was further assessed whether
molecularly targeted therapy (eg, bev-
acizumab) or alkylating antineoplastic
chemotherapy were applied. Further-
more, it was assessed whether patients
were treated with whole-brain or tu-
mor-selective brain radiation. Renal
function was evaluated by calculating
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Table 2

Patient Characteristics of Macrocyclic and Linear GBCA Groups

Parameter Macrocyclic GBCA Group Linear GBCA Group
Total no. of patients 50 50
Age (y)* 49.98 = 14.09 46.78 = 15.18
Mean interval between GBCA administrations (wk)* 11.28 + 2.47 14.00 + 6.19
Patient sex
No. of men 27 30
No. of women 23 20
No. of contrast-enhanced MR imaging examinations* 7.06 = 1.20 7.32 +1.83
Accumulated dose* 162.41 + 45.20 124.22 + 39.31
History of surgery 37 37
History of chemotherapy 46 41
Molecularly targeted therapy 12 12
Alkylating antineoplastic agent 46 37
Other therapy 16 20
Underwent radiation therapy 44 32
Whole brain 2 2
Tumor selective 42 31
Diagnosis
Glioblastoma 16 13
Glioma World Health Organization grade |-l 31 27
Tumor other than glioma 2 8
No tumor 1 2
eGFR
60—90 mL/min per 1.73 m? 12 9
>90 mL/min per 1.73 m? 38 4
Abnormal liver function 12 15

Note.—Data are numbers of patients, unless indicated otherwise.

* Data are means = standard deviations.

the eGFR from a recent blood sample,
on the basis of the Chronic Kidney
Disease Epidemiology Collaboration
formula. All patients with an eGFR
less than 60 mL/min per 1.73 m? were
excluded. For the included patients, it
was assessed whether the eGFR was
(a) less than 90 mL/min per 1.73 m? or
(b) more than 90 mL/min per 1.73 m?.
Abnormal liver function was defined
by abnormal serum concentrations of
alanine aminotransferase, +y-glutamyl
transpeptidase, or aspartate amino-
transferase. Since the applied linear
GBCA and macrocyclic GBCA are both
eliminated exclusively by the kidneys,
patients with abnormal liver function
were not excluded from our study. Fi-
nally, the mean interval between GBCA
administrations was calculated by di-
viding the time (in weeks) between the
first and last MR imaging examinations

by the total number of MR imaging ex-
aminations minus 1.

MR Imaging Protocol

MR imaging was performed with a 3-T
imaging unit (Trio and/or Verio; Sie-
mens, Erlangen, Germany) or a 1.5-
T imaging unit (Symphony; Siemens).
The standard MR imaging protocol in-
cluded an axial T1-weighted spin-echo
sequence (repetition time msec/echo
time msec, 500/14; section thickness,
6 mm) or a T1-weighted three-dimen-
sional magnetization-prepared rapid
gradient-echo sequence (1740/3.45;
section thickness, 1.0 mm; field of
view, 250 mm) before and after
GBCA injection, T2-weighted imaging
(4890/85; section thickness, 5 mm;
field of view, 230 mm), and a fluid-at-
tenuated inversion-recovery sequence
(8500/85; inversion time, 2400 msec;

section thickness, 5 mm; and field of
view, 230 mm).

Because of the introduction of perfu-
sion-weighted MR imaging in the tumor
protocol with a prebolus design (8) after
2010, the applied dose of GBCA differed
between groups. There was an exclusive
application of a standardized single dose
of 15-20 mL in the linear GBCA group
and a double injection of GBCA in most
of the patients with tumors in the mac-
rocyclic GBCA group. The injected dose
of macrocyclic GBCA was adapted to
0.1 mmol per kilogram of the patient’s
body weight. These different applica-
tion schemes resulted in a substantially
larger dose of the macrocyclic GBCA
per MR imaging session (mean dose *
standard deviation, 27.07 mL * 6.86
per MR imaging examination) compared
with the linear GBCA (19.62 mL * 1.74
per MR imaging examination).

Image Analysis

Image analysis was conducted as de-
scribed previously by Kanda et al (1,3),
but we added the cerebrospinal fluid
(CSF) as an additional validator. Thus,
the DN SI was compared with that of
three structures: the pons, CSF, and cer-
ebellum. All images were reviewed on
our picture archiving and communication
system. A region of interest was drawn
on the unenhanced T1-weighted images
on the central pons, the CSF of the fourth
ventricle, the cerebellum next to the DNs,
and the right and left DNs. To assess
the GP, regions of interest were drawn
on the GP, as well as on the thalamus.
To guarantee a correct placement of the
region of interest, T2-weighted images
were additionally used for the identifica-
tion of the DN. The image analysis was
performed by a radiologist (A.R.) with 6
years of experience, who was blinded to
the clinical data. In contrast to Kanda et
al (1,3), who assessed only one DN, GP,
and thalamus, we calculated the mean of
the left and the right GP, cerebellum, and
DN to improve accuracy.

Statistical Analysis

Analyses were conducted by using the
R language and environment for sta-
tistical computing (version 3.1.0, R
Foundation for Statistical Computing,
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Vienna, Austria), and the a priori sig-
nificance level was set to P less than
.05. One-sample t tests were used to
examine whether the mean SI ratio
differences between the last and first
examination in each patient group
were different from 0, and Jeffreys-
Zellner-Siow Bayes factors were com-
puted to quantify the strength of ev-
idence in favor of the null hypothesis
(no difference from 0) or the alter-
native hypothesis (difference from 0)
(9). An independent-sample t test was
used to test whether the differences
between the two patient groups were
statistically significant. These analyses
were conducted for the DN-to-pons
ratio, the DN-to-CSF ratio, the DN-to-
cerebellum ratio, and the GP-to-thala-
mus ratio. For the DN-to-pons ratio,
which has mostly been used in previ-
ous studies (1,2), additional analyses
were conducted: Regression analyses
were used to examine whether the
differences between groups remained
significant after accounting for poten-
tial confounding variables. Correlation
analyses were used to test whether the
number of contrast-enhanced MR im-
aging examinations, the mean interval
between GBCA administrations, and
the accumulated dose of GBCA had
a different influence in each patient
group, supplementing the analysis with
Jeffreys-Zellner-Siow Bayes factors to
quantify the strength of evidence (10).

Since the sequences used for T1-
weighted MR imaging examinations dif-
fered in the linear GBCA group (31 mag-
netization-prepared rapid gradient-echo
sequences and 19 spin-echo sequences),
a subgroup analysis with an independent
sample t test was performed to examine
whether the sequences had an influence
on the SI ratio difference.

The characteristics of each group
are described in Table 2, and the
distribution of SI ratio differences for
the DN-to-pons ratio per group are
displayed in Figure 2.

In the linear GBCA group, the
mean DN-to-pons SI ratio difference
of 0.0407 = 0.0398 between the last
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Figure 2:  Graphs of the distribution of DN-to-pons (DNP) Sl ratio
differences between the last and first MR imaging examinations for the

two patient groups.

and first examinations was significantly
larger than 0 (P <. 001, 95% confi-
dence interval [CI]: 0.0294, 0.0520),
and the Bayes factor of 4214210 indi-
cated strong support for the alternative
hypothesis (difference from 0). In the
macrocyclic GBCA group, the mean SI
ratio difference of 0.0016 * 0.0266 did
not show a significant deviation from 0
(P =.680, 95% CI: —0.0060, 0.0091),
and the Bayes factor of 0.17 indicated
positive evidence for the null hypo-
thesis (no difference from 0).

The mean SI ratio difference was
significantly larger in the linear GBCA
group than in the macrocyclic GBCA
group (P < .001, 95% CI: 0.0257,
0.0526) (Fig 3). The standardized dif-
ference between the two groups was d
= 1.16, which corresponded to a large
effect size. All previous results could be
replicated by using the nonparametric

equivalents (Wilcoxon signed rank and
Mann-Whitney U tests).

When repeating the analyses for
the DN-to-cerebellum ratio and the
DN-to-CSF ratio, the results were
comparable, with a difference that was
significantly larger than O in the linear
GBCA group (cerebellum, P < .001,
Bayes factor = 4070; CSF, P < .001,
Bayes factor = 2078), no significant
difference from O in the macrocyclic
GBCA group (cerebellum, P = .213,
Bayes factor = 0.32; CSF, P = .143,
Bayes factor = 0.43), and a significantly
larger SI ratio difference in the linear
GBCA group than in the macrocyclic
GBCA group (cerebellum, P < .001,
d = 0.74; CSF, P < .001, d = 0.89).
However, the differences were stron-
gest for the DN-to-pons ratio, which
has been used both by Kanda et al (1)
and Errante et al (2).
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Figure 3:  Graph of the mean DN-to-pons (DNP)
Sl ratio differences between the last and first MR

imaging examinations for the two patient groups.
Error bars represent the 95% Cls.

The GP-to-thalamus ratio also
showed comparable results. Consis-
tent with Kanda et al (1), the GP-to-
thalamus ratio difference was sig-
nificantly larger than O in the linear
GBCA group (0.0287 = 0.0275; 95%
CI: 0.0209, 0.0365; P < .001; Bayes
factor = 6661 191). In line with the re-
sults for the DN, the ratio difference
was not significantly different from 0 in
the macrocyclic GBCA group (0.0031 *
0.0354; 95% CI: —0.0069, 0.0132; P =
.538; Bayes factor = 0.18). Finally, the
difference was significantly larger in the
linear GBCA group than in the macro-
cyclic GBCA group (P < .001, d =0.81).

To control for the possibility that
the difference between the two groups
was due to other confounding variables,
a linear regression analysis by using the
DN-to-pons SI ratio difference as a cri-
terion was performed. The results are
summarized in Table 3. Even when con-
trolling for a large number of variables,
the effect of contrast agent on SI ratio
difference remained highly significant
(P < .001). The control variables sex,
age, liver function, kidney function,

Results of Linear Regression Analyses

Standardized
Regression Regression
Parameter Coefficient  95% Cl Coefficient PValue
First analysis
Contrast agent 0.0424 0.0280, 0.0568 0.5462 <.0001
Age 0.0004  —0.0002, 0.0010 0.1463 1952
Sex 0.0103  —0.0046, 0.0253 0.1320 1733
History of chemotherapy 9125
Molecularly targeted therapy 0.0021 —0.0164, 0.0206 0.0232 .8215
Alkylating antineoplastic agent 0.0009 —0.0198,0.0215 0.0084 .9336
Other therapy —0.0058 —0.0216,0.0101 —0.0715 4702
Underwent radiation therapy 4952
Whole brain 0.0037  —0.0366, 0.0440 0.0187 .8555
Tumor selective —0.0110  —0.0301,0.0082 —0.1254 .2590
Diagnosis .0565
Glioblastoma 0.0383 0.0020, 0.0747 0.2482 .0390
Glioma World Health Organization 0.0365 0.0077, 0.0652 0.2608 .0135
grade -l
Tumor other than glioma —0.0220 —0.0679,0.0238 —0.1004 .3423
eGFR 0.0008  —0.0199,0.0214 0.0080 9418
Abnormal liver function 0.0008 —0.0159,0.0175 0.0094 9224
Second analysis
Contrast agent 0.0375 0.0246, 0.0504 0.4832 <.0001
No. of enhanced MR imaging examinations 0.0065 0.0023, 0.0107 0.2581 .0027
Third analysis
Contrast agent 0.0382 0.0241, 0.0522 0.4918 <.0001
Mean interval between GBCA administrations 0.0004 —0.0011,0.0018 0.0471 .6067
Fourth analysis
Contrast agent 0.0466 0.0323,0.0610 0.6013 <.0001
Accumulated dose of GBCA 0.0002 0.0000, 0.0004 0.2322 .0146

Note.—P values for sets of predictors were obtained by using hierarchical F tests.

diagnosis, chemotherapy, and radia-
tion therapy did not have a significant
influence on the SI ratio difference.
The effect of contrast agent on SI ratio
difference also remained highly signif-
icant (P < .001) when controlling for
the number of contrast-enhanced MR
imaging examinations, the accumulated
dose of GBCA, and the mean interval
between GBCA administrations in sep-
arate regression analyses.

The mean interval between GBCA
administrations was not a predictor of
a significant increase of the Sl ratio dif-
ference, whereas both the number of
contrast-enhanced MR imaging exam-
inations and the accumulated dose of
GBCA were. In additional analyses, we
examined whether the respective cor-
relation with the Sl ratio difference was

comparable for the linear GBCA group
and the macrocyclic GBCA group or if it
differed between groups.

In the linear GBCA group, the
number of enhanced MR imaging ex-
aminations was positively related to an
increase of the SI ratio difference (r =
0.422, P = .002), the Bayes factor of 11
indicating positive evidence for the al-
ternative hypothesis (correlation differ-
ent from 0). In the macrocyclic GBCA
group, no significant relationship was
found (r = 0.015, P = .917), with the
Bayes factor of 0.11 indicating positive
support for the null hypothesis (no cor-
relation). A test for independent cor-
relations indicated that the correlation
in the linear GBCA group was signifi-
cantly larger than the correlation in the
macrocyclic GBCA group (P = .035).
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The pattern of results was comparable
when analyzing the relationship be-
tween accumulated dose of GBCA and
SI ratio difference, with a significant
correlation (r = 0.444, P = .001) and
positive evidence for it (Bayes factor =
20) in the linear GBCA group but no
significant correlation (r = 0.006, P =
.967) and positive evidence for the null
hypothesis (Bayes factor = 0.11) in the
macrocyclic GBCA group. Likewise,
these correlations differed significantly
(P = .022). As in the overall regression
analysis, the correlation between mean
interval of GBCA administrations and
SI ratio difference was not significant in
both groups (linear GBCA group, r =
0.096, P = .506, Bayes factor = 0.14;
macrocyclic GBCA group, r=—0.107, P
= .460, Bayes factor = 0.15).

Finally, the independent-sample ¢t
test used to compare the T1-weighted
sequences applied (magnetization-pre-
pared rapid gradient-echo and spin-
echo) in the linear GBCA group indi-
cated that the sequence did not have
a significant influence on the SI ratio
difference (P = .770).

Figure 4 shows a typical finding be-
fore and after six administrations of a
macrocyclic or linear GBCA.

In this study, we found an increased
SI in the DN and GP on unenhanced
T1-weighted images after serial applica-
tions of the linear GBCA gadopentetate
dimeglumine, while no significant SI in-
crease could be demonstrated for the
macrocyclic GBCA gadoterate meglu-
mine. Notably, this difference between
the contrast agents was found, despite
the fact that a substantially larger dose
of contrast agent per MR imaging ses-
sion was used in the macrocyclic GBCA
group compared with the linear GBCA
group. Furthermore, depending on
the accumulated dose of GBCA, an in-
crease of SI could be shown in the lin-
ear GBCA group, while no increase was
found in the macrocyclic GBCA group.
These results confirm the findings
of Kanda et al (3) for the applied linear
GBCA gadopentetate dimeglumine and
add further evidence that macrocyclic

Figure 4

C.

d.

Figure 4: Unenhanced T1-weighted MR images of the typical finding of hyperintensities in the DN (arrows).
Images were acquired (a) before and (b) after six administrations of macrocyclic GBCA and (c) before and

(d) after six administrations of linear GBCA.

GBCA such as the assessed gadoter-
ate meglumine does not cause an SI
increase in the DN on unenhanced
T1-weighted images; this latter finding
was reported by Kanda et al (3) for the
macrocyclic GBCA gadoteridol, but it is
new for the GP.

Currently, it has not been proven
that the SI increase in the DN or GP
in patients with serial MR imaging ex-
aminations is caused by a deposition of
gadolinium itself or by gadolinium-me-
diated changes, since histopathologic
confirmation studies are not available
yet. The hypothesis of gadolinium de-
position exclusively caused by a linear
GBCA, such as gadopentetate dimeglu-
mine, is in line with theoretical consid-
erations, as well as with findings from
previous studies in which increased re-
tention of a linear GBCA was reported
in human bone, compared with a mac-

rocyclic GBCA (7,11,12).

In a study by Kasahara et al (13),
SI increase in the DN on nonenhanced
T1-weighted images was described in
patients treated with brain radiation. In
contrast, neither whole-brain radiation
nor tumor-selective radiation proved to
be an independent confounder in our
study. As noted by Errante et al (2)
and Kanda et al (1), the total number
of enhanced MR imaging examinations
was not considered among the clinical
variables in the study of Kasahara et
al (13). Thus, the results of our study
further support the theory that the re-
ported SI increase on T1-weighted im-
ages by Kasahara et al (13) is caused
by serial GBCA injections—frequently
performed in patients after radiation
therapy—rather than by the radiation
therapy itself.

According to Errante et al (2) and
contrary to Kanda et al (1), we excluded
all patients with kidney dysfunction,
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determined by an eGFR of less than 60
mL/min per square meter, to reduce
the potential confounding effect of this
parameter. Since gadoterate meglu-
mine and gadopentetate dimeglumine
are both exclusively excreted by the
kidney, liver dysfunction was not taken
as an exclusion criterion. However, the
regression analysis demonstrated that
abnormal liver function did not have an
influence on Sl increase.

Limitations of the current study
are mostly caused by its retrospective
design. Since patients were not ran-
domly assigned to the different contrast
agents, it cannot be ruled out that other
confounding variables can explain the
difference between the contrast agent
groups; however, even when control-
ling for a large number of potentially
confounding variables, the effect of the
contrast agent group remained signif-
icant. Besides, the arbitrary number
of six subsequent MR imaging exami-
nations as an inclusion criterion was
chosen to enable a comparison to the
results of Kanda et al (1), who had ini-
tially chosen this cutoff criterion. We
cannot exclude any previous exposure
to a GBCA in life prior to the first an-
alyzed MR images in our department.
Therefore, potential prolonged reten-
tion of the prior gadolinium applica-
tion cannot be ruled out as a possible
confounder. However, the relatively ho-
mogeneous patient groups in our study
make this scenario highly unlikely.

Furthermore, an autopsy study
showed evidence for gadolinium ac-
cumulation in the pons (although the
accumulation in the pons was weaker
compared with the DN, GP, and thala-
mus) (14). To account for this, we re-
peated our analysis by using cerebellum
and CSF as additional comparators.
The results were comparable, although
the differences between the two patient
groups were largest when using the
pons as comparator.

A further limitation of the study is
that only two of the nine available GB-
CAs on the market have been analyzed.
This approach was chosen because of
the applied GBCAs in our department.
Finally, we cannot exclude the fact that
other properties of the assessed GBCAs

besides the classification as either lin-
ear or macrocyclic contribute to the
difference in SI increase. However,
given the previously mentioned con-
siderations about the different risk
of gadolinium release for macrocyclic
and linear GBCAs, taken together with
the findings of Kanda et al (3) for the
missing retention for the macrocyclic
GBCA gadoteridol, this explanation
seems highly likely. Future studies
should include other GBCAs to finally
solve this question.

As highlighted by Kanda et al (1),
the mechanisms by which gadolinium
causes Sl increase in the DN remain un-
clear. Besides the retention of free gad-
olinium in the DN, a deposition of the
entire molecule, including the complex,
might be possible but unlikely, since the
complex cannot cross an intact blood-
brain barrier. Also, gadolinium-induced
cell changes or a gadolinium metabo-
lism of the DN might be hypothesized.
Future studies with histopathologic
correlations should clarify the patho-
physiological mechanism. Furthermore,
it is still unclear whether the potential
gadolinium retention is also present in
other parts of the human body. For ex-
ample, it was already shown in animal
experiments that liver and bone might
be primary repository organs for gado-
linium (15,16).

Ultimately and most importantly, it
is still unknown whether the reported
Sl increase does have any clinical corre-
lates. This might be investigated within
future studies by conducting a thorough
clinical and radiologic examination
of patients who already presented in-
creased Sl in the DN after serial GBCA
applications.

In conclusion, high signal inten-
sities in the DN and GP were associ-
ated exclusively with the linear GBCA
gadopentetate dimeglumine but not
with the macrocyclic GBCA gadoterate
meglumine. Future studies should be
conducted to investigate whether this
difference holds true for all linear and
macrocyclic GBCAs.
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