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ABSTRACT

Background: Gadolinium deposition in biological tissues was first reported in patients with renal failure. We
aimed to investigate gadolinium deposition in the rat kidney after exposure to single and multiple doses of
gadolinium and evaluate deposition for |- and 3-month periods. We also aimed to determine any correlation
between the amount of deposition and T [-weighted image intensity.

Methods: Seventy rats (5 animals per group) were included in the sample, and 9 groups received a single
dose (0.3, 0.6, and 1.2 mmol/kg) of gadolinium, and | group for each dose was sacrificed at the end of the
first day, week, and month. Four groups received weekly doses (0.3 and 0.6 mmol/kg) and were sacrificed at
the end of 6 and 12 weeks. Measurement of T intensities was carried out with postinjection images before
sacrifice, and deposition was determined using inductively coupled plasma mass spectrometry.

Results: The number of injections was associated with increased gadolinium deposition (P <.001) in the kid-
ney. After the weekly injections, the deposited gadolinium levels did not significantly differ between the low
and medium doses at the end of the sixth week (P=.067). There was no agreement between the observers
regarding the measurement of T signal intensity in both single-dose and multidose experiments (P=.263
and P=.307, respectively).

Conclusion: Deposition was dose dependent in the postinjection stage in contrast to the late stage in which
deposition was not associated with dose or number of injections until the 12th week. T1 signal intensity
measurement is unreliable for assessing deposition in the rat kidney.

Keywords: Gadolinium deposition, rat kidney, T image intensity

Introduction

Gadolinium (Gd) deposition was first described in the early 2000s as a form of a disease called
nephrogenic systemic fibrosis (NSF)/dermatopathy.'? In initial studies, this deposition was found
to be associated with the fibrosis of skin tissue in patients with renal failure, whereas Gd was
identified as the culprit in later studies.*® A decade after the discussion of the relationship
between Gd and NSF, researchers have begun to investigate Gd deposition in tissues in patients
with normal renal function by utilizing the T1-weighted image signal and inductively coupled
plasma mass spectrometry (ICP-MS).”® In these studies, increased signal intensity on noncontrast
T1 images was used as an indirect indicator of Gd deposition in patients who had previously
undergone MR imaging with Gd-containing contrast agents. On the other hand, ICP-MS was
used for the quantification of Gd deposition in tissues. However, the latter technique requires
tissue sampling for analysis.

After the injection of the agent that contains Gd, virtually all the excretion occurs via the kidneys,
except for liver-specific agents.” Several studies in the literature have focused on the deposition
of Gd in the brain, bone, and skin®'®'> but there are fewer papers aimed at investigating the
retention of this element in the kidney,'®'” and to our knowledge, no study has evaluated the
renal deposition of Gd according to dose and number of injections in a given time.
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Since Gd deposition in biological tissues was
first reported in patients with renal failure, we
consider that the detection of renal retention
of Gd and its relationship with the number of
injections and the dose might give a clue to
understanding the mechanism of retention in
the human body. In this study, we investigated
whether the renal deposition of Gd differed
between single and multiple injections of vari-
ous doses. The identification of a renal excretion
pattern with different doses of administration
and observation of deposition over a long term
can guide the development of new treatment
strategies for Gd deposition or restriction of
use. We also used magnetic resonance imaging
(MRI) signal intensity to compare the degree of
deposition, similar to previous studies, show the
reliability of MRI, and identify the effect of depo-
sition on imaging.

In this experimental animal study, we aimed to
investigate Gd deposition in the rat kidney after
exposure to single and multiple doses of Gd and
evaluate its retention levels for |- and 3-month
periods. We also aimed to determine any cor-
relation between the amount of deposition and
the Tl-weighted intensity of the kidneys based
on images acquired at different time intervals.

Material and Methods

This study was performed at the Experimental
Animal Laboratory of Medicinal and Experimental
Application and Research Center of Atatiirk
University. All procedures followed the national
guidelines for the use and care of laboratory ani-
mals and were approved by the local animal care
committee of the university (protocol number:
2016-160, date: 06.12.2016).

Animals and Chemicals

In the experiments, 70 Wistar albino male
rats weighing 250-280 g obtained from the
Experimental Animal Laboratory of Medicinal
and Experimental Application and Research
Center were used. The animals were housed
under controlled conditions at 22 + [°C and
[2-hour light—12-hour darkness cycles in stan-
dard plastic cages. Rat food pellets and water
were provided ad libitum. Gadodiamide was

+  After single-dose injection, gadolinium deposition
in rat kidneys was robust and dose dependent
until the fourth week.

* After multidose injection, the deposition was
not associated with the dose and number of
injections.

*  Measurement of T| signal intensity was not a
reliable assessment method for the evaluation of
gadolinium deposition in rat kidneys.

used as a contrast agent (Omniscan, Opakim
Pharma, Istanbul, Turkey), and 50 mg/mL ket-
amine (Ketalar, Pfizer, Istanbul, Turkey) and 100
mg/mL xylazine (XYLASED, Bioveta, Ankara,
Turkey) were used as dissociative anesthetics.

Experimental Design

This study was designed in 2 stages as single- and
multidose experiments. In both stages, a linear
contrast agent (gadodiamide) was administered
intravenously through the tail vein at a dose of
0.3, 0.6, and 1.2 mmol/kg. A dose of 0.6 mmol/
kg corresponds to 0.1 mmol/kg in humans after
adjusting for body surface area according to the
U.S. Food and Drug Administration guidelines.'®
This dose was halved (lower dose) and doubled
(higher dose) to assess dose-dependent reten-
tion. Group allocation and study algorithm are
summarized in Figure |. The animals were sac-
rificed 3 hours after MRI examinations in all
groups.

Imaging Technique and Assessment

All MRI' examinations were performed with
a 3 Tesla scanner (Skyra, Siemens Healthcare,
Erlangen, Germany). The anesthetized rats were
imaged using a dedicated |6-channel knee coill,
and Tl-weighted images were acquired using
the multi-shot turbo spin-echo sequence with
the following parameters: repetition time msec/
echo time msec, 700/12 msec; average, |; slice
thickness, | mm; interslice gap, O; voxel size,
0.8 x 0.8 x | mm; field of view, 200 mm; and
matrix, 248 x 256.

All the images were transferred to an offline
workstation (Syngo via Siemens, Erlangen,
Germany). The intensity of the kidneys was
measured using circular regions of interest
(ROI) on the coronal TI-weighted images by 2
radiologists who were blinded to data regard-
ing the doses and injection times (Figure 2). A
total of 6 ROls were placed in the upper, middle,

| Experimental Design and Study Algorithm |
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Figure |. Study design and flow algorithm. MRI, magnetic resonance imaging.



Eurasian | Med 2024; 56(1): 47-51

Alper et al. Gadolinium Deposition in Rat Kidney © 49

Figure 2. Coronal T|-weighted, contrast-
enhanced image showing the regions of interest
method for the measurement of renal parenchymal
signal intensity.

and lower poles (2 for each) of the kidneys. The
mean intensity of the right and left kidneys was
determined by calculating the mean values of
the ROL The mean kidney intensity for both
observers was determined based on the arith-
metic mean of the left and right kidneys.

Determination of Gadolinium Levels

The samples were prepared as 0.5 grams maxi-
mum with the addition of 8 mL HNO3 and 2
mL H,O, solution. After microwave decomposi-
tion, the samples were filtered using a 0.45 pm
syringe filter and read by the device without a
second dilution. Each reading indicated the aver-
age of 3 parallel readings. The ICP-MS Agilent
7800 series (Agilent Technologies, Tokyo Japan)
was used to determine the concentration of
the Gd element in the solution. Mass Hunter
4.2 Workstation (Software 7800 ICP-MS Top
C.01.02) was used to calculate the measure-
ments. The element concentrations were auto-
matically calculated in parts per billion (ppb)
by the software according to the formula given
below. The ppb concentration values were con-
verted to mg/kg and recorded for each sample.
A detailed description of the analysis is given in
Appendix |.

Dilution factor = (final weight or volume/sample
quantity or volume) x dilution coefficient

Statistical Analysis

The normality of the data was assessed using
the Shapiro-Wilk test. One-way analysis of vari-
ance was used for the comparison of more than
2 groups, whereas the t-test was used for the
comparison of 2 groups. The Pearson correla-
tion was used for the assessment of a positive
or negative correlation between Gd deposition
and T|-weighted image intensity. A 2-way intra-
class correlation coefficient (ICC) was used to
assess the agreement between the observers.
A 2-tailed P < .05 was considered statistically

significant. All statistical analyses were con-
ducted using the R statistical package (R Studio,
Vienna, Austria).

Results

Single-Dose Experiment

The mean Gd deposition levels in the kidney
tissue were 225 £+ 120 mg/kg, 84 + 61 mg/kg,
and 6 £ 3 mg/kg at the end of the first day, first
week, and fourth week, respectively. For all the
time points, the levels of Gd deposition were
significantly different from each other (first day
versus first week, P < .001; first week versus
fourth week, P < .001; and first week versus
fourth week, P=.022) according to the Tukey
test of the multiple comparisons of means
(Figure 3A).

At the end of the first day, the mean Gd depo-
sition levels in the kidney tissue were 91 £ 10
mg/kg, 211 £ 5 mg/kg, and 372 + 25 mg/kg for
the low, medium, and high doses of Gd, respec-
tively. For all the dose groups, the levels of Gd
deposition were different from each other (P <
001 for all) (Figure 3A). At the end of the first
week, the mean Gd deposition levels were 43
+ 14 mg/kg, 44 + 10 mg/kg, and 165 + 20 mg/
kg for the injections of low, medium, and high
doses of Gd, respectively. The high-dose group

had significantly higher Gd deposition in the tis-
sue compared to the medium and low doses (P
< .001I for both), but there was no statistically
significant difference between the medium and
low doses (P=.996) (Figure 3A). At the end of
the fourth week, the mean Gd deposition levels
were 4 £ 2 mg/kg, 5 + | mg/kg, and 8 + 4 mg/kg
for the injections of the low, medium, and high
doses of Gd, respectively. There was no statis-
tically significant difference between the dose
groups about the Gd deposition levels (P=.127)
(Figure 3A).

In the single-dose experiment, the amount
of deposited Gd in the tissue was well corre-
lated with the mean intensity of the kidneys in
Tl-weighted images for both observer | and
observer 2 (r=0513, P <.001 and r=0.689, P
< .001, respectively); however, the agreement
between the 2 observers was not significant
(ICC=0.227, 95% Cl=-0.230-0.603, P=.263)
(Figure 4A).

Multidose Experiment

At the end of the sixth week and 12th week
after weekly administration of Gd, mean Gd
levels in the kidney tissue were 3.7 = 1.0 mg/
kg and 1503 + 95.8 mg/kg, respectively and the
latter was significantly higher than the former (P
<.001) (Figure 3B).
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Figure 3. Scatter diagram showing the levels of gadolinium deposition according to time points and
different doses in the single-dose (A) and multidose (B) experiments (see text for P-values). Numbers in
parentheses show the percentages of changes in deposition in each group.
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Figure 4. Scatter diagrams with trend lines showing the relationship between measured signal intensities
and the amount of gadolinium deposition in the single-dose (A) and multidose (B) experiments (see text for
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At the end of the sixth week, mean Gd deposi-
tion levels were 3.3 + 0.9 mg/kgand 4.3 £ 0.7 mg/
kg for low and medium doses, respectively. There
was no statistical significance between dose
groups (P=.067) (Figure 3B). At the end of the
|2th week, mean Gd deposition levels were 84.1
+ 244 mg/kgand 216.5 £ 953 mg/kg for the low
and medium doses, respectively. The medium-
dose group had significantly higher Gd deposition
levels (P=.033). There was also no significant dif-
ference between low and medium doses belong-
ing to the sixth week of the multidose experiment
and the fourth week of the single-dose experi-
ment (P=.273 and .091, respectively).

In the multidose experiment, intensity calculated
from the Tl-weighted images was negatively
well correlated with Gd deposition for observer
| (r=-0.544, P=.013), but there was no such
correlation for observer 2 (r=0322, P=.166).
There was also no agreement between the
2 observers (ICC=0.139, 95% CI=-0.390-
0.562, P=.307) (Figure 4B).

Discussion

The results of our study revealed that after a
single-dose injection, Gd retention was reduced
rapidly and reached the lowest mass fraction at
the end of the fourth week when the amount of
retention was not significant for any of the doses.
Before that time, higher doses of Gd injections
were associated with higher mass fractions of
Gd deposited in the kidney tissue. Signal inten-
sity in the MRI images was correlated with the
amount of Gd fraction deposited in the tissue
for both observers, but there was no interob-
server agreement. After the weekly injection of
multiple doses for 12 weeks, the measured mass
fraction of deposited Gd did not significantly dif-
fer between the low and medium doses at the
end of the sixth week, and it was similar to the
result obtained at the end of the fourth week
with the use of a single dose. At the end of the
| 2th week, retention was remarkable and dose
dependent. Signal intensity measurements were
noncorrelated with the amount of retention and
inconsistent between the 2 observers.

In this study, renal Gd deposition after a single
dose in normal kidneys was dose dependent in
the immediate postinjection period. Over time,
retention regressed to a minimum amount with-
out indifference in the low-, medium-, and high-
dose groups. This suggestsa clearance mechanism
that is capable of removing a major amount of
Gd from the circulation. In earlier stages, this
mechanism was restricted by the higher doses
of Gd: however, the amount of retention was
not affected by the dose of Gd injected in the
later stages. The multidose experiment showed

that different doses with multi-injections did not
alter this mechanism, and the result was similar
to the last week of the single-dose experiment.
After more than |0 injections, the kidneys were
unable to remove Gd, and the increased reten-
tion was, again, dose dependent.

The retention of Gd in normal functioning kidneys
was assessed previously, and the authors found
that the amount of Gd retention in the rat kidney
depended on the type of Gd chelate given after
20 injections.'® In that study, with the injection of
gadodiamide, the amount of Gd retention in the
kidney was found to be higher than in any other
organ, including the brain, liver; and spleen.'® This
indicates that, in addition to the excretory role,
the kidney is the main site of Gd deposition. In
another study, the authors found that macrocyclic
agents could also be deposited primarily in the
kidney after a 28-day recovery period following
multiple injections of Gd."” In various animal and
human studies, the deposition of Gd (especially in
the brain) is found to be associated with the dose,
type of Gd chelate, and the number of injections
171921 although there is no study in the literature
that has assessed renal deposition. Furthermore,
studies conducted on Gd deposition lack mul-
titime evaluation and perform such assessments
only once. Our study revealed that the deposition
process in a dynamic event and deposition-time
graph was not linear: The toxic effects of Gd on
the rat kidney were previously reported in the
literature, and increased serum urea, calcium,
enlarged Bowman capsules, and shrunk distal and
proximal tubules were found to be associated
with Gd deposition.”? In that study, the authors
also found histopathologic changes associated
with Gd administration at a dose of 2 mmol/kg,
which is above the standard dose.”? The above-
mentioned renal damage can also explain our
findings after |2 weeks of multi-injections of Gd.

Another method to assess Gd deposition in tis-
sues, mainly brain tissue, is the measurement
of T1 signal intensity changes in non-contrast-
enhanced brain images. This was first described
in 2015, and the authors found that T signal
intensity was correlated with the amount of
Gd deposited in the brain tissue, which was
analyzed in the postmortem period.? Similar to
retention studies, several studies linked T1 sig-
nal alterations in non-contrast-enhanced images
to the type of Gd chelate and number of injec-
tions.'""*#  However, later studies reported
opposite results?*?¢ Since there is no other
study that evaluated T signal intensity in the
kidneys after the single and serial administration
of Gd, we were not able to compare our results,
but they indicated that T signal intensity was
correlated with the amount of Gd retention in

the kidney only during the early postinjection
period. At later stages, when lower levels of Gd
deposition were present, no such correlation
was observed. Another important finding is that
even in the presence of such a correlation in the
early period, there was no agreement between
the 2 observers. This suggests that measuring
the T1 signal is an unreliable method for the
indirect detection of Gd retention.

Based on the findings obtained from our experi-
mental study, we concluded that Gd retention
in the kidney tissue was directly related to the
excretion function of the kidneys in the early
stages. The excretion of Gd was dose depen-
dent, whereas its retention in the kidney was
independent of the dose, as indicated by
our fourth-week data. In the long term with
repeated injections, the findings were similar to
those at the end of the first week of the single-
injection experiment, except for the terminal
stage, in which renal functions deteriorated
and renal retention was significantly increased.
We also concluded that the effect of Gd on the
reduced relaxation time of water molecules
could not be used as a marker for the detection
of the amount of Gd retention.

We also considered some of the clinical aspects
of this study. In the literature, certain methods
are recommended to decrease Gd deposition
in tissues”? Since our findings revealed that
the most notable and dose-dependent deposi-
tion occurred in the kidney in the early stages
of postinjection, we think that the prevention
of deposition should be aimed at this stage.
Deposition in the kidney tissue was reduced
independently from time until a point at which
the kidneys were no longer able to compensate
for this deposition. We conclude that kidneys
have a certain limit for the compensation of
Gd deposition, and when this limit is exceeded,
retention occurs rapidly. Results of the multi-
dose experiment imply that repetitive injec-
tions might compel the kidneys to use ability to
remove Gd from the renal tissues.

Our study has certain limitations. First, we did
not obtain histopathological specimens of the
kidneys to show the effect mechanism of Gd
deposition and pathologic tissue alterations.
Second, we only used a linear agent; therefore,
we do not know whether the retention pat-
tern would have been similar if we had used
macrocyclic agents. Third, we conducted the
experiments on an animal model, and the same
study algorithm should be followed in stud-
ies on human subjects to confirm our findings.
The length of stages that was determined in
our study for rats would differ from humans,
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considering that | day of rat life corresponds to
34.8 days of human life.® Finally, our sample size
was relatively small, and our results might need
validation from larger studies.

We found that at the early postinjection stage,
the deposition of Gd in the kidneys was remark-
able and dose dependent in contrast to the
late stage in which low levels of final deposition
were not associated with the dose or number
of injections until the 12th week. We also found
that T signal intensity was not a reliable tool for
assessing Gd deposition in the rat kidney.

Ethics Committee Approval: Ethical committee
approval was received from the local animal care
committee of the Atatlirk University (protocol
number: 2016-160, date: 06.12.2016).

Informed Consent: N/A.
Peer-review: Externally peer-reviewed.

Author Contributions: Concept — FA, AK,; Design —
FA, AY, Supervision — FA, AA,; Resources — AA,
B.D, B.DS.; Materials — S.K, A.Y; Data Collection and/or
Processing — TT, BD, BDS; Analysis and/or
Interpretation — A/A., T.T; Literature Search — SK, TT;
Writing—FA, AY;; Critical Review — B.D, B.DS, T.T, SK.

Acknowledgments: The authors would like to thank
Prof. Dr. Zekai Halici for contributing to the data
analysis during the manuscript preparation.

Declaration of Interests: The authors have no con-
flict of interest to declare.

Funding: The authors declared that this study has
received no financial support.

References

I. Cowper SE, Su LD, Bhawan J, Robin HS, LeBoit PE.
Nephrogenic fibrosing dermopathy. Am | Der-
matopathol. 2001;23(5):383-393. [CrossRef]

2. Streams BN, Liu V, Liégeois N, Moschella SM.
Clinical and pathologic features of nephrogenic
fibrosing dermopathy: a report of two cases. | Am
Acad Dermatol. 2003;48(1):42-47. [CrossRef]

3. Swartz RD, Crofford L), Phan SH, lke RW, Su LD.
Nephrogenic fibrosing dermopathy: a novel
cutaneous fibrosing disorder in patients with
renal failure. Am | Med. 2003;114(7):563-572.
[CrossRef]

4. Grobner T. Gadolinium--a specific trigger for
the development of nephrogenic fibrosing der-
mopathy and nephrogenic systemic fibrosis?
Nephrol Dial Transplant. 2006;2(4):1104-1108.
[CrossRef]

5. Marckmann B Skov L, Rossen K, et al. Nephro-
genic systemic fibrosis: suspected causative role
of gadodiamide used for contrast-enhanced
magnetic resonance imaging. | Am Soc Nephrol.
2006;17(9):2359-2362. [CrossRef]

Thomsen HS, Morcos SK, Dawson P. Is there
a causal relation between the administration
of gadolinium based contrast media and the
development of nephrogenic systemic fibrosis
(NSF)?  Clin - Radiol.  2006;61(11):905-906.
[CrossRef]

Kanda T, Matsuda M, Oba H, Toyoda K, Furui S.
Gadolinium deposition after contrast-enhanced
MR imaging. Radiology. 2015;277(3):924-925.
[CrossRef]

McDonald R}, McDonald ]S, Kallmes DF, et al.
Intracranial gadolinium deposition after contrast-
enhanced MR imaging. Radiology. 2015;275(3):
772-782. [CrossRef]

Pasquini L, Napolitano A, Visconti E, et al. Gad-
olinium-based contrast agent-related toxicities.
CNS Drugs. 2018;32(3):229-240. [CrossRef]
Hu HH, Pokorney A, Towbin RB, Miller JH.
Increased signal intensities in the dentate nucleus
and globus pallidus on unenhanced T | -weighted
images: evidence in children undergoing multiple
gadolinium ~ MRl exams.  Pediatr  Radiol.
2016;46(11):1590-1598. [CrossRef]

Ramalho J, Castillo M, AlObaidy M, et al. High
signal intensity in globus pallidus and dentate
nucleus on unenhanced T I-weighted MR images:
evaluation of two linear gadolinium-based con-
trast agents. Radiology. 2015;276(3):836-844.
[CrossRef]

Roberts DR, Lindhorst SM, Welsh CT, et al. High
levels of gadolinium deposition in the skin of a
patient with normal renal function. Invest Radiol.
2016;51(5):280-289. [CrossRef]

Murata N, Gonzalez-Cuyar LF Murata K et al.
Macrocyclic and other non-group | gadolinium
contrast agents deposit low levels of gadolinium
in Brain and bone tissue: preliminary results from
9 patients with normal renal function. Invest
Radiol. 2016;51(7):447-453. [CrossRef]
Robert B, Lehericy S, Grand S, et al. T |-weighted
hypersignal in the deep cerebellar nuclei after
repeated administrations of gadolinium-based
contrast agents in healthy rats: difference
between Linear and macrocyclic agents. Invest
Radiol. 2015;50(8):473-480. [CrossRef]
Radbruch A, Weberling LD, Kieslich P}, et al.
High-signal intensity in the dentate nucleus and
globus pallidus on unenhanced TI-weighted
images: evaluation of the macrocyclic gadolin-
ium-based contrast agent gadobutrol. Invest
Radiol. 2015;50(12):805-810. [CrossRef]
McDonald R}, McDonald JS, Dai D, et al. Compari-
son of Gadolinium Concentrations within Multiple
Rat Organs after intravenous Administration of
Linear versus Macrocyclic Gadolinium chelates.
Radiology. 2017;285(2):536-545. [CrossRef]
Bussi S, Coppo A, Botteron C, et al. Differences
in gadolinium retention after repeated injec-
tions of macrocyclic MR contrast agents to rats.
J Magn Reson Imaging. 2018;47(3):746-752.
[CrossRef]

Guidance for Industry: Estimating the Maximum
Safe Starting Dose in Initial Clinical Trials for Thera-
peutics in Adult Healthy Volunteers. U.S. Food and
Drug Administration; 2005

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Radbruch A, Richter H, Fingerhut S, et al. Gado-
linium deposition in the Brain in a large animal
model: comparison of Linear and macrocyclic
gadolinium-based contrast agents. Invest Radiol.
2019;54(9):531-536. [CrossRef]

Boyken ], Frenzel T, Lohrke J, Jost G, Pietsch H.
Gadolinium accumulation in the deep cerebellar
nuclei and globus pallidus after exposure to Lin-
ear but not macrocyclic gadolinium-based con-
trast agents in a retrospective pig study with high
similarity to clinical conditions. Invest Radiol.
2018;53(5):278-285. [CrossRef]

Ryu Y], Choi YH, Cheon JE, et al. Pediatric Brain:
gadolinium deposition in dentate nucleus and
globus pallidus on unenhanced TI-weighted
images is dependent on the type of contrast
agent. Invest Radiol.  2018;53(4):246-255.
[CrossRef]

Celiker FB, Tumkaya L, Mercantepe T, et al.
Effects of gadodiamide and gadoteric acid on rat
kidneys: A comparative study. | Magn Reson Imag-
ing. 2019;49(2):382-389. [CrossRef]

Stojanov D, Aracki-Trenkic A, Benedeto-Sto-
janov D. Gadolinium deposition within the den-
tate nucleus and globus pallidus after repeated
administrations of gadolinium-based contrast
agents-current status. Neuroradiology.
2016;58(5):433-441. [CrossRef]
Deike-Hofmann K, Reuter ], Haase R, et al. No
changes in T relaxometry after a mean of |1
administrations of gadobutrol. Invest Radiol.
2020;55(6):381-386. [CrossRef]

Pozeg P, Forget J, Meuli RA, Maeder P. Age, but
not repeated exposure to gadoterate meglu-
mine, is associated with T1- and T2-weighted
signal intensity changes in the deep Brain nuclei
of pediatric patients.Invest Radiol. 2019;54(9):537-
548. [CrossRef]

Young JR, Pope WB, Bobinski M. Gadolinium
Deposition within the Pediatric Brain: no
Increased intrinsic T I-Weighted Signal Inten-
sity within the dentate Nucleus following
the Administration of a Minimum of 4 Doses
of the Macrocyclic Agent gadoteridol. AJNR
Am | Neuroradiol. 2018;39(9):1604-1608.
[CrossRef]

Semelka RC, Ramalho M, Jay M, Hickey L,
Hickey J. Intravenous calcium-/Zinc-diethylene
triamine penta-acetic acid in patients with pre-
sumed gadolinium deposition disease: A prelimi-
nary report on 25 patients. Invest Radiol.
2018;53(6):373-379. [CrossRef]

Rees JA, Deblonde GJ, An DD, Ansoborlo C,
Gauny SS, Abergel R|. Evaluating the potential of
chelation therapy to prevent and treat gadolin-
ium deposition from MRI contrast agents. Sci
Rep. 2018;8(1):4419. [CrossRef]
Ngamcherdtrakul W, Morry |, Sangvanich T,
et al. Removal of a gadolinium based contrast
agent by a novel sorbent hemoperfusion in a
chronic kidney disease (CKD) rodent model. Sci
Rep. 2019;9(1):709. [CrossRef]

Sengupta P The laboratory Rat: relating its age
with  Humans. Int | Prev Med. 2013;4(6):
624-630.


https://doi.org/10.1097/00000372-200110000-00001
https://doi.org/10.1067/mjd.2003.77
https://doi.org/10.1016/s0002-9343(03)00085-8
https://doi.org/10.1093/ndt/gfk062
https://doi.org/10.1681/ASN.2006060601
https://doi.org/10.1016/j.crad.2006.09.003
https://doi.org/10.1148/radiol.2015150697
https://doi.org/10.1148/radiol.15150025
https://doi.org/10.1007/s40263-018-0500-1
https://doi.org/10.1007/s00247-016-3646-3
https://doi.org/10.1148/radiol.2015150872
https://doi.org/10.1097/RLI.0000000000000266
https://doi.org/10.1097/RLI.0000000000000252
https://doi.org/10.1097/RLI.0000000000000181
https://doi.org/10.1097/RLI.0000000000000227
https://doi.org/10.1148/radiol.2017161594
https://doi.org/10.1002/jmri.25822
https://doi.org/10.1097/RLI.0000000000000575
https://doi.org/10.1097/RLI.0000000000000440
https://doi.org/10.1097/RLI.0000000000000436
https://doi.org/10.1002/jmri.26266
https://doi.org/10.1007/s00234-016-1658-1
https://doi.org/10.1097/RLI.0000000000000650
https://doi.org/10.1097/RLI.0000000000000564
https://doi.org/10.3174/ajnr.A5748
https://doi.org/10.1097/RLI.0000000000000453
https://doi.org/10.1038/s41598-018-22511-6
https://doi.org/10.1038/s41598-018-37348-2

