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ARTICLE INFO ABSTRACT

Keywords: Objective: To determine if gadolinium (Gd) can be rechelated once released from Gd-based contrast agents
Gadolinium (GBCAs) and deposited in vivo. Despite extensive research comparing GBCAs and GBCA formulations as well as
Deposition the ongoing debate about their risks of deposition and the role of Gd release, it remains unknown if retained Gd
Chelation can be eliminated by administering chelating agents.

l(\l/[oertrast agents Materials and methods: Rats were injected intravenously with 10 doses of 1 mmol/kg gadodiamide and treated
Modeling with intravenous Zn-DTPA (30 umol/kg) concomitantly or 1, 4 or 8 h after GBCA administration (N = 3 rats per

group). After euthanization, tissues were harvested three days after the last dose of gadodiamide and tissue Gd
concentrations were assessed by ICP-MS. Additionally, a simulation of a single 0.1 mmol/kg gadopentetate dose
with 30 pmol/kg DTPA given either concomitantly or within the first 24 h after GBCA was run; simulated tissue
Gd concentrations were compared with those observed in rats to determine if simulated trends were accurate.
Results: Concomitant DTPA did not produce a significant reduction in Gd concentration in any organ for rats.
There was a time-dependent trend in liver Gd reduction. The 1 h timepoint was associated with a non-significant
increase in kidney, brain and femur Gd relative to untreated controls. There were no significant deviations from
the model-predicted Gd changes.

Discussion: Both the simulation and rat study did not identify major benefits for chelation at the doses given,
despite the simulation assuming all Gd deposited in tissues is unchelated. The potential redistribution in the rat
study provide a compelling result that may impact the clinical relevance of further work investigating re-
chelation of Gd. Future work should further describe the three-dimensional dose-time-response relationship for
preventing Gd deposition, and how that relates to long-term Gd toxicities.

1. Introduction and gadolinium deposition disease in patients with normal renal func-

tion [7]; only the former has sufficient evidence to support a direct

Tissue deposition of gadolinium (Gd) following administration of
Gd-based MRI contrast agents (GBCAs) has been widely reported with
potentially negative clinical outcomes. Currently there are few pre-
ventative strategies [1]. The FDA recently mandated a labeling change
for GBCAs to warn patients and clinicians about the possibility of de-
position [2], and the EMA removed “high-risk” GBCAs from the Eur-
opean market [3]. Despite common, misleading dichotomization of
“high-risk” (linear, less stable) and “low-risk” (macrocyclic, more
stable) agents, deposition of Gd in human and animal studies has been
reported for all GBCAs [4,5], and the difference in risk is a matter of
magnitude of deposition without any known clinical significance.
Known toxicities resulting from Gd deposition include nephrogenic
systemic fibrosis (NSF) in patients with severe renal dysfunction [6],

relationship between level of deposition and severity of symptoms
[8,9], but a conservative approach would be to minimize retained Gd
across patient populations.

Approaches to reducing deposition should be generalizable to all
GBCAs, and should be rationally developed based on mechanistic un-
derstanding of Gd deposition. Though the exact mechanism of Gd de-
position has not been identified, there is sufficient evidence to suggest
Gd release from GBCAs plays at least a partial role [10,11]. It is also
unknown if release from macrocyclic GBCAs occurs in vivo and results
in Gd deposition, but considering that the trend in stability and reten-
tion continues through the macrocyclic GBCAs [11], there is reasonable
support for the hypothesis that Gd deposition is caused in-part by re-
lease across all GBCAs.
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If Gd is released from GBCAs in vivo, then it can simply be treated as
any other heavy metal intoxication, i.e., with chelation. This approach
is complicated by ionized Gd introduced systemically through gradual
release from the chelating GBCA ligand, which impacts the sensitive
time-efficacy relationship for chelation in heavy metal contaminations.
Is earlier chelator administration more efficacious, as in decorporation
therapy of heavy radioactive metals [12]? At what point, if ever, does
chelation have an impact on Gd tissue levels? To identify if rechelation
can reduce Gd deposition and to identify any dose-timing relationship,
simulations and animal studies were conducted using clinically-relevant
dosing regimens.

2. Materials and methods
2.1. Simulation-based assessment

A previously-described multicompartmental model of GBCA/Gd
pharmacokinetics was run with a single, intravenous 0.1 mmol/kg dose
of gadopentetate (Gd-DTPA) in a 70 kg reference patient [13]. To assess
the impact of chelation timing on retained Gd, the simulation was run
with 2mmol (30 umol/kg) excess DTPA (pretreatment), or a single
2 mmol dose of DTPA (from the standard 1 g dose of Ca-DTPA used in
decontamination) given at 1, 4, 8 or 24 h after the GBCA dose (post-
treatment); a control simulation was run without excess DTPA or post-
treatment. Gd content in the bone, blood, brain, kidneys and liver were
assessed 3 days after the simulated GBCA dose, and normalized to the
total mass of each tissue or organ in the ICRP Reference Man [14].

2.2. Animal model

Three separate studies were performed with common treatment
groups between them for cross-study comparison. Female Sprague
Dawley rats (Charles River Laboratories) weighing approximately 200 g
with implanted jugular vein catheters were administered 1 mmol/kg of
the linear GBCA gadodiamide (Gd-DTPA-BMA; MedChem Express,
Monmouth Junction, NJ) via catheter daily or weekdaily (daily, ex-
cluding weekends) for 10 doses (Fig. 1). The rats were divided into
treatment groups and two control groups containing N = 3 rats each;
the sample size was selected as it exceeded the minimum number to
determine a difference of 50% in retained Gd between two groups with
10% standard deviation at 80% power. The treatment groups were
administered 30 pmol/kg Zn-DTPA via tail vein 15 min before each Gd-
DTPA-BMA dose (pretreatment) or 1, 4 or 8 h after each Gd-DTPA-BMA
dose (post-treatment). The Gd-DTPA-BMA was administered via jugular
catheter to minimize deposition at the injection site over the dosing
course, which may bias towards increased benefit of DTPA adminis-
tered at the same site. Three days after the last Gd-DTPA-BMA dose, rats
were euthanized by carbon dioxide asphyxiation, and femurs, blood,
brain, kidneys and liver were harvested. Tissues were weighed and
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homogenized using a PowerGen High Thoughput Homogenizer (Fisher
Scientific). Samples were dissolved in different volumes of concentrated
nitric acid based on the weight of each tissue sample. Brain (around 1 g)
homogenates were then sampled and dissolved in 1 mL of nitric acid.
For liver (300-400 mg) and kidneys (100-200 mg), triplicate samples of
the homogenate were dissolved in 2mL and 1 mL of nitric acid, re-
spectively. Bone was not homogenized and dissolved in 5 mL of nitric
acid. All samples were diluted to a final concentration of 2% nitric acid
for ICP-MS measurement.

An Agilent 7500cx was used for the ICP-MS assays. The analysis was
run in no gas mode. Masses scanned were '°°Gd for 200 ms, and the
internal standard '°In for 100ms. The Gd concentration in each
sample was reported as the mean of 5 replicate scans, and concentra-
tions for sampled homogenates of liver and kidneys were averaged for
each animal.

2.3. Statistical analysis

For the animal model, Gd concentration in each organ was com-
pared across groups be one-way ANOVA followed by Sidak-corrected
multiple t-tests comparing treatment groups to control. Each animal
study was analyzed separately, and then the results were synthesized
based on common treatment groups for an overall assessment of che-
lation dose-timing; to assess the validity of these comparisons, organ Gd
content for common dosing groups will be compared groupwise with
two-way ANOVA and for each organ using Sidak-corrected multiple t-
tests. Trends observed in the simulation were compared organ-wise to
those in the simulation by Sidak-corrected, one-sample t-tests. Analyses
were performed using GraphPad Prism v. 6.05 (La Jolla, CA).

3. Results

The simulation indicated that only modest reduction in organ Gd
content would be observed after a single chelator dose within the first
24 h, regardless of timing. Posttreatment was consistently more effec-
tive than pretreatment, with maximum reduction at 4 h across all tis-
sues except blood, which had more reduction at 8 h. No chelation
timepoint resulted in over 10% reduction in Gd deposition in the si-
mulation.

In the rat studies, there were few significant differences between the
Gd concentrations in any organ for the various chelation times
(Table 1). Organ Gd concentrations in pretreated animals were sig-
nificantly different from control, primarily driven by a decrease in
kidney Gd. Neither posttreatment study yielded significant differences
in tissue Gd concentrations by two-way ANOVA (study-wide compar-
isons), but kidney Gd concentrations were significantly higher in the 8 h
treatment group than in the 1h treatment group from the same study.
There were only non-significant trends (p = 0.07) in the overall change
over time with the combined results, suggesting minor reduction in

x 10 doses
Pretreatment 1 mmol/kg gadodiamide IV via JC weekdaily
and control + 14 mg/kg Zn-DTPA IV via TV (pretreatment) or nothing (control)
3 w
o =
1 I/kg gadodiamide 1V via JC dail R © 3
mmol/kg gadodiamide IV via aily Y =
Posttreatment + 14 mg/kg Zn-DTPA IV via TV 1, 4 or 8 hrs after GBCA i s
=}
<1 g
x 10 doses ™
Posttreatment 1 mmol/kg gadodiamide IV via JC weekdaily
and control + 14 mg/kg Zn-DTPA IV via JC 1 or 4 hrs after GBCA or nothing

Fig. 1. Treatment protocols for rats administered Zn-DTPA relative to repeated doses of Gd-DTPA-BMA.
Abbreviations: GBCA: Gd-based contrast agent (gadodiamide, in this study); Gd-DTPA-BMA: gadodiamide; IV: intravenously; JC: jugular catheter; TV: tail vein;

weekdaily: Monday-Friday.
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Table 1
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Impact of time of chelation treatment on Gd concentration in various tissues following GBCA administration. The concentration data from rats administered Zn-
DTPA/Gd-DTPA-BMA represent the means and standard deviations of 3 animals in ug/g tissue, and the concentration data from the simulation with DTPA/Gd-DTPA
dosing are in units of ng/g tissue. Organ comparisons are two-way ANOVA with multiple comparisons to control (concentration data) or simulation results (for
relative concentrations) using Sidak-adjusted t-tests; significance (p or adjusted p < 0.05) is denoted with an (*) in the group header (ANOVA) or value (multiple
comparisons). The exact pretreatment and post-treatment protocols are described in Fig. 1.

Time Bone Brain Liver Kidneys

Rats Sim. Rats Sim. Rats Sim. Rats Sim.
Pretreatment study*
NA 30.3 + 0.6 7.53 0.34 + 0.05 0.027 78.2 + 5.7 11.5 247.6 + 39.7 8.36
Oh 29.0 = 1.0 7.31 0.29 *= 0.03 0.026 79.6 = 4.1 11.2 187.1* = 259 8.12
Post-treatment study 1
1h 25.6 = 2.0 7.26 0.55 = 0.15 0.026 78.0 = 5.4 11.1 230.3 + 29.4 8.06
4h 242 = 1.6 7.23 0.36 = 0.02 0.026 824 =79 11.1 244.0 = 28.7 8.03
8h 234 + 1.2 7.26 0.39 + 0.08 0.026 70.6 = 6.7 11.1 261.3*'" + 26.1 8.05
Post-treatment study 2
NA 23.4 = 3.0 7.53 0.58 =+ 0.04 0.027 75.2 = 10.0 11.5 156.6 = 31.5 8.36
1h 30.2 £ 7.1 7.26 0.62 + 0.12 0.026 66.8 + 5.0 11.1 176.6 = 53.6 8.06
4h 211 +1.3 7.23 0.47 = 0.02 0.026 67.6 + 3.4 11.1 162.4 = 20.6 8.03
Simulation-only
24h ND 7.40 ND 0.026 ND 11.3 ND 8.20

Abbreviations: GBCA: Gd-based contrast agent; Gd-DTPA-BMA: gadodiamide; NA: not applicable, control group; ND: not determined; Sim.: simulation.
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Fig. 2. Relative Gd concentrations in different organs 3 days after GBCA ad-
ministration with prophylactic chelator dosing within the first 8 h post-GBCA
compared to unchelated control. The bars with lines represent the observed
trend (and pooled standard deviations) for rats administered Gd-DTPA-BMA
while the diamond markers represents the effectiveness of Zn-DTPA in a si-
mulated reference patient administered the GBCA Gd-DTPA. The 8 h timepoint
is an extrapolation based on the ratio of 8 h organ Gd to 4h organ Gd, and 4h
organ Gd to control. Data were analyzed by two-way ANOVA and Sidak-ad-
justed multiple t-tests (comparisons within organs, and to expected means of
100% and the simulation results), but no statistical differences were found.

liver Gd the later the chelator is given, and potential redistribution of
Gd to the kidneys, brain and femur if DTPA is given at the 1h time-
point. No change in organ Gd concentration compared to control was
significantly different from the value hypothesized in the simulation
study (Fig. 2).

Gd concentrations in the control groups for the pre- and post-
treatment studies were significantly different by two-way ANOVA
(F =11.2, p = 0.004 for the study effect), and the kidney concentra-
tions were significantly different by Sidak-corrected multiple t-tests (t-
stat = 6.047, adjusted p < 0.0001). The repeated 1h dosing group
organ Gd concentrations were not significantly different from the first
1h dosing group by two-way ANOVA (F = 2.8, p = 0.11), but kidney
concentrations were significantly different in multiple comparisons (t-
stat = 3.005, adj. p = 0.03). Like the control group, the repeated 4 h
group differed from the first 4 h group significantly overall (F = 22.38,
p = 0.0002), and in kidney concentration (t-stat= 7.766, adj.
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p < 0.0001). The ratios of Gd in each organ in the 4 h dosing group to
the amount in the 1 h dosing group was not significantly different be-
tween studies either overall (F = 1.2, p = 0.28) or in individual organs;
femurs were the closest organ to reach significance in this comparison
(mean difference for the ratios was 24.7, adjusted 95% confidence in-
terval for the difference, —15.5-64.9).

4. Discussion

The results of this investigation suggest there is a complex re-
lationship between dose-timing and chelation-based prophylaxis of Gd
deposition. Even in a model built upon the hypothesis that Gd deposi-
tion is entirely explained by release of Gd from GBCAs, a single, opti-
mally-timed chelator dose was insufficient to prevent even 10% of de-
position to any organ (relative to the level of deposition if no chelator is
administered). The results of the animal studies provided reasonable
corroboration with the predictions of the model, and indicate a po-
tential redistribution phenomena if chelation is administered in the first
24 h. The animal study was also biased towards more released gadoli-
nium by using unformulated gadodiamide (gadodiamide without 5 mol
% excess ligand), which is associated with substantially more Gd release
than any other GBCA [15], thus a rechelation approach should be more
effective for gadodiamide deposition.The pretreatment assessed in the
animal studies amounted to using the equivalent of ~3% excess ligand
(chelator); in these studies, the “excess ligand” was Zn-DTPA rather
than DTPA-BMA, the ligand in the GBCA administered. We have pre-
viously considered how excess ligand would influence Gd retention
using our simulation, and found that in a reference patient with normal
renal function, each percentage of excess ligand would result in ~1%
total reduction in total retained Gd [13]. Our animal experiment did not
produce results consistent with one comparing 0%, 5% and 10% excess
ligand administered with Gd-DTPA-BMA or gadoversetamide, which
showed that even 5% excess could reduce liver deposition by at least
10-fold, and femur deposition by more than half [16]; the present an-
imal study did not significantly reduce liver or femur deposition with
3% excess chelator. Both the present and former study involved ad-
ministering high cumulative GBCA doses to rats week-daily, however,
Sieber et al. administered 2.5 mmol/kg of Gd-DTPA-BMA or gado-
versetamide for 10 (0% excess ligand) or 20 (5-10% excess ligand)
doses, resulting in more than double the cumulative dose of GBCAs than
was used in our study; the 1 mmol/kg dose of Gd-DTPA-BMA we used is
closer to the surface-adjusted, human-equivalent rat dose of 0.6 mmol/
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kg [17], and should thus more accurately reflect the behavior of
GBCAs/ligands in humans. Differences may also be explained by the
different routes of administration for the GBCA (jugular catheter) and
chelator (tail vein in pretreatment and uncontrolled posttreatment),
which may result in different levels of extravasation and thus altered
pharmacokinetics [18]. We have examined the impact of tail vein in-
jection versus other sites (jugular catheter or subcutaneous) and con-
cluded that serial injections of GBCAs via tail vein result in significantly
elevated retention at that site, potentially acting as a depot for Gd that
could enhance any perceived benefit of co-formulated excess chelator,
or a chelator given separately by tail vein (i.e., by preventing release at
the injection site, specifically; Supplementary); we found 0.02% of the
cumulative injected dose remains in the tail when given by JC, whereas
0.3% remains when given via tail vein, thus there is 10-fold more Gd
available to be either rechelated or redistributed to other tissues.
Measuring the benefit of GBCAs co-formulated with excess chelator
given via tail vein or jugular catheter may resolve the observed dis-
crepancy. The 15-min delay between DTPA pre-treatment and GBCA
doses also does not explain the differences in the reported results, since
the two-compartment pharmacokinetics of DTPA in rats would result in
at least 50% of the injected dose being present in plasma at 15 min [19],
meaning the GBCA had at least 1.5% excess chelator in plasma at the
time of administration in the animals. Cacheris et al. showed that the
toxicity of unformulated gadodiamide is reduced by adding 5mol%
excess chelator (in the form of caldiamide, the calcium complex), but
that the toxicity would increase as more chelator was added because of
its effect on endogenous metals [20]. It seems undeniable that the
toxicity of the unformulated gadodiamide could only be attributable to
released Gd, so perhaps the lack of chelation benefits in our study is due
to slow chelation kinetics in vivo for the Zn-DTPA, or the concentra-
tions of available chelator resulted in rechelation being thermo-
dynamically unfavorable.

Our posttreatment data was also not consistent with recent results
from Rees et al. [21] and Semelka et al. [22], who adminsitered DTPA
to mice and humans, respectively, known to be exposed to Gd. The
study from Rees et al. adminstered 100 umol/kg DTPA intraperitoneally
1 h before or after exposure to a single intravenous dose of 1>>Gd-citrate
and showed significant reduction of retained Gd in both groups com-
pared to control. The differences between the results of our study and
their findings can be readily explained by the larger dose of DTPA via a
route with 100% bioavailability, delayed absorption and prolonged
elimination in rodents [23], along with the administration of a Gd salt
rather than a clinically relevant chelate, which likely has a strong im-
pact on the biodistribution of Gd and the amount available for chela-
tion. The study from Semelka et al. treated patients with 1 g Zn- or Ca-
DTPA (~30umol/kg) intravenously months to years after GBCA ex-
posure and found a 10-30-fold increase in 24-h urine Gd following
treatment. Our results do not necessarily differ from those of Semelka
et al., because we investigated treatment relatively soon after GBCA
administration when change in urine Gd output caused by chelation
would be negligible. Earlier work in our lab suggested dosing DTPA
more than a week after loading GBCA into a rat over multiple high
doses would result in no change in urine or organ Gd levels compared to
controls (data not shown). In our simulation, chelation also has a
dwindling effect on organ Gd if chelation is given after the first 24-h
post-GBCA dose (Table 1), so early treatment should magnify any
benefit observed in later treatments. It is unknown if patients en-
vironmentally-exposed to Gd but not exposed to GBCAs would also
have a 30-fold enhanced Gd urine elimination after treatment with
DTPA, or how that would explain the results from Semelka et al.; it may
also be that the symptomatic patients used in the study have altered
Gd/GBCA biokinetics. If the discrepancy cannot be explained by any of
these as-of-yet unknown factors, it may be that the rat is simply a poor
model of the behavior of Gd/GBCAs in humans. The rat model was
selected simply because it can easily be related to prior research with
GBCAs [8], and because the concerns between comparing rat and
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human GBCA deposition appears to be mainly focused on different
glymphatic and brain ECF dynamics [24]. A rodent model in a study
such as ours is appropriate because, in general, deposition and potential
dechelation/rechelation of Gd in vivo deal more with the components
various media into which GBCAs distribute, which are largely the same
in humans and rats; the exceptions to that statement are newer GBCAs
with modifications to improve protein-binding or non-renal clearance,
which would predictably behave differently in non-human circulation
[25].

The overall study on dose-timing is confounded by the week-daily
and daily dosing for the pre- and post-treatment groups, respectively,
potentially impacting the direct comparisons between pre- and post-
treatment groups. We attempted to resolve this issue by repeating the
1h and 4h dosing group week-daily with another control group for
comparison with the original week-daily control group. We identified
significant variation between the week-daily and daily dosing groups,
but the differences between the control groups that received the same
GBCA dosing schedule would suggest these differences are attributable
to instrumental variation, variation in organ processing or gadodiamide
batch variation. The experimental methodologies were designed to
ensure consistency in these elements, so we are still uncertain as to the
exact cause of the disparity. Regardless, the lack of significant differ-
ences between the ratios of 4 h-1h organ Gd in the daily versus week-
daily administration supports the conclusion that comparisons within
each study are still valid, as are comparisons of relative organ Gd
among groups.

While no significant trends were observed in the rat study, we did
observe a potential redistribution of Gd into the kidneys, brain and
bone if DTPA is given 1h after gadodiamide. This observation may be
akin to what is observed in the treatment of lead intoxication with
EDTA [26] if it is truly occurring. A redistribution phenomenon was not
predicted by the simulation. While these studies were not primarily
designed to directly compare the simulation and animal results, the lack
of significant deviation from most predicted values suggests that the
model may describe what is occurring in vivo to the extent necessary to
replicate the observations within the studied time period. Different si-
mulation and animal model conditions may explain observed differ-
ences in absolute concentrations, though; in the simulation, Gd-DTPA
was used as the GBCA rather than Gd-DTPA-BMA, and chelation
therapy was performed with Zn-DTPA in both studies which binds more
strongly to Gd than DTPA-BMA and may explain observed differences
(i.e., Zn-DTPA was more effective in removing Gd released by the
weaker ligand, DTPA-BMA, than the stronger ligand, DTPA). Ad-
ditionally, the simulation modeled a single dose in a human patient,
while the animal study modeled sequential doses in rats.

Extending the simulated chelator administrations to every hour over
16 h after GBCA administration, it was determined that the 4h ad-
ministration time provides the optimal reduction in Gd burden in all
tissue. In the simulation, the peak released Gd from Gd-DTPA accessible
to be re-chelated (in both DTPA-accessible compartments) occurs at 6 h
post-GBCA, thus the optimized efficacy at 4h may be attributable to
optimized distribution of DTPA into its two compartments by the time
available Gd concentration peaks.

The current investigation was limited by testing the hypothesis that
Gd deposition is attributable to release without testing whether re-
tained Gd was intact or released. Such an assessment would be com-
plicated and there are limitations to methods to determine intact GBCAs
in tissues described in available literature [27,28], but it would
strengthen our conclusions, particularly those drawn from the simula-
tion. Gd release from GBCAs is widely accepted to play some role in Gd
deposition and toxicity [11], but there is little consensus on how much
deposition is the result of free Gd [29]. Because intact GBCA has been
detected in tissues, particularly in deposits containing the more stable
macrocyclic agents [19], and intact GBCAs can induce fibrosis-related
cytokines without necessarily releasing Gd [30], it is unlikely that Gd
release is the sole cause of GBCA-associated adverse outcomes in
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patients. However, the simulation demonstrated that a single, standard
chelator dose will be insufficient to prevent deposition even if it is re-
sulting from Gd release; because chelation is reversible in the model,
this result is likely demonstrating that only a minor fraction of each
DTPA dose will bind and renally eliminate released Gd, suggesting a
higher cumulative DTPA dose is necessary. Performing the present
animal study with macrocyclic GBCAs or stronger linear agents may
indicate whether release of Gd that can be re-chelated only occurs with
less stable agents like Gd-DTPA-BMA, or if chelation provides broad
benefit across GBCA classes.

5. Conclusions

The timing of the administration of a chelating agent has no effect
on Gd deposition following administration of a GBCA, but pretreatment
and posttreatment with a chelating agent within the first 8 h should be
targeted for further investigation. Higher or more frequent chelator
doses, or using agents with more prolonged residence time in the body
may demonstrate more benefit than the single IV bolus regimens in-
vestigated here. Potential redistribution identified in the animal studies
but not predicted by the simulation suggests evidence that small mo-
lecule Gd complexes (including intact GBCAs) may be important for
brain and bone deposition, and the simulation model must be revised if
the redistribution is reproducible and clinically significant, rather than
a methodological anomaly. Fundamentally, we have not demonstrated
that Gd can be re-chelated in rats and further work is required to de-
termine if that is a matter of suboptimal chelator administration, or the
translatability GBCA retention data in rats to humans.

Acknowledgements

MJ is an inventor on intellectual property related to this research,
specifically, orally bioavailable DTPA analogs. This IP has been licensed
to Capture Pharmaceuticals Inc. in which MJ is a co-founder.

Research reported in this publication was supported by the National
Institute Of General Medical Sciences of the National Institutes of
Health under Award Number F32GM125197. The content is solely the
responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

This material is based upon work supported by the National Science
Foundation Graduate Research Fellowship under Grant No. DGE-
1144081.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mri.2018.10.006.

References

[1] Tedeschi E, Caranci F, Giordano F, Angelini V, Cocozza S, Brunetti A. Gadolinium
retention in the body: what we know and what we can do. Radiol Med 2017
Aug;122(8):589-600.

FDA Drug Safety Communication. FDA warns that gadolinium-based contrast agents
(GBCAs) are retained in the body; requires new class warnings. Food and drug
administration website. https://www.fda.gov/Drugs/DrugSafety/ucm589213.htm,
Accessed date: 1 December 2017.

European Medicines Agency. PRAC concludes assessment of gadolinium agents used
in body scans and recommends regulatory actions, including suspension for some
marketing authorisations [internet]. London: European Medicines Agency; 2017
Mar 3 cited 2017 Apr 3. Available from: http://www.ema.europa.eu/docs/en_GB/
document library/Referrals_ document/gadolinium_contrast_agents_31/
Recommendation_provided_by_Pharmacovigilance Risk_Assessment_Committee/
WC500223161.pdf.

McDonald RJ, McDonald JS, Dai D, Schoeder D, Jentoft ME, Murray DL, et al.
Comparison of gadolinium concentrations within multiple rat organs after in-
travenous administration of linear versus macrocyclic gadolinium chelates.
Radiology 2017 Nov;285(2):536-45.

[2]

[3

—

[4

=

144

[5]

[6

[}

[7]

[8]

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Magnetic Resonance Imaging 55 (2019) 140-144

Murata N, Murata K, Gonzalez-Cuyar LF, Maravilla KR. Gadolinium tissue deposi-
tion in brain and bone. Magn Reson Imaging 2016 Dec;34(10):1359-65.

Prince MR, Zhang HL, Roditi GH, Leiner T, Kucharczyk W. Risk factors for NSF: a
literature review. J Magn Reson Imaging 2009 Dec;30(6):1298-308.

Ramalho M, Ramalho J, Burke LM, Semelka RC. Gadolinium retention and toxicity-
an update. Adv Chonic Kidney Dis 2017 May;24(3):138-46.

Sieber MA, Lengsfeld P, Frenzel T, Golfier S, Schmitt-Willich H, Siegmund F, et al.
Preclinical investigation to compare different gadolinium-based contrast agents
regarding their propensity to release gadolinium in vivo and to trigger nephogenic
systemic fibrosis-like lesions. Eur Radiol 2008 Oct;18(10):2164-73.

Schéd SG, Heitland P, Kithn-Velten WN, Gross GE, Jonas L. Time-dependent de-
crement of dermal gadolinium deposits and significant improvement of skin
symptoms in a patient with nephogenic systemic fibrosis after temporary renal
failure. J Cutan Pathol 2013 Nov;40(11):935-44.

Frenzel T, Apte C, Jost G, Schockel L, Lohke J, Pietsch H. Quantification and as-
sessment of the chemical form of residual gadolinium in the brain after repeated
administration of gadolinium-based contrast agents: comparative study in rats.
Investig Radiol 2017 Jul;52(7):396-404.

Wedeking P, Kumar K, Tweedle MF. Dissociation of gadolinium chelates in mice:
relationship to chemical characteristics. Magn Reson Imaging 1992;10(4):641-8.
Grappin L, Berard P, Menetrier F, Carbone L, Courtay C, Castagnet X, et al.
Treatment of actinide exposures: a review of Ca-DTPA injections inside CEA-
COGEMA plants. Radiat Prot Dosim 2007;127(1-4):435-9.

Prybylski JP, Jay M. The impact of excess ligand on the retention of nonionic, linear
gadolinium-based contrast agents in patients with various levels of renal dysfunc-
tion: a review and simulation analysis. Adv Chonic Kidney Dis 2017
May;24(3):176-82.

Report of the task group on reference man. Ann ICRP 1975;23(1):iii.

Frenzel T, Lengsfeld P, Schirmer H, Hiitter J, Weinmann HJ. Stability of gadoli-
nium-based magnetic resonance imaging contrast agents in human serum at 37
degrees C. Investig Radiol 2008;43(12):817-28.

Sieber MA, Lengsfeld P, Walter J, Schirmer H, Frenzel T, Siegmund F, et al.
Gadolinium-based contrast agents and their potential role in the pathogenesis of
nephogenic systemic fibrosis: the role of excess ligand. J Magn Reson Imaging 2008
May;27(5):955-62.

CDER FDA. FDAeditor. Guidance for industry. Estimating the maximum safe
starting dose in initial clinical trials for therapeutics in adult healthy volunteers.
Rockville, MD: FDA CDER; 2005 Available at: http://www.fda.gov/downloads/
Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm078932.pdf,
Accessed date: 1 January 2017.

Lasnon C, Dugué AE, Briand M, Dutoit S, Aide N. Quantifying and correcting for tail
vein extravasation in small animal PET scans in cancer research: is there an impact
on therapy assessment? EJNMMI Res 2015 Dec;5(1):61.

Durbin PW, Kullgren B, Schmidt CT. Circulatory kinetics of intravenously injected
238Pu(1V) citrate and 14C-CaNa3-DTPA in mice: comparison with rat, dog, and
reference man. Health Phys 1997;72(2):222-35.

Cacheris WP, Quay SC, Rocklage SM. The relationship between thermodynamics
and the toxicity of gadolinium complexes. Magn Reson Imaging 1990;8(4):467-81.
Rees JA, Deblonde GJ, An DD, Ansoborlo C, Gauny SS, Abergel RJ. Evaluating the
potential of chelation therapy to prevent and treat gadolinium deposition from MRI
contrast agents. Sci Rep 2018 Mar 13;8(1):4419.

Semelka RC, Ramalho M, Jay M, Hickey L, Hickey J. Intravenous calcium-/zinc-
diethylene triamine penta-acetic acid in patients with presumed gadolinium de-
position disease: a preliminary report on 25 patients. Investig Radiol 2018 Feb(6).
https://doi.org/10.1097/RL1.0000000000000453.

Foreman H, Vier M, Magee M. The metabolism of C14-labeled ethylenediaminete-
traacetic acid in the rat. J Biol Chem 1953 Aug;203(2):1045-53.

Jost G, Frenzel T, Lohrke J, Lenhard DC, Naganawa S, Pietsch H. Penetration and
distribution of gadolinium-based contrast agents into the cerebrospinal fluid in
healthy rats: a potential pathway of entry into the brain tissue. Eur Radiol
2017;27(7):2877-85.

Lorusso V, Arbughi T, Tirone P, de Haén C. Pharmacokinetics and tissue distribution
in animals of gadobenate ion, the magnetic resonance imaging contrast enhancing
component of gadobenate dimeglumine 0.5 M solution for injection (MultiHance). J
Comput Assist Tomogr 1999;23(Suppl. 1):S181-94.

Cory-Slechta DA, Weiss B, Cox C. Mobilization and redistribution of lead over the
course of calcium disodium ethylenediamine tetraacetate chelation therapy. J
Pharmacol Exp Ther 1987 Dec;243(3):804-13.

Frenzel T, Apte C, Jost G, Schockel L, Lohke J, Pietsch H. Quantification and as-
sessment of the chemical form of residual gadolinium in the brain after repeated
administration of gadolinium-based contrast agents: comparative study in rats.
Investig Radiol 2017 Jul;52(7):396-404.

Gianolio E, Bardini P, Arena F, Stefania R, Di Gregorio E, Iani R, et al. Gadolinium
retention in the rat brain: assessment of the amounts of insoluble gadolinium-
containing species and intact gadolinium complexes after repeated administration
of gadolinium-based contrast agents. Radiology 2017 Dec;285(3):839-49.
Lenkinski RE. Gadolinium retention and deposition revisited: how the chemical
properties of gadolinium-based contrast agents and the use of animal models inform
us about the behavior of these agents in the human brain. Radiology 2017
Dec;285(3):721-4.

Do C, Barnes JL, Tan C, Wagner B. Type of MRI contrast, tissue gadolinium, and
fibrosis. Am J Physiol Ren Physiol 2014 Oct 1;307(7):F844-55.


https://doi.org/10.1016/j.mri.2018.10.006
https://doi.org/10.1016/j.mri.2018.10.006
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0005
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0005
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0005
https://www.fda.gov/Drugs/DrugSafety/ucm589213.htm
http://www.ema.europa.eu/docs/en_GB/document_library/Referrals_document/gadolinium_contrast_agents_31/Recommendation_provided_by_Pharmacovigilance_Risk_Assessment_Committee/WC500223161.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Referrals_document/gadolinium_contrast_agents_31/Recommendation_provided_by_Pharmacovigilance_Risk_Assessment_Committee/WC500223161.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Referrals_document/gadolinium_contrast_agents_31/Recommendation_provided_by_Pharmacovigilance_Risk_Assessment_Committee/WC500223161.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Referrals_document/gadolinium_contrast_agents_31/Recommendation_provided_by_Pharmacovigilance_Risk_Assessment_Committee/WC500223161.pdf
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0020
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0020
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0020
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0020
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0025
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0025
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0030
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0030
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0035
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0035
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0040
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0040
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0040
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0040
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0045
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0045
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0045
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0045
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0050
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0050
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0050
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0050
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0055
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0055
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0060
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0060
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0060
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0065
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0065
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0065
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0065
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0070
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0075
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0075
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0075
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0080
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0080
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0080
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0080
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm078932.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm078932.pdf
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0090
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0090
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0090
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0095
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0095
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0095
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0100
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0100
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0105
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0105
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0105
https://doi.org/10.1097/RLI.0000000000000453
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0115
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0115
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0120
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0120
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0120
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0120
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0125
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0125
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0125
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0125
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0130
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0130
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0130
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0135
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0135
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0135
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0135
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0140
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0140
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0140
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0140
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0145
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0145
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0145
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0145
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0150
http://refhub.elsevier.com/S0730-725X(18)30078-X/rf0150

	Impact of chelation timing on gadolinium deposition in rats after contrast administration
	Introduction
	Materials and methods
	Simulation-based assessment
	Animal model
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	Supplementary data
	References




