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Abstract

Over the past five years, several studies have reported deposition and retention of gadolinium in the brain
after administration of gadolinium-based contrast agents (GBCAs) during radiological procedures. Patients
with renal insufficiency cannot filter gadolinium efficiently; however, gadolinium is also retained in the
brain of some adults and pediatrics with no renal impairment. In the literature, data is mostly available from
retrospective magnetic resonance imaging (MRI) studies, where gadolinium deposition may be indirectly
measured by evaluating changes in T1 signal intensity in the brain tissues, particularly in the deep gray
matter such as the dentate nucleus and/or globus pallidus. Many pathological studies have reported a direct
correlation between T1 signal changes and gadolinium deposition in human and animal autopsy specimens,
which raised concerns on the use of GBCAs, particularly with linear chelators. The association between
gadolinium accumulation and occurrence of physical and neurological side effects or neurotoxic damage
has not yet been conclusively demonstrated. Studies have also observed that gadolinium is deposited in
the extracranial tissues, such as the liver, skin, and bone, of patients with normal kidney function. This
narrative review describes the effects of different types of GBCAs in relation to gadolinium deposition,
evaluates current evidence on gadolinium deposition in various tissues of the human body, and summarizes
the current recommendations regarding the use of GBCAs.
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INTRODUCTION

frequently used for over three decades, and until recently,
the assumption was that its use had limited risks.

Magnetic resonance imaging (MRI) uses strong
magnetic fields to change the spin of atoms in human
bodies.l"" The use of contrast-enhanced magnetic resonance
imaging (CE-MRI) has become a necessary tool in
diagnostics. Its use in pathological tissue diagnosis ranges
from cancerous to inflammatory conditions. Worldwide,
gadolinium-based contrast agents (GBCAs) have been
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In 2006, Marckmann e al. reported that some GBCAs
may lead to nephrogenic systemic fibrosis (NSF) in
patients with impaired renal function, wherein fibrotic
changes may be seen in many tissues, predominately in
the skin and muscle, causing contracture with time.”! In
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general, the diagnosis of NSF is made on histopathology
of a biopsy specimen from a clinically involved site,
but it can progress rapidly and is sometimes fatal. The
likelihood of developing NSF depends on the molecular
type of GBCA, and it more common with linear chelator.
The ACR Committee on Drugs and Contrast Media,
the European Medicines Agency (EMA), and the U.S.
Food and Drug Administration (FDA) have all classified
GBCAs into three different groups based on the reported
associations with NSEP? The ACR classification is
given in Table 1. Group 1 GBCA shows the highest
association with NSF (gadodiamide, gadopentetate, and
gadoversetamide). Therefore, it is essential that the renal
glomerular filtration rate is determined before a CE-MRI
is undertaken.

In 2013, a Japanese research group reported that
signal intensity in the dentate nucleus (DN) and/
or globus pallidus (GP) on unenhanced T1 weighted
imaging (T1WI) may be because of the previously
administrated GBCAs.! Consequently, additional
studies confirmed the association between repeated
administration of GBCAs and high T1 signal intensity in
the DN and GP [Table 2]. However, most studies on this
subject are retrospective MRI studies. Further, the studies
have focused on understanding the pathomechanisms of
GBCA accumulation in the brain, and the consequent
possible risks. In addition, several studies have found that
GBCAs can be deposited in other organs including the
skin, bone, and liver, despite a normal renal function.*"!
In line with these developments, regulatory actions on
GBCAs have recently changed worldwide. Accordingly,
this narrative review would assess gadolinium deposition
from different GBCA’s in various human tissues and
discuss the current recommendations regarding the use
of GBCAs.

For the literature review, the author searched PubMed
and websites of regulatory bodies such as US-FDA, UK
Medicines and Healthcare products Regulatory Agency
(MHRA), Pharmacovigilance Risk Assessment Committee

of the European Medicines Agency PRAC-EMA, Japanese
Pharmaceuticals and Medical Devices Agency, the Ministry
of Food and Drug Safety in Korea, and Saudi Food and
Drug Authority (SFDA). All articles that assessed the
retention of gadolinium in any human tissue was assessed,
irrespective of the study design and including case reports.
Further, only articles published in English were considered,
and gray literature (i.e., thesis, internal reports, non-peer
reviewed journals, pharmaceutical industry journals) was
not reviewed.?*>!

GADOLINIUM: CHEMISTRY, STABILITY, AND
BIODISTRIBUTION

Gadolinium, which is highly toxic to humans when used
in its free form (Gd’), is a rare earth element that has
strong paramagnetic properties. As a result of its toxicity,
it binds to a chelate molecule (aminopolycarboxylic acid
ligands) in contrast agents. Contrast agents are divided
into two binding forms, namely, linear and macrocyclic
chelates, which bind with open and non-open chains,
respectively. These are then subdivided into the ionic and
non-ionic forms [Table 3]. Linear chelates are not as stable
as the macrocyclic type. However, ionic linear chelates
are more stable than the non-ionic linear chelates when
incubated in human serum at 37°C and pH 7.4. As a result
of its insolubility at physiological pH, free gadolinium is
excreted very slowly. In addition, free gadolinium’s ionic
radius is close to that of calcium, thereby allowing it to
compete with the various physiological processes of
calcium. Consequently, free gadolinium can block some
calcium-gated channels.”*!

In vivo, the various endogenous cations (e.g., Fe’™,
Mg**, Cu*', Zn*", Ca**) compete with Gd*" ions for the
ligand, whereas the endogenous anions (e.g., phosphate,
carbonate, and hydroxide) compete for the Gd*" ions.
This competition may destabilize the gadolinium
complex in biologic fluids and shift the dissociation
equilibrium toward its free components, which rapidly
bind to other agents. This exchange process is termed

“transmetallation.”*

Table 1: ACR manual classification of gadolinium-based agents relative to nephrogenic systemic fibrosis

Group Description

Generic and Trade names

Group |

Group Il

Group Il

Agents associated with the greatest number of NSF cases

Agents associated with few, if any, unconfounded cases of NSF

Agents for which data remains limited regarding NSF risk, but for

Gadodiamide (Omniscan®)
Gadopentetate dimeglumine (Magnevist®)
Gadoversetamide (OptiMARK®)
Gadobenate dimeglumine (MultiHance®)
Gadobutrol (Gadavist®)

Gadoterate acid (Dotarem®)

Gadoteridol (ProHance®)

Gadoxetate disodium (Eovist®)

which few, if any unconfounded cases of NSF have been reported

NSF — Nephrogenic systemic fibrosis; ACR — American College of Radiology
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Table 2: Review of literature of studies showing association between repeated administration of GBCAs and high T1 signal intensity
in the dentate nucleus and globus pallidus

Study Groups Contrast agents Remarks
Studies in adults
Kanda et al., 19 patients underwent >6 CE-MRI Gadopentetate-dimeglumine High Sl in the DN and GP with direct relation to
20147 examinations; 16 patients underwent more  gadodiamide number of examinations
than 6 unenhanced examinations
Errante et al., 38 patients with MS underwent CE ->2 MRl Gadodiamide High Sl in the DN and GP has a linear relationship

201411
Weberling et al.,

201501
Adin et al., 20150%I

Zhang et al.,
201704

Ramalho et al.,
2016091

Kang et al., 2018[*]

scans; 37 patients with brain metastases
underwent >2 CE-MRI scans

50 patients underwent more than 5 CE-MRI Gadobenate-dimeglumine
184 patients with brain metastasis treated
with brain irradiation underwent recurrent

Gadopentetate-dimeglumine

CE-MRI
13 patients who had undergone >30 Gadodiamide gadopentetate-
CE-MRIs dimeglumine gadobenate

Studied two different groups Gadodiamide
18 patients with previous gadodiamide and gadobenate-dimeglumine
current gadobenate dimeglumine exposure
44 patients with only gadobenate
dimeglumine exposure
46 patients who had undergone >1 CE-MRIs Gadobutrol

with the CE-MRI in patients with MS and brain
metastasis
High Slin the DN

Repeated CE-MRI examinations shows persistent
hyperintensity in the DN on unenhanced T1WI

Increased Sl on unenhanced T1WI at posterior
thalamus, substantia nigra, red nucleus, cerebellar
peduncle, colliculi, DN, and GP

Patients with prior gadodiamide-exposed show
greater T1 Sl changed compared to those without
previously gadodiamide-exposed

High Sl in the DN and GP

Studies in pediatrics

Miller et al.,
201571

Roberts and
Holden, 20151%!
Roberts et al.,
201627

Hu et al., 20162

Flood et al.,
2017121

Ryu et al., 2018122

A pediatric patient who received 35 doses of Gadopentetate-dimeglumine
linear GBCA in a 12-year period

A 13 years old girl with follow-up CE-MRI
scan

16 patients underwent>5 consecutive
CE-MRI scans

21 patients received CE-MRI scans between Gadopentetate-dimeglumine
5 and 37 times; 21 controls of similar age

without CE-MRI exposure

Gadopentetate-dimeglumine

Gadopentetate-dimeglumine

46 pediatric patients who had undergone
>3 CE-MRI scans; 57 age-matched
GBCA-control subjects

93 pediatric patients who had undergone >3 Gadopentetate- gadoterate
CE-MRI meglumine and

Gadopentetate-dimeglumine

T1 hyperintensity at DN, GP, and posterior thalamus

hyperintensity was noted within both the DN and GP
bilaterally at follow-up

T1-hyperintensity at both DN is significantly
correlated to the number of prior GBCA doses
Increased Sl ratios in all 21 patients with GBCA
exposure 18.6%+12.7% for the DN, and 12.4%%7.4%
for the GP between the first and the most recent
MRI scans

Slin the pediatric brain increases on unenhanced
T1-weighted MRI with repeated exposure to linear
GBCA

Reconfirmed that the signal intensity change is
significantly and exclusively related to the use of

gadoteridol linear agents
Autopsy studies in humans
McDonald et al., 13 patients with more than 4 GBCA Gadodiamide Gadolinium CNS structures deposition was

2015128
Kanda et al.,
2015224

Murata et al.,
201612%

McDonald et al.,
2017124

McDonald et al.,
201727

administrations before death; control group
of 10 patients with no prior CE-MRI

5 patients received linear GBCAs before
death; 5 patients with no history of GBCAs
exposed before death

5 received gadoteridol; 2 received
gadobutrol; 1 received gadobenate; 1
received gadoxetate; 9 controls

Gadopentetate-dimeglumine
gadodiamide gadoteridol

Gadoteridol gadobutrol
gadobenate gadoxetate

5 patients underwent between 4-18 CE-MRI Gadodiamide
examinations compared to 10 patients with

no history of GBCA exposure

3 patients underwent 4, 8, 9 CE-MRI Gadodiamide

examinations respectively

associated with GBCA administration and was
independent of patients’ age, sex, renal function or
interval between GBCAs exposure and death
Gadolinium was deposited in the brain, highest at
DN and GP even in subjects without severe renal
dysfunction

Gadolinium was found with all agents in all brain
areas sampled; highest levels in GP and DN

The patient DN, pons, GP and thalamus, contained
>0.1 pg of gadolinium per gram of tissue compared
to those with no prior GBCAs exposure

The patient DN, pons, GP and thalamus, contained
>0.1 pg of gadolinium per gram of tissue

SI - Signal intensities; GBCAs — Gadolinium-based contrast agents; DN — Dentate nucleus; GP — Globus pallidus; MRI — Magnetic resonance imaging;
CE-MRI — Contrast enhanced-MRI; MS — Multiple sclerosis; TLWI — T1 weighted imaging; CNS: Central nervous system

In addition, GBCAs can be divided into three categories
according to biodistribution, namely, extracellular, combined
intracellular-extracellular, and blood pool agents. When
GBCAs are excreted by the kidney, 98% remain unchanged.
Therefore, patients with poor renal function will have

14

reduced GBCA excretion, leading to an accumulation of
GBCAs in the body, which in turn increases the probability
of dissociation and retention in the body. The biliary route is
an important excretion pathway for combined intracellular—
extracellular GBCAs in patients with poor renal function.P®
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GADOLINIUM DEPOSITION IN BRAIN AND ITS
CLINICAL SIGNIFICANCE

Recurrent administration of GBCASs results in gadolinium
deposition in patients with normal and abnormal renal
function. The exact mechanism and clinical implications
of the deposition of gadolinium are poorly understood.
Possible theories about GBCAs deposition at brain include
transmetallation, which results in the de-chelation of
gadolinium, the administration of linear GBCAs results
in a 15-times higher concentration of free gadolinium in
the brain than macrocyclic GBCAs.P"*! Another possible
mechanism for gadolinium accumulation is a metal
transporter-mediated accumulation of GBCA. A high
concentration of gadolinium has been reported in the DN
and GP"*! with relatively high concentration of iron or
calcium in these regions.") However, it has been suggested
that GBCAs can traverse the blood—cerebrospinal fluid
barrier, but the mechanism of this action remains unclear.
Factors that might increase permeability of blood—brain
barrier to GBCA such as cerebritis and meningitis need to
be studied further.

A recent preclinical study revealed that GBCAs distribute
along the glymphatic system (a so-called waste clearance
system).[*] Naganawa e a/*! reported one case with bright
signal in the subarachnoid space and perivascular space
on enhanced fluid-attenuated inversion recovery (FLAIR)
lasts up to 4 hours after GBCA administration. This result
suggests that intravenous GBCA can be transported
through the glymphatic system and reach the brain even
with in those with normal renal function."”

Many clinical conditions can cause high-signal intensities
in the GP and DN on non-enhanced T1-weighted
images (T1W1I), including calcification, history of brain
irradiation, Langerhans cell histiocytosis, multiple sclerosis,
hepatic dysfunction, Wilson disease, total parental
nutrition, neurofibromatosis type 1, manganese toxicity,
Rendu—Osler—Weber disease, and hemodialysis.**" In
2013, Kanda ez a/" reported a possible association between
T1 hyperintensities in the GP and DN on non-enhanced
T1WI and gadolinium retention in patients with multiple
exposures to GBCAs.

The majority of publications on this subject are retrospective
MRI studies, in which gadolinium deposition is determined
by assessing changes in the SI of T'1 in brain tissue using the
spin-echo (SE), turbo SE and gradient echo (MPRAGE)
techniques, specifically in deep gray matter such as
the DN and/or GP [Figure 1]. In one study, analysis
of postmortem samples of the DN and GP from patients

who had been administered gadodiamide (nonionic linear
GBCA) revealed that it was primarily deposited in the
capillary endothelium and neuronal interstitium and within
the nucleus of the cell in only a couple of cases. Zhang ez al.
describes the extent of signal hyperintensity on unenhanced
T1-weighted brain MR images in 13 patients after >35
administrations of linear GBCA. T1 hyperintensities were
observed not only in the DN (100%) and GP (100%)
but also in the substantia nigra (100%), posterior
thalamus (92%), 32D nucleus (77%), colliculi (77%),
superior cerebellar peduncle (54%), caudate nucleus (31%),
whole thalamus (23%), and putamen (15%).!"!

In 2017, Bauer e al*® conducted a retrospective pilot
study that included 376 patients who underwent both
contrast-enhanced MR and PET/CT imaging between
2004 and 2015. They found that the median SUV__ of
the DN and GP was significantly lower in the group with
exposure to gadolinium compared with the control group,
with differences of 16% and 27%, respectively. Accordingly,
the authors concluded that gadolinium deposition led to
decreased FDG uptake due to decreased metabolism in the
corresponding area. Unfortunately, they did not correlate
these findings to clinical findings.

Subsequently, interest has grown in the medical community
on whether clinical sequelac occurs when gadolinium
deposition occurs. One of the largest studies conducted
to date focused on the clinical manifestations of assumed
gadolinium deposition in a total of 42 patients. These
patients had reported symptoms beyond 3 months after
administration of GBCA, such as central (z = 15, 36%)
and peripheral pain (7 = 26, 62%), headache (z = 28, 67%),
bone pain (# = 26, 62%), skin changes (# = 22, 52%), and
clouded mentation (7 = 29, 69%).1*

Gadolinium deposition primarily occurs in the DN and
GP and if this results in neurological disorders, it will
be characterized by movement disorders. However, it
could also result in non-specific symptoms, including
sensory symptoms and generalized bone and joint pain.
To date, no studies have been conducted to determine
whether peripheral nerve damage occurs as a result of the
administration of gadolinium.*”)

GADOLINIUM DEPOSITION IN OTHER ORGANS

In addition to being deposited in the brain, GBCAs can
be deposited in other organs including the skin, bone,
and liver. For example, gadodiamide or gadoteridol could
be deposited in the bones of patients undergoing total
hip arthroplasty.®” A study by Murata ¢ al. reported
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that gadolinium is deposited in cortical bone at a much
higher level than in brain tissue. This suggests that bone
could act as a long-term storage site for gadolinium and
infers a positive correlation between the two. This study
proposed that the deposition of gadolinium in bone could
be used as marker to estimate the level of gadolinium in
the brain.’"! Another study by Roberts e a/. reported a
case of gadolinium accumulation in the skin of a patient
with normal renal function who had been exposed to 61
cumulative doses of GBCAs.P? A study by Maximova
et al. reported the accumulation of gadolinium in the liver
of pediatric patients who had normal hepatic and renal
function but had an iron overload.””!

CURRENT REGULATIONS REGARDING USE OF
GBCAs

As a result of the risk of patients retaining gadolinium
in the brain and other organs, PRAC-EMA made a
recommendation to suspend the marketing of GBCAs that
are based on linear chelators. However, the EMA highlighted
that some linear GBCAs are still required for liver imaging,
and thus authorized the marketing of Primovist (gadoxetate
disodium) and MultiHance (gadobenate dimeglumine). The
European Gadolinium Retention Evaluation Consortium
recently announced that the potential risk of gadolinium
to humans would be studied.’!

In May 2017, the US-FDA determined that although
GBCAs could be linked to gadolinium retention in the
body, including the brain and other organs, no negative
health impacts had been identified. Consequently, earlier
FDA recommendations related to the use of GBCAs
remain unchanged.?

In December 2017, the MHRA recommended the
suspension of licenses for two linear agents, namely,
gadodiamide and intravenous gadopentetic acid. It should
be noted that authorization for the use of intra-articular

Table 3: Types of available GBCAs based on the type of ligand
(linear or macrocyclic) and charge (ionic or non-ionic)

Linear Macrocyclic

lonic
Gadopentetate Gadoterate meglumine (Dotarem®)
dimeglumine (Magnevist®) Gadoterate meglumine (Clariscan®)
Gadopentetate

dimeglumine (Magnevision®) Gadoterate meglumine (Dotagita®)

(
( ,
Gadoterate meglumine (Dotagraf®)
(
Gadoterate meglumine (Cyclolux®)
Gadobenate dimeglumine

(MultiHance®)

Gadoxetate disodium (Primovist®)

Nonionic

Gadoteridol (ProHance®)
Gadobutrol (Gadovist®)

Gadodiamide (Omniscan®)
Gadoversetamide (OptiMARK®)

gadopentetic acid remains. The licenses for gadobenate
dimeglumine and gadoxetate were not suspended but were
limited to imaging of the liver."” Furthermore, the MHRA
recommended that the use of GBCAs should be limited
to situations where it is essential to have the diagnostic
information that would not be accessible through an
unenhanced scan. In addition, it was recommended that
the lowest effective dose possible should be used.?

In November 2017, the Japanese Pharmaceuticals and
Medical Devices Agency requested specific changes to the
GBCAs packages regarding precautions about gadolinium
retention in the brain.” Similatly, in February and May
2018, the Ministry of Food and Drug Safety in Korea
requested a mandatory revision of the precaution section
in the GBCAs package to state that linear GBCAs can
cause more gadolinium retention in brain compared to
macrocyclic GBCAs. Therefore, linear GBCAs should
be administered when macrocyclic GBCAs are not
appropriate; for example, when a patient had previous
allergic reactions to macrocyclic GBCAs or when other
alternatives (e.g., gadoxetic acid disodium) are not
available.P”*"!

In March 2018, the SFDA recommended that macrocyclic
GBCAs should be the first choice of physicians when
conducting contrast-enhanced MRI scans. The SFDA
further recommended that repeated administration of
linear GBCAs be limited to those situations where there

is no other alternative.”

CONCLUSION

Linear GBCAs are less stable than macrocyclic GBCAs;
therefore, they have a greater chance of brain deposition.
The de-chelation of free gadolinium from unstable

Figure 1: Bright signal intensity in T1 weighted images at dentate
nucleus (DN) in relation to Pons
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GBCAs can occur through transmetallation and active
metal transporters in cell membranes. Current evidence
suggests that GBCAs can access the brain through the
blood—cerebrospinal fluid or the glymphatic system as
an alternative access route. However, the understanding
about the clinical implications of gadolinium retention,
in the brain and other organs, remains poor. Therefore,
additional studies are required to determine the exact
damage resulting from the administration of gadolinium
and the role other heavy metals reservoir of the human
body play in the deposition of GBCAs. Findings from such
studies may have potential to influence recommendations
related to the use of GBCAs.
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