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Abstract
Over the past 3 years, gadolinium-based contrast agents have been linked to MRI signal changes in the brain, which have
been found to be secondary to gadolinium deposition in the brain, particularly in the dentate nuclei and globus pallidus
even in patients having an intact blood-brain barrier and a normal renal function. This tends to occur more in linear agents
than with macrocyclic agents. Nonetheless, there has been no significant evidence that this has any clinical consequence.
We reviewed the current evidence related to this new phenomenon and the precautionary approach taken by regulatory
agencies.
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Introduction

The use of gadolinium-based contrast agents (GBCA) in hu-
mans [1, 2], dramatically expanded the diagnostic capabil-
ities of magnetic resonance imaging (MRI) and 30 million
doses of GBCA are administered annually in both clinical
and research settings [3]. Initially, it was thought that the
only risks associated with these agents would be allergic
reactions and similar acute adverse events. The first case
of nephrogenic systemic fibrosis (NSF) [4] was reported
in 1997 and 9 years later this condition was eventually
linked to gadolinium (Gd) exposure [5–7]. The incidence
of NSF has been lowered dramatically by decreasing the
dosage and limiting administration of these agents in high-
risk patients. Over the past 3 years, evidence for deposi-
tion of these agents in the brain during clinical use has
come to light: first on imaging as high-T1 signal intensity
in the dentate nuclei (DN) (Fig. 1) and globus pallidus (GP)
and subsequently the detection of Gd in both autopsy and
biopsy tissue studies [8–10]. The question as to whether
there is a clinical syndrome associated with Gd deposition
remains open, although no definitive evidence has so far
been published [11–15].

Chemistry and Properties of Gadolinium
Contrast Agents

Contrast agents in MRI increase the contrast between the
cavity, vessel or organ in which they are present and the

K

https://doi.org/10.1007/s00062-018-0678-0
http://crossmark.crossref.org/dialog/?doi=10.1007/s00062-018-0678-0&domain=pdf
http://orcid.org/0000-0003-2183-9967
http://orcid.org/0000-0002-8904-9331
http://orcid.org/0000-0002-6817-6497
http://orcid.org/0000-0003-4004-0640
http://orcid.org/0000-0001-9334-2031


160 R. Pullicino et al.

Fig. 1 Unenhanced axial T1 spin echo image (1.5T, 5mm, TR: 608
TE:15) demonstrating high signal in both dentate nuclei (white ar-
rows). This patient was being followed up for a pineoblastoma and had
also undergone one radiotherapy session. He was imaged four times
using a linear agent and once using a macrocyclic agent

surrounding tissue. These are usually administered intra-
venously at a dose of 0.1mmol Gd/kg body weight. The
efficacy of GBCAs is determined by their pharmacokinetic
and magnetic properties. Since they have no pharmacolog-
ical activity, GBCAs typically demonstrate biexponential
plasma kinetics, with distribution of the compound being
followed by its elimination and a third phase of residual
excretion. Since they are hydrophilic, they are usually elim-
inated via the renal route, although some also demonstrate
hepatic elimination [16].

There are currently nine commercially available
GBCAs, six which demonstrate extracellular fluid dis-
tribution while the remaining three agents are so-called
organ-specific agents. The free Gd3+ ion is extremely toxic
[17] mostly because of its ability to bind with calcium-ion
channels, thus being quite harmful to neurons and mono-
cytes [18]. By chelation with an organic ligand, toxicity
is drastically reduced and water solubility increased [19].
Gadolinium contrast agents can be divided into two main
groups based upon the structure of the ligand: linear or
macrocyclic. Each group may be further subdivided into
ionic or non-ionic. Macrocyclic ligands are derived from
the tetraazacyclododecane ring system, providing a pre-

organized binding cavity offering tight binding to the Gd
ion [20]. The linear ligands are derived from diethylene-
triaminepentaacetic acid (DTPA) which wrap around the
Gd3+ ion. They are however more flexible as they lack the
conformational rigidity of a covalent ring structure [17–19].

The stability of these chelates has been described by two
major parameters: thermodynamic stability and kinetic sta-
bility. Thermodynamic stability describes the favorability of
the chelate under equilibrium conditions (usually reported
as the conditional stability constant, which incorporates the
effects of interfering equilibria, such as protonation of the
ligand). In contrast, kinetic stability describes the rate of
dissociation of the chelate, and therefore the rate at which
equilibrium is reached [16, 18].

If the agent is eliminated substantially faster than it is
dissociated, then the in vivo release of the Gd3+ ion would
be negligible; however, if the elimination rate is slower,
thermodynamic stability determines whether the agent is
dissociated or not [20]. Macrocyclic agents show higher
kinetic stability than linear agents by multiple orders of
magnitude. Based on extrapolation from the acid dependent
rate constant, the dissociation half-life for gadoterate has
been estimated at 44 years at pH 7.0 [21].

The faster kinetics of linear agents (dissociation half-life
estimated at 5–7 days at pH 7.4 for gadopentetate and gado-
diamide) [22] place considerable importance on the thermo-
dynamic stability. Although, the chelate is highly thermo-
dynamically favored in a pure solution, in the physiological
environment GBCAs are surrounded by various proteins
and other ions, which can alter the equilibrium, either by
anions (such as phosphate) or macromolecules forming fa-
vorable complexes with the Gd3+ itself, or by other metal
cations forming stable complexes with the ligand [23]. This
latter process is called transmetallation. Transmetalation by
zinc has been long known to occur, based on the high con-
centration of free zinc ions in plasma, the observation of
urinary zinc excretion following linear GBCA administra-
tion and changes in serum zinc concentration [24]. The
released Gd3+ ions may then precipitate as insoluble com-
pounds of phosphate and other anions [25]. Given the highly
inert kinetics of the macrocyclic GBCAs, they are resistant
to transmetalation [26]. The linear agents undergo variable
transmetalation depending on thermodynamic stability (sig-
nificantly greater for the ionic GBCA) and selectivity for
Gd over other metals [20].

Evidence for Deposition in the Brain

Imaging Findings

The T1 hyperintensity of the DN in an unenhanced MRI
scan was initially reported as potential grey matter dam-
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age in secondary progressive multiple sclerosis (MS) [27,
28] and was also found in patients who had received pre-
vious brain radiotherapy [29]. At the time of publication
of these studies, Gd had not been considered as a possible
confounder for these imaging findings, and instead was at-
tributed to the conditions under study. In 2014, this imaging
finding and high T1-signal intensity in the GP were found to
be positively correlated with the number of administrations
of GBCA [30] with none of the patients having a diagnosis
of MS. Similar findings have been replicated in a number of
retrospective imaging studies in both adults and children,
drawn from a variety of populations and using multiple
different agents. These imaging studies are summarized in
Table 1. Overall, the majority of studies demonstrated an
increase in the signal intensities of DN and GP with linear
agents but not with macrocyclic agents and the increase is
correlated with the number of doses. Patients with MS fea-
ture in multiple studies, and this group is subject to specific
concerns over potential long-term effects, since this pop-
ulation is diagnosed at a young age and has a long life-
expectancy [31].

Only two publications have reported more widespread
imaging changes in patients who have received unusually
numerous linear GBCA administrations. In patients who re-
ceived >35 GBCA administrations, T1 hyperintensity has
been found in other brain regions (substantia nigra, pul-
vinar, red nucleus, colliculi, superior cerebellar peduncle,
caudate nucleus, thalamus and putamen) [32], and in the
cortex of the pre-central and post-central gyri and around
the calcarine sulcus [33] following at least 86 administra-
tions (mostly linear).

More recently, quantitative MRI approaches have been
applied using T1 relaxometry and quantitative-susceptibil-
ity mapping (QSM). The quantitative approach has shown a
correlation between DN R1 relaxation and previous GBCA
exposure [34]. As expected, QSM echoes the findings of
T1 studies, namely that DN susceptibility is increased after
administration of linear GBCAs [35]. Conversely, no signal
alterations were found in patients who received large total
doses of macrocyclic GBCAs (mainly gadobutrol) [36, 37].
Overall, retrospective studies in neurological pediatric pa-
tients replicate the findings observed in adults, namely that
T1 hyperintensities in the brain are observed following ad-
ministration of linear GBCAs [38–40] but not macrocyclic
GBCAs [41, 42]; however, three imaging studies stand out
as exceptions to reporting imaging changes with macro-
cyclic GBCAs. One study [43] claimed a change in DN
signal intensity following use of macrocyclic agents, al-
though the study had limitations in its design and did not
completely rule out confounding factors (including prior ex-
posure to linear agents) [44]. Later studies have not shown
similar findings [45–47].

A single-center prospective study in non-neurological,
oncological patients who received 0.05mmol/kg of gadobe-
nate rather than the 0.1mmol/kg formulation of gadobenate
or gadopentetate, showed no significant differences in the
DNP and GPT signal intensity ratios [48] compared with
unexposed controls. While it is true that these imaging find-
ings are linked to the quantity of Gd being administered,
the sensitivity of signal changes for the presence of de-
posited Gd remains unknown, and therefore this study does
not exclude the presence of deposited Gd.

A retrospective analysis by Rossi Espagnet et al. demon-
strated an increase in DNP and GPT signal ratios in pedi-
atric patients exposed to macrocyclic GBCAs without a vis-
ible SI increase in the dentate nucleus or globus pallidus
[49]. Subsequent correspondence has been critical [50],
suggesting that the signal ratios claimed should have been
associated with visible SI changes, and that this finding is
difficult to explain as macromolecular-bound Gd, the high
relaxivity species implicated as cause for this signal change,
has been detected only following use of linear agents [51].
In response, the authors pointed out that not all of the pub-
lished studies reported visible high SI despite an increase
in DNP and GPT ratios [30] and an autopsy study [52]
showed evidence of Gd deposition in the cerebellum with-
out evidence of hyperintensity on MRI [53]. A repeat of the
adult studies on children would give a clearer picture on an
already controversial topic.

Human Tissue Studies

The use of inductively coupled plasma mass spectrometry
(ICP-MS) combined with transmission electron microscopy
and light microscopy, provided unambiguous evidence of
Gd deposition. This has also permitted quantitation to the
range 0.1–58.8µg/g within the DN in one series [8], and
1.01µg/g in another [52]. Subsequently, the higher spa-
tial resolution techniques of scanning electron microscopy/
energy dispersive X-ray spectroscopy (SEM/EDS) and laser
ablation ICP-MS (LA-ICP-MS) have provided further in-
formation. In biopsy specimens of tumors, the microscopic
resolution of SEM/EDS showed Gd deposits in vascular
areas, particularly walls of blood vessels and with calcifi-
cation, with quantity related to number of exposures [9].
The LA-ICP-MS on autopsy specimens has localized Gd to
the DN and throughout the cerebellar cortex [52]. Higher
levels within the folia depths may be due to the presence
of cerebellar microvascular end arteries [54]. Initially it
was thought that this deposition occurred because of a dis-
rupted blood-brain barrier (BBB) but autopsy studies using
ICP-MS and TEM/EDS confirmed that this phenomenon
was also quantitatively observed in patients at sites remote
from intracranial pathology (e.g. tumors) with deposition in
the endothelium, neuronal interstitium and cell nuclei [55].
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Considering the agents’ pharmacodynamics and gadolin-
ium’s association with nephrogenic systemic fibrosis (NSF)
it was speculated that there is an association with renal fail-
ure; however, this finding was also present in patients with
a normal renal function [56]. Moreover, cumulative doses
were associated with the amount of Gd being deposited [8].

AnimalModels

Repeated administrations of GBCAs, mostly with linear
agents, have demonstrated T1 signal hyperintensity in deep
cerebellar nuclei in animal models [57–59]. Histological
analysis demonstrated no pathological alterations in exam-
ination of the H&E stained slides and using immunohis-
tochemistry both in animal models [60] and in humans
[55] although Gd deposits were noted in neuronal cells.
Although different mechanisms have been proposed, the
actual pathway of how Gd or GBCAs manage to cross the
BBB is unknown [61].

Mechanisms of Deposition

Considering the differing stabilities of GBCAs, it is not
surprising that deposition of Gd was mostly associated with
linear agents [56, 62–67]. An autopsy study [56] has shown
evidence of brain Gd deposition with macrocyclic agents al-
though it was lower when compared to linear agents and
the study had some confounding factors. The mechanism
by which GBCAs enter the brain remains incompletely un-
derstood. Rat studies [68, 69] suggest that the first step is
accumulation of the agent in the cerebrospinal fluid (CSF)
presumably via the choroid plexus [70], followed by dis-
tribution to the brain. Human imaging studies provide ad-
ditional evidence for CSF entry: in a study investigating
BBB breakdown in stroke patients, progressive T1 changes
in CSF were shown in the 30min after administration of Gd
[71]. Similar delayed CSF enhancement has been shown
in a subsequent study using both linear and macrocyclic
agents [72]. This latter study demonstrated CSF enhance-
ment in healthy controls implying that GBCA entry into the
CSF is physiological and not isolated to pathological states.
The transfer of GBCA from CSF to the brain is currently
thought to be via the “glymphatic” pathway. Originally de-
scribed by Iliff et al. [73], the glymphatic system provides
a mechanism of fluid exchange whereby CSF enters the
brain parenchyma in peri-arterial channels, and circulates
through the interstitial fluid of the brain, before exiting in
peri-venular channels. Small molecules are readily trans-
ported by this system from the CSF into the brain, including
GBCAs [74].

The pattern of brain deposition of Gd following high-
dose exposure has been linked to the pattern of physio-

logical iron deposition [33] on MRI. Similarly, in a recent
review [14] this pattern was again noted with reference
to detailed anatomical studies on brain iron. A rat study
specifically investigating this hypothesis demonstrated that
Gd concentration in brain regions following linear GBCA
administration was strongly correlated with regional iron
concentration (Fe-Gd correlation; gadodiamide: r= 0.9455,
p< 0.0001; gadobenate: r= 0.7909, p< 0.01; gadoterate:
r= 0.4455, p= 0.17) [75]. The authors proposed two hy-
potheses to explain this correlation: iron transmetalation
or a shared entry pathway; however, work describing the
glymphatic pathways shows wide distribution of Gd-DTPA
(gadopentetate) in rat brain [74], which is at odds with
the shared entry hypothesis. As the thermodynamic sta-
bility of various GBCA ligands are known be orders of
magnitude higher for Fe3+ than for Gd3+ [76, 77], the iron
transmetalation hypothesis is highly plausible.

Although the long-term effects of Gd exposure are un-
known, research is being conducted to assess whether the
phenomenon of Gd retention is potentially reversible. The
possibility of slow excretion or washout of Gd was hinted
at by the original report [30] which found an association
between GBCA administration frequency and T1 signal hy-
perintensity. A later imaging study found a decrease in the
high signal intensity of the DN when a linear GBCA is
switched to a macrocyclic GBCA further supporting the
existence of a washout effect [45]. This was subsequently
demonstrated in a rat model in an industry-sponsored study
[60], with a further rat study separating the retained Gd
into three fractions: small water-soluble molecules, soluble
macromolecules and water-insoluble forms, with evidence
of continued excretion of the water-soluble forms between
3 and 24 days. Macromolecular and insoluble forms were
found only after linear GBCA administration [51]. Based
on theoretical knowledge from radionuclide decorporation
treatments, another group have stated that using a chelator
to remove Gd is theoretically possible [78].

Accumulation of Gd has also been demonstrated in or-
gans other than the brain especially in bone and skin, includ-
ing after macrocyclic agents, and with bone concentrations
significantly higher than in brain [56]. Reports of delayed
onset NSF following GBCA [79, 80] suggest that bone may
act as a long-term reservoir of Gd which is subsequently re-
leased; however, in the absence of severe renal impairment
the importance of this reservoir effect is unknown.

Clinical Effects

The main deep grey nuclei in the brain that are affected with
Gd deposition are the DN and GP. The DN is recruited for
motor functions, motor procedural learning, sensory func-
tions and cognitive tasks [81]. Injury to the GP can lead to

K



A Review of the Current Evidence on Gadolinium Deposition in the Brain 165

dystonia and parkinsonism [82]. So far there have been no
studies in animals or humans that have demonstrated clear
behavioral [57] or clinical changes (Parkinsonian symp-
toms) [83] secondary to Gd deposition in the brain, that
is, there has been no definite evidence of harm; however,
recently a retrospective study in patients with multiple scle-
rosis (MS) demonstrated that high T1 signal intensity in the
GP and DN is associated with worse verbal fluency scores,
although the authors also said that many other areas of the
brain are affected in MS patients which may also have an
influence on the neuropsychological test results [84].

In the last Consortium of Multiple Sclerosis Centers
(CMSC) annual meeting it was established that Gd-en-
hancedMRI scans should be only reserved for specific cases
and not be used for routine monitoring [85]. Even though
a prospective single-center study had shown that cumulative
doses of macrocyclic GBCA increases the detection of en-
hancing lesions in patients with clinical isolated syndromes
or relapsing MS [86], the authors recommended against the
routine use of this protocol because of the uncertainties
associated with Gd deposition in the brain. Implications
to practice may extend to other populations that require
contrast-enhanced MRI scans for the monitoring of disease
activity such as in patients suffering from Crohn’s disease
[87].

One group has proposed the term “gadolinium storage
condition” for the state of Gd deposition in brain, and the
term “gadolinium deposition disease” for a symptomatic
condition [88]. Based on a patient group self-reported
symptom survey [89], they described variable symptoms
including headache, bone and joint pain, clouded men-
tation and skin symptoms similar to NSF. Although this
survey has major methodological limitations and does not
address causality, it is the first attempt to describe a clinical
syndrome that may occur after multiple Gd administrations.

Future Implications

Research into alternative contrast agents is currently a topic
of interest. One research path has been the replacement of
Gd3+ chelates with other transition metals chelates as T1
agents; a series of high relaxivity Mn2+ agents using novel
ligands have been described, but stability is lower than ex-
isting GBCAs [90]. An alternative approach has been to
exploit the very high thermodynamic stability of Fe3+ (sev-
eral orders of magnitude higher than Gd3+) chelates with
established ligands, and the use of higher doses to miti-
gate the lower relaxivity. [77]. A different approach has
explored metal-free agents and demonstrated the potential
of nitroxide-based, nano-structured polymers as T2 agents
in a murine model [91].

Regulatory Responses

With regards to advice from regulatory bodies, in 2015 the
U.S. Food and Drug Administration (FDA) had advised
a review of the administration protocols of GBCAs so as
to limit exposure while studies were being evaluated [92].
While these recommendations have remained unchanged,
in the latest safety announcement they have asked for the
creation of medication guides which every patient will be
asked to read before being administered a GBCA [93].

Recently, the International Society of Magnetic Reso-
nance in Medicine (ISMRM) Safety Committee also made
similar recommendations [94] although they ignored the
washout effect of chelated Gd [59] and state that there is
no evidence that shows any harmful effects from deposi-
tion of chelated or unchelated Gd. Radbruch et al. have
critiqued this recommendation and said that while it is true
that there is no clinical evidence of any side-effects from
either chelated or dechelated Gd deposition in the brain,
the reason why Gd was chelated in the first place was
to prevent its toxic effects in its free form [95]. In 2017
the European Medicines Agency (EMA) finalized its re-
view on GBCAs and stated that although currently there is
no evidence of any clinical side-effects, they advised the
precautionary suspension of marketing authorisations for
four linear agents: gadobenate dimeglumine, gadodiamide,
gadopentetate dimeglumine, and gadoversetamide. Gadox-
etic acid was not suspended because of its importance in
liver MRI and a gadopentetic acid formulation for arthro-
grams was also not suspended because of its very low Gd
concentration [96].

Considering the aforementioned evidence, the overall ap-
proach when administering GBCAs should be in line with
what regulatory bodies [93, 94, 96] and associations of vul-
nerable patient groups such as the CMSC [85] have recom-
mended.

The use of an appropriate level of caution is suggested:
good clinical practice should already mean that Gd is only
used when clinically indicated and should not be withheld
where an appropriate indication exists.

In Europe, the EMA’s suspension of marketing autho-
rization of several linear agents makes the clinical decision
to change practice so as to use macrocyclic agents largely
moot. Otherwise, the decision to change practice in the
absence of robust evidence of harm is a difficult one. Nev-
ertheless, there is evidence of pharmacokinetic differences
between agents, and where all else is equal, it would seem
reasonable to prefer an agent which shows less deposition
than one which shows more.

Additionally, the use of patient information literature
which explains the recent discovery of Gd deposition that
it remains of uncertain significance, together with assur-
ance that there is an appropriate indication for its use may
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also help avoid unnecessary anxiety. An explanation that
GBCAs differ in their tendency to cause hyperintensities
and detailed information about the prescribed GBCA have
also been suggested [30].

Conclusion

There is enough evidence that GBCAs cross the BBB and
deposit in the deep nuclei of the brain, especially after re-
peated exposures. While deposition happens in both linear
and macrocyclic agents, it more likely to happen with linear
agents, hence the recommendations by the regulatory au-
thorities. There is currently no significant evidence of any
biological or clinical effects. The GBCAs are an important
and essential tool in the field of neuroradiology and the
current challenge is actually quantifying the potential long-
term risks in the light of their significant benefits. Further
research is required into the mechanisms by which GBCAs
enter and deposit Gd in the brain parenchyma. The poten-
tial long-term biological and clinical effects require ongoing
surveillance in order to quantify the impact on patient care.
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K. Das declare that they have no competing interests.
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