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ABSTRACT

Gadolinium based contrast agents (GBCAs) have been
widely used intravenously in MRI examinations and
are considered relatively safe in patients with intact
renal function. However, since 2014, repeated admin-
istrations of GBCAs have been associated to high MRI
signal intensity in deep brain nuclei, on unenhanced
T1-weighted images, a finding that has been attributed
to gadolinium (Gd) parenchymal deposition. Deep brain
nuclei Gd deposition is variable among different agents
available for clinical practice and is considered great-
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er with linear GBCAs compared to macrocyclic agents.
The clinical significance of Gd brain retention has not
been extensively studied and remains, to a great extent,
undetermined. In this review article, the biochemical
structure of GBCAs, the clinical and pathologic studies
investigating morphological and histological changes
after multiple intravenous Gd administration, the sug-
gested pathogenetic mechanisms and the recent rec-
ommendations towards safe use of these agents are
summarised.
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Introduction

Gadolinium-based contrast agents (GBCAs) are commonly
used intravenously in magnetic resonance imaging (MRI)
examinations for the diagnosis and follow-up of various
diseases [1]. They are known to act by shortening the T1
relaxation time of the abutting hydrogen nuclei, thus
tissues with a high concentration of contrast exhibit en-
hanced tissue intensity in MR images. Since their intro-
duction in 1987, over 300 million doses of GBCAs have
been administered worldwide [2]. Rest aside minimal al-
lergic reactions and adverse effects, GBCAs have long been
considered relatively safe up until 2006, when Marckmann
et al. reported that patients with severe renal impairment
may develop nephrogenic systemic fibrosis (NSF) follow-
ing GBCAs administration [3]. However, since renal func-
tion evaluation prior to GBCAs’ administration, new NSF
cases have been minimised [4].

In 2014 Kanda et al were the first to raise suspicion
regarding central nervous system (CNS) accumulation
of these agents. They reported high MRI signal intensi-
ty at the dentate nuclei (DN) and the globus pallidi (GP)
on unenhanced T1-weighted (T1W) images, in adult
patients, after repeated exposures to GBCAs [5]. Subse-
quently, numerous studies, in both adults and paediatric
patients, further confirmed these findings and support-
ed the theory of long-term CNS Gd retention after mul-
tiple GBCA-enhanced MRI scans [6-38]. In the same vein,
there have been pathological human and animal studies
that showed similar CNS Gd deposition patterns [39-51].
Therefore, concerns have been raised about safety and po-
tential neurotoxicity, with ongoing controversy regarding
the clinical impact of such a phaenomenon. In this review
article we mainly focused on original articles published
in peer-reviewed journals in the last five years aiming
to summarise current knowledge and recommendations
concerning Gd CNS deposition up to-date.

The biochemical structure of GBCAs

Gd in its free ionic form (Gd3+) is a highly toxic lanthanide
heavy metal. GBCAs represent a Gd ion bound to a chelat-
ing agent, which eliminates its toxicity and alters its dis-
tribution within the body [52]. GBCAs can be categorised
into two broad groups based on their molecular struc-
ture: linear and macrocyclic. Macrocyclic -“caged*-li-
gands resemble a robust cavity enclosing the Gd ion, while
linear-"open chain"-ligands wrap around the Gd ion, en-
circling it, without fully entrapping it. Each group can
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be further subclassified into ionic and non-ionic agents,
according to their charge. The commercially available
GBCAs comprise four different types: linear ionic, linear
non-ionic, macrocyclic ionic, and macrocyclic non-ionic
[53] (Table 1). According to their different chemical struc-
tures, these bear different properties regarding dechela-
tion after administration. The linear non-ionic chelates
are considered the least stable, whereas the macrocyclic
ionic chelates are considered the most stable [54]. The
higher the stability, the less likely that free Gd can be re-
leased into the circulation and tissues [55].

High signal intensity in deep brain nuclei on unen-
hanced T1W images is associated with previous GBCAs
administrations (Fig. 1, Table 2)

Kanda et al were the first to report in 2014 that in-
creased signal intensity in the DN and GP on unen-
hanced T1W images may be a consequence of multiple
precedent linear GBCA administrations [5]. This study
included 19 adult patients with brain tumours, having
previously received at least six doses of linear GBCAs
(gadopentetate dimeglumine or gadodiamide), and 16
patients having previously undergone at least six un-
enhanced MR examinations. The researchers calculated
the mean signal intensity (SI) of the DN, GP, pons and
thalamus on unenhanced T1W images and indicated
that hyperintensity on TIW images in deep brain nu-
clei only developed in patients with exposure to GBCAs,
with an increase in the dentate nucleus-to-pons and
globus pallidus-to-thalamus SI ratios, that significantly
correlated with the administered dose. No correlation
with patients’ renal function was demonstrated. Shortly
after this initial report, these findings were confirmed
in numerous studies and not only in patients with brain
parenchymal diseases, such as multiple sclerosis (MS),
gliomas and brain metastases, but, also, in patients with
extraparenchymal lesions, such as meningiomas, who
have a history of at least six MRI examinations with ga-
dodiamide administration [9]. In these patient groups,
alinear relationship was established between T1 hyper-
intensity of the DN and the number of enhanced MRI
scans [6-18]. Even more, increased signal intensity on
unenhanced TIW images was also seen in the posterior
thalamus, substantia nigra, red nucleus, cerebellar pe-
duncle, and colliculi in 13 patients who received 35 or
more linear GBCA administrations [19], or even in the
cortices of the pre- and post-central gyri and around
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Table 1. Biochemical properties of gadolinium-based contrast agents.

Generic name Chemical structure Ionic vs non-ionic Trade name
gf;iggﬁﬁ;?;fe Linear Ionic Magnevist
Gadoversetamide Linear Non-Ionic Optimark
Gadodiamide Linear Non-Ionic Omniscan
Gadoteridol Macrocyclic Non-Ionic Prohance
Gadoterate meglumine Macrocyclic Tonic Dotarem
Gadobutrol Macrocyclic Non-ionic Gadavist/Gadovist
Gadobenate dimeglumine Linear Tonic Multihance
Gadoxetate disodium Linear Ionic Primovist/Eovist

Table 2. Adult clinical studies investigating T1 hyperintensity of the brain structures after multiple GB-
CAs administration.

MR System

field Strength Results

Adult Studies Patient groups Contrast agent

19 pts underwent more | gadopentetate High SI in DN and GP was asso-

e et | meglumine 5 ciated with the number of pre-
unenhanced MRIs. gadodiamide vious CE-MRIs.
38 pts with MS under-

Errante et al went more than 2 CE- SI in DN has a linear relation-

2014[6] ” MRIs; 37 pts with brain | gadodiamide 15T ship with the CE-MRI in pts
metastases underwent with MS and brain metastases.

more than 2 CE-MRIs.

A Slincrease in the DN and

gadopentetate GP on T1-weighted images is
dimeglumine caused by serial application of
ggf ;D f;l]Ch etal, a%;%‘;l:igisi%%é_ﬁlgfs - 15T,3.0T the linear GBCA gadopentetate
* | gadoterate dimeglumine, but not by the
meglumine macrocyclic GBCA gadoterate
meglumine.
18 pts with prior gadodi- I
amide and current gado- = gadodiamide gll?c?ugpag}?gv?endngfe?t(g:;eld
Ramalho et al., bqngte dlmeglumlne a'd— 15T $1 change compared to pts
2015[8] ministration; 44 pts with | gadobenate without orior sadodiamide
only gadobenate dime- | dimeglumine exposur eIz)s &

glumine administration.

Significant T1 hyperintensi-
ty of the DN on non-enhanced

Quattrochi et . . - scans between the first and
al.. 2015 [9] 46 pts with meningioma. | gadodiamide N/A the last MRI in the group of pa-
tients with a history of at least
6 enhanced MRI scans.
SIratio in the DN was in-
Weberling et 50 pts underwent more | gadobenate 15T 3.0T creased after repeated gadobe-
al., 2015 [10] than 5 CE-MRIs. dimeglumine o nate imeglumine

exposures.
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Table 2. Adult clinical studies investigating T1 hyperintensity of the brain structures after multiple GB-

CAs administration.

MR System

Adult Studies Patient groups Contrast agent field Strength Results
184 ots havine received Repeated CE-MRI administra-
Adin et al., 2015 ra dig tion therga un- gadopentetate 15T 3.0T tions results in persistent in-
[11] derwent 2677 NF}%IIS dimeglumine e creased SI in the DN on unen-
: hanced TIWIL.
23 pts linear
chelate GBCAs,
36 pts macro- . -
cyclic chelate Hyperintensity in the DN on
Kanda et al 127 pts with various GBCAs unenhanced T1-weighted MR
2015 [12] ” brain diseases 14 ots both 30T images after administration of
: t P ¢ linear GBCA, and not with mac-
ypes of GBCAs lic GBCA
54 pts no histo- rocychic s
ry of gadolini-
um chelate.
rsr?o%t:svzgc}il :tr ?elgsttus_ix Slincrease in the DN and GP on
consecutive MR imag- gadopentetate T1-weighted images is caused
Radbruchetal,, | ing examinations with dimeglumine by serial application of the lin-
X 15T,3T ear GBCA gadopentetate di-
2015[13] linear GBCAs and 50 pts ;
with brain tumours and gadoterate meglumine, but not by the
at least six examinations meglumine macrocyclic GBCA gadoterate
with macrocyclic GBCAs. meglumine.

s with at leas ere is increased T1 signa
62£t ith at least 3 There s i d T1 signal
gadobenate dimeglu- adobenate change over time in patients

Ramalho et al mine studies, (18 had %ime lumine who underwent gadobenate di-
2016 [14] ” | previous administra- g 15T meglumine and had received
tion of gadodiamide gadodiamide prior gadodiamide, compared
and 44 only gadobenate to those without exposure to
dimeglumine). previous gadodiamide.
The number of previous GBCA
3 T,relaxom- | administrations correlates
etry (trans- with R1 relaxation rates of DN,
Tedeschi et al., verse R2* while R2* values remain unaf-
2016 [15] 74 RRMS pts. N/A rate, longitu- = fected, suggesting that T1-hy-
dinal R1 re- perintensity in these patients
laxationrate) | is related to the amount of
Gadolinium given.
The application of the linear
36 pts with at least GBCA gadopentetate dimeglu-
5 agminis trations of gadopentetate mine was associated with a DN-
Radbruch et al., adopentetate dimeglu- dimeglumine 3T pons Sl ratio increase, whereas
2016 [16] rgn inepfollowe dbvs ogf subsequent applications of the
adobutrol y gadobutrol macrocyclic GBCAs gadobutrol
g ’ or gadoterate meglumine in
the same patients were not.
T1-hyperintensity in both GP
58 RRMS pts divided in 3 anthN In pts with dRRMIS.ag'
Stojanov et al groups based on the in- ;ealrtio?)‘lllltr;%lr:;?()‘/sirgsluPttlsp rz—
7| tervals of previous, mul- | gadobutrol 15T :

2016 [17]

tiple (n= 4-6) contrast
administrations.

ceiving doses with the shortest
interval presented maximum
increase in GP-to-thalamus SI
ratio.
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Table 2. Adult clinical studies investigating T1 hyperintensity of the brain structures after multiple GB-
CAs administration.
. . MR System
Adult Studies Patient groups Contrast agent field Strength Results
No signal increases in the DN.
No correlation between the
. mean DN-to-pons, or between
Eisele et al., 21 EII({) I;,/I(S; _t:nvﬁggcaet dl east gadoterate 15T 3T the mean DN-to cerebellum SI
2016 [26] MPI)US meglumine = ratio and the number of MRI
: examinations, disease duration
and e)((pand)ed disability status
scale (EDSS
Bisrnerud 17 pts with no previous T1-hyperintensity of the DN,
ef: al., 2017 [18] history of linear GBCA gadobutrol 15T that correlated with the num-
" administration. ber of prior administrations.
gadodiamide Increased SI on unenhanced
) T1WI in the posterior thala-
Zhanget al., 13 pts with more than 39 | gadopentetate S
2017[19] GBCAs exposures. dimeglumine 15T,3.0T rrllus, SUbStﬁnﬁla mgéa’ reld nu—l
adobenate cleus, cerebellar peduncle, col-
g. lumi liculi, DN and GP.
imeglumine
59 gadopen- Tl—}}llyperintensgcy nlot‘ only ]
Khant et al 34-year-old male with fieifﬁzeglumine it}llzlair?fsi ]ﬁlljtaﬁsopilrll ‘t,}llléago(;-
" more than 86 GBCAs 15T . ’
2017 [20] eXDOSUTres 24 gadoterate tices of the pre- and post-cen-
P meglumine tral gyri and around the calcar-
3 gadoteridol ine sulcus.
Quantitative assessment of T1
9 pts with 1-8 CE-MRIs; values of gray matter were sig-
Iz%lln 70[3’5? L, 26 pts with no previous %?icépﬁlrﬁ?‘:e 15T nificantly shorter for patients
GBCA exposure. & with than for patients without
prior GBCA exposure.
No significant difference in
18 %)ts included with DN/pons and GP/thalamus SI;
Conte et al., melanoma with multiple | gadoxetate 15T DN/pons ST and GP/thala-
2017 [22] (n=2-18) gadoxetate iso- | disodium : mus. SI did not significant-
dium administrations. ly increase with increasing the
number of administrations.
1.57T,3.0T,
relaxometry
Tedeschi et al A 32-year old female (transverse Massive gadobutrol exposure
2017 [24] ” | with RRMS and 22 GD- gadobutrol R2*rate, lon- = did not induce significant DN
CAs exposures. gitudinalR1 | relaxometry changes.
relaxation
rate)
97 MS pts exclusively re- | gadopentetate DN T1 hyperintensity in MS
Schlemmetal., = ceived either gadopen- 15T 3T patients is associated with
2017 [72] tetate dimeglumine or dimeglumine = adopentetate dimeglumine,
g % P g
gadobutrol. gadobutrol ut not gadobutrol.
158 MS ptsreceived ex- | gadoterate T1 hyperintensity in the DN
Splendiani clusively either gado- meglumine 30T in one-third of all patients in
etal.,2018[57]  terate meglumine or ’ each group that received at
gadobutrol gadobutrol least 5 GBCA administrations.
gadobutrol
59 é)ts received only gadoverseta- The DN/pons Sl increased in
Moser et al., gadobutrol; 60 pts re- mide 15T 3.0T the linear GBCA group; no sig-
2018 [25] ceived only linear gadobenate di- R nificant increase was seen in
GBCAs. meglumine, and the gadobutrol group.
gadodiamide

Abbreviations: GBCA: Gadolinium based contrast agents, pts: patients, CE-MRI: contrast-enhanced MRI, SI: signal intensity, DN: dentate

nucleus, GP: globus pallidus, MS: multiple sclerosis, RRMS: relapsing remitting multiple sclerosis
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Fig. 1. A 64 years old female with pituitary macroadenoma received 12 gadopentetate dimeglumine administrations during a pe-

riod of six years. On pre-contrast TIW sequence of the last brain MRI (B) increased signal intensity in dentate nuclei bilateral-

ly is demonstrated, compared to the respective areas of the pre-contrast TIW sequence of the first brain MRI (A) six years ago.

the calcarine sulcus in one patient with neurofibroma-
tosis type Il and more than 86 contrast-enhanced MRI
studies [20].

Subsequently, increasing evidence by other studies fur-
ther confirmed the long term CNS Gd retention after the
intravenous administration of various linear GBCAs, by
using of qualitative [10, 11] or semiquantitative measures
of T1 SI in selected regions of the brain to generate nor-
malised SI ratios [14] or even with relaxometry [15] and
quantitative analyses [21]. Of specific importance is a re-
cent study evaluating deposition with gadoxetate disodi-
um (the hepatocyte-specific linear GBCA used exclusively
in MRI liver imaging for hepatic lesion characterisation).
This study by Conte et al retrospectively reviewed data
from 18 patients with stage III melanoma and multiple
administrations of this linear agent and concluded that it
was not associated with increased SI in DN and GB of the
brain [22].

Regarding macrocyclic gadolinium chelates, many clin-
ical studies share the common viewpoint that their use is
not associated with Gd CNS deposition [7, 12, 13, 16, 23-
26], probably due to higher stability comparing to linear
GBCAs [54, 55]. A systematic review of 25 retrospective
studies involving MRIs of 1247 patients concluded that
SI within the DN and GP on unenhanced TIW MR imag-

es positively correlated with GBCAs administrations and
was greater after serial administrations of linear nonion-
ic than cyclic contrast agents [56]. On the contrary, there
have been some clinical studies indicating that macrocy-
clic chelates also induce T1-hyperintensity in deep brain
nuclei. In a study of 58 patients with relapsing-remitting
multiple sclerosis (RRMS), Stojanov et al (2016) reported
T1-hyperintensity in both GP and DN after multiple dos-
es of gadobutrol, although there was no correlation be-
tween the total amount of administered gadobutrol and
the increase in SI ratio of globus pallidus-to-thalamus or
dentate nucleus-to-pons [17]. The SI within the GP and DN
at the end of the study depended on the length of con-
trast administration, with the highest values of SI to be
found in the group of patients receiving gadobutrol over
the shortest period of time. This was thought to be the
consequence of a higher contrast load and greater deposi-
tion of Gd over the shorter time. However, this study had
several limitations owing to confounding factors, such as
previous use of other contrast agents and the histopatho-
logic processes in MS (accumulation of iron containing
glial cells, or increased concentration of manganese and
manganese-binding enzymes) that can shorten T1 relax-
ation time and cause brain tissue hyperintensity on TIW
images [17]. Bjornerud et al. (2017) conducted a retrospec-
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Table 3. Paediatric clinical studies investigating T1 hyperintensity of the brain structures after multiple

GBCAs administration.

Paediatric . MR System
Studies Patient groups Contrast agent field Strength Results
. Visually evident SI increase
. 8 -yrs old child who re- . ;
Miller et al., ceived 35 doses of linear gadopentetate 15T in the DN, GP, and posterior
2015[27] GBCA in 12 vears dimeglumine thalamus following repeated
years. CE-MRISs.
Roberts and 13-yrs old female with adopentetate Hyperintensity within the DN
Holden, 2015 clival chordoma and se- gimep lumine 1.5T,3.0T and GP bilaterally, with the in-
[28] rial follow-up CE-MRIs. g creasing use of GBCAs.
21 pts with multiple
(5-37) CE-MRISs in the In all GBCA exposed pts, in-
Huetal.,, 2016  course of their medi- gadopentetate | 5T creased SI ratios were shown
[29] cal treatment; 21 age- dimeglumine : for the DN, and for the GP be-
matched controls tween the first and last MRIs.
GBCA-naive.
The number of prior GBCA dos-
Roberts et al., 16 pts with more than5  gadopentetate | . 5 /¢ es correlated significantly with
2016 [30] consecutive CE-MRIs. dimeglumine R progressive T1- hyperintensi-
ty in DN.
46 paediatric pts with at Lrgctrfﬁg%c})SI within the DN, but
Flood et al least 3 GBCA-enhanced d onificant lation b
oodetal., MR examinations and 57 = &2 opentetate 15T Significant correlation be-
2017 [31] ase-matched GBCA-na. | dimeglumine ’ tween DN SI and total cumula-
; vge control subjects tive gadolinium dose.
24 pts (aged 5-18 years)
and subjects matched gadoteridol No significant differences in
Tibussek et al for age and sex, with mean SI for any ROI and no
2017 [32] ”  non-pathologic MR neu- = gadoterate 15T group differences when DN-to-
roimaging findings (and | meglumine pons and GP-to-pulvinar ratios
no GBCA exposure), were compared.
were included.
No increase of the SI in the DN
Radbruchetal,, 31 paedlatrl ts (3-17 gadoterate was found after a mean of 8.6
7 | years) imaged in at least . 15T P .
2017 [23] five serial CE-MRIs meglumine serial injections of the macro-
: cyclic agent.
50 pts with normal renal Quantitative analysis of GP/
function exposed to =6
. b - thalamus and DN/pons demon-
Rossi et al., administrations of the gadoterate 30T strated a significant increase in
2017 [33] Zgrgeerfl;;izi}é fihé];;— BCA; | meglumine relative SI after serial adminis-
CA- r%aive pts trations of macrocyclic GBCA.
34 non neurologic pts re- Multiple low-dose gadobenate
Schneider et gilsveesdorfn(;l i)t;%fn(lgl;kﬁgf adobenate 15T tposures did not result in sig-
al., 2017 [35] adobenate: 24 contrc%l & ’ cantly increased mean ST in
éB CA naive ’p ts the DN, GP and thalamus.
Renzetal., 2018 | 2 paediatric pts cohorts gadopentetate Sl increase within the DN and
[36] wﬁo underwent at least dimeglumine 15T GP after serial administrations
3 consecutive CE-MRIs ’ of the linear agent, but not of
* | gadobutrol the macrocyclic agent.
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Table 3. Paediatric clinical studies investigating T1 hyperintensity of the brain structures after multiple

GBCAs administration.

Paediatric . MR System
studies Patient groups Contrast agent field Strength Results
92 paediatric pts with at gadodiamide or The SI ratios of GP/thala-
et e | SISO pagopeaie  musandoNponinthelne
[37] ther linear GBCA (n=41) & : ly between the first and last
or macrocyclic GBCA adoterate MRISs but not in the macrocy-
(n=51). ;3n eglumine clic group.
10 paediatric pts under- Repeat administrations of the
went multiple (n=4-8) macrocyclic agent was not as-
Young et al., adoteridol-enhanced gadoteridol sociated with T1-hyperinten-
2018 [38] rain MRIs; 9 paedi- 15T,3.0T sity in DN, while the repeat
atric pts, each hav- gadodiamide administration of the line-
ing received 6 gadodi- ar agent was associated with
amide-enhanced MRIs. T1-hyperintensity in DN.

Abbreviations: GBCA: Gadolinium based contrast agents, pts: patients, CE-MRI: contrast-enhanced MRI, SI: signal intensity, DN: dentate

nucleus, GP: globus pallidus

tive study including 17 patients with high grade gliomas
and no previous history of linear GBCA administration
who had received 10-44 standard doses of macrocyclic Gd-
based contrast agents and reported a statistically signifi-
cant and dose-dependent SI increase in the DN, although
visually appreciable T1 signal hyperintensity of the den-
tate nucleus was found only in two patients who had re-
ceived 37 and 44 standard doses, respectively [18]. Finally,
a recent retrospective analysis in 158 MS patients with
consecutive exclusively macrocyclic GBCAs exposures
demonstrated an increase in dentate nucleus-to-pons T1
SI ratio between the first and last MRIs for both gadoter-
ate meglumine and gadobutrol, possibly indicative of Gd
retention. Visible T1 hyperintensity in the DN was noted
in approximately one-third of all patients in each group
that received at least five administrations of either macro-
cyclic GBCA [57]. To sum up, evidence to date suggests that
macrocyclic GBCAs may be also responsible for Gd depo-
sition. Still, controversy remains and findings need to be
further confirmed in large cohort prospective studies.
Regarding paediatric patients, there have been many
studies since 2015 that demonstrated CNS deposition pat-
terns similar to that of adults, expressed as deep brain
nuclei T1-hyperintensity, following multiple linear GBCA-
enhanced MRI examinations [27-29] and not with macro-
cyclic agents [32, 36, 37]. One retrospective study based
on quantitative evaluation of increased TIW SI in a series

of 50 children with multiple previous administrations
of gadoterate meglumine was the first one to implicate
possible macrocyclic GBCA deposition [33]. This study re-
ceived much attention, but also raised major criticism for
existing inconsistencies and was not convincing [34]. One
study involving paediatric patients without neurological
symptoms evaluated the results of multiple serial admin-
istrations of low-dose gadobenate dimeglumine noted no
SI increases indicative of gadolinium deposition and im-
plicated that the administered dose may play a role [35].
Currently, the majority of the respective studies [23, 32,
36, 37] supports that linear GBCAs are associated with
T1-hyperintensity in the brain, which is the reason for an
impressive shift to macrocyclic GBCAs in paediatric MRI
[58] (Table 3).

Evidence of gadolinium accumulation in human au-
topsy studies (Table 4)

T1 SI changes in deep brain nuclei are non-specific for Gd
deposition and may be depicted in various metabolic and
toxic pathological conditions (eg Wilson disease, hepatic
encephalopathy, parenteral nutrition). Several research
groups tried to prove the aetiological relationship between
GBCAs exposures and T1 hyperintensity in deep brain nu-
clei through histologic confirmation of Gd tissue accu-
mulation. In this context, both studies with post-mortem
human tissues as well as animal studies were performed.
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Table 4. Evidence of Gadolinium deposition in human autopsy studies

. Detection
Study Patient groups Contrastagent | . 1 Results
ICP-MS; Gadolinium brain deposition in
13 pts with more than 4 Transmission | the endothelial walls and neu-
McDonald et GBCA administrations; dodiamid Electron ronal interstitium associated
al., 2015 [48] 10 pts without GBCA gadodiamide microsco- with GBCA administrations,
exposed. py; Light independently of patients re-
microscopy nal or hepatogiliary function.
adopen- . .
5 pts received at least 2 tgetate—dimeglu— ?rlagﬁélggﬁ \eh;aesndienp ;)Sgﬁts
I;gil 5d [3425 al, S(E«C%sf’ Spts withno his- | mine ICP-MS without severe renal dysfunc-
GB g A dodiamid tion, the highest accumulation
s exposure. gadodiamide the DN and GP.
gadoteridol areawas
5 pts received gadoteri- | gadoteridol
dol; 2 pts Gadolinium was found with all
Murata et al received gadobutrol; 1 gadobutrol agents (linear and macrocy-
2016 [50] ” pt received gadobenate; ICP-MS clic) in all brain areas
1 pt received gadoxe- gadobenate sampled with highest levels in
tate; 9 pts without GB- GP and DN.
CAs exposure. gadoxetate
ICP-MS;
Transmission
electron mi-
5 pts with 4-18 GBCA ad- croscopy Gadolinium deposition in DN,
McDonald et ministrations; 10 pts dodiamid with pons, GP and thalamus, great-
al., 2017 [51] with no history otp gadodiamide energy-dis- est in DN, in the absence of in-
GBCAs exposure. persive x-ray | tracranial abnormalities.
spectroscopys;
Light
microscopy

Abbreviations: GBCA: Gadolinium based contrast agents, pts: patients, ICP-MS: inductively coupled plasma mass spectrometry, DN:

dentate nucleus, GP: globus pallidus

In 2015, McDonald et al. used post-mortem tissue sam-
ples from the DN, pons, GP and thalamus of 23 patients
with various CNS diseases (10 in contrast group, having
previous multiple GBCAs exposures of gadodiamide and
13 in control group, with no previous GBCAs administra-
tions) [48]. Gd quantification and localisation was achieved
by means of inductively coupled plasma mass spectrome-
try (ICP-MS), transmission electron microscopy and light
microscopy. They confirmed the presence of extensive Gd
retention within neuronal tissues in all the sampled sites
of patients in the contrast group (0.1-58.8 pg gadolinium
per gram of tissue) in a significant dose-dependent rela-
tionship that correlates with unenhanced T1W hyperin-
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tensity. The majority of Gd accumulated in the endothelial
walls, whereas a smaller fraction crossed an otherwise
intact blood-brain barrier (BBB) and accumulated in the
neural interstitium. They postulated that Gd neuronal tis-
sue deposition exists in all patients after intravenous GB-
CAs administration, even in cases with normal renal and
hepatobiliary function [48]. At the same year Kanda et al.
once again by means of ICP-MS confirmed Gd accumula-
tion within post-mortem brain tissues (DN, inner segment
of the GP, cerebellar white matter, frontal lobe cortex, and
frontal lobe white matter) of five subjects with no severe
renal impairment, who had previously received both lin-
ear and macrocyclic GBCAs at least twice, with maximum
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deposition levels registered in the DN and GP [49]. In both
studies the specific form of Gd deposits (dissociated gad-
olinium ion or a chelated gadolinium compound) was not
determined [48, 49].

In 2017 McDonald et al. analysed tissue samples from
five patients without CNS disease and multiple (4-18) ga-
dodiamide administrations and ten patients without Gd
administrations (control group). Gd deposition occurred
mainly within the endothelial wall and to a lesser extent
in the neuronal interstitium (some within the neuronal
cytoplasm and nucleus) with a concentration that ranged
between 0.1-19.4 ug of Gd per gram of tissue. The authors
suggested biologic activity of the Gd deposits, possibly
from modulation of calcium channel activity or direct in-
teraction with cellular biomolecules, but without evidence
of neurotoxicity and uncertain clinical significance [51].

The first human autopsy study that compared macro-
cyclic and linear GBCAs was conducted in 2016 by Mura-
ta et al [50]. In their study, postmortem tissue samples
obtained at multiple locations, including GP, putamen,
caudate head, centrum semiovale, white matter, DN and
pons were harvested from nine patients without CNS dis-
ease who received non-NSF related GBCAs (gadoteridol,
gadobutrol, gadobenate, and gadoxetate) and nine pa-
tients without Gd administration. Once again Gd was de-
tected with all agents, although in higher levels in gadodi-
amide and gadopentetate administration and brain areas
sampled with maximum levels occurring in DN and GP.
Based on their results, they suggested that Gd deposition
in the brain might be unrelated to class, although compar-
ing these data with those of Mc Donald et al. [48] Gd depo-
sition after gadoteridol was lower than after gadodiamide.

Evidence of gadolinium accumulation in animal stud-
ies (Table 5)

Several animal imaging and autopsy studies have also
been conducted to assess Gd retention in the brain after
multiple administrations of different GBCAs. Robert et al
evaluated the SI in the deep cerebellar nuclei (DCN) and
calculated the concentration of Gd by means of ICP-MS
after serial administrations of different linear and mac-
rocyclic GBCAs in healthy rats [39, 41]. Both studies from
the same research group showed that multiple injections
of linear GBCAs were associated with progressive and
significant T1-hyperintensity in DCN and a significant
increase in the DN/cerebellar cortex ratio, as well as Gd
deposition in the cerebellum, whereas no significant MRI
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changes were observed after macrocyclic administration.
The total Gd concentration for the linear GBCAs was sig-
nificantly higher compared to gadoterate meglumine or
control. Jost et al, evaluated TIW SI in the DCN and GP of
healthy male rats after repeated administration of both
linear (gadodiamide, gadofosveset trisodium, gadopen-
tetate dimeglumine) and macrocyclic (gadoterate meglu-
mine, gadobutrol) GBCAs and saline [40]. The animals that
were injected with linear GBCAs exhibited an increased
deep cerebellar nuclei/pons SI ratio, especially with gado-
diamide and gadofosveset trisodium. Macrocyclic GBCAs
were not associated with observed T1 hyperintensities. At
the same study increased SI of CSF spaces was observed
in the post-contrast FLAIR images of all animals receiving
GBCAs but not saline, indicating that all GBCAs were able
to pass the blood-CSF barrier. In another study imple-
menting ICP-MS it has been shown that a heavy increase
in the Gd load from linear GBCAs may result in Gd deposi-
tion not only in the DCN, but also in cerebral cortex, sub-
cortical brain, brainstem, olfactory bulbs and pons [42].
Lohrke et al examined the brain samples of fifty male
rats after repeated linear and macrocyclic GBCAs admin-
istration. No histological changes were observed in the
brain. Using laser ablation coupled with ICP-MS (LA-ICP-
MS) and electron microscopy coupled to energy disper-
sive x-ray spectroscopy and transmission electron mi-
croscopy, high Gd concentrations in the DCN and in the
granular layer of the cerebellar cortex were detected, only
for linear gadodiamide and gadopentetate dimeglumine,
but not for gadoteridol or gadobutrol [43]. In a study eval-
uating the levels of Gd present by ICP-MS in the rat brain
one and 20 weeks after dosing confirmed the presence of
low levels of Gd after repeated gadodiamide exposure, in
a form that was cleared over time without histopathologic
consequence [44]. McDonald et al. reported retained Gd
in the DN, kidney, liver and spleen of adult rats at seven
days post-cumulative exposure to both macrocyclic and
linear GBCAs and found differences not only between the
two classes of GBCAs (macrocyclic and linear) but also be-
tween GBCAs within each class, in descending order as fol-
lows: gadodiamide, gadobenate dimeglumine, gadobutrol
and gadoteridol. This trend largely parallels the agents’
thermodynamic stability constants. Neuronal tissue depo-
sition of Gd appears to take place with both macrocyclic
and linear GBCAs, albeit at lower concentrations than with
macrocyclic agents. These findings suggest that organ tis-
sue deposition is reduced but not eliminated following
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Table 5. Evidence of Gadolinium deposition in animal studies

Study Patient groups Contrast agent ﬁeette}f(ffi(;n Results
. Repeated administration of
7 rats with e
gadodiamide gadodiamide %:iiglgrgl?&gﬁsxigg gado-
5811:’56 I[§ 9e]t 2l anéatlsuvr\rrllitrlllegadoterate adoterate ICP-MS, MRI associated with
7 ragts control group with rgneglumine T1-hyperintensity in the
saline DCN and Gd deposition in the
cerebellum.
gadodiamide,
60 rats divided adopentetate
into a control and 5 %ﬁmeplumine Linear, but not macrocyclic,
GBCA groups (n=10 per & Brain MRI GBCAs exhibited increased
group) (3D-T1W, deep cerebellar nuclei/pons
J[Z(S)ﬁ etal., 2016 18 additional %?rizbif;fiie FLAIR, MR SIratio. Increased SI was ob-
rats divided into 6 g cisternogra-  served in the CSF spaces on the
roups (n=3 per group) phy), 1.5T postcontrast FLAIR images of
%or the evaluation of the gadobutrol all animals receiving GBCAs.
CSF spaces
gadoterate
meglumine
gadobenate-di-
8 rats with gadobenate ~ meglumine
dimeglumine Linear GBCAs
8 rats with gadopen- were associated
gadopentetate tetate-dimeglu- with T1 hyperintensity in the
Robert et al., dimeglumine mine 1cP-MS. MrI | PN along with gadolinium
2016 [41] 8 rats with gadodiamide ’ deposition in the cerebellum
8 rats with gadoterate gadodiamide while gadoterate
meglumine meglumine had
8 rats control group with | gadoterate-di- no abnormal SI effect
saline injection meglumine
In the g?:ldOdiafr‘lfide group,
23 normal mice and 26 gadodiamide lcrlfle};asgg slffgilta telrlrr;ftGlgIl}eTe_n
with renal failure were L L -
Kartamihardja | divided into 4 treatment | gadoterate tion in the liver, bone, spleen,
e . ICP-MS skin, and kidney (p<0.01). Ga-
etal., 2016 [42]  groups (gadodiamide, meglumine dodiamide showed hizher Gd
adoterate meglumine odiamide Snowed tigner
% dcl3 and saline) " Gdcls retention than gadoterate me-
‘ glumine. Renal function did
not affect brain Gd retention.
ICP-MS; LA-
10 rats with I ICP-MS; Scan- . . e
gadodiamide gadodiamide ning electron No hlStopeghOIOglgiid ﬁ}rlld_ )
Biwmthenteste gy Mo eedietedinthorts
dimeglumine %etatle)—dimeglu— py coupled to linear GBCAs was associated
Lohrke et al., 10 rats with mine energy dis- with
2017 [43] gadobutrol persive x-ray significant higher Gd
;géggzgég}i gadobutrol er)lfictt;g;g?rﬁ)sl _ concentration in the brain
10 rats with . sion electron | €9mPpar ed to macrocyclic GBCA
saline as control group gadoteridol microscop administration.
respectively
_ Dose-dependent low levels of
’gtesatr;enl;togur o)uil;)ls_ (n=6 Gd were detected in the brain,
lu dg dl c%w dgsage gadodiamide or ICP-MS 1 week after dosing. This di-
Smith et al., e L minished by approximately
2017 [44] 323121%?&33? g sgrjll;)— gadopentetate E)nstopathol— 50% 20 weeks a[l')ter dosing. No
lality-matched saline dimeglumine gy histopathologic findings were
cont);' ols associated with the levels of Gd
’ measured.
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Table 5. Evidence of Gadolinium deposition in animal studies ’

Study Patient groups Contrast agent Irzleett‘;f;:{;n Results
30 healthy rats, 6 gadodiamide Gd deposition in brain tis-
rats in each treat- MRI ICP-MS | Sue significantly varied with
ment group (con- gadobenate Transmi GBCA type. A significant pos-
McDonald et trol, gadodiamide-ex- dimeglumine .ran;mi— itive dose-SI correlation was
al., 2017 [45] posed, gadobenate ls\i[c')n ectron 4 dentified. Gd deposits were
dimeglumine-exposed, = gadobutrol icroscopy visualised in the endotheli-
gadobutrol-exposed, and al capillary walls and neural
gadoteridol-exposed. gadoteridol interstitium.
Repeated gadolzlutroll1 exposure
. . is not associated wit
8 pigs received gadobutrol adolinium deposition in
gadobutrol and % Ithy ies’ brain. but
Boykenetal,  gadopentetate d ICP-MS Titioro inle dose of
2018 [46] dimeglumine. gadopen- ) aqditiona’sing/e dose ot =
; tetate-dimeglu- gadopentetate dimeglumine is
5 received gadobutrol . fficiont f dolini
only. mine sufficient for gadolinium
accumulation in the DN and
GP.
gadoterate Very low levels or absence of
meglumine Gd after repeated injections of
Rasschaert et 5/6th subtotally ne- gadoterate in renally impaired
al., 2018 [47] phrectomised female gadobenate ICP-MS,MRI | rats, in contrast to the 2 line-
" rats. dimeglumine ar GBCAs, for which the high-
est total Gd concentration was
gadodiamide demonstrated in the DCNSs.
Decrease of up to 4.5-fold in Gd
content in the cerebral cortex
and cerebellum but less so in
the subcortical brain following
Bussi et al., 5male and 5 female ju- | gadobenate ICP-MS, his- | the 60-day treatment-free re-
2018 [69] venile rats. dimeglumine topathology  covery period. No evidence of
microscopic findings or behav-
ioural or neurological
effects related to potential Gd
presence in the brain.

Abbreviations: GBCA: Gadolinium based contrast agents, ICP-MS: inductively coupled plasma mass spectrometry, LA- ICP-MS: laser

ablation coupled with inductively coupled plasma mass spectrometry, SI: signal intensity, DCN: deep cerebellar nuclei, DN: dentate

nucleus, GP: globus pallidus

administration of macrocyclic GBCAs [45]. In a study in-
volving healthy pigs it was demonstrated that multiple
exposures to gadobutrol is not associated with Gd depo-
sition in brain tissue whereas a single additional adminis-
tration of linear GBCA sufficed for retention in the DN and
GP [46]. A more recent study in rats with impaired renal
function, minimal gadoterate meglumine levels were de-
tected in the brain with no T1 hyperintensity of the DCN,
whereas marked Gd retention was observed in almost all
brain areas after injections of linear GBCAs (gadobenate

dimeglumine and gadodiamide [47].

Suggested Mechanisms of GBCAs entering the brain
parenchyma

The CNS environment equilibrium is strictly regulated by
the BBB and the blood-cerebrospinal fluid (CSF) barrier
(BCSFB) [59] which may at times be compromised due to
pathological changes. However, the exact mechanisms of
GBCAs biodistribution are not well-known and it has been
postulated that, even under normal homeostasis, GBCAs
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may be allowed to enter CSF crossing the intact BBB [60].
In a study involving healthy rats, where the penetration
and distribution of different GBCAs (gadopentetate dime-
glumine, gadobenate dimeglumine, gadodiamide, gad-
oterate meglumine, gadobutrol) into the CSF and paren-
chyma was evaluated, there has been evidence supporting
the notion that the GBCAs distributed with the CSF flow
might represent potential pathway of infiltration into the
brain tissue, regardless of GBCA structure and physico-
chemical properties [40].

In concert with a relatively new concept of the exis-
tence of a paravascular fluid system for CSF and intersti-
tial fluid (ISF) exchange in the brain, Oner et al. demon-
strated T1 signal hyperintensity of the DN nucleus and
GP following intrathecal injection of a linear GBCA, based
on visual and quantitative analysis [61]. The agent was
directly introduced in the subarachnoid space with no
intravenous injection and therefore without crossing the
BBB, thus suggesting entry via this pathway named the
“glymphatic” system [60]. Moreover, it is well-known that
the deep cerebellar nuclei, proximal to the cerebellar pa-
renchyma of the fourth ventricle, are particularly rich in
metals (eg iron, copper and zinc) [62]. Given the fact that
the local accumulation in the DCN could be the result of
a competition between local endogenous metals and Gd,
other speculated possible mechanisms comprise trans-
metallation and/or specific metal transporters [55, 63, 64].
In the end, the functional role of brain barriers and fluid
distribution and exchange in the CNS, both in sickness and
in health, remain obscure and need to be further studied,
in order to enlighten the pathophysiologic mechanisms of
gadolinium deep brain nuclei retention [64].

Clinical and biological impacts of GBCAs administra-
tions

Although there is robust, convincing evidence of Gd
deposition in the brain after repeated GBCAs admin-
istrations, the clinical impact of such a phaenomenon
has not been evaluated in depth. Apart from adverse
effects, no strong evidence exists that CNS gadolinium
retention may promote significant biological or clinical
effects. In patients with renal insufficiency and more
than two exposures of gadodiamide, spurious hypocal-
caemia was demonstrated [65]. A study by Burke et al.
described patients’ self-reported toxicity potentially
related to GBCAs administrations. Fifty subjects with
normal renal function completed a questionnaire for
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symptoms attributed to Gd toxicity [66]. Complaints
comprised bone/joint pain and head/neck symptoms
such as vision, headache and hearing change.

In a large population-based study Welk et al. investigat-
ed the relationship between parkinsonism and gadolinium
exposure [67]. In this study, 246557 patients underwent
at least one MRI examination during the study. Of them,
99739 patients received at least one dose of gadolinium
and 2446 patients underwent four or more CE-MRI exam-
inations. No significant association between Gd exposure
and parkinsonism was exhibited, rejecting the hypothesis
that Gd deposits in the GP lead to neuronal damage man-
ifesting as parkinsonism. In another retrospective study
ten patients who had previously received more than 20
exposures of gadoterate were assessed for potential clini-
cal cerebellar syndrome. During the 91-month follow-up,
no signs suggesting cerebellar toxicity were reported by
the clinician [68]. However, further studies are required to
search for other non-specific symptoms (pain, cognitive
changes) after Gd exposure.

Finally, in a study involving juvenile rats that received
either saline or gadobenate dimeglumine in order to de-
termine the impact of single and cumulative doses on
tissue Gd presence measured by ICP-MS, as well as on
behaviour and neurological function, no effects on be-
haviour or cognitive were noted, even for the highest ad-
ministered cumulative dose (15 mmol/kg), corresponding
to about 25 injections of the standard dose in humans. Gd
presence was variable across tissues and decreased during
the 60-day treatment-free period [69]. They concluded
that Gd presence in juvenile rat brain following single or
repeated gadobenate dimeglumine administrations was
minimal, with no neurotoxicity effects noted.

Potential associated confounding factors in the assess-
ment of gadolinium CNS deposition
Most patients undergoing repeated GBCA-enhanced brain
MR examinations have an established or suspected neuro-
logical disease. Therefore, the BBB is considered compro-
mised to a variable extent by disease processes (inflam-
mation) and/or treatments (radiation therapy, steroids,
chemotherapy) that potentially permit the GBCAs passage
and represent confounding factors. Even more, MS and
brain tumours have also been related to signal intensity
changes in brain parenchyma.

Previous studies have linked DN SI increases and sec-
ondary progressive MS [70], thereafter patients with MS
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have been excluded from most studies related to CNS Gd
deposition. Stojanov et al., in their study involving pa-
tients with RRMS who had repeated administrations of
gadobutrol, advocated greater T1 hyperintensity in the
DN and the GP with serial administrations over a short-
er time period than over a longer time period [17]. This
finding was debated by Agris et al. who raised questions
concerning whether disease activity is a confounding fac-
tor for inducing or even enabling Gd accumulation [71].
However, a study that used quantitative relaxometry
and multivariate regression analysis in 74 patients with
RRMS concluded that T1 hyperintensity is independent
of disease duration or severity. Findings of signal inten-
sity changes in DBN were positive even after exclusion of
patients with MS lesions near the DN [15]. Similarly, in a
cohort study of 97 MS patients DN T1 hyperintensity was
associated with Gd-DTPA (but not Gd-BT-DO3A) adminis-
trations, regardless of disease duration and severity [72].

Concerning radiation induced brain injury, it is well
known that it may produce CNS calcifications in childhood,
presenting as T1 parenchymal hyperintensity [73]. In a
paediatric study by Tamrazi et al. 144 patients with GBCA
enhanced MR examinations were analysed and results
demonstrated that signal hyperintensities of the DN and GP
do occur in patients with brain tumours undergoing CNS
irradiation, as well as in patients with untreated primary
brain tumours, independent of GBCA exposures. However,
at multiple GBCAs administrations (=20 times), Gd deposi-
tion seemed to contribute more to signal intensity increase
[74]. A recent study data analysis including 44 patients
treated with radiation therapy for supratentorial glioblas-
toma who underwent pre- and post-radiation brain MRIs
and relaxometry showed T1 hyperintensity in the brain pa-
renchyma, possibly associated with accelerated Gd deposi-
tion due to blood-brain barrier impairment [75].

GBCAs chelates are eliminated from the body primarily
by renal and secondarily by biliary excretion [76]. Since
the first reports, it became evident that Gd CNS deposi-
tion occurs even with normal renal function. However it
was recently supported that the rate of deposition may
be affected by chronic kidney disease as suggested by the
results of a comparative study of 13 patients on chronic
haemodialysis and 13 patients with normal renal function
with multiple gadoversetamide administrations [77].

Recommendations
In 2017, the US Food and Drug Administration (FDA) ex-
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amined available evidence about the GBCAs related depo-
sitions as part of surveilling post-release drug safety. They
considered that linear Gd chelates may show greater pro-
pensity for retention in the body than macrocyclic ones
and recommended evaluation of the characteristics of
each agent when administering GBCAs in patients at high-
er risk for deposition or those who may require repeated
contrast-enhanced MRIs to monitor a chronic condition.
The FDA also stated as “a class-wide warning about Gd
retention in the labeling of GBCAs and a new guide that
should be presented to patients in advance of receiving a
GBCA” [78].

Following the FDAs Safety Announcement, the Interna-
tional Society of Magnetic Resonance in Medicine (ISM-
RM) Safety Committee maintained that to-date no adverse
health effects related to the Gd retention in the brain have
been demonstrated following studies in humans and an-
imal studies [2]. However, a set of recommendations for
the safe use of GBCAs were issued by the organisation urg-
ing towards a judicious use of Gd chelates, only when nec-
essary. Since, GBCAs have an established role for disease
diagnosis and treatment monitoring, they should be ad-
ministered when indicated for diagnostic purposes, with
documented associated medical information in the pa-
tient’s records. Concerning the choice of a specific agent
it is stated that “many factors that should be evaluated
including pharmacokinetics, relaxivity, efficacy, potential
or real side-effects (eg allergic reactions), patient age, the
need for repeat examinations, and cost”.

Following a review carried out by the Pharmacovigi-
lance Risk Assessment Committee (PRAC) with associated
recommendations, the European Medicines Agency (EMA)
confirmed restrictions on using linear Gd agents. They
proposed that the use of all intravenous linear GBCAs
(gadodiamide, gadopentetic acid and gadoversetamide)
should be suspended in the EU with few exceptions. Gado-
benic acid and gadoxetic acid should be maintained with a
limited use for liver examination, provided there is a rel-
ative indication. Gadopentetic acid should only be applied
for intra-articular use. Macrocyclic agents (gadobutrol,
gadoteric acid and gadoteridol) were considered more
stable with a lower propensity to release gadolinium than
linear agents. These products were allowed to be used in
their current indications but in the lowest possible doses
to suffice for diagnostic purposes [54, 79]. Subsequently,
new concepts have begun to emerge concerning screen-
ing practices which may also be modified in an attempt
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to minimise dose or repeat contrast-enhanced MR exam-
inations [80].

Conclusion

Considerable evidence suggests that repeated adminis-
trations of GBCAs lead to accumulation of Gd in brain
parenchyma and mainly in the deep brain nuclei. The
mechanisms for Gd retention have yet to be elucidat-
ed and, although there are differences amongst the
agents’ categories, data is conflicting. Although linear
GBCAs have been primarily accused and subsequently
suspended at least in Europe, there is no doubt that re-
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peating administration of macrocyclic GBCA could also
lead to Gd deposition in brain parenchyma. Of note is
the fact that, to-date, there are no related brain histo-
pathological changes and the exact clinical or biological
importance of this deposition remains unknown. Fur-
ther research is needed to elucidate the mechanisms of
Gd deposition in the brain, investigate the associated
biological effect or clinical impact and determine possi-
ble effects in behaviour and cognition. IR
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