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ABSTRACT

Background Radiologists have been administering gadoli-
nium-based contrast agents (GBCA) in magnetic resonance
imaging for several decades, so that there is abundant experi-
ence with these agents regarding allergic-like reactions, ne-
phrogenic systemic fibrosis (NSF) and gadolinium retention
in the brain.

Methods This review is based on a selective literature search
and reflects the current state of research on acute adverse
effects of GBCA, NSF and brain retention of gadolinium.
Results Due to the frequent use of GBCA, data on adverse
effects of these compounds are available in large collectives.
Allergic-like reactions occurred rarely, whereas severe acute
reactions were very rarely observed. Systemic changes in NSF
also occur very rarely, although measures to avoid NSF resul-
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ted in a significantly reduced incidence of NSF. Due to gadoli-
nium retention in the body after administration of linear MR
contrast agents, only macrocyclic preparations are currently
used with few exceptions. Clear clinical correlates of gadoli-
nium retention in the brain could not be identified so far.
Although the clinical added value of GBCA is undisputed, indi-
vidual risks associated with the injection of GBCA should be
identified and the use of non-contrast enhanced MR tech-
niques should be considered. Alternative contrast agents
such as iron oxide nanoparticles are not clinically approved,
but are currently undergoing clinical trials.

Conclusion GBCA have a very good risk profile with a low
rate of adverse effects or systemic manifestations such as
NSF. Gadolinium retention in the brain can be minimized by
the use of macrocyclic GBCA, although clear clinical correlates
due to gadolinium retention in the brain following administra-
tion of linear GBCA could not be identified yet.

Key Points:

= Acute adverse effects are predominantly mild/moderate,
rarely severe reactions occur.

= International guidelines resulted in significant reduction of
nephrogenic systemic fibrosis.

= Application of macrocyclic contrast agents minimizes
gadolinium retention in the brain.

Citation Format
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ZUSAMMENFASSUNG

Hintergrund Radiologen verabreichen Gadolinium-haltige
Kontrastmittel (GBCA) in der Magnetresonanztomografie seit
mehreren Jahrzehnten, sodass umfangreiche Erfahrung mit
diesen Prdparaten beziiglich anaphylaktoider Reaktionen,
nephrogener systemischer Fibrose (NSF) und Retentionen
von Gadolinium im Gehirn besteht.

Methode Diese Ubersichtsarbeit basiert auf einer selektiven
Literaturrecherche und gibt den aktuellen Forschungsstand
beziiglich akuter unerwiinschter Wirkungen, NSF und Hirnre-
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tentionen von Gadolinium nach Verabreichung von GBCA
wieder.

Ergebnisse Aufgrund der hiufigen Verwendung von GBCA
liegen Daten iiber unerwiinschte Wirkungen dieser Verbin-
dungen in groRen Kollektiven vor. Anaphylaktoide Reaktionen
traten dabei selten auf, wobei schwere akute Reaktionen sehr
selten zu beachten waren. Zu den systemischen Verdnderun-
gen der NSF kommt es ebenfalls sehr selten, wobei MaRnah-
men zur Vermeidung der NSF in einer signifikant reduzierten
Inzidenz der NSF resultierten. Aufgrund der Gadolinium-
Retention im Kdrper nach Verabreichung von linearen MR-
Kontrastmitteln werden derzeit mit wenigen Ausnahmen nur
noch makrozyklische Pridparate eingesetzt. Eindeutige
klinische Korrelate von Gadolinium-Retentionen im Gehirn

konnten bislang nicht identifiziert werden. Obwohl der
klinische Mehrwert von GBCA unbestritten ist, sollten indi-
viduelle Risiken in Verbindung mit der Injektion von GBCA er-
mittelt und der Einsatz nativer MR-Techniken erwogen wer-
den. Alternative Kontrastmittel, wie beispielsweise Eisenoxid-
Nanopartikel, sind nicht klinisch zugelassen, befinden sich
aber aktuell in klinischer Priifung.

Schlussfolgerung Gadolinium-haltige Kontrastmittel weisen
ein sehr gutes Risikoprofil auf mit einer geringen Rate uner-
wiinschter Wirkungen. Lineare GBCA fiihren zu Gadolinium-
Retentionen im Gehirn, klinische Korrelate sind jedoch nicht
gesichert. Durch die Verwendung von makrozyklischen Kon-
trastmitteln ldsst sich die Gadolinium-Retention im Gehirn
minimieren.

Introduction

For decades gadolinium-based contrast agents (GBCA) have been
used in magnetic resonance imaging in which the contained ga-
dolinium cation (Gd**) shortens the T1 relaxation time of protons
due to its paramagnetic behavior. Since gadolinium is a toxic
heavy metal, it can only be injected into humans when bound in
a chemical complex. A distinction is made between GBCA with a
linear chelator (linear contrast agent) and GBCA with a macrocyc-
lic chelator (macrocyclic contrast agent; » Table 1). The stability
of the complexation of gadolinium with linear contrast agents is
significantly lower than that with macrocyclic agents [1, 2].
GBCAs currently play a central role in diagnostic imaging to
increase soft tissue contrast in MRI, characterize pathological
structures and detect vascularization and perfusion in tissues.

As with every active ingredient used in medicine, desirable and
undesirable effects are also known with gadolinium-based con-
trast agents [3]. Since the approval of gadopentetate (Magnevist)
in 1988, immediate-type adverse effects in the sense of an ana-
phylactoid reaction have been known. Linear preparations (gado-
benate, gadodiamide, gadoversetamide, gadofosveset, gadoxe-
tate; » Table 1) and macrocycles (gadobutrol, gadoteridol and
gadoterate/gadoteric acid; » Table 1) approved in subsequent
years showed comparable rates of adverse effects [4].

In connection with the administration of GBCAs, Grobner and
colleagues in 2006 first reported a symptom complex of nephro-
genic systemic fibrosis with diffuse fibrotic or scleroderma-like
changes of the skin and internal organs due to the activation of
fibroblasts and cytokines by gadolinium [5]. The retention of ga-
dolinium in the brain after multiple administrations of GBCAs
was described in a publication by Kanda et al. in 2014 when they
reported T1 hyperintensity in the dentate nucleus and globus pal-
lidus after multiple administrations of linear contrast agents [6].

Radiologists therefore can look back on decades of experience
with intravenous administration of GBCAs. The following is a sum-
mary of recent studies based on a literature review of immediate
adverse effects, nephrogenic systemic fibrosis and gadolinium
retention in the brain.

Undesired Immediate Reactions

Although GBCAs have excellent tolerability and a low risk profile,
there may be immediate adverse effects [7, 8]. A distinction
should be made between allergoid or anaphylactoid (allergy-like
reactions) and physiological reactions. Anaphylactoid reactions
such as urticaria, itching and edema manifest themselves similarly
to allergies, but a specific antibody-antigen interaction cannot al-
ways be detected [9]. There is usually no correlation between
dose or concentration and reaction. The treatment of anaphylac-
toid reactions is similar to that of allergic reactions [10]. In con-
trast, physiological reactions such as nausea or vomiting are often
dose- or concentration-dependent and are usually based on direct
chemotoxicity, osmotoxicity or molecular interaction with activa-
tors. On the whole, undesired immediate reactions are classified
according to severity: mild (nausea, minor vomiting, mild urticar-
ia, itching), moderate (violent vomiting, clearly visible urticaria,
bronchospasm, facial/laryngeal edema, vasovagal syncope) and
severe (hypotensive shock, respiratory arrest, cardiac arrest, cere-
bral seizure) [11].

Immediate adverse effects usually occur within an hour after
intravenous administration of GBCA [12]. Since these events are
rare, it is difficult to find clear differences between the individual
preparations and to describe risk factors that influence the occur-
rence of undesirable effects. Due to the high number of GBCA
doses administered intravenously so far, single-center studies or
meta-analyzes have been published in recent years which inte-
grate a large number of contrast media and applications.

In a meta-analysis, Behzadi et al. included 9 studies in which ana-
phylactoid responses to GBCA in 716 978 injections met the inclu-
sion and exclusion criteria [13]. The total rate of allergic reactions
was 9.2/10000 administrations, with 0.5/10 000 injections classi-
fied as severe acute effects. Of these reactions, 539/662 (81 %)
were mild, 86/662 (13 %) moderate, and 37/662 (6 %) were severe.
The severe reactions resulted in two deaths attributed to the
administration of gadobenate and gadobutrol, a rate of 2.7/
1000 000 applications. Of all included GBCA applications, gadodia-
mide showed the lowest rate of reaction at 1.5/10 000 administra-
tions, which was significantly below that of macrocyclic contrast

Bduerle T et al. Gadolinium-based contrast agents... Fortschr Rontgenstr 2021; 193: 1010-1018 | © 2020. Thieme. All rights reserved. 1011

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



& Thieme

» Table 1 Characteristics of gadolinium-based contrast agents.

drug trade name
Gadobutrol Gadovist
Gadoteridol ProHance
Gadoterate Dotarem
Gadobenate MultiHance
Gadopentetate Magenevist
Gadodiamide Omniscan
Gadoversetamide Optimark
Gadofosveset Vasovist
Gadoxetate Primovist

molecular structure ionic/non-ionic

cyclical non-ionic
cyclical non-ionic
cyclical ionic
linear ionic
linear ionic
linear non-ionic
linear non-ionic
linear ionic
linear ionic

M Gadodiamide (Omniscan) B Gadopentetate (Magnevist) [ Gadoxetate (Primovist)

B Gadobutrol (Gadovist) B Gadoterat (Dotarem)

I Gadobenate (MultiHance)
B Gadoteridol (ProHance)

» Fig. 1 Meta-analysis by Behzahdi et al (Radiology 2018). A Proportion of GBCA in the meta-analysis and B number of anaphylactoid reactions
of GBCA per 10000 injections. Investigated substances: Gadodiamide (Omniscan), gadopentetate (Magnevist), gadoxetate (Eovist, Primovist),
gadobenate (MultiHance), gadobutrol (Gadovist), gadoterate meglumine (Dotarem), gadoteridol (Prohance) and gadofosveset (Vasovist, 797 in-

jections, not shown).

agents such as gadoteridol (16/10000 applications), gadobutrol
(16/10000 applications) and gadoterate (9/10 000 applications,
» Fig. 1).

In comparison among GBCA classes, non-ionic linear GBCAs
(1.5/10000 injections) showed fewer anaphylactoid reactions
than ionic linear GBCAs and non-ionic macrocyclic GBCA
(8.3 and 16/10000 injections, respectively). lonic linear GBCAs
with a tendency to protein binding (gadoxetate, gadofosveset
and gadobenate) were more frequently associated with anaphy-
lactoid reactions compared to ionic linear preparations without
protein binding (gadopentetate; 17 versus 5.2/10 000 injections).
Furthermore, linear GBCAs without protein binding induced fewer
allergoid reactions than macrocyclic contrast media without pro-
tein binding (4.4 versus 14/10 000 applications) [13]. Overall, the
GBCA ionic, protein-binding and macrocyclic characteristics were
linked to a higher rate of undesirable effects. However, this con-
clusion was criticized by Raynaud and colleagues, since the study
by Behzadi et al. only included non-ionic macrocyclic GBCAs [14].

In further studies, the frequency of adverse effects caused by
ionic macrocyclic gadoterate was largely identical to that of gado-
diamide [15] and significantly lower than that of gadopentetate,
gadobenate and gadobutrol 3, 16, 17].

A single-center study by McDonald et al. included 158 100 pa-
tients representing 281945 GBCA injections to investigate ana-
phylactoid and physiological adverse effects of the drugs gadodia-
mide (140645 injections), gadobutrol (94 109 injections),
gadobenate (39 138 injections) and gadoterate (8053 injections)
(» Fig. 2A) [18]. In a multivariate analysis, gadobenate or gadobu-
trol showed higher rates of adverse allergenic effects compared to
gadodiamide (gadobenate OR 3.9, gatobutrol OR 2.3) or gadote-
rate (gadobenate OR 4.8; gadobutrol OR 2.8). Physiological acute
effects were higher after injection of gadoterate (OR 7.7), gado-
benate (OR 1.8) and gadobutrol (OR 1.6) than after gadodiamide.
In the monocentric study there were 6 severe allergoid reactions
requiring hospitalization (anaphylactoid reactions: mild 62 %,
moderate 36 %, severe 2 %). Severe physiological reactions were
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» Fig.2 Monocentric study by McDonald et al (Radiology 2019). A Proportion of GBCA in the monocentric study and B number of adverse reac-
tions (anaphylactoid and physiological) of GBCA per 10 000 injections. Substances studied: Gadodiamide (Omniscan), gadobenate (MultiHance),

gadobutrol (Gadovist) and gadoterate meglumine (Dotarem).

not observed (mild 88 %, moderate 12 %). For comparison with
the above meta-analysis, » Fig. 2B shows the rates of anaphylac-
toid and physiological reactions per 10 000 injections.

In a European study of 72 839 patients who received a cardiac
MRI, 260 patients reported adverse acute reactions (0.36 %), with
only 24 (0.03 %) classified as severe [19]. Allergoid reactions were
more frequent than physiological ones (71 % versus 29 %). In addi-
tion, there was a correlation between stressors (adenosine or
regadenoson) administered during cardiac MRI and GBCAs, as
patients without stress testing showed an acute reaction signifi-
cantly less frequently than those after stress testing (0.22 % versus
0.75%).

As noted above, immediate adverse effects are rare or very
rare events. In this respect, disproportionate comparisons - even
in extensive meta-analyses — can lead to conclusions of limited
validity.

Nephrogenic Systemic Fibrosis

Nephrogenic systemic fibrosis (NSF) is a systemic disease charac-
terized by fibrotic skin and organ changes in patients with chronic
kidney disease (stage 4/5) or acute renal failure. Such systemic
changes were already described in 2000, and in 2006 these man-
ifestations were linked to the administration of linear GBCAs [5]
[20]. Pathophysiologically, the release of the gadolinium ion
from a linear or macrocyclic bond leads to an activation of local
and circulating fibroblasts and the expression of fibronectin,
which leads to fibrosis of skin and other tissues (the CD34- and
alpha-SMA-mediated local and systemic activation of fibroblasts
is summarized in [21]). The relevance of renal function prior to
administration of contrast agents containing Gd. has been
described by the German Federal Institute for Drugs and Medical
Devices (BfArM), the European Medical Agency (EMA), US Food
and Drug Administration (FDA) and other organizations. If the
eGFR is below 30 mL/min/1.73 m2, GBCAs may only be adminis-
tered to a limited extent or those with an increased NSF risk must

be avoided (> Table 2, 3). The different release rates of gadoli-
nium ions from the respective contrast agents result in their clas-
sification into different risk groups as shown in » Table 2. Here it
should be explicitly mentioned again that medium- and low-risk
contrast agents (> Table 2) may be administered independently
of renal function according to the specifications of the German
Federal Institute for Drugs and Medical Devices and the EMA, but
in the case of eGFR <30 mL/min/1.73 m?, repeated administration
within 7 days should be avoided (» Table 3).

A meta-analysis by Attari and colleagues included 693 patients
from 173 articles with biopsy-confirmed NSF [22]. With respect to
gender of NSF patients, the ratio was nearly balanced (women
46 %; men 54 %), with the majority of patients receiving dialysis
at the time of exposure to GBCAs (82 %) or with renal failure
(acute, 20 %; chronic, 81 %). The onset of symptoms was reported
in 177 patients and averaged 49 years of age (range 6-87 years).
Cases of children under 6 years of age were not reported and only
7 patients over 80 years of age were diagnosed with NSF.

Exposure to GBCAs was reported in 529 patients with biopsy-
confirmed NSF, with 307 patients (76 %) developing NSF after
administration of gadodiamide, 49 (12 %) after gadopentetate,
6 (2%) after gadoversetamide, 1 (0.2 %) after gadobutrol,
1 (0.2 %) after gadobenate (> Fig.3A). After 2008, only 7 NSF
cases were reported, significantly fewer than in previous years.
With regard to symptoms, almost all patients developed skin
changes (96 % skin plaques, 95 % skin thickening/hardening). In
addition, 71 % of patients reported edema and movement restric-
tions. Internal organ involvement was present in 56 % of cases
(» Fig.3B). When patients were followed-up, recovery was
observed in 4% and improvement in 28 % of patients. A total
of 110 patients (32 %) died, with only 4 deaths (1 %) reported in
direct association with NSF. Thirty patients (9 %) reported worsen-
ing or severe limitations, and a total of 26 (7 %) were dependent
on a walking aid or wheelchair as a result of NSF (> Fig. 3C).

Due to the small number of NSF patients and the lack of a con-
trol group, only limited conclusions can be drawn from these
figures. For example, cases in children under the age of 6 or adults
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» Table 2 Classification of the Bundesinstituts fiir Arzneimittel und
Medizinprodukte (German Federal Institute for Drugs and Medical
Devices) regarding the risk of developing nephrogenic systemic
fibrosis (NSF) as of 09/07/2010.

high risk Gadodiamide (Omniscan), Gadopentetate
(Magnevist), Gadoversetamide (Optimark)

medium risk Gadobenate (MultiHance), Gadoxetate
(Primovist), Gadofosveset (Vasovist)
low risk Gadoterate (Dotarem), Gadobutrol (Gadovist),

Gadoteridol (ProHance)

» Table3 Administration of GBCA according to the main information
of the Bundesinstitutes fiir Arzneimittel und Medizinprodukte
(German Federal Institute for Drugs and Medical Devices) and the
European Medicinal Agency as of 09/07/2010 Indication of the eGFR
in mL/min/1.73 m?.

risk

high medium low
renal insuffi- must should should
ciency confir-
mation
eGFR<30 contraindication low dose, not repeated

within the following 7 days

eGFR 30-59 low dose, not no limitation

repeated within
the following 7 days

breast feeding  discontinue breast physician and mother decide

feeding (24 h)

over 87 cannot be ruled out [23]; likewise, the individual risk of
falling ill with NSF cannot be derived from the generated figures.
Overall, however, it must be noted that the measures taken
succeeded in almost completely eliminating NSF after 2008, in
particular GFR screening for impaired kidney function. Neverthe-
less, we should not forget that the overall risk of NSF is very low,
even with reduced renal function. On the other hand, there is a
significant diagnostic benefit of a contrast-enhanced MRI for a
given indication. Studies on the disadvantages caused by not
administering GBCAs are currently not available.

Gadolinium Retention in the Brain

In 2014 Kanda et al. first reported on the retention of gadolinium
in the brain with the discovery of T1 hyperintensity in the globus
pallidus and dentate nucleus after multiple administrations of the
GBCAs gadodiamide and gadopentetate [6]. The following year
Radbruch et al. reported that these signal alterations in the globus
pallidus and dentate nucleus could not be detected after several
injections of gadobutrol [24]. Several studies have shown that
T1w hyperintense signaling occurs in these core regions after
administration of linear contrast agents (e. g., gadopentetate,

gadobenate and gadodiamide), but not after application of mac-
rocyclic agents (such as gadobutrol, gadoteridol and gadoterate)
[25]. Even after 20 or more administrations of gadoterate/gado-
butrol in a cohort of glioma patients, no T1 signal alterations
were detected in the dentate nucleus [26].

Correspondingly, using mass spectroscopic analysis in the
brains of deceased patients after at least 4 injections of gadodia-
mide, McDonald measured the tissue concentration of gadoli-
nium in the pons (median 0.3 ug Gd/g tissue; range 0.1-0.6), tha-
lamus (median 0.5 pg Gd/qg tissue; range 0.2-1.6), globus pallidus
(median 1.7 ug Gd/g tissue; range 0.6-4.4) and dentate nucleus
(median 6.6 ug Gd/g tissue; range 1.6-18.6); however, the meas-
ured T1 signal intensity did not correlate with the absolute tissue
concentration of gadolinium [27]. In a comparison of tissue con-
centrations of gadolinium in the brain of different preparations
determined by mass spectroscopy, Murata and colleagues succee-
ded in demonstrating that linear contrast media caused signifi-
cantly higher gadolinium tissue concentrations in the globus palli-
dus than macrocycles [28]. In addition to gadolinium retention in
the above-mentioned core areas, the cerebral cortex is also affec-
ted, since gadolinium was also detected by mass spectroscopy
after multiple applications of linear contrast agents [29].

In addition to determination of gadolinium concentrations
ex vivo, the focus was on MR measurement techniques for the
standardized determination of gadolinium retention in vivo [30,
31]. In the majority of the studies the signal intensities were
measured in T1-weighted sequences and related (ratio of nucleus
dentatus to pons and globus pallidus to thalamus). In recent
years, absolute measurements of T1 relaxation times have also
been used in mapping techniques. This has the advantage that
no reference tissues (especially thalamus and pons) have to be
included because, as shown in the above-mentioned Murata
study, they contain gadolinium themselves and are therefore
only conditionally suitable as divisors [28].

In a retrospective study, Kang et al. found significantly de-
creased T1 relaxation times of the globus pallidus after multiple
injections of gadobutrol, with T1 relaxation time independent of
the number of gadobutrol injections [32]. In contrast, Deike-Hoff-
mann et al. in a retrospective analysis reported that after multiple
administrations of gadobutrol there was no change in the T1 re-
laxation time, neither in globus pallidus nor in other core regions
[33]. In a prospective study with 220 individuals who did not show
brain pathologies on MRI, there was a significant reduction in T1
relaxation times in the globus pallidus after multiple gadobutrol
doses, analogous to the above-mentioned study by Kang et al.,
where the number of gadobutrol doses correlated inversely with
the T1 relaxation time, as a possible correlate to Gd retention in
this core region [34]. Corresponding to these results Choi et al. re-
ports in a recent paper on Quantitative Susceptibility Mapping
(QSM) in the globus pallidus after multiple administrations of
gadobutrol, whereby the magnetic susceptibility in this core
correlated with the number of gadobutrol injections [35]. A visual
correlation of shortened T1 relaxation times or magnetic suscep-
tibility after gadobutrol was not detectable in the T1-weighted
image of patients in these studies [34, 35].

The reason for the visual detection of retained gadolinium on
native MRI images of the brain after repeated administration of
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Gadopentetate (Magnevist)
Gadobutrol (Gadovist)
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Gadobenate  (MultiHance)
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» Fig.3 Meta-analysis in patients with nephrogenic systemic fibrosis (NSF) by Attari et al (Radiology 2019). A Contrast medium used (405 patients):
gadodiamide (Omniscan), gadoversetamide (Optimark), gadopentetate (Magnevist), gadobutrol (Gadovist), gadoterate meglumine (Dotarem),

gadobenate (Multihance) and others. B Clinical manifestations (418 patients). C Clinical manifestation over the course of the disease (341 patients).
lllustrations simplified according to Attari et al. Radiology 2019.

linear but not macrocyclic contrast agents is mainly due to the
chemical compound in which the gadolinium is present [36, 37].
Frenzel and colleagues state that gadolinium is either in a soluble,
small-molecule form (e.g. as intact GBCA), in a soluble form
bound to macromolecules, or in a non-soluble form [38]. The last
two forms appear to be responsible for the retention of gadoli-
nium. After gadolinium has been dissolved out of the linear
GBCA, it binds to macromolecules [38]; due to their high relaxi-
vity, these macromolecular compounds are responsible for the
hyperintensity on T1-weighted images [39].

These findings of gadolinium retention in the brain give rise to
many questions currently under investigation; these deal with
how gadolinium gains access to diseased and above all healthy
brain tissue, and how gadolinium exits the brain tissue [40]. Ob-
viously, perivascular spaces, such as periarterial and pial-glial
pathways (the so-called glymphatic system), play an essential
role [41]. With regard to elimination, complexed gadolinium in
intact GBCA appears to leave the brain more easily in order to be
excreted afterwards than what is released from the chelator [42].

In addition to the retention of gadolinium in the brain, other
organs in which gadolinium is retained or deposited are currently
in focus, such as bones, skin and the nervous system [43-45]. The
depositing of gadolinium in other organs was described well be-
fore brain retention, e.g. in the skin by the pathogenesis of NSF,
but also in bone [46, 47]. The absolute concentrations of gadoli-
nium were significantly higher in skin and bone than in the brain
[48]. In animal experiments, higher gadolinium concentrations
were also determined in peripheral nerves and the spinal cord
than in the brain after administration of linear GBCAs; the meas-
ured gadolinium after injection of macrocycles was found to be
lower overall in these locations [49]. In another animal study by

B Skin changes
B Edema
[ Movement limitations

Others [l nternal organ involvement

@ Recovery

@ !mprovement

© Walking aid/wheelchair
@ Severe limitations

@® Constant
@ Death

Radbruch et al., it was possible to describe indications of GBCA-in-
duced neuropathy, especially after the application of linear GBCA
[50].

The body of studies is limited with respect to clinical correlates
of gadolinium retention in the brain. Patients with multiple sclero-
sis demonstrated changes in information processing and reduced
speech flow after administration of linear and macrocyclic con-
trast agents [51]. However, a study of a cohort of patients without
known cerebral pathology demonstrated no neurological corre-
lates using neurological or neurocognitive analyses and functional
MRI [52]; the study included patients with Crohn's disease and
control persons who had received 4 or more injections of gadodia-
mide. Likewise, no clear connection between gadolinium reten-
tion and clinical or neurological correlates has been found in other
studies [53-56].

Contrary to the current study situation, diffuse symptoms were
reported in individual cases after administration of GBCA, which
was referred to as Gadolinium Deposition Disease (GDD) [57,
58]. Affected patients report multilocular pain, predominantly
cerebral and osseous; symptoms overlap with the described com-
plaints of NSF, as in the case of skin thickening [58]. Intravenously
administered calcium or zinc trisodium pentetate has been
proposed as a possible therapy for GDD, with reports of increased
gadolinium concentration in the urine as an indication of trapped
retained gadolinium. Since there is no clear scientific proof of the
existence of GDD, a warning is issued against the uncritical use of
chelation therapy, as possible adverse effects of this procedure
could occur [59]. This opinion is shared by the German Federal In-
stitute for Drugs and Medical Devices, which does not recognize
GDD as a disease entity and therefore does not recommend ther-
apeutic intervention (https://www.bfarm.de/SharedDocs/Risikoin
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Alternative Techniques

Alternative intravenous MR contrast agents without gadolinium
are currently not approved for routine imaging. Due to the super-
paramagnetic properties of iron, particulate iron compounds
have been used in magnetic resonance imaging for over 20 years.
In 2003, Weissleder's research group reported on the use of iron
oxide nanoparticles for the diagnosis of lymph node metastases in
patients with prostate carcinoma, which, however, required a
two-stage examination every 24 hours [60]. Due to the uptake of
iron oxide nanoparticles in non-tumor-infected lymph node tissue
and the resulting signal drop, metastases in lymph nodes in the
absence of signal drop could be detected with high sensitivity
using this technique. In current studies, iron supplements such
as ferumoxytol are used in the MRI, which is off-label use, as this
drug has only been approved in the USA and Europe for the treat-
ment of iron deficiency anemia. In a multicenter study on the use
of ferumoxytol in MRI, it was recently reported that the com-
pound was well tolerated and thus attested to a good safety pro-
file. In the study, 3215 patients received a total of 4240 ferumox-
ytol injections (1-11mg/kg), with 83 adverse effects (1.9 %)
reported, of which 75 were mild and 8 moderate [61]. With
regard to indication, this contrast agent is particularly suitable
for vascular imaging, since ferumoxytol remains primarily intra-
vascular for up to 15 hours after administration, is absorbed by
macrophages from one day after injection and is transferred to
the body's iron store starting 15 days after injection.

Due to improved native imaging techniques, such as diffusion-
weighted imaging, it has been possible in recent years to dispense
with intravenous administration of contrast agents in many indi-
cations without making diagnostic compromises. For example,
contrast medium-free techniques for abdominal MRI are increas-
ingly being used in children, or techniques such as arterial spin la-
beling (ASL), time of flight (TOF), susceptibility-weighted imaging
(SWI1), phase contrast imaging or MR spectroscopy are increasing-
ly being propagated in neuroradiology [62, 63].

Conclusions

What have we radiologists learned from our previous experience
with gadolinium-based products? Quite a lot. Above all, with
GBCA preparations for non-invasive MR imaging, contrast agents
are available with an excellent risk profile with a very low frequen-
cy of undesirable effects. With an incidence of severe allergic
reactions is less than 1 per 10000 injections, we have excellent
preparations at our disposal. In addition, undesired reactions can
be treated sufficiently by keeping emergency drugs and measures
on hand. On the other hand, we have learned that with proper
management, such as implementation of guidelines for the use
of GBCAs by national and international institutes such as the
Federal Institute for Drugs and Medical Devices in Germany, NSF
could almost be eliminated. Finally, the presence of gadolinium
retention in the brain is also being discussed less and less critically.

This was achieved by largely dispensing with linear contrast
agents and recognizing that macrocyclic preparations only lead
to minimal retention in the brain. The debate on gadolinium
retention was also calmed by the fact that to date no clear clinical
correlation of this retention has been demonstrated, even after
multiple administrations of linear contrast agents.

In view of the great clinical added value of contrast agents con-
taining gadolinium, their use is still undoubtedly justified. Never-
theless, it is the responsibility of the radiologist to check the indi-
cation of contrast agent administration individually and to
consider whether a comparable statement can be made using
native MR techniques such as diffusion-weighted imaging.
An equivalent substitution of GBCAs by other preparations is
currently not possible. An alternative in some areas - e.qg. in
MR angiography by iron oxide nanoparticles - is currently being
tested.
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