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Side effects of gadolinium MRI contrast agents
Skutki uboczne kontrastow do MRI zawierajacych gadolin
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Abstract

Streszczenie

Magnetic resonance imaging is widely used as a diagnostic tool in the clinic. Magnetic resonance imaging contrast agents such
as gadolinium are very often used to improve the quality of images acquired by magnetic resonance imaging. Until recently, it
was believed that gadolinium is effectively cleared within 24 hours after intravenous injection, and that it does not have any
harmful effects on the human body. However, recent studies on animals and analyses of clinical data have indicated that
gadolinium is retained in the body for many years post-administration, and may cause various diseases. This is especially
concerning for paediatric patients because of the anticipated longer time of exposure and its effects on children’s continuing
development, and patients who receive repeated magnetic resonance imaging scans and hence repeated doses of gadolinium.
Here, we give a short review of the most recent findings on the accumulation and side effects of gadolinium.
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Rezonans magnetyczny to narzedzie diagnostyczne szeroko stosowane w praktyce klinicznej. Srodki kontrastowe do obrazowania
rezonansu magnetycznego, takie jak gadolin, sg bardzo czesto uzywane w celu poprawy jakosci obrazéw uzyskiwanych za pomoca
tego badania. Do niedawna uwazano, ze gadolin jest usuwany z organizmu w ciagu 24 godzin po podaniu i ze nie ma zadnego
szkodliwego wplywu na organizm ludzki. Niestety, ostatnie badania wskazuja, ze jest on zatrzymywany w organizmie nawet przez
wiele lat po zastosowaniu i moze powodowac rézne choroby. Jest to szczegolnie niepokojace w przypadku pacjentéw pediatrycznych,
poniewaz gadolin moze wplywac na procesy rozwojowe. Ponizej przedstawiamy krétki przeglad ostatnich badan nad akumulacja
i skutkami ubocznymi gadolinu.
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INTRODUCTION

agnetic resonance imaging (MRI) that imple-
M ments the static magnetic field (1.5-7 T), switch-

ing gradients of the magnetic field, and radiofre-
quency (RF) electromagnetic radiation to produce images
of the tissues and organs of interest, has become a wide-
ly used tool in the clinical diagnosis. Although many stud-
ies indicate otherwise*?, MRI is commonly believed to be
a non-invasive and non-destructive technique without any
harmful side-effects on the human body.
To enhance the contrast and improve the quality of MRI
images scientists and clinicians often (in 1 in 3 of MRI
scans) use MRI contrast media such as gadolinium, which
are intravenously injected into the patient’s body before tak-
ing the image®*?.
Gadolinium was discovered in 1880 by the Swiss chemist
Jean Charles de Marignac, and named after gadolinite, one
of the minerals containing gadolinium, discovered by the
Swedish/Finnish chemist and mineralogist Johan Gadolin.
Gadolinium is a ductile rare-earth element strongly para-
magnetic above 20°C (68°F). These paramagnetic properties
allow the solutions of chelated organic gadolinium com-
plexes to be used as contrast agents for MRI®->). Although
the jons present in the water-soluble salts of gadolinium are
toxic to mammalian cells and tissues®, the chelated ver-
sions of gadolinium used for MRI were, until recently, be-
lieved to be far less toxic, as they were supposedly cleared
from the body through the kidneys within 24 hours i.e. be-
fore the release of the toxic Gd3+ ions®*”.
However, in recent years, both animal studies and analyses
of clinical records have shown that gadolinium-based con-
trast agents not only fail to be rapidly removed from the
body, but also they are toxic, especially if repeatedly used
for frequently performed MRI scans”.

ACCUMULATION OF GADOLINIUM
IN ORGANS AND TISSUES

Recent studies on the accumulation of gadolinium in rat
organs and tissues"” showed that gadolinium derived from
the disintegration of implanted pins made of a biodegrad-
able magnesium-gadolinium alloy was retained in the rat
body for over 36 weeks of the experiment. Strikingly, al-
though the blood serum demonstrated no accumulation,
gadolinium accumulated within the intramedullary cavi-
ty and the cortical bones, and disrupted bone remodelling.
In addition, heavy accumulation of gadolinium was detect-
ed in the spleen, lung, liver and kidneys, and lower levels
of accumulation in the brain, muscles, and heart. Another
study on rats"') showed that 8 weeks after repeated admin-
istration the gadolinium-based contrast agent accumulated
in the skin and brain, and, in some animals, caused fibrotic
lesions of the skin. Yet another study found that gadolini-
um persisted in rat brains for at least 5 weeks after the injec-
tion of the contrast agent?. In humans, the accumulation
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of gadolinium in the brain after the repeated administration
of gadolinium-based MRI contrasts was especially strong
in the globus pallidus, a structure that regulates voluntary
movements, and the dentate nuclei (clusters of neurons lo-
cated in the cerebellar hemispheres)!*'¥. Although the clin-
ical significance or the adverse effects (if any) of gadolini-
um accumulated in the brain are, at present, unknown, the
International Society for Magnetic Resonance in Medicine
has issued new recommendations for the clinical and re-
search applications of gadolinium-based contrast agents!'*.
There are also reports of the accumulation of gadolinium in
the bones. The patients who underwent heap replacement
surgery showed gadolinium accumulation in the femoral
bones as late as 8 years after the surgery®'”.

DISEASES ASSOCIATED WITH GADOLINIUM

Gadolinium-based contrasts have been linked to nephrotox-
icity and nephrogenic systemic fibrosis (NSF), and progres-
sive fibrosis of various organs and skin, especially in patients
with advanced or chronic kidney disease (CKD)161819),
It was also shown that the risk of developing NSF increased
with the multiple administration or higher doses of gado-
linium (61820,

There are also reports of gadolinium neurotoxicity, such as
haemorrhage and damage of the corpus callosum, myoc-
lonus, ataxia, and tremor, in rats injected with a gadolini-
um-based contrast agent"®?). In humans, there are reports
of encephalopathy developing after the administration of
a gadolinium-based MRI contrast(¢?2),

The injection of gadolinium-based MRI contrast agents can
also lead to acute toxicity and damage immediately post-in-
jection. Bertin et al.?® reported an incident of interstitial
pulmonary toxicity and acute intra-alveolar haemorrhage in
a patient injected with gadolinium. Interestingly, this acute
pulmonary toxicity of gadolinium mimicked the effect of
the injection of glycoprotein IIb/IIIa inhibitors which are
used for the treatment of acute coronary syndrome®?.

EFFECTS OF GADOLINIUM IN CHILDREN

Especially concerning should be the potentially harm-
ful effects of gadolinium-based MRI contrast agents in
children. Paediatric patients, especially very young chil-
dren, foetuses, and neonates, with immature renal func-
tions, are at a higher risk of developing nephrogenic sys-
temic fibrosis®®. Although paediatric data on the effects
of gadolinium are very scarce, they are reports of gado-
linium retention in the brain, especially high in the glo-
bus pallidus, of paediatric patients (1-13 years old)©?®.
While it is yet unknown what the long-term effects of
gadolinium accumulation in children, foetuses, and ne-
onates are, these groups are potentially at a considerably
higher risk than adults because of the anticipated lon-
ger time of exposure and effects on children’s continu-
ing development®.
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Fig. 1. The effect of gadolinium on the magnet-exposed mouse peritoneal macrophages. Mouse peritoneal macrophages exposed to the mag-
net in the presence (A) or absence (B) of 40 mM gadolinium MRI contrast agent. In the presence of gadolinium, macrophages moved to-
ward, and aggregated at the peak of the magnetic force. Macrophages were stained for actin with rhodamine-phalloidin (red). The bar

is equal to 500 um.

EFFECTS OF GADOLINIUM
ON MAMMALIAN CELLS

There have been several in vitro studies on the effect of gad-
olinium on various types of mammalian cells, which may
explain nephro- and neurotoxicity of gadolinium. For ex-
ample, the epithelial cells from the proximal renal tubules
(LLC-PK1 cells) underwent apoptosis and necrosis af-
ter 24-hour exposure to different gadolinium-based con-
trast agents?”). Studies on the cerebellar Purkinje cells and
monkey kidney CV-1 cells showed that gadolinium-based
contrasts decreased or inhibited thyroid hormone-mediat-
ed transcription, which, in vivo, regulates the development
and functions of the central nervous system®®. Studies by
Bower et al.® found that gadolinium-based contrasts af-
fected the mitochondrial respiration and viability of cul-
tured human neurons.

Not unexpectedly, gadolinium also produces toxic effects
on immune cells including macrophages. A study on RAW
264.7 mouse macrophages showed that gadolinium-based
contrasts inhibited the mitochondrial membrane poten-
tial, and induced the production of reactive oxygen spe-
cies (ROS), nitrate/nitrite, and prostaglandin E2 (PGE2).
It also changed their inflammatory response; the LPS-
stimulated macrophages produced a higher level of ni-
trite/nitrate, and had suppressed secretion of IL-1p, IL-6,
IL-10, and TNF-a.

Preliminary studies from our laboratory showed that the
peritoneal mouse macrophages exposed in vitro to a strong
magnetic field gradient in the presence of a gadolinium-
based contrast migrated toward the peak of the gradient
and accumulated into large multicellular aggregates (Fig. 1).
This finding suggests that, also in vivo, gadolinium in com-
bination with the MRI-induced magnetic field may change
the migratory behaviour of immune cells and modify the
immune response in humans.
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Further studies on the effect of gadolinium-based contrasts
on human macrophages and other immune cells may shed
the light on how gadolinium-affected immune system am-
plifies or propagates gadolinium toxicity, and promotes the
development of various diseases in humans exposed to MRI
contrasts.

PROSPECTS

Because of the toxicity and potential adverse long-term ef-
fects of gadolinium-based contrast agent accumulation in
the body, the latest efforts have been targeted at the devel-
opment of novel strategies, such as liposome-encapsulat-
ed gadolinium contrasts, and the integration of gadolinium
into various nanocarriers®”, which may improve the safety
of gadolinium-based MRI contrast agents.
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