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Current Status of knowledge Regarding 
accumulation and Toxicity of Gadolinium-
based Contrast agents in the brain

Gadolinium-based contrast agents 
(GBCAs) have been in use for almost 
30 years and their safety profiles are 
excellent with in a low incidence of 
adverse events. The most recognized 
gadolinium-related toxicity is nephro-
genic systemic fibrosis, which in prac-
tice has virtually disappeared since 
2009, thanks to the introduction 
of a simple renal function screen. 
However recent data regarding neu-
ral tissue deposition of gadolinium 
in patients with normal renal func-
tion have shaken confidence in the 
agents and resulted in a discussion 
of potential safety issues which is all 
the more relevant given the exponen-
tial increase in the usage of GBCAs 
in clinical practice. In this article, we 
review the main properties of GBCAs 
along with the available clinical evi-
dence regarding their side effects 
and toxicity. A short review of recent 
publications describing neural tissue 
deposition of gadolinium in patients 
with normal renal function is also 
presented. 

Magnetic resonance imaging (MRI) is an established 
imaging modality for detection, evaluation, assessment, 
staging, and follow-up of many diseases. It is estimated 
that 60 million MRI studies are performed annually 
worldwide and this number will continue to increase 
in the future. For decades, gadolinium-based contrast 
agents (GBCAs) have been routinely used in MRI and 
there is strong evidence of their diagnostic value in clini-
cal practice. Gadopentetate dimeglumine (Magnevist) 
was the first of the GBCAs introduced for clinical use 
in 1988 [1] and to date, nine different GBCAs are com-
mercially available [Table 1].

wHAT ARE GBCAs? 
Gadolinium is a heavy metal in the lanthanide series 

that is used in MRI because of its paramagnetic proper-
ties. Free gadolinium is toxic in humans so for it to be 
used  “in vivo” it must be chelated to organic ligands. The 
toxicity of free gadolinium in humans is mainly because 
its ionic radius is close to that of calcium and thus it 
becomes a potent blocker of many types of voltage-gated 
calcium channels and inhibits calcium-activated enzymes 
at nanomolar and micromolar concentrations [2].

Based on the structure of the ligand employed and 
its stability in vivo, as measured in human serum sta-
bility studies, GBCAs can be classified in three groups: 
nonionic linear, ionic linear, and macrocyclic. Macro-
cyclic chelates are more stable than nonionic linear 
chelates and ionic linear chelates are more stable than 
nonionic linear chelates [3]. The risk of dissociation of 
the gadolinium ion (Gd3+) is higher with linear than 
with macrocyclic chelates and with non-ionic than with 
ionic chelates.

The dechelation of gadolinium from its ligand is 
an equilibrium process mainly defined by kinetic and 
thermodynamic stabilities. Thermodynamic stability is 
the thermodynamic equilibrium in a solution between 
the dissociated gadolinium ion, the ligand and the entire 
contrast molecule, whereas the kinetic stability is the 
speed at which the dissociation equilibrium is reached. 
Thus, if kinetic stability is high, the speed of dissociation 
is low and vice versa [4]. Kinetic stability is evaluated 
using the dissociation half-life time (T1/2) of GBCAs in 
various conditions.  Other factors, including the concen-
tration of competing ions or ligands and the interaction 
times between the gadolinium chelates and their com-
petitors (increased in patients with renal insufficiency) 
contribute to the stability of GBCAs. 

The authors: 
Dr Joana Ramalho1, Miguel Ramalho2, Richard C. Semelka3, 
Mauricio Castillo3

1. Department of Neuroradiology, Centro hospitalar de lisboa 
Central, lisbon, Portugal

2. Department of radiology, hospital Garcia de Orta, Almada, 
Portugal

3. Department of radiology, University of North Carolina at Chapel 
hill, NC, USA

Corresponding author: Dr J ramalho 
email: joana-ramalho@netcabo.pt

By Dr J Ramalho, Miguel Ramalho, Richard C. Semelka, Mauricio Castillo 

MARCH 2016 D I  E U R O P E  61 



 62 D I  E U R O P E  MARCH 2016

CONTRaST MEdIa

SAFETY pRoFILE oF GBCAs
 Today, more than 300 million doses 

of GBCAs have been administered 
worldwide [4,5]. The administration of 
GBCAs is rarely associated with adverse 
effects.  In the past GBCAs were consid-
ered extremely safe with an incidence 
of allergic-like reactions ranging from 
0.004% to 0.7% [6] and severe life-
threatening anaphylactic reactions rang-
ing from 0.001% to 0.01% [6-9]. The 
manifestations of allergic-like reactions 
to GBCAs are similar to those of aller-
gic-like reactions to iodinated contrast 
media.  All GBCAs have comparable 
and extremely low incidences of severe 
anaphylactic reactions. Severe anaphy-
lactic reactions resulting in death are 
extremely rare and have been reported 
in approximately 1 in 300,000 admin-
istrations of GBCAs with 40 deaths 
per 51 million administered GBCAs-
doses between 2004 and 2009 (10,11).  
These rates are about one-third of those 
reported for nonionic iodine-based con-
trast agents.

Until now, the only well-established 
clinical entity related to toxic effects of 
gadolinium was nephrogenic systemic 
fibrosis (NSF). NSF was first recog-

nized in 1997 in 15 dialyzed patients 
and fully described 3 years later by 
Cowper et al. (12). Its association with 
GBCAs administration was established 
5 years later (13,14). NSF is a devas-
tating and potentially life-threatening 
disease characterized by widespread 
progressive tissue fibrosis typically 
occurring in patients with severe or 
end-stage chronic kidney disease or 
those with severe acute kidney injury 
[15, 16] after administration of less sta-
ble GBCAs. Limiting the use of GBCAs 
in patients with renal impairment, and 
switching from the less stable GBCAs 
to the more stable ones [17] has greatly 
reduced the incidence of NSF with no 
new cases reported since 2009. Recent 
investigations have shown that there is 
no association of gadobenate dimeglu-
mine (MultiHance) or gadobuterol 
(Gadovist) with NSF even in patients 
with abnormal eGFR undergoing peri-
toneal dialysis, hemodialysis, or no 
dialysis [18, 19]. The extremely safe 
profile of the most stable GBCAs led 
many to believe that they did not cause 
any disease when the appropriate dose 
was administered, especially in patients 
with normal renal function. 

Since 2004, we have recognized that 
in vivo exposure to gadolinium chelates 
results in its long-term incorporation 
into bone matrix [20-22] in patients 
with normal renal function. More 
recently, several studies have demon-
strated gadolinium deposition in neu-
ral structures [23-25]. Despite no obvi-
ous gadolinium-mediated micro- [23] 
or macroscopic changes [24], areas of 
gadolinium deposition are found in the 
brain and the long-term effects of this 
retained gadolinium are unknown.  

IN vIvo NEURAL TISSUE GADoLINIUM 
DEpoSITIoN

Over the last 2 years several peer-
reviewed articles have reported high 
signal intensity in the dentate nucleus 
and/or globus pallidus on unenhanced 
T1-weighted MRI studies in patients 
with normal renal function and a his-
tory of multiple GBCAs administra-
tions. McDonald et al. [23] and Kanda 
et al. [24] pathologically confirmed 
higher gadolinium deposition in these 
T1 hyper-intense regions as compared 
to other brain regions.

As with NSF, the agent most com-
monly associated with this finding is 

TaBle 1.  Gadolinium-based contrast agents (GBCAs) - biochemical properties. Ktherm, thermodynamic stability constant; Kcond, indicates conditional stability constant 
at physiological pH. T 1/2, dissoiation half time at pH 1.0 and 25ºC.
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gadodiamide (Omniscan) [26-31] but 
it has also been shown with gado-
pentetate dimeglumine (Magnevist) 
[26,30]. Conversely, the more stable 
macrocyclic GBCAs, such as gado-
teridol (ProHance) [30], gadoterate 
meglumine (Dotarem) [31,32], and 
gadobuterol (Gadovist) are not associ-
ated with MRI changes [33, 34].  Gado-
benate dimeglumine (MultiHance), an 
agent of intermediate stability, is associ-
ated with fewer MRI changes compared 
to the linear gadodiamide (Omniscan) 
[29] and gadopentetate dimeglumine 
(Magnevist) [35] but more when com-
pared to the macrocyclic gadoterate 
meglumine (Dotarem) [35]. However, 
lack of signal changes does not seem 
to exclude neural tissue deposition. In 
fact, recently Murata et al. [25] studied 
autopsy samples from 9 decedents who 
had received gadoteridol (ProHance), 
gadobutrol (Gadovist), gadobenate 
(MultiHance), or gadoxetate (Eovist) 
and their preliminary results showed 
deposits of gadolinium in all brain 
areas sampled with the highest levels 
being in the globus pallidus and the 
dentate nucleus. 

Recent animal studies demon-
strated that repeated administrations 
of gadodiamide (Omniscan), gado-
benate dimeglumine (MultiHance), 
and gadopentetate dimeglumine 
(Magnevist) in healthy rats was asso-
ciated with progressive and signifi-
cant T1 signal hyperintensity in the 
dentate nuclei with concomitant gad-
olinium deposition in the cerebellum. 
Repeated administrations of macro-
cyclic GBCAs (gadoterate meglumine, 
Dotarem) did not reveal these effects 
[31,36]. 

It is not known if the deposited 
gadolinium in brain remains bound to 
the chelate or if it is bound to phos-
phate and calcium;  binding to calcium 
has been reported in the skin of NSF 
patients. It seems likely that gado-
linium ions are free from the chelate, 
as the less stable agents are associated 
with this abnormal T1 signal hyperin-
tensity while the more stable macrocy-
clic agents are not [37].  

GADoLINIUM ToxICITY
The clinical significance of these 

MRI brain changes is unknown. No 
specific clinical symptoms related with 
MRI brain signal changes have as yet 

been established.  Recognizing this 
observation, the FDA drug safety com-
munications statement expresses that 
no adverse health effects have been 
identified with repeated use of GBCAs 
for MRI [38,39]. The European Medi-
cine Agency [40] the American College 
of Radiology  [6], and the European 
Society of Urogenital Radiology [41] 
have not yet proposed  guidelines con-
cerning gadolinium deposition [42]. 
Gadolinium is deposited in the cap-
illary endothelium and in the neural 
interstitium [23] which may explain 
the lack of symptoms [37]. On the other 
hand, symptoms after gadolinium may 
occur but may be overshadowed by 
those of the disease for which patients 
are being evaluated [37]. Our current 
work is investigating patients with 
normal renal function who describe 
clinical symptoms, including a foggy 
mentation, following GBCA adminis-
tration [43]. 

CoNCLUSIoNS
Gadolinium accumulation in brain 

varies depending on the type of chelate 
used. A risk of deposition is present 
in any MRI examination performed 
with at least the less stable GBCAs. 
Based on our current knowledge, the 
National Institutes of Health suggest 
that: (1) GBCAs should be used only 
when clinically indicated or when 
specified in an institutional review 
board approved protocol; (2) when-
ever possible the use of a macrocyclic 
GBCA should be considered rather 
than linear agents; (3) for patients with 
documented sensitivity to macrocyclic 
agents, linear agents are appropriate 
if clinically indicated, [4] FDA label 
indications and dosing recommen-
dations should be carefully followed, 
and [5] research programs to evaluate 
patients who have received multiple 
doses of GBCAs should be encour-
aged [38]. 

It is not clear at present whether neu-
rotoxic effects of gadolinium deposition 
occur, although none have so far been 
definitively shown. One must consider 
at present the potential unknown risks 
of residual gadolinium in our decisions 
regarding the administration of GBCAs 
and make efforts to minimize any resid-
ual gadolinium in a patient’s body [41]. 
It may be particularly important to use 
the most stable available GBCAs to miti-

gate against these risks. The increasing 
number of MRI scanners and the large 
number of patients undergoing contrast 
enhanced studies may result in addi-
tional risks for gadolinium accumula-
tion with potential health consequences. 
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