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Gadolinium-based contrast agents 
(GBCAs) have been used inter-
nationally for more than a quar-

ter century in more than 100 million 
patients. They are indispensable ad-
juncts to magnetic resonance (MR) 
imaging in a broad spectrum of dis-
eases for detection and therapeutic 
guidance. Their accumulated safety 
record is extraordinarily positive, with 
serious adverse reactions in the range 
of 0.03% of all administrations (1). 
Until 2006, it had been generally as-
sumed that whatever GBCA had been 
administered to patients was excreted 
shortly thereafter or that whatever 
amount might be retained by the body 
long term was so small as to be clin-
ically inconsequential. In 2006, two 
European groups (2,3) recognized 
and suggested a relationship between 
nephrogenic systemic fibrosis (NSF) 
and GBCA in patients with significant 
renal disease. These reports stimu-
lated inquiries that resulted in per-
manent changes and restrictions in 
the product labeling and prescribing 
information for all GBCAs, created 
new standards of care that incorpo-
rated patient renal function before 
screening, modified dosing to patients 
with significant renal disease, and re-
defined our understanding of, and ap-
proach to, the safety of GBCAs as a 
class. The re-examination also result-
ed in clear distinctions in the relative 
safety of individual GBCAs within the 
clinically approved class. We have still 
not yet fully or conclusively identified 
the cause(s) of NSF or determined 
precisely how the use of some GBCAs 
resulted in the clinical manifestation 
of this disease while other GBCAs did 
not. What is now known, however, is 
that by limiting the use of the observed 
high-risk agents to patients without 
severe renal disease and substituting 
agents with an apparently lower NSF 
association, the incidence of NSF has 

dropped dramatically. NSF taught us 
that, for patients with significantly 
impaired renal function, we had rea-
son to be concerned about abnormally 
prolonged elevated gadolinium levels.

In 2014, we were first exposed to 
another consideration—that of resid-
ual gadolinium in patients with nor-
mal renal function. First publicized by 
Kanda et al in 2014 (4), the connec-
tion was made between abnormal T1 
shortening in the globus pallidus and 
the dentate nuclei in patients who had 
undergone repeated prior adminis-
tration of gadopentetate dimeglumine 
and/or gadodiamide. Strengthening 
their observation was the apparent 
dose-response relationship wherein the 
greater the number of previous GBCA 
administrations the greater the degree 
of observed intracranial T1 shorten-
ing. Shortly thereafter, Errante et al 
(5) confirmed the presence of abnor-
mal T1 shortening in the dentate nu-
clei in patients with normal renal func-
tion who had received multiple doses 
of (only) gadodiamide. Once again, a 
dose-response relationship was evident 
in that study. A subsequent report by 
Kanda et al in 2015 (6) documented 
that the T1 shortening observed in the 
dentate nuclei was observed to be as-
sociated with the previous repeated ad-
ministration of the ionic linear GBCA 
gadopentetate dimeglumine, but not 
the previous repeated administration of 
the nonionic macrocyclic GBCA gado-
teridol. By observing this same effect 
on patients with meningiomas who had 
undergone repeated imaging with ga-
dodiamide but had not undergone any 
sort of interim treatment, Quattrocchi 
et al (7) were able to confirm that the 
effect was due to the repeated gadodi-
amide administration and not to any 
iatrogenic therapeutic intervention(s). 
Detection of GBCA with MR imaging 
has been limited to the order of approx-
imately 30 mmol/L for chelated GBCA 
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and (b) a crystal size close to that of 
Ca2+ that allows small amounts of the 
tripositive Gd3+ to compete biologically 
with dipositive Ca2+. Long-term reten-
tion of implanted insoluble gadolinium 
leads to benign neoplasms (13) and fatty 
degeneration of liver (14). Calcium in-
terference effects are well documented 
and include potential involvement in 
angiotensin-converting enzyme, macro-
phage inhibition, neurotoxicity (some of 
which appears to be partially blocked by 
the anti-oxidant N-acetylcysteine) (15), 
blocking neuromuscular transmission 
(16), cardiovascular, and other effects 
(17), but little is known about the toxi-
cology of Gd3+ ion in humans, especially 
about the levels required to achieve clin-
ical significance in humans.

Certainly, the acute toxicity asso-
ciated with free Gd3+ precludes its use 
as a human contrast agent and is the 
reason it must be bound to a powerful 
chelating molecule. This structure per-
mits the gadolinium chelate to remain 
paramagnetically active while mark-
edly elevating the dose at which 50% 
of test animals acutely die (LD50). For 
example, in rats, the LD50 for GdCl3 
(0.5 mmol/kg) increases 16- to 21-fold 
when the gadolinium is instead bound 
as a Gd-DTPA (LD50, 8 mmol/kg) or 
Gd-DOTA (LD50, 10.6) (18). Thus, it 
is the chelation of the Gd3+ ion to the 
various chelating molecules used in the 
commercial gadolinium chelate prepa-
rations that renders them sufficiently 
acutely safe for intravenous human 
administration. Companies typically 
also determine subacute tolerance of 
GBCAs by applying daily or multiple 
weekly doses for several weeks at the 
highest dose that produces no acute 
symptoms, (ie, >10 times the clinical 
dose) and follow up these studies with 
full organ microscopic pathologic exam-
ination. Such studies are designed to, 
and do generally, produce some signs of 
toxicity at extreme doses (19).

Integral to the safety of GBCAs is 
the persistence of the gadolinium che-
late bond for as long as the GBCA re-
mains within the patient. With normal 
renal function, the typical 90–120-mi-
nute biologic half lives of these central 
nervous system GBCAs are sufficiently 

and compared them to the findings in 
five autopsy specimens from patients in 
whom GBCA had not been previously 
administered. Using inductively coupled 
plasma mass spectrometry, transmission 
electron microscopy, and light micros-
copy, McDonald et al (11) confirmed the 
presence of gadolinium in the neuronal 
tissues of the global pallidus, dentate nu-
clei, pons, and thalamus. Furthermore, 
a direct relationship was observed be-
tween the amount of gadolinium detect-
ed in their brains and the total cumula-
tive lifetime gadodiamide doses for each 
of the 13 gadodiamide-exposed patients, 
which also correlated well with the de-
gree of T1 shortening observed in these 
tissues. Although the detected gadolini-
um was predominantly clustered in the 
endothelial walls, roughly a third of all 
detected gadolinium appeared to have 
crossed an intact blood-brain barrier 
and deposited into the otherwise normal 
neuronal interstitium. It is not certain in 
what form the gadolinium (free gado-
linium ion or intact gadolinium chelate) 
crossed the blood-brain barrier, but the 
facts suggest that our understanding of 
the biodistribution of gadolinium is yet 
incomplete. Also using inductively cou-
pled plasma mass spectrometry, the 
Kanda group found the presence of 
gadolinium, not only in the global palli-
dus and dentate nuclei but also in frontal 
lobe cortex, frontal lobe white matter, 
and cerebellar white matter, at concen-
trations that far exceeded those seen 
in the control group. These provocative 
findings cause us to reconsider what we 
know and what we need to learn to bet-
ter care for our patients.

It is widely recognized that rare 
earth heavy metals, such as gadolinium 
and other members of the lanthanide el-
ements, can be toxic to mammals. The 
specifics underlying the potential toxic-
ity of free Gd3+ ion (ie, gadolinium not 
bound in a strong gadolinium chelate) 
are numerous and, considering the ex-
tent to which GBCAs are being routinely 
used in humans, surprisingly not as well 
defined as we might like to think (8). 
Most of the known toxicity of free Gd3+ 
ion can be connected with two prop-
erties: (a) insolubility at physiologic pH 
resulting in very slow systemic excretion 

(8). Hence, the amounts deposited or 
detected appear to be of roughly that 
order.

In this issue of Radiology, Radbruch 
et al (9) add to our rapidly increasing 
fund of knowledge on this subject by 
confirming that, in a total of 100 pa-
tients studied, the dose-dependent T1 
shortening effect on the global pallidus 
and dentate nuclei was observed with 
repeated previous administrations of 
gadopentetate dimeglumine but not 
with repeated previous administrations 
of the macrocyclic agent gadoterate. 
Thus, the data appear to be separating 
according to GBCA class, as they had 
in NSF. This lends support to the hypo-
thesis that the observed T1 shortening 
may represent a consequence of the 
dissociation of the gadolinium ion from 
its chelating ligand molecule.

Although it had been conjectured 
that the observed T1 shortening was a 
result of gadolinium accumulation in the 
tissues of these patients, that hypothesis 
had not previously been verified. For ex-
ample, calcium is known to normally ac-
cumulate in the global pallidus in some 
patients, and increased manganese de-
position is theorized to cause the ab-
normal T1 shortening seen in the global 
pallidus in patients with severe hepatic 
disease or chronic hyperalimentation 
(10). Thus, it was possible that the accu-
mulation or deposition of other moieties 
or metals might underlie the observed 
T1 shortening.

With the publication of the article 
by McDonald et al in this issue of Ra-
diology (11) and Kanda et al’s confirma-
tory findings (12), we can now confirm 
gadolinium deposition in these areas of 
T1 shortening. The McDonald group 
evaluated 13 autopsy specimens from 
patients (all with an estimated glomer-
ular filtration rate [eGFR] of 49 mL/
min/1.73 m2 or higher) who had under-
gone at least four MR examinations with 
gadodiamide and 10 from subjects in 
whom a GBCA had never been admin-
istered. The Kanda group evaluated au-
topsy specimens from five patients with 
eGFRs greater than 45 mL/min/1.73 
m2 who had received at least two total 
doses of gadopentetate dimeglumine 
and either gadodiamide or gadoteridol 
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short that the amount of dissociation of 
the gadolinium chelate bond that could 
potentially occur while the agent is still 
in the patient has been considered clin-
ically trivial. However, a significant de-
crease in renal function increases the 
duration that the GBCA remains in the 
patient, thus increasing the potential for 
in vivo gadolinium chelate dissociation 
(20). The forces that can accomplish 
gadolinium chelate dissociation are well 
known to be available in vivo, and gad-
olinium chelate dissociation has been 
conclusively documented in human se-
rum over days to weeks (21). This dis-
sociated free Gd3+ would, if detected, 
be present as insoluble phosphates, bi-
carbonates, or hydroxides and/or possi-
bly protein bound. The presence of el-
evated phosphate levels, as for example 
are often present in dialysis patients, 
increases the likelihood of gadolinium 
chelate dissociation for high NSF risk 
subclasses of the GBCA in clinical use 
today (21,22). Because NSF is associ-
ated predominantly with GBCAs that 
more rapidly dissociate free gadolinium 
under stress, the “transmetalation the-
ory” conjectures that gadolinium che-
late dissociation in vivo participates 
with unknown other factor(s) to begin 
the chain of events that ultimately lead 
to clinical NSF.

The different brands of GBCA 
available for clinical use today differ 
primarily in the chelating ligand mol-
ecule used to form the gadolinium 
chelate. The macrocyclic gadolinium 
chelates are considerably more resis-
tant to dechelation in vivo than are 
the linear gadolinium chelates, par-
ticularly the nonionic linear chelates. 
The technical arguments that explain 
these facts, including transmetalation 
or other theories, are less relevant to 
the current discussion than are the 
facts themselves: Gadolinium released 
and retained in vivo in animals (22), in 
human serum (21), and in humans to 
the growing extent measured with past 
and present studies increases by GBCA 
class from barely to undetectable in 
macrocyclic GBCA, to greater amounts 
detected for ionic linear GBCA, to 
the greatest amounts in nonionic lin-
ear GBCA. NSF is associated with the 

previous unconfounded administration 
of gadodiamide and gadoversetamide 
(nonionic, linear GBCA) and is pre-
sent but less so with gadopentetate 
dimeglumine (a linear ionic GBCA) but 
rarely or not at all following the pre-
vious unconfounded administration of 
macrocyclic GBCAs (23,24).

It should be stressed, however, 
that the transmetalation theory in and 
of itself seems insufficient to account 
for all that we know about NSF. For 
example, gadopentetate dimeglumine 
and gadobenate are both linear ionic 
GBCAs, yet there have been roughly 
100 cases of NSF following the pre-
vious unconfounded administration of 
gadopentetate dimeglumine and none 
following the previous unconfounded 
administration of gadobenate (23,24). 
Furthermore, despite its macrocyclic 
structure, gadobutrol seems to have 
been associated with at least two 
cases of NSF that were associated 
with its previous unconfounded ad-
ministration (25).

One of the self-stated limitations of 
the study by McDonald et al (11) is that 
“…it remains unclear if the gadolinium 
detected in neuronal tissues remains in 
a chelated state or free ionic form.” 
Similarly, Kanda et al (12) stated that 
“…our results show only gadolinium 
deposition; its specific form (ie, as a 
dissociated gadolinium ion or a che-
lated gadolinium compound) was not 
determined.” Although this remains 
true in studies of brain biopsies, the 
same question has been recently an-
swered in skin biopsies from a patient 
with apparent NSF. Using an ingenious 
and coordinated approach combining 
inductively coupled plasma mass spec-
trometry, laser ablation inductively 
coupled plasma mass spectrometry to 
quantify and provide high-resolution 
histologic gadolinium spatial locali-
zation information, and hydrophilic 
interaction liquid chromatography in-
ductively coupled plasma mass spec-
trometry to identify the form in which 
the gadolinium is found, Birka et al 
(26) examined a 25-year-old woman 
with renal failure who was on dialy-
sis (after two renal transplants) with 
signs and symptoms characteristic of 

NSF. This patient had received gado-
pentetate dimeglumine in 2002 as well 
as gadoteridol in 2005. Their studies 
of skin biopsies from affected regions 
in this patient revealed the presence 
of gadolinium in the biopsy specimens 
at concentrations ranging from 3.02 to 
4.58 mg/kg. They reported finding the 
highest levels of gadolinium in the walls 
of blood vessels in the subcutis, consis-
tent with the results of McDonald et al 
(11), with additional but lower levels 
in the connective tissue of subcutane-
ous tissue septae and deeper connec-
tive tissue. These spatial distributions 
of gadolinium also paralleled the spa-
tial distribution maps of calcium and 
phosphorous. They also reported that 
the predominant form of gadolinium 
in the skin sample was gadolinium 
phosphate, GdPO4. Remarkably, they 
also reported for the first time in the 
peer-reviewed literature the presence 
of intact gadoteridol in the skin biopsy 
at a concentration of 1.76 nmol/L ± 
0.05 8 years after the last adminis-
tration of gadoteridol in that patient. 
No intact gadopentetate dimeglumine 
could be identified in the specimen, 
presumably, as per the conjecture of 
the authors, due to the lower in vivo 
stability of this agent (compared to 
gadoteridol) and its presumed de-
chelation by the time of biopsy. Two 
other forms of gadolinium were also 
detected in the skin biopsy, but their 
molecular form or species could not 
be identified. The presence of consid-
erable quantities of GdPO4 as well as 
other still-unidentified molecular gad-
olinium-containing moieties supports 
what must be considered definitive 
evidence of dechelation and release of 
the Gd3+ ion from administered GBCA. 
The presence of intact gadoteridol 
molecules more than 8 years after its 
last administration is itself unantici-
pated, albeit at a nanomolar level in 
compromised tissue in a patient under-
going dialysis with presumed NSF.

The findings of Kanda et al (6), Er-
rante et al (5), McDonald et al (11), 
and others are restricted to those pa-
tients demonstrating significant intra-
cranial T1 shortening. As suggested 
or documented by the work of Gibby 
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et al (27), White et al (28), Darrah et 
al (29), Birka et al (26), and others, 
GdPO4 and other insoluble forms of 
gadolinium may make up a significant 
percentage of all residual gadolinium 
in humans after the administration of 
at least some of the GBCAs in use to-
day. It is interesting to note that insol-
uble GdPO4 or soluble protein-bound 
gadolinium would not have, a priori, a 
known effectiveness at T1 shortening. 
As such, the possibility exists that MR 
imaging may significantly underestimate 
how much gadolinium may be retained 
in human tissues where it is detected, 
and by omission also in which tissues it 
may be found. MR imaging alone is not 
a reliable analytical tool for the detec-
tion of gadolinium of unknown compo-
sition and environment.

Recommendations
At this stage, we now have clear evi-
dence that the administration of various 
GBCAs results in notably varied levels 
of accumulation of residual gadolinium 
in the brain and bones of patients, even 
those with normal renal function. What 
we still do not know is the clinical signif-
icance, if any, of this observation. The 
present data now confirm that long-term 
multi-year residual gadolinium at these 
observed levels is a reality for some, but 
not all, of the GBCAs.

As we are now discovering new 
information regarding the biodistri-
bution and pharmacokinetic behavior 
of at least some of these GBCAs, we 
suggest that the radiology community 
should consider these findings when 
using these agents. We must first and 
foremost confirm that the requested 
contrast material–enhanced MR ex-
amination is truly indicated. We must 
now also consider the unknown risks 
of previously unanticipated residual 
gadolinium in our decisions as to 
which agent to administer, how much 
to administer, and whether to admin-
ister it at all.

Gadolinium administration has 
only been approved under the as-
sumptions that (a) the potential sub-
stantial benefits outweigh any known 
risks, (b) the risks of administration 
are relatively well established, and 

(c) the administered GBCA will be 
effectively excreted from the body in 
a rapid and timely fashion and pose 
no serious long-term or lasting dele-
terious effects. Because new data are 
now becoming available regarding the 
basic underlying pharmacokinetics of 
at least a small but unknown fraction 
of administered GBCAs, it seems most 
appropriate to ensure that we re-re-
view all that we now know about GB-
CAs and affirm what we consider to be 
their appropriate uses and indications. 
Research is needed to confirm the ex-
isting findings, particularly to confirm 
whether the use of a given GBCA will 
avoid or minimize the residual gado-
linium. Extension of the elegant sep-
arations of Birka et al (26) to brain 
biopsies would inform on chemical 
speciation of the residual intracranial 
gadolinium. Postmortem biopsy stud-
ies should be extended to other organ 
systems in animals and humans. Most 
difficult, but highly important, would 
be studies to determine whether there 
are indeed any toxic effects of residual 
gadolinium in organs where it is de-
tectable, including the brain, and here 
such studies should include cognitive 
ones. Finally, the search for more ef-
fective MR imaging agents should con-
tinue to occupy scientists in both ac-
ademic and commercial laboratories. 
How our funding agencies and com-
mercial partners spend money on re-
search should be important to us, es-
pecially as the safety of at least some 
of these vital GBCAs is being called 
into question.

GBCAs are extremely valuable 
to patients worldwide and have been 
so for decades. Our use of these and 
other exogenous agents has always 
been guided by risks and benefits, and 
new knowledge will inevitably affect 
both the numerator and the denomi-
nator of the equation. Of all of the pos-
sible endings to this story, one of the 
worst would be for us to unnecessarily 
deprive our patients of crucial, even 
life-saving, medical data from GBCA-
enhanced MR imaging. Another would 
be for us to ignore these new findings 
and continue prescribing them as we 
have until now, without change.
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