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Magnetic resonance imaging (MRI) 
depicts intrinsic contrast between 
structures using differences in 
magnetization properties, but it was 
recognized early in the development 
of MRI that paramagnetic agents 
enhance tissue discrimination.1-3 
Gadolinium (Gd) was shown to have a 
particularly strong effect on shorten-
ing the T1 and T2 relaxation times of 
hydrogen protons.4  Notably, many 
paramagnetic ions are relatively toxic 
in their natural, free ionic forms, thus 
chelation is required to reduce toxic-
ity before injection into living organ-
isms.5 When chelated, toxicity is min-
imized, but T1 and T2 relaxivity, while 
diminished, are not eliminated.6

In 1984, Schering filed the first pat-
ent application on an MRI contrast 
agent called Gd(III) diethylenetri-
aminepentaacetate (Gd-DTPA) or 
gadopentetate dimeglumine. Gd-DT-
PA, marketed as Magnevist, served as 
the forefather of Gd-based contrast 
agents (GBCAs).7 A preclinical study 
published in 1984 showed that 
“the combination of strong proton 
relaxation, in vivo stability, rapid 
urinary excretion, and high toler-
ance favors the further development 
and the potential clinical application 
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of Gd-DTPA as a contrast enhancer 
in magnetic resonance imaging.”6 
The results of this landmark study 
also helped lay the groundwork for 
subsequent permutations of chelated 
agents, making this article the most 
cited publication in the American 
Journal of Roentgenology (AJR) at 
its centennial.8

In 1984, the first images per-
formed with intravenous gadopen-
tetate dimeglumine in patients 
with cerebral, liver, and bladder 
tumors were published.5 In 1988, 
gadopentetate dimeglumine received 
approval for clinical use in the 
United States, Germany, and Japan.3 
At that time it received US Food and 
Drug Administration (FDA) approval 
for contrast-enhanced MRI (CE-MRI) 
of the central nervous system, an 
approval that was then extended to 
the rest of the body (except the heart) 
five years later.7 

Refinement of Gadolinium MRI 
Contrast

During the decade following FDA 
approval, gadopentetate dimeglu-
mine use increased dramatically.9 
Those developing competitor GBCAs 
sought to develop improved agents, 
predominantly with higher relaxivi-
ty. Based on ligand structure, GBCAs 
are divided into two groups, linear 
and macrocyclic, both of which 

can be ionic or non-ionic in over-
all charge. Linear agents have an 
extended organic molecular ligand 
that enfolds around the ion, while 
macrocyclic agents confine the ion in 
a preformed central cavity.10  Trans-
metalation, also called dechelation, 
occurs when competing endogenous 
metals, including zinc, copper, cal-
cium, and iron, destabilize and thus 
accelerate dissociation of GBCAs into 
the Gd ion in vivo.11

Between 1988 and 2013, the FDA 
approved nine contrast agents (Table 
1). During this time, GBCA use 
evolved to include higher than stan-
dard 0.1 mmol/kg doses, with double 
doses being used for MR angiogra-
phy (MRA) and triple doses used for 
certain applications.12,13 Substantial 
evidence demonstrated that higher 
doses provided additional diagnos-
tic yield with few associated safety 
concerns, and one GBCA, gadoter-
idol, received an indication for 0.3 
mmol/kg; it retains that triple dose 
indication today.14

Developments in MRI technology 
and GBCAs increased the value of 
CE-MRI; hence, the use of GBCAs 
in approximately 30 million MRI 
procedures annually.3 More than 450 
million doses of GBCAs have been 
given since its introduction in 1988.15 
GBCAs increase tissue differentia-
tion, allowing for evaluation of per-
fusion as well as the characterization 

Editor’s note: This is the first part of a two-part series. The second part will appear in the January-February 2022 issue  
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of lesions, and are used particularly 
for MRA and for MRI of the CNS, 
abdomen, breast, and heart. From 
their early days, GBCAs were well 
tolerated, with a low rate of adverse 
events.16 Notably, GBCAs were widely 
perceived as safe alternatives in 
patients with poor renal function 
who could not receive iodinated 
contrast media.17

MRI Contrast Safety: 
Nephrogenic Systemic Fibrosis 
(NSF)

In 1997, over a decade after GBCAs 
were first administered to humans, 
some renal dialysis patients be-
gan developing unexplained skin 
thickening after unsuccessful renal 
transplantations.18 Dr Philip LeBoit, 
a dermopathologist, deemed the dis-
order “scleromyxedema-like,” owing 
to the presence of “peau d’orange” 
skin findings without the IgG lambda 
paraprotein.19 A collaborative, mul-
ticenter, clinicopathological study 
ensued to determine the cause.

Subsequent studies demonstrating 
involvement of deeper structures 
beyond the skin indicated a systemic 
disease-related etiology;20 the condi-

tion, originally named nephrogenic 
fibrosing dermopathy (NFD) due to 
its skin manifestations, ultimately 
was renamed to the more com-
prehensive nephrogenic systemic 
fibrosis (NSF).

The first link between NSF and 
GBCAs was suggested in 2006, 
when Austria’s Dr Thomas Grobner 
documented the development of 
skin symptoms in five patients with 
end-stage renal disease between 
two and four weeks after undergo-
ing contrast-enhanced MRA with 
gadodiamide.21 Subsequent case 
analyses have demonstrated that 
most patients who develop NSF do 
so within three to six months of 
GBCA exposure.9 

Studies suggest NSF results from 
a chemical transformation of the 
GBCA molecules, leading to Gd 
release (dechelation) and subsequent 
accumulation. The linear GBCAs of 
the high-risk group are more prone 
to releasing Gd than the macrocyclic 
GBCAs of the low-risk group, and 
more likely to induce NSF. Yet, it is 
often difficult to attribute individu-
al NSF cases to the administration 
of a specific GBCA, as most of the 
patients received multiple GBCAs 

before diagnosis. By combining both 
clinical and histopathologic criteria, 
Girardi, et al, have developed a scor-
ing system that allows the exclusion 
of conditions mimicking NSF while 
facilitating its reproducible and accu-
rate diagnosis.22

Understanding NSF is also made 
more challenging by its rarity, with 
only 400-800 cases worldwide. Most, 
but not all, have been associated 
with GBCAs. In a 2018 evaluation of 
145 million administered doses of 
gadopentetate dimeglumine,  only 
74 patients had reports diagnostic of 
or consistent with NSF.9 To evaluate 
the association of NSF with high-
risk agents, Edwards, et al, analyzed 
three public safety databases, which 
included the International Centre 
for Nephrogenic Systemic Fibrosis 
Registry (ICNSFR), the Food and 
Drug Administration Adverse Event 
Reporting System (FAERS), and a 
legal data set. 

Among 382 biopsy-proven NSF 
cases, Edwards, et al, found 279 un-
confounded cases (involving a single 
GBCA), all of which involved a linear 
GBCA.23 Bayer Healthcare published 
a retrospective analysis of their 
safety database, which confirmed the 

Table 1. Contrast agents.11 Group designations by the ACR Manual Classification of Gadolinium-Based Agents 
Relative to Nephrogenic Systemic Fibrosis.48 Group I agents are associated with the greatest number of NSF 
cases. Group II agents are associated with few, if any, unconfounded cases of NSF and Group III agents have 
limited data regarding NSF risk, but few, if any unconfounded cases of NSF reported. * Denotes ionic.

MACROCYCLIC STANDARD RELAXIVITY (GROUP II)

1992 gadoteridol ProHance

2011 gadobutrol Gadavist

2013 gadoteric acid or gadoterate meglumine Dotarem or Clariscan*

Linear Standard Relaxivity (Group I)

1988 gadopentetate dimeglumine Magnevist*

1993 gadodiamide Omniscan

1999 gadoversetamide OptiMARK

High-Relaxivity
2004 gadobenate dimeglumine MultiHance* (Group II)

2008 gadoxetic acid Eovist/ Primovist* (Group III)

2010 gadofosveset trisodium Ablavar*
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greater probability of NSF occurrence 
when using linear GBCAs. Over a 
10-year period, 563 of the 779 NSF 
reports involved gadopentetate dime-
glumine, and Endrikat, et al, found 
that 220 were unconfounded. They 
also demonstrated that GBCAs with 
lower market shares and late market 
introduction are less likely to be asso-
ciated with NSF in an unconfounded 
setting.9  A systematic review of pub-
lished literature by Attari, et al, led to 
the identification of 639 patients with 
biopsy-confirmed NSF. Of these, 405 
reported the type of GBCA used. The 
majority of cases occurred with group 
I agents, and few cases were associat-
ed with group II agents.24

The first GBCA received FDA ap-
proval in 1988, nine years before NSF 
was first described in 1997. In May 
2007, the FDA required the addition 
of a black box warning to the label-
ing of GBCAs stating that patients 
with severe renal insufficiency who 
receive GBCAs are at risk for devel-
oping NSF. In September 2010, the 
FDA further required that all GBCA 
labels emphasize the need to screen 
patients for renal dysfunction before 
administration.25 They also decided 
that group I agents (gadodiamide, 
gadopentetate dimeglumine, and 
gadoversetamide) be contraindicat-
ed in those patients, since they are 
associated with a greater risk of NSF 
than are group II agents (gadobenate 
dimeglumine, gadobutrol, gadoteric 
acid, and gadoteridol).26 Follow-
ing this black box labeling, NSF 
nearly disappeared.

The Pendulum Swings Back
New cases of NSF were largely 

eliminated by screening high-risk pa-
tients for renal dysfunction, consid-
ering alternative examinations, using 
the lowest effective contrast dose, 
and using a Group II or III agent with 
lower NSF risk. Only seven cases 
of NSF have been reported after 
2008.24,27 However, because of radiol-
ogist reticence related to NSF, many 

patients with renal disease have been 
denied the benefits of CE-MRI.

The French Pro-FINEST study was 
the first to estimate the incidence 
of NSF in patients on long-term 
dialysis. It found that of 287 patients 
who underwent CE-MRI [the major-
ity (93.4%) received a macrocyclic 
GBCA, specifically gadoteric acid 
(88.9%)], 22 reported a dermatolog-
ical event within four months after 
the examination, but none of these 
cases were diagnosed as NSF.28,29

The international SECURE study 
evaluated the safety profile of gadoter-
ic acid in 35,499 patients, including 
individuals with moderate (n = 417), se-
vere (n = 58), or end-stage (n = 7) renal 
insufficiency. None of the patients 
with renal dysfunction developed NSF 
or had a suspicion of NSF after a mean 
follow-up of at least three months. 
Similar results were obtained from 
patients with stage 3 to stage 5 chronic 
kidney disease, who were given gado-
benate dimeglumine or gadobutrol, 
and there were additional similar 
studies of gadoteric acid.30

Recognizing the lifesaving benefits 
of CE-MRI and incorporating the 
findings of these studies,  the Amer-
ican College of Radiology (ACR) in 
2017 recommended that renal func-
tion screening longer be required 
for Group II agents in both in- and 
outpatients.31 In 2020, the ACR and 
the National Kidney Foundation 
issued a consensus statement that, 
depending on the clinical indication, 
the potential harms of delaying or 
withholding group II or group III 
GBCAs for MRI in patients with renal 
dysfunction should be balanced 
against the risk of NSF.32

MRI Contrast Safety: 
Gadolinium Retention

Concerns regarding the perceived 
safety profile of GBCAs arose again in 
2014, with observation of an increase 
in T1 MR signal within the globus 
pallidus and dentate nucleus on non-
contrast scans in patients who had 

received GBCAs in the past, indicating 
that the signal seemed to be coming 
from Gd retained in the brain of these 
patients. Such findings were seen 
even with low GBCA doses in patients 
with normal renal function and in 
those with an intact blood-brain 
barrier, indicating that all patients 
receiving a GBCA are potentially at 
risk for Gd retention in the brain.33,34 
Similar in vitro and in vivo reports 
demonstrating Gd retention in bone 
had been published previously.35,36 

Using inductively coupled plasma 
mass spectrometry (ICP-MS), the T1 
hyperintense signal seen on noncon-
trast scans was confirmed to result 
from the presence of Gd. Gadolin-
ium was found in the brain follow-
ing administration of all GBCAs, 
including macrocyclic agents, albeit 
at lower levels than following linear 
agents.37 ICP-MS also detected Gd 
in bone at much higher levels than 
in brain tissue. 

Like findings related to NSF, Gd 
retention appears to occur more often 
with linear GBCAs than with macro-
cyclic agents, presumably because the 
macrocyclic GBCAs are more stable 
and thus hold the toxic Gd ion more 
tightly, undergoing dechelation less 
readily.38 Among macrocyclic GBCAs, 
visible hypersignal thus far has been 
seen only following high doses of the 
macrocyclic gadobutrol.39,40 

Among linear GBCAs, Gd seems to 
remain in the body longer after gado-
diamide or gadoversetamide admin-
istration than after the protein bound 
gadoxetic acid or gadobenate dime-
glumine.41 Whether a linear agent is 
ionic or nonionic seems also to have 
an impact; after 15 days, release of the 
free Gd ion from the nonionic linear 
GBCAs is about 10 times higher than 
from the ionic linear GBCAs.42 

In response to the T1 signal seen 
in the brain on noncontrast scans, 
the FDA released a safety alert in 
2015, stating that the agency was 
“investigating the risk of brain depos-
its following repeated use of GBCAs 
for MRI,” owing to reports in the 
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the FDA position, with restriction and 
removal of linear agents from the mar-
ket, leaving only macrocyclic GBCAs 
available for general use. The FDA 
recommends considering retention 
characteristics when choosing a GBCA 
for patients who may be at higher risk 
for Gd retention, including those who 
require multiple lifetime doses, preg-
nant women, children, and patients 
with inflammatory conditions.10
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