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508 Nephrogenic Systemic Fibrosis: A Review

Nephrogenic
Systemic Fibrosis

A Concise Review for Cardiologists

Nephrogenic systemic fibrosis is a recently recognized disease entity that is potentially
debilitating. The exact pathogenesis of nephrogenic systemic fibrosis is unclear, but the
disease has been linked with the use of gadolinium-based contrast agents, predominantly
in patients with acute renal failure or end-stage renal disease. Consequent to increased
physician awareness of this link, the incidence of nephrogenic systemic fibrosis has begun
to decrease. The aims of this review are to provide a concise summary of the approved
gadolinium-based contrast agents available in the United States, to discuss the postulated
pathogenesis of nephrogenic systemic fibrosis, to describe the clinical features of the dis-
ease, and to provide broad recommendations for gadolinium-based contrast agent use.
(Tex Heart Inst J 2010;37(5):508-15)

he 1st noninvasive tomographic images of the human body using magnetic

resonance imaging (MRI) were published almost 3 decades ago." Since that

time, MRI has undergone remarkable technological and methodological ad-
vances. Because of its ability to provide information on microscopic and macroscopic
tissue structure, physiology, and metabolism, this technique is now widely used clini-
cally to distinguish normal tissue from abnormal tissue. Compared with other non-
invasive imaging techniques, MRI has a unique combination of advantages, including
high spatial resolution, exquisite tissue contrast, reproducibility, lack of limitations
with respect to acoustic windows, and lack of a need for ionizing radiation.

In cardiovascular cases, the exquisite soft-tissue contrast provided by MRI has been
used to study cardiac structure and function. In fact, cardiac magnetic resonance im-
aging has emerged as the gold standard for evaluating ventricular function and char-
acterizing tissue.” The introduction of MRI contrast agents has further expanded the
clinical usefulness of this method of evaluating cardiovascular disease. In particular,
the introduction of gadolinium (Gd)-based contrast agents (GBCAs) has expand-
ed the role of MRI for visualizing vascular structures within the body. Gadolinium-
based contrast agents dramatically reduce the tissue’s spin-lattice relaxation time (T)),
and this reduction in T| is used to visualize vascular space after the administration of
these agents. Because of its high spatial and contrast resolution, such imaging of vas-
cular space—called MR angiography—has gained widespread acceptance in the as-
sessment of aortic and peripheral vascular disease.’

In addition to enabling visualization of the macrovascular space, the contrast-agent
kinetics within tissue can be exploited to provide further information about the phys-
iologic or metabolic state of the tissue. For example, the distribution volume for Gd
is greater in necrotic myocardium than in normal myocardium, and this difference
serves as a contrast mechanism in delayed-enhancement (DE) MRI, a recently intro-
duced technique for identifying irreversibly injured myocardium. Several researchers
have shown that DE-MRI can identify areas of myocardial fibrosis with a high de-
gree of accuracy and reproducibility.”

Gadolinium has traditionally been deemed a relatively safe contrast agent. Since
1988, at least 7 GBCAs, with different structural, pharmacokinetic, and physico-
chemical properties, have been approved by the U.S. Food and Drug Administration
(FDA) for clinical use during MRI. Millions of patients have been exposed to these
agents, which were considered safe for use even in patients with renal insufficiency”’
Since 2007, however, a relatively rare but potentially fatal disease termed nephrogen-
ic systemic fibrosis (NSF) has been linked to Gd exposure in patients with advanced
renal disease. The specific mechanism associated with the induction of NSF in these

Volume 37, Number 5, 2010



patients is not yet known. As a resul, the diagnostic im-
aging community has become concerned about the safe
use of GBCAs for clinical MRI evaluation.

The aim of this review is to provide a concise summa-
ry of the currently used GBCAs, the pathogenesis and
clinical characteristics of NSF, and clinical recommen-
dations for using GBCAs now that NSF has been rec-
ognized.

Gadolinium-Based Contrast Agents

Metal ions with unpaired electrons are paramagnetic,
and in an aqueous solution, the dipolar interaction be-
tween the paramagnetic ions and the water protons re-
duces both the spin-lattice (T,) and the spin-spin (T))
relaxation-time constants of the water protons. The
paramagnetic ions gadolinium (Gd?*) and manganese
(Mn?*) have 7 and 5 unpaired electrons, respectively,
and are effective in reducing the T), and T, of protons.
However, in its native ionic form, Gd3+ is highly toxic
to the human body; this substance accumulates in the
bones, liver, or spleen by displacing endogenous mate-
rials such as Fe3+, Zn2+, Cu3*, and calcium via a pro-
cess known as transmetallation.” Therefore, a metal ion
complex or chelate with high thermodynamic and ki-
netic stability at a physiologic pH is necessary to ensure
near-complete, safe excretion of a GBCA from the body.

Biodistribution of
Gadolinium-Based Contrast Agents
After intravenous administration, GBCAs leak from the
blood pool into the interstitial space. The size of the
GBCA molecules determines the rate of this leakage.
Almost all of the GBCAs approved for clinical use by
the FDA are low-molecular-weight, extracellular fluid
agents that have a distribution halflife of about 5 min-
utes and are cleared predominantly by the kidneys,
with an elimination half-life of about 80 minutes."
The FDA recently approved gadofosveset (Ablavar™,
Lantheus Medical Imaging, Inc.; N. Billerica, Mass),
a GBCA that binds strongly and reversibly to a much
larger serum albumin molecule and that has a longer
distribution half-life and higher relaxivity than those of
extracellular fluid agents. Such high-molecular-weight
GBCAs, which reside in the intravascular space for a rel-
atively long time, are referred to as blood-pool agents.
In patients who have normal renal function, the elim-
ination half-life of most of the Gd-chelate agents is ap-
proximately 1 to 2 hours."! However, in 1 study that
investigated patients who had severe renal insufficiency
(defined as a creatinine clearance of 10—30 mL/min),
the mean half-life of gadopentetate dimeglumine
(Magnevist®, Bayer HealthCare Pharmaceuticals Inc.;
Wayne, NJ) increased to 6.1 hours after administra-
tion.”” Moreover, in another study,” the mean half-life
of gadodiamide (Omniscan™, GE Healthcare; Chal-
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font St. Giles, UK) increased to 34.2 hours in patients
with severe renal insufficiency (defined as a glomerular
filtration rate [GFR] of 2—10 mL/min).

Physical Structure and Stability of
Gadolinium-Based Contrast Agents

Table I lists the Gd chelates that have been approved by
the FDA."'*!¢ The commercially available extracellular
fluid agents are Gd3* ions ligated with linear or cyclic
polyaminocarboxylates.’” In aqueous solutions, the cy-
clic Gd chelates, because of their “ring” structure, have
higher conditional and thermodynamic stability con-
stants; compared with their linear counterparts, the cy-
clic Gd chelates require more energy to dissociate the
Gd3* ions from their chelated configuration. In addi-
tion, Gd chelates can be classified as ionic or nonionic.
In the ionic compounds, which are meglumine salts of
negatively charged chelates, the electrostatic interaction
between the Gd and the chelate is stronger than that
in the nonionic compounds. Researchers have shown
that, in aqueous solutions, the ionic forms of Gd che-
lates commercially available in the United States, such
as gadopentetate dimeglumine and gadobenate dimeg-
lumine (MultiHance®, Bracco Diagnostics Inc.; Prince-
ton, NJ), have higher conditional and thermodynamic
stability constants than do nonionic gadolinium che-
lates such as gadodiamide and gadoversetamide (Opti-
MARK?®, Covidien Imaging Solutions; Hazelwood,
Mo). Some GBCAs (gadodiamide, for example) have
a significant excess of chelates, and the presence of ex-
cess chelates is often considered an indirect measure of
Gd-chelate stability in vivo. In general, Gd chelates with
a macrocyclic structure are more stable than are those
with a linear structure.

Nephrogenic Systemic Fibrosis

In 2000, Cowper and associates"” reported that 15 he-
modialysis patients presented with “scleromyxoedema-
like” skin lesions. The following year, the same author
used the term nephrogenic fibrosing dermopathy to de-
scribe this clinical syndrome." In 2003, researchers first
noted that the disease could also involve other system-
ic organs,” and subsequently the term nephrogenic sys-
temic fibrosis (NSF) was adopted in the literature.” In
2006, reports started to surface suggesting that patients
diagnosed with NSF had frequently been exposed to
Gd chelates before developing clinical symptoms.?'*
Since then, the FDA and other regulatory authorities
and professional societies have provided recommenda-
tions and continual updates regarding NSF and the ad-
ministration of Gd chelates.”*¢

Pathogenesis
Over the past few years, investigators have associated
various clinical conditions with NSF, including meta-
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TABLE I. Physiologic and Chemical Properties of Gadolinium Chelates Approved in the United States

Trade Name

Variable Magnevist® ProHance® Omniscan™ OptiMARK® MultiHance® Eovist® Ablavar™
Molecular Linear, ionic Linear, ionic Cyclic, Linear, nonionic  Linear, nonionic Linear, ionic Linear, ionic
structure nonionic
Compound Gadopentetate Gadoteridol Gadodiamide Gadoversetamide Gadobenate Gadoxetate Gadofosveset
name dimeglumine dimeglumine disodium trisodium
Approval year 1988 1992 1993 1999 2004 2008 2008
Chelating agent DTPA HP-DO3A DTPA-BMA DTPA-BMEA BOPTA EOB-DTPA Fosveset
Recommended 0.1 0.1-0.2 0.1 0.1 0.1 0.025 0.03
clinical dose
(mmol/kg)
Thermodynamic 221 23.8 16.9 16.6 22.6 23.5 221
stability constant
Conditional 18.1 171 14.9 15.0 18.4 18.7 18.9
stability constant
Osmolarity 1,960 630 789 1,110 1,970 668 825
at 37 °C
(mOsm/kg H,0)
Viscosity (mPa/s) 2.9 1.3 1.4 2.0 5.3 1.2 2.2
Excess free 0.4 0.23 12.0 28.4 0.4 1.0 0.27
chelating agents
(mg/mL)
Concentration (M) 0.5 0.5 0.5 0.5 0.5 0.25 0.25
r1 (relaxivity, 4.1 4.1 4.3 4.7 6.3 6.9 19.0
L/mmol/s) at
1.5 T, plasma
Elimination Renal Renal Renal Renal Renal (97 %) Renal (50%) Renal (91%)
pathway and and and

biliary (3%) biliary (60%)  biliary (9%)

Serum 96+7.8min 94+4.8min 77.8+ 16 min 104 £+ 19.5 min 70-121 £ 55-57 min  16.3+2.6 hr
elimination 15.6-36 min
half-life*

*Data obtained from product inserts on 3 January 2010.

bolic acidosis,” increased iron mobilization,” coexist-
ing proinflammatory conditions (such as concurrent
infection, recent vascular surgery, and thrombosis),*
high serum calcium and phosphate levels,” and the use
of high-dose erythropoietin.** However, most patients
with NSF have advanced renal insufficiency in associa-
tion with Gd exposure.>*

The exact pathogenesis of NSF is unknown and is
a subject of intense research. On the basis of evidence
that the halflife of the Gd chelate is prolonged in the
setting of severe renal insufficiency and in the presence
of other risk factors, researchers have suggested that the
longer halflife increases the probability of dissociation
of Gd ions (Fig. 1). Subsequent to dissociation, the free
Gd3* ion is absorbed in the body via transmetallation.
In the setting of endothelial dysfunction, as well as vas-
cular injury due to inflammation, Gd3* ions can enter
tissues more easily. After these ions are taken up by mac-
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rophages, profibrotic cytokines are produced; in the
presence of locally produced mediators, circulating fi-
brocytes are attracted to tissue, thereby inducing fibro-
sis.”

Association with Gadolinium Chelates

In analyzing 229 cases of NSF reported in the peer-
reviewed literature, Shellock and Spinazzi* recently
found that 194 patients (85%) had a GFR of <15 mL/
min/1.73 m? and that another 14 of the patients had a
GFR of <30 mL/min/1.73 m? (the renal status of the re-
maining 21 patients was unknown). The same authors
found 148 unconfounded cases associated with gado-
diamide and 20 cases associated with gadopentetate
dimeglumine; in the remaining cases, they did not re-
port the name of the Gd agent. In the original 2006
reports,”** most of the NSF cases were also related to
gadodiamide administration.
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Gd chelate Y & Gd chelate
Transmetallation
Pro-inflammatory conditions Circulating
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1 phosphorus calcium
ACEI
Erythropoietin
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TGF-B
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Free Gd
Over-expression of
Endothelium dysfunction collagen, matrix proteins,
Vascular trauma Xk tissue remodeling, and
* ** Y cytokine release

Macrophage-
engulfed free
Gd

Free-Gd deposits

Fig. 1 Proposed pathogenesis of nephrogenic systemic fibrosis.
See text for details.

* = cytokine; ACEl = angiotensin-converting enzyme inhibitor;
Gd = gadolinium; IL-1 = interleukin-1; SAP = serum amyloid pro-
tein; TGF-B = transforming growth factor-f3

In a recent animal study,** 7 groups, consisting of 6
subjects in each group, received a different commercial-
ly available Gd chelate (cumulative dose, 50 mmol/kg)
over a 4-week period, which resulted in prolonged expo-
sure to the Gd-containing compound. Concurrently, an
8th (control) group received saline solution. Fibrosis of
the dermis, similar to that found in NSF, was observed
only in the group that received high doses of gadodi-
amide. Furthermore, the animals that received gado-
diamide and gadoversetamide (the 2 agents with the
lowest conditional and thermodynamic stability con-
stants) had the highest Gd concentration in their skins.
The authors postulated that the stability of the Gd che-
lates probably played a major role in producing NSF-like
findings experimentally.

Clinical Features

The term NSF indicates that almost all patients with
this condition have advanced renal disease (nephrogen-
ic), that the condition can affect multiple organ systems
(systemic), and that fibrotic changes are noted on histo-
pathologic examination (fibrosis).

Neither race nor sex has shown a predilection for
NSE.* According to different investigators, the inci-
dence of this condition varies in accordance with the
Gd-chelate dose and the severity of the underlying renal
insufficiency. In a recent study,’ none of 74,124 pa-
tients developed NSF after the administration of a sin-
gle dose of Gd chelate (0.1 mmol/kg), but 15 of 8,997
patients (0.017%) developed NSF after the administra-
tion of a high dose (0.2 mmol/kg). Of 265 patients
undergoing chronic hemodialysis, 1 (0.4%) developed
NSEF (all received high-dose Gd chelate); and of 131 pa-
tients in acute renal failure, 11 (8.4%) developed NSE.*

The organ most commonly affected by NSF is the
skin, predominantly from the ankle to the mid thigh
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and from the wrist to the mid upper arm”; the face is
typically spared, although white-yellow scleral plaques
may be present.”® The skin is thickened and hard, with
a “woody” appearance. Papules, plaques, subcutaneous
nodules, erythema, and peau d’orange may also be pres-
ent.”® Some patients will have pruritus. If the musculo-
skeletal system is affected, the patient will experience
muscle and limb pain; in more severe cases, there could
be contractures and a reduction in mobility.** Potential
constitutional symptoms include fever and general mal-
aise. The disease can extend to the lungs, diaphragm,
esophagus, myocardium, and dura mater.” Patients can
experience hypercoagulability and thrombotic events.”
Laboratory findings are nonspecific, and increased
acute-phase reactants are commonly found.”

The diagnosis of NSF is confirmed by means of bi-
opsy, which shows an abundance of spindle cells that
are positive for CD34 immunostaining, with fibro-
blast-like proliferation in the dermis, a thickened colla-
gen bundle with a lack of inflammation, and increased
numbers of macrophages and dendritic cells that are
positive for CD68 and factor XIIIA -

Clinical Course

After exposure to a Gd chelate, the time of onset of NSF
is reported to range from a few days to 6 months.?"**%
In most patients, NSF is chronic and unremitting. Joint
contractures can be debilitating; patients can become
wheelchair-bound within days to weeks after onset
of the disease.” In a series of 12 patients reported by
Mendoza and colleagues,® the disease had a progres-
sive course in 6 cases: 3 of the patients were wheelchair-
bound, and 3 others died (the cause of death was not
reported). In a cohort of 186 hemodialysis patients,
those who had cutaneous changes diagnostic for NSF
had a higher mortality rate than patients who did not
have such changes (=0.003; odds ratio, 3.6; 95% con-
fidence interval, 1.5-8.6) over a 2-year follow-up pe-
riod.** However, more than half of the patients with
cutaneous changes of NSF died of cardiovascular dis-
ease (rather than of NSF per se), and 1 patient died of
an unspecified debility.

Treatment

To date, there is no proven treatment for NSF. Most
therapeutic studies have had small numbers of subjects
and limited follow-up periods. Therapy designed to im-
prove renal function appears to be the best option for
slowing, arresting, or reversing the effects of NSE. Phys-
ical therapy is aimed at improving mobility.

The following approaches have been used to treat NSF
with variable degrees of success: renal transplantation,®
sodium thiosulfate therapy,” extracorporeal photopho-
resis,” imatinib mesylate therapy,” plasmapheresis, pent-
oxifylline therapy, intravenous immunoglobulin therapy,
steroid therapy, and cyclophosphamide therapy.*
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Do patients have any of the following factors? No
Age =50 years old

History of kidney disease
History of diabetes

‘ Yes

Determine serum creatinine level and calculate
estimated glomerular filtration rate (eGFR)

|
v v v

eGFR <30 mL/min/1.73 m? eGFR 30-60 mL/min/1.73 m? eGFR>60 mL/min/1.73 m?
* Determine whether a non- Use as low a dose as possible Proceed to MRI as requested. -
gadolinium MRI sequence is available (commonly 0.1 mmol/kg).
and whether it can provide adequate Consider using a biochemically
data. more stable agent, e.g.,
* Decide whether gadolinium is gadobenate dimeglumine or
absolutely necessary. agents with cyclic structures.

Clearly document risk/benefits and
alternatives with patient.
Consider a nephrology consultation.
Give careful consideration to
patients with
Acute renal insufficiency.
Hepato-renal syndrome.

Perioperative liver transplantation.
Hemodialysis and peritoneal dialysis.

Fig. 2 Guidelines for gadolinium administration at the Texas Heart Institute at St. Luke’s Episcopal Hospital.

MRI = magnetic resonance imaging

General Recommendations * Some researchers have suggested that the risk of
On the basis of the guidelines and recommendations of contrast-induced nephropathy might be lower with
various professional societies,” as well as our own ex- intravenous than intra-arterial administration of io-
perience, we believe the following general recommenda- dine contrast agents.* However, an increased mor-
tions (summarized in Fig. 2) to be reasonable: tality rate due to iodine contrast exposure has been
well documented in patients with acute renal insuf-
* Patients at risk of renal insufficiency should undergo ficiency.” Therefore, careful consideration is nec-
renal function tests. At our institution, all patients essary before administering either Gd or iodine
who have known risk factors and all patients older contrast agents to an at-risk population.
than 50 years (regardless of risk-factor status) have * If the clinical benefit of Gd-enhanced MRI out-
their GFR estimated. weighs the risk of NSF and if no other imaging
* Administration of Gd chelates—especially those method can provide the necessary information, a
that are linear, are nonionic, and contain excess che- more stable agent (for example, gadobenate dimeg-
lating agents (gadodiamide and gadoversetamide) — lumine) or agents with cyclic structures should be
should be avoided in patients who have severe renal considered. The dose of the Gd chelate should be
insufficiency (GFR, <30 mL/min/1.73 m?), acute as low as possible, and repeat dosing within a short
renal failure, or hepato-renal syndrome, and also period should be avoided. The risks, benefits, and
should be avoided during the perioperative liver- alternatives should be documented clearly and dis-
transplant period. cussed with the patient and the referring physician.
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* If non-contrast-enhanced MRI can provide clin-
ical information similar to that provided by Gd-
enhanced MRI, the non-contrast option should be
chosen for high-risk patients.

* Okada and associates* have suggested that 95% of
Gd will be excreted after the 2nd hemodialysis ses-
sion. However, the limitations of their study and of
several other studies have been detailed by Penfield
and Reilly.”” In hemodialysis patients, it is reason-
able to proceed with dialysis as soon as possible after
Gd administration in order to facilitate Gd elimi-
nation—yet there is insufficient evidence to justi-
fy the initiation of hemodialysis simply to eliminate
Gd. In fact, to date, there has been no clear-cut ev-
idence to support the hypothesis that hemodialysis
can prevent NSF in an atrisk population.

* Few data are available regarding peritoneal dialysis
and Gd removal.” At our institution, we avoid using
Gd in patients who are undergoing peritoneal dial-
ysis.

In a recent report concerning more than 25,000 pa-
tients at 2 centers, use of a strict protocol and substi-
tution of gadobenate dimeglumine for gadodiamide
resulted in no new NSF cases during a 1-year follow-
up period; the series included 147 patients who had risk
factors for NSF and 402 patients who were on hemo-
dialysis.” Similarly, another center had 24 documented
cases of NSF as of March 2006%; since then, the hos-
pital has switched from gadodiamide to another bio-
chemical (but more stable) agent, and no further cases
of NSF have been encountered, despite the fact that a
Gd chelate other than gadodiamide is still being admin-
istered, when clinically indicated, to patients with renal
insufficiency.

Non-Gadolinium-Enhanced Cardiovascular
Magnetic Resonance Imaging

In cardiovascular patients, alternative imaging sequenc-
es can be used to evaluate the vascular structures with-
out the use of gadolinium. Conventionally, the head and
neck vessels have been imaged by means of the time-of-
flight technique, using the inflow effect of the mov-
ing spins. The thoracoabdominal aorta and the renal
arteries can be visualized at high spatial resolution by
using a 3-dimensional, electrocardiographically trig-
gered, steady-state free-precession sequence (Figs. 3 and
4) that is commercially available from all major vendors
of MRI equipment. Myocardial viability can be eval-
uated by use of low-dose dobutamine. However, these
techniques depend heavily on the expertise and experi-
ence of the cardiovascular MRI personnel. Furthermore,
the non-Gd sequence is usually more time-consuming,
and it relies greatly on the presence of a regular electro-
cardiographic rhythm, as well as on the patient’s ability
to remain still inside the MRI gantry.
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Summary

Nephrogenic systemic fibrosis is a potentially debilitat-
ing systemic disorder. Although its exact pathogenesis
remains to be determined, NSF occurs predominant
ly in patients with advanced renal insufficiency who
have been exposed to Gd chelates. For this reason, one
should use extreme caution in administering Gd che-
lates to patients with a GFR of <30 mL/min/1.73 m? or

Fig. 3 Non-gadolinium-enhanced, electrographic-gated 3-
dimensional magnetic resonance angiogram with an isotropic
resolution of 1 x 1 x 1 mm and a total imaging time of 5 min-
utes, using a 32-channel cardiac coil. A) Volume-rendered image
of the entire thoracic aorta; no pulsation artifact is seen in the
aortic root. B) Magnified view (orig. x2) of the volume-rendered
image of the aortic root clearly shows the origins of the left
anterior descending coronary artery (arrowhead), the left circum-
flex coronary artery (double arrowhead), and the right coronary
artery (arrow).
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Fig. 4 Vlolume-rendered image from a non-gadolinium-
enhanced electrographic-gated 3-dimensional magnetic
resonance angiogram using a commercially available, balanced-
TRiggered Angiography Non-Contrast-Enhanced (b-TRANCE)
sequence. The superior mesenteric artery is shown (arrowhead).

to those with acute renal failure. Although there is cur-
rently no effective treatment for NSF, its incidence ap-
pears to be declining, likely due to increased precaution
on the part of physicians.
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