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ransmetallation (also referred to
Tas dechelation or dissociation)
has been used to explain the as-
sociation between gadolinium contrast
agent administration and the develop-
ment of nephrogenic systemic fibrosis
(NSF) in patients with severe renal dis-
ease. The theory holds that the gadolin-
ium-ligand bond for each agent has a
specific bonding strength, or dissocia-
tion constant, that defines the “tightness”
of the bond. Although all bonds can and
do eventually dissociate, bonds with a
lower dissociation constant (in other
words, less stable) would be more likely
to dissociate in a given amount of time
than would one with a higher or stron-
ger dissociation constant. Similarly, the
lower the bond stability, the less time it
takes for the gadolinium ion and ligand
to release from each other’s “grasp.”
Once free the ion can associate or bond
with other moieties that might be found
in their molecular neighborhood.
Chelate structure and nature of bond-
ing with gadolinium both impact agent
stability. Ionic bonds have higher sta-
bility than do non-ionic bonds, and
macrocyclic (ring structure) chelates
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are far more stable than those that are
linear. Non-ionic linear agents have the
lowest expected kinetic stability, fol-
lowed by ionic linear, non-ionic mac-
rocyclic and ionic-macrocyclic bonds.
Of the 9 GBCAs commonly utilized
clinically for diagnostic MRI, Omnis-
can and Optimark are non-ionic and
linear, while Ablavar, Eovist, Magnev-
ist and Multihance are ionic and linear.
Gadavist and Prohance are non-ionic
macrocyclic, and Dotarem is ionic and
macrocyclic (Table 1).

The extracellular fluid space GBCAs
used in neuroimaging have biologic
half-lives of roughly 2 hours or less,
and are predominantly or only excreted
from the body by the kidneys. Trans-
metallation theory predicts that under
normal circumstances by the time any
significant dissociation of gadolinium
can develop, the vast majority of the
administered dose will have already
been cleared from the patient. With
poor renal function and prolonged in
vivo dwell times of these agents clini-
cally significant quantities of disso-
ciation might develop. This would be
expected to be more pronounced with
the least stable agents, on the one hand,
and least so (in the same time frame) at
the other extreme of the dissociation
spectrum. Theory suggests that the free
gadolinium ion subsequent interacts
with patient tissues and somehow trig-

gers fibroblast stimulation and develop-
ment of clinical NSF. Thus, from the
perspective of transmetallation theory
alone, it seems that non-ionic linear
GBCAs would have the highest pre-
dicted rates of NSF development, with
ever-decreasing rates of NSF develop-
ment predicted to follow administration
of ionic linear agents, then non-ionic
macrocyclic agents, then ionic mac-
rocyclic agents. Indeed, much evi-
dence does seem to support the theory
of transmetallation. Hundreds of cases
of NSF have been associated with the
prior unconfounded administration of
Omniscan, one of the non-ionic linear
agents. Although the total worldwide
distribution of Optimark, another non-
ionic linear agent, is far lower than for
Omniscan, dozens of cases of NSF
have also been associated with the prior
unconfounded administration of Op-
timark. Further, there have been no re-
ported cases to date of NSF associated
with the prior unconfounded adminis-
tration of Dotarem, the sole ionic mac-
rocyclic agent.

Nevertheless, several significant and
reproducible observations exist that
cannot be explained by the theory of
transmetallation alone, yet they have
not been stressed in the peer-reviewed
literature to date (Table 2). For ex-
ample, roughly 100 cases of NSF have
been reported to have developed after
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Low Risk
Medium Risk

High Risk a)

Table 1. GBCA stratify into three levels
of apparent NSF-related risk.

Macrocyclic chelates including Dotarem, Gadovist
(Gadavist), and Prohance

Linear ionic chelates including Ablavar (Vasovist),
Eovist (Primovist), and Multihance

Linear non-ionic chelates including Omniscan
and Optimark

b)  The linearionic chelate Magnevist

Table 2.
Group 1: Agents associated with the greatest number of NSF cases

ticals)

NSF

Gadodiamide (Omniscan® — GE Healthcare)
Gadopentetate dimeglumine (Magnevist® — Bayer HealthCare Pharmaceu-

Gadoversetamide (OptiMARK® — Covidien)

Group lI: Agents associated with few, if any, unconfounded cases of

for use in the United States])

Gadobenate dimeglumine (MultiHance® — Bracco Diagnostics)
Gadoteridol (ProHance® — Bracco Diagnostics)
Gadoteric acid (Dotarem® — Guerbet [as of this writing not FDA-approved

Gadobutrol (Gadevist® — Bayer HealthCare Pharmaceuticals)

Group lll: Agents that have only recently appeared on the market*

Gadofosveset (Ablavar® — Lantheus Medical Imaging)
Gadoxetic acid (Eovist® —Bayer HealthCare Pharmaceuticals)

NSF have been reported.

*There is limited data for Group Il agents although to date few, if any, unconfounded cases of

(gadoteric acid)

Table 3. Risk classification for contrast agents
containing gadolinium*

Ominscan (gadodiamide, OptiMARK (gadoversetamide),

MultiHance (gadobenic acid), Primovist (gadoxetic acid)

High risk

Magnevist (gadopentetic acid)
Medium risk

Vasovist (gadofosveset)
Low risk

Gadovist (gadobutrol), ProHance (gadoteridol), Dotarem

*As designated by the European Committee for Medicinal Products for Human Use (CHMP)

the prior unconfounded administra-
tion of Magnevist, a linear ionic con-
trast agent. Yet the total number of
cases of NSF that have been reported
to have developed after the prior un-

confounded administration of either
Ablavar, Eovist or MultiHance is zero
— yet each of these is a linear ionic
contrast agent as well. This is incon-
sistent with transmetallation theory

alone. Furthermore, three cases of
NSF have been reported following
the prior unconfounded administra-
tion of Gadavist, while another pos-
sible case has been reported following
the unconfounded administration of
ProHance. While these are extremely
small numbers, based on transmetal-
lation theory, one might well have
theorized that no cases of NSF should
have developed following the prior un-
confounded administration of either of
these macrocyclic agents. Transmetal-
lation theory may be insufficient to en-
tirely explain all that we have observed
with the clinical development of NSF
to date. It is most interesting to note
that Ablavar, Eovist and MultiHance
are all the only GBCAs in use today
that interact and/or bind with serum
proteins. Perhaps this association —
creating relatively massive molecules
— might in some other way interfere
with the dissociation of the gadolinium
ion from its ligand molecule.

The European Medicine Agency’s
(EMA) Committee for Medicinal
Products in Human Use (CHMP) and
the European Society for Urological
Radiology (ESUR) have designated
risk categories based on transmetalla-
tion theory (Table 3). These agencies
classify the macrocylic agents as low
risk for NSF, the linear ionic agents as
medium risk, and the linear non-ionic
agents Omniscan and Optimark, plus
the linear ionic agent, Magnevist, as
high risk.

The American College of Radiol-
ogy Manual on Contrast Media v9,
published in 2013, on the other hand,
divides MRI contrast agents into three
categories based on perceived NSF-
related risks based on transmetallation
theory, but also on the number of cases
of NSF associated with these agents
to date. The FDA has taken a different
approach, and has listed Magnevist,
Omniscan, and Optimark as contra-
indicated for patients with severe or
worse chronic kidney disease or acute
kidney injury.
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