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ecent concern regarding an asso-

ciation between use of gadolinium-

based magnetic resonance (MR)
imaging contrast agents and nephro-
genic systemic fibrosis (NSF) has called
into question the long-standing notion
that patients with renal insufficiency
could receive these agents with negligi-
ble risk. A growing number of reviews
and editorials (1-5) and clinical studies
(6-9) have either attempted to describe
the degree of association between NSF
and contrast agent administration or
described more mechanistic studies
(10,11) aimed at defining the relation-
ship(s) between the physicochemical
properties of individual agents and their
relative propensity to cause NSF. The
ultimate goal of these investigations is to
understand the origins of NSF in order
to create rational, safe, and evidence-
based guidelines for using gadolinium-
based contrast agents in clinical prac-
tice. We believe that it is important
for radiologists to have an apprecia-
tion of the relevant chemical proper-
ties of MR contrast agents for consid-
erations of the association between
NSF and MR contrast media. To be-
gin, we offer a brief review of MR
contrast media.

The use of MR contrast agents has
been motivated by the ability to in-
crease the sensitivity and specificity of
MR diagnoses. Diagnostic improve-
ment is possible when the contrast be-
tween tissues or spaces is augmented.
In MR imaging, contrast manipulation
with pharmaceutical agents is achieved in-
directly by altering the local magnetic
environment. This alteration affects
the T1 and T2 relaxation times as a
consequence of interactions between
the unpaired electrons of a metallic
ion and the hydrogen nuclei of water
molecules. It is the presence of un-
paired electrons in the 3d (transition
metals) or 4f (lanthanide) orbitals
from which the property of paramag-

netism that underlies contrast aug-
mentation derives. This property is in-
herent to a number of metal ions,
making them attractive as MR con-
trast agents. The lanthanides, the set
of chemically related elements with
atomic numbers from 37 to 71 and
properties similar to those of lantha-
num, have unpaired electrons and de-
serve special mention since one of
these, gadolinium, is the primary ele-
ment from which MR contrast media
are developed.

Paramagnetic MR contrast media
generally consist of a metal ion bonded to
an organic moiety (ligand) to form a metal
chelate complex. This complex is essen-
tial for biologic use, since naked metal
ions are highly toxic. The successful de-
velopment of an MR magnetopharmaceu-
tical agent relies on the ability of a com-
plex to alter the MR signal favorably, dis-
tribute differentially in tissue, and
demonstrate an acceptable safety profile.
Recent observations of associations be-
tween NSF and use of gadolinium-based
contrast media present a challenge to the
safety profile.

There is still no definitive answer to
the question of how the administration
of gadolinium-based contrast agents in
patients with impaired renal function
results in NSF. However, persuasive
pieces of evidence derived from a com-
bination of in vitro and in vivo animal
data and clinical studies are beginning
to emerge. These pieces of evidence can
be connected to form the basis for es-
tablishing a hypothesis about the causal
relationship between administration of
gadolinium-based contrast agents and
development of NSF. For example, High
et al (11) stated recently in a research
article describing the results of assays to
assess gadolinium concentrations in tis-
sue samples from patients with NSF,
“Ultimately, it is our hypothesis that in
vivo transmetallation (displacement of
Gd** from the chelating agent) is in-
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volved in the mechanism of tissue accu-
mulation.”

It has been known for many years
that free Gd®" is toxic (12). The fact
that free Gd*" is toxic is reported al-
most universally in all of the discussion
sections of articles describing NSF. The
authors of most of these articles then
proceed to discuss the likelihood that
the approved contrast agent dissociates
to deposit free Gd®" in terms of thermo-
dynamic stability constants, conditional
stability constants, and/or selective sta-
bility constants. The thermodynamic
stability constant is the in vitro measure
of affinity between a Gd** ion and each
organic ligand that comprises the metal-
ligand complex or chelate. The condi-
tional stability constant is also an in
vitro measure of the affinity between
Gd** and each organic ligand measured
at a pH of 7.4 under nearly physiologic
conditions (13). The selective stability
constant is a reflection of how effec-
tively naturally occurring endogenous
cations, such as Zn>*, Cu®", and Ca>",
compete with Gd** to bind to the or-
ganic ligand (13-15).

While these parameters are impor-
tant in that they reflect the thermody-
namic stability of these gadolinium che-
lates, which in turn allows an estimate
of free noncomplexed Gd** at equilib-

Energy

Reaction Coordinate
Figure 1:  Energy diagram illustrates formation
ofachelate (ML)created by combining two chemi-
cals—free Gd** (M), which isametal ion, and an
organic ligand (L). The energy of activation (£,) is
shown for two different hypothetical ligands. One
ligand (dotted curve) has a much greater £, com-
pared with the other ligand (solid curve). AH=
enthalpy of formation.

rium under a variety of conditions (both
in vitro and in vivo), they do not provide
the full story as to why some organic
ligands are more likely than others to
release more Gd®*". The missing compo-
nent in most of the discussions pub-
lished to date is the question of how fast
dissociation approaches equilibrium in
vivo. This question is based on chemical
kinetics—not thermodynamics—a topic
largely overlooked in current discus-
sions of the physicochemical properties
of these chelates.

Lanthanide chemists have long rec-
ognized that in addition to having favor-
able thermodynamic stabilities, these
chelates must also be kinetically inert—
that is, their rates of formation and dis-
sociation must be slow. The basis for
distinguishing between thermodynamic
and kinetic stability is illustrated in
Figure 1. The thermodynamic stability
constant is determined on the basis of
the enthalpy of formation value and the
entropy of formation value (16,17). The
enthalpy value reflects the relative en-
ergy of the product(s) with respect to
the starting materials, and as illustrated
in Figure 1, the product has a lower
enthalpy than does the starting mate-
rials. The relationship of the entropy of
formation with the thermodynamic sta-
bility constant is a bit more complex and
cannot be depicted in Figure 1. It is
critical to emphasize that the rates of
formation—that is, how quickly these
chelates form and how rapidly they
reach equilibrium—are determined by
another factor—the E,, as shown in Fig-
ure 1. The E, parameter is the potential
energy that must be overcome for the
reaction to proceed. The rate of disso-
ciation serves as an important parame-
ter for comparing contrast agents in the
context of the free gadolinium hypothe-
sis—that the deposition of free Gd** in
tissue induces NSF. The E, is deter-
mined on the basis of a potential energy
barrier that is higher than that for for-
mation (the reverse reaction illustrated
in Fig 1). Most lanthanide chelates have
large E, values for both formation and
dissociation. That is, they have very
slow rates of formation and dissocia-
tion (18).

Thus, the thermodynamic stability

constant determines the concentra-
tions of gadolinium chelate, free che-
late, and free gadolinium chelate at
equilibrium, while rates of formation
and dissociation, which are dictated
by E, determine how rapidly these
compounds reach equilibrium. In prin-
ciple, it is possible for a chelate to
have a relatively low stability constant
and a high E, value; this phenomenon
results in a “kinetically trapped” che-
late that does not dissociate on any
relevant time scale.

The biologic relevance of the kinetic
properties of relevant contrast agents
has also been studied. In 1992, Wedek-
ing et al (19) examined the chemical
properties of a number of gadolinium
chelates, including their stability con-
stants, ionic charge, lipophilicity, and
size. They found that the thermody-
namic and conditional stability con-
stants could give only partial indications
of which chelate was likely to induce
residual Gd®*" deposition in mice. These
authors found a very strong correlation
between the dissociation rates of che-
lates in acid and the long-term deposi-
tion of Gd** in rat tissues such as liver
and bone (femur). The nonchemist may
be puzzled as to why the dissociation
rates were measured in 0.1 mol/L acid,
a condition that seems decidedly non-
physiologic. The major reason is that at
a neutral pH, these rates of dissociation
are simply too slow to measure. How-
ever, as will be discussed, the measured
rates of dissociation can be extrapolated
to a neutral pH.

The acid dissociation rates for the
five Food and Drug Administration—
approved intravenous gadolinium-
based contrast agents and the two ga-
dolinium-based contrast agents used
in Europe are given in the Table. Al-
though to our knowledge, the dissoci-
ation rate for gadobenate dimeglu-
mine has not been reported, it is likely
similar to those reported for the other
substituted pentetic acid-like che-
lates. Although the dissociation rates
at a physiologic pH are substantially
slower than the rates given in the Ta-
ble, the relative rates shown here
likely reflect the relative rates of dis-
sociation at a physiologic pH. From
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Thermodynamic Stability Constants and Acid Dissociation Rates for Gadolinium-based MR Contrast Agents

Generic Name of Contrast

Brand Name*

Amine Backbone Structure

Dissociation Rate

Stability Constant in 0.1 mol/L HCI (sec™")

Agent Chemical Abbreviation
Gadoversetamide Gd-DTPA-BMEA
Gadodiamide Gd-DTPA-BMA
Gadopentetate dimeglumine  Gd-DTPA
Gadobenate dimeglumine Gd-BOPTA

Gadobutrol Gd-DO3A-butriol
Gadoteridol Gd-HP-DO3A
Gadoterate meglumine Gd-DOTA

OptiMark (Mallinckrodt, St Louis, Mo)  Linear

Omniscan (GE Healthcare, Princeton,  Linear
NJ)

Magnevist (Bayer Healthcare Linear
Pharmaceuticals, Wayne, NJ)

MultiHance (Bracco Diagnostics, Linear
Princeton, NJ)

Gadovist (Schering, Berlin, Germany)  Macrocyclic

ProHance (Bracco Diagnostics, Macrocyclic
Princeton, NJ)

Dotarem (Guerbet, Aulnay-sous-Bois, ~Macrocyclic

France)

16.8 >2.2 %1072
16.8 >2 X 1072
22.2 12x107°
22.6 Not reported

21.0 2.8 X 105"
23.8 6.4x107°
25.6 84 X107

* Manufacturer name and location are in parentheses.
T Value estimated from data in Toth et al study (20).
* Source.—Reference 21.

these data, it is clear that the dissoci-
ation rates for gadoteridol and gado-
terate meglumine, both of which are
derived from macrocyclic ligands, are
much slower than those for the other
contrast agents. Examples of the
chemical structures of linear and mac-
rocyclic gadolinium chelates are
shown in Figure 2.

To extrapolate the acid dissociation
data to a neutral pH, it is important to
understand the mechanisms of dissocia-
tion of these chelates, the mechanisms
of dissociation for linear chelates being
slightly different from those for macro-
cyclic ligands. For the linear chelates,
the rates of dissociation obey acid-cata-
lyzed behavior (18) (and thus should
become appreciably slower at a neutral
pH) and first involve monoprotonation
and diprotonation of the gadolinium
chelate followed by dissociation of the
Gd*" ion. Thus, all complexes experi-
encing acidotic pH in tissue can be ex-
pected to dissociate more rapidly. Al-
though some evidence indicates that
competing cations can facilitate this dis-
sociation, these effects are most rele-
vant to the linear chelates. Overall, the
rates of dissociation of Gd*" from mac-
rocyclic ligands are several orders of
magnitude slower than their dissocia-
tion from linear systems. Competition

/I
d')mmmo
Q\

T

mine (right), amacrocyclic chelate.

Figure2:  Chemical structures of gadopentetate dimeglumine (left), a linear chelate, and gadoterate meglu-

for binding of endogenous ions to the
ligand does not occur to any appreciable
extent until the Gd®*" ion fully leaves.
For the macrocyclic ligands, dissoci-
ation is initiated by protonation at one
of the acetate side arms and involves
“uncaging” of the gadolinium from the
macrocyclic ring while the proton is
transferred from the acetate to a nitro-
gen atom in the macrocyclic cavity. The
kinetic intermediate along this reaction
pathway then corresponds to the Gd**
ion sitting above the macrocyclic ring
weakly complexed by the acetates. Once
the nitrogen(s) becomes protonated,
the Gd®*" ion has more difficulty falling
back into the cavity and hence a greater

chance of dissociating completely from
the organic ligand.

On the basis of these consider-
ations, the rates of transmetallation by
endogenous ions should reflect only the
rate-limiting step—that is, the rate of
dissociation of the Gd®*" ion from each
chelate. Thus, measured transmetalla-
tion rates should be surrogates for rates
of dissociation of Gd®*" from these che-
lates. Laurent et al (22,23) determined
the rates of transmetallation by zinc(IT)
for six approved gadolinium-based con-
trast agents at a neutral pH. After 5000
minutes (3.5 days), no appreciable
transmetallation was observed for the
macrocyclic chelates (gadoterate me-
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glumine, gadoteridol, and gadobutrol),
whereas the linear chelates (gadopentetate
dimeglumine, gadodiamide, and gado-
benate dimeglumine) showed more
rapid transmetallation.

These data suggest that these trans-
metallation study findings directly re-
flect the different kinetic stabilities of
the chelates at a neutral pH and support
the earlier conclusions of Wedeking
et al (19), who found no detectable free
Gd®** in the livers and femurs of mice
after intravenous administration of a
macrocyclic chelate. More recently, it
was shown that levels of Gd** in bone
were markedly lower (2.5-4.0 times,
depending on the analytic method used)
(24,25) in patients who had received ga-
doteridol (a macrocyclic agent) than in
those who had received gadodiamide (a
linear agent).

Given these chemical and biologic
factors, we suggest that discussions of
the relative safety of gadolinium-based
contrast agents include strong consider-
ation of their kinetic inertness. Al-
though pertinent related data are rela-
tively sparse, chemical and physical
considerations clearly indicate that if
other factors are equal, macrocyclic
agents are far less likely to dissociate
and hence release free Gd** in vivo. If
the free gadolinium hypothesis is cor-
rect—that is, if the deposition of free
Gd*" in tissue induces NSF—then the
risk of NSF should be minimized with
use of macrocyclic agents. This sugges-
tion is based on thermodynamic consid-
erations alone (2,5). However, a com-
parison of the thermodynamic stability
constants and dissociation rates reveals
further differences between the linear
and macrocyclic agents that can help
guide the selection of contrast agents
when they are being administered to
high-risk patients. That is, if one relies
on the free gadolinium hypothesis as a
cause of NSF, then a macrocyclic agent
rather than one of the currently avail-
able linear agents with a high thermo-
dynamic stability constant should be se-
lected, despite the relaxivity consider-
ations and dose reduction implications.
It will be interesting to see whether this
prediction will ultimately be supported
by clinical experience and scientific data.

Clearly, more clinical and mechanis-
tic studies are necessary to determine
the precise relationships between gado-
linium-based contrast agent administra-
tion and NSF. The impressive safety
record of these agents prior to the re-
ports of associated NSF may have lulled
the MR imaging community into a false
sense of security regarding the use of
these agents— especially high-dose con-
centrations or multiple doses—in pa-
tients with impaired renal function. As
with any pharmaceutical agent, careful
risk-benefit analysis should be per-
formed before the administration of any
contrast agent is considered. In this
context, it may be just as dangerous (for
the patient) to focus only on the risks
associated with an agent while ignoring
the benefits. For years, radiologists
have carefully weighed the risk of ana-
phylaxis against the benefits of perform-
ing contrast material-enhanced exami-
nations. We support caution and the
establishment of conservative guidelines
for administering gadolinium-based con-
trast agents in patients with impaired re-
nal function. We also encourage investi-
gators to consider the points outlined
herein, which include suggested explana-
tions for the causal relationship between
the administration of these contrast
agents and the development of NSF.
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25-28 $1,290 | $1,321 | $2,333 | $3,437 | $4,556 | $5,661

29-32 $1,316 | $1,452 | $1,936 | $2,355 | $2,784 | $3,209

29-32 $1,455 | $1,482 | $2,652 | $3,924 | $5,193 | $6,462

Covers $156 $176 | $335 | $525 $716 $905

Covers $156 $176 | $335 | $525 $716 $905

Minimum order is 50 copies. For orderslarger than 500 copies,
please consult Cadmus Reprints at 800-407-9190.

Reprint Cover
Cover prices are listed above. The cover will include the
publication title, articletitle, and author name in black.

Shipping

Shipping costs are included in the reprint prices. Domestic
orders are shipped via UPS Ground service. Foreign orders are
shipped via a proof of delivery air service.

Multiple Shipments
Orders can be shipped to more than one location. Please be
aware that it will cost $32 for each additiona location.

Delivery
Y our order will be shipped within 2 weeks of the journal print
date. Allow extratime for delivery.

Tax Due

Residents of Virginia, Maryland, Pennsylvania, and the District
of Columbia are required to add the appropriate sales tax to each
reprint order. For orders shipped to Canada, please add 7%
Canadian GST unless exemption is claimed.

Ordering

Reprint order forms and purchase order or prepayment is
required to process your order. Please reference journal name
and reprint number or manuscript number on any
correspondence. Y ou may use the reverse side of thisform asa
proformainvoice. Please return your order form and

prepayment to:
Cadmus Reprints

P.O. Box 751903
Charlotte, NC 28275-1903

Note: Do not send express packages to this location, PO Box.
FEIN #:541274108

Reprint Order Forms
and purchase or der

Rose A. Baynard or prepayments must
800-407-9190 (toll free number) |pereceived 72 hours

410-819-3966 (dl rect number) after recal pt of form.
410-820-9765 (FAX number)
baynardr@cadmus.com (e-mail)

Please direct all inquiriesto:
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