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ABSTRACT: This paper compares the physicochemical properties of six low molecular weight clinical complexes
of gadolinium studied under identical experimental conditions. Magnevist™, Dotarem™, Omniscan®, ProHance™,
MultiHance™ and Gadovist™ were investigated by oxygen-17 relaxometry at different temperatures and by proton
relaxometry at various magnetic fields, temperatures and media [pure water, zinc(Il)-containing aqueous solutions and
HSA-containing solutions]. Osmolality, viscosity and stability versus transmetallation by zinc(Il) ions were added for a more
comprehensive description. The relaxivities of the clinical formulations as measured in water are similar in the imaging
magnetic field region, with a slightly better performance for MultiHance. This can be explained by a shorter distance between
the hydrogen nuclei of the water molecule bound to the Gd*>" ion and this paramagnetic centre. In contrast to the open-chain
complexes, all macrocyclic systems (Dotarem, ProHance and Gadovist) are insensitive to transmetallation by zinc ions. The
stability of the open-chain complexes with respect to transmetallation depends on the chemical structure of the ligand, with a
better stability for MultiHance. The presence of human serum albumin has no significant effect on the proton relaxivity of
Magnevist, Dotarem, Omniscan, ProHance and Gadovist but markedly increases the relaxivity of MultiHance because of a
non-covalent interaction with the protein. As a result, the relaxivity of MultiHance in HSA-containing media of fixed
concentration decreases with increasing concentration of the contrast agent. Copyright © 2006 John Wiley & Sons, Ltd.
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INTRODUCTION

The use of gadolinium paramagnetic complexes as
contrast agents to improve the diagnostic capability of
magnetic resonance imaging (MRI) has been the subject
of numerous studies (1,2). The open-chain Gd-DTPA
(gadopentetate dimeglumine, Magnevist®; Schering,
Berlin, Germany) and the macrocyclic Gd-DOTA
(gadoterate meglumine, Dotarem™; Guerbet, Aulnay-
sous-Bois, France) (Fig. 1) were the first representatives
of a new generation of these imaging agents. Such
complexes are characterized by low toxicity, high
thermodynamic and kinetic stabilities, rapid renal
clearance, an extracellular biodistribution and a low
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specificity. Although this concept is of lesser impact in
MRI, the clinical formulations of these two complexes
present a relatively high osmolality (3-6). Two neutral
non-ionic gadolinium chelates, Gd-DTPA-BMA (7)
(gadodiamide, Omniscan™; Nycomed, Oslo, Norway)
and Gd-HP-DO3A (8) (Gadoteridol, ProHance™;
Bracco, Milan, Italy) (Fig. 1), with chemical structures
closely related to the two parent compounds but showing
lower osmolalities, were subsequently developed and
commercialised. More recently, another macrocyclic
neutral paramagnetic complex, Gd-DO3A-butrol (gado-
vist, Gadobutrol®; Schering, Berlin, Germany) (Fig. 1),
has been proposed as an extracellular contrast agent (9—
11). Since the detection of metastatic focal liver disease is
a key health strategy, efforts have also been devoted to
produce hepatobiliary contrast agents for MRI.
Gd-BOPTA (gadobenate dimeglumine, MultiHance™®;
Bracco, Milan, Italy) (Fig. 1), an ionic derivative of Gd—
DTPA, is the prototype of these second-generation
contrast agents (12).

The thermodynamic stability constant of all these
gadolinium complexes, except for Omniscan, is very large
(K> 10**m™"), but their conditional constants at pH 7.4 are
lower and range between 10" and 10" M. The osmolality
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Figure 1. Structures of the contrast agents 1-6.

data and the viscosity values of the commercial formu-
lations are summarized in Table 1 (9,12—-15).

In this paper, we report additional physicochemical
properties of these six commercially available products,
including the water residence time of the coordinated
water molecule obtained by oxygen-17 relaxometry since
this parameter might have a critical influence on the
proton relaxivity of derived structures used as vectorised
reporters in molecular imaging. Also reported and
interpreted are the proton NMRD profiles at 310K, the
relative stability versus transmetallation process by
zinc(Il) ions and the possible interaction with serum
albumin as evaluated by proton relaxometry.

RESULTS AND DISCUSSION
Proton and oxygen-17 relaxometry

Influence of temperature. It is well established that
the residence time of coordinated water molecules (tys), a
key factor of the relaxivity, can be estimated through the
analysis of the temperature dependence of the transverse

relaxation rate of the oxygen-17 resonance of bulk water
in the gadolinium complex solutions (16-21) The
evolutions of the bulk water transverse relaxation rate
of oxygen-17 of Gd complexes 1, 2, 4, 5 and 6 versus
temperature are very similar, with the maximum of the
reduced transverse paramagnetic relaxation rate at
temperatures ranging from 305 to 315 K (Fig. 2), whereas
for 3 (Omniscan) the maximum of the experimental data
is obtained at a higher temperature (~330K).

The theoretical adjustment of the experimental data
was performed as described previously (16-18). The
following parameters were determined: A//i, the hyperfine
coupling constant between the oxygen nucleus of
the bound water molecule and the Gd*' ion; Ty, the
correlation time modulating the electronic relaxation of
Gd*"; E,, the activation energy related to tv; B, related
to the mean-square of the zero field splitting energy
A (B=2.4A%;and AH” and AS” the enthalpy and entropy
of activation, respectively, of the water exchange process.
The number of coordinated water molecules was set to
one. The calculated parameters are shown in Table 2.

The calculated value of the water residence time at
310 K ranges from 100 to 220 ns for all complexes, except

Table 1. Osmolality, viscosity, thermodynamic and conditional stability constants of the six contrast agents
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Thermodynamic stability Conditional stability Osmolality* (Oskg™' H,0) Viscosity®

Complex constant (logK, w=0.1) constant (logK’, pH 7.4) (310K, 500 mm) (mPa s)
Magnevist (1) 22.1° (298 K) 17.7° 1.98" 2.90¢
Dotarem (2) 25.4° (298 K) 19.0° 1.40f 2.0¢
Omniscan (3) 16.8° (298 K) 14.9¢ 0.645" 1.4¢
ProHance (4) 22.8" (298 K) 16.9° 0.63¢ 1.3¢
MultiHance (5) 22.6° (293K) 18.4° 1.97¢ 5.49
Gadovist (6) 21.89 (298 K) 1.6¢ 4.96°

#All complex concentrations are equal to 500 mm except for Gadovist (1 m).

°From Ref. 13.
‘From Ref. 14.
9From Ref. 9.

°From Ref. 12.
From Ref. 15.

Copyright © 2006 John Wiley & Sons, Ltd.
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Figure 2. Temperature dependence of the reduced transverse relaxation rate of oxygen-17 at
7.05T [Magnevist (1) from Ref. 18, Omniscan (3) from Ref. 23].

for complex 3 which is characterized by a much larger
value of ty;. This phenomenon has already been reported
for various bisamide derivatives of Gd-DTPA (19,21-23)
and for monoamide and pentamide derivatives of Gd-
DTPA (2,24). In the context of the design of tracers for
molecular imaging, this behaviour does not favour such a
type of covalent coupling of the chelate to its vector. It
should also be noted that the ty; values of all contrast
agents studied in this work and more particularly
Omniscan (3) are not optimum for vectorisation.

The evolution of the longitudinal proton relaxivity
versus temperature is known to depend on the residence

Copyright © 2006 John Wiley & Sons, Ltd.

time of the water molecules coordinated to the Gd(III)
ion. When the water exchange is fast over the whole
temperature range investigated, the relaxivity increases
when temperature is lowered whereas a plateau or a
decrease of r; is observed when the water residence time
becomes a limiting factor. The temperature dependence
of the longitudinal proton relaxivity of complexes 1, 2, 4,
5 and 6 confirms that their relaxivity is not limited by their
water residence time at low temperatures (Fig. 3). In
contrast, and as expected from its slower water exchange
rate, the relaxivity of Omniscan (3) is limited by the
coordinated water residence time at low temperatures.

Contrast Med. Mol. Imaging 1: 128-137 (2006)
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Table 2. Parameters obtained by the theoretical adjustment of the 7O experimental data

Complex o0 (ns) AH” (kJ mol™") AS” (@ mol 'K A/ (10°rads™) B (10*°sH ¢, *® (ps) E, K mol ™}

1 143 +25% 51.54+0.3 52.14+0.6 —-3.440.1 2.60 £0.06 12.3+0.3 45+42
~130° 51.6+14 52.0+4.7 —3.8+0.2 1.15+0.05 25+1 1.6+ 1.8

2 122 +10¢ 50.1£0.2 48.7+£0.2 —3.424+0.03 1.94 +0.09 114+£0.5 40+44
~ 110° 498+ 1.5 48.5+49 —-3.7+£0.2 0.38+£0.02 11.0+1.0 1.0°

3 967 4 36° 48.0£0.1 249+0.2 —3.16+0.04 204+£0.06 212406 150+11
~1025° 476+ 1.1 229436 —-3.8+0.2 0.99 +0.05 25+1 39+14

4 2174 13¢ 49.3£0.1 41.6£0.3 —2.9+0.02 1.55+0.04 8.5+0.2 0.94+10.3

5 140+ 11¢ 51.1+0.14 51.0+0.2 —3.59+0.56 3.89+£0.19 21.3+£1.0 124417

6 176 +21¢ 47.440.1 372405 —2.80+04 1.56 £0.04 6.5+0.2 0.9+0.1

“From Ref. 18.
From Ref. 22.
‘From Ref. 23.
9This work.
°Fixed parameter.

This, however, has no impact on the relaxivity of the
compound at physiological temperatures.

Proton NMRD at 310 K. The proton NMRD profiles of
complexes 1, 2, 3 and 4 at 310K have already been
published (18,25,26). For complex 5, data obtained at
298 K have been reported (12). Figure 4 shows the data
obtained for all complexes at 310K. The three
macrocyclic complexes have the same relaxivity at high
magnetic field but, as already reported, Dotarem is
characterized by a larger low-field relaxivity, demonstrat-
ing a longer electronic relaxation time at zero field (r5p).
The NMRD profiles of the open-chain complexes 1 and 3
are similar whereas the relaxivity of complex 5 is larger
over the whole magnetic field range.

The theoretical adjustment of the NMRD profiles takes
into account the inner-sphere (27,28) and the outer-sphere
(29) contributions to the paramagnetic relaxation rate.
Some parameters were fixed during the fitting procedure:
g, the number of coordinated water molecules (¢ =1), d,
the distance of closest approach (d=0.36nm), D, the
relative diffusion constant (D=3.3 x 10" m’s™") (26),

9 I
] —— Magnevist 1
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8- g —&— Omniscan 3
: i ®  ProHance 4
7 > —&— MultiHance 5
#— Gadovist 6
—'E a3
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Temperature (°C)

Figure 3. Temperature effect on the proton relaxivity of Gd
complexes 1-6 at 0.47T.

Copyright © 2006 John Wiley & Sons, Ltd.

and r, the distance between the Gd(IIT) ion and the proton
nuclei of water (r=0.31 nm). The water residence time,
IM310, was also set to the value determined by 70 NMR.
The results of these fittings are shown in Table 3 and
Fig. 4. The parameters obtained for complexes 1 and 3 are
similar except for the value of 1y, which is larger for
complex 3. However, as mentioned above, this has no
effect on r; at 310 K. At lower temperatures, however, its
increase clearly limits the relaxivity of Omniscan, as
shown in Fig. 2. Performing the theoretical adjustment of
the MultiHance (5) profile with a distance r=0.31 nm
leads to a value of tg much larger than expected (dashed
line in Fig. 4) and, as already reported by Uggeri et al.
(12), a more realistic value involves a reduction of the
distance between Gd>" and the coordinated water
hydrogens. A value of 0.3nm was chosen based on the
data of Caravan et al. (30), who reported that the Gd—-H
distance of this complex is in the range between 0.30 and
0.32nm. A decrease in r has also been observed for C4-
substituted derivatives of Gd-DTPA (16-18,23). A
possible aggregation of the aromatic rings of 5 seems
to be unrealistic since, on the one hand, the concentrations
used for the proton relaxation measurements are low
(<1 mm) and, on the other, deuterium NMR data obtained
on higher concentrations of similar complexes (23), do
not show evidence of larger tg values. For the three
macrocyclic derivatives, similar parameters are obtained,
except the tgo value which is much larger for Dotarem (2)
and is related to the higher symmetry and/or rigidity of
this complex.

The corresponding B values calculated from the fit of
the proton NMRD data (0.9 x10*s™' for 1,
0.7 x 10*°s™! for 2, 1.2 x 10?°s™" for 3, 1.9 x 10°%s™"
for 4, (0.7-1.1) x 10°°s™" for 5 and 2.8 x 10*°s™" for 6)
are different from those obtained from the O-17 data. This
may be related to the experimental conditions used in
both methods. O-17 data are obtained at high magnetic
field where 7, values are large (of the order of 107%5)
whereas the proton relaxometric NMRD data of small

Contrast Med. Mol. Imaging 1: 128-137 (2006)
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Figure 4. "H NMRD relaxivity profiles of Gd complexes 1-6 in water at 310K. The lines
correspond to the theoretical fittings of the data points.

complexes depend on the electronic parameters mainly at
low fields (where tg; values are of the order of 107 '%s)
but not at high fields.

Transmetallation

Possible transmetallation by zinc(IT) ions was used as a
stability test for the six complexes. The procedure takes
advantage of the very low solubility of Gd*" ions in
phosphate solution and of the subsequent decrease in the
proton paramagnetic relaxation rate during the transme-
tallation process. A ‘long time index’ equal to the ratio of
the paramagnetic relaxation rate after 4320 min
[R}(4320)] and its initial value [R}(0)] and a ‘ratio
index’ set as the time (#) required to reach a ratio Rﬁ’(t)/
RI(0)=80% were defined. As observed previously for
open-chain complexes (31), the bisamide compound 3
shows faster and more extensive transmetallation than its
parent complex Magnevist (1). In contrast, the C-
functionalised compound MultiHance (5) (Fig. 5 and
Table 4) undergoes a slower and more limited transme-
tallation process than Magnevist (1). This behaviour had
already been observed for several other backbone-
substituted derivatives of Magnevist (17,23,31-33).

Macrocyclic complexes 2 and 4 have already been shown
to be remarkably stable during the whole observation
period (31), with decomplexation less than 10% after
5000 min (3.5 days). The data obtained in this work with
Gadovist (6) confirm the previous results.

Interaction with HSA

The interaction of the gadolinium complex with HSA
increases its rotational correlation time and subsequently
enhances its paramagnetic relaxation rate. The resulting
relaxivity increase depends on the relative amounts of free
and bound contrast agents, and therefore on the strength
of the interaction and on the intensity of the magnetic
field. The proton NMRD profiles of the paramagnetic
relaxation rate of solutions containing 1mwm of the
contrast agents and 4% of HSA are shown in Fig. 6. For
Magnevist (1), Dotarem (2), Omniscan (3), ProHance (4)
and Gadovist (6) the curves are similar to their
corresponding NMRD profiles in water, but a significant
difference is observed for Multihance (5), which is known
to interact with plasma proteins (34,35). The presence of
HSA also induces a viscosity increase (0.87mPa s
compared with 0.69 mPa s at 310 K), which should result

Table 3. Proton relaxivity at 0.47 and 1.41 T and values of ty, tr, tso and 7y obtained from the proton NMRD profiles

Contrast Media & Molecular Imaging [ ]

310 (s mm Y
Complex By=047T By=141T 0 (ns) 10 (ps) 7500 (ps) 10 (ps) 7 (nm)
Magnevist (1) 3.8 34 143 +25 54+14 87+3 2543 0.31
Dotarem (2) 35 3.1 122+ 10 53+1.3 404 +24 7+1 0.31
Omniscan (3) 3.8 3.6 967 £ 36 65+2 95+3 1843 0.31
Prohance (4) 3.6 32 217+13 5142 142+ 10 7.5+2 0.31
MultiHance (5) 4.8 4.1 140£11 89+ 1.5 102+2 30+1 0.31
140+ 11 72+1.3 88 +2 25+1 0.30
Gadovist (6) 3.7 3.2 176 21 57+2 111+6 6.5+2 0.31

“Fixed parameter.

Copyright © 2006 John Wiley & Sons, Ltd. Contrast Med. Mol. Imaging 1: 128-137 (2006)
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in increased values of tg and decreased values of the
relative diffusion constant D. Theoretical fittings per-
formed with the parameters of the free Gd complexes but
taking into account these viscosity effects on tg and D are
shown in Fig. 6 together with the fitting of the data
obtained in water. For complexes 1, 2, 3, 4 and 6, the
experimental data are close to the fitted profiles at all
magnetic fields, indicating that the presence of HSA does
not significantly modify the physicochemical parameters
of the complexes. In contrast, the differences between the
theoretical profiles of Gd—-BOPTA and the experimental
data are much larger over the whole magnetic field range,
in agreement with the known interaction with HSA.
The analysis of the paramagnetic proton relaxation rate
of solutions containing 4% of HSA and increasing
amounts of MultiHance (Fig. 7) allows the evaluation of
the association constant and of the relaxivity of the bound
complex at 0.47T. These were found to be equal to
20604 1290M " and 32.0+6.6s ' mm ', respectively
[see Eqn. (1) in Materials and Methods]. It should be
noted that the presence of 150 mm of NaCl markedly
decreases the binding of MultiHance to HSA
(R? =8.33 s~' in the presence of salt compared with
13.857" in the absence of salt for solutions containing
I mm of MultiHance and 4% of HSA at 20 MHz and

310K). In agreement with these results, Port et al.
recently reported a lower value of the binding constant of
Multihance in rabbit plasma (K =490m ") and a slightly
larger value of the relaxivity of the bound complex
(r; =36 s 'mm") (36). As stated by these authors, the
interaction with HSA results in a concentration-depen-
dent apparent relaxivity of MultiHance in HSA solution,
with larger relaxivities at lower concentrations (Fig. 7).

The behaviour of MultiHance in the presence of HSA is
similar to that of Primovist, another hepatobiliary
derivative of Gd-DTPA substituted on the carbon
backbone (16).

The amounts of free and bound complexes in the
solution used for the NMRD measurements calculated
using this K value are 65 and 35%, respectively. The
proton NMRD profile calculated for the bound complex is
shown in Fig. 8. The fitting of this curve was performed
using the classical inner-sphere (27,28) and outer-sphere
(29) models and also an additional contribution due to
second-sphere water molecules (37). Some parameters
were fixed: the number of water molecules coordinated to
the Gd*" ion (g=1); the distance between the proton
nuclei of the inner-sphere water molecule and Gd**
(r=0.3nm); the  relative  diffusion  constant
(D=29x10"°m?s"") (26); the distance of closest

Table 4. Long time and ratio indexes of the zinc(ll) transmetallation process

133

Complex

Long time index®

Ratio index® (min)

Magnevist (1)
Dotarem (2)
Omniscan (3)
ProHance (4)
MultiHance (5)
Gadovist (6)

0.49
0.99
0.10
0.99
0.60
0.95

250
>5000
70
>5000
600
>5000

RY (=4320 min)/R}( = 0 min).
*Time required for RII’(t)/R[l’(t =0min) =0.8.

Copyright © 2006 John Wiley & Sons, Ltd.
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approach for the outer sphere contribution (d = 0.45 nm);
and the distance between the atoms of the second-sphere
water molecules (rgg=0.4nm). TR, T, Tss (the
correlation time modulating the second-sphere contri-
bution), gss (the number of water molecules in the second
sphere), 7y and tgo were optimised for the three
contributions simultaneously. Satisfactory fit of the data
could be obtained with the following values:
r=11.84+09ns, 1,y=450=% 14ns, 150 =207 = 12 ps,
Ty =388+ 1ps, 15s=43.1£4.4ps and qss=4.2+0.3
(Fig. 8). The tR value agrees with a markedly reduced
mobility of the contrast agent bound to the protein.

The interaction has also been evidenced by electro-
spray ionisation mass spectrometry, through the occur-
rence of peaks corresponding to the HSA-MultiHance
complex (38).

CONCLUSIONS

As expected, depending on their structure and size, the
rotational correlation times at 310K range from 53 to
72 ps for the open-chain complexes and from 51 to 53 ps
for the macrocyclic complexes. Their 750 values range
between 87 and 142 ps, except for Dotarem (2), which is
characterized by a larger value. The 7y values of linear
complexes seem to be larger than those of macrocyclic
complexes. Regarding the water exchange rate, the
bisamide derivative Omniscan is clearly different, with a
v value close to 1 s at 310K, whereas the tyy of all
other complexes ranges between 120 and 220ns.
Complexes 1, 2, 3, 4 and 6 have similar relaxivity in
the imaging field region whereas MultiHance (5) is
slightly more efficient. The transmetallation process by
zinc(Il) ions at pH 7 in phosphate buffer is negligible for
all macrocyclic complexes. Among the open-chain
complexes, MultiHance (5) seems to be more stable
than the parent complex 1. Additionally, only MultiHance
interacts with HSA, resulting in a higher apparent
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relaxivity varying from 20.5 s~ ' mm~ ' for a concentration
of 0.Immto 11.6s~ ' mm ™' for a concentration of 2 mm at
20MHz and 310K in 0.6 mm HSA solution.

In the context of molecular imaging, bisamide
derivatives of open-chain and macrocyclic complexes
should be avoided because of their slow water exchange
and, hence, the quenching of their efficacy. In contrast,
tracers based on the Magnevist (1) structure but
substituted on the carbon backbone would be preferable
because of the cumulative effects of their enhanced
proton relaxivity, their relatively fast water exchange and
their increased stability versus zinc(Il) transmetallation.
Macrocyclic derivatives are also well suited for these
applications owing to their very high stability in
physiological media and their relatively fast water
exchange rate.

MATERIALS AND METHODS
Chemicals

Measurements were performed on the available clinical
formulations of the various contrast agents.

Oxygen-17 NMR

70 NMR measurements of solutions were performed at
7.05 T on 2-mL samples contained in 10 mm o.d. tubes on
a Bruker AMX-300 spectrometer (Bruker, Karlsruhe,
Germany). Temperature was regulated by air or nitrogen
flow controlled by a Bruker BVT 2000 unit. ''O
transverse relaxation times of distilled water (pH 6.5-7)
were measured using a CPMG sequence and a subsequent
two-parameter fit of the data points. The 90° and 180°
pulse lengths were 25 and 50 s, respectively. The 'O T,
of water in complex solution was obtained from linewidth
measurements. All spectra were proton decoupled. The
concentration of the samples was lower than 25 mwm.
The data are presented as the reduced transverse
relaxation rate { 1/T§ =55.55/([Gd complex]ng), where
[Gd complex] is the molar concentration of the complex,
g is the number of coordinated water molecules and 75
is the paramagnetic transverse relaxation rate}. The
treatment of the experimental data was performed as
already described (16—18).

Proton NMRD

Proton nuclear magnetic relaxation dispersion (NMRD)
profiles were measured on a Stelar Spinmaster FFC fast
field cycling NMR relaxometer [Stelar, Mede (PV), Italy]
over a magnetic field strength range extending from
0.24 mT to 0.24 T or on a field cycling relaxometer (Field
Cycling Systems, Honesdale, PA, USA) over a magnetic
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field range from 0.24mT to 1.0 T. Measurements were
performed on 0.6-mL samples contained in 10 mm o.d.
Pyrex tubes. Additional relaxation rates at 20, 60 and
300MHz were obtained on a Minispec PC-120, a
Minispec mq60 and a Bruker AMX-300 spectrometer,
respectively. Proton NMRD curves were fitted using data-
processing software (39,40) including different theoreti-
cal models describing nuclear relaxation phenomena
(Minuit, CERN Library) (27-29).

Transmetallation kinetics

The technique is based on the measurement of
the evolution of the water proton paramagnetic
longitudinal relaxation rate (Rll’) of a buffered
solution ([KH,PO,]=0.026 molL™!, [Na,HPO,]=
0.041molL™", pH 7) containing 2.5mm gadolinium
complex and 2.5mm ZnCl,(31). The measurements
were performed on a Minispec PC-120 spin analyser
(Bruker) at 20 MHz and 310K. The samples (0.3 mL)
were contained in 7mm o.d. Pyrex tubes and were kept
at 310K in a dry block between measurements (up to
4 days).

HSA interaction

The analysis of the paramagnetic relaxation rates in HSA
solutions (R"™) containing increasing amounts of Gd
complexes at 20 MHz and 310 K was performed using the
equation

RY™ = 1000
x [(ry x 5%) +5(rf = 17)

x {(Nxp®)+s"+K!

IV p0) 450+ K12 — 4 x N x 50 x po}]
(1)

where p° and s° are the initial concentrations of protein
and contrast agent respectively, 7{ and rﬁ are the relaxivity
of the bound and free complexes, N is the number of
identical binding sites and K their association constant. N
was set to 1.
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