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Iopamidol: Exploring the Potential Use of a Well-
Established X-Ray Contrast Agent for MRI

Silvio Aime,>** Luisella Calabi,' Luca Biondi,' Mario De Miranda,' Stefano Ghelli,?
Lino Paleari,’ Cristina Rebaudengo,’ and Enzo Terreno®*

lopamidol is one of the most common contrast media used for
diagnostic CT-based clinical protocols. Chemically, this molecule
contains two pools of mobile protons (amide and alcoholic) that
are in exchange with water. At 7.05 T, pH 7.4, and 312 K, the
exchange rate of the alcoholic protons is too fast to affect the
NMR properties of water protons, whereas the slowly exchanging
amide protons induce a T,-shortening effect on the “bulk” water
signal that is detectable when the concentration is about 12 mM.
Moreover, a more pronounced contrast is observed when the
amide resonances are saturated by the application of an appro-
priate RF irradiation field, making iopamidol a potential chemical
exchange saturation transfer (CEST) agent whose effect can be
detected at a concentration as low as 7 mM (at 7.05 T). The
exploitation of the MRI properties of iopamidol could facilitate
novel and interesting diagnostic applications for combined MRI
and CT studies. Magn Reson Med 53:830-834, 2005. © 2005
Wiley-Liss, Inc.
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Iopamidol has been used as diagnostic agent for clinical
CT protocols since 1981. This nonionic contrast medium
for X-ray imaging has very broad diagnostic applications,
including disorders of the central nervous system, the
cardiovascular apparatus, and the urinary tract (1-5).

The high water solubility shown by iopamidol, coupled
with a very low toxicity, means that it can be safely
administered intravenously at very high doses (up to
400 mg/ml).

In addition to the three iodine atoms necessary for en-
dowing the system with high X-ray radiopacity, the chem-
ical structure of iopamidol (chart 1) is characterized by the
presence of three amide functionalities bearing hydro-
philic substituents that are responsible for its outstanding
water solubility.

Iopamidol possesses a high number of mobile protons
(e.g., amide and alcoholic protons). We surmised that the
occurrence of such a large pool of exchanging protons
could be exploited as a source of contrast in an MR image.
In fact, it is well established that proton exchange causes
an increase in the water proton transverse relaxation rate
(T, agent) (6—8), and may produce a more pronounced
image contrast if the exchanging proton pool is irradiated
with the appropriate radiofrequency (RF). This should
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lead to a decrease in the signal intensity of the water
protons through the so-called chemical exchange satura-
tion transfer (CEST) process (9). Both mechanisms contrib-
ute to a reduction in the MR signal intensity of the water
protons, thus resulting in a darker spot in the MR image.

In this paper we report an in vitro study aimed at as-
sessing the properties of iopamidol as a dual (7, and
CEST) MRI contrast agent. In principle, if additional infor-
mation can be gained from the MRI modality, one can
envisage the potential clinical use of iopamidol in patients
undergoing a CT exam.

MATERIALS AND METHODS

Iopamidol was kindly provided by Bracco Imaging, S.p.A
(Milan, Italy).

NMR Measurements

All of the MR images were obtained on a Bruker Avance
300 WB spectrometer equipped with a microimaging
probe head (Micro 2.5). The measurements were carried
out on a phantom made of seven capillaries (~1 mm di-
ameter) contained inside a 10-mm NMR tube filled with
neat water. A 10-mm RF insert (*H/*3C inverse) was used.
We measured T, using a multi-TR spin-echo sequence
with TR values ranging from 0.25 to 8 s. T, was measured
by means of a standard multiecho sequence with 24 TE
values (5 ms step) starting from 5 ms.

We obtained CEST-MR images using a conventional
spin-echo sequence (TE = 5 ms, TR = 20 s, one scan)
preceded by a saturation pulse of variable length. The RF
saturation offset was set at 1230 Hz (v°) or —1230 Hz (v°)
with respect to the resonance of water protons. We ob-
tained CEST difference images by subtracting the v°™ im-
age from the corresponding v°"one. The application of a
train of sinc pulses (25 ms each, with an interpulse delay
of 10 ps) provided the proper RF saturating field.

RESULTS AND DISCUSSION

We tested the ability of iopamidol to act as a dual contrast
agent for MRI applications in vitro on a phantom (scheme
1) made of seven capillaries (1 mm in diameter) containing
aqueous solutions of iopamidol at the following concen-
trations: 0, 13, 26, 65, 130, 260, and 520 mM.

Initially, a simple multi-TR spin-echo experiment was
used to assess whether the presence of iopamidol could
affect the longitudinal relaxation rate (R, = 1/T,) of water
protons. Figure 1a shows that R, is only slightly affected
by the presence of the contrast agent.
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Scheme 1.

The concentration dependence of R, is linear (r =
0.992), with a slope (which may be considered as a sort of
“longitudinal relaxivity” of the diamagnetic agent) of
5.2(= 0.3) - 107* s7'mM™". The observed linear depen-
dence between R, and iopamidol concentration probably
reflects small changes in the viscosity of the solution.
Clearly, iopamidol cannot be proposed as a T, contrast
agent, since a positive contrast in the phantom image can
only be detected for the solution of highest concentration
(Fig. 1b).

As expected, this result simply shows that the R, values
of water protons are not influenced by the chemical ex-
change with the mobile protons of iopamidol.
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FIG. 1. a: Dependence of the longitudinal relaxation rate of water
protons, R,"47, on the iopamidol concentration (7.05 T, pH 7.4,
310 K). b: Spin-echo MR image of the phantom (TE = 3.4 ms, TR =

500 ms, 7.05 T, pH 7.4, 310 K).
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Conversely, the proton exchange process significantly
affects R, values. In fact, in a solution containing one
major species A (e.g., water protons) in chemical exchange
with a second species B (here represented by the mobile
protons of iopamidol), the transverse relaxation rate of A
can be adequately described by the Swift-Connick equa-
tion (10), which holds for any exchange regime and NMR
window:

[1]

B(pB B
R} = Ry° + p ki [HZ(HZ PR sz]

(RE+ kB)? + Aw?

where R,“? is the transverse relaxation rate of A in the
absence of B, R,” is the transverse relaxation rate of B, kZ,
is the pseudo first-order kinetic constant rate for the ex-
change of B, Aw is the chemical shift difference (in rad - Hz)
between the two exchanging sites, and p%, is the molar
fraction of B, i.e., [B]l/([B] + [A]) = [B]/[Al.

Equation [1] clearly indicates that the influence of K, on
R," is strictly dependent upon the values of R,” and Aw.

Iopamidol contains both amide and alcoholic exchange-
able protons (see chart 1). Usually, the exchange rate of the
—OH protons in water is fast enough to satisfy the condi-
tion k¥ > Aw®". As a consequence, it is not possible to
observe the —OH absorptions in the high-resolution NMR
spectrum of iopamidol under the experimental conditions
used in this work (7.05 T, 310 K, and pH 7.4). Furthermore,
for these protons, k& >> R,". Therefore, the presence of
the mobile hydroxyl protons has a limited influence on
R,™, and Eq. [1] simply reduces to

OH 2
wa. wa pM A(J)
Ry = R} f°+7kOH [2]

where the (p/'Aw?)/k$H term is negligible owing to the
small p§;? value and the occurrence of the k9 > Aw®
condition.

Conversely, the exchange regime of the amide protons is
much slower, which allows their detection in the "H-NMR
spectrum under the experimental conditions reported
above. Consequently, for amide protons Aw™? >> kKYH

ex ?

although R,™ still remains negligible with respect to k27"

ex

with the exchange rate of the amide protons directly in-
fluencing R,"*". Now Eq. [1] can be written as

nM [IOP]

Rlzfvat: R;fat(] + pAI\/;H k]e\j(H: R;fa!() + 1112 kle\;H [3]
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FIG. 2. a: Dependence of the transverse relaxation rate of water
protons, R,"AT, on the iopamidol concentration (7.05 T, pH 7.4,
310 K). b: Spin-echo MR image of the phantom (TE = 120 ms, TR =

8000 ms, 7.05 T, pH 7.4, 310 K).

where n™ refers to the number of amide protons per

molecule, [IOP] is the molar concentration of iopamidol,
and 111.2 is the molar concentration of water protons.

Figure 2a reports the R,"* values measured for solu-
tions of the phantom using a conventional multiecho se-
quence. Similarly, in this case the concentration depen-
dence is linear (r = 0.994); however, the slope is signifi-
cantly steeper, resulting in a “transverse relaxivity” of 6.9
(£ 0.3)-107? s 'mM™" (i.e., 2 orders of magnitude larger
than the corresponding longitudinal value).

Once the slope (i.e. the “transverse relaxivity”) value is
known, the exchange rate of the amide protons of iopam-
idol can be easily estimated using Eq. [3].

With the assumption that all of the amide protons of
iopamidol have the same exchange rate, a k) value of
2560 s~ was obtained. This figure appears to be quite large
for the exchange rate of an amide protons at pH 7.4 and
310K, but this result can be justified by the increased
acidity of such protons due to the presence of the iodine
atoms. A kY value of 2560 s confirms that at 7.05 T
(proton Larmor frequency = 300 MHz, Ao™ = 7720
rad - Hz) the Aw™ > k) condition is sufficiently satisfied
(KN is about 10% of (Aw™)?).

A typical MR image acquired in the multiecho type
experiment (TE = 120 ms) is shown in Fig. 2b.

As expected, the solutions containing high amounts of
iopamidol are markedly darkened, but it is still possible to
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detect a negative contrast of ~25% in the capillary con-
taining the lowest concentration of contrast agent.

Interestingly, the fundamental requisite for enhancing
R,"“ through chemical exchange (i.e., Aw > kZ) is also the
basic requirement for a CEST-MRI agent. In fact, such
agents are characterized by the presence of at least one set
of mobile protons that upon irradiation contribute to a
decrease in the signal intensity of water protons. This is
brought about by the transfer of saturated magnetization,
but only if the two exchanging sites are not in coalescence
(9,11-16). The contrast-enhancing capability of CEST
agents is usually evaluated in vitro by measuring the ex-
tent of the percent saturation transfer (ST%). This param-
eter is determined by performing two independent exper-
iments differing in the irradiation frequency offset of the
saturating RF pulse. In the first experiment the RF pulse is
set to a frequency corresponding to the resonance of the
mobile protons of the CEST agent (v°"), and the resulting
intensity of the water protons signal (resonating at v = 0) is
I;. In the second experiment, the saturating RF field is
switched to a frequency v°" = —v°", and the corresponding
signal intensity of the water protons is I,. The latter exper-
iment is necessary to take into account any direct satura-
tion effects on the water signal caused by the RF pulse. The
ST% can be calculated using [1 — (Is/,)].

Because the ST efficiency is strongly affected by the
irradiation frequency, we determined the most effective
frequency offset corresponding by measuring ST% for a
solution of iopamidol as a function of v, and thus obtained
the so-called Z-spectrum. The result (data not shown) led
to an optimal frequency offset of 1230 Hz, which was used
for all subsequent ST measurements.

Based on the assumption that the saturated magnetiza-
tion of the amide protons of iopamidol is fully transferred
to bulk water in the absence of residual direct saturation,
the ST% obeys the following relationship, which is a
rearrangement of an equation first described by Forsen and
Hoffman (17):

I8
ST% = [1 - <T0>]100

KV pNH[IOP)(1 — e (1112 Rty NI n[IOP]/lll.Z)t)lOO
- 111.2R™ + K7 n[IOP]

(4]

where ¢ is the irradiation time, and R,**(equal to 1/T,™) is
the longitudinal relaxation rate of water protons during
irradiation of the mobile protons in the CEST agent. The
correlation between R, and R,” is not fully understood,
although it is known that R,”" is larger than R, by a factor
that is somehow dependent on k., (18). Equation [4] indi-
cates that the extent of the ST is not dependent on the
transverse relaxation rate of the bulk water protons. The
analytical form of Eq. [4] is such that the ST% dependence
on any of the involved parameters (K}, n™, [IOP], and
T,™) is pseudohyperbolic and ST% tends to a plateau
value.

This behavior is clearly displayed in Fig. 3, which indi-
cates the influence of the irradiation time on ST% for the
six iopamidol solutions of the above-described phantom.

It is interesting to note that the irradiation time at which
the ST% reaches its maximum is inversely related to the
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FIG. 3. Effect of the length of the saturating pulse on ST% (7.05 T,
pH 7.4, 310 K). Irradiation of a train of sinc pulses 25 ms each
(interpulse delay = 10 ps, irr. power = 4.65 uT) was applied. The
data were fitted according to Eq. [6].

concentration of the CEST molecule. Since the t-value is
crucial for determining the acquisition time of the MR
images, we used a value of 7 s as a good compromise for
the subsequent experiments.

We first analyzed the data represented in Fig. 3 using Eq.
[4], keeping the values of n (3), [IOP], and kYX* (2560 s7*)
fixed, but the obtained fittings were very poor. As already
mentioned, Eq. [4] holds under the assumption that all the
mobile spins of the CEST molecule are irradiated. Actu-
ally, the fraction of the saturated protons that are actually
transferred, o)™, is mainly dependent on kY and the
power of the saturating RF field (yB,) (19):

NH
OLNH _ ('yBl/kex 2
° T 1+ (YBJKY)

ex

(5]

Thus, we reanalyzed the data using the following equa-
tion:

Is
ST% = [1 - <7)]100
Iy

B ocf)VH kI;;H HNH[IOP](l _ g (1112 RI™+ g KexNH n[IOP]/lll.Z)!)lOO

B 111.2 R™ + o kN n[IOP]

(6]

This resulted in the excellent-fitting curves reported in
Fig. 3. The values of the two parameters obtained from the
fitting procedure, R,”" and a,™, are listed in Table 1.

Table 1
R and o} Values Obtained From the Analysis of the Data
Shown in Fig. 3 using Eq. [6]

[IOP (M) R (s7) ag"*?
0.013 0.27 0.030
0.026 0.28 0.050
0.065 0.28 0.045
0.13 0.3 0.044
0.26 0.4 0.038
0.52 0.74 0.035
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FIG. 4. Dependence of ST% on the concentration of iopamidol with
varying saturation power (7.05 T, pH 7.4, 310 K, train of sinc pulses
(25 ms each), interpulse delay = 10 us, irradiation time = 7 s).

The small R,” enhancement that occurs when the con-
centration of iopamidol is increased is consistent with the
view that the longitudinal relaxation rate of the water
protons is not significantly affected by the concentration of
iopamidol (see Fig. 1a), and, as mentioned above, the R,”*
values are slightly larger than R,.

Conversely, the o} values are not concentration-depen-
dent; rather, these values indicate that only a small frac-
tion of the mobile protons are actually saturated, thus
contributing to the observed ST effect. The relatively low
efficiency in the saturation of the amide protons of iopam-
idol is the result of a low-power saturation RF field com-
pared to the exchange rate of the amide protons, i.e., yB, <
ke

This means that o} could be increased by the applica-
tion of a higher-power saturation pulse. The dependence
of the ST effect on the power of the saturation pulse is
illustrated in Fig. 4. While it is clear that the ST efficiency
is markedly affected by the power of the saturation pulse,
it seems evident that the concentration of iopamidol is a
relevant parameter.

In fact, although at concentrations lower than 0.1 M the
ST% is directly proportional to the power of the saturation
pulse, at higher concentrations this trend changes, and the
ST% at 12.4 T is smaller than the ST% at 4.65 u.T for the
0.5 M solution. This finding is not particularly surprising,
since increasing the power of the saturation pulse can lead
to a broadening of the excitation bandwith, with a conse-
quent direct saturation effect on the water proton signal. In
this study, this effect was amplified because of the rela-
tively small difference (only 1230 Hz) in the resonance
frequency between the two exchanging sites. Nevertheless,
the concentration dependence of ST% observed at the
highest power level (12.4 pT) can not be theoretically
justified. It is likely that the use of such a high-power pulse
makes ST% dependent on the sample shimming. In fact, a
nonperfectly Lorentzian signal can lead to a direct satura-
tion effect that depends on the frequency offset (v°" or v°™)
of the saturation pulse. Thus, the behavior shown in Fig. 4
could be explained by a larger direct saturation effect
when the offset of the saturation pulse is positioned at v°*.

Despite the problems associated with the use of a high-
power saturation pulse, the train of sinc pulses with a
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FIG. 5. Comparison between a T,,, MR image (on the left, also
shown in Fig. 2b) and a CEST MRI difference (v°N-v°FF) image (on
the right) of the same phantom (7.05 T, pH 7.4, 310K). (CEST MR
images: train of sinc pulses (25 ms each), interpulse delay = 10 us,
irr. time = 7 s, irr. power = 12.4 u.T).

power of 12.4 pT ensures an efficient ST for iopamidol
concentrations lower than 0.1 M.

The body of data collected so far on the phantom con-
taining iopamidol clearly indicates that this molecule can
act as either a T,- or a CEST-MRI contrast agent. On this
basis, it is of interest to ascertain the minimum concentra-
tion of iopamidol required to detect a contrast in the two
imaging modalities.

Figure 5 shows a comparison of two MR images of the
same phantom. On the left is the spin-echo T,, image
shown in Fig. 2b, whereas on the right a CEST difference
image obtained by subtracting the v°f image from the
corresponding v°" (saturation power 12.4 pT, irradiation
time 7 s) is shown. Let us focus on the contrast between
capillaries A and B, which contain pure water, and a
13-mM solution of iopamidol, respectively. It is evident
that the contrast is definitely better in the CEST difference
image, probably because the image difference cancels out
the signal of the water protons in the regions in which
there is no ST effect. This explanation may justify why the
minimum ST% value for detecting contrast is approxi-
mately 5%, whereas in T,,, images the requested signal
difference has to be about 25%. On this basis, the sensi-
tivity of iopamidol as CEST agent is definitely higher (min-
imum amount = ~7 mM, saturation power = 12.4 pT,
irradiation time = 7 s) than that estimated if the same
molecule acts as a T, agent (minimum amount =
~12 mM).

The higher sensitivity shown by the CEST modality vs.
the T,,, images is balanced by some drawbacks. For in-
stance, the CEST technique is much more time-consuming
because it requires the saturation of the mobile protons
and the acquisition of two images. Another possible draw-
back in vivo may arise from the presence of mobile protons
belonging to endogenous molecules whose resonance fre-
quency can overlap with the absorption region of iopam-
idol amide protons. Therefore, the ST% value could be
either over- or underestimated.

CONCLUSIONS

The results obtained in this work indicate that iopamidol,
one of the most commonly used contrast agents for CT,
may be also considered as a contrast medium for MRI
applications. In fact, the presence of a pool of amide pro-
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tons in relatively slow exchange with the bulk water pro-
tons can considerably reduce the signal intensity in an
MRI experiment through two distinct modalities: R, en-
hancement and CEST. The combined use of both tech-
niques may be of interest for some specific clinical appli-
cations.
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