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Proton Relaxation Caused by Magnetic Resonance Imaging Contrast

Agent, Oral Magnetic Particles
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Physicochemical properties of a newly developed oral negative contrast agent, oral magnetic particles (OMP,
Ferristene), for abdominal magnetic resonance (MR) imaging were evaluated in a preformulation study. X-Ray
diffraction pattern and transmission electron micrograph showed that a fine ferrite of iron oxide (diameter less
than 30 nm) is absorbed onto the latex particles (approximately 3.5 gm). The longitudinal proton relaxation of an
aqueous system containing OMP proceeded mono-exponentially. The transverse proton relaxation, which was
much faster than the longitudinal one, proceeded multi-exponentially, where initial fast decay within first echo
followed by bi- or mono-exponential decay was observed. This initial fast decay was characterized as percentage
of initial magnetic loss (%IML), which increased with increase in OMP concentration, echo time (TE), or both.
The %IML is believed to be a result of water protons which diffuse through strong magnetic field gradient close
to the OMP causing them to lose phase coherence of spins prior to the first echo. For the practical use of spin
echo sequence in a clinical MR imaging system (TE=10 ms), the OMP concentration around 100 ug Fe/ml for
oral suspension seemed preferable for suppression of the signal intensity from the gastrointestinal tract.

Key words

Due to excellent tissue contrast as well as good spatial res-
olution, proton magnetic resonance (MR) imaging is now
widely used in the clinical diagnosis of diseases. In MR
imaging, the observed inherent contrast is a result of tissue
specific proton relaxation rate and proton densities. The envi-
ronments of the water proton in tissues determine the proton
relaxation rates which, in turn, influence the observed MR
signal intensity."

Contrast agents have been developed to increase the inher-
ent contrast of MR imaging. These agents are able to im-
prove image contrast by influencing the proton relaxation
rate of neighboring tissue water protons.”® Basically, the en-
hancement of longitudinal relaxation rate increases in signal
intensity, while the enhancement of transverse relaxation rate
decreases in the intensity. Currently, there are two main
classes of MR contrast agents: agents which utilize soluble
paramagnetic metal-complexes with low-toxic ligands, and
agents which employ superparamagnetic or ferromagnetic
iron oxide particles. Additionally, liquid perfluorocarbons
which alter the proton density have been developed for use in
the gastrointestinal (GI) tract.

Paramagnetic metal ions in solution, such as Fe(Ill), Mn
(II) and Gd(III), contain unpaired electron spin, show high
magnetic moments and cause enhancement of proton relax-
ation rate.”’ Although they enhance both the longitudinal and
transverse relaxation rate of nearby protons, the signal inten-
sity increases due to the higher contribution of longitudinal
relaxation rate at low concentration, thus acting as a positive
contrast agent. On the other hand, particulates of superpara-
magnetic and ferromagnetic compounds enhance the trans-
verse relaxation rate more than the longitudinal one, result-
ing in a decrease in signal intensity, thus acting as negative
contrast agents.® Recently, a new class of contrast agents
consisting of small particulates of iron oxide called SPIO
(superparamagnetic iron oxide) has been developed and used
clinically as a liver MR contrast agent.”'? Although the
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positive contrast agents are clinically available as injectable
and oral preparations,') the negative contrast agent is now
limited to an injectable preparation.

Oral magnetic particles (OMP, Ferristen) is a newly devel-
oped SPIO compound which is an orally administered nega-
tive contrast agent for abdominal MR imaging.'>'> OMP is
intended to aid in the distinction of the GI tract from the ad-
jacent tissues, both normal and abnormal, by reducing signal
intensity (blackening) from the GI tract. OMP might be
much more advantageous than the positive contrast agents
of oral preparation, since it is difficult to distinguish GI tract
from abdominal fat with positive agents.'¥ It has been
reported that aqueous Mn(II) solution when administered
orally acted as a negative contrast agent in some cases.'>'®)
However, the imaging technique and the applicable imaging
region were limited, and the contrast effect was affected by
even slight variation of Mn(II) concentration. To distribute
OMP through the tract, an aqueous suspension of it contain-
ing a viscosity-increasing agent is being considered for the
pharmaceutical dosage form. In this study, the effect of OMP
on proton relaxation rate in the aqueous suspension system
was evaluated as a preformulation study of these particles.
X-Ray diffraction measurements and both optical and trans-
mission electron microscopic observations of OMP were also
done to support the findings on the unique feature of proton
relaxations of the OMP system.

Experimental

Materials OMP was obtained from Nycomed AS (Oslo, Norway). It
contains approximately 23.5% iron, and is supplied as an aqueous disper-
sion. The amount of OMP is hereinafter described as iron based (235 ug
Fe/mg (OMP)=4.21 umol Fe/mg (OMP)).

Microscopic Observation a) Optical Microscopy: Aqueous dispersion
of OMP was observed by optical microscopy (type BH-2, Olympus Inc.,
Tokyo, Japan) without any treatment of the sample.

b) Transmission Electron Microscopy (TEM): Aqueous dispersion of
OMP was gradually dehydrated by replacing water with Quetol-651 and n-
butyl glycidyl ether, and finally fixing it with Quetol-651 fixative. Then, the
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Fig. 1. IR Pulse Sequence for Determination of Longitudinal Proton Re-
laxation (n=1 to 8)
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Fig. 2. CPMG Spin Echo Pulse Sequence for Determination of Transverse
Proton Relaxation

sample was sliced into 100 yum thicknesses using an ultramicrotome. A mi-
crograph was taken using a Hitachi H-800 instrument (Hitachi, Tokyo).

Powder X-Ray Diffraction Measurement OMP, magnetite (Nacalai
Tesque, Kyoto, Japan) and maghemite (Titan Industry, Tokyo) of powder X-
ray diffraction patterns were determined using an MXP-3V powder X-ray
diffractometer (Mac Science, Tokyo). Conditions: target, Cu; filter, Ni; volt-
age, 35kV; current, 20 mA; scanning speed, 2°/min. Dried powder of OMP
sample was prepared by evaporating the aqueous dispersion of OMP at
50 °C in the presence of P,Os in vacuo.

Proton Relaxation Measurement a) Proton Relaxation Measurement
Method: OMP was dispersed in the aqueous medium whose viscosity was
controlled at approximately 600 mPa-s by adding xanthan gum (Sansho
Chemical, Tokyo) and microcrystalline cellulose-sodium carboxymethylcel-
lulose (Avicel RC-591, Asahi Chemical, Tokyo) at a weight ratio of 1/5.
Longitudinal and transverse proton decay of the system were measured at
37°C and 0.47 T with a pulse NMR spectrometer (Minispec PC-20, Bruker,
Karlsruhe, Germany). The longitudinal proton relaxation was determined by
an inversion recovery (IR) sequence with eight inversion times (Fig. 1). The
purpose in applying 90° pulse after inversion time #, (n=1 to 8) was to rotate
the longitudinally relaxing magnetization of spins in the direction of the de-
tector. The transverse relaxation was determined by a spin echo (SE) method
with CPMG (Carr-Purcell-Meiboom-Gill) sequence (Fig. 2). After rotating
the net magnetization of the proton spins perpendicular to the applied exter-
nal magnetic field by applying the 90° pulse, a 180° pulse was applied at
each echo time (TE) in order to refocus the spread-out spins and generate an
echo signal. We changed TE in the range from 1 to 20 ms. The signals just
after the 90° pulse (20 us) and following the echo signals were measured.
There were nine repetitions for both types of measurement.

b) Data Analysis: The longitudinal proton decay constant (7/) of the sys-
tem was obtained from the mono-exponential curve fit of the following
equation:
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Ln[1-Mz(t,)/Mz(0)]=—2t,/TI (1)

where Mz(0) is the signal intensity at time zero corresponding to the net
magnetization of proton at equilibrium; Mz (z,) is the observed signal inten-
sity corresponding to the magnetization of proton at the inversion time, 7,,
which is the duration between the 180° pulse and 90° pulse.

Since the transverse proton relaxation proceeded multi-exponentially, we
introduced the following parameters to characterize the transverse proton re-
laxation of the system containing OMP.

The relative first echo signal intensity (%RFS) was described as follows:

%RFS=Mxy (1,)/Mxy(0)X 100 )

where Mxy(0) is the signal intensity just after (20 us) the 90° pulse, and
Mxy (¢)) is the first echo signal intensity.

The echo signals obtained by CPMG sequence versus time were fitted to a
bi-exponential decay curve (Eq. 3) using least squares method in order to
calculate the intensity of transverse proton magnetization at time zero,
Mpxy (cal). In a case where the signal intensity was too low to fit the bi-expo-
nential decay curve, mono-exponential decay curve was used:

Mxy(t,)=Aexp(—1,/T2,)+Bexp(—t,/T2) 3)
Mxy(cal)=4+B “4

where ¢, is the time of nth echo signal, 4 and B are the transverse proton
magnetizations of component A and B, respectively, and 72, and 72 are the
transverse proton decay constants of component A and B, respectively. The
initial magnetic loss (%IML) was defined as follows:

%IML=[1—Mxy (cal)/Mxy (0)] X 100 5)

Results

Microscopic Observation and Powder X-Ray Diffraction
Measurement OMP consist of mono-dispersed sulphonated
styrene-divinylbenzene latex particles on which magnetic
iron oxide was supported. As shown in Fig. 3(a), OMP were
mono-dispersed spherical particles approximately 3.5 um in
diameter. TEM observation of OMP cross section showed the
adsorption manner of small irregularly shaped iron oxide
particles on the latex particles (Fig. 3(b)). The diameter of
the iron oxide particles varied from 5nm to 40 nm, and only
a small percentage had a diameter greater than 30 nm.

Powder X-ray diffraction patterns of OMP, magnetite and
maghemite are shown in Fig. 4. Since both magnetite (Fe;0,)
and maghemite (y-Fe,O,) are ferrite which is characteristic
of an inverse spinel structure,'®!” the X-ray diffraction pat-
terns were similar. A slight difference in diffraction angle,
however, was observed due to the slight difference in lattice
parameter between magnetite (a=8.391 A) and maghemite
(a=8.34 A). Although the line of the diffraction peak broad-
ened, the diffraction angles and relative intensities obtained
for OMP suggested that the particles supported on OMP are
a mixture of magnetite and maghemite.

Proton Relaxation Enhancement of OMP The evolu-
tion of longitudinal proton relaxation as a function of
OMP concentration is shown in Fig. 5. This relaxation
proceeded mono-exponentially and the decay constant (77)
was decreased with increase in OMP concentration. The
longitudinal relaxivity, generally defined as the change in
1/TI per unit of molar concentration, »/ was 1.4s 'mm
(Fe(OMP)) ..

The transverse proton relaxation did not proceed mono-ex-
ponentially: initial fast decay within first echo followed by
bi- or mono-exponential decay were observed (Fig. 6). This
ultra-fast decay was evaluated by comparing the signal inten-
sity immediately after the 90° pulse to the theoretical ampli-
tude of bi- or mono-exponential fit of the remaining relax-
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Fig. 3. Photomicrograph (a) and Transmission Electron Micrograph (b) of
OMP

ation (Eq. 5). The difference between the actual and theoreti-
cal value was termed the initial magnetization loss (or
%IML). The %IML as well as the transverse relaxation was
greatly affected by TE and OMP concentration, that is, rate
of the decay and %IML were increased with increase in TE
or OMP concentration, or both (Fig. 7).

The decay constant of transverse proton relaxation of the
system containing OMP was difficult to determine because
of a complex feature of the proton decay. It is, however, obvi-
ous that this relaxation is much faster than the longitudinal
one; for instance, at the OMP concentration of 100 yg Fe/ml,
time required for 90% of the transverse decay was less than
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Fig. 4. Powder X-Ray Diffraction Patterns of Magnetite (a), Maghemite
(b) and OMP (c)
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Fig. 6. Effect of TE on the Evolution of the Transverse Relaxation Curve
of the System Containing OMP (100 ug Fe/ml)
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Fig. 7. TE Dependence of %IML at Various Concentrations of OMP

10 ms (at TE=10ms) where it took approximately 800 ms in
the longitudinal one.

Discussion

Characteristics of Iron Oxide in OMP Magnetite or
maghemite exhibited superparamagnetism when the particle
size became small enough to be single magnetic domain,
roughly 5nm to 30 nm. These particles have as large a mag-
netic moment as ferromagnetic materials, but have no rema-
nent magnetism when the external magnetic field is removed.
Earlier studies have shown that the OMP are superparamag-
netic at room temperature with the intrinsic magnetization of
78 emu/g, which is comparable to that of bulk magnetite or
maghemite (ca. approximately 80 emu/g).'®

The line broadening of the diffraction peak might be
caused by diffraction of X-rays over crystal volumes whose
dimensions are comparable to the wavelength of the X-ray
(15.4nm for Cu-K,, radiation), which is supported by TEM
observation of the iron oxide particles in OMP (Fig. 3(b),
Fig. 4). These results on size and crystal structure of iron
oxide in OMP were consistent with the earlier studies on the
superparamagmetism of OMP.'® Additionally, the superpara-
magnetism of OMP is dependent upon the properties of the
individual iron oxide particles and is not affected by the ag-
glomeration or absorption manner of the particles on the
OMP.

Mechanism of the Proton Relaxation Enhancement of
OMP In aqueous paramagnetic metal-complexes the longi-
tudinal and transverse proton relaxation proceeds in close in-
teraction with the paramagnetic metal center. This interaction
is based on the dipole—dipole interaction, generally called
inner and outer sphere relaxation.>'? Although the particu-
lates of SPIO or ferromagnetic compounds consist of transi-
tion metals containing unpaired electron spins, the direct ac-
cessibility of water protons to the individual metal ions is
limited due to their particulate structure. Therefore, with an
increase in the size of the particle, the rate of longitudinal
proton relaxation decreases due to the reduction of specific
surface area of the particle.’” Differing from paramagnetic
metal-complexes, far excess magnetic moment is associated
with the particles, consequently their magnetization is almost
completely saturated at clinical imaging field strengths (0.2 T
to 2 T) and they produce the inhomogeneity of the local mag-
netic field around them. Thus, the transverse proton relax-
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ation in such system predominantly proceeds with the de-
phasing of individual spins of water protons along with an
experience of the magnetic field inhomogeneity.?"

The same can be said in the case of OMP, however, the
more unique feature of proton relaxation of the OMP system
is the multi-exponential transverse relaxation and its depen-
dency on TE, which might be attributed to the large size of
the OMP particles (3.5 um) (Fig. 6). In other SPIO com-
pounds with smaller particle size, such as Ferumoxides (ap-
proximately 20 nm in diameter), it has been reported that the
transverse proton relaxation proceeded mono-exponentially
and the relaxation rate did not depend on TE.'**? Addition-
ally, the transverse relaxation rate of the OMP system was
around 80 times faster than the longitudinal one, when sim-
ply calculated from the duration of 90% proton decay, while
the ratio in the Ferumoxides system is around 4 to 5.!¥ The
difference in this ratio between the two compounds might be
attributable to the larger particle size of OMP, since the lon-
gitudinal relaxation rate decreases with a decrease of specific
surface area of the particles.

The transverse relaxation rate dependence on TE can be
elucidated from earlier studies of Monte Carlo simulations of
the systems containing a constant amount of iron oxide parti-
cles.”** The local magnetic field inhomogeneity, namely the
field gradient, decreases as a function of distance from the
surface of OMP particles. OMP is very large, so that the de-
phasing of spins of water protons throughout the magnetic
field gradient produced around OMP may occur faster than
the diffusion of the water protons over the volume around the
particles. This means that all water protons no longer experi-
ence the same magnetic environment within the time frame
of TE, resulting in a multi-exponential and TE dependent
decay of the transverse magnetization. In contrast, when the
particles are small (diameter=25 nm), water protons are able
to diffuse quickly through the magnetic field inhomogeneity
generated by the particles within the time frame of TE. This
means that the time averaged field experienced by a single
proton can be replaced by the spatial average of any other
proton in the system, so that TE variation may not be as ef-
fective on the transverse proton relaxation of the system.

Given these considerations, the %IML is a result of water
protons which diffuse close to the surface of a particle (Fig.
7). Since the surface magnetic field gradient is extremely
large, these protons immediately lose phase coherence of
spins and are relaxed prior to the first echo. As the echo time
increases, or the volume fraction of particles increases, or
both, the probability of a proton diffusing in these high field
gradients increases resulting in an increase in the %IML. The
bi- or mono-exponential decay component following the
ultra-fast decay component is different from the mechanism
of %IML since the spins of these protons can be refocused
by the 180° pulse. This slow decay component might be at-
tributed to the water protons out of the local magnetic field
inhomogeneity around the particle, or the proton in the aque-
ous medium.

Simulation of MR Signal Change in Spin-Echo Se-
quence While many types of imaging technique are widely
used in clinical MR imaging, they all reconstitute the image
by the acquisition of MR signal from a voxel of tissue. Using
OMP, the spin echo (SE) sequence is more suitable than the
gradient echo sequence, since the latter is sensitive to mag-
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Fig. 8. Simulation of the MR Signal Change (Post-Contrast/Pre-Contrast)
as a Function of OMP Concentration and TE at TR=300 ms

netic field inhomogeneity so that OMP induce strong imag-
ing distortion which leads to unwanted image artifacts. SE
imaging is one of the most popular imaging techniques; 90°
pulse and 180° pulse are applied repeatedly and usually the
first echo signal from a voxel is utilized for reconstitution of
the image. Conventionally, the signal intensity (SI) in each
voxel is given by the following equation®:

SIEk_p.e—TE/Tz(l_e—TR/ﬂ) ©6)

where k, TR and TE are the system constant, repetition time
and echo time, respectively, and p is proton density of the
voxel. T1 and T2 are the longitudinal and transverse proton
decay constant of the voxel, respectively. A contrast agent
that shortens transverse proton decay also reduces signal in-
tensity and gives negative contrast, since the term e 72 de-
creases as 72 decreases. This is why superparamagnetic or
ferromagnetic particles have been developed as negative con-
trast agents for MR imaging. The term e "2’ is the decay of
the echo signal which corresponds to the relative signal in-
tensity of first echo, %RFS, in this study. The parameters TR,
TE are user-selected factors which highlight 7/ shortening
(T'1 weighted image, short TR and TE sequence), 72 shorten-
ing (T2 weighted image, long TR and TE sequence) or pro-
ton density (proton density weighted image, long TR and
short TE sequence). Since the magnetic field strength (0.47
T) for the determination of proton relaxation in this study
was like that for clinical MR imaging (low magnetic field
type), the MR signal suppression was simulated according to
Eq. 6, provided p was at a constant value.

Figure 8 shows the simulated reduction of MR signal in
SE sequence at the imaging parameter of TR =300 ms, which
corresponds to 77 weighted image. The signal decreased as
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the concentration of OMP, TE, or both increased. Generally,
the shortest TE for SE sequences in the clinical MR imaging
system is around 10 ms."” The MR signal might be reduced
more than 95% when OMP concentration is not less than
100 ug Fe/ml and TE is not less than 10 ms. Earlier studies,
however, show that a high concentration of OMP suspension
may cause imaging distortion'?; therefore, the optimal OMP
concentration for oral suspension might be around 100 ug
Fe/ml for suppressing the signal and darkening the GI tract.
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