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Abstract

Purpose To evaluate the opacity of DC beads® (DCB) loaded with mineral ions on low-keV monochromatic images from
dual energy computed tomography (DECT) and T1-weighted gradient-echo (T1-GRE) MRI.

Materials and methods Fe’* or Ca**-loaded DCBs were prepared by mixing DCBs in 100 mM FeSO, or CaSO, solution
and scanned by DECT from 10 min to 27 h after mixing. The Hounsfield units (HUs) of sedimented DCBs on 40-keV
monochromatic images were measured. Next, we mixed DCBs in 100, 10, 5 and 1 mM FeSO, solutions, and scanned these
solutions from 15 to 120 min after mixing using a 3 T MR scanner. The signal-noise ratios (SNRs) of sedimented DCBs on
T1-GRE were measured. Venous blood was scanned to compare with DCBs.

Results The CT values of DCBs in FeSO, and CaCl, solutions gradually increased, and were 113.3 and 43.1 HU at 27 h,
respectively; that of blood was 17.8 HU. The SNR of DCB in 1 mM FeSO, solution increased and achieved equilibrium at
120 min, and was 120.5 and higher than in the other FeSO, solutions. The SNR of blood was 49.7.

Conclusion Optimally Fe?*-loaded DCBs can be discriminated from venous blood on 40-keV monochromatic images from
DECT and T1-GRE.
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Introduction

Transarterial chemoembolization (TACE) or transarterial
embolization (TAE) has been performed as a minimally
invasive treatment for some benign and unresectable malig-
nant hypervascular tumors or arteriovenous malformations
[1]. Recently, drug eluting bead TACE (DEB-TACE) has
merged as an advancement of conventional TACE with the
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potential for the selective delivery of a large amount of anti-
cancer drug to the tumors and less systemic toxicity [2—4].
Although some spherical embolic agents such as DC beads®
(DCB; Eisai Co., Tokyo, Japan), Hepasphere® (Nihon Kay-
aku Co., Tokyo, Japan), and Embosphere® (Nihon Kayaku
Co., Tokyo, Japan) are utilized in Japan, they are lucent on
X-ray fluorography, computed tomography (CT) and mag-
netic resonance imaging (MRI), and that makes it difficult
to evaluate the embolization effect.

Radiopaque embolic agents make it possible to visual-
ize the distribution of the agents in targeted tumors and to
guide subsequent treatments, such as repeated embolization
or radiofrequency ablation therapies. DC Bead LUMI® (Bio-
compatibles UK Ltd., Farnham, UK) [5-7] is the first com-
mercially available radiopaque drug-eluting bead in Europe,
and other radiopaque embolic microspheres (X-spheres [8],
lipiodol-loaded DCBs [9, 10], TaCaAlg-microsphere [11],
Embozene with barium sulfate [12]) are also evaluated in
clinical practice or research.

Furthermore, polyvinyl alcohol (PVA) particles loaded
with gadolinium-diethylenetriamine penta-acetic acid
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(Gd-DTPA) [13], holmium-loaded microsphere [14] and
iron oxide-containing embosphere [15] are reported to be
visible on MRI.

DCB is based on a biocompatible polyvinyl alcohol
(PVA) hydrogel that is modified with negatively charged
sulfonyl groups [16]. The increased number of sulfonyl moi-
eties permits cationic antineoplastic drugs to be loaded. We
thought that mineral ions could covalently bind to sulfonyl
groups of DCB_ and mineral ion-loaded DCBs could be vis-
ible on CT and MRIL

The purpose of this study is to evaluate the opacity of
DCBs loaded with mineral ions on low-keV monochromatic
images from dual energy CT (DECT) scan and T1-weighted
gradient-echo (T1-GRE) MRI.

Materials and methods

We mixed DCB of 100-300 pm in diameter in 0.5 ml of
distilled water, 100 mmol/l (mM) FeSO, and 100 mM CaCl,
solutions at the temperature of 25 °C, and scanned the solu-
tions at 10 and 30 min, 1, 3, 6, 9, 18 and 27 h after mixing
using a rapid kv-switching single-source DECT scanner
(GE Revolution GSI, GE Healthcare, Milwaukee, USA).
Pure distilled water, 100 mM FeSO, and 100 mM CaCl,
solutions not containing DCB were also scanned as con-
trols. The DECT employed two different kV energies for
CT image acquisition, and we used following acquisition
parameters: rotation time 0.8 s, collimation 64 X 0.625 mm,
helical pitch 0.531, field of view (FOV) 160 x 160 mm, peak
tube voltage switching from 80 to 140 kV, and tube current
260 mA. The image data were reconstructed into contiguous
0.625-mm-thick slices at 2 virtual monochromatic levels:
40- and 70-keV using an advantage workstation (AW Vol-
umeShare 7 Workstation, GE Healthcare, Chicago, Illinois,
USA). The Hounsfield units (HUs) of sedimented DCBs on
40- and 70-keV monochromatic images were measured and
their spectral HU curves were compared.

Next, we mixed the DCB in 0.5 ml of distilled water, 100,
10, 5 and 1 mM FeSO, solutions at the temperature of 25 °C,
and scanned these solutions at 15, 30, 60, 90 and 120 min
after mixing using a 3 T MR scanner (Philips INGENIA
3.0 T, Best, The Netherlands; gradient strength=40 mT/m,
slew rate =150 T/m/s) and an 8-channel head coil. Pure
distilled water, 100, 10, 5 and 1 mM FeSO, solutions not
containing DCB were also scanned as controls. Axial two-
dimensional T1-weighted gradient echo (T1-GRE) was
optimized as follows: repetition time (TR) 170 ms, echo
time (TE) 2.3 ms, flip angle (FA) 60°, FOV 200X 200 mm,
matrix 256 X 256, slice thickness/gap 2/0.2 mm, number
of signals averaged (NSA) 5, scan time 2 m 57 s. The sig-
nal-noise ratios (SNRs) of sedimented DCBs on T1-GRE
were measured.

Fresh venous blood was also scanned with DECT and
MRI scanners to compare with Fe**- or Ca**-loaded DCBs.
Considering the interobserver differences, two radiologists
(K.T. and N.T.) analyzed CT and MR images, independently,
and the average values from the two readers were collected
as the final result.

In addition, digital macrophotography was used for evalu-
ating aggregation of Fe’*-loaded or Ca**-loaded DCB parti-
cles at 27 h after mixing as compared with unloaded DCBs.

Results

The CT values of DCBs in 100 mM FeSO, and 100 mM
CaCl, solutions gradually increased in processing time,
and achieved plateau values at 27 h after mixing (113.3
and 43.1 HU on a 40-keV monochromatic image and 49.1
and 24.4 HU on a 70-keV monochromatic image, respec-
tively) (Fig. 1). The CT values of DCB in distilled water
and fresh venous blood were — 28.7 and 17.8 HU on the
40-keV image, respectively; those were — 1.1 and 31.9 HU
on the 70-keV image, respectively. The contrast between
Fe**-loaded DCB in 100 mM FeSO, solution at 27 h after
mixing and fresh venous blood on the 40-keV image was
most distinct.

On spectral HU curve calculated from the image data at
27 h after mixing, the CT values of Fe**-loaded DCB and
Ca’*-loaded DCB increased as photon energy decreased,
while fresh venous blood showed an increase trend in CT
values as photon energy increased (Fig. 2).

The SNR of DCB in 1 mM FeSO, solution increased and
achieved nearly equilibrium at 120 min after mixing, and
was 120.5 and higher than those of DCBs in 100, 10 and
5 mM FeSO, solutions, which were 16.0, 52.0 and 119.2,
respectively (Fig. 3). The SNRs of DCB in distilled water
and fresh venous blood were 22.6 and 49.7, respectively.
Fe’*-loaded DCB in 1 mM FeSO, solution at 120 min after
mixing and fresh venous blood were discriminated most
clearly on T1-GRE.

Fe’*-loaded or Ca’*-loaded DCB particles did not aggre-
gate in distilled water on the microphotography. They were
seen to maintain their original size and shape after loading,
but their color became darker than unloaded DCB particles
(Fig. 4).

Discussion

Several spherical embolic agents have been employed for
DEB-TACE or TAE during past two decades [1-4], and
recently it has been reported that radiopaque [5-12] or MRI-
opaque embolic agents [13—15] are useful in clinical prac-
tice or research. As Fe’* and Ca®* ions are human plasma
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Fig.1 The visibility of Fe?*- or Ca**-loaded DCBs on DECT scan.
Waters, FeSO, solutions and CaCl, solutions containing and not con-
taining DCB, and blood are shown on the upper row; those images
on 40- and 70-keV images from DECT at 27 h after mixing are
shown on the middle and lower rows, respectively (a). The CT val-

Fig.2 The spectral HU curve at
27 h after mixing. The CT value
of Fe?*-loaded DCB increases
exponentially and more steeply
than that of Ca®*-loaded DCB
as photon energy decreases. The
CT value of fresh venous blood
decreases as photon energy
decreases
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Fig.3 The visibility of Fe?*-loaded DCBs on T1-GRE MRI. Waters,
100, 10, 5, and 1 mM FeSO, solutions containing and not contain-
ing DCB, and blood are shown on the upper row; those images on
T1-GRE at 120 min after mixing are shown on the lower row (a).
The SNRs of Fe’*-loaded DCBs in 1 and 5 mM FeSO, solutions

constituents and non-poisoning, we thought that Fe>* or
Ca’*-loaded DCB is safer than the other CT or MRI vis-
ible embolic agents. We evaluated the visibility of DCBs

-0-DCB in 10mM FeSO4 solution

—a—DCB in TmM FeS0O4 solution

~x-DCB in water

gradually increase while the SNRs of Fe**-loaded DCBs in 100
and 10 mM FeSO, solutions decrease in processing time and they
achieve plateau values at 120 min (b). Prep preparation time, 7/-GRE
T1-weighted gradient-echo, SNRs signal-noise ratios

loaded with these mineral ions on low-keV monochromatic
images from DECT and T1-GRE MRI, and demonstrated
that the DCBs optimally loaded with Fe?* ions are visible
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Fig.4 Unloaded, Fe**-loaded,
and Ca’*-loaded DCB particles
on microphotography. All kinds
of particles do not aggregate
each other in distilled water.
Fe?*-loaded and Ca**-loaded
DCB particles maintained as
the same size and shape as
unloaded DCB particles

and discriminated from fresh venous blood on the 40-keV
monochromatic image from DECT and T1-GRE in vitro
study.

On the 40-keV monochromatic image from DECT, The
CT value of Fe’*-loaded DCB was higher than that of
Ca**-loaded DCB. Fe?" ion has a larger atomic number and
binds more strongly with sulfonyl base of DCB than Ca®*
ion. Furthermore, Fe?* ions covalently bound with DCB
show a higher radiopacity due to higher density and atomic
number as compared with Ca>* ions [17]. Fe** ions eluted
from Fe?*-loaded DCB are considered safe in vivo, and the
CT value differences between Fe’*-loaded DCB at 27 h after
mixing and fresh venous blood was 95.5 HU on a 40-keV
monochromatic image, that was enough to be discriminated.

In this DECT study, our production method required 27 h
since DCB was highly loaded with Fe** ions and the CT
value achieved nearly equilibrium on the 40-keV monochro-
matic image. Although the loading time could be reduced
when repeatedly stirring DCB in a denser FeSO, solution,
we think that our loading method can constantly reproduce
Fe?*-loaded DCB visible on the 40-keV monochromatic
image.

The CT values of Fe?*- and Ca?*-loaded DCBs are 49.1
and 24.4 HU on the 70-keV image from DECT. Consider-
ing the results, in vivo and ex vivo visualization of Fe**-
and Ca**-loaded DCBs on X-ray fluoroscopy must be
poor, and it is likely to be difficult to monitor the Fe?*- and
Ca**-loaded DCBs in vivo during TAE procedure; that is the
weakest point of Fe**- and Ca**-loaded DCBs as compared
with DC Bead LUMI® [5-7].

The SNRs of Fe?*-loaded DCBs in 1 mM and 5 mM
FeSO, solutions gradually increase in processing time
and they achieve equilibrium at 120 min after mixing on
T1-GRE. We think it is because of T1-shortening effect. On
the other hand, the SNRs of Fe2*-loaded DCB in 100 mM
and 10 mM FeSO, solutions gradually decrease on T1-GRE;
that is considered to be due to T2- and T2*-shortening
effects of a large amount of Fe** ions bound with DCB.

The SNRs of DCBs loaded with Fe?* ions in 100 mM
FeSO, solution and in 1 mM FeSO, solution at 120 min
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after mixing was 33.7 lower and 70.8 higher than that
of fresh venous blood, respectively. Although the SNR
difference between Fe**-loaded DCB in 100 mM FeSO,
solution and fresh venous blood was smaller than that
between Fe’*-loaded DCB in 1 mM FeSO, solution
and fresh venous blood, the Fe?*-loaded DCB loaded in
100 mM FeSO, solution may be utilized as a positive con-
trast embolization material on the 40-keV monochromatic
image and as a negative contrast material on T1-GRE
when being administrated in human arteries.

In our produced Fe?*- or Ca**-loaded DCBs, these
cations covalently bind to sulfonyl groups of DCB, and
free anionic sulfonyl groups can be bound with positively
charged anticancer drugs such as doxorubicin and irinote-
can may be a few. We must investigate whether clinically
effective amount of these drugs bind to earlier Fe**- or
Ca’*-loaded DCBs. DC Bead LUMI® is the spherical
particles consist of polyvinylalcohol, which incorporates
triiodobenzoyl and sulfonyl groups; the former makes the
content of approximately 150 mg iodine/ml sedimented
beads and leads to the bead visible in real time CT scan
and the latter makes the cationic drugs bond to the bead
and controls intratumoral release of the drugs [5-7]. DC
Bead LUMI® may be superior to Fe**-loaded DCB for the
drug delivery potential in DEB-TACE.

There are several limitations in this study. First,
although we scanned Fe?*- and Ca**-loaded DCBs in small
containers using DECT with a small FOV or a 3 T-MR
scanner and a head coil to avoid the artifacts from sur-
rounding air, in vivo administrated DCBs must be scanned
using DECT with a larger FOV and a larger MR receiver
coil. Second, we only performed preliminary in vitro
study concerning the bonding character of Fe** and Ca**
ions to DCBs and demonstrated that Fe’*-loaded DCB is
desirably visible on 40-keV monochromatic images from
DECT and T1-GRE. In vivo characteristics and visibility
of Fe**-loaded DCBs are still unclear. We should perform
in vivo animal studies (e.g., embolization of in vivo organs
such as animal kidneys or implanted VX2 tumors) and
investigate the visibility and utility of Fe’>*-loaded DCBs.
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Conclusion

Optimally Fe**-loaded DCBs are opaque on 40-keV mono-
chromatic images from DECT and T1-GRE MRI, and may
make it easy to quantify the effect of embolization.
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