J Physiol Sci (2018) 68:345-353
https://doi.org/10.1007/s12576-017-0537-9

CrossMark

@

ORIGINAL PAPER

A rotating cerium anode X-ray system allows visualization
of intramural coronary vessels after cardiac stem cell therapy
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Abstract Conventional angiography is insufficient for
evaluating the therapeutic effect of cardiac regeneration
therapy. A microangiographic X-ray system using a cerium
anode was developed. Cerium has a characteristic X-ray
with a peak at 34.6 keV, which allows visualization of tiny
amounts of iodine. The performance of the cerium anode
X-ray system was evaluated in two excised normal canine
hearts and in excised ischemic canine hearts treated with
c-kit-positive cardiac stem cells (5 canines) or without cells
(5 control canines). In the normal canines, branches pen-
etrating from the left anterior descending artery into the
myocardium were visualized, down to third-order bran-
ches. In just the treated hearts treated with stem cells, small
vessels characterized by irregular vessel walls were
observed. The cerium anode X-ray system allowed visu-
alization of microvessels in excised ischemic canine hearts,
and may evaluate the effect of cardiac stem cell therapy.
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Background

Regenerative therapy using stem cells has substantial
potential to save patients from severe heart failure, and
may thus decrease medical costs [1-3]. The two major
goals of cardiac stem cell therapy are the regeneration of
myocardial tissue and the reconstruction of the coronary
vascular system. However, in clinical settings, tools to
evaluate the effects of stem cell therapy on the coronary
system are insufficient [4, 5]. Although coronary angiog-
raphy is considered the best method for assessing the
coronary arterial system, the spatial resolution of clinically
available angiography is limited (>100-200 pm). A new
angiographic device with a higher resolution is needed to
examine the efficacy of regenerative therapy on the heart in
clinical settings.

Cardiac stem cells in the adult heart which express the
stem cell antigen, c-kit, contribute to cardiomyocyte
regeneration and vascular turnover [6, 7]. C-kit-positive
cardiac stem cells (CSCs) are stored in cardiac niches,
migrate to the damaged tissue, and replace the native cells
[7]. A heart with scar tissue after a myocardial infarction
has little capacity to generate new cardiomyocytes [8].
Human c-kit-positive CSCs can substitute viable car-
diomyocytes and vascular structures over dead tissue in
infarcted hearts of immunocompromised animals [9, 10].
Additionally, according to the report on the SCIPIO trial,
the left ventricular ejection fraction increased and the
infarct size decreased after infusion of c-kit-positive CSCs
in patients who underwent coronary artery bypass grafting
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after myocardial infarction [11, 12], and the adverse effects
of this intervention have not been reported thus far [7].

We developed a new microangiographic system using a
rotating cerium anode, confirmed the ability of the system
in detection of small coronary vessels and their diameter
quantification, and applied the system to assess the effects
of CSC injection on the ischemic myocardium following
coronary ligation.

Methods

Microangiographic X-ray system using a rotating
cerium anode

We successfully developed a microangiographic X-ray
system using a cerium anode (Fig. 1). Iodine contrast
materials are widely used in clinical settings. The peak
mass attenuation coefficient of iodine is at 33.2 keV, which
is termed as the K-edge of iodine. The differences in the
mass attenuation coefficient between the human body and
iodine contrast materials produces the angiographic con-
trast, which becomes maximum around the K-edge of
iodine [13—16]. Therefore, the new system with a cerium
anode has advantages in detecting tiny amounts of iodine in
small vessels. The cerium anode X-ray system is charac-
terized by an X-ray spectrum with a peak intensity at
34.6 keV (just above the K-edge of iodine) and a relatively
narrow distribution with a half-maximum width of 10 keV.

The detector for this X-ray system is a highly sensitive,
high-definition flat panel (Hamamatsu Photonics, Shi-
zuoka, Japan) coupled with image acquisition software, Hi-
Pic 7.0 (Hamamatsu Photonics), which had a spatial reso-
lution of 50 pm.

Adobe photoshop CC 2015.5 was used to create the
artworks.

Animal experiments

The investigation confirms with The Guide for the Care
and Use of Laboratory Animals published by the US.
National Institutes of Health (NIH Publication No.
85-23, revised 1996). All procedures performed in
studies involving animals were in accordance with the
ethical standards of Tokai University School of Medi-
cine (Kanagawa, Japan) at which the studies were
conducted.

Microangiography of excised hearts from normal canines

Two canines were employed for these experiments (female
beagles, 27 months of age, weighing 9.9 kg in all, and bred
at Kichijo Farm, Gifu, Japan). Each canine was anes-
thetized with an intravenous injection of midazolam
(0.4 mg/kg), dexmedetomidine (20 pg/kg), and butor-
phanol (0.3 mg/kg) as a bolus infusion, then given propofol
6 mg/kg/h for maintenance during the operation, and
intubated thereafter. Each canine was kept in the right
lateral position. The heart was exposed following a left
thoracotomy at the fifth intercostal space. A small catheter
was inserted into the proximal site of the left anterior
descending (LAD) artery. Thereafter, 3-5 x 10® iodine
microspheres, with a diameter of 15 pm and 37% iodine by
weight, were injected to fill the coronary arterial system
[17, 18]. Injection was continued until the coronary bran-
ches were filled up with the microspheres and turned white.
The proximal LAD artery was ligated. The heart was then
excised, fixed in formalin for a few weeks, and imaged by
microangiography using the cerium anode X-ray system as
well as by conventional angiography. The visualized
microvessels were statistically analyzed.

Fig. 1 A new microangiographic X-ray system using a cerium anode. The cerium anode X-ray system is sufficiently small to be utilized in

hospitals
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Microangiography of the c-kit-positive CSC model

Ten canines were used for this experimental protocol (fe-
male beagles, 11-13 months of age, weighing 9.8-10.8 kg,
and obtained from Kitayama Labs, Yamaguchi, Japan).
Five were treated with autologous c-kit-positive CSCs
(CSC group), and five were treated with saline (control
group). Each canine was anesthetized and given mainte-
nance anesthesia during the operation as described above.
The left atrium was exposed following a left thoracotomy
at the third intercostal space, and the left atrial appendage
was excised, sutured continuously using 4-0 nylon, and the
chest was closed. Each canine was intensively cared for
after the surgery. The extracted cardiac tissue was pul-
verized. After dissociating with 2 mg/ml collagenase
(NB4; Serva, Heidelberg, Germany), cardiac cells were
seeded on dishes, and colonies were cultured in Ham’s F12
Nutrient Mixture (HyClone SH30026; Thermo Scientific,
MA, USA) supplemented with 10% fetal bovine serum
(HyClone SH30406.02; Thermo Scientific), 10 ng/ml basic
fibroblast growth factor (100.18B; Peprotech, NJ, USA),
5 units/L  erythropoietin (E5627; Sigma-Aldrich, MI,
USA), 0.2 mM glutathione (G6013; Sigma-Aldrich), and
antibiotics. The culture medium was changed every
2-3 days. C-kit-positive CSCs were selected using the
MACS Micro Bead Technology with human CDI117
microbeads (130-091-332; Miltenyi Biotec, Bergisch
Gladbach, Germany). Some CSCs were stained with the
anti-c-kit antibody and 4’,6-diamidino-2-phenylindole
(DAPI).

A second surgery was performed 1 month later. Each
canine was anesthetized, and left ventriculography (LVG)
was performed to ascertain the presence of intact cardiac
contraction without asynergy. After a left thoracotomy at
the fifth intercostal space was performed, we pretreated
canines with 2 mg/kg lidocaine and 1000 IU heparin
intravenously for preventing arrhythmia and thrombus. The
LAD artery and its collateral branches were ligated to
create a severe ischemic area in the apical region of each
heart. Echocardiograms were obtained just before and after
the coronary ligation to confirm the wall motion abnor-
mality induced by the procedure. Subsequently, in the 5
canines in the CSC group, 1 x 10° of c-kit-positive CSCs
in 5 ml of glucose-lactated Ringer’s solution (Physio 140
injection; Otsuka Pharmaceutical Factory, Tokyo, Japan)
were injected via multiple injections directly to the
ischemic myocardium along the borderline of the non-is-
chemic zone. Following LVG, the chest was closed. The
canines were carefully managed for 1 month prior to a
third operation. After anesthesia and LVG, each heart was
excised. The coronary artery was catheterized from the
ascending aorta and filled with concentrated barium [19].
Thereafter, the excised heart was irradiated to assess

microvessels. The 5 control canines were examined in the
same manner, but 5 ml of glucose-lactated Ringer’s solu-
tion was administered to each heart instead of CSCs.

Angiography using the cerium anode X-ray system
and the conventional system

The hearts were irradiated using the cerium anode X-ray
system. The energy was adjusted by changing the voltage,
the electric current, and the exposure time, which ranged
from 60 to 100 kV, from 50 to 100 mA, and from 100 to
20,000 ms, respectively. A 10- or 20-cm-thick acrylic plate
was placed between the X-ray tube and the heart to sim-
ulate the thickness of a human body. The visualized vessels
were compared to a guide wire of 100 um in diameter to
quantitate the dimensions of microvessels.

To compare image qualities between the two X-ray
systems, the irradiation by conventional X-ray system was
performed using Radiotex Safire R-30H (Shimadzu, Kyoto,
Japan), which has an X-ray tube voltage of 40-150 kV.

In a normal dog, we compared numbers of visualized
epicardial coronary arteries (EPCA) and their branches,
penetrating intramural coronary arteries (IMCA) and their
branches between the cerium anode X-ray system and the
conventional X-ray system. We also quantitated the ves-
sels’ diameter reduction at the branching junction and
compared their reduction rate at EPCAs and their branches,
and at IMCAs and their branches.

Results

Microangiography of the excised hearts
from normal canines

As shown in Figs. 2 and 3, in normal canines, IMCA
penetrating from the LAD artery into the myocardium were
visualized by both the cerium anode X-ray system and the
conventional angiographic system set at 100 kV, 50 mA,
and 100 ms of tube voltage, current, and exposure time,
respectively. Second-order branches were visualized by
both systems as indicated by the white delta symbols in
Figs. 2b and 3b. The third-order branches could be visu-
alized in some daughter branches of 2nd-order branches of
IMCAs; 50% (14/28) by the cerium anode X-ray system
and 33% (6/20) by the conventional X-ray system
(Table 1). In order to simulate X-ray absorption of skin,
muscles, and bones of an adult human, we placed a 20-cm-
thick acrylic plate between the X-ray tube and the excised
heart. The images of IMCA in the both X-ray systems
became blurred (indicated by the white delta symbols in
Figs. 4 and 5) by the acrylic plate placement with the
settings of 100 kV, 50 mA, and 1000 ms of tube voltage,
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Fig. 2 An excised heart (a)
irradiated by the cerium anode

X-ray system. a The image was
obtained by the cerium anode

X-ray system set at 100 kV,

50 mA, and 100 ms of tube

voltage, current, and exposure

time, respectively. A guide wire

with a diameter of 100 um

(black arrow in Fig. 3a) is used

for calibration to measure the

vessel diameters. b This is a

magnified image of (a). It shows

many IMCAs from EPCA down

to the third-order branches as

indicated by the white delta

symbol I

Fig. 3 An excised heart irradiated by the conventional X-ray system.
a The image was obtained by the conventional X-ray system set at
100 kV, 50 mA, and 100 ms of tube voltage, current, and exposure

current, and exposure time, respectively. However, the
image quality of IMCA was better maintained with the
cerium anode X-ray system than the conventional system
(tube voltage, current, and exposure time were set equally)
(Fig. 4). As summarized in Table 1, we compared the
numbers of visualized EPCA and IMCA between the cer-
ium anode and the conventional X-ray system. The cerium
anode X-ray system visualized 44 of first-order branches,
28 of second-order branches, and 14 of third-order bran-
ches of IMCA. The placement of a 20-cm-thick acrylic
plate decreased the number of visualized branches of
IMCA, 70% (31/44) of first-order branches, 71% (20/28) of
second-order branches, and 43% (6/14) of third-order
branches compared with the condition without acrylic
plate. On the other hand, the conventional X-ray system
could visualize only 44% (18/41) of first-order branches,
25% (6/24) of second-order branches and 0% (0/4) of third-
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time, respectively. b This is a magnified image of (a). The IMCA
second-order branches were visualized as indicated by the white delta
symbol

order branches of IMCA compared with the condition
without acrylic plate. Mean diameters of the visualized
vessels are also summarized in Table 1. In the condition
without the acrylic plate, the cerium anode X-ray system
demonstrated a drastic reduction of mean vessel diameter
from 319.5 to 83.1 pm (reduction of 72.7%) at the
branching from EPCA to first-order branches of IMCA, an
ordinary reduction from 78.6 to 55.2 um (reduction of
27.7%) at the branching junction of first- and second-order
branches of IMCA, and from 75.0 to 52.4 um (reduction of
30.9%) at the branching of the second- and third-order
branches of IMCA.

Microangiography of the c-kit-positive CSC model

C-kit-positive CSCs were successfully cultivated to yield
more than 1,000,000 cells for each canine (n = 10). CSCs
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Table 1 Vessel diameter, number, and the reduction ratio at the junction of branching of EPCA and IMCA

Site of No acrylic plate With a 20-cm-thick acrylic plate
branching - - - -
Number of  Measured diameter (um) Diameter Number of  Measured diameter (um)  Diameter
branching reduction ratio®  branching reduction
(%) ratio®(%)
The cerium anode X-ray system
EPCA-IMCA 44 319.5 £ 86.7 to 83.1 £ 27.7  72.7 31 212.5 £ 60.2-51.2 £ 16.1 74.7
first-order Br J
IMCA first— 28 78.6 £ 21.4t0o 552 + 128  27.7 20 52.0 £ 8.0-39.8 £ 5.6 22.8
second-order
BrJ
IMCA second— 14 75.0 £ 16.1 to 52.4 + 16.1 30.9 6 61.9 + 13.3-38.1 £ 8.7 38.0
third-order Br
J
The conventional X-ray system
EPCA-IMCA 41 375.5 £ 130.2 to 96.4 £ 15.0 70.9 18 436.4 £+ 108.6-108.6 + 26.3 70.5
first-order Br J
IMCA first— 24 91.2 £ 194 to 72.5 £ 15.1 19.1 6 139.3 £ 20.6-92.0 £ 24.3 334
second order
BrJ
IMCA second— 4 78.6 = 10.1 to 50.0 = 0.0 35.8 0 92.0 & 24.3/no data -
third order Br
J

Br J branching juncton
% (mother V. — daughter V./mother V.) x 100%

Fig. 4 An excised heart irradiated by the cerium anode X-ray system
with a 20-cm-thick acrylic plate. a The image was obtained by the
rotating cerium anode X-ray system set at 100 kV, 50 mA, and
1000 ms of tube voltage, current, and exposure time, respectively,

stained with the anti-c-kit antibody (red) and DAPI (blue)
are shown in Fig. 6.

Ischemic changes were confirmed by electrocardiogra-
phy to detect a depressed ST segment, and wall motion

after placing a 20-cm-thick acrylic plate between the X-ray tube and
the excised heart. b This is a magnified image of (a). The third-order
branches were sufficiently visualized as indicated by the white arrow

abnormality was detected by LVG before and after the
coronary arterial ligation during the second surgery. Wall
motion tended to decrease postoperatively compared to the
preoperative examination and remained decreased for
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Fig. 5 An excised heart irradiated by the conventional X-ray system
with a 20-cm-thick acrylic plate. a The image was obtained by the
conventional X-ray system set at 100 kV, 50 mA, and 1000 ms of
tube voltage, current, and exposure time, respectively, after placing a

Fig. 6 Cardiac stem cells (CSCs) stained with the anti-c-kit antibody.
c-kit-positive CSCs were stained in red. The nuclei were stained in
blue with 4',6-diamidino-2-phenylindole

1 month after the surgery. Two canines in the CSC group
and three canines in the control group died due to lethal
perioperative arrhythmia caused by the coronary ligation.
All coronary microangiographic images of excised hearts
were obtained 1 week after the third surgery for both
groups, set at 100 kV, 80 mA, and 100 ms of tube voltage,
current, and exposure time, respectively.

As shown in Fig. 7, in the to remaining control canines
not treated with CSCs, an avascular area was noted at the
apical heart region as indicated by the black delta symbol.
Ligated LAD branches were visualized along the border
zone of the ischemic area as indicated by the white delta
symbol in Fig. 7b. Similar observations were recognized in
all cases of the control group (n = 2). In contrast, in the
CSC group (shown in Fig. 8, n = 3), multiple small vessels
were clearly visualized in the apex as indicated by the

@ Springer

20-cm-thick acrylic plate between the X-ray tube and the excised
heart. b This is a magnified image of (a). The IMCA third-order
branches from EPCA were poorly visualized as indicated by the white
arrow

white delta symbol in Fig. 8b. They were characterized by
irregularities of the vessel wall and a coil-like shape. The
irregular vessels were found in all cases of the CSC group.

Discussion

We successfully developed a cerium anode X-ray system
(Fig. 1), confirmed better ability to detect small coronary
vessels and their limitation of vascular diameter quantifi-
cation (Figs. 2, 3, 4, 5; Table 1), and assessed its useful-
ness to evaluate the therapeutic effects of CSC treatment.

Theoretical background for newly developed cerium
anode X-ray system

The newly developed X-ray system with a cerium anode
has a K-edge at 33.2 keV, and, therefore, it has a better
ability to detect small vessels than conventional X-ray
systems. The X-ray spectrum of conventional X-ray sys-
tems using tungsten anodes range from 10 to 100 keV, and
the peak intensity is much higher (69.5 keV) than the
K-edge of iodine. Thus, the cerium anode X-ray system has
a clear advantage over conventional X-ray systems for
detecting iodine contrast materials in microvessels [20].
One disadvantage of the cerium anode X-ray system is that
cerium is not heat-resistan, and it has a relatively low
melting temperature. Tungsten, with a high melting point at
3683 K and a large heat capacity, is commonly used as an
anode in angiographic systems. We applied a new system
with a continuously rotating cerium anode to radiate heat.

Additionally, barium was used as the contrast material
in the present study. Barium is also usable as contrast
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Fig. 7 An excised heart of a canine not treated with CSCs (control
group). a The excised canine heart of the control group was exposed
by the cerium anode X-ray system. b This is a magnified image of (a).

An avascular bed at the heart apex (indicated by black arrows) and
interrupted arteries in the border zone of the ischemic area (indicated
by white arrows) were visualized in the control group

Fig. 8 An excised heart of a canine treated with c-kit-positive cardiac
stem cells (CSC group). a The excised canine heart of the CSCs group
was exposed by the cerium anode X-ray system. b This is a magnified

material because it has a K-edge at 37.4 keV. We had to fill
the coronary microvessels, and needed a contrast material
which remains in the vascular bed. Concentrated barium
with higher viscosity can fill microvessels and remain in
the vessels. Barium is never used for intravenous injections
in clinical settings. However, the heart was excluded
immediately after the barium contrast materials had been
injected, and, therefore, the animal models were not
physiologically affected by the barium contrast materials.
Barium contrast materials were concentrated before the
injection in the vessels, and, consequently, the concentrated
barium was able to remain in the vessels for a period.

Evaluation of coronary microvessels by the cerium
anode X-ray system

According to the microangiography of excised hearts from
normal canines (Figs. 2, 3, 4, 5), the cerium anode X-ray
system allowed visualization of coronary microvessels
down to third-order branches of IMCA. The difference in
the ability to detect IMCAs between the two X-ray systems
became more apparent if we added a 20-cm-thick acrylic

image of (a). Numerous microvessels were visualized at the ischemic
area in all canines in the CSC group. These newly formed vessels are
characterized by irregularities as indicated by white arrows

plate in front of the detector to simulate X-ray absorption
by the human body (Figs. 4, 5; Table 1).

Concerning the spatial resolution of the cerium anode
X-ray system, noteworthy observations are shown in
Table 1. A drastic reduction of the mean vessel diameter of
72.7% (from 319.5 to 86.7 um) was noted at the branching
from the EPCA to first-order branches of IMCA. On the
other hand, a smaller reduction of the mean diameter of
27.7% (from 78.6 to 55.2 pm) at the branching junction of
first- and second-order branches of IMCA, and 30.9%
(from 75.0 to 52.4 um) at the branching junction of sec-
ond- and third-order branches of IMCA. Both the reduction
rates were comparable with those reported by Tanaka et al.
[21]. However, the number of the detected branches
reduced to 44 of first-order, 28 of second-order, and 14 of
third-order branches at branching. These observations
suggest that the cerium anode X-ray system could visualize
and measure down to second- or third-order branches of
IMCA, but 50 pm of the spatial resolution of the cerium
anode X-ray system is too poor to accurately measure the
diameters of all the second- or third-order branches of
IMCA. More precise detectors and more photon flux might
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improve the accuracy of diameter measurements of smaller
vessels of second- or third-order branches of IMCA.

Assessment of the effects after the regenerative
therapy by the cerium anode X-ray system

The experimental study using the c-kit-positive cells
revealed that they replaced the damaged tissue and
improved the left ventricle function [9]. Hosoda et al.
reported newly formed myocytes and the regeneration of
myocardium after the injection of c-kit-positive cardiac
progenitor cells.

According to the report on the SCIPIO trial, the effec-
tiveness of the CSCs injection was evaluated by the indices
of the left ventricular ejection fraction, the infarct size, and
the left ventricle mass, measured by the 1.5 T MRI [11].
However, so far, the microvessels which are thought of as
newly formed vessels are not evaluated by imaging meth-
ods. Additionally, PET CT has also been considered for
imaging labeled circulating cells, but it has relatively poor
spatial resolution [22].

The cerium anode X-ray system allowed the visualiza-
tion of small regenerated vessels induced by c-kit-positive
CSCs injected after myocardial ischemia (Fig. 8) which
were not present in the control ischemic animals not treated
with CSCs (Fig. 7). Furthermore, the cerium anode X-ray
system has the ability to visualize microvesssels, exposing
wide portions of the heart. Therefore, the form in which the
microvessels were running could also be evaluated. Thus,
the cerium anode X-ray system may be useful for eluci-
dating the regeneration of small vessels.

In the present study, cardiac wall motion was not
improved in the CSC group 1 month after the operation.
This result raised two possibilities. One is that the regen-
erated vessels were not sufficient to recover the left ven-
tricular movement, and the other is that the vessels
developed after myocardial necrosis. This remains unclear,
since detailed examination for cardiac function was not
conducted in this study.

The clinical application of the cerium anode X-ray
system

In the future, ischemic heart disease will be treated by
reconstruction concomitant with regenerative therapy.
However, for now, the evaluative method is insufficient
compared to the progress of regenerative therapy [4]. The
new system which can evaluate coronary microvessels will
be needed more, especially in clinical settings. The cerium
anode X-ray system is thought to be useful particularly in
evaluating the coronary microvessels after regenerative
therapy. There are some possibilities for the cerium anode
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X-ray system used in clinical settings. It will lead to earlier
judgement of the treatment effectiveness, reducing patient
burden both physically and mentally, excluding unneces-
sary treatment, and reducing the medical cost. Iodine
contrast materials, which are widely used in clinical set-
tings, could also be used for the cerium anode X-ray sys-
tem. The system does not require a large facility.
Additionally, it is easily operated in a few minutes.

For applying the cerium anode X-ray system in clinical
settings, some points should be overcome. First, the system
should have a finer detector to quantitate the diameter of
the small vessels, and, in turn, X-ray intensity should be
increased. Second, the number of the studied animals are
too small as a preclinical study prior to clinical application.
Third, involvement of the industry is necessary toward
future clinical application.

Limitation

There are a few limitations in the present study. We did not
perform real-time imaging but only did snap shots of the
excised hearts. We recently performed real-time imaging
of cerebral angiography and visualized perforating bran-
ches from the middle cerebral artery and cortical branches.
We need further studies before clinical application of the
cerium anode X-ray system.

Conclusions

In conclusion, the present study demonstrated the advan-
tages of the cerium anode X-ray system to visualize small
intramural coronary arteries, and possibly it can visualize
angiogenic vessels induced by c-kit positive cells therapy.
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