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Abstract: An X-ray direct-conversion type detector
with spatial resolutions of ca. 6 and 10 pm was
developed for real-time biomedical imaging. The
detector was composed of an X-ray direct-conver sion
type SATICON pickup tube. The X-ray image is
converted directly into an electric signal in the
photoconductive layer without image blur. In
synchrotron radiation radiography, a long sour ce-to-
object distance and a small source spot can produce
high-resolution images. Using the direct-conversion
type detector and the synchrotron radiation source
at SPring-8, microangiography experiments were
carried out for depicting tumor angiogenic vesselsin
arabbit model of cancer.

Introduction

Medical imaging using synchrotron radiation has
been investigated since intravenous coronary
angiography research was begun in the late 1970s for its
potential to provide safer intravenous angiography
technique to replace conventional selective coronary
arteriography [1-6]. An intra-arteria high-resolution
microangiography system was developed for preclinical
anima studies in addition to intravenous diagnostic
imaging [7]. Subsequently, we developed a new digital
microangiography system with spatial resolution to 10
pm for in vivo animal studies. In this system, an X-ray
direct-conversion type detector incorporating an X-ray
SATICON pickup tube was employed for preclinical
testing using tumor-bearing animals [8].

The first X-ray direct-conversion type pickup tube
was developed in the 1960s using a PbO
photoconductive material. The direct-conversion type
detector was combined with a high-power X-ray
generator for observing real-time topography images in
material science fields. Photoconductive materials were
improved for high-resolution imaging. In place of the
PbO photoconductive material, the X-ray SATICON
tube with an amorphous photoconductive Se-As alloy
target was developed for use in synchrotron radiation
experiments of live topography at the Photon Factory
[9].

The new X-ray SATICON camera for medical
imaging was much improved through introduction of a
high-definition television system, which increased
resolution to 1050 scanning lines (Hamamatsu
Photonics K.K. and Hitachi Techno-System Ltd.). The
camera can take images at a maximum rate of 30

images/s. Sequential images were obtained with an
input field of view of 9.5 mm~ 9.5 mm. Digital images
were stored in a digital-image acquisition system after
anaog-to-digital conversion, synchronizing timing with
electron beam scanning in the pickup tube [8]. The
system has been improved with respect to spatial
resolution by zooming in an object; the input field of
view was reduced to 4.5 mm =~ 4.5 mm for higher
spatia resolution imaging with resolution to 6 um for
depicting tumor angiogenic small vessels in a rabbit
model of cancer [10].

Materials and M ethods

The camera system shown in Fig. 1 comprises a
camera head incorporating the X-ray SATICON pickup
tube and a camera control unit with an analog-to-digital
converter for digital signal output. X-rays enter the
SATICON tube through an auminum window. As
shown in Fig. 2, absorbed X-rays in the
photoconductive layer are directly converted into
electron-hole pairs. Charge carriers generated by X-rays
are transported across the photoconductive layer by an
electric field. Then, a charge-density pattern is formed
on the photoconductive layer surface. The electrostatic
image on the surface is read out by a scanning beam of
low velocity electrons to produce a video signal.
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Figure 1: Photograph of the X-ray SATICON camera
system consisting of a camera head (left) and a camera
control unit (right)

The principal elements of the camera headsin Fig. 1
are the SATICON tube, electron beam scanning and
focusing coils, and operation electronics. The electron
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beam scans the surface of the photoconductive layer in a
raster fashion. The input field of view is defined by the
beam scanning areaiin Fig. 2. In anormal imaging mode
with the detector’s input field of view of 9.5 mm = 9.5
mm, an equivaent pixel size is 9.5 um in the case of a
1024~ 1024-pixel format. On the other hand, in azoom
imaging mode, the input field is4.5 mm~ 4.5 mm with
pixel size of 4.5 um.

In Fig. 2, X-ray absorption depends on the
photoconductive layer thickness. Thickness of
amorphous selenium is 25 pum, yielding a detection
efficiency of 14.2% for 33.2 keV X-rays.
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Figure 2: Schematic cross-section of the SATICON tube

The camera can take sequential images at a
maximum speed of 30 images/s. Then the image signals
are converted to digital data with the 1024~ 1024-pixel
and 10-bit format by an analog-to-digital converter
installed in the camera control unit shown in Fig. 1.
Digital images are stored in 2 GB RAM of a custom-
designed frame memory system after analog-to-digital
conversion (SR-DR-7; Zenisu Keisoku Inc.). Image
storage is synchronized with electron beam scanning in
the pickup tube. A persona computer system controls
the entire imaging system, including the camera control
unit and the frame memory system.
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Figure 3: lllustration of the experimental arrangement

In vivo imaging experiments were performed at the
SPring-8 BL20B2 bending-magnet beamline. Figure 3
shows the experimental arrangement for X-ray imaging
using monochromatic synchrotron radiation X-rays.
Synchrotron radiation has a broad and continuous
spectrum, extending from the infrared to the X-ray

region. A double crystal monochromator selects asingle
energy of synchrotron radiation. X-rays transmitted
through an object are detected by the X-ray SATICON
camera.

The beamline's full length is 215 m from the X-ray
source to the end station. The first and second
experimental hutches are located 42 and 206 m from the
source point; imaging experiments were performed
respectively in zoom and normal imaging modes of the
detector. A nearly parallel X-ray beam is used for
imaging without geometrical image blur because of the
small size of the X-ray source and the very long source-
to-object distance.

The storage ring was operated with 8 GeV electron
beam energy and 80-100 mA beam current.
Monochromatic X-ray energy was adjusted to 33.2 keV,
just above the iodine K-edge energy, in the normal
imaging mode. X-ray energy was adjusted to 13.0 keV
in the zoom mode to produce a higher-contrast image of
the iodine contrast agent than that at 33.2 keV.
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Figure 4: X-ray film image of a tumor-implanted rabbit
auricle specimen

A tumor stimulates the growth of small blood
vessels for feeding the tumor itself. It has been proposed
that tumor-induced small vessels are an intrinsic part of
tumor development and progression. The growth rate of
tumors is slow before blood vessel formation and rapid
after the vessel formation [11-13]. In a conventiona
angiography technique, a rabbit auricle specimen
implanted with VX2 carcinoma is fixed with formalin
after a barium sulfate solution is injected into the
auricular artery as a contrast agent [14]. Figure 4 shows
a radiographic image of a rabbit auricle specimen taken
using a conventional X-ray tube and film/screen system
with spatial resolution of ca. 30 pm. A black arrow
shows the direction of blood flow. The tumor shows a
hypervascular lesion in the center of the auricle; vessels
are much more numerous there than in normal areas.

In this study, in vivo imaging of tumor angiogenic
vessels was performed with spatial resolutions higher
than that of conventional specimen imaging shown in
Fig. 4. The VX2 carcinoma is a rapidly growing solid
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tumor. Tumor cells are transplanted easily into other
rabbits. Japanese white rabbits weighing about 3 kg
were used for microangiographic imaging. Rabbits were
anesthetized by intravenous injection of sodium
pentobarbital. The VX2 cancer cels were
subcutaneously injected into the rabbit auricle.

Microangiography experiments were performed at
1-7 days after transplantation. Rabbits were similarly
anesthetized. The contrast agent was injected into the
auricular artery using a mechanical power injector.
Volume of the contrast agent was 2.4 ml per injection at
a speed of 0.2 ml/s. Images were obtained sequentially
at 3.75 images/s, the exposure time for each image was
0.27 s. Seguential images were stored in the frame
memory system with 10-bit resolution and 1024 = 1024-
pixel format. All animal experiments conformed to the
SPring-8 Guide for Care and Use of Laboratory
Animals.

Results

Performance of the direct-conversion type detector
was evaluated by taking images of custom-designed
gold resolution charts. Thicknesses of the charts were
23 and 5 pm; their respective bar pattern widths were
8.8-31.4 and 5.0-12.1 um. Figure 5 shows an X-ray
image of the 23-um-thick chart taken in the normal
imaging mode of the detector with the field of view of
9.5mm”~ 9.5 mm at an X-ray energy of 33.2 keV. The
numerical valuesin Fig. 5 show bar widths. In the chart
image, the 11.8-um-wide bars are visible. The limiting
spatia resolution is around 10 um because the 11.8-pm
bars are readily visible in the image.

Figure 5: X-ray image of the central area of the 23-pum-
thick chart

An image of another chart with micrometer-sized
bar patterns was obtained in the zoom imaging mode of
the detector with a4.5 mm~ 4.5 mm field of view at an
X-ray energy of 20.0 keV. Figure 6 shows an image of
the 5-um-thick chart; the 6.0-pm-wide bars are visible.

The limiting spatial resolution is about 6.0 um in the
zoom imaging mode. The 6.0 pum bar width is
comparable with the size of the capillary blood vessels.
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Figure 6: X-ray image of the centra area of the 5-um-
thick chart

Representative images of blood vessels in the same
rabbit auricle are shown in Fig. 7. Images from
microangiographic sequences were taken using (a) 33.2-
keV X-rays in the normal imaging mode and (b) 13.0-
keV in the zoom mode at one day after tumor
transplantation. Figure 7(b) corresponds to a magnified
image of the dotted rectangular area in Fig. 7(a); that
image can display microscopic angioarchitecture.

Each image in Fig. 7 depicts a summation result of
four consecutive frames in the microangiographic
sequence; the exposure time was 1.07 s. Original frames,
however, were obtained at a rate of 3.75 frames per
second and exposure time of 0.27 s. Image summation
was required to increase the signal-to-noise ratio and to
detect small blood vessels. In addition, a tempora
subtraction operation was performed for flat-field
correction using summation results of four consecutive
frames acquired before contrast-agent injection. The
summation image taken before injection was subtracted
from raw images taken after injection to eliminate the
superimposed background structure.

Immediately after iodine-contrast-agent injection to
the auricular artery, the microangiography system
mainly showed the network of normal and tumor-
angiogenic arteries originating from branches of the
auricular artery. Then the network of normal and tumor-
angiogenic veins gradually became visible. Both the
arteries and veins finally showed the highest contrast.
Images in Fig. 7 were obtained at the same opacifying
timing of the flow of contrast agent, where both the
arteries and veins have the highest contrast.
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As the tumor grows, it might come to encase normal
blood vessels, thereby causing vascular stenosis and
flow disturbances. When the tumor encases the vessel, a
sharp demarcation between the vessel and the tumor is
often visible. Two black arrowsin each imagein Fig. 7
indicate vascular stenosis and occlusion in the normal
blood vessels, where the tumor cells were vital and the
tumor’s growth rate was rapid at one day after tumor
transplantation.
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Figure 7: Angiographic images of the rabbit auricle
taken using (&) normal and (b) zoom imaging modes

The tumor angiogenic blood vessels exhibit
numerous irregular arteries and veins, which have the
characteristic appearance of an undulating shape lacking
side branches. In the high-resolution image shown in
Fig. 7(b), a black arrowhead shows one angiogenic
vessel that has an undulating shape lacking side
branches. In Fig. 7(a), a black arrowhead shows the
same angiogenic vessel, but it does not demonstrate the

undulating shape because of lower contrast and
resolution.

Discussion

The image in Fig. 7(a) was taken using 33.2-keV X-
rays, which are useful for diagnostic imaging. On the
other hand, the image in Fig. 7(b) was produced by
13.0-keV X-rays to obtain a higher contrast image than
that by 33.2-keV X-rays. The X-ray mass attenuation
coefficient of iodine at 13.0 keV is 2.5 times larger than
that at 33.2-keV. However, low energy X-rays are
applicable only to small parts of animal bodies — rabbit
auricles, rodent extremities, and rodent tails — for high-
resolution and  high-contrast imaging. The
microangiography system is applicable to widely
various animal body parts and organs for preclinical
testing using the combination of two imaging modes
and two X-ray energies.

Light microscopes are widely used for conventional
in vivo preclinical studies. However, the depth of the
viewing field in focus is restricted to sub-micrometer to
micrometer ranges. On the other hand, because of the
very large depth of field, an X-ray micro-imaging
system using a nearly parallel synchrotron radiation
beam offers advantages over light microscopes for
imaging of internal structures of centimeter-sized thick
objects with spatial resolution in the micrometer range.

In imaging of the spatial resolution chart, the 6.0-
pum-wide bars are visible in Fig. 6. The limiting spatial
resolution is about 6.0 um in the zoom imaging mode
with the field of view of 45 mm”~ 4.5 mm. The 6.0 um
bar width is comparable with the size of the capillary
blood vessels. If capillaries are opacified using a high-
density contrast agent, images of the capillaries are
obtainable using low energy X-rays [15]. However, the
contrast agent is diluted substantialy in the blood flow
before it enters the tumor angiogenic vessels. In Fig.
7(b), blood vessels of around 20 pum diameter were
observed as the smallest vessels.

Images shown in Fig. 7 were obtained at the same
opacifying timing as the flow of contrast agent, where
both the arteries and veins offer the highest contrast. On
the other hand, immediately after injection of the
contrast agent to the auricular artery, the
microangiography system shows only the network of
arteries originating from the branches of the auricular
artery. Solely at the time of opacifying the arteries can
the imaging system visualize arteries with diameters
less than 20 pm. At that time, the arteries are the sole
object on the uniform background [10].

Regarding angioarchitecture, the tumor’s growth in
its initial stage exhibits myriad characteristic
appearances of normal and tumor-angiogenic blood
vessels at the time when both the arteries and veins have
the highest contrast in Fig. 7. On the contrary, after the
tumor's full growth, numerous blood vessels overlap
considerably and individual blood vessels become
unidentifiable, as shown in Fig. 4. The initial stage of
tumor growth provides a useful tool for observation of
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the appearance and transformation of blood vessels. The
tumor itself is not shown in Fig. 7, but vascular stenosis
and occlusion in the normal blood vessels and the
angiogenic vessels undulating shape indicate the tumor
size at one day after tumor transplantation.

Conclusions

The synchrotron radiation microangiography system
allows depiction of norma and tumor-derived small
blood vessels in animal studies using 33.2 and 13.0 keV
monochromatic X-rays and two imaging modes with
fields of view of 9.5 mm =~ 9.5 mm and 4.5 mm "~ 4.5
mm. The imaging system reveadled that the tumor’s
growth in its initia stage shows many aspects of the
characteristic appearance of normal and tumorous
angiogenic blood vessels at the time when both the
arteries and veins have the highest contrast. Blood
vessels of around 20 pm diameter are visible as the
smallest vessels.

The synchrotron radiation system is a useful tool for
evaluating the micro-angioarchitecture of malignant
tumors in animal models of cancer. In vivo preclinical
studies can be performed using the rabbit model of
cancer for testing of anticancer drugs, embolization
materialsin transcatheter arterial embolization, radiation
therapy, and so on using the microangiographic
technique. Sequential changes in angiogenic vessels can
be determined in these types of treatments. The
microangiographic approach might precisely evaluate
the effect of cancer treatment and the level of cancer
treatment.
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