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Abstract

Phase-contrast synchrotron-based X-ray imaging using an X-ray interferometer provides high sensitivity and high spatial
resolution, and it has the ability to depict the fine morphological structures of biological soft tissues, including tumors. In this
study, we quantitatively compared phase-contrast synchrotron-based X-ray computed tomography images and images of histo-
pathological hematoxylin-eosin-stained sections of spontaneously occurring rat testicular tumors that contained different types of
cells. The absolute densities measured on the phase-contrast synchrotron-based X-ray computed tomography images cor-
related well with the densities of the nuclear chromatin in the histological images, thereby demonstrating the ability of phase-
contrast synchrotron-based X-ray imaging using an X-ray interferometer to reliably identify the characteristics of cancer cells
within solid soft tissue tumors. In addition, 3-dimensional synchrotron-based phase-contrast X-ray computed tomography
enables screening for different structures within tumors, such as solid, cystic, and fibrous tissues, and blood clots, from any direction
and with a spatial resolution down to 26 um. Thus, phase-contrast synchrotron-based X-ray imaging using an X-ray interferometer
shows potential for being useful in preclinical cancer research by providing the ability to depict the characteristics of tumor cells
and by offering 3-dimensional information capabilities.
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object, its amplitude decreases and its phase shifts. In the hard
X-ray region, the cross section of the phase shift is around 1000
times greater than that of absorption for light elements, such as

Introduction

Ex-vivo micro-magnetic resonance imaging has been used to
generate 2- and 3-dimensional high-resolution images of
tumors, but even with 9.4-T magnetic resonance scanners spa-
tial resolution is limited to around 60 pm.' Micro X-ray com-
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puted tomography (CT) provides excellent anatomic imaging
of bones and teeth with a spatial resolution on the sub-
micrometer order,” but since biological soft tissues, including
tumors, are composed of light elements, they cannot be imaged
well because of their significantly weaker X-ray absorption.
However, the phase-contrast X-ray CT imaging technique,
which is based on phase shifts of X-rays, has the potential to
overcome this problem. When an X-ray passes through an
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biological soft tissues, and as a result phase-contrast X-ray CT
imaging is capable of providing better contrast for biological
soft tissue than conventional absorption based X-ray imaging
does.*®

Several imaging methods, including interferometry per-
formed with an X-ray interferometer, diffraction-enhanced
imaging (Analyzer-based imaging), propagation-based method
with a Fresnel pattern and Talbot interferometry with a Talbot
grating interferometer, are capable of detecting object-induced
phase distributions.”"?

A high coherence synchrotron source is an ideal means of
improving the high image resolution and sensitivity of phase-
contrast X-ray CT imaging for biological soft tissues, and
because of its simple system set-up, the Talbot interferometry
method”'* has begun to be used with conventional polychro-
matic X-ray sources. However, the synchrotron-based crystal
interferometry imaging method directly detects the phase shift
by the superposition of the waves, while other methods detect
the first or second spatial derivation of the phase shift. Thus,
crystal interferometry has greater sensitivity for observation of
biological soft tissue than other methods, because spatial dis-
tribution of phase shift (phase maps) can be obtained without
integral calculation, which may amplify noise.

In previous comparative studies among absorption,
diffraction-enhanced method, Talbot interferometry and crystal
X-ray interferometry, the sensitivity was higher, approximately
230 times in crystal X-ray interferometer, approximately
40 times in diffraction-enhanced method, and approximately
13 times in Talbot interferometry compared to conventional
absorption imaging method with monochromatic X-ray at
17.8keV.'>'® Therefore, crystal interferometry is the most
suitable method for making observations that require high-
density resolution, such as observations of tumor microstruc-
ture and amyloid plaques. Diffraction-enhanced methods and
Talbot interferometry have a wide dynamic range of density
and are suitable for observation of samples containing large
differences in density, such as bone and soft tissue.'>'¢

Actually, phase-contrast synchrotron-based X-ray CT ima-
ging using an X-ray interferometer makes it possible to visua-
lize the fine morphological structures of biological soft tissues
without using contrast agents.*>!” Histopathological imaging
is a well-established approach to visualizing tissue architecture
and properties down to the sub-micrometer resolution level and
is widely used for tumor diagnosis, and phase-contrast
synchrotron-based X-ray CT imaging has been found to pro-
vide images that close resemble conventional histopathological
images.>'®'?

In this article, based on a study of spontaneously occurring
rat testicular tumors, we report finding that phase-contrast
synchrotron-based X-ray CT imaging yielded images of soft
tissue tumors whose information content was quantitatively
comparable to that of histopathological images. We also
demonstrated easy screening of an entire tumor from
any direction by a 3-dimensional (3D) phase-contrast
synchrotron-based X-ray CT method without the need for a
contrast agent.
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Figure 1. Phase-contrast synchrotron-based X-ray CT system with
two-crystal X-ray interferometer.

Materials and Methods

Animal Preparation

Two spontaneously occurring testicular tumors obtained from
aging rats (2-year-old male Wistar rats) were used as the speci-
mens in this study. Under anesthesia, the apex of the left ven-
tricle of the heart of each rat was surgically cannulated, and the
rat’s blood was replaced with physiological saline solution
containing heparin in order to eliminate blood coagulation arti-
facts within the blood vessels. The tumor-bearing testes were
quickly excised and fixed in 10% formalin for imaging.

One testis measured 14 mm in width and 20 mm in length,
and the other testis measured 10 mm in width and 15 mm in
length. The testes were irregular in shape and had a tense
capsule, and few contusions were seen on their surface.

Phase-Contrast Synchrotron-Based X-ray CT Imaging

The phase-contrast synchrotron-based X-ray CT imaging sys-
tem (Figure 1)%2! consisted of an asymmetric Si (220) crystal
that formed a 2-dimensional beam, a 2-crystal X-ray interfe-
rometer, a phase shifter, a target sample cell, and a lens-
coupling X-ray charged-coupled device (CCD) camera with a
pixel size of 18 x 18 um?®. The field of view was set at 16 x
13 mm? to detect interference patterns.

The interferometer consisted of 2 crystal blocks containing
2 crystal wafers each. The incident X-ray beam was divided
into 2 beams by the first wafer (Splitter) of the first crystal
block by Laue-case X-ray diffraction, and the 2 beams were
similarly reflected by the second wafer (Mirror) of the first
crystal block and the first wafer (Mirror) of the second crystal
block, respectively. Reflected beams were then recombined at
the second wafer (Analyzer) of the second crystal block to
create 2 interference beams. Placing the sample on one of the
interference beam (object beam) paths produced interference
fringes corresponding to the phase shift caused by the sample.

During the imaging, the specimen was placed in a sample
cell filled with 10% formalin to prevent the sample from drying
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shrinkage. The total image acquisition time for each sample
was 2.5 hr, which included the exposure time, sample rotation
time, and data transmission time. The X-ray exposure time was
9 sec per projection, and since the total number of projections
was 250 over 180°, the actual X-ray exposure time was less
than 40 min.

A phase map for each projection was obtained by the fringe
scanning method,?* with subtraction of the background phase.
The number of fringe scans was set to 3, with a 3-sec exposure
time to obtain each interference pattern. The total exposure
time for a phase map was 9 sec. Phase-contrast X-ray CT
images were reconstructed by using a filtered back-projection
algorithm with Shepp-Logan filter.2%*!

Experiments were carried out at the vertical wiggler beam-
line BL14C of the Photon Factory, High Energy Accelerator
Research Organization, Tsukuba, Japan. The X-ray energy was
set at 35 keV by the monochromator, and the X-ray flux in front
of the sample cell was approximately 4.0 x 107 counts/sec/
mm? at a ring current of 450 mA with 2.5 GeV storage energy.
The density and spatial resolution of the phase-contrast
synchrotron-based X-ray CT system were approximately 0.57
mg/cm’® and 26 pum, respectively.'

Histopathological Staining

After performing the phase-contrast synchrotron-based X-ray
CT imaging, the specimens were sliced into 3-pum-thick sec-
tions, and the sections were stained with hematoxylin-eosin
(HE) to examine their histological structure. The sections
were examined with an optical microscope (Olympus
FSX100; Olympus, Tokyo, Japan), and the optical micro-
scopic images (x20) were used for comparison with the
phase-contrast synchrotron-based X-ray CT image. The orig-
inal color images were converted into 8-bit gray-scale images
for comparison with the phase-contrast synchrotron-based
X-ray CT images (PSCIs).?

Image Analysis

The PSCIs were analyzed with real-time 3D volume-rendering
software (Real INTAGE; KGT Inc., Tokyo, Japan), which con-
tains several integrated tools for 3D image data analysis,
including density measurement, data processing, and 3D dis-
play. Interactive selection of processing parameters made it
easy to depict the microstructure of the tumors.

Image-manipulating software (NIH Image version 1.41,
https://imagej.nih.gov/nih-image) was used to calculate mass
density in regions of interest (ROI) placed on different areas of
the tumors: solid areas, cystic areas, and fibrous areas.

The X-ray complex refractive index, n, is described as n =
1-6-iB, where the real refractive index 6 and imaginary refrac-
tive index B are related to the X-ray phase shift and X-ray
absorption. 8 is given by**:

S IR
8‘27: ,~ N;(Z; + 1),

where A, 1., N;, Z;, and {°; are X-ray wavelength, classical
electron radius, atomic density, atomic number, and the real
part of the anomalous atomic scattering factor of element i,
respectively.

By using these constituents of the refractive index, the phase
shift, Ap, is given by Ap = 2ndt/A, where t is the thickness of
the sample. The real part of the refractive index & was then
calculated directly from the phase-shift data by using the fol-

lowing formula®**>;

& = Dp\/2mt

Since the electron density of the sample (p) is almost pro-
portional to 3,4 approximate mass density (p) was calculated

by using the formula*?>:
p = 41 /A 1Ny,

where 0 is the real part of the refractive index, A is X-ray
wavelength, r. is the classical electron radius, and Ny is
Avogadro’s number.

The area of each testicular tumor that yielded the best
morphological match between the PSCIs and HE images was
selected for the analysis and divided into 3 regions according
to the gray-scale gradation. The mean relative gray value of
each region was calculated to compare the absolute densities
of the corresponding regions on the PSCls. The gray level
distribution was also measured in detail in the 3 different
magnified regions.

Results

The PSCIs of the tumors showed heterogeneous dense lobula-
tions and multiple low-density cysts in each tumor, and a few
compressed seminiferous tubules were seen at the periphery of
the testis as a result of almost total replacement of the testis by
the tumor (Figure 2A). The lobulations appeared to be sepa-
rated by high-density capsule-like structures, and they con-
tained slightly low-density heterogeneous structures. The HE
images revealed that most of the testis was occupied by the
tumor, and a few compressed atrophic tubules were seen at
the periphery of the testis. The tumor was composed of
multiple solid nodules and cysts with dense fibrotic septa (Fig-
ure 2B and C). Thus, the HE images yielded findings very
similar to the findings revealed by the PSCIs. In addition, blood
clots in the vessels were visualized as multiple white spots on
the PSCIs, and the HE images showed artifacts due to the
cutting procedure, but the PSCIs did not.

Good linear correlations were observed between the abso-
lute densities and the relative gray values in different areas of
the tumor: solid areas, cystic areas, and fibrous areas (r = 0.87)
in Figure 3.

We also measured absolute densities in the PSCIs
(Figure 4A) and mean relative gray values in the HE images
(Figure 4B) in 3 different regions of the solid soft tissue tumor
(Table 1). The absolute density values for region 1, region 2,
and region 3 were 1.040 + 0.001 g/cm®, 1.078 + 0.003 g/cm®,
and 1.065 + 0.002 g/cm’, respectively, and the corresponding
mean relative gray values were 74.9 + 15.4,87.6 + 18.4, and
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Figure 2. Tumor-bearing rat testis: (A) Phase-contrast synchrotron-based X-ray CT image; (B) corresponding histopathological (HE-stained)
gray-scale image; (C) color image; periphery of the testis (brown arrow); cystic areas (red arrow); solid areas (green arrow); fibrous septa (blue

arrow); artificially torn region in the HE image (black arrow).
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Figure 3. Correlation between the absolute densities and relative gray
values of different areas of the tumor, i.e. solid portions, cystic areas,
and fibrous septa, shown in Figure 2. @: solid tumor area 1, @: solid
tumor area 2, @: solid tumor area 3, @: fibrous septa, ®: cyst.

76.9 + 11.7, respectively. The pixel numbers corresponding to
the gray value distribution in different regions on the HE
images are shown in Figure 4C.

The magnified HE images showed different types of cells
within the solid soft tissue tumors, including cells containing
large cytoplasmic vacuoles and small hyperchromatic nuclei
(region 1), dense lymphocytes containing hyperchromatic
nuclei and scant cytoplasm (region 2), and cells containing
moderately enhancing abundant cytoplasm and relatively large
hypochromatic nuclei (region 3) (Figure 4D). The density of
the nuclear chromatin in the HE images appeared to be closely
correlated with the absolute density in the PSClIs.

The excellent contrast and high resolution of the PSClIs
enabled clear separation of the tumor and surrounding seminifer-
ous tubules from any direction (Figure SA and B). The morphol-
ogy of the seminiferous tubules, blood vessels, and tunica
albuginea could also be identified. The enlarged images showed

the significant tumor heterogeneity information caused by solid,
cystic, blood clots and fibrous septa (Figure 5C).

Discussion

Without requiring the use of any contrast agents, phase-contrast
synchrotron-based X-ray imaging provides morphological
information down to a spatial resolution of approximately
26 um, which is comparable to the spatial resolution obtained
by low power microscopic image. The PSCIs proved capable of
depicting the various morphological structures in the soft tissue
tumors, including their solid, cystic, and fibrous areas, and their
hemorrhagic areas as well. In particular, minutely differing
densities within the solid tumors on the PSCIs corresponded
well to the different types of cells in the soft tissue tumors
observed on the HE images. Quantitative comparisons between
the absolute densities in the PSCIs and the relative contrast
values in the HE images yielded excellent correlations, and the
high-density sites on the PSCIs corresponded to the high
nuclear chromatin locations on the HE images. A detailed
quantitative analysis focused on the solid tumor components
revealed that the density differences in the PSCIs were mainly
generated by differences in the density of the nuclear chromatin
on the HE images. The nuclear-cytoplasmic ratio appears to be
more important to making a diagnosis of cancer than the den-
sity of the cytoplasm in tumor cells. Because cancer cells are
characterized by large nuclei and a high nuclear-cytoplasmic
ratio, and the latter is well-known to be a strong predictor of
malignancy.?® The spatial resolution provided by the high
power microscopic images of 3-pum-thick HE-stained tissue
sections can yield detailed cellular morphology information
at less than a 1-pum resolution, which enables observation of
tumor cell nuclei measuring 2- to 3-um in diameter. Although
26-pm resolution provided by the PSCIs was considerably
lower than the resolution of the histological images, the
PSCIs clearly depicted the morphological structures of testis
(10-14 mm in width, 15-20 mm in length) with tumor and
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Figure 4. Magnified image of the area of the testicular tumor that yielded the closest morphological match between the phase-contrast
synchrotron-based X-ray CT images and HE-stained images. (A) Phase-contrast synchrotron-based X-ray CT image, (B) gray-scale HE image,
(C) gray value distribution curve of the boxed region in (B), and (D) magnified image of the boxed region in (B).

Table 1. Absolute Densities Obtained From the Phase-Contrast
Synchrotron-Based X-Ray CT Image Shown in Figure 4(A) and the
Relative Gray Values Obtained From the Gray-Scale HE-Stained His-
topathological Images Shown in Figure 4(B).

Region 1 Region 2 Region 3
Density (g/cm®) 1.040 + 0.001 1.078 + 0.003 1.065 + 0.002
Relative gray 749 + 154 87.6 £ 184 769 + 11.7

value

density information that roughly corresponded to the density of
the nuclear chromatin of the tumor cells.

Thus, phase-contrast synchrotron-based X-ray imaging
appears to depict the characteristics of different type of cells
within a solid soft tissue tumor.

Moreover, the 3D information capabilities of phase-contrast
synchrotron-based X-ray imaging enable imaging of entire
organs, and, in addition to revealing tumor morphology, they
make it possible to detect precise density differences within
tumors themselves in the form of heterogeneity that is prob-
ably attributable to differences in cell types. While histo-
pathological staining methods are generally used in
biomedical research and routine clinical practice, histological
analysis of specific areas requires serial sectioning and stain-
ing, which can be labor-intensive and time-consuming and
sometimes lead to inaccurate results. Phase-contrast
synchrotron-based X-ray imaging can be performed repeat-
edly and can be used to access multiple tumor areas. Since

phase-contrast synchrotron-based X-ray imaging does not
require the use of contrast agents or staining, tissue morphol-
ogy is well preserved when the tissue is subsequently pro-
cessed histopathologically. Thus, the 3D visualization can
provide advance information that is useful in deciding on
histopathological staining methods to precisely identify
places to section in order to view specific areas of interest.

There are some limitations in our study. First, our dedi-
cated imaging system can only be used with highly brilliant
X-ray sources like synchrotrons and it cannot yet be used with
the clinically more readily available X-ray sources such as
conventional X-ray tubes. However, synchrotron-based ima-
ging can be used as a reference standard for pathologic tissue,
especially for spatial resolution on a micrometer order.?’
Second, the absorption by the wafers of the interferometer
is not negligible when the monochromatic synchrotron
35 keV X-ray source is used. Since each wafer is 1 mm thick
and has a transmission ratio of about 85%, the intensity of the
outgoing interfering X-ray is reduced to about 60% by passing
through 3 wafers. Thus, even with synchrotron radiation, an
exposure time of several seconds is required. Moreover, cur-
rent X-ray CCD cameras (lens-coupling X-ray charged couple
device cameras) have limited sensitivity and low transfer
speed. In order to obtain images within a shorter time, as our
next step we are planning to use the interferometer containing
crystal wafers as thin as 0.2 mm to reduce the absorption by
the wafer, and to use a high-speed/high-sensitivity X-ray
CCD camera.
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Figure 5. Three-dimensional phase-contrast synchrotron-based X-ray CT image of a tumor-bearing rat’s testis. Serial cut sections of the tumor;
(A) surface area, (B) internal area, (C) enlargement of the boxed region in (B); a: blood vessel, b: seminiferous tubules, c: tunica albuginea, d:
tumor, e: different densities apparent of the solid area of the tumor, f: cystic area of the tumor, g: blood clot, h: fibrous septa.

Conclusions

Phase-contrast synchrotron-based X-ray imaging using an
X-ray interferometer makes it possible to depict the character-
istics of different type of cells in solid tissue tumor tissues, and
it offers 3D information capabilities and can be used as an
ancillary approach to histopathological analyses in preclinical
cancer research.
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