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A micro-CT system was developed using a 36M-pixel digital single-lens reflex camera as a cost-effective mode for
large human lung specimen imaging. Scientific grade cameras used for biomedical x-ray imaging are much more
expensive than consumer-grade cameras. During the past decade, advances in image sensor technology for
consumer appliances have spurred the development of biomedical x-ray imaging systems using commercial
digital single-lens reflex cameras fitted with high megapixel CMOS image sensors. This micro-CT system is highly
specialized for visualizing whole secondary pulmonary lobules in a large human lung specimen. The secondary
pulmonary lobule, a fundamental unit of the lung structure, reproduces the lung in miniature. The lung specimen
is set in an acrylic cylindrical case of 36 mm diameter and 40 mm height. A field of view (FOV) of the micro-CT is
40.6 mm wide x 15.1 mm high with 3.07 pm pixel size using offset CT scanning for enlargement of the FOV. We
constructed a 13,220 x 13,220 x 4912 voxel image with 3.07 pum isotropic voxel size for three-dimensional
visualization of the whole secondary pulmonary lobule. Furthermore, synchrotron radiation has proved to be
a powerful high-resolution imaging tool. This micro-CT system using a single-lens reflex camera and synchrotron

radiation provides practical benefits of high-resolution and wide-field performance, but at low cost.

1. Introduction

The secondary pulmonary lobule, the smallest functionally complete
and fundamental unit in the lung [1-3], is separated from neighboring
secondary pulmonary lobules by interlobular connective tissue septa.
The lobule, which has irregular polyhedral shapes of 5-30 mm diameter,
includes numerous alveoli by which gases are exchanged with sur-
rounding capillaries of less than 10 pm diameter. The secondary pul-
monary lobule reproduces the lung in miniature. Therefore, recognition
of the structure of the whole secondary pulmonary lobule can be ex-
pected to elucidate the entire lung structure.

Synchrotron radiation micro-CT has proved to be a powerful high-
resolution lung specimen imaging tool [4,5]. Human lung specimens
are regarded as in vivo human lungs to the greatest extent possible, with
preserved lung structure [6]. Three-dimensional (3-D) imaging of a
whole secondary pulmonary lobule specimen with spatial resolution of
around 5 pm reveals micro-architectures ranging from airways, arteri-
oles, venules, and lymphatics to alveoli and the associated pulmonary
capillary bed. Recognition of abnormalities affecting the capillary
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anatomy of the alveolar walls can clarify the relation between the ar-
chitectures and abnormalities related to lung disease mechanisms.
Nevertheless, the standard synchrotron radiation micro-CT setup does
not accommodate the field of view (FOV) and spatial resolution re-
quirements for human-lung specimen imaging applications targeting
visualization of the whole secondary pulmonary lobule [7-9] because
many are extremely high-priced devices incorporating very expensive
scientific grade cameras and because many are not easily remodeled to
achieve higher performance without entailing much higher costs.

At SPring-8 over a decade ago, a micro-CT system based on a 10M-
pixel scientific-grade CCD camera with approximately 7 pm spatial
resolution was developed for 3-D specimen imaging of centimeter-sized
objects [10]. Subsequently, more recent studies have required systems
with higher spatial resolution and a wider FOV. Nevertheless,
high-megapixel scientific-grade cameras used to develop a new
micro-CT system with several tens of megapixels are extremely expen-
sive. From the early 2010s, consumer-grade camera manufacturers have
offered ever larger pixel counts for their newer models. High megapixel
digital single-lens reflex cameras have come to be used for cost-effective
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special-purpose x-ray imaging [11-14]. Research has also revealed that
low-cost consumer-grade cameras have excellent noise performance
compared to expensive scientific-grade CCD cameras. Moreover,
advancement of consumer grade camera technology has occurred more
rapidly than that of scientific grade camera technology because
consumer-grade camera manufacturers have larger R&D systems and
commodity markets than scientific-grade camera firms do.

We have been developing large-field and high-resolution micro-CT
systems using consumer-grade single-lens reflex cameras with a com-
plementary metal oxide semiconductor (CMOS) sensor. The systems are
specialized for large human lung specimen imaging. First and second
prototype micro-CT systems were developed in a cost-effective manner
using a 36M-pixel camera to confirm that they meet the demanded
performance specifications: higher spatial resolution and a wider FOV
than those of the 10M-pixel micro-CT system [15]. Then, a third system
using the 36M-pixel camera was developed for practical use to visualize
the 3-D structure of whole secondary pulmonary lobule specimens [16].
A large lung specimen is set in an acrylic cylindrical case of 36 mm
diameter and 40 mm height. However, in an early stage of lung spec-
imen imaging at SPring-8, each specimen was cut down to a cylindrical
sample with 6 mm diameter and 15-25 mm height [7].

This paper describes the current performance of the wide-field and
high-resolution 36M-pixel micro-CT system. First, wide-angle lenses for
wide field imaging produce a barrel distortion, which can be measured
by taking an x-ray image of an aluminum plate chart that includes a
pattern with aligned holes. Second, spatial resolutions were evaluated
quantitatively. After modulation transfer functions (MTF) of CT recon-
struction images were obtained using a tungsten wire phantom, they
were compared with those of the 10M-pixel system that had been
already replaced by the cost-effective 36M-pixel CT system. Third, we
considered the CT image quality of the human lung specimen based on
contrast agent perfusion. Many studies [4,5,7-9] have concentrated on
3-D CT imaging of lung specimens down to small blood vessels without
the need for contrast agent infusion. Apart from lung specimens, syn-
chrotron radiation micro-CT is used widely for imaging of biomedical
specimens of many kinds based on contrast agent perfusion [17-20]. For
this study, barium sulfate particles were administered to the lung blood
vessels as a contrast agent. Barium sulfate particles were suspended in
buffer saline. Human lung specimens were inflated and fixed using
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Heitzman’s method [6] after contrast agent injection into blood vessels.
We considered the relation between the CT image quality and the
barium sulfate particle density in the contrast agent, aiming at achieving
3-D visualization of capillaries in the alveolar walls.

2. Material and methods
2.1. Imaging system

Imaging experiments were conducted at the SPring-8 BL20B2
beamline presented in Fig. 1 (lower) [16]. A useful source of synchro-
tron radiation is a storage ring, which uses many bending magnets to
maintain an electron beam at relativistic speeds in a closed trajectory.
Only one bending magnet is depicted in Fig. 1. By bending the electron
path, x-rays are emitted at each bending magnet in a direction that is
tangential to the beam trajectory. Synchrotron radiation consists of
broad-spectrum x-rays. A double-crystal monochromator selects a single
energy of white synchrotron radiation. The monochromatic x-ray energy
was therefore adjusted by the monochromator to 15-25 keV to produce
high-contrast images of the lung specimens.

Human lung specimens are obtained from rejected donor lungs in
Cleveland, Ohio. Lungs are procured with the clinical standard protocol.
Following antegrade flush of the pulmonary artery with 4 L of Perfadex
(XVIVO Perfusion Inc., Englewood, CO, USA), pulmonary veins were
retrogradely flushed with 2 L of Perfadex and stored on ice for 4—10
hours. The pulmonary artery was flush with 1 L of 30°C Bamster solution
(contrast agent, Barium Sulfate, Kaigen Phrama Co., Ltd., Osaka, Japan;
diluted 2-50 times with saline). The pulmonary artery pressure is kept at
50 mmHg and lungs are ventilated with tidal volume 6 mL/ideal body
weight, respiratory rate 7/min, PEEP 5 cmH50, and FiO 0.4. Then,
lungs are fixed using Heitzman’s method [6]. This study is approved by
Cleveland Clinic Institutional Review Board.

SPring-8 is a large-scale facility. The full length of the BL20B2
beamline is 215 m from the bending magnet to the detector. The micro-
CT system was assembled on the lowermost stream side in Fig. 1 (lower).
The point of strongest synchrotron radiation is a nearly parallel x-ray
beam. The advantages of synchrotron radiation micro-CT compared
with conventional cone-beam micro-CT [21] include the following: the
monochromatic x-ray beam prevents beam-hardening artifacts; also, the
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Fig. 1. (lower) Experiment setup for the synchrotron radiation micro-CT at the SPring-8 BL20B2 beamline and (upper right) cross-section of the high megapixel x-ray
detector for large human-lung specimen imaging using a low-cost consumer-grade camera.
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use of a nearly parallel beam enables exact CT reconstruction.

The x-ray detector uses an indirect conversion approach to detect x-
ray images. Fig. 1(upper right) displays a cross-section of optical com-
ponents of the x-ray detector and shows how light passes through the
optical assembly. In the indirect conversion approach, a phosphor con-
verts the x-rays into light, which a CMOS image sensor in the camera
subsequently converts into a charge. The detector includes the phosphor
screen, an optical mirror, a coupling lens consisting of a pair of first and
second lenses, and the 36M-pixel CMOS camera. X-rays are converted
into a visible image on the 6-pm-thick phosphor screen. The mirror
behind the screen deflects the luminescent light 90 deg upward to the
coupling lens, which then focuses it onto the CMOS sensor. This
deflection is done to protect the lenses and the camera from direct x-ray
exposure. The camera (D800e; Nikon Corp., Tokyo, Japan) is fitted with
a CMOS sensor that has a 35.9 mm wide x 24.0 mm high active area.
The CMOS has 7360 x 4912 pixels, each of which is 4.88 pm x 4.88 pm.

The phosphor screen unit includes a 0.1-mm-thick aluminum win-
dow for x-ray incidence. The phosphor layer is deposited on an optical
glass immediately behind the window. The phosphor is a terbium-doped
gadolinium oxysulfide (Gd20,S:Tb) scintillator. The spatial resolution
depends strongly on the phosphor screen thickness. Therefore, the 6-pm
thick phosphor screen was attached to the micro-CT system to achieve
detector resolution of around 5 pm, which is comparable to the CMOS
sensor pixel size of 4.88 pm. In the tandem lens configuration of the
coupling lens, the optical system comprises a pair of single-lens reflex
camera lenses arranged face-to-face. The phosphor screen is placed in
the focal plane of the first lens, whereas the image sensor is placed in the
focal plane of the second lens. The optical magnification in the tandem
lens system is ascertained from the ratio of the second lens focal length
to that of the first lens. The FOVs and pixel sizes of x-ray detectors are
determined by the optical magnification in the tandem lens system.
Table 1 presents specifications of the two imaging modes of the present
36M-pixel system and the standard mode of the former 10M-pixel sys-
tem using a scientific-grade CCD camera (C4742—95R; Hamamatsu
Photonics K.K., Shizuoka, Japan) [10]. The 10M-pixel system, a com-
mercial product, consists of the fixed no-magnification lens
combination.

A standard optical system in Fig. 1(upper right) comprises first and
second lenses with equal 135 mm focal length (AI AF DC-Nikkor 135 mm
f/2D; Nikon Corp., Tokyo, Japan) and with a fixed focal-length ratio of
one to one. The CMOS sensor pixel has dimensions of 4.88 pm x 4.88
pm. An equivalent pixel size projected onto the phosphor screen area is

Table 1
Camera and detector specifications for micro-CT systems.
36M CT 10M CT
Camera Sensor CMOS CCD
Total pixels 36.15 M 10.50 M
Active pixels 7360 x 4912 4000 x 2624
Pixel size [pm] 4.88 5.87
Active area [mm] 35.9 x 24.0 23.6 x 15.5
Readout [bit] 14 12
X-ray Mode Standard High- Standard
Detector resolution
Phosphor 6 6 10
Thickness [pm]
Lens system No Magnification No
magnification magnification
1st lens focal 135 85 105
length [mm]
2nd lens focal 135 135 105
length [mm]
Magnification 1 1.59 1
factor
Pixel size [pm] 4.88 3.07 5.87
Field of view 35.9 x 24.0 22.6 x 15.1 23.6 x 15.5
[mm]
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an identical value of 4.88 pm on a side because the magnification factor
of the coupling lens system is 1.0. The x-ray FOV is also 35.9 mm x 24.0
mm. The FOV is sufficiently adaptable to wide field imaging to obtain a
three-dimensional CT image of the whole secondary pulmonary lobule.

By changing the lens combination, widely various magnifications are
readily obtainable for high-resolution imaging. In high-resolution mode,
the optical system comprises the first lens with 85 mm focal length
(AF—S Nikkor 85 mm f/1.4; Nikon Corp., Tokyo, Japan) and the second
lens with 135 mm focal length. In this case, an equivalent pixel size
projected onto the phosphor screen area is 3.07 pm on a side because the
magnification factor of the coupling lens system is 1.59. The x-ray FOV
also decreases to 22.6 mm x 15.1 mm.

2.2. Offset CT scanning

The lung specimen, set in an acrylic cylindrical case with 36 mm
diameter and 40 mm height, was placed on the rotating stage as depicted
in Fig. 1. In the present 36M-pixel system, the detector’s x-ray FOVs are,
respectively, 35.9 mm x 24.0 mm and 22.6 mm x 15.1 mm with
coupling-lens magnification factors of 1.0 and 1.59. In a standard CT
imaging mode with 4.88 pm pixel size, the specimen fits within the
detector’s horizontal FOV (35.9 mm x 24.0 mm). Projection images
were acquired over an angular range of 180 deg with an angular step of
0.1 deg or 0.05 deg.

In a high-resolution imaging mode with 3.07 pm pixel size, micro-CT
imaging must be performed for the lung specimen beyond the detector’s
horizontal FOV (22.6 mm x 15.1 mm). We used offset CT scanning,
which meets the requirement that the imaging region of the scanned
specimen must fit within a small FOV [9,22,23]. The center of the stage
rotation is deviated from the center of the detector’s horizontal FOV; it is
located near the FOV edge. Offset scanning involves 360 deg rotation of
the rotating stage with an angular step of 0.1 deg or 0.05 deg. The
fundamental idea of reconstruction from the offset scanning is to reor-
ganize the incomplete projections into complete parallel-beam pro-
jections by the image combination [16]. The scan FOV using the offset
scanning is approximately twice as large as the FOV of 22.6 mm x 15.1
mm. Specifications of the two scanning types are presented in Table 2.

In the normal scanning, image signals are converted to digital data
with a 7360 x 4912-pixel, 14-bit format by an analog-to-digital con-
verter in the camera. In the offset scanning, image signals are converted
and eventually combined into digital data with a 13,220 x 4912-pixel,
14-bit format. However, the numeric value of 13,220 is not fixed. The
number of pixels in the horizontal direction varies to some degree
depending on the image combination process. For image acquisition, a
personal computer system controls the camera using camera software
(Camera Control Pro 2; Nikon Corp., Tokyo, Japan) and the rotating
stage for acquiring projection images from multiple directions.

2.3. Distortion

A photograph should be a perfect to-scale representation of the x-ray
image on the fluorescent screen. However, wide-angle lenses for wide-
field imaging generally produce a barrel distortion, which affects map-
ping: an image is mapped around a sphere or barrel, leading to less than
ideal mapping [24]. Particularly, unlike conventional photographic

Table 2
Fields of view and pixel sizes of the normal and offset scanning in the 36M-pixel
CT system.

Normal scan Offset scan

Field of view [mm] 22.6 x 15.1 40.6 x 15.1
Active pixels 7360 x 4912 13,220 x 4912
Total pixels 36.15M 64.94 M

Pixel size [pm] 3.07 3.07
Specimen rotation [deg] 180 360
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cameras, the x-ray detector comprises two lenses. The distortion can be
measured by taking an x-ray image of an aluminum plate chart that
includes a pattern with aligned holes. The pattern is a two-dimensional
lattice shape array of 50-upm-diameter holes spaced uniformly at 1.0-mm
intervals in the 500 pm thick plate. The machining accuracy of the
drilling hole array is about 10 pm. The lens distortion is measured by the
extent to which the observed holes deviate from the straight alignment
of the pattern.

2.4. Modulation transfer function

The 36M-pixel micro-CT allows for the noninvasive imaging of the
internal microstructure of lung specimens with isotropic spatial resolu-
tion in the range of several micrometers. Therefore, quantitative char-
acterization of the performance of the micro-CT is important for
evaluating the accuracy of size measurement of fine details in micro-CT
images. The MTF in the scanning plane (transversal direction) is
generally calculated as the absolute value of the normalized Fourier
transform from the point spread function (PSF) obtained by scanning a
thin wire phantom. Because the wire is not a point source, the raw MTF
is corrected for the finite size of the wire phantom [25-27]. We applied
the method to tungsten wire images obtained using the present
36M-pixel system and the former 10M-pixel system [28,29].

Fig. 2 presents a tomographic slice in the transversal direction of the
micro-wire phantom consisting of 3, 10, and 30 pm diameter wires ob-
tained using the 10M-pixel system. The wires were perpendicular to the
CT scan plane. Fig. 2 depicts cross-sections of the three wires, a support
frame for the wires (SF), and an acrylic cylindrical case (CASE). The
phantom was scanned with x-ray energy of 15 keV, providing data for a
4000 x 4000 x 2624 voxel image with 5.87 pm isotropic voxel size. The
1800 projections were acquired over an angular range of 180 degrees
with angular steps of 0.1 degrees. Because the monochromatic x-ray
beam is regarded as a parallel beam, the reconstruction was made with a
filtered backward-projection algorithm using a Shepp-Logan filter [30].

Thin, bright and dark streaks appeared preferentially in the vertical
direction in Fig. 2. Thicker wires have stronger streak artifacts. Larger
cross-sections have a longer range of the streak. They are caused by the
presence of strongly attenuating objects such as tungsten wires. To
resolve this difficulty, several approaches might be used with less-
attenuating materials, smaller cross-section devices, and higher-energy
x-rays [31,32]. The phantom was scanned with x-ray energy of 15

10 30 [um]
L

Fig. 2. Tomographic slice in the transversal direction of the micro-wire
phantom consisting of 3, 10, and 30 pm diameter wires.
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keV. An important advantage of the synchrotron radiation micro-CT is
that the double-crystal monochromator can select a single energy of
white synchrotron radiation in Fig. 1. The monochromatic x-ray energy
can therefore be adjusted by the monochromator to 15-25 keV to pro-
duce high-quality x-ray images. The phantom in Fig. 2 was scanned
using x-ray energy of 15 keV. Then, the x-ray energy was adjusted by the
monochromator to 20 keV to prevent streak artifacts [28].

3. Results
3.1. Distortion

In lens optics, the image brightness at the image edge is reduced by a
shading effect compared to the image center. The shading effect, which
is sensitive to the lens aperture, is much larger for small F-number
lenses. The high-resolution mode of the 36M-pixel system consists of two
lenses: the first with 85 mm focal length and 1.4 F-number and the
second with 135 mm focal length and 2.0 F-number. Distortion is also
sensitive to the lens aperture; it is much larger in lenses with a small F-
number. The x-ray detector consists of two lenses, unlike conventional
photograph cameras.

Fig. 3(a) displays an x-ray image of the aluminum plate chart with
the pattern of aligned holes taken using the 36M-pixel system with x-ray
energy of 20 keV. The image has non-uniformity of brightness. For CT
reconstruction, flat-field correction to the projection images is applied to
compensate for variations in the pixel-to-pixel gray values caused by the
pixel-to-pixel sensitivity of the image sensor and x-ray beam in-
homogeneity. In conventional flat field correction, projection images
without an object are acquired. They are designated as calibration im-
ages. A flat-field corrected projection image is produced by dividing the
raw projection image by the calibration image. A flat-field corrected
image is shown in Fig. 3(b). An intensity profile is superimposed on the
backward corrected image to generate the composite image in Fig. 3(b).
The intensity profile consists of single pixel gray values along the upper

GrayValue
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List | save...| Copy..| [ive]

Fig. 3. X-ray images of the aluminum plate chart with the pattern of
aligned holes.
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yellow straight line on the backward corrected image. As a result of the
measurement, no distortion was observed over the entire image within
the measurement error range. Therefore, distortion correction opera-
tions were unnecessary before the CT reconstruction operation.

3.2. MTF

Point spread functions were obtained from transversal tomographic
slice images of the 3-pm-diameter wire using the present 36M-pixel CT
system and the former 10M-pixel CT system with x-ray energy of 20 keV.
The thin wire phantom is positioned as perpendicular to the transverse
plane. The MTF values were obtained by Fourier transform of the point
spread functions calculated from the tomographic slice images [28,29].
The high-resolution and standard modes were used respectively for the
36M-pixel and 10M-pixel CT systems in Table 1. Fig. 4 presents the
in-plane MTFs calculated from each slice image. Red and blue curves
respectively represent the Fourier transform results obtained using the
36M-pixel and 10M-pixel CT systems. Table 3 presents spatial resolution
values of the 36M-pixel and 10M-pixel CT denoted by units of
[cycle/mm] and [pm] in the case of 10 % MTF and 5 % MTF.

3.3. CT images

Human lung specimens were inflated and fixed using Heitzman’s
method [6] after contrast agent injection into blood vessels to visualize
micro-architectures ranging from airways, arterioles, venules, and
lymphatics to alveoli and the associated pulmonary capillary bed. Small
blood vessels were well filled with the barium sulfate microparticle
contrast agent to obtain detailed 3-D representations of morphology of
the vascular system. They are set as in vivo human lungs to the greatest
degree possible, with preservation of the lung structure.

In micro-CT imaging, the lung specimen was set in the acrylic cy-
lindrical case with 36 mm diameter and 40 mm height. The acrylic case
was placed on the specimen rotating stage in Fig. 1. Monochromatic x-
ray energies were adjusted by the monochromator to 20 and 25 keV to
evaluate the x-ray energy dependence of tomographic image quality.
Micro-CT imaging was performed in the high-resolution imaging mode
with 3.07 pm pixel size using offset CT scanning. In all, 7200 raw pro-
jection images were acquired over an angular range of 360 deg with an
angular step of 0.05 deg. The incomplete projections in the offset CT
scanning were reorganized into complete parallel-beam projections. The
CT images were reconstructed using the conventional back projection
algorithm with the Shepp-Logan filter [30]. Then, we obtained the 3-D
isotropic volumetric data (13,220 x 13,220 x 4912 voxels) stacking the
two-dimensional CT slice images with voxel resolution of 3.07 pm X
3.07 pm x 3.07 pm.

1.0
0.9
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0.7
0.6

0.5

MTF

0.4

03
36MCT
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10MCT
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0.0
0 20 40 60 80 100 120 140 160 180 200

Spatial Frequency (cycles/mm)
Fig. 4. MTF results obtained using the 36M-pixel (red curve) and 10M-pixel

(blue) CT systems. (For interpretation of the references to colour in the
Figure, the reader is referred to the web version of this article).
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Table 3
Spatial resolution values of the 36M-pixel and 10M-pixel CT.
MTF 10 % MTF 5 % Pixel size
[cycle/mm)] [pm] [cycle/mm)] [pm] [pm]
36M-CT 100.2 5 117.7 4.2 3.07
10M-CT 42.4 11.8 48.2 10.4 5.87

After image reconstruction in CT, Fig. 5(a) and (e) respectively
present tomographic slices of the lung specimen taken at x-ray energies
of 20 and 25 keV. The specimen in the cylindrical body of the acrylic
case with 36-mm outer diameter is depicted by the large FOV imaging.
Fig. 5(b) depicts an enlarged image of the area enclosed by the yellow
square in Fig. 5(a). Fig. 5(c and d) portray further enlarged images of the
areas enclosed respectively by the right and left squares in Fig. 5(b).
Similarly, Fig. 5(f and (g and h)), respectively portray enlarged images
of the areas enclosed by the yellow squares in Fig. 5(e) and (f). Finally,
Fig. 5(c, d, g, and h) depict individual alveoli of about 200 pm diameter.
In the numerous alveoli of the lung, gases are exchanged with sur-
rounding capillaries of diameter less than 10 pm. Each alveolus, with
mean size of 200 pm, is shown clearly in the images. Each is not round
but polygonal, resembling a cell of a honeycomb. The alveolar wall
thickness is about 10 pm, which is nearly equal to the capillary diameter.
In Fig. 5(c, d, g, and h), red arrows indicate specific spots with higher
pixel values than those of the surrounding lung tissues. The specific spots
correspond to cross-sections of small blood vessels filled with the
contrast agent, which has high absorbance efficiency to x-rays. How-
ever, blue arrows indicate the streak artifacts caused by the presence of
strongly attenuating objects similarly to tungsten wires in Fig. 2.

4. Discussion

Distortion correction operations were unnecessary before the CT
reconstruction operation in the 36M-pixel CT system. For practical cone-
beam three-dimensional CT implementations, distortion correction for
all projection angles is necessary [33,34]. X-ray image intensifiers used
for the cone-beam CT exhibit characteristic distortion that is attributable
to both external and internal factors. However, the lenses used for
commercial single-lens reflex cameras have negligibly small distortion.

Regarding the spatial resolutions, the 36M-pixel CT attained much
higher performance in a cost effective manner than that achieved with
the former 10M-pixel CT using the scientific grade CCD camera in Fig. 4
and Table 3. The spatial resolution of the 36M-pixel CT is 4.2 pm (MTF 5
%) in Table 3. The resolution value might visualize capillaries in the
alveolar walls. Moreover, advancement of consumer grade camera
technology is faster than that of scientific grade camera technology
because consumer-grade camera manufacturers have larger R&D sys-
tems and commodity markets than those of scientific-grade camera
firms. The 36M-pixel camera was released in April 2012. Five years later
in September 2017, a new 45M-pixel camera (D850; Nikon Corp.,
Tokyo, Japan) was released. The present 36M-pixel camera includes a
conventional front-illuminated CMOS sensor, but the new camera in-
cludes a high-sensitivity back-illuminated CMOS sensor. According to
camera specifications, the 45M-pixel camera has a maximum camera
ISO setting value of 25,600; that of the 36M-pixel camera is 6,400. A
new micro-CT system using the 45M-pixel camera is under development
[35]. Assembly of a new detector component is simple because the as-
sembly method involves merely exchanging the D800e camera with a
D850 camera.

As for the tomographic image quality, micro-CT imaging was per-
formed at x-ray energies of 20 and 25 keV to evaluate x-ray energy
dependence. Fig. 5 presents single tomographic slices of the lung spec-
imen. The specimen in the cylindrical body of the acrylic case with 36-
mm outer diameter is depicted by large FOV imaging in Fig. 5(a and e)
taken respectively at energies of 20 and 25 keV. Fig. 5(b and f) depict



K. Umetani et al.

enlarged images of the area enclosed by the yellow squares in Fig. 5(a
and e), respectively, portraying individual alveoli of about 200 pm
diameter.

Regarding the micro-wire phantom imaging in Fig. 2, the bright and
dark streaks appeared at the x-ray energy of 15 keV. However, a 20 keV

European Journal of Radiology Open 7 (2020) 100262

Fig. 5. Tomographic slices of the entire lung
specimen taken at x-ray energies of (a) 20 keV
and (e) 25 keV. (b) Enlarged image of the area
enclosed by the yellow rectangle in (a). (c and
d) Enlarged images of the areas enclosed
respectively by the right and left rectangles in
(b). Thereafter, similarly (f) and ((g) and (h)),
respectively portray enlarged images of the
areas enclosed by the yellow rectangles in (e)
and (f). (For interpretation of the references to
colour in the Figure, the reader is referred to the
web version of this article).

x-ray, a higher-energy x-ray, can prevent streak artifacts from occurring
during MTF measurements [28]. In contrast, little difference exists be-
tween the specimen images in Fig. 5(a) and (e) and between Fig. 5(b)
and (f) taken respectively at energies of 20 and 25 keV. However, the
specimen images reveal differences when further enlarged. The streak
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artifacts are indicated by blue arrows in Fig. 5(c) and (g). The streak
indicated by the two blue arrows in Fig. 5(c) was changed into the streak
indicated by the single blue arrow in Fig. 5(g). The 25 keV x-ray, a
higher-energy x-ray, can reduce the streaks to some degree. The streak
indicated by the two blue arrows in Fig. 5(d) was not changed in Fig. 5
(h). The specific spots indicated by the red arrows in Fig. 5(c and g) are
smaller than those in Fig. 5(d and h). The specific spots correspond to
cross-sections of blood vessels filled with the contrast agent. The artifact
generated by small blood vessels in Fig. 5(c) was reduced using the
higher-energy x-ray in Fig. 5(g), but the artifact generated by large blood
vessels in Fig. 5(d) was not reduced in Fig. 5(h) because the
higher-energy x-ray can no longer reduce the streak when the x-ray
absorbance of the large vessels is too high. A readily apparent means of
preventing streak artifacts is usage of low-density contrast agents to
decrease the x-ray absorbance. In this study, the barium sulfate solution
was administered to lung vessels as the contrast agent. The barium
sulfate solution is suspended in buffer saline. For further dilution, buffer
saline can be added to the suspension. In this way, the streak artifacts are
reduced, even at the x-ray energy of 20 keV, to improve the tomographic
image quality.

5. Conclusions

The present 36M-pixel CT using a consumer-grade single-lens reflex
camera attained much higher performance in a cost-effective manner
compared with the former 10M-pixel CT using the scientific grade CCD
camera. The 36M-pixel CT, which has spatial resolution of 4.2 pm, can
visualize capillaries in the alveolar walls using further diluted barium
sulfate contrast agents. Recognition of the abnormalities reaching the
capillary anatomy of the alveolar walls can engender clarification of the
relation between the architectures and abnormalities related to lung
disease mechanisms.
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