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To improve the image quality of photon-counting energy-dispersive X-ray computed tomography (CT) and to
reduce the incident dose for the object, we have developed a low-dose low-scattering CT scanner with highspatial and -energy resolutions using a cooled cadmium telluride (CdTe) detector. X-ray photons are absorbed by
the CdTe crystal, and the event pulses from the shaping ampliﬁer are input to a high-speed triple-energy (TE)
counter. In the TE-CT, four 3.0-mm-thick lead (Pb) pinholes are used. The line-beam diameter is roughly reduced
using the ﬁrst 2.0-mm-diam pinhole. Using the second 0.5-mm-diam pinhole, the line-beam diameter is reduced
again, and the 0.5-mm-diam line beam is exposed to the object. The scattering photon count was reduced using
the third 0.5-mm-diam pinhole, and the only penetrating photons are absorbed by the cooled CdTe crystal
through the fourth 0.3-mm-diam pinhole for improving the spatial resolution. K-edge tomograms using iodine (I)
and gadolinium (Gd) media were obtained simultaneously at two energy ranges of 33–50 and 50–100 keV,
respectively. Utilizing I-K-edge CT, coronary arteries ﬁlled with I medium were visible. Next, blood vessels ﬁlled
with Gd medium were observed at high contrasts using Gd-K-edge CT. The maximum count rate was 30 kilocounts per second (kcps) at a tube current of 0.33 mA, and the minimum count rate after penetrating objects was
approximately 2 kcps. The maximum incident dose for the object was approximately 0.3 mGy, and the exposure
time for TE-CT was 19.6 min at a total rotation angle of 360°. The energy resolution of the detector was 1.1% at
59.5 keV, and the spatial resolutions had values of 0.3 × 0.3 mm2.

1. Introduction
Currently, cadmium telluride (CdTe) detectors are used to measure
X-ray spectra, and the photon-energy resolution has been improved to
approximately 1% at 122 keV [1]. Therefore, we have constructed
several photon-counting energy-dispersive (ED) cameras [2] to perform
enhanced K-edge angiography using iodine (I) and gadolinium (Gd)
contrast media. Subsequently, an X-ray ﬂuorescence camera [3] has
been developed to map I and Gd atoms in cancerous regions.
To perform pre-clinical ED computed tomography (CT), ED-CdTearray detectors [4,5] have been developed. In this regard, we are
constructing a three-dimensional ED-CT scanner using a high-spatialresolution CdTe array detector [6], and fundamental studies on K-edge
CT are being performed at spatial resolutions of 0.1 × 0.1 × 0.1 mm3.
In the CdTe array detector, although the energy resolution of each pixel
is high, the resolution of entire pixels decreases. Therefore, we have
been performing fundamental experiments of ED-CT using only one
detector in parallel to the preclinical studies.

⁎

The energy resolution of a readily-available cooled CdTe detector is
quite high, and we constructed dual- [7], triple- [8] and quad-energy
CT [9] scanners using the CdTe detector. Using these three scanners, it
was diﬃcult to image blood vessels clearly due to the scattering photon
count and the low spatial resolution.
The small-diam line beam is useful for reducing the incident dose to
an object, and the beam can be formed using two lead (Pb) pinholes in
front of the object. Subsequently, the scattering-photon count from the
object should be minimized using another Pb pinhole behind the object
to improve the image quality and to detect only penetrating photons. In
addition, a small-diam Pb pinhole for the CdTe detector is desired to
improve the spatial resolution.
In the present research, our major objectives are as follows: to decrease the incident dose for the object, to reduce both the beam diameter and the scattering photon count, to improve the spatial resolution, and to carry out triple-energy (TE) CT. Therefore, we constructed a
low-dose low-scattering TE-CT scanner using the line beam operated at
a tube voltage of 100 kV.
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Fig. 1. Main components in the TE-CT scanner. We used four 3.0mm-thick Pb pinholes. The pinhole 1 decreases the irradiationﬁeld diameter, and the beam diameter and the incident dose to
the object are reduced using the pinhole 2. The scattering photon
count is reduced using the pinhole 3, and the spatial resolution is
improved by the pinhole 4.

2. Experimental methods
2.1. TE-CT scanner
Fig. 1 shows the construction of the main components in the TE-CT
scanner. The X-ray source (R-tec, RXG-0152) to detector distance is
1.02 m, and the turntable-center (Siguma Koki, SGSP-60YAW-OB) to
detector distance is 0.22 m to improve the spatial resolution. The effective focal spot sizes of an X-ray tube are 1.0 × 1.0 mm2, and four 3.0mm-thick Pb pinholes are used. First, the X-ray beam diameter is
roughly reduced by a 2.0-mm-diam Pb pinhole 1 just behind the X-ray
window. Second, the beam diameter is reduced again using a 0.5-mmdiam pinhole 2 in front of the object to reduce the incident dose to the
object. Third, the scattering photon count from the object is reduced
using a 0.5-mm-diam pinhole 3 behind the object. Fourth, a 0.3-mmdiam pinhole 4 is attached to the CdTe detector to improve the spatial
resolution.
In the scanner, the 0.5-mm-diam line beam is used, and the object is
set on the turntable. Next, the turntable is oscillated by the translation
stage (Siguma Koki, SGSP-26-100), and the translation velocity and the
stroke are 25 mm/s and 60 mm, respectively. By repeated translations
and rotations of the object, the X-ray projection curves for tomography
are taken; the translating is conducted in both directions. The translation step is 0.25 mm, and the rotation step is determined as 1.0°. The
CT-exposure time is 19.6 min at a total rotation angle of 360°.

Fig. 2. TE photon counting using a cooled CdTe detector, comparators and PSs.
Each PS selects photons, and the photon count rate is proportional to the PS
output. The PS1 and PS2 count photons between two threshold energies. The
PS3 counts photons beyond 50 keV.

The energy range is selected fundamentally using the two comparators, and the PS counts photons between two thresholds. Next, the
PS generates the output voltage in proportion to the photon count rate.
In this experiment, the PS1 counts photons between 15 and 33 keV, and
the photons of 33–50 keV are counted using the PS2. Subsequently, the
photons beyond 50 keV (50–100 keV) are counted by the PS3. Three PSs
send the outputs to an analog to digital converter (ADC; Contec, AI1608AY-USB), and the digital data is input to a personal computer (PC)
to reconstruct tomograms.
Each PS consists of a microcomputer, a voltage to voltage (V-V)
ampliﬁer, and two 10-ms-time-constant integrators (Fig. 3). The microcomputer has two low- and high-energy inputs for the two comparators. The logical pulses from the microcomputer correspond to the
selected photons. The 10-μs-width logical pulses are shaped into 10-ms
pulses and piled up in the ﬁrst integrator, and the integrator output is

2.2. TE photon counter
Fig. 2 shows the structure of a TE X-ray photon counter using three
sets of comparators (STMicroelectronics, TS3022) and photon selectors
(PSs). X-ray photons are detected using a cooled CdTe crystal (Amptek,
XR-100T), and the electric charges produced in the CdTe are converted
into voltages using a charge-sensitive ampliﬁer. The charge-ampliﬁer
outputs are increased using a shaping ampliﬁer, and the event pulses
from the shaping ampliﬁer are input to three comparators simultaneously to select three threshold energies. The photon-energy determination is accomplished by two-point calibration using Kα1 photons of tungsten (W; 59.3 keV) and I ﬂuorescence (28.6 keV).
63
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Fig. 3. Block diagram of the PS consisting of a microcomputer, two integrators, and a V-V ampliﬁer. The microcomputer has low- and high-energy inputs and counts
photons between the threshold energies. The maximum PS output is regulated to 5.0 V.

ampliﬁed using the V-V ampliﬁer. The second integrator is useful for
electric-noise reduction. At a tube voltage of 100 kV and a current of
0.17 mA, three maximum PS outputs are increased to 5.0 V by the gain
controlling.
2.3. Measurements of X-ray dose rate and spectra
To calculate the incident dose for the object, we measured the X-ray
dose rate using a dosimeter (Toyo Medic, RAMTEC 1000 plus) with an
ionization chamber (Scanditronix, DC300). The chamber was placed
1.0 m from the X-ray source at a maximum tube current of 0.33 mA
without ﬁltration.
To measure X-ray spectra, we used the CdTe detector, a multichannel analyzer (MCA; γPGT, MCA4000), and the 0.3-mm-diam Pb
pinhole. The photon energy was also determined by the two-point calibration using Kα1 photons of W and I. In addition, the photon-energy
resolution of the CdTe detector was measured without the collimator
using an americium-241 standard radioisotope with a typical γ-photon
energy of 59.5 keV.

Fig. 4. Tube voltage dependence of the X-ray dose rate. The dose rate was
measured at a distance of 1.0 m and a tube current of 0.33 mA.

2.4. Real animal phantoms
In the TE-CT, we used two real dog-heart and rabbit-head phantoms.
These phantoms were made approximately 20 years ago, and the operations on animals were carried out in accordance with the animal
experiment guidelines of Iwate Medical University (28–014).
3. Results
3.1. X-ray dose rate and spectra
Fig. 4 shows X-ray dose rate measured at 1.0 m from the X-ray
source. The X-ray dose rate increased when increasing the tube voltage
at a constant tube current of 0.33 mA. The X-ray dose rate was 26.8
μGy/s at a tube voltage of 100 kV.
Entire X-ray spectra used for CT are shown in Fig. 5. We also show
the K-edge energies of I (33.2 keV) and Gd (50.2 keV) to perform K-edge
CT. We observed sharp W-K lines, and the energy resolution measured
was 1.1% at 59.5 keV.
To perform TE-CT, we divided the entire spectra into three ranges
(Fig. 6). The photons at a range of 15–33 keV are used to perform soft
CT [Fig. 6(a)]. The photons of 33–50 keV are useful for performing I-Kedge CT [Fig. 6(b)]. Next, the photons of 50–100 keV beyond the Gd-Kedge energy can be used to image Gd atoms [Fig. 6(c)].

Fig. 5. Entire X-ray spectra measured using the CdTe detector in the scanner at
a tube voltage of 100 kV.

are deﬁned as the minimum and maximum densities, respectively.
Fig. 7 shows tomography of two glass vials ﬁlled with I (iopamidol)
and Gd (meglumine gadopentetate) media. The I and Gd densities are
both 30 mg/ml to conﬁrm the imaging eﬀects of I- and Gd-Kedge CT.
The tube current was 0.17 mA, and we obtained three tomograms simultaneously. At an energy range of 15–33 keV, the I-medium image
density is almost equal to that of Gd. Using I-K-edge CT at a range of

3.2. Tomography
Tomograms are obtained as JPEG ﬁles at a tube voltage of 100 kV,
and the gray-value densities of the air and the minimum-count region
64
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Fig. 6. Selected X-ray photons for TE-CT. (a) X-ray photons at an energy range of 15–33 keV for soft CT, (b) photons of 33–50 keV for I-K-edge CT, and (c) photons of
50–100 keV for Gd-K-edge CT.

Fig. 7. Tomography of two glass vials ﬁlled with I and Gd media at the same densities. Using I-K-edge CT, the I-medium density was high. On the contrary, the Gdmedium density was high utilizing Gd-K-edge CT.
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Fig. 8. Gray-value density analysis of the two glass vials in Fig. 7. Utilizing I-K-edge CT, the I-medium density was high, and glass walls were visible. Next, the Gdmedium density was high using Gd-K-edge CT.

maximum count rate of 30 kcps (Table 1). At a translation step of
0.25 mm and a translating velocity of 25 mm/s, the maximum count per
measuring point was calculated as approximately 0.3 kilocounts.
In the photon-counting TE-CT, the event-pulse pileup should be
prevented to covert the pulse height into photon energy. However, the
count rate substantially decreased while translating the object.
Therefore, the minimum penetrating rate was regulated corresponding
to the object thickness by controlling the tube current, and the image
quality of thick objects, such as the rabbit head, was improved substantially.
In the TE-CT of two glass vials, the image granulation was observed.
For improving the image quality, the iterative approximation method
might be useful, and the count rate of the TE-CT should be maximized.
Although the densities of I and Gd media in vials were both 30 mg/ml,
the densities ranged from 5 to 60 mg/ml; the detectable minimum
densities in TE-CT were approximately 1 mg/ml.
We are performing three-dimensional dual-energy (DE) CT using a
CdTe array detector made by XCounter with pixel sizes of 0.1 × 0.1
mm2. Compared with each tomogram obtained using this DE-CT, the
image contrast of the blood vessels utilizing K-edge CT was quite high
using the TE-CT.
First, the image granulation was substantially improved by increasing the count rate. Second, the translation shake was reduced by
decreasing time constants of two integrators in the PS, and the two
constants were both 10 ms equal to the measuring time per translation
step. Third, the scattering photon count was minimized using the Pb
pinhole to detect only penetrating photons from the object. Fourth, the
Pb-pinhole diameter for the detector was reduced to 0.3 mm to improve
the spatial resolution. In particular, the third pinhole for reducing the
scattering photon count was eﬀective, since the outlines of the object

33–50 keV, the I-medium density was higher than that of Gd. Subsequently, the I-medium density was lower than that of Gd utilizing Gd-Kedge CT at a range of 50–100 keV.
In Fig. 8, we carried out gray-value-density analysis of the two glass
vials in Fig. 7 using Image J. When the I-K-edge CT was used, the Imedium density was high, and glass walls could easily be seen. Using
Gd-K-edge CT, the Gd-medium density increased beyond I.
Fig. 9 shows the tomography of a dog-heart phantom at a tube
current of 0.18 mA. Coronary arteries were ﬁlled with 15-μm-diam Ibased microspheres. At a range of 15–33 keV, it was diﬃcult to image
coronary arteries, since the muscle image density was high. Using I-Kedge CT, the muscle density decreased, and the arteries were observed
at high contrasts. At a range of 50–100 keV, the muscle density increased, and the artery-contrast slightly fell.
Tomography of a rabbit-head phantom is shown in Fig. 10. The tube
current was increased to 0.33 mA to increase the count rate after penetrating the phantom. The blood vessels were ﬁlled with gadolinium
oxide (Gd2O3) microparticles with diameters ranging from 1 to 10 μm.
On the other hand, radiography was performed for reference using a
ﬂat-panel detector (FPD; Rad-icon Imaging 1024EV) to display a cross
section. At a range of 15–33 keV, the image densities of muscle and
bone were both high, and blood vessels were not visible. When increasing the energy level to 33–50 keV, the muscle and bone densities
decreased slightly. Utilizing Gd-K-edge CT, the muscle and bone densities decreased, and thick vessels were observed at high contrasts.
4. Discussion
The photon counting was performed using a cooled CdTe detector at
a tube voltage of 100 kV, a maximum tube current of 0.33 mA, and a
66
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Fig. 9. Tomography of a dog-heart phantom. At an energy range of 15–33 keV, the muscle-image density was high, and arteries were not visible. Using the I-K-edge
CT at a range of 33–50 keV, thick arteries were observed at high contrasts. With increases in the energy level to 50–100 keV, the artery contrast fell.

the 0.5-mm-diameter line beam, the incident dose is 0.84 μGy at the
irradiation spot and a rotation step of 1.0°, since the translating time
per 0.5 mm is 20 ms. Thus, the total incident dose at a rotation angle of
360° is roughly calculated as 0.3 mGy. Therefore, the dose increases
with increases in the beam diameter, and the diameter should be
minimized to 0.3 mm.
In medical imaging, since the absorbed dose for patients using the
CT scanner ranges from 5 to 30 mGy, the incident dose is assumed to be
below 100 mGy. Therefore, the incident dose using the TE-CT was extremely lower than that of the conventional medical CT scanner.

became clear. Next, even though the third-pinhole diameter was larger
than that of the fourth, the scattering count increased without the third
pinhole.
In the trial experiment for forming the line beam, we used two
tantalum x-y slits (Siguma Koki, SLX-1). Using the slits, high-energy
photons easily penetrated the knife edges, and the eﬀective line-beam
sizes slightly increased [10]. In this regard, the 0.5-mm-diam line beam
was formed using two 3.0-mm-thick Pb pinholes in front of the object.
In the tomogram reconstruction, we decreased the pixel sizes to
0.25 × 0.25 mm2. The spatial resolution was determined eﬀectively by
the pinhole diameter of 0.3 mm, and the spatial resolutions were approximately 0.3 × 0.3 mm2. In addition, the resolution can be improved to 0.1 × 0.1 mm2, and the image quality also improves with
decreases in the rotation step.
The exposure time for TE-CT was 19.6 min at a total rotation angle
of 360°, a scan step of 0.25 mm and a rotation step of 1.0°. Without
decreases in the image quality, the time can be reduced to 5 min by
increasing the translation velocity. Of course, the time can be extremely
reduced to below 1 min as the total energy resolution of the CdTe array
detector improves.
At 1.0 m from the X-ray source, the dose rate measured was 26.8
μGy/s at a tube voltage of 100 kV and a current of 0.33 mA. In the
rough approximation, the object is placed 0.80 m from the X-ray source,
the incident dose rate for the object is calculated as 41.9 μGy/s. Using

5. Conclusions
We performed fundamental studies on low-dose low-scattering TECT with high-spatial and -energy resolutions using a cooled CdTe detector and four Pb pinholes. At a tube voltage of 100 kV, clean K-edge
tomograms using I and Gd media were obtained simultaneously at
energy ranges of 33–50 and 50–100 keV, respectively, and an energy
resolution of 1.1% at 59.5 keV. In the selected spectra for TE-CT, there
were no Pb ﬂuorescence K lines even when using four Pb pinholes.
Compared with experimental results in our former researches concerning photon-counting CT scanners, the incident dose substantially
decreased, and the spatial resolutions were improved. The scattering
photon count was reduced using the pinhole, and the image quality was
67
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Fig. 10. Tomography of a rabbit-head phantom. Below 50 keV, blood vessels were not observed at high contrasts. The image densities of muscle and bone decreased,
and thick vessels were visible, utilizing Gd-K-edge CT.

substantially improved.

Table 1
Speciﬁcations and characteristics of the TE-CT scanner using the 0.5-mm-diam
line beam. The spatial resolutions were reduced to approximately 0.3 × 0.3
mm2, and the energy resolution measured was 1.1% at 59.5 keV.
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Speciﬁcations
Generation type
Beam type
Beam diameter (mm)
Detector
Energy resolution of detector (% at 59.5 keV)
Energy range for I-K-edge CT (keV)
Energy range for Gd-K-edge CT (keV)
Detector number
Maximum count rate (kcps)
Stroke (mm)
Turntable diameter (mm)
Pinhole diameter for detector (mm)
Scan velocity (mm/s)
Scan step (mm)
Rotation step (°)
Total rotation angle (°)
Exposure time (min)
Reconstructed pixel dimensions (mm2)
Spatial resolution (mm2)

1st
Line
Approx. 0.5
CdTe
1.1
33–50
50–100
1
30
60
60
0.3
25
0.25
1.0
360
19.6
0.25 × 0.25
0.3 × 0.3
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