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To implement dual-energy cone-beam computed tomography (CBCT), a 1 to 3 mm thick copper filter was
applied in front of the kilovolt generator mounted on a medical linear accelerator. The energy calibration was
performed from three energy peaks among the electromagnetic radiation, gamma rays, emitted by the *’Ir
source. The energy spectrum was measured using a cadmium zinc telluride (CZT) detector. A figure-of-merit
(FOM) value was defined and evaluated in order to consider both the increase in the mean energy and the
decrease in the intensity according to the filter. For a 1 mm thick filter, the FOM values were 0.82 and 0.92 for
tube voltages of 100 and 120 kVp, respectively. The intensity was maintained reasonably and the effect of
increasing the mean energy was evident, thus indicating its suitability for implementing dual-energy CBCT.
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1. Introduction

Computed tomography (CT) based on X-rays, which
are electromagnetic waves with wavelengths in the range
0.01-10 nm, is important in radiation therapy (Fig. 1). A
series of images are acquired by a CT scanner for plann-
ing radiation treatments [1, 2]. To identify a patient’s set-
up prior to the radiation treatment, cone-beam computed
tomography (CBCT) imaging, which provides a set of
three-dimensional (3D) volumetric images, is acquired
using a flat-panel detector and a kilovolt (kV) X-ray
source integrated into a linear accelerator. CBCT has been
widely used as it plays an important role in image-guided
radiation therapy [3, 4]. Recently, it was used to calculate
dose distributions by directly using CBCT images to
verify the dose provided to the tumors and organs at risk
(OARs) and re-plan the treatment if necessary [5, 6]. This
re-planning process is defined as adaptive radiation
therapy.
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However, compared to CT images, CBCT has limita-
tions such as non-uniformity and the presence of image
artifacts due to scatter radiation and beam hardening [7-
10]. To overcome these shortcomings, several researchers
have developed various correction strategies according to
the characteristics of the CBCT system and evaluated the
reliability of dose calculation. The first strategy is to
acquire the CBCT images of phantoms with inserts of
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Fig. 1. (Color online) The major categories of electromagnetic
waves as a function of frequency (Hz).
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different densities and correct the voxel values corre-
sponding to each material [11, 12]. The second strategy is
to improve the image quality by directly measuring or
simulating the scatter components of CBCT and then
removing the scatter radiation from the raw projection
data [13-15]. The third strategy is to map the Hounsfield
unit (HU) value of the planning CT image to the CBCT
image based on the rigid or deformable image registration
method [16-18]. However, these methods are prone to
dosimetric errors due to the presence of CBCT artifacts,
and they have implementation limitations because scattered
X-rays must be removed by all of the acquisition and scan
conditions of CBCT. In addition, HU mapping is affected
by geometric uncertainties related to image-registration
errors.

One approach to improve soft-tissue visibility and CT
number accuracy in CBCT is by employing dual-energy
imaging. Since dual-energy CT can acquire information
about relative electron density and effective atomic
numbers, it can identify unique materials and provide
quantitative information about them through CT images.
According to the literature, it is generally possible to
obtain dual-energy by means of rapid voltage switching,
double-layer detection, and sequential acquisition [19,
20]. These methods have limitations that they either
require two X-ray sources and two detectors or they can
only obtain dual-energy limited to the maximum tube
voltage.

In the previous study, to reduce the metal artifact and
image contrast of CBCT, we designed an energy modu-
lation filter to generate hardened beams with a higher
mean energy in electromagnetic radiation, x-ray. As a
result, when the modulation filter was used, the mean
energy of the electromagnetic spectrum was effectively
improved even at the same tube voltage. In this study, the
mean energy of the energy spectra with varying thick-
nesses of a copper filter for dual-energy CBCT was
measured using a cadmium zinc telluride (CZT) detector
[21]. And the experimental results were compared with
the MC results obtained in the previous study. The possi-
bility of the application of 'Ir, which is not a standard
source generally used for energy-to-channel calibration of
multichannel analyzer (MCA) was evaluated.

2. Materials and Methods

2.1. Energy-to-channel calibration

In this study, a CZT microspectrometer (microSpec500,
Ritec) integrated with an MCA was used. The measurable
energy range of this detector is 20 keV-3.0 MeV, and the
number of channels of the MCA is up to 4k. The signal
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Table 1. Gamma-ray spectrum of '?Ir.
Group number Mean energy (keV) Intensity (%)
1 884.5 0.3
2 612.5 54
3 604.4 8.2
4 588.6 45
5 468.1 47.8
6 316.5 82.9
7 308.5 29.7
8 296.0 28.7
9 136.4 0.2

National Nuclear Data Center, Brookhaven National Laboratory,
https://www.nndc.bnl.gov/nudat2/decaysearchdi-
rect.jsp?nuc=192IR&unc=nds

shaping time is 0.1-2 ps, with a 0.1 ps step. The detector
consists of a base module and a detector module; the
detector volume is 500 mm?® and the external dimensions
are 25 mm x 25 mm x 71 mm. The energy resolution of
this detector is 2.5 % at 662 keV. A brachytherapy '*Ir
source from the Department of Radiation Oncology,
Gangneung Asan Hospital, was used for energy-to-channel
calibration. Table 1 lists the mean energy and intensity of
the gamma rays emitted by the '*’Ir source.

The remote afterloading device used in the experiment
was a microSelectron® developed by Nucletron (Fig. 2).
The activity of the '!Ir source on the day of the experi-
ment was 7.79 Ci, and the number of MCA channels was
2048. After measuring the energy spectrum, energy peaks
(316.5 keV, 468.1 keV, and 604.4 keV) with relatively
high intensity among the '**Ir gamma rays, were used for
the energy calibration. This calibration allows the con-
version of the x-axis channel numbers into energy values
in kiloelectronvolt with the following equation:

.

Fig. 2. (Color online) Experimental set-up to measure the
energy spectrum of the '’Ir source for energy calibration.
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(b)

Fig. 3. (Color online) A copper filter (a) and kV X-ray gen-
erator (b) for dual-energy modulation.

E =8xC(channels)+ O, @)

where S and O are the slope and intercept of the calib-
ration line, respectively, and C is the channel number. The
coefficients can be set by the linear fit of two energy
channels/peak centroid pairs. To prevent overflow when
measuring the energy spectrum, the distance between the
source and detector was set at 1.3 m.

2.2. Measurement of the energy spectrum

An energy modulation filter of thickness of 1-3 mm
was used considering the results of a previous MC simu-
lation study [20]. To apply the energy modulation filter to
the treatment equipment, the filter was attached to the
front of the kV X-ray generator using the frame of the
existing bowtie filter (Fig. 3). Cone-beam CT acquires
images while rotating the gantry 360 degrees. However,
the detector must face the X-ray generator while continu-
ously rotating 360 degrees in order to measure the energy
spectrum, and it is not easy to set up this experiment.
Therefore, in this experiment, the gantry was fixed at one
angle and then the energy spectrum was measured (Fig.
4). Four tube voltages, 60, 80, 100, and 120 kVp, which
are the most commonly used in cancer treatment, were
measured. To quantitatively evaluate the change in inten-
sity, the experiment was conducted while maintaining a
constant tube current (10 mA) and delivery time (3 min).
For each tube voltage, the energy spectrum measurement
was repeated four times while changing the condition
from filterless to 1-3 mm filters, and the number of
channels of the MCA was set to 2048. The mean energy
and intensity of the energy spectrum measured for each
condition were compared. The signal observed in the
channel above the maximum energy for each tube voltage
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Medical linear accelerator

Fig. 4. (Color online) Experimental set-up to measure the
energy spectrum of the kV X-ray source.

was due to coincidence signals; therefore, it was excluded
from the analysis. In addition, to analyze the optimized
filter thickness for each tube voltage after considering the
mean energy and intensity, the figure of merit (FOM) was
defined as follows:

FOM =R xR 2)

mean energy intensity >

where R, ..., 1S the ratio of the mean energy with the
filter to the mean energy without the filter, and R, is
the ratio of the intensity with the filter to the intensity

without the filter.

3. Results

3.1. Energy-to-channel calibration

Figure 5 shows the measured energy spectrum of '*’Ir.
As listed in Table 1, the peak (A) with the highest
intensity is 316.5 keV (82.9 %), and the centroid channel

10°

4_
14 316.5 keV

468.1 keV

—_ 1
5 10°5
S 604.4 keV
o
2
S 10°-
(e}
(@)
1_
10 3
L,
100 T T T T ._'..U— 1l T T
0 250 500 750 1000 1250 1500 1750 2000

Channels

Fig. 5. (Color online) Measured energy spectrum of '*Ir
source.
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Table 2. Mean energies of the energy spectra according to the filter thicknesses (unit: keV).

Tube voltage Thickness of copper filter
(kVp) wio filter w/o filter* 1 mm 2 mm 2 mm* 3 mm
60 33.1 - 41.3 38.7 - 333
80 37.6 375 52.0 52.8 62.7 494
100 414 - 60.6 66.0 - 64.9
120 49.1 56.2 64.6 71.1 85.4 72.6

*Simulation results from a previous research.

is 452. The second-highest intensity (B) peak corresponds
to 468.1 keV (47.8 %) and the centroid channel is 680.
The third-highest intensity (C) peak is 604.4 keV (8.2 %)
and the centroid channel is 880. Using the three peaks,
the following energy-to-channel calibration equation is
obtained:

E [keV]=0.66x Channels +19.68 3)

3.2. Measurement of energy spectrum

Table 2 shows the results of the mean energy analysis
after measuring the energy spectrum while changing the
thickness of the energy modulation filter in the kV X-ray
generator attached to the radiation therapy equipment. At
60 kVp with a 1 mm filter, the mean energy was similar
to that at 100 kVp. However, when the thickness of the
filter was increased to 2 or 3 mm, the mean energy
decreased, which is believed to be due to the increasing
influence of the characteristic X-ray spectrum of copper.
At 80 kVp with the 1 mm filter, the mean energy, 52.0
keV, was found to be higher than that obtained without a
filter, 49.1 keV, at 120 kVp. In addition, when the 2 and 3
mm filters were used, the mean energies were 52.8 and
49.4 keV, respectively, which are not significantly different
from the mean energy obtained using the 1 mm filter
(52.0 keV).

In the simulation results of the previous study listed in
Table 1, at 80 kVp, the mean energy was 37.5 keV
without the filter, which is close to the measured mean
energy of 37.6 keV. When the 2 mm filter was applied,
the mean energy was 62.7 keV in the simulation results;
however, the measured mean energy was 52.8 keV, thus
indicating a difference between simulation and measure-
ment.

At 100 kVp with the 1 and 2 mm filters, the mean
energy increased to 60.6 and 66.0 keV, respectively. With
the 3 mm filter, the mean energy, 64.9 keV, decreased
compared to that obtained using the 2 mm filter. At 120
kVp, the mean energy continuously increased with the
thickness of the filter, and no reversal phenomenon in the
tube voltage range of 60-100 kVp occurred. The simu-

Table 3. Relative intensities of energy spectra according to the
filter thicknesses (unit: %).

Tube voltage Thickness of copper filter

(kVp) wio filter 1 mm 2 mm 3 mm
60 100.0 5.8 1.2 0.7
80 100.0 8.2 23 1.2
100 100.0 55.7 223 5.7
120 100.0 69.7 457 15.7

lation results for 120 kVp also showed a higher mean
energy compared to the measurement results, which is
similar to the simulation result for 80 kVp.

Table 3 shows the relative intensity of the energy
spectrum. For 60 kVp, the intensity with the 1 mm filter
is only 5.8 % compared to the filterless case. Since the
noise in an image is closely related to the intensity, the
Imm thick filter requires approximately 17.2 times the
output (tube current) or lengthens the image acquisition
time in order to derive the same image noise as without
the filter. At 80 kVp, 8.2 % of relative intensity was
obtained using the 1 mm filter compared to that in the
filterless case, which indicates that 12.2 times the output
or an equivalent image acquisition time was required. At
100 kVp, 55.7 % of the relative intensity was obtained
using the 1 mm filter compared to that in the filterless
case, indicating that approximately 1.8 times the output is
required. At 120 kVp, when using the 1 mm filter, the
relative intensity decreased to 69.7 % compared to that in
the filterless case, and when using 2 and 3 mm, the
relative intensities decreased to 45.7 % and 15.7 %,

Table 4. FOMs of energy spectra according to the filter thick-

nesses.
Tube voltage Thickness of copper filter
(kVp) 1 mm 2 mm 3 mm
60 0.07 0.01 0.01
80 0.11 0.03 0.02
100 0.82 0.36 0.09
120 0.92 0.66 0.23
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respectively.

Table 4 shows the results of the FOM values consider-
ing the mean energy and intensity of each energy spectrum.
For a tube voltage of 120 kVp with the 1 and 2 mm
filters, the FOMs are 0.92 and 0.66, respectively, and this
intensity can be used to increase the mean energy effici-
ently. At 100 kVp, the FOM is 0.82 with the 1 mm filter
and 0.36 and 0.09 with the 2 and 3 mm filters, respec-
tively. In contrast, for 60 and 80 kVp, the FOM is <0.11
for all the filter thicknesses, which is inadequate compared
to 100 and 120 kVp in terms of mean energy and inten-
sity efficiency.

4. Discussion

The 'Ir source used for the energy calibration in this
study emits gamma rays of lower energy than '*’Cs (662
keV), which is a standard source mainly used for energy
calibration. The energy range of the gamma rays emitted
by a "Ir source is closer to the energy of CBCT as
compared to a *’Cs source. Also, '*Ir source is widely
used in clinical environments, particularly in the depart-
ment of radiation oncology. In addition, its half-life (74
days) is adequate and it has good accessibility. Therefore,
it has sufficient potential as a novel standard source.
Moreover, more than three energy peaks were clearly
observed in the experiments of this study and 'Ir source
was chosen as one candidate source for accurate energy
calibration. However, since '*’Ir has been used as a source
in brachytherapy applied directly to the tumor by a sealed
source, its activity is stronger than different energy calib-
ration sources. To prevent overflow in the detector, mea-
sures such as a pin-hole collimator or a sufficient distance
between the source and the detector were required.

The CZT detector used in this study can be used at
room temperature as an integrated MCA type; however, it
has a disadvantage that it provides a medium resolution
compared to a high-purity germanium detector, which has
a high resolution. In other words, its energy resolution is
2.5 % in the energy range of 662 keV; therefore, it is not
possible to discriminate differences at energies < 16.6
keV. Among the gamma-ray energies emitted from '*’Ir as
shown in Table 1, it was verified that 296.0 keV, 308.5
keV, and 316.5 keV cannot be distinguished in the energy
spectrum of '*’Ir shown in Fig. 5. Similarly, 588.6 keV,
604.4 keV, and 612.5 keV also cannot be distinguished.
However, since the centroid channel of the peak would
appear at the energy with the highest intensity, energy
calibration is possible. Therefore, CZT is a useful detector
in environments that do not provide a dedicated laboratory
or nitrogen cooling system, such as hospitals.
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Since the energy spectrum of an X-ray source in a kV
CBCT rotating 360° of the linear accelerator is difficult to
set up for measurement, we measured it in the fluoro-
scopy mode rather than the CBCT mode. The CBCT
mode will be used when taking images for further study.

An energy modulation filter increases the mean energy
of the energy spectrum by reducing the intensity of low-
energy X-rays. This also means that the use of a filter
leads to a decrease in intensity. The intensity in the image
quality is closely related to the standard deviation (SD)
which is an important parameter of the contrast-to-noise
ratio (CNR) in Eq. (4):

|meana - meanb|

; 4
\SD? +8D; @

where mean, and mean,, are the mean gray values in the
areas a and b. SD, and SD,, are the standard deviation of
gray-values, respectively.

The influence of intensity reduction should also be
considered as the mean energy enhanced by the energy
modulation filter. In this study, a FOM was proposed in
order to optimize the mean energy enhancement and the
intensity reduction. Although it is a useful value at the
current research stage, it has been determined that the
FOM should be redefined in the future, including
quantitative analysis on the quality of the image applied
with an energy modulation filter. In addition, since the
proposed method reduces the intensity of low-energy X-
rays, it can be inferred that it will reduce the unnecessary
imaging dose for patients; this will be evaluated experi-
mentally in the future.

CNR =

5. Conclusion

In this study, the possibility of effectively performing
energy calibration using a '"’Ir source, which is widely
used for brachytherapy in radiation oncology, was verified.
In addition, a dual-energy spectrum generated with one
source by controlling the mean energy using an energy
modulation filter made of copper was realized. Further-
more, an appropriate filter thickness could be set to
ensure the intensity reduction. In further study, a FOM
should be redefined including quantitative analysis on the
quality of the image applied with an energy modulation
filter. Also, we will evaluate the reducing unnecessary
imaging dose for patients through experiments.
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