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Introduction

In recent years, with the advancement of radiation therapy 
technology, intensity‑modulated radiation therapy (IMRT) 
has become popular. IMRT is an irradiation method that 
locally administers a high dose to a tumor while sparing 
the surrounding normal tissues. For IMRT for prostate 
cancer, as there are risk organs – particularly the rectum 
and the bladder – near the prostate, a steep dose distribution 
is formed at the boundary between the prostate and the 
risk organs. If there is any deviation from the computed 
tomography  (CT) image in the patient setup during 

treatment, not only will the dose delivered to the prostate 
be insufficient, but also a high dose may be administered 
to the surrounding normal organs. Therefore, a treatment 
plan that considers both the patient setup during treatment 
and anatomical variations is important.
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This challenge has been significantly addressed by the 
introduction of image‑guided radiation therapy  (IGRT). 
IGRT is a reference technology that reproduces the irradiation 
position determined in the treatment plan by measuring and 
correcting the patient position displacement during treatment. 
It is based on the image information obtained immediately 
before and during irradiation at various frequencies depending 
on the facility.[1‑4] The images are obtained with on‑board kV 
imagers, oblique X‑ray imagers, or cone‑beam computed 
tomography  (CBCT). Therefore, IGRT involves radiation 
exposure, and the absorbed imaging doses measured at the skin 
surface have been reported as 0.2–0.6 mGy in two‑directional 
imaging with on‑board kV imagers, 0.3–0.6 mGy with 
oblique X‑ray imagers, and 30–60 mGy with CBCT.[5‑7] Even 
if the imaging dose is small, it cannot be ignored when a 
large number of fractions is required, such as the 30 or more 
fractions needed for IMRT for prostate cancer. Obtaining 
images by CBCT after 39 prostate IMRT fractions result in an 
approximately 1 Gy dose at the isocenter.[8] Hence, patients are 
exposed to a considerable CBCT imaging dose.

Ding et al. calculated the imaging doses of various devices used 
in IGRT through Monte Carlo (MC) simulations and showed 
the imaging dose distribution in a patient’s body.[9‑12] However, 
the total dose, including the imaging dose, was not evaluated 
in their study. Although some studies reported methods to 
combine the imaging dose with the treatment dose,[13‑15] none 
of them have evaluated the combined dose on clinical CT 
images with contours using MC simulation. According to the 
American Association of Physicists in Medicine  (AAPM) 
Task Group 180 Report, the imaging dose should be included 
in the prescription dose if the imaging dose exceeds 5% of 
the prescription dose.[16] However, this report did not show 
how to evaluate the combined dose, which is the sum of 
the imaging dose and the treatment dose. Furthermore, the 
radiation treatment planning system  (RTPS) currently used 
in clinical practice cannot determine the imaging dose from 
IGRT image acquisition and thus cannot comprehensively 
evaluate the total dose.

Therefore, this study aims to demonstrate a method to evaluate 
the combined dose of CBCT imaging and the treatment 
dose in prostate IMRT. For this purpose, we constructed 
a system that can calculate the CBCT dose and add it to 
the treatment dose. Furthermore, this system can evaluate 
changes in dose distribution and normal tissue complication 
probability (NTCP).

Methods

Patients and treatment planning
The subjects were 20 patients who underwent prostate IMRT 
at the University of Tsukuba Hospital from 2015 to 2018. The 
treatment plan for prostate IMRT was created using Pinnacle 

v9.10 (Philips Medical Systems, Fitchburg, WI, USA). The 
clinical target volume included the whole prostate with a 
seminal vesicle base of approximately 1  cm, plus a 4‑mm 

margin on the dorsal side and a 7‑mm margin in all other 
directions as the margins of the planning target volume (PTV). 
The prescription dose was set such that the Dmean of the region, 
excluding the rectal volume from the PTV (PTV–rectum), was 
78 Gy with ± 1% error. The dose constraints were as follows: 
<14%, 22%, and 34% of the rectum volume receiving more 
than 60 Gy  (V60), V50, and V35, respectively, and <30% and 
50% of the bladder receiving V60 and V45, respectively. This 
study was conducted after obtaining approval from the Clinical 
Research Ethics Review Committee (H29‑076).

Construction of a comprehensive dose evaluation system
A system that could comprehensively evaluate the treatment 
dose determined using the RTPS and CBCT dose was 
constructed with MATLAB r2018b. Figure  1 shows an 
overview of the system. It can perform MC simulations with 
the CT images used for treatment planning and dose-volume 
histogram (DVH) analysis after dose summation using organ 
structures.

The MC code EGSnrc/BEAMnrc was used.[17‑20] An on‑board 
imager v1.6 (OBI; Varian Medical Systems, Palo Alto, CA, 
USA), X‑ray source, inherent filter, aperture, and two types 
of bowtie (half‑bowtie and full‑bowtie) filters were simulated. 
A phase space file with a tube voltage of 125 kV at 50 cm from 
the X‑ray source was created in the simulation. The geometric 
structure and materials of each component were simulated 
according to the drawings provided by Varian Medical 
Systems. Figure 2 shows the constructed simulation system.

To confirm the accuracy of the constructed simulation system, 
the calculated values of the percent depth dose  (PDD) and 
off‑center ratio  (OCR) in water were compared with those 
measured using an ionization chamber. The simulation 
was performed by creating a water phantom measuring 
30  cm ×  30  cm ×  30  cm  (W  ×  L × H) using the EGSnrc/
DOSXYZnrc code.[21] The calculated voxel size was set to 
1 cm × 1 cm × 0.2 cm up to a depth of 1 cm, 1 cm × 1 cm × 0.5 cm 
up to a depth of 2 cm, and 1 cm × 1 cm × 1 cm for deeper 
positions to obtain the PDD and 0.5 cm × 0.5 cm × 0.5 cm 
to obtain depths of 1 and 5 cm for the OCR. The simulation 
settings included photoelectron angular sampling, Rayleigh 
scattering, atomic relaxation, spin effects, and electron impact 
ionization. The photon and electron cutoff energies were both 
set to 1 keV. Measurements were performed using a Farmer‑type 
ionization chamber TM30013 (PTW, Freiburg, Germany) in a 
three‑dimensional water phantom, with the PDD up to a depth 
of 20 cm and OCR at 1 and 5 cm depths. The field size was 
30.3 cm × 20.6 cm when the half‑bowtie filter was installed and 
27.2 cm × 18.4 cm when the full‑bowtie filter was installed.

The DOSXYZnrc code was used for the simulation with 
CT images of the patients. The DICOM format CT volume 
image of each patient was imported into the MC simulation 
system using the CTCREATE code.[21] Each voxel in the 
DICOM image was converted from the CT value to a specific 
material such as air, lung, tissue, bone, and density, and the 
MC simulations were performed.
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Monte Carlo simulation calibration
Using CT images used for treatment planning, the MC calculations 
were calibrated to accurately obtain the CBCT dose. The 
MC simulation of the CBCT dose was performed using the 
planning CT images of a water‑equivalent polystyrene elliptical 
phantom (I’mRT phantom, IBA Dosimetry, Schwarzenbruck, 
Germany) with a detector inserted. Using the same geometry, we 
measured the CBCT dose using a Farmer‑type ionization chamber 
TM30013 and converted it to the absorbed dose as follows:[22]
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where Dw is the absorbed dose in water at a point in the water 
phantom, M is the charge with various corrections, Nk is the 
air kerma calibration coefficient, PQ, cham is the correction 

factor for the change in the chamber response, and � �en air

w� �
is the water‑to‑air ratio of the mean mass energy absorption 
coefficient. Nk was measured as the calibration factor from the 
charge of the Farmer‑type ionization chamber TM30013 to the 
air kerma using the Accu‑gold + ionization chamber (Radcal, 

Monrovia, CA, USA). PQ, cham and � �en air

w� � were obtained 
from the literature.[22] Calibration was performed by comparing 
the measured and MC‑calculated absorbed doses at the center 

Figure 1: Schematic of our methodology. The computed tomography images used for the treatment plan and the drawn organ structure were imported 
into the program constructed in MATLAB. The cone‑beam computed tomography dose was calculated through Monte Carlo simulation using the 
isocenter and treatment fractionation set in the treatment plan. Dose-volume histogram can be determined by adding the calculated cone‑beam 
computed tomography and treatment doses calculated using the radiation treatment planning system
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of the elliptical phantom, and the doses measured at eight other 
points were used to validate the MC calculations [Figure 3]. 
The calibration coefficient fMCcal for converting the calculated 
MC value into the absorbed dose in the phantom was obtained 
as:

f
D
DMCcal
MCcal

= exp
� (2)

where Dexp is the measured absorbed dose at the center of the 
elliptical phantom and DMCcal is the MC‑calculated value at the 
center of the elliptical phantom. Table 1 presents the CBCT 
imaging conditions for dose measurements.

Evaluation of organ dose and dose distribution
To evaluate the imaging dose for the pelvic CBCT (half‑fan 
mode and full‑fan mode), CBCT was performed 39 times. 
Subsequently, the doses that were delivered to 2%  (D2) 
and 50%  (D50) of volumes of the prostate, rectum, 
bladder, and pelvis were calculated. To compare the dose 
distribution of the prostate IMRT treatment plan alone 
and the IMRT plan combined with the CBCT dose, we 
analyzed the DVH of the target and risk organs. The target 
was evaluated using the D2 and D98 of the PTV–rectum and 
the homogeneity index (HI), defined as (D2 − D98)/D50.

[23] 
The risk organs were evaluated using D2 and D50 of the 
rectum, bladder, and pelvic bones; V75, V70, V65, and V60 of 
the rectum; and V80, V75, V70, and V40 of the bladder, with 
and without CBCT.

Normal tissue complication probability calculations for 
rectum and bladder
We used the formula manipulation software Mathematica 
9.0 (Wolfram Research Inc., Champaign, IL, USA) and the 
Lyman–Kucher–Burman (LKB) model for our calculations.[24] 
The NTCP in the LKB model was obtained as follows.
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Here, Veff is the volume defined by the effective volume 
method;[25] if irradiated uniformly, this volume would 
experience a complication probability similar to that caused 
by the actual nonuniform dose delivered. Furthermore, Vref is 
the total volume of the organ, n represents the volume effect 
dependence, and m represents the slope of the NTCP curve. 
Organ‑specific values were obtained from the literature.[26] 
TD50(v) is a dose that causes late adverse events in 50% of 
patients when a partial volume of normal tissues v is uniformly 
irradiated, whereas TD50 (1) is a dose that causes late adverse 
events in 50% of patients when overall normal tissues are 
uniformly irradiated. D  is the prescribed dose. There are 
various reports on the parameters used to calculate NTCP;[27] 
however, this study used the classic Burman report. The rectum 
was evaluated for severe proctitis, necrosis, stenosis, and fistula 
with n = 0.12, m = 0.15, and TD50 (1) = 80 Gy; the bladder was 
evaluated for symptomatic bladder contracture and volume 
loss, with n = 0.15, m = 0.11, and TD50 (1) = 80 Gy.[26]

Results

Consistency between simulat ions and actual 
measurements
Figure 4 shows the calculated and measured PDD and OCR 
with 125‑kV X‑rays using two types of bowtie filters. PDD 
was normalized to a depth of 10 cm. The simulation using the 
half‑bowtie filter showed a maximum difference of 0.67% 
lower than the measured value up to 1.0 cm from the water 
surface. As the depth increased beyond 1.0 cm, the simulated 
value exhibited a tendency to become lower than the measured 
value, with a maximum difference of 3.98%. In the simulation 
using the full‑bowtie filter, a maximum difference of 2.84% 
was observed from the water surface to a depth of 1.0 cm. 
As the depth increased, a tendency to become lower than the 
measured value was observed with a maximum difference 
between the simulated and measured value of 2.51%. The 
OCR was normalized at the center of the beam axis with a 
depth of 1.0 cm. The simulated OCR using both bowtie filters 

Table 1: Default cone-beam computed tomography pelvic 
imaging conditions (pelvis and pelvis spotlight)

Pelvis 
(half-fan mode)

Pelvis spotlight 
(full-fan mode)

Tube voltage (kV) 125 125
Tube current (mA) 80 80
Exposure time (ms) 13 25
Gantry rotation angle (°) 92-88 292-88
Exposure (mAs) 695 740
Filter Half-bowtie Full-bowtie

Figure 2: Schematic of the geometry of the on‑board imager v1.6 device 
used for Monte Carlo simulation: (a) half‑fan mode uses half‑bowtie filter, 
and (b) full‑fan mode uses full‑bowtie filter

ba
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showed disagreement with the measured OCR of 15.72% and 
2.51%, respectively, at 1.0 cm deep, and 11.95% and 5.18%, 
respectively, at 5.0 cm deep inside the field. These values were 
8.91% and 29.90%, respectively, at 1.0 cm deep, and 5.63% 
and 11.88%, respectively, at 5.0  cm deep outside the field. 

Both bowtie filters showed relatively large errors at the edge 
of the field where the dose was 50% or less.

The CBCT dose in the elliptical phantom was calculated 
via the MC simulations for two types of imaging protocols. 
The calculated MC values in Table  2 were calibrated 
with the measured values at the center of the elliptical 
phantom  (measurement point 5). The calculations with the 
half‑fan mode showed a deviation of up to 5% from the actual 
measurements, whereas those values obtained by the full‑fan 
mode showed a deviation of up to 8%. Calculated MC values 
for both types of imaging protocols tended to be higher on 
the ceiling side of the elliptical phantom  (measurement 
points 1–3) and lower on the floor side (measurement points 
7–9). The values at the middle section of the elliptical 
phantom (measurement points 4–6) tended to be lower in the 
half‑fan mode and higher in the full‑fan mode.

Organ dose and dose distribution
Figure 5 shows an example of a dose distribution map and 
DVH of the planned, CBCT, and combined doses. Using 

Figure 3: The cone‑beam computed tomography dose was measured 
by inserting a Farmer‑type ionization chamber TM30013 into an elliptical 
phantom.  (a) Arrangement of phantom during cone‑beam computed 
tomography dose measurement and (b) measurement points using the 
Farmer‑type ionization chamber TM30013. The calculated Monte Carlo 
value was calibrated with the absolute dose at measurement point 5

ba

Figure 4: Comparison of 125‑kV X‑ray percent depth dose and off‑center ratio with two bowtie filters obtained by Monte Carlo calculations and ionization 
chamber measurements: (a) percent depth dose (half‑bowtie filter), (b) percent depth dose (full‑bowtie filter), (c) off‑center ratio (half‑bowtie filter), 
and (d) off‑center ratio (full‑bowtie filter)

dc

ba



Tomita, et al.: Evaluation of a combined dose of CBCT imaging with treatment in prostate IMRT

Journal of Medical Physics  ¦  Volume 45  ¦  Issue 2  ¦  April-June 2020 83

Table 2: Comparison of doses obtained by Monte Carlo calculations and measured doses in an elliptical phantom

Measurement points Pelvis (half-fan mode) Pelvis spotlight (full-fan mode)

Measured (cGy) Monte Carlo (cGy) Difference (%) Measured (cGy) Monte Carlo (cGy) Difference (%)
1 2.88 2.89 0.12 0.93 0.99 6.95
2 4.02 4.09 1.64 0.78 0.83 5.38
3 3.16 3.27 3.33 0.60 0.64 7.23
4 2.53 2.48 −1.93 2.28 2.32 1.83
5 2.67 2.67 - 2.45 2.45 -
6 2.49 2.46 −1.26 1.88 1.91 1.45
7 3.07 3.00 −2.46 4.18 4.12 −1.42
8 3.74 3.70 −1.02 5.32 5.36 0.58
9 2.78 2.66 −4.56 4.12 3.89 −5.55
The values calculated through Monte Carlo simulations were calibrated at the center of the elliptical phantom (measurement point 5)

this map, it was possible to identify only the CBCT dose, 
for which a dose of 3–4  Gy was observed in the pelvic 
bones  [Figure  5b]. According to the dose distribution in 

the planned and combined doses, there was no significant 
change in both the dose distribution and/or the DVH near the 
prostate [Figure 5a and c].

Figure 5: Calculated cone‑beam computed tomography doses with the constructed system, combined with the planned treatment dose and dose–
volume histogram. (a) Planned treatment dose, (b) cone‑beam computed tomography dose, and (c) combined dose

c

b

a
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Table  3 presents the calculation results of 39 CBCT dose 
fractions. D50 was  <1  Gy in the prostate, rectum, and 
bladder in the half‑fan mode but higher in the pelvic bones 
at 1.76 ± 0.27 Gy. In the full‑fan mode, the average D50 of 
the prostate, bladder, and pelvic bones decreased by 17.5%, 
46.6%, and 25.0%, respectively, and increased by 25.0% in the 
rectum, compared to the half‑fan mode. In the half‑fan mode, 
the D2 values for the prostate, bladder, rectum, and the pelvic 
bones were approximately 1.3 Gy, 1.2 Gy, 0.9 Gy and 4.0 Gy, 
respectively. The maximum dose was around the pubic bone. 
In the full‑fan mode, the average D2 of the prostate and bladder 
decreased by 12.5% and 38.5%, respectively, compared to the 
half‑fan mode. Conversely, the average D2 for the rectum and 
pelvic bones increased by 38.7% and 10.2%, respectively, and 
the maximum dose was around the coccyx.

Table 4 presents the D2, D98, and HI of the target, which combines 
the imaging dose of 39 CBCT fractions and the treatment dose. 
In 39 CBCT fractions, D2 and D98 increased by 0.90 Gy and 
0.74 Gy, respectively, in the half‑fan mode and 0.76 Gy and 
0.72  Gy, respectively, in the full‑fan mode. HI showed no 
change in either mode.

Tables 5 and 6 present the organ volume percentage for rectal 
and bladder doses in the combined dose DVH. For the rectum, 
V75 increased by approximately 0.1%, and V70, V65, and V60 
increased by approximately 0.3%, irrespective of the imaging 
conditions. For the bladder, in the full‑fan mode, V80, V75, and 
V40 increased by approximately 0.4% and V70 increased by 0.3%. 
For the bladder in the half‑fan mode, both V80 and V75 increased 
by 0.6%, V70 increased by 0.4%, and V40 increased by 0.8%.

Normal tissue complication probability of the rectum and 
bladder
Table 7 presents the results of the DVH and the NTCP obtained 
by adding the planned and CBCT doses. Compared with the 

Table 3: Cone-beam computed tomography doses in organs

Mean±SD (Gy) (range)

Pelvis (half-fan mode) Pelvis spotlight (full-fan mode)

D2 D50 D2 D50

Prostate 1.28±0.87 (0.73-3.67) 0.80±0.10 (0.55-0.99) 1.12±0.71 (0.57-3.19) 0.66±0.09 (0.47-0.77)
Rectum 0.93±0.12 (0.65-1.10) 0.84±0.11 (0.57-1.00) 1.29±0.18 (0.91-1.59) 1.05±0.16 (0.73-1.35)
Bladder 1.22±0.22 (0.75-1.61) 0.88±0.14 (0.58-1.16) 0.75±0.19 (0.29-1.13) 0.47±0.09 (0.30-0.61)
Pelvic bones 3.92±0.45 (2.70-4.65) 1.76±0.27 (0.90-2.09) 4.32±0.60 (2.83-5.16) 1.32±0.22 (0.66-1.63)
SD: Standard deviation

Table 4: D2, D98, and homogeneity index of the target

Mean±SD (range)

Treatment dose Combined dose (half-fan mode) Combined dose (full-fan mode)
D2 (Gy) 79.64±0.52 (78.50-80.68) 80.54±0.50 (79.73-81.67) P<0.001 80.40±0.51 (79.54-81.59) P<0.001
D98 (Gy) 74.46±0.74 (73.06-75.67) 75.20±0.72 (73.88-76.50) P<0.001 75.18±0.70 (73.90-76.34) P<0.001
HI 0.07±0.01 (0.05-0.09) 0.07±0.01 (0.05-0.09) P>0.1 0.07±0.01 (0.05-0.09) P>0.1
For D2, D98, and HI, the significance of the difference between the two combined doses and planned treatment dose was evaluated using the Wilcoxon 
signed-rank test. SD: Standard deviation, HI: homogeneity index

calculated planned dose, rectal NTCP increased due to the 
addition of the CBCT dose. The rectal NTCP increased from 
0.46% to 0.53% when 39 CBCT doses were added in both the 
half‑fan and full‑fan modes. The NTCP in the urinary bladder 
was approximately 0.02% at most, even with the inclusion of 
the CBCT dose.

Discussion

Consistency between simulations and measurements
Verification of the 125‑kV X‑ray beam model used in the pelvic 
CBCT was performed using PDD and OCR. Modeling of the 
125‑kV X‑ray beam used in the OBIs through MC simulations 
was reported by Ding et al. and Hioki et al.[9,28] Hioki et al. 
examined 125‑kV X‑rays with a half‑bowtie filter similar to 
the filter used here and found that the difference between PDD 
and OCR was within 3%. The differences between the PDD 
and OCR obtained using the half‑bowtie and the full‑bowtie 
filters were within approximately 3% in our study as well. 
Hence, the model used in this study at least as accurate as 
Hioki et al.’s model.[28] However, in our study, the difference 
between the measured and calculated values was greater at 
the shallow part of the PDD and the irradiation field edge, 
where the dose at the OCR was <50%. The uncertainty near 
the surface during measurements is large, making evaluation 
difficult; however, the MC calculation value is considered to 
have a large systematic error near the surface. As the dose 
was low at the edge of the irradiation field, the effect on dose 
distribution and DVH was considered to be small.

The doses in the half‑fan and full‑fan modes of CBCT were 
simulated using the modeled beam. The calculated MC dose 
in the elliptical phantom differed from the dose measured by 
the ionization chamber up to 5% in the half‑fan mode and up 
to 8% in the full‑fan mode. Although the error was relatively 
large owing to the comparison of numerical values with small 
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absolute values, the absolute doses were a maximum of 0.12 
and 0.23 cGy in the half‑fan and full‑fan modes, respectively. 
Hence, the CBCT dose was reproduced with high accuracy. In 
both modes, the MC‑calculated dose tended to be lower at the 
measurement points on the floor side (7 and 9). This occurred 

because the CT couch was included in the calculation volume as 
the CT images involved the couch in the MC calculation. In the 
actual measurement, the CBCT dose was measured by placing an 
elliptical phantom on a carbon top plate with a width of 14.5 cm 
and height of 2.0 cm, which has lower X‑ray absorption. The 
calculated MC doses at the measurement points on the ceiling 
side (1, 2, and 3) were also considered to be higher because the 
MC calibration and the measured value had different doses due 
to the different beam absorptions of the couches.

Organ dose and dose distribution combined with treatment 
dose and cone‑beam computed tomography dose
According to the AAPM Task Group 180 Report, when the 
imaging dose exceeds 5% of the prescription dose, dose 
distributions, including the imaging dose and evaluation of the 
organ dose, are required.[16] With our proposed system, accurate 
and comprehensive determination of the CBCT dose is achievable.

In the half‑fan mode, the average D50 values of the prostate, 
rectum, bladder, and pelvic bones were 0.80  ±  0.10  Gy, 
0.84 ± 0.11 Gy, 0.88 ± 0.14 Gy, and 1.76 ± 0.27 Gy, respectively. 
Nelson et al. reported the imaging dose in a patient’s body 
for one CBCT determined through MC simulations. In that 
study, the D50 ranges of the prostate, rectum, bladder, and 
pelvis in the half‑fan mode were 1.19–1.79 Gy, 1.51–1.99 Gy, 
1.36–2.20 Gy, and 2.93–3.96 Gy, respectively.[29] These doses 
were converted into 39 fractions, yielding 0.46–0.70 Gy, 0.59–
0.78 Gy, 0.53–0.86 Gy, and 1.14–1.54 Gy, respectively, which 
are approximately consistent with or calculated doses. The D2 
values of the prostate, rectum, and bladder are not significantly 
different from D50, and the dose increased uniformly owing 
to the small volume. On the other hand, for pelvic bones, 
the average D50 was 1.76 ± 0.27 Gy and the average D2 was 
3.92 ± 0.45 Gy. Ding et  al. reported that the absorption of 
125 kV X‑rays is extremely high in bones – approximately 

Table 5: V75, V70, V65, and V60 of the rectum

Mean±SD (%) (range)

Treatment dose Combined dose (half-fan mode) Combined dose (full-fan mode)
V75 0.11±0.19 (0.00-0.67) 0.20±0.29 (0.01-1.04) P<0.001 0.19±0.30 (0.01-1.10) P<0.001
V70 1.55±0.75 (0.12-2.90) 1.89±0.86 (0.16-3.31) P<0.001 1.88±0.86 (0.18-3.32) P<0.001
V65 3.44±1.26 (0.69-5.88) 3.73±1.35 (0.78-6.38) P<0.001 3.73±1.36 (0.78-6.40) P<0.001
V60 5.14±1.67 (1.65-8.71) 5.41±1.76 (1.75-9.22) P<0.001 5.42±1.77 (1.78-9.25) P<0.001
For V75, V70, V65, and V60, the significance of the difference between the two combined doses and planned treatment dose was evaluated using the Wilcoxon-
signed rank test. SD: Standard deviation

Table 6: V80, V75, V70, and V40 of the bladder

Mean±SD (%) (range)

Treatment dose Combined dose (half-fan mode) Combined dose (full-fan mode)
V80 0.08±0.13 (0.00-0.41) 0.66±0.91 (0.01-3.64) P<0.001 0.48±0.78 (0.00-3.20) P<0.001
V75 8.15±3.80 (3.34-18.14) 8.74±4.01 (3.58-19.27) P<0.001 8.58±3.97 (3.49-19.01) P<0.001
V70 11.07±4.89 (4.44-23.90) 11.47±5.03 (4.64-24.64) P<0.001 11.35±5.01 (4.58-24.43) P<0.001
V40 27.89±8.72 (12.80-46.16) 28.70±8.79 (13.34-46.89) P<0.001 28.32±8.78 (13.06-46.65) P<0.001
For V80, V75, V70, and V40, the significance of the difference between the two combined doses and planned treatment dose was evaluated using the Wilcoxon 
signed-rank test. SD: Standard deviation

Table 7: Rectal normal tissue complication probability 
(%) of treatment and combined dose

Patient 
number

Treatment 
dose

Combined dose 
(half-fan mode)

Combined dose 
(full-fan mode)

1 0.32 0.35 0.35
2 0.28 0.32 0.32
3 0.60 0.69 0.69
4 0.63 0.75 0.74
5 0.62 0.72 0.72
6 0.32 0.38 0.34
7 0.52 0.61 0.60
8 0.29 0.33 0.33
9 0.31 0.33 0.33
10 0.64 0.73 0.73
11 0.87 1.03 1.04
12 0.73 0.82 0.82
13 0.13 0.15 0.15
14 0.30 0.35 0.35
15 0.42 0.49 0.49
16 0.31 0.36 0.36
17 0.43 0.50 0.51
18 0.43 0.51 0.51
19 0.26 0.27 0.27
20 0.75 0.88 0.89
Mean 
(SD)

0.46 (0.20) 0.53 (0.24), 
P<0.001

0.53 (0.24), 
P<0.001

The significance of the difference between the two combined doses and 
the planned dose was evaluated using the Wilcoxon signed-rank test. 
SD: Standard deviation
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three times higher than in soft tissue.[9] This MC‑calculated dose 
shows a similar tendency and thus is considered a reasonable 
result. In addition, D50 is smaller than D2 because the volume 
with a high dose includes the pelvic bone volume. In the full‑fan 
mode, the rectal dose increased by 25.0% on average, bladder 
dose decreased by 46.6%, and pelvic bone dose decreased by 
25.0% for D50 compared to the half‑fan mode. The full‑fan mode 
was set such that the X‑ray tube passed through the patient’s 
back from a gantry angle of 292°–88°. Therefore, the decreased 
dose in the bladder can be attributed to the absence of radiation 
to the ventral side. The rectal dose increase in the full‑fan mode 
is due to increased exposure time. The same effect was observed 
for the maximum pubic bone dose in the half‑fan mode and the 
maximum coccyx dose in the full‑fan mode.

The D2 and D98 of the target increased by approximately 1 Gy 
in both modes because of the added CBCT dose. In addition, 
there was no significant change in the HI. The CBCT dose 
did not lose the uniformity of the target dose and increased 
by approximately 1 Gy.

Rectal V75, V70, V65, and V60 showed similar results in both modes 
with increases of 0.08%–0.09%, 0.33%–0.34%, 0.29%, and 
0.27%–0.28%, respectively. Despite the fact that the rectal dose 
exceeded the CBCT dose by approximately 1 Gy, the maximum 
increases of V75, V70, V65, and V60 were 1.10%, 3.32%, 6.40%, 
and 9.25%, respectively, while they increased only 0.3% in 
average over all patients.  The Radiation Therapy Oncology 
Group (RTOG) 0415 prostate IMRT dose constraints were 15%, 
25%, 35%, and 50% for V75, V70, V65, and V60, respectively.[30] 
The treatment plan used in this study was designed considering 
the PTV–rectum as the target, so the RTOG0415 constraints 
were satisfied. V80, V75, V70, and V40 of the bladder increased by 
0.58%, 0.59%, 0.40%, and 0.81%, respectively, in the half‑fan 
mode, and 0.40%, 0.43%, 0.28%, and 0.43%, respectively, in 
the full‑fan mode. In the full‑fan mode, the X‑ray tube runs 
around the patient’s back; therefore, the dose to the ventral 
side of the bladder is reduced. The V80, V75, V70, and V40 values 
of the bladder calculated by adding the treatment and CBCT 
doses were 3.64%, 19.27%, 24.64%, and 46.89%, respectively, 
at maximum, satisfying the RTOG0415 constraints.[30] The dose 
increase due to the addition of the CBCT dose is slight, and it 
is unlikely that the rectal and bladder complication probability 
will be significantly increased. However, if the target margin 
on the rectum or bladder side is enlarged or the prescribed 
dose is escalated, a safer treatment plan should consider the 
dose increase of approximately 1  Gy from the 39 CBCT 
doses. Because the X‑ray tube passes through almost half of 
the patient’s body in the full‑fan mode, it is necessary to use a 
revised approach, such as passing the tube through the ventral 
side of the body, to reduce the rectal dose.

Normal tissue complication probability of the rectum and 
bladder
The NTCP of 0.46% ± 0.20% in average with the treatment dose 
increased to 0.53% ± 0.24% with 39 fractions of CBCT. Maund 
et al. reported that the NTCP of the rectum in prostate IMRT 

was 1.9% when target margins of 4 or 5 mm were applied to the 
rectum and 1.3% when 3 mm margins were applied.[8] Because 
we used a rectal margin of 0 mm in the treatment plan, we can 
assume that our NTCP would be lower than that of Maund et al. 
CBCT can result in unplanned radiation exposure, potentially 
increasing the rectal NTCP by up to 0.07%. Chung et al. reported 
that IGRT reduced the setup margin and the incidence of RTOG 
Grade 2 or higher bladder disorders from 60% to 13% and rectal 
disorders from 80% to 13%.[2] The increase in rectal NTCP 
due to the implementation of CBCT is unlikely to have any 
clinical impact, while the benefits of CBCT are considered to be 
significant in reducing the complexity by improving the accuracy 
of location verification. However, unnecessary radiation 
exposure should be kept to a minimum, and exposure reduction 
measures, such as using a surface monitor and an ultrasonic 
monitor without exposure, adjusting imaging conditions, and 
using full‑fan mode, should be applied.

Limitations
In this study, only CBCT doses using 125 kV X‑rays were 
evaluated; however, in clinical practice, images are acquired 
using various techniques such as kV and MV images and MV 
CBCT. Furthermore, pelvic organ variations for each treatment 
were not considered in the evaluation of the treatment plan. 
To perform more accurate dose evaluations, we recommend 
considering other imaging doses besides CBCT and devising 
a method for correcting for internal organ displacement using 
CBCT images taken for each treatment. The combined dose 
was evaluated by simply adding the CBCT dose from kV 
X‑rays and the therapeutic dose from MV X‑rays. Therefore, 
biological effects due to the differences in radiation quality 
were not considered. Future work will include the creation of a 
dose distribution that considers relative biological effectiveness 
when accounting for the beam quality, evaluation of the DVH 
and NTCP when accounting for beam quality, and estimation 
of secondary cancer risk.

Conclusions

In this study, we demonstrated a method for evaluating 
combined dose distribution that has not yet been proposed. The 
constructed system calculates the CBCT dose of prostate IMRT 
by MC simulation and enables comprehensive evaluation of 
the treatment plan by adding the CBCT dose to the treatment 
dose. The CBCT dose of each organ calculated in our study 
can be used as a reference value when planning treatment, 
although some errors may occur depending on the patient’s 
anatomy. The combined dose distribution revealed a slight 
increase of <1% in the percentage volume for each rectal and 
bladder dose and a 0.07% increase in the rectal NTCP.
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