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Background: To study the feasibility of kilovoltage cone-beam computed tomography (KV-CBCT) dose
calculation following scatter correction.

Methods: CIRS 062 and Catphan 504 phantoms were used in this study, and 40 randomly selected subjects
representing a variety of cases (ten head cancer cases, ten chest cancer cases, ten abdominal cancer cases and
ten pelvic cavity cancer cases) were enrolled. We developed in-house software called the cone-beam CT
imaging toolkit (CITK) to improve the quality of CBCT images. We first aligned each planning computed
tomography (pCT) image with the corresponding CBCT image using rigid registration after scatter
correction. Hounsfield unit-relative electron density (HU-RED) calibration was applied to the CBCT
images. The pCT plan was then recalculated on CBCT images. Finally, the dosimetric differences between
the two plans were evaluated. The dosimetric parameters included the D98, D2, Dmean, conformity index
(CI), homogeneity index (HI) and other organ at risk (OAR) dose parameters of the planning target volume
(PTV). The dose distribution index (DDI) and the gamma index were also assessed. Paired Student’s t-tests
or Wilcoxon rank tests were used to evaluate differences. P<0.05 was considered significant.

Results: In the phantom and patient cases, the average dosimetric difference was less than 1% in the PTV
and OARs. There was no significant difference in the CI or HI between the two plans. The gamma pass rate
of 2%/2 mm was greater than 95% in both plans. There was a significant difference in the DDI between the
two plans in the chest group but not in the other groups.

Conclusions: The results suggest that CBCT has high accuracy in dose calculation via scatter correction
and HU-RED calibration.
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Introduction

Cone-beam computed tomography (CBCT) can provide
3D volumetric images of patients’ treatment positions and
has been widely used in image-guided radiotherapy (IGRT)
(1,2). Adaptive radiotherapy (ART) based on CBCT images
has been a popular topic in recent years. ART uses CBCT
images to calculate the actual radiation dose received by
the patient and then reformulates the radiotherapy plan
according to the changes in the patient's tumor and organs
at risk (OARs) (3,4). To achieve this goal, accurate dose
calculation based on CBCT images is required.

Many studies have reported on dose calculation using
CBCT images (5-16). Lo et al. (17) and Yoo er al. (18)
were the first to attempt to use CBCT images for dose
calculation. They found that the computed tomography
(CT) value [in Hounsfield units (HU)] of CBCT images
was significantly different from that of planning CT
(pCT) images. Annkah er a/. (19) found that the maximum
dose difference reached 14% in a phantom. Therefore,
establishing appropriate HU-relative electron density (HU-
RED) calibration for CBCT images is critical for clinical
dose calculations (17-19). Richter’s (20) study showed that
the difference in the dose calculation was reduced after
the establishment of an HU-RED calibration curve for
different CBCT scanning conditions, but the reduction was
insufficient to meet clinical needs.

Other authors [Chi ez /. (21), Fotina et al. (22)] proposed
using density mapping to calibrate the HU values of CBCT
images and calculated the dose using the HU-RED calibration
curve of pCT images. Although this method improves the
accuracy of dose calculation to some extent, it remains far
from clinical application. In the density mapping method,
if more OARs are defined, greater accuracy of the dose
calculation can be realized. Therefore, various methods have
been proposed, including a multilevel thresholding (MLT)
algorithm (23), histogram matching (HM) algorithm (23)
and more detailed pixel-level HU value calibration (24-26).
These methods can improve the accuracy of dose calculation.
However, a problem remains: the HU values mapped to
the CBCT image are not the real HU values of the current
CBCT image. The final calculation accuracy is greatly
affected by the reconstruction algorithm itself. One cause
of inaccurate dose calculation is the scattering noise in the
original projection data, which reduces the contrast and
results in inaccurate reconstructed data (5-9).

In this study, scattering correction of the original CBCT
projection was performed through position verification
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in phantoms and 40 real cases. We detected the dose
calculation difference between the CBCT images and the
pCT images. Finally, we analyzed the accuracy of dose
calculation based on the CBCT images. We present the
following article in accordance with the MDAR checklist
(available at https://dx.doi.org/10.21037/tcr-21-495).

Methods

In this study, a self-developed tool, the cone-beam CT
imaging toolkit (CITK), was used for CBCT image scatter
correction. This tool considers the interaction between
the particles and the substance in the Monte Carlo (MC)
simulation and separates the scattering components from
the original CBCT projection files (19,27), realizing CBCT

image scattering correction.

CITK software

Scattering correction was performed using the CITK. The
CITK performs the following functions: reading of the
original CBCT projection, scattering correction and 3D
reconstruction. In addition, the denoising, descattering and
subsequent processing of CBCT images can be achieved
by this tool. In this study, relevant prior codes of the dose
distribution index (DDI) program (28) were written into the
CITK by expanding and developing other studies related
to CBCT images. The CITK workflow is shown in Figure
S1. The process is summarized as follows: (I) the original
projection images and CBCT images are exported from
the Varian Clinac IX linear accelerator OBI system (Varian
Medical Systems, Palo Alto, CA, USA); (I) the pCT images
are registered with the CBCT images, and the registered
images are used as the input for an MC simulation to
simulate and perform scatter estimation; (III) interpolation
processing on the separated scatter estimation is performed,
and together with the original projection file, these data are
subjected to convolution and iterative processing to obtain
accurate scattering signals; (IV) the scatter signal is removed
from the original projection; (V) after scattering calibration,
the projection images are returned to the OBI system and
CT reconstruction operations are performed to obtain the
slice images via scattering correction.

MC simulation and scattering correction

The MC simulation workflow is shown in Figure S2. This
operation mainly includes three parts (1). The pCT images
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Table 1 Six scanning protocol parameters of CBCT

Meng et al. CBCT dose calculation following scatter correction

Scanning parameters Standard-dose head Low-dose head

High-quality head Pelvis

Pelvis spotlight Low-dose thorax

Peak voltage (kVp) 100 100
Tube current (mA) 20 20
Exposure time (ms) 20 20
Rotation range (deg) 200 200
Exposure (mAs) 150.8 75.2
Fan type Full-fan Full-fan
Pixel matrix 512x512 512x512
Slice thickness (mm) 2.5 2.5

100 125 100 110
80 80 80 20
25 13 25 20
200 360 200 360
754 706.2 752 270.8
Full-fan Half-fan Full-fan Half-fan
512x512 512x512 512x512 512x512
25 25 25 25

CBCT, cone-beam computed tomography.

and CBCT registration information are obtained, and
the pCT images are input. Immediately, each pCT image
is preprocessed by the ‘ctcreate’ subroutine of EGSnre
to obtain the initial voxels. The registration information
is combined, and the initial voxel is corrected (2).
The scanning model and MC optimization parameters
are input, based on which the MC simulation settings are
preprocessed (3). The CBCT modeling parameters and
detector modeling parameters are input, and the ‘BEAmnrc’
subroutine is used to construct the CBCT simulation
system. Finally, four subroutines are used to perform the
simulated imaging, scatter estimation, energy deposition
and dose deposition. As shown in Figure S3, first,
downsampling of the scattering estimation and projection
data is performed. Then, pixel calibration is conducted to
establish the relationship between them. The scattering
estimation is then extracted from the projection images.
Finally, the projection images are upsampled and imported
into the Varian OBI system.

Real case tests

Data from forty real cases involving 40 patients, including
ten head cancer patients, ten chest cancer patients, ten
abdominal cancer patients, and ten pelvic cavity cancer
patients, were collected at the Affiliated Hospital of the
Armed Police Logistics College, Tianjin, China (It has
been renamed Characteristic Medical Center of PAP)
from December 2012 to December 2016. The study was
conducted in accordance with the Declaration of Helsinki
(as revised in 2013). The study was approved by the ethics
committee of the Affiliated Hospital of the Armed Police
Logistics College (No.PJHEC-2016-A18). Informed
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consent was not required since this was not a treatment
study. The planning design and dose calculation were
performed on the Varian Eclipse (version 10.0, Palo Alto,
CA, USA) treatment planning system (TPS). CIRS 062
and Catphan 504 phantoms were used as in the tests (19).
CBCT image scattering correction was implemented in
the CITK software based on Qt 5.6, EGSnrc, the RTK
open-source software platform and the MITK open-source
software platform (27). The CBCT slice images were
reconstructed online by the Varian OBI system, and the
projection images were exported at the same time.

HU-RED curve calibration

First, the stability of the CBCT system was studied. From
February to May 2016, the equipment was used to scan
the Catphan 504 phantom every two weeks. A total of
7 sets of data were collected for stability analysis. To ensure
the accuracy of the collected data, quality assurance (QA)
operations, such as the calibration of the 10 image and
collection of dark fields, were performed on the equipment
before each collection event.

Varian OBI devices have six scanning protocols: the
standard-dose head (SDH), low-dose head (LDH), high-
quality head (HQH), pelvis (Pelv), pelvis spotlight (PSL)
and low-dose thorax (LDT) protocols. Therefore, data
from these six scanning protocols were collected each time.
The scanning parameters are shown in 7zble 1. The main
task of CBCT dose calculation is to achieve HU stability,
so the CTP 404 module of the Catphan 504 phantom was
involved. The relevant parameters of the seven density
inserts are shown in Table 2.

As shown in Figure 1, the module used for the HU-
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Material HU value Electron density (10 e-cm™) Relative electron density (relative to water)
Air -1,000 0.000 0.000
PMP -200 2.851 0.853
LDPE -100 3.155 0.944
Polystyrene -35 3.400 1.017
Acrylic 120 3.833 1.146
Delrin 340 4.525 1.354
Teflon 950 6.240 1.867

HU, Hounsfield unit; PMP, polymethylpentene; LDPE, low density polyethylene.

Figure 1 CIRS model 062 module and CT image. (A) Schematic diagram of the appearance of the module; (B) CT image of the module.

CT, computed tomography.

RED curve calibration was the CIRS 062 phantom module
(CIRS, Norfolk, VA, USA). The relevant parameters
of each density insert are shown in 7zble 3. To ensure
sufficient scattering conditions, the CIRS 062 phantom
module was sandwiched between two 5-cm-thick solid
waters and placed at a source-to-axis distance (SAD) of
100 cm for scanning. The HU values of the inserts were
selected as the average values in the region of 0.7x0.7 cm’
at the central position. Finally, after performing scattering
correction for this group of data using the CITK tool, the
HU values of each density insert in the calibrated CBCT
images were measured.

Study design and evaluation methods

The pCT images of the forty patients were registered
with the scatter correction CBCT images, and the target
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area of the radiotherapy plan was mapped onto the CBCT
images. The pCT plan was recalculated after HU-RED
curve calibration on the CBCT images. Finally, dosimetric
parameters were compared between the two plans, and the
percent difference was calculated.

The Catphan 504 module was used for the phantom
tests. First, a 5-field intensity-modulated radiotherapy
(IMRT) treatment plan was designed on the pCT image
using the Eclipse TPS, with the gantry set at 40°, 90°,
180°, 270° and 320°. A 4-cm-diameter spherical area was
defined at the center of the module as the planning target
volume (PTV), and the air density inserts at the bottom
of the module were used for optimization of the OAR
participation plan. The plan was designed using a 6-MV
X-ray with a dose rate of 600 MU/min and a prescription
dose of 5,000 cGy/25 fractions. The evaluation indicators
included the dose distribution curve at the central level of
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Table 3 Inserts parameters of the CIRS model 062 phantom

Meng et al. CBCT dose calculation following scatter correction

Material Quantity Electron density (10*°e-cm™) Relative electron density (relative to water)
Lung inhale 2 0.634 0.190
Lung exhale 2 1.632 0.489
Adipose 2 3.170 0.949
Breast 2 3.261 0.976
Water 1 3.340 1.000
Muscle 2 3.483 1.043
Liver 2 3.516 1.052
Trabecular bone 2 3.730 1.117
Dense bone 2 4.862 1.456
2.0 cord, and that in the pelvic cases included the femoral head
. and rectum. The DDI and gamma pass rate (2%/2 mm
%15 standard) were also evaluated.
3
S
43 1.0 . . .
o Statistical analysis
[
(]
505 The results were analyzed by Student’s paired #-test or
[0} . . .
T Wilcoxon’s signed-rank test. Student’s paired #-test was
0.0} ; : : used when the data fit a normal distribution; otherwise,
-1000 -500 0 500 1000

HU value

Figure 2 HU-RED curve results of the six scanning protocols and
the standard curve. HU, Hounsfield unit; STC, standard curve;
SDH, standard-dose head protocol; LDH, low-dose head protocol;
HQH, high-quality head protocol; Pelv, pelvis protocol; PSL,
pelvis spotlight protocol; LDT, low-dose thorax protocol.

the module, D98, D2, Dmean, conformity index (CI) and
homogeneity index (HI) of the PTV. The D2 and Dmean
of OARs, the DDI and the gamma pass rate were also
evaluated.

In the real case tests (involving ten head cancer patients,
ten chest cancer patients, ten abdominal cancer patients,
and ten pelvic cavity cancer patients), the dose distribution
curve at the same central level, D98, D2, Dmean, CI, and
HI of the PTV were evaluated. The evaluation of OARs in
the head case tests included the lens, optic nerve, and brain
tissue. In the chest cases, the evaluation of OARs included
the lungs, spinal cord, and heart. The evaluation of OARs in
the abdominal cases included the liver, kidneys, and spinal

© Translational Cancer Research. All rights reserved.

Wilcoxon’s signed-rank test was applied. All analyses
were performed using SPSS software, version 16.0 (SPSS,
Chicago, IL, USA). P<0.05 was considered statistically
significant.

Results
HU-RED curve calibration results

In this study, we use the same phantom size for the
various protocols. As shown in Figure 2, the RED curve
corresponding to the HU value of each insert in the six
scanning protocols showed some differences from the
standard value. Figure 3 shows the long-term stability test
results of the HU value and the RED curve under the six
scanning protocols. The figure indicates that the 7-fold data
of the different protocols had good consistency. Comparison
of the results of different grades of each scanning protocol
revealed that the maximum difference in the HU value
for each density insert in the same protocol was 17.6 HU
and that the minimum was only 3.6 HU. Figure 4 shows
the HU-RED calibration curve created in this study using
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Figure 3 The long-term stability of the HU values relative to the electron density curves of the six scanning protocols. Labels 1-7 in the

figure represent different collection numbers, and the serial numbers are 1-7. The abbreviation of each protocol is added before the serial
number. (A) Result of the SDH protocol; (B) result of the LDH protocol; (C) result of the HQH protocol; (D) result of the PSL protocol; (E)
result of the Pelv protocol; (F) result of the LDT protocol. HU, Hounsfield units; SDH, standard-dose head; LDH, low-dose head; HQH,
high-quality head; PSL, pelvis spotlight; Pelv, pelvis; LDT, low-dose thorax.

the CIRS 062 phantom. The calibration curves in the full-
fan and half-fan modes showed good consistency. For the
density inserts with a RED less than that of water, the HU
value was slightly lower for full-fan mode than for half-fan
mode. However, for the density inserts with a RED greater
than that of water, the HU value was slightly higher for full-
fan mode.

© Translational Cancer Research. All rights reserved.

Dose calculation results

Phantom

The results for the Catphan 504 phantom are shown in
Table 4. The dosimetry parameters were very similar
between the two plans. The gamma pass rate was greater
than 98% in both plans. Figure 5A,B show that the
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Figure 4 HU-RED calibration curve created by the CIRS model
062 phantom. HU-RED, Hounsfield unit-relative electron density.

Table 4 Dose calculation results of the Catphan 504 phantom

Parameters F:BCT PCT Percen'tage
images images dose difference

PTV_Dgs (cGy) 5,057.8 5,085.5 0.54%

PTV_D, (cGy) 5,133.7 5,180.5 0.90%

PTV_D,can (CGY) 5,126.9 5,108.3 0.36%

ROI_D, (cGy) 1,501.1 1,504.3 0.21%

ROI_D;can (CGy) 1,450.5 1,477.3 1.81%

Cl 0.940 0.951 1.16%

HI 0.015 0.019 21.05%

DDI 0.870 0.865 0.5%

CBCT, cone-beam computed tomography; pCT, planning computed
tomography; PTV, planning target volume; ROI, region of interest; Cl,
conformity index; HI, homogeneity index; DDI, dose distribution index.

difference between the two plans in the isocenter plane was
very small. Figure 5C shows that the dose-volume histogram
(DVHs) of the PTV and OARs were in good agreement,
but in the PTV and OARs, the dose calculation results of
the CBCT images were slightly lower than those of pCT

images.

Patients

Figure 6 shows the isocentric plane dose line and the
DVH for both plans in one abdominal case. Comparing
Figure 64,B, we found that there was almost no difference
between the two types of image dose calculations in
the region with a dose of more than 4,000 cGy, and the
difference gradually increased in the region with a dose of
less than 4,000 cGy. The difference could be clearly seen

© Translational Cancer Research. All rights reserved.
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in the isodose curve of 2,000 cGy. The 2,000 cGy area in
the pCT images was larger than that in the CBCT images.
In Figure 6C, the body surface contour can be seen to be
different in the area below 2,000 cGy, while it can be seen
that, except for the PTV and body surface contour, the
DVHs of OARs were highly consistent. We also found that
the largest dose difference in the PTV was 1.0%, and the
largest dose difference in the OARs, 2.7%, appeared in the
body surface contour curve. Representative cases of chest,
Pelv and head cancer are described in the supplementary
materials.

Figure 7 shows the evaluation index related to the
absolute dose. In the PTV results, the difference between
the two image dose calculations was largest among the chest
cases and smallest among the pelvic cases. The OAR results
showed the largest differences in the left optic nerve among
the head cases and in the spinal cord among the chest cases.

Figure § shows the evaluation index related to volume.
As shown in the figure, the lung V20 and V30, heart V10
and V30, liver V20 and V30, and rectum V40 and V50
showed small differences. The OAR with the largest relative
difference was the heart, and the average volume difference
was 0.9%. The #-test revealed that the volume difference in
each OAR was not statistically significant.

Table 5 shows the results of the CI and HI for the dose
calculations in typical cases. The highest average CI was
in the abdominal group (0.95+0.02), and the lowest was in
the chest group (0.87+0.07). The best HI was in the pelvic
group (3.47+1.17), and the worst was in the chest group
(13.03+2.46). The t-test revealed that the CI and HI did not
significantly differ among the four groups (P>0.05).

Tuble 6 shows the pass rate of the gamma index (3%
/3 mm/10%) in four typical cases. The pass rates of the
gamma index were all greater than 95%. The average pass
rate was lowest in the chest group (97.62+1.26) and highest
in the pelvic group (98.33+1.14). The dose difference of
most points on the isocenter plane was less than 2%.

Figure 9 shows the DDI of four typical cases. The results
in the chest group were significant (z=2.284, P=0.04),
whereas those in the other three groups were not (P>0.05).

Discussion

MC-based simulation is the most precise method of scatter
correction for CBCT (29). Zhang er al. (29) proposed
an innovative GPU-based Metropolis MC (gMMC)
method, which utilizes a path-by-path sampling method.
The method can automatically control each particle path
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and eventually accelerate the convergence. Their study
indicates that as the image contrast improves, scatter
artifacts are eliminated. Cai et 4/. (30) outlined an approach
that separately corrected for both effects in the projection
domain. The model was shown to effectively reduce shading

and cupping artifacts in both phantom and clinical studies.
van der Heyden er al. (31) presented the first projection-
based scatter removal algorithm for isocentric and
nonisocentric CBCT imaging using a deep convolutional
autoencoder trained on MC-composed datasets. The
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Table 5 CI and HI results in the four groups of real cases

Parameters pCT images CBCT images ; b
Mean  Stb Mean Stb
Head
Cl 0.90 0.03 0.88 0.04 1.746 0.115
HI (%) 8.03 1.78 9.09 1.33 -1.639 0.136
Chest
Cl 0.88 0.06 0.87 0.07 1.632 0.137
HI (%) 13.10 255 13.03 246 0.996 0.345
Abdomen
Cl 0.96  0.03 0.95 0.02 1.585 0.147
HI (%) 7.30 0.37 7.11 0.27 1.820 0.102
Pelvis
Cl 0.92 0.05 0.91 0.03 0.552 0.594
HI (%) 3.08 2.05 3.47 117  -1.391 0.198

pCT, planning computed tomography; CBCT, cone-beam
computed tomography; Cl, conformity index; HI, homogeneity
index.

Table 6 Gamma pass rate results in the four groups of real cases

Tumor sites Mean Stb
Head 98.02 1.19
Chest 97.62 1.26
Abdomen 98.21 1.23
Pelvis 98.33 1.14
—pCT
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Figure 9 DDI results in the four groups of real cases. * represents
P<0.05. pCT, planning computed tomography; CBCT, cone-beam
computed tomography; DDI, dose distribution index.
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algorithm was successfully applied to real patient data.
Nomura er al. (32) developed an effective scatter correction
method using a residual convolutional neural network
(CNN). They found that the CNN-based method provided
projections with significantly reduced scatter and CBCT
images with more accurate HU values than those obtained
with the fASKS-based method.

Our method improves image quality and lays a
foundation for dose calculation based on CBCT images.
Figure 10 shows the test results of the Catphan 504
phantom before and after CBCT image scatter correction.
The HU value profile curves of the CBCT and pCT images
almost overlapped after calibration, whereas those before
calibration were quite different.

In this study, after CBCT image scatter correction, the
HU-RED curve was calibrated with the standard phantom
in full-fan and half-fan modes, and high-precision dose
calculation was realized in both the phantom and typical
clinical cases. The study shows that the scatter-calibrated
image used for dose calculation had high accuracy with
respect to conventional evaluation indicators (isodose
distribution curve, DVH, etc.), the DDI and the gamma
index. The average difference in the dosimetry parameters
of the PTV and OARs between the pCT and CBCT image
plans was less than 1%. This result is better than the results
achieved with the ABS method proposed by Chi ez a/. (21)
and the WAB method reported by Fotina ez /. (22). In
addition, the results of this study are better than the results
of multiple calibration curves established by Guan ez a/. (33)
and Jiang ez 4l. (34) based on CBCT images obtained under
different scanning protocols. The superior results in the
present study may be due to the fact that we performed the
scatter correction operation on the projection images.

The DDI is a simple and objective plan evaluation tool
proposed by Alfonso et a/. (28). This tool not only includes
the comprehensive index Iy of target coverage, conformity,
and uniformity but also defines the I, for evaluating OAR
and the I; for evaluating the remaining volume at risk (RVR).
In this study, the DDI in the chest group was significantly
different between the two plans. The reason for the
difference might be that the PTVs of the four plans in this
group all included part of the lung volume, and the I; and
I, values were low due to the impact of the lung, which
affected the DDI. The algorithm used for dose calculation
in this study was Varian’s AAA algorithm (35). The dose

calculated by this algorithm for lung tissue contained in
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Figure 10 Schematic diagram of image processing results. (A) pCT image; (B) Uncorrected image; (C) OBI image; (D) CITK image; (E)

profile along the orange line for (A,B,C,D). The arrow stands for the Acrylic area. pCT, planning computed tomography; CITK, cone-beam

computed tomography imaging toolkit.

the PTV was lower than that obtained with the other
algorithms. In addition, when calibrating the HU-RED
curve of CBCT, the actual and measured values of the lung
were larger than those of the other density inserts. These
differences could introduce calculation errors. Furthermore,
considering that breathing movements and OAR contour
deformation registration can affect the dose calculation,
these problems could have contributed to the differences in
the DDI in the chest group between the two methods.

In the PTV parameter results, the largest difference
between the two image dose calculation methods was
in the chest group, which may have been related to the
registration algorithm and respiratory movements (36).
Figure S4 shows the dose distribution and DVH of one of
the chest cases; the results might reflect the fact that the
Eclipse TPS provides only a rigid registration algorithm.
The chest is the part of the human body most affected by
breathing movements and deformation (23,36). The dose
distribution and DVH of head and pelvic cases can be seen
in Figure S5 and Figure S6, respectively.

However, CBCT images often include breathing
movements, which is unfavorable for dose calculation.
Respiratory gating can improve the accuracy of CBCT dose
calculation. Moreover, incorporating 4D-CT or 4D-CBCT
multiphase images as well as a registration algorithm
can improve motion artifacts and further improve the
robustness of the CITK method in the scatter calibration of
chest cases, which will be our focus in future research.

© Translational Cancer Research. All rights reserved.

Conclusions

This study explored the accuracy of dose calculation based
on CBCT images used after scatter calibration in phantoms
and typical cases. The results show that after CBCT
image scatter calibration and the establishment of HU-
RED calibration curves, a precision of up to 99% could be
achieved.
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