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Dosimetric impacts of cone-beam computed tomography
(CBCT)-based anatomic changes in intensity-modulated
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Background: To evaluate the effects of dose to tumors and organs at risk (OARs) on inter-fractional
anatomic changes.

Methods: We evaluated nine patients with cervical cancer treated with intensity-modulated radiotherapy
(IMRT) (45 Gy in 25 fractions) using kV cone-beam computed tomography (CBCT) image guidance once
or twice a week before treatment. For each patient, the original plan on the computed tomography (CT)
image was copied to merged images, and then the fractional doses were calculated. Subsequently, deformable
accumulated doses were obtained by summing the fractional absolute doses into a single dose in MIM
Maestro software. The volume changes in the target and OARs were compared between the original CT and
merged CBCT images, and the differences in the fractional and accumulated doses were also evaluated.
Results: Sixty-nine merged CBCT images were obtained and analyzed in this study. For the target areas,
the volume changes in the clinical target volume (CTV) and planning target volume (PTV) reached -18.05%
and -24.11% at most, respectively. The fractional D,y of the CTV and PTV was generally higher than the
original plans, and the accumulated deviations were 2.27%+0.82% (P<0.01) and 2.42%=+1.28% (P<0.01),
respectively. The fractional Dyg, of the PTV was underdosed up to 18.28% for 78% of patients, and the
accumulated deviations were -2.06% to —=17.29% (P<0.05). For the OARs, the bladder volume changes were
the most dramatic, reducing up to 93.60%. The fractional Dmean and D,,. of the bladder were generally
higher than the original plans, and there were significant differences in their accumulated values (P<0.05).
There was no obvious trend of rectal volume change with -69.65% to 74.20%. The rectum D,,, and D, of
the accumulated were not significantly different from the planned dose (P>0.05).

Conclusions: For patients with cervical cancer, the changes in bladder and rectal volume were greater than
in the target volume. Although the volume changes in the bladder and rectum had no significant effect on
Dygy, of the CTV and PTV, they had a significant effect on their own D,,, and the D,,, of the CTV and PTV.

More attention should be paid to the volume changes in the bladder and rectum in clinical work.
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Introduction

Intensity-modulated radiotherapy (IMRT) is an advanced
three-dimensional irradiation technology developed in the
past 20 years. It is capable of creating highly conformal
dose distributions with sparing of normal tissues and have
been widely used in cervical cancer radiotherapy (1). It has
been reported that IMRT can reduce the dose received by
the bladder, rectum, and small intestine during adjuvant
radiotherapy after radical hysterectomy for cervical cancer.
It can also significantly reduce gastrointestinal and urinary
complications and hematological adverse reactions, and
improve the tumor control rate and survival status of
patients (2,3). However, anatomic changes (such as the
different filling status of the bladder and rectum) during
the treatment course are one of the leading contributors
of delivered dose uncertainties in radiotherapy, potentially
causing underdosage to the targets or overdosage to organs
at risk (OAR) relative to the planned dose distribution (4-6).
Therefore, it is meaningful to apply image-guided radiation
therapy (IGRT) and adaptive radiotherapy (ART) (7-9).
Cone-beam computed tomography (CBCT) either a
kilovoltage beam delivered using an additional x-ray tube
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mounted on the linac, to image the object from multiple
projection angles and reconstruct a 3D image using the
projected images. CBCT improves the repeatability of
patient positioning compared with conventional two-
dimensional image guidance (10). But the matching of
planning CT and CBCT images cannot fully reflect the
anatomical changes of all organs simultaneously. Therefore,
some scholars have explored the dosimetric changes caused
by the volume and morphological changes of the target and
OARs based on CBCT image dose calculation in cervical
and pancreatic cancer radiotherapy (11). Unfortunately, the
limited field of view (FOV) range of the CBCT hardware
equipment cannot contain all the information about the
target and OARs in cervical cancer radiotherapy, and the
areas beyond the range of CBCT can only be simulated by
the original image registration. Image stitching provides a
good method to solve this problem.

In this study, we combined three CBCT images to
generate a merged image with a scan length of 46 cm. This
image can cover the entire pelvic cavity and contains all the
information about the target and OARs in radiotherapy
for cervical cancer. Subsequently, the changes in volume
during treatment and their effect on the fractional and
accumulated dose were analyzed for the target and OARs on
merged CBCT images. The inter-fractional morphological
changes in organs were also observed. According to our
literature review, studies on the effect of volume change
on fractional dose and accumulated dose in treatment
using image stitching are currently scarce. We present the
following article in accordance with the MDAR reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-6157/rc).

Methods
Patient population

This study included nine patients with stage IAI-IIIC1r
cervical cancer (International Federation of Gynecology
and Obstetrics) who received IMRT in the Chongqing
University Cancer Hospital. Of these, four patients
underwent radical hysterectomy, four received lymph
node dissection, and one did not have surgery. The basic
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Patient ID (yéifs) 'tlrg]};t W(iigg)ht Histology and stage Surgery Adjuvant treatment

1 66 142 52 Squamous cell carcinoma 1A1 Radical hysterectomy Concurrent chemoradiotherapy
2 28 160 46.5 Adenosquamous cell carcinoma IB2  Radical hysterectomy Concurrent chemoradiotherapy
3 50 155 59 Squamous cell carcinoma IlIC1p Lymph node dissection Concurrent chemoradiotherapy
4 56 153 51 Adenocarcinoma IB Radical hysterectomy Concurrent chemoradiotherapy
5 76 155 50 Squamous cell carcinoma IlIB None Concurrent chemoradiotherapy
6 53 155 51 Squamous cell carcinoma IlIC1r Lymph node dissection Concurrent chemoradiotherapy
7 59 155 61 Squamous cell carcinoma IlIC1p Lymph node dissection Concurrent chemoradiotherapy
8 35 158 54 Squamous cell carcinoma IIA1 Radical hysterectomy Concurrent chemoradiotherapy
9 51 155 61 Squamous cell carcinoma IlIC1r Lymph node dissection Concurrent chemoradiotherapy

information about these patients is summarized in Table 1.
None of the patients had radiotherapy contraindications,
and all voluntarily underwent merged CBCT scans once
or twice weekly. The study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013). This
study was approved by the Ethics Committee of Chonggqing
University Cancer Hospital (No. CZLS2021048-A) and

informed consent was taken from all the patients.

Positioning and contouring

All patients were placed in the supine position with both
hands raised and fixed with a thermoplastic membrane.
Half an hour before the positioning scan, the patients were
instructed to empty their bladders and then drink 250 mL
of water. No instructions on rectal filling were given to
these patients. The computed tomography (CT) scanning
(Big Bore; Philips Brilliance, Holland) was performed for
each patient at 5 mm slice thickness with a scope from the
diaphragm level to 4 cm below the ischial tubercle. The CT
images were imported to the Eclipse treatment planning
system (TPS) (Varian Medical Systems, Version 15.6, Inc.,
USA) and prepared for contouring.

The target and OARs were delineated by the same
experienced radiation oncologist according to the
International Commission on Radiation Units and
Measurement (ICRU) Report 62. The clinical target volume
(CTV) of the pelvic cavity included the whole uterus (if
present), the vaginal stump, 1/2 of the upper segment of
the vagina, the parauterine/paravaginal soft tissue, the
pelvic lymphatic drainage area (including the common iliac,
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external iliac, internal iliac, obturator, and presacral lymph
node areas), the upper boundary to the level of the 4™ to
5" lumbar vertebrae, and the lower boundary to the lower
edge of the obturator. The planning target volume (PTV)
was generated from the CTV, adding a 5 mm margin with
all expansion to offset setup uncertainties. Then, the small
intestine, rectum, bladder, and femoral head were contoured
as the OARs. Among them, the small intestine included
the intestinal tube and its surrounding mesenteric tissue;
the upper boundary of the rectum was the junction of the
rectum and the sigmoid colon, and the lower boundary was
the anus. The contour of the bladder reflects its filling state.

Treatment planning

The IMRT plans for all patients were designed on the
Eclipse TPS with 6 MV photon beams generated by an
EDGE linear accelerator with a Millenium 120 MLC
(Varian Medical Systems). The IMRT plans contained seven
co-planar fields (210°/260°/310°/0°/50°/100°/150°). The
dose prescribed to the PTV was 45 Gy in 25 daily fractions.
The planning goal was to achieve 95% or more of the PTV
receiving the prescription dose, with the maximum dose
point not exceeding 110% of the prescription dose. The
dose constraints of the OARs were based on the Radiation
Therapy Oncology Group-1203 Randomized Phase III trial
guidelines.

In all plans, photon optimizer (PO) algorithms were used
for optimizations, and the anisotropic analytical algorithm
(AAA) was applied for the final dose calculations. The
resolution used for the dose calculation was 2.5 mm in all
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directions. The maximum speed of the multi-leaf collimator
(MLC) motion was 2.5 cm/s. In addition, the jaw tracking
method was also used. In this method, the jaw moves with
the changes in MLC position in real-time while the beam
is on. This technique reduces the opening size of the jaw
as much as possible to minimize transmission and leakage,
thus reducing the normal tissue dose (12-14).

Image acquisition and merging

All patients underwent CBCT scans prior to treatment
once or twice a week using a Varian On-board Imager
Spotlight protocol. The scanning parameters were as
follows: 360° rotation scan, 120 kV, FOV 26 cm in
diameter, and 5 mm slice thickness. For each image
guidance, we collected three CBCT images; one on the
planning center, which was used for 3D matching, and
the other two images generated on the 15 cm movement
of the planning center in the direction of the advance and
retreat bed. The area covered by both individual volumes
was irradiated twice. This overlap led to visible artifacts in
the border region between the two volumes. The image
information in the overlapping area was processed and
merged by keeping the brighter [more Hounsfield units
(Hus)] voxel for each single voxel. Then, the merged
images were obtained, which covered the entire pelvic
cavity with a scan length of 46 cm.

Volume correction

The target and OARs on the merged CBCT images were
delineated by the same experienced radiation oncologist,
according to the ICRU Report 62. Nevertheless, there
were still differences in artificial delineation caused by
the influence of the CBCT image quality. To solve this
problem, the humeral heads were used as a reference to
correct the volume. The correction formula was as follows:

Vcorrcctcd = Vcomour X (1 + A\/choml head /100) [1]
A\/Femoral head — (AVFemoral head R + AVFemoral head L ) / 2 [2]
A\]Femoral head R/L = (VCBCT - VCT ) / VCT X 100 [3]

Here, V reeq 18 the corrected volume; Vi oou 15 the
original contour volume; AV omi head r1 15 the volume
deviation of the right or left femoral heads between each
fractional merged CBCT and original CT image; AV
head 18 the mean volume deviation of the femoral heads;
Veperand Verp are the volumes of the corresponding
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structures in CBCT and CT, respectively.

For a more accurate dose calculation, the contour lines
of the target and OARs on each merged CBCT image were
corrected by calculating the equivalent spherical radius
Reononr a0d Ry reced before and after volume correction
through Vi uow a0d Viieeea- According to the difference
between the two radii, the structures were placed outward
or inward in the TPS.

CBCT-based dose calculation

Before CBCT-based dose calculation, a calibration of
the HUs to electron density (ED) was performed for
inhomogeneity corrections using the Advanced Electron
Density Phantom Model 1467 (Gammex Inc., USA)
(Figure 14) (15). This phantom and its material insert were
scanned with the standard clinical protocol (Figure 1B).
The HU of each insert was extracted within a region of
interest (ROI) and assigned to the known related relative
ED to generate a calibration curve for the TPS (Figure 1C).

Subsequently, the merged CBCT images for each patient
were matched onto the planning CT image according to
the bony anatomy using 3D/3D matching. The original
plan was copied to the merged CBCT image, and then the
fractional delivered doses were calculated and compared
with the original planned dose.

The calculation process of the CBCT-based
accumulated delivered dose is presented in Figure 2, taking
Patient 8 as an example. In this process, the status of
the treatment fraction without CBCT scanning prior to
treatment was replaced by the last merged CBCT image
to simulate the daily treatment status of patients to the
maximum extent. A free deformable image registration
(DIR) algorithm (VoxAlign"') based on the image intensity
from MIM Maestro was used to map the voxels (dose) from
one merged image to another merged image. The sequence
of dose accumulation by image registration (Figure 2) was
to superimpose the 1st and 2nd CBCT doses onto the 2nd
CBCT image, then superimpose the superimposed results
with the 3rd CBCT dose onto the 3rd CBCT image,
and so on. The final deformation accumulated dose was
obtained.

The CBCT-based delivered doses were compared
with the planned doses for each treatment day and the
accumulated doses for the entire treatment. CTV Dyg,,,
CTV D,y, PTV Dy, PTV D,y, and D, and D,,,, of the
OARs were compared between the original plan and actual
accumulated delivery.
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Figure 1 Hounsfield units to electron density calibration. (A) Advanced Electron Density Phantom Model 1467. (B) CBCT image for the
phantom. (C) The calibration curve of HUs to ED. CBCT, cone-beam computed tomography; HUs, Hounsfield units; ED, electron density.

Statistical analysis

The paired differences in CTV, PTV, and OAR metrics
were analyzed by comparing the planned and accumulated
doses using SPSS 19.0 statistical software (SPSS, Chicago,
IL, USA). According to the Shapiro-Wilk test, some data of
the accumulated doses did not follow a normal distribution,
so the data in this paper are represented by the median and
upper and lower quartiles [M (P25, P75)]. The multi-sample
nonparametric rank sum test was used, and the Kruskal-
Wallis test was performed. The effect of volume change on
the fractional dose was analyzed by Pearson correlation. A P
value <0.05 was considered statistically significant.

© Annals of Translational Medicine. All rights reserved.

Results
Fractional volume changes of the target and OARs

Sixty-nine merged CBCT images covering the entire
pelvic cavity were obtained in this study. Compared with
the original CT images, the fractional volume changes
of the target and OARs are shown in Figure 34-3D, and
the statistical results are shown in 7able 2. The differences
made by manual delineation based on CBCT are shown in
Figure 3E and 3F, with a mean range from -2.36% to 0.93%.

In general, the results of the study were not affected by
the patient's surgical status. The CTV and PTV volume
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Figure 2 The calculation process of the CBCT-based accumulated delivered dose, taking Patient 8 as an example. CBCT, cone-beam

computed tomography.

changes ranged from -24.11% to 4.29%. The most
significant change was found in the bladder volume, and
this reduction was as high as 93.60%, except for Patient 6.
There was no significant trend in rectal volume, ranging
from -69.65% to 74.20%. As an example, the contours of the
target and OARs in each fractional merged CBCT image
of Patient 2, mapped to the original CT by registration,
are shown in Figure 4. For Patient 2, the bladder profile
changed significantly in the sagittal plane compared with
the coronal plane and cross-section, and the volume changes
of the target and other organs were small.

Evaluation of merged CBCT-based fractional delivered dose

Figure 5 shows the fractional dose change of the CTV,
PTV, bladder, and rectum for each patient during fractional
treatment relative to the original plan. The statistical results
are shown in Table 2. As shown in Figure 5, the fractional
D,y of the CTV and PTV was higher than the original
plan, and the maximum was 4.52%. The average deviation
of the CTV Dygy, was =2.00% to 2.55% for all patients.
Except for Patients 6 and 8, the fractional Dygy of the
PTV was underdosed up to 18.28%. For the bladder, the
fractional D, and D, were in most cases higher than the
original plan. The average deviation of the rectum D,,,
was -9.92% to 16.02% for all patients, and the changes on
D, were =2.99% to 6.37%.

© Annals of Translational Medicine. All rights reserved.

Evaluation of merged CBCT-based accumulated delivered
dose

The differences between the target and OARs in the
accumulated delivered doses and planned doses are shown
in Table 3 and Figure 6. The accumulated relative deviations
on D,y of the CTV and PTV were 2.27%+0.82% (P<0.01)
and 2.42%=x1.28% (P<0.01), respectively. For the dose
coverage of the target, the CTV Dy, deviation was within
-6.59% to 2.18%, and there was no significant difference
(P>0.05). Overall, the PTV Dy, was undervalued by
2.06% to 17.29%, and there was a statistically significant
difference (P<0.05). As shown in Tuble 3, the accumulated
D,y and D, of the bladder were significantly higher than
the planned dose (P<0.05), and there was no significant
difference for the rectum accumulated D,,,.,, (P>0.05).

Effect of volume change on the fractional dose delivered

The effects of volume changes in the target and OARs
on the fractionated delivered dose are shown in Table 4.
The change in CTV volume only affected the dosimetric
parameters of the PTV. The volume changes in the PTV
had a greater effect on dose than the other three but did not
have any effect on the rectal dose. Changes in the volume of
the bladder and rectum had significant effects on their own
D,.. and also had significant effects on the CTV D,, and
PTV Dy,

Ann Transl Med 2022;10(24):1381 | https://dx.doi.org/10.21037/atm-22-6157



Annals of Translational Medicine, Vol 10, No 24 December 2022

1S
ox
E .
mE‘ ® Patient 1
E o ® Patient 2
g E, © Patient 3
£g e Patient 4
£ _g © Patient 5
§ g Patient 6
%:E’ ® Patient 7
E° ® Patient 8
-20 LI D S e B B B e B B D S B D B B B B | e Patient 9
12345678 910111213141516171819202122232425
Fractional treatment
150 4
&%
- %3 100 © Patient 1
E3 ® Patient 2
%o %0 i
> B © Patient 3
25 o o Patient 4
£ <. ® Patient 5
§ £ =0 i Patient 6
o .
g.g’ ~100 ® ® Patient 7
55 ® Patient 8
-150 LI B B B B B B B B | ® Patient 9
1234567 8 910111213141516171819202122232425
E Fractional treatment
©
£
gx © Patient 1
°g )
=3 © Patient 2
Qc .
g © Patient 3
39 )
oo ® Patient 4
> £ )
g 8 © Patient 5
8 Patient 6
8% e Patient 7
C © .
SRS ® Patient 8
[ .
£ -4 T T T T T T T T T T T T T T T T T T T T T T 11 @Patent9
e 1234567

8 91011121314151617 18 192021222324 25
Fractional treatment

Page 7 of 14

os)

(&)
1
L]

e Patient 1
e Patient 2
o Patient 3
e Patient 4
® Patient 5

Patient 6
e Patient 7
e Patient 8
e Patient 9

original image for PTV, %

Difference in the volume from

r T T Trrr T T T T T T TTT
8 9101112131415161718192021222324 25
Fractional treatment

T T
6 7

O

o]
o
1

e Patient 1
e Patient 2
o Patient 3
e Patient 4
o Patient 5

Patient 6
e Patient 7
e Patient 8
o Patient 9

Difference in the volume from
original image for rectum, %

LN I IR R N N R R N N N N N L N I N B B B B |
8 91011121314151617 18 1920212223 24 25
F Fractional treatment

® Patient 1
® Patient 2
» Patient 3
® Patient 4
© Patient 5

Patient 6
® Patient 7
® Patient 8
® Patient 9

image for femoral-head L, %

Difference in the volume from original

—4 I L L L L L L L L L e e e e e e
56 7 8 91011121314 151617 18 1920212223 2425
Fractional treatment

N
w
IN

Figure 3 Fraction changes in the target and OARs during treatment: (A) CTV; (B) PTV; (C) bladder; (D) rectum; the differences made by

manual delineation are shown in (E) and (F). The percentage of volume difference was calculated by the volume on merged CBCT images

minus the original CT images and then divided by the volume on the original CT images. CTV, clinical target volume; PTV, planning

target volume; OARs, organs at risk; CBCT, cone-beam computed tomography.

Discussion

In this study, the merged CBCT reflected the whole
pelvic state of the patient during treatment. Dosimetric
uncertainties are mainly caused by changes in the shape
and volume of the patient’s organs. We found that the
fractional volumes of the CTV, PTV, bladder, and rectum
were significantly different, which caused many patients
to receive higher doses to the OARs. Moreover, both the
fractional doses and the accumulated doses of the CTV and
PTV were underdosed compared with the original plan.
The target area of external irradiation for cervical cancer
is located in the abdominal and pelvic cavities. The target
area positions are easily affected by the bladder-filling state

© Annals of Translational Medicine. All rights reserved.

and intestinal movements (16-18). In this study, the patients
emptied their bladders half an hour before positioning
and drank 250 mL of water but did not strictly follow the
doctor’s instructions during the actual follow-up treatment.
It can be seen from 7able 2 and Figure 3 that the volume of
the bladder and rectum changed greatly, reaching -90%
and -70%, respectively, and their volumes changed mainly
in the direction of head-to-foot and abdomen-to-back
(Figure 4). The change in bladder volume was generally
reduced except for Patient 6. This patient did not strictly
follow the doctor’s advice during localization, which
led to insufficient bladder filling in the localization CT,
contrary to other patients. Although the PTV is obtained
by uniformly expanding the CTV by 0.5 cm, the volume

Ann Transl Med 2022;10(24):1381 | https://dx.doi.org/10.21037/atm-22-6157
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Table 2 The difference in volume and dose between merged CBCT images and original CT images

CTV PTV Bladder Rectum

Ne- AV ADyy, ADggy, AV ADy, ADggs, AV ADpean ADy, AV ADpean ADy,
1

Mean -7.67 3.69 2.55 -6.58 3.62 -4.80 -89.28 15.78 0.88 -50.27 8.72 3.98

SD 3.25 0.32 0.42 1.71 0.27 3.76 4.60 9.57 2.74 19.18 8.38 0.27
2

Mean -2.58 2.83 0.86 1.38 2.74 -5.59 -39.02 2.41 2.56 -1.82 6.05 3.35

SD 1.72 0.42 0.54 1.33 0.35 3.77 31.02 3.56 0.58 10.34 3.03 0.19
3

Mean -6.07 3.59 0.38 2.09 3.62 -11.45 -57.79  29.37 5.82 1.43 -4.17 2.54

SD 2,97 0.31 2.07 1.41 0.32 4.78 20.32 15.06 0.27 11.01 5.97 0.52
4

Mean -1.63 1.07 0.00 -9.62 1.07 -0.84 -55.66 4.42 0.00 11.13 -8.90 -0.79

SD 1.39 0.66 0.41 0.96 0.64 0.97 15.34 4.98 1.56 33.86 5.62 2.62
5

Mean -0.41 3.50 1.50 -3.68 3.41 -8.87 -68.09  22.95 2.70 -8.31 14.36 5.12

SD 1.92 0.27 0.39 1.50 0.38 3.81 21.49 8.18 1.54 15.76 11.98 0.58
6

Mean -14.32 2.50 1.88 -8.78 2.51 0.48 18.55 15.74 2.89 6.84 5.64 2.84

SD 3.33 0.21 0.27 2.23 0.22 1.12 67.87 6.63 0.27 18.18 6.46 1.15
7

Mean -6.67 3.16 -0.83 -2.49 2.91 -7.09 -60.97 10.15 2.84 -57.76  -5.80 -2.99

SD 6.31 0.79 2.00 4.38 0.78 3.24 13.47 6.08 1.03 13.74 5.64 2.08
8

Mean -8.43 2.50 -2.00 -18.84 2.84 -2.91 -73.59 -3.49 -0.62 -31.31 9.92 3.25

SD 5.70 0.97 3.15 3.04 0.28 4.75 17.40 4.15 1.51 15.39 5.29 0.62
9

Mean -13.58 4.06 2.32 -8.34 4.00 -1.87 -85.12 10.11 1.47 -23.99 16.02 6.37

SD 1.90 0.41 0.22 1.45 0.42 1.26 6.41 5.16 1.19 6.95 7.01 0.58

CBCT, cone-beam computed tomography; CT, computed tomography; CTV, clinical target volume; PTV, planning target volume; SD,

standard deviation.

change trend of the CTV and PTV in each patient was
inconsistent. For example, the CTV volume of Patient
3 during treatment was smaller than the original CT
image, but the PTV volume was larger than the original
CT image (Figure 34,3B). In this instance, we considered
that the patient's organs had changed shape; the contour

© Annals of Translational Medicine. All rights reserved.

difference of the CTV in the head-to-foot direction in the
patient will cause this kind of situation when the CTV is
expanded by Boolean operation. As the only rigid structure
in this region, the femoral head has the smallest volume
change with a range of -3% to 2%, mainly due to the poor
image quality of CBCT compared with CT, and the edge
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Figure 4 Contour differences in the target and OARs between fractional merged CBCT and original CT for Patient 2. (A) Cross section; (B)

coronal plane; (C) sagittal plane. The magenta line is CTV, red is PTV, cyan is the rectum, green is the bladder, orange is the right femoral

head, blue is the left femoral head, and the green crosshair is the positioning origin. OARs, organs at risk; CBCT, cone-beam computed

tomography; CT, computed tomography; CTV, clinical target volume; PTV, planning target volume.

recognition is not clear enough. So, the humeral heads were
used as a reference to correct the volume.

Changes in the shape and volume of organs in patients
will bring about differences in dosimetry. Many studies have
reported the necessity of adaptive strategies that consider
the inter-fractional variations in bladder and rectum filling
(19-21). It was found in this study that changes in the volume
of the bladder and rectum had significant effects on their
own D,., and both also had significant effects on the CTV
D,y and PTV D, (Table 4). It can be seen from Figure 5
that all the fractional CTV D,,, and PTV D, doses were
higher than the original plan, and the fractional PTV Dy,
was lower than the original plan. Despite the protection of
the PTV, some fractional CTV Dy, doses in Patients 3, 4,
7, and 8 were lower than the original plan. This indicates
that differences in bladder and rectum filling, and the
deformation of the target volume caused by image guidance
based on CBCT bone matching, cannot guarantee the daily
dose coverage of the target volume, and the homogeneity of
the target volume dose deteriorates. Figure 7 shows that the
rectum volume of Patient 8 was increased, and the bladder
volume was significantly reduced during the 6™ merged
CBCT, resulting in the overall deviation of the target area
toward the abdomen. When the offset distance is greater
than 5 mm, the CTV breaks away from the protection of
external expansion, and the dose cannot completely cover
the CTV at this time. The dose homogeneity of the target
area deteriorates, mainly due to tissue edema caused by
treatment and gas pockets in the digestive tract that increase
the density differences between tissues. Hot areas are easily
formed in the air cavity area, and the increase of D, leads to
uneven dose distribution. A previous study has also reported
the increase in dose due to the gas pocket effect (22). These

© Annals of Translational Medicine. All rights reserved.

variations in delivered doses are considered as the variation
of Total Energy Released per unit Mass (TERMA) and
deformations of the dose kernel in heterogeneous media. So,
artifacts and cavitation affect the accuracy of CBCT-based
dose calculations.

When comparing dose differences between planned doses
and merged CBCT-based accumulated doses, consistent
fractional dose differences resulted in significant accumulated
dose differences (Tuble 3, Figure 6). They indicated that
the D,y accumulated CTV and PTV dose was higher than
the original plan (P<0.05), and the accumulated PTV Dy,
was underdosed (P<0.05), which were consistent with the
fractional dose difference and showed a statistical difference.
Although some fractional CTV Dyg,, doses were lower than
the original plan, there was no statistical difference in the
CTV Dy, between the accumulated dose and the original
plan dose due to the existence of the PTV (P>0.05). This
work clarified that the CTV extension of 5 mm in our
institution ensures the CTV dose coverage and meets the
requirements of clinical treatment. For OARs, the bladder
fractional dose was generally increased except for Patient 8,
and the accumulated doses of the bladder D,.,, and D, were
significantly higher than the planned dose (P<0.05). This
problem of bladder overdosing is not only due to patient
compliance but also a reduction in urine volume during
treatment because of bladder function degeneration with
increased radiotherapy times (23). It showed that a small
organ volume results in higher doses and larger side effects.
Therefore, it is more advantageous to treat patients with a
moderate bladder protocol to ensure treatment repeatability
and reduce toxicity (24,25). Although there was no significant
difference in the rectum D,,,, between planned doses and
merged CBCT-based accumulated doses (P<0.05), the
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Figure 5 Fraction changes in the target and OARs during treatment: (A) CTV D,y; (B) CTV Dygy,; (C) PTV Dyo; (D) PTV Dygy; (E)
Bladder D,,,,; (F) Bladder D,.; (G) Rectum D,,.,,; (H) Rectum D,... CTV, clinical target volume; PTV, planning target volume; OARs,

organ

s at risk.

fractional rectum D, in Patients 1, 2, 5, 6, 8, and 9 was

higher than that in the original plan, with a maximum of

34%. It can be seen that there is significant uncertainty in
the fractional dose of IMRT for cervical cancer. ART should

© Annals of Translational Medicine. All rights reserved.

be used to ensure delivery accuracy of the target volume and
OARs. It can eliminate the effects of dosimetry on patient
anatomic changes and gas pocket fluctuations in planning
CT and treatment. ART based on periodical replanning

Ann Transl Med 2022;10(24):1381 | https://dx.doi.org/10.21037/atm-22-6157



Annals of Translational Medicine, Vol 10, No 24 December 2022

Page 11 of 14

Table 3 Results of the dosimetric comparison for targets and OARs between planned doses and merged CBCT-based accumulated doses

[M (P25, P75)]

Structure Dose metric Median planned dose, Gy (P25, P75) Median accumulated dose, Gy (P25, P75) Z value P value
CcTv D,y 48.12 (47.62, 48.16) 49.16 (48.76, 49.42) -2.668 0.008
Degys 45.88 (45.63, 46.22) 44.70 (43.62, 46.63) -1.820 0.069
PTV D,y 48.11 (47.60, 48.14) 49.17 (48.68, 49.49) -2.666 0.008
Dgsss 44.31 (44.21, 44.58) 39.28 (37.02, 42.76) -2.666 0.008
Bladder Dinean 32.29 (31.09, 36.91) 37.78 (33.96, 43.14) -2.310 0.021
Dace 47.75 (46.99, 48.09) 48.45 (47.71, 48.89) -2.100 0.036
Rectum Drnean 35.63 (30.59, 37.82) 35.51(32.80, 37.94) -0.415 0.678
Dyee 46.70 (45.97, 47.33) 47.89 (47.17, 48.55) -1.601 0.109

OARs, organs at risk; CBCT, cone-beam computed tomography; CTV, clinical target volume; PTV, planning target volume.

Figure 6 The relative deviations in the target and OARs between the accumulated delivered doses and planned doses. CTV, clinical target

Difference in accumulated doses

40.00
30.00
20.00
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10.00 - Il l
0.00 1 I‘I i .

5 CTV D,y
® CTV Dggy
= PTV Dy,
= PTV Dggo,

Patients

volume; PTV, planning target volume; OARs, organs at risk.

Table 4 Effect of volume change on fractional dose delivered [r (P)]

= Bladder D,can

| = Bladder D,
= Rectum D, can

= Rectum Dy,

Parameter AVery (%) AVery (%) AVgaeer (%) AVpectom (%)

AD,y, cry ~0.180 (0.140) 0.299 (0.013) -0.265 (0.028) -0.295 (0.014)
ADqgys orv -0.017 (0.893) 0.302 (0.012) 0.141 (0.247) 0.102 (0.402)
AD,y, prv -0.290 (0.016) 0.173 (0.155) -0.311 (0.009) -0.302 (0.012)
ADgg pry -0.265 (0.028) ~0.464 (0.000) 0.225 (0.063) 0.105 (0.389)

ADmean, Bladder
ADZCC, Bladder
ADmean, Rectum

ADch, Rectum

-0.077 (0.528)
~0.030 (0.804)
-0.169 (0.165)
-0.162 (0.183)

0.407 (0.001)
0.615 (0.000)
-0.194 (0.110)
~0.103 (0.401)

0.111 (0.364)
0.281 (0.019)
-0.181 (0.136)
-0.133 (0.275)

0.111 (0.365)
0.227 (0.061)
~0.005 (0.968)
0.300 (0.012)

CTV, clinical target volume; PTV, planning target volume.
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Figure 7 Example of dose distribution changes in the sagittal position for Patient 8. (A) The 95% prescription dose distribution in the

original CT image. (B) The 95% prescription dose distribution in the merged CBCT image for fraction 6. The magenta line is CTV, the

red line is PTV, the cyan line is the rectum, the green line is the bladder, and the green crosshair is the positioning origin. CBCT, cone-

beam computed tomography; CTYV, clinical target volume; PTV, planning target volume.

has been reported as beneficial for patients with various
diseases (26-28).

Our work had potential limitations. The accumulated
dose obtained in this study was not based on the daily
CBCT; instead, we used the merged CBCT performed 1 to
2 times a week to simulate the adjacent treatment fraction
status. Therefore, the difference in accumulated dose in
this study cannot accurately reflect the dose change during
treatment; it only provided us with a reference for the trend
in accumulated dose changes in the target area and OARs.
Daily imaging scans were not selected in this study because
of the additional imaging dose. In clinical practice, the
imaging dose in radiation therapy has traditionally been
ignored due to its low magnitude and frequency compared
to the therapeutic dose used to treat patients. In fact, daily
imaging results in additional doses delivered to the patient.
A previous study indicated that the use of a daily standard
mode CBCT for a 35-fraction treatment could result in
up to 1.5-2 Gy to some critical organs and an effective
dose of 600 to 800 mSv to the body, which may induce an
additional secondary cancer risk of 3-4% (29,30). To ensure
the completeness and safety of image data acquisition, we
will add an additional image dose to the treatment plan
using the Monte Carlo (MC) modeling method in future
studies. The MC simulation and verification of the imaging
beams has been performed by Ding er al. using the Varian
On-Board Imaging (OBI) unit (31,32).

© Annals of Translational Medicine. All rights reserved.

Conclusions

In conclusion, we found that if the volume of the bladder
and rectum were not strictly controlled in the radiotherapy
of patients with cervical cancer, their changes were very
large. Although the effect on the CTV Dygy, was not
significant, it could significantly increase the CTV D,
and it will also have a significant impact on the bladder
and rectum's own D,.. Therefore, more attention should
be paid to the volume changes in the bladder and rectum
in clinical work. Our recommendation is to perform at
least CBCT once a week for organ anatomic changes
monitoring plus daily verification of bladder filling with a
bladder scan (24). Finally, the merged CBCT data in this
study provides a suitable approach in ART that may be
useful clinically to respond to the daily anatomy variations
in cervical cancer patients. It offers a good possibility
for evaluating the daily applied dose for the bladder and

rectum.
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