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Abstract
Purpose: To evaluate the dosimetric advantages of daily adaptive radiother-
apy (DART) in intensity-modulated proton therapy (IMPT) for high-risk prostate
cancer by comparing estimated doses of the conventional non-adaptive radio-
therapy (NART) that irradiates according to an original treatment plan through
the entire treatment and the DART that uses an adaptive treatment plan gener-
ated by using daily CT images acquired before each treatment.
Methods: Twenty-three patients with prostate cancer were included. A treat-
ment plan with 63 Gy (relative biological effectiveness (RBE)) in 21 fractions
was generated using treatment planning computed tomography (CT) images
assuming that all patients had high-risk prostate cancer for which the clinical tar-
get volume (CTV) needs to include prostate and the seminal vesicle (SV) in our
treatment protocol. Twenty-one adaptive treatment plans for each patient (total
483 data sets) were generated using daily CT images, and dose distributions
were calculated.Using a 3 mm set-up uncertainty in the robust optimization, the
doses to the CTV, prostate, SV, rectum, and bladder were compared.
Results: Estimated accumulated doses of NART and DART in the 23 patients
were 60.81± 3.47 Gy (RBE) and 63.24± 1.04 Gy (RBE) for CTV D99 (p< 0.01),
62.99 ± 1.28 Gy (RBE) and 63.43 ± 1.33 Gy (RBE) for the prostate D99
(p = 0.2529), and 59.07 ± 5.19 Gy (RBE) and 63.17 ± 1.04 Gy (RBE) for SV
D99 (p < 0.001). No significant differences were observed between NART and
DART in the estimated accumulated dose for the rectum and bladder.
Conclusion: Compared with the NART, DART was shown to be a useful
approach that can maintain the dose coverage to the target without increas-
ing the dose to the organs at risk (OAR) using the 3 mm set-up uncertainty in
the robust optimization in patients with high-risk prostate cancer.
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1 INTRODUCTION

In recent years, intensity-modulated proton therapy
(IMPT), a new irradiation technique for prostate cancer,
has been used to create a highly flexible dose distribu-
tion by optimizing the beam direction and energy fluence
using the proton beam specific Bragg peak. In princi-
ple, this technique makes it possible to reduce toxicity
to the patient by concentrating the dose to the target
while reducing the dose to the surrounding organs at
risk (OAR).1–4

Currently the original treatment plan generated based
on the planning computed tomography (CT) images
acquired more than a week before the start of treat-
ment was mostly used for the entire treatment by assum-
ing that the shape of prostate and seminal vesicle
(SV) as the treatment target and the rectum and blad-
der as OAR remain unchanged. However, the patient
anatomy including prostate rotation, bladder volume,
and rectal shape and other specifics may undergo a
variety of changes during the treatment period (about
1–2 months for the prostate cancer treatment) from the
time of the planning CT.5–8 It has been pointed out
that these anatomical changes may cause discrepan-
cies between the dose distribution by the original treat-
ment plan and the actual dose distribution, resulting in
insufficient doses to the target or unexpectedly high
doses to the OAR.4,9–19 In the IMPT treatment tech-
nique, the ideal dose distribution can be generated to
reduce the rectum dose located dorsal to the prostate
and SV without reducing the target coverage in compar-
ison to that with the conventional technique,and thus the
non-uniformed dose distribution of each field tends to
have a steep gradient, which makes treatment planning
sensitive to any uncertainties such as daily anatomical
changes.20–24 Distortion of the actual dose distribution
due to the daily anatomical changes may make it difficult
to deliver the planned dose accurately and so reduce the
essential advantages of IMPT.

Recently, Goupy et al.25 have suggested that the pro-
portion of patients diagnosed with high-risk prostate
cancer invading the SV is increasing due to the general-
ization of multiparametric magnetic resonance imaging.
They showed the difficulty to give a sufficiently high dose
to the SV without increasing the adverse effects using
intensity-modulated X-ray therapy. In IMPT, Thörnqvist
et al.15 reported that the estimated actual dose recal-
culated from eight to nine repeat CT images in patients
showed a significant decrease for SV D99 and a gener-
alized equivalent uniform dose compared to the planned
dose,which could not be resolved by expanding the mar-
gin or using image guided radiotherapy. For passively
scattered proton therapy treatment plans,Maeda et al.18

estimated the actual dose from a total of 193 fractions of
high-risk patients including the SV in the clinical target
volume (CTV) and found that less than 40% of the CTV
V95 (%) maintained the value of the original planned

dose. They suggested that the daily adaptive radiother-
apy (DART) approach using an in-room CT could be a
solution to spare the rectum while maintaining the dose
to the SV in the high-risk group of patients.18

Research on the adaptive strategy has been actively
investigating photon and proton therapy.26–32 However,
there is no report that directly compares the estimated
actual dose and the planned dose using complete sets
of daily in-room CT images in IMPT, as far as we are
aware. To the best of our knowledge, this is the first
study to compare the dosimetric effect of the two treat-
ment strategies in prostate IMPT: non-adaptive radio-
therapy (NART) with only the original treatment plan and
DART with adaptive treatment plans using high-quality
CT images for patients acquired before every treatment.

In the proton beam community, a 5 mm set-up uncer-
tainty has been widely used in plans of robust optimiza-
tion for IMPT.On the other hand,Xu et al.16 have recently
reported that a 3 mm set-up uncertainty was sufficient
in the robust optimization for NART in 10 patients using
cone beam CT. However, they have also shown that SV
was outside the CTV coverage in some patients. Our
working hypothesis in this study was that a 3 mm set-
up uncertainty is appropriate in DART but insufficient
in NART for high-risk prostate cancers for which CTV
needs to include both the prostate and SV. Therefore, in
this study, the same 3 mm set-up uncertainty was retro-
spectively used both in NART and in DART to investigate
whether the coverage for CTV would be improved with
the usage of DART assuming that all patients had high-
risk prostate cancer.

2 METHODS

2.1 Patient data

This study used the original planning CT images and the
daily in-room CT images for 23 patients who underwent
the prostate cancer treatment at the Fukui Prefectural
Hospital Proton Therapy Center. Daily in-room CT
images were acquired by a self -propelled CT scanner
on rails (Aquilion LB, Toshiba Medical Systems, Tochigi,
Japan). The number of daily CT sets acquired per
patient was 36–40, with 21 consecutive sets from the
first treatment session used in accordance with the
protocol for this study. A total of 483 sets of daily CT
were used in the analysis. This study was approved by
the institutional review board.

All patients were immobilized in the supine position
using a suction-type fixed bag and a thermoplastic
shell (RSF-19Gl and ESS-25, ESFORM; Engineering
System Co., Ltd., Nagano, Japan). The bladder volume
was as full as possible at the time of the planning CT
and daily CT. The daily bladder volume was monitored
by ultrasound scans to ensure that the volume was
similar to that in the planning CT, and patients were
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instructed to drink water when the bladder was not
sufficiently distended. The planning CT scan protocol
was 120 kV, 480 mA, and the daily CT scan protocol
120 kV, 150 mA. The CT images were reconstructed
with a slice thickness of 2 mm and a transversal pixel
size of 1.07 × 1.07 mm2.18

2.2 Treatment planning simulation

Experienced radiation oncologists created regions of
interest (ROI) for the prostate, SV, rectum (from the rec-
tosigmoid flexure to the anus), and bladder on the plan-
ning CT images. Also, we created ROI for all sets of the
daily CT images for the prostate, SV, rectum, and blad-
der using the deformed image registration (DIR) function
of the treatment planning support software MIM version
6.9 (MIM Software Inc.,Cleveland,OH,USA) with ROI on
planning CT images as a reference. Then experienced
radiation oncologists modified this if needed.18,19,33 In
several daily CT images, the upper part of the blad-
der was a slightly absent due to insufficient imaging
area. Even then, since the same CT images were used
both for NART and DART and the high-dose region was
examined in all patients, a comparative study was also
performed for the bladder. We delineated the bladder’s
ROI limited to the area observed in the daily CT images
and used this for the analysis in this study.

A treatment planning system VQA (Hitachi Ltd.,
Hitachi,Japan) was used for the treatment planning,and
the prescribed dose was 63 Gy (relative biological effec-
tiveness (RBE)) in 21 fractions by two opposed lateral
field IMPT with multi-field optimization (MFO). The dose
was calculated using a 2 mm isotropic dose grid,and the
RBE was kept constant at 1.1.

Assuming that all the patients had high-risk prostate
cancer, the CTV including both the prostate and the
entire SV was retrospectively delineated for all patients
for the purposes of this study. The planning dose
objectives were set to CTV D99 (Gy (RBE)) >100%
and Dmax (Gy (RBE)) <110% of the prescribed dose
(Table 1), where D99 represents the minimum dose
to 99% of the target volume. In IMPT treatment plan-
ning, simply increasing the geometric margin to the
target may not ensure a sufficient dose due to unpre-
dictable changes in the patient anatomy during the
treatment.34,35 Therefore, we did not set a margin for
the CTV, but set a robust optimization using the worst
case optimization as proposed by Pflugfelder et al.34

to account for uncertainties throughout the course of
the treatment at 3 mm (set-up uncertainty related to
the inter- and intra-fractional motion) and 3.5% (range
uncertainty related to the patient stopping power ratio
estimation). The OAR applied the following dose con-
straints: V50 < 20% (as low as possible for severe
cases), V30 < 50% for the rectum, and V30 < 30% for
the bladder (Table 1), where V50 and V30 represent

the relative volume receiving at least 50 Gy (RBE) and
30 Gy (RBE).

To evaluate the robustness of the original treatment
plan for the target and OAR, the plans under the error
scenarios with shifted isocenter in the original treatment
plan at 3 mm in six directions (right, left, head, foot, ante-
rior, and posterior) and with varied Hounsfield Unit (HU)
on the planning CT at ±3.5% were created voxel by
voxel. Then, the dose volume histogram (DVH) indices
of the plans under the error scenarios and the origi-
nal treatment plan were compared. The time required
for dose calculation and optimization for all original and
adaptive treatment plans was recorded.

2.3 Delivered estimated dose
recalculation assuming the NART and
DART strategies

To compare the two treatment strategies, we recalcu-
lated the daily estimated dose assuming (1) NART: irra-
diation with the original treatment plan generated using
planning CT in all fractionation schedules and (2) DART:
irradiation with the adaptive treatment plan generated
using daily CT in all fractionation schedules.

For the dose recalculations using the total 483 sets of
daily CT, we used an in-house dose calculation program
(DCP) which implements the same calculation algorithm
as the VQA used for treatment planning, to automate
the process of performing the calculations and for an
efficient analysis of the DVH indices. To confirm the
accuracy of the DCP, several treatment plans were
recalculated by VQA and the DCP using a digital water
phantom. A three-dimensional (3D) gamma analysis
was performed using MIM to evaluate the differences
between the dose distributions calculated by VQA and
DCP. All original and adaptive digital imaging communi-
cation in medicine (DICOM) data (CT, ROI, Dose, Plan)
generated by VQA were transferred to the DCP.

Logically, it would be sensible to use only the prostate
for the alignment but slight differences in daily man-
ual prostate contouring can cause large differences
in the rotational alignment. To control for this, we first
corrected the rotational alignment error with bone
structure matching in six axes using the rigid image
registration (RIR) function of MIM. This process is also
useful to reduce the uncertainties in the beam path
length due to daily changes of the bone structures.
After the RIR, the positional deviation of the prostate,
SV, rectum, and bladder relative to the bone structures
were visually assessed using sagittal and axial images.
Following this, the geometric center of the prostate
in the daily CT was registered to the isocenter of the
planning CT.

Simulation of the treatment strategy was performed in
DCP as shown in Figure 1.The dose calculation on each
daily CT was performed based on the original treatment
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TABLE 1 Mean and standard deviation (SD) for the dose volume histogram (DVH) indices of the original treatment plan in the 23 patients

DVH indices Planning goal Mean SD
Rate of achieving
goal

CTV D99 >63 Gy (RBE) 63.5 Gy (RBE) 0.2 Gy (RBE) 100.0%

CTV Dmax <69.3 Gy (RBE) 67.4 Gy (RBE) 1.0 Gy (RBE) 100.0%

Prostate D99 n/a 63.5 Gy (RBE) 0.3 Gy (RBE) n/a

SV D99 n/a 63.4 Gy (RBE) 0.2 Gy (RBE) n/a

Rectum Dmax n/a 65.4 Gy (RBE) 0.8 Gy (RBE) n/a

Rectum V30 <50% 32.1% 7.1% 100.0%

Rectum V50 <20% 17.0% 3.5% 87.0%

Rectum V60 n/a 7.5% 1.9% n/a

Bladder V30 <30% 18.2% 7.5% 95.7%

Bladder V60 n/a 4.6% 2.6% n/a

Bladder V63 n/a 4.1 ml 2.0 ml n/a

Abbreviations: CTV, clinical target volume; RBE, relative biological effectiveness; SV, seminal vesicle.

F IGURE 1 Simulated dose recalculation for the non-adaptive radiotherapy (NART) and daily adaptive radiotherapy (DART) strategies in
dose calculation program (DCP). The NART and DART dose distributions for 21 fractions per patient were recalculated. Original plans were
applied to daily computed tomography (CT) for NART, and daily adaptive plans were applied to daily CT for DART

plan and the daily adaptive plan for NART and DART,
respectively.

2.4 Analysis of the DVH indices

The DVH indices were used to compare the frac-
tional and accumulated dose distributions recalculated
assuming the NART and DART strategies. The prostate
D99 (Gy (RBE)), SV D99 (Gy (RBE)), and CTV D99 (Gy
(RBE)) for target coverage and rectum V30 (%), rectum
V50 (%), rectum V60 (%), bladder V30 (%), bladder V60
(%), and rectum Dmax (Gy (RBE)) were selected as the
evaluation indices. The volume in milliliters of bladder

which received 63 Gy or more (V63 (ml)), which is not
affected by the field limitations of the viewed images,
was also evaluated in this study. In the evaluations of
the fractional dose distribution, each fractionated dose
was scaled to 21 times to investigate the dose distribu-
tion in the worst case scenario. In the evaluation of the
accumulated dose distribution, the true dose was calcu-
lated by summing each fraction dose together. The DIR
algorithm in the MIM was used to estimate the accumu-
lated dose through the entire treatment both in NART
and in DART. Each of the 21 fractionated dose distribu-
tions on the daily CT images was deformed into the dose
distribution of the planning CT images for each patient.
Finally, we calculated the estimated accumulated dose
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TABLE 2 Comparison of rates of achieving clinical goals between non-adaptive radiotherapy (NART) and daily adaptive radiotherapy
(DART) in the fractional and accumulated doses

Fractional dose (N = 483) Accumulated dose (N = 23)
DVH indices Clinical goal NART DART p-Value NART DART p-Value

CTV D99 >59.85 Gy (RBE) 56.5% 100.0% <0.001 82.6 % 100.0% <0.05

Prostate D99 >59.85 Gy (RBE) 98.6% 100.0% <0.01 95.7% 95.7% 1.000

SV D99 >59.85 Gy (RBE) 37.9% 100.0% <0.001 47.8% 95.7% <0.01

Rectum Dmax <66 Gy (RBE) 53.0% 85.7% <0.001 95.7% 100.0% 0.3173

Rectum V30 <50% 95.0% 99.2% <0.001 95.7% 100.0% 0.3173

Rectum V50 <20% 69.2% 89.2% <0.001 69.6% 87.0% 0.1025

Bladder V30 <30% 99.0% 99.8% <0.05 91.3% 91.3% 1.000

Bladder V63 <10 ml 96.5% 98.1% <0.001 100.0% 100.0% 1.000

Abbreviations: CTV, clinical target volume; DVH, dose volume histogram; RBE, relative biological effectiveness; SV, seminal vesicle.

F IGURE 2 The volume differences between planning computed tomography (CT) and daily CT for the prostate, seminal vesicle (SV),
rectum, and bladder in the 21 fractions for each of the 23 patients. Dots and error bars represent the means and standard deviations in the 21
fractions

distribution by adding the deformed 21 daily dose distri-
butions on the same planning CT.

2.5 Statistical analysis

The JMP PRO version15.2 (SAS Institute, Cary, NC,
USA) was used for the statistical analysis. Paired t-tests
were used for the statistical significance of the DVH
indices between the NART and DART strategies.McNe-
mar’s test was used for the statistical significance of the
rates of achieving clinical goals (Table 2) for the DVH
indices between the NART and DART strategies with the
p-value = 0.05 as the significance level.

3 RESULTS

3.1 Anatomical changes through the
entire treatment

Figure 2 shows the means and standard deviations (SD)
of the volume differences between planning CT and

daily CT for the prostate, SV, rectum, and bladder in
the 21 fractions for each of the 23 patients. The vol-
ume differences in percentages between the planning
CT and daily CT in all 483 sets were -2.13 ± 12.88%,
12.18 ± 28.88%, 14.54 ± 24.54%, and 34.10 ± 46.22%
for the prostate, SV, rectum, and bladder. The values for
the SV, rectum, and bladder showed greater differences
than those for the prostate. In 71% and 82% of 483 sets
of daily CT, the volumes of the rectum and bladder were
larger than the planning CT.

3.2 DVH indices of the original
treatment plan

The average time required for dose calculation and opti-
mization for the original treatment plan in this study was
22.1 min in 23 patients. Table 1 shows the means and
SD of the DVH indices for the CTV, prostate, SV, rec-
tum, and bladder in the original treatment plan gener-
ated by 23 sets of planning CT. Dose objectives of the
target were achieved in all patients as the target dose
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F IGURE 3 Boxplots comparing estimated actual doses recalculated using the 483 sets of daily computed tomography (CT) with
non-adaptive radiotherapy (NART) (red) and daily adaptive radiotherapy (DART) (blue) treatment strategies for fractional doses (a) and
accumulated doses (b). For the target, the black dashed line represents the clinical goals for CTV D99 (Gy (RBE)), prostate D99 (Gy (RBE)),
and SV D99 (Gy (RBE)). For the organs at risk (OAR), the black dashed line represents the clinical goals for rectum V30 (%), the magenta
dashed line for rectum V50 (%), the light green dashed line for bladder V30 (%), and the blue line for bladder V63 (ml)

objective was prioritized over the OAR dose constraints.
The OAR dose constraints were achieved in all patients
for rectum V30 (%), in 20 of 23 patients for rectum V50
(%), and in 22 of 23 patients for bladder V30 (%).

The differences between the plans under the error
scenarios and the original treatment plan were -
0.54 ± 0.46 Gy (RBE) for CTV D99, 0.31 ± 3.21% for
rectum V60, and -0.04 ± 2.01% for bladder V60.

3.3 Direct comparison of the estimated
actual dose with the NART and DART
strategies

The results of a 3D gamma analysis comparing the
dose distributions calculated by VQA and DCP were
99.96 ± 0.023% on the pass rate of 1 mm and 1% cri-
teria, showing that good agreement was achieved.

Figure 3a shows the comprehensive comparison of
the estimated fractional doses (483 sets) to the target
and OAR when irradiated with the NART and DART
strategies. The mean estimated fractional doses of
DART were higher than those of NART with statistical
significance for CTV D99 (Gy (RBE)), prostate D99 (Gy
(RBE)), and SV D99 (Gy (RBE)). For the OAR, the mean

estimated fractional doses of DART were lower than
those of NART with statistical significance for rectum
V30 (%), rectum V50 (%), rectum V60 (%), and rectum
Dmax (Gy (RBE)). With the mean estimated fractional
doses of bladder V30 (%), bladder V60 (%), and blad-
der V63 (ml) of DART were higher than those of NART
with statistical significance.

Figure 3b shows the comprehensive comparison of
the estimated accumulated doses (23 patients) to the
target and OAR when irradiated with the NART and
DART strategies. The means and SD of the esti-
mated accumulated doses of the NART and DART
in the 23 patients were 60.81 ± 3.47 Gy (RBE) and
63.24 ± 1.04 Gy (RBE) for CTV D99 (p < 0.01),
62.99 ± 1.28 Gy (RBE) and 63.43 ± 1.33 Gy (RBE) for
the prostate D99 (p = 0.2529), and 59.07 ± 5.19 Gy
(RBE) and 63.17 ± 1.04 Gy (RBE) for SV D99
(p < 0.001). There were no statistically significant dif-
ferences between NART and DART in any of the DVH
indices for rectum and bladder.

Figure 4 shows the comparison of the estimated (a)
fractional doses and (b) accumulated doses for each
patient of prostate D99 (Gy (RBE)),SV D99 (Gy (RBE)),
rectum V50 (%), and bladder V63 (ml) for the NART
and DART strategies. No significant dose reduction of
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F IGURE 4 Comparing estimated fractional doses (a) and accumulated doses (b) for each patient of prostate D99 (Gy (RBE)), SV D99 (Gy
(RBE)), rectum V50 (%), and bladder V63 (ml) with the non-adaptive radiotherapy (NART) (red) and daily adaptive radiotherapy (DART) (blue)
treatment strategies through the entire treatment. Black lines represent the dose volume histogram (DVH) indices for each patient in the original
treatment plan, and the dashed lines represent the clinical goals for each DVH indices
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prostate D99 (Gy (RBE)) occurred with NART and DART.
However, there were unacceptable dose reductions for
SV D99 (Gy (RBE)) with NART especially in the frac-
tional doses.In patients 5,11,12,and 23,rectum V50 (%)
was higher than the clinical goal with NART, but those
with DART could be assigned as lower than the clinical
goals. Bladder V63 (ml) was mostly lower than the clini-
cal goal with NART and DART in all patients.

3.4 Rates of achieving clinical goals of
the DVH indices

Table 2 shows the results of the rates of achieving the
clinical goals of the NART and DART strategies in the
fractional and accumulated dose distributions. The clin-
ical goals for CTV D99 (Gy (RBE)), prostate D99 (Gy
(RBE)), and SV D99 (Gy (RBE)) are defined as 95% of
the prescribed dose.

In the fractional dose estimates, the NART achieved
the clinical goal in 56.5% of all sets for CTV D99 (Gy
(RBE)), 98.6% for prostate D99 (Gy (RBE)), and 37.9%
for SV D99 (Gy (RBE)). The significantly lower percent-
age for SV D99 (Gy (RBE)) is noteworthy. However, the
DART achieved the clinical goal for all sets of CTV D99
(Gy (RBE)), prostate D99 (Gy (RBE)), and SV D99 (Gy
(RBE)).For OAR,the NART and DART achieved the clin-
ical goals in 95.0% and 99.2% of all sets for rectum V30
(%), 69.2% and 89.2% for rectum V50 (%), 53.0% and
85.7% for rectum Dmax (Gy (RBE)), 99.0% and 99.8%
for bladder V30 (%), and 96.5% and 98.1% for bladder
V63 (ml), and in all of these NART and DART were sig-
nificantly different. In three patients who did not achieve
the dose constraint for rectum V50 (%) in the original
treatment plan, the rates of achieving clinical goals for
rectum V50 (%) with NART and DART were 49.2% and
52.4% (p = 0.6949). There was no significant difference
in the rates of achieving clinical goals for rectum V50
(%) of the NART and DART in the three patients who did
not achieve the dose constraint for rectum V50 (%) in the
original treatment plan. In 20 patients who achieved the
dose constraint for rectum V50 (%) in the original treat-
ment plan, the rates of achieving clinical goals of the
NART and DART were 72.1% and 94.8% (p < 0.001).

In the accumulated dose estimates, statistically sig-
nificant differences remain for CTV D99 (Gy (RBE)) and
SV D99 (Gy (RBE)) but not for the others. Two patients
out of the three who did not achieve the dose constraint
for rectum V50 (%) in the original treatment plan did not
achieve the clinical goals even with DART.

3.5 Comparison of the estimated dose
distributions

Figure 5 shows the dose distributions of NART and
DART using the same set of daily CT for a represen-

tative case (patient 9). Figure 6 shows a comparison of
the estimated actual DVH for all 21 fractions in the same
patient.Comparison of the dose distribution and DVH for
the two treatment strategies shows that NART does not
adequately cover the dose to the SV,but DART improves
on that. The dose to the rectum of NART tended higher
than that of DART in the high-dose area, and the dose
to the bladder of NART was slightly lower than that of
DART.

4 DISCUSSION

Spot optimization for IMPT treatment planning includes
single-field optimization (SFO) and MFO,which have dif-
ferent sensitivities to any uncertainties. The MFO-IMPT
provides a better dose distribution than SFO-IMPT but
is more sensitive to any uncertainties due to its more
complex dose distribution.36 In this study, we simulated
irradiation of MFO-IMPT for prostate cancer with daily
anatomical changes using two treatment strategies:
NART with the original treatment plan and DART with
the adaptive treatment plan generated using daily CT,
and we evaluated the potential dose advantage of
DART by comparing the target coverage and OAR
sparing.

For the NART strategy, the mean estimated fractional
dose for prostate D99 (Gy (RBE)) had a slight decrease
from the prescribed dose, but that for SV D99 (Gy
(RBE)) was about 13% lower than the prescribe dose.
Because CTV was defined in the prostate plus the entire
SV assuming a high-risk group, this also resulted in a
decrease of the mean estimated actual dose for CTV
D99 (Gy (RBE)).The most likely reason for this is that the
position of the SV was pushed forward in many cases
due to the increased rectal volume considering that the
volumes of the rectum were larger than the planning CT
in 71% of the daily CT as shown in Figure 7. In other
cases, the SV was pushed backward due to the poste-
rior expansion of the bladder, resulting in a decrease of
SV D99 (Gy (RBE)) as shown in Figure 7. In a detailed
study of SV positional changes, Mak et al.37 showed
that there is a strong correlation between rectal volume
in the area adjacent to the SV and inter-fractional SV
positional deviation in the anterior–posterior direction.
They also showed that the posterior point of the blad-
der was strongly correlated with the anterior–posterior
movement of SV,so it is possible that SV D99 decreased
as a result of the SV being pushed backward by the
bladder expanding posteriorly in some patients. Frank
et al.38 have shown that the margin for inter-fractional
change should be larger for SV than for the prostate.

In the present study, the original plans were evalu-
ated as sufficiently robust since the changes in the plans
under the error scenarios relative to the original plan
was -0.54 ± 0.46 Gy (RBE) for CTV D99. However, the
results for CTV D99 (Gy (RBE)) and SV D99 (Gy (RBE))
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F IGURE 5 Representative example of the estimated actual dose distributions of non-adaptive radiotherapy (NART) (a) and daily adaptive
radiotherapy (DART) (b) using the same daily computed tomography (CT) images in the axial, sagittal, and coronal planes. The regions of
interest (ROI) are displayed in the prostate (blue), seminal vesicle (SV) (light green), rectum (magenta), and bladder (light blue). The notable
difference between two treatment strategies is failing to cover the anterior cranial side of SV in NART

F IGURE 6 Comparison of the estimated actual dose volume
histogram (DVH) of non-adaptive radiotherapy (NART) (dashed
lines) and daily adaptive radiotherapy (DART) (solid lines)
recalculated for 21 fractions of the same patient as shown in
Figure 5. Colors are displayed for the clinical target volume (CTV)
(red), prostate (blue), seminal vesicle (SV) (light green), rectum
(magenta), and bladder (light blue)

in accumulated dose estimates suggest that robust opti-
mization with a 3 mm set-up uncertainty in the plan is
too small for CTV with NART. The present study sug-
gests that an uncertainty larger than 3 mm is required
in NART, but there are concerns about higher doses to
the OAR. The dosimetric effect by expanding the uncer-
tainty in NART will be the theme of a future study.Thörn-
qvist et al.15 evaluated the estimated actual doses recal-
culated using eight to nine repeat CT of each patient
for IMPT with margins of up to 10 mm for the prostate,

SV, and pelvic lymph nodes. The average decrease in
SV D99 from the original treatment plan was 13%, even
when set up with a reference marker implanted in the
prostate,suggesting that simple margin expansion is not
a solution for dose coverage of the SV.15 The present
study compares the estimated actual doses of NART
and DART and suggests that DART using the 3 mm for
the set-up uncertainty may offer a solution to improve
the dose coverage of the SV in the modest fractionation
schedule (21 times). Considering the large differences
in the fractional dose estimates in this study, the DART
strategy is mandatory if we use the recently reported
ultra-hypofractionated schedule.39

A direct comparison of the estimated fractional dose
of NART and DART showed that DART achieved sig-
nificantly lower rectum V30 (%), V50 (%), V60 (%),
and Dmax (Gy (RBE)). Furthermore, the clinical goal
achievement rate of DART was significantly higher,
resulting in DART as also effective in reducing the dose
to the rectum. However, even in DART, the dose con-
straint of rectum V50 (%) was not achieved in 52 sets
(10.8%). About 60% of these occurred in three patients
who did not achieve the dose constraint for the rectum
V50 (%) in the original treatment plan. Two out of these
three patients also failed to achieve the clinical goal with
DART in the accumulated dose. This indicates that for
patients with unique anatomies such as with the proxim-
ity of the SV to the rectum makes it difficult to maintain
the dose to the SV and achieve the dose constraint of
the rectum in the original treatment plan,and it is unlikely
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F IGURE 7 Inter-fractional seminal vesicle (SV) positional deviations due to the rectal and bladder volume variations are shown. The upper
and lower panels show the volume variations of rectum and bladder, respectively. The daily regions of interest (ROI) (solid line) and the original
plan ROI (dashed line) are shown on the daily computed tomography (CT) image in the prostate (blue), seminal vesicle (SV) (light green),
rectum (magenta), and bladder (light blue)

that the dose constraint of the rectum can be achieved
even with DART.

A direct comparison of the estimated fractional dose
for bladder V30 (%), V60 (%), and V63 (ml) between
NART and DART showed that NART achieved sig-
nificantly lower values and no statistically significant
differences in the accumulated dose. Looking at the
clinical goal achievement rate, DART achieved signif-
icantly higher rates in the fractional dose. The con-
tradictory results about the mean estimated fractional
doses of bladder V30 (%), V60 (%), and V63 (ml) sug-
gest that insufficient coverage in the daily CT images
may have affected the accuracy of the results for
the bladder in this study. Since DART had a higher
clinical goal achievement rate in the fractional dose
and no statistically significant difference in the accu-
mulated dose, we think that this result is not clini-
cally relevant and does not preclude the superiority of
DART.

The adaptive strategy in this study assumed that
the adaptive plan was generated and irradiation was

based on only the daily CT taken before the irradiation,
and real-time adaptation for intra-fractional motion by
real-time monitoring, for example, using magnetic res-
onance imaging, was not used during the actual irra-
diation. Instead of the real-time adaptation, the 3 mm
set-up uncertainty accounting for intra-fractional motion
was used in the robust optimization of adaptive plans
for DART.Tang et al.40 estimated the actual dose consid-
ering intra-fractional motion from Calypso tracking data
of only the prostate movement during IMPT irradiation
and investigated the dose differences from the original
treatment plan. They used the prostate plus 1 cm of
the proximal SV as CTV and reported that the reduc-
tion of CTV D99 compared with the original treatment
plan was less than 2% on average through the entire
treatment.However,Gill et al.41 measured intra-fractional
motion of the prostate and SV using cinematic magnetic
resonance imaging and found no correlation between
prostate and SV deviation. A real-time adaptive strategy
that also monitors and adapts for intra-fractional motion
of SV needs to be investigated in the future.
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Table 1 shows the dose in the original treatment plan,
in which 13% and 4.3% of the plan failed to meet the
respective rectum V50 (%) and bladder V30 (%) goals.
It is notable that in DART, both improved with respec-
tively 10.8% and 0.2% in the fractional dose estimates.
These differences cannot be explained by technologi-
cal reasons and may be because the patients had bet-
ter bladder and rectum preparation during the treatment
than before the planning CT simulation.

A limitation on implementing the DART strategy is that
the average time required for dose calculation and opti-
mization for the daily adaptive plan in the 483 sets was
as long as 22.5 min.Gill et al.41 pointed out that prostate
and SV movements increase over time and reach the
maximum displacement after 10 min.The longer it takes
to generate the plan, the larger the movement of the
prostate and SV will be,so the time required for adaptive
planning should be as short as possible. A recent study
reported that auto-segmentation using deep learning
can reduce the time required for contouring.42 Further,
Matter et al.43 reported that by implementing graphic
processing units (GPU) in the online adaptation plan-
ning process, a typical IMPT treatment plan could be
generated in 5–10 s. As presented above, we align the
bone structure first for rotational errors with bone match-
ing in six axes, then align to the geometric center of
the prostate. If the daily manual prostate contouring is
improved by state-of -art technology, we may become
able to skip the bone matching. Speeding up the adap-
tation process in this study is an issue for the future.

5 CONCLUSIONS

Compared with the conventional NART method which
significantly reduces the dose to the SV, DART presents
significant dosimetric advantages in maintaining dose
coverage to the target without increasing the dose to the
OAR. We suggest that if a more speedy adaptive plan-
ning is achieved, DART will become an attractive strat-
egy in future IMPT for high-risk prostate cancer.
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