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Abstract

Background: The aim of the study was to evaluate the association
between bladder volume and dose-volume constraints of organs at
risk—specifically the bladder and rectum—in patients receiving
moderately hypofractionated radiotherapy for localized prostate can-
cer, and to identify factors associated with exceeding organs-at-risk
dose constraints.

Methods: This retrospective study included patients who received
either 70 Gy in 28 fractions or 60 Gy in 20 fractions using volumet-
ric modulated arc therapy with daily cone beam computed tomog-
raphy. Bladder volume was measured at each session. Multilevel
mixed-effects linear regression was used to assess the association
between bladder volume and organs-at-risk dose constraints. Zero-
inflated Poisson regression was applied to explore factors associated
with organs-at-risk dose overdose, defined according to the Radiation
Therapy Oncology Group (RTOG) 0415 and Conventional or Hypof-
ractionated High Dose Intensity Modulated Radiotherapy in Prostate
Cancer (CHHIiP) trial thresholds.

Results: A total of 388 radiotherapy sessions were analyzed among
15 patients. Increased bladder volume was significantly associated
with reduced radiation exposure to organs at risk. This protective ef-
fect was more pronounced for the urinary bladder (risk difference:
—6.4% to —7.8% per 100 mL increase) than for the rectum (—1.0% to
—2.2%) under the 70 Gy protocol. No significant rectal protection was
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observed under the 60 Gy protocol. The 60 Gy protocol (risk ratio =
15.4; 95% confidence interval, 2.93-81.02) and high recurrence risk
(risk ratio = 2.41; 95% confidence interval, 1.12-5.16) were signifi-
cant predictors of bladder overdose. The 60 Gy protocol was the only
significant predictor of rectal overdose.

Conclusions: Larger bladder volumes reduce radiation exposure to
organs at risk, particularly the urinary bladder. Rectal protection was
limited, especially under the 60 Gy protocol. Optimizing bladder vol-
ume may improve treatment safety and adherence to dose constraints.

Keywords: Prostate cancer; Radiation dose hypofractionation; Volu-
metric modulated arc therapy; Organs at risk; Retrospective study

Introduction

Prostate cancer is the second most common cancer in men.
Moderate hypofractionated radiotherapy regimens are com-
monly offered for localized prostate cancer [1, 2]. Moderate
hypofractionation delivers a higher dose per fraction (2.4-4.0
Gy) compared to conventional fractionation (1.8-2.0 Gy).
Several studies have shown that cancer control outcomes and
late toxicity of moderately hypofractionated radiotherapy are
similar to conventional radiotherapy. The main advantage of
moderate hypofractionation is a shorter treatment duration of
4-6 weeks, compared to 7-8 weeks with conventional frac-
tionation [1, 2].

Volumetric modulated arc therapy (VMAT) allows for
high-dose conformity to the tumor while minimizing the dose
to surrounding normal tissue. However, variations in bladder
volume during daily treatment can impact dosimetry in organs
at risk (OARs) [3-5]. In VMAT treatment planning, dose limi-
tations are set for the bladder (genitourinary (GU)) and rec-
tum (gastrointestinal (GI)). GU and GI toxicity are significant
concerns in external beam radiotherapy (EBRT). Cone beam
computed tomography (CBCT) provides image guidance that
helps assess bladder volume and minimize OAR toxicities.

Although several studies have reported associations be-
tween bladder volume and dose to OARs [3-5], prior analyses
have often been limited to comparisons between predefined
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bladder-filling states or single time-point assessments. More
recent studies have also explored dosimetric variation using
daily imaging and motion analysis [6, 7]. The relationship be-
tween bladder volume and dose—volume constraint behavior
across repeated treatment sessions within the same patients,
analyzed using session-level data and accounting for within-
patient variability, has been explored in prior studies using
different methodological approaches, particularly with respect
to study design and analytical strategies [8, 9]. Moreover, the
evidence regarding rectum as an OAR remains inconclusive,
with prior studies showing inconsistent or limited associations
[9, 10]. The aim of this study was to evaluate the association
between bladder volume changes and OAR dose constraints
under a moderate hypofractionated radiotherapy protocol,
while accounting for repeated measures in individual patients.
A secondary aim was to identify risk factors associated with
exceeding OAR dose constraints in this treatment setting.

Materials and Methods

This study was a retrospective observational cohort study. We
included patients with histologically confirmed localized pros-
tate cancer, who received moderate hypofractionated radio-
therapy using VMAT planning. Two treatment protocols were
used: 70 Gy in 28 fractions (2.5 Gy per fraction) and 60 Gy in
20 fractions (3 Gy per fraction). The treatment protocol was
selected by the attending radiation oncologist after discussion
with the patient. The recruitment period was from May 2022 to
April 2024. The study setting (Sawanpracharak Hospital) was
a tertiary government hospital in Thailand’s Region 3 health
care area. This healthcare area, during the study period, had
only one radiotherapy facility, which was located in the study
setting. We excluded patients with metastatic prostate cancer,
bladder or rectal invasion, and those who did not undergo daily
CBCT image guidance. All data were retrieved from the hos-
pital electronic archiving system and the Eclipse Treatment
Planning System, version 16.0.

Our department had a bowel and urinary bladder prepara-
tion protocol for all patients. After emptying their rectum and
bladder, patients drank 600 mL of water within 10—15 min
and waited for 40—75 min before computed tomography (CT)
simulation and then received daily treatment. For VMAT plan-
ning, the clinical target volume (CTV), planning target volume
(PTV), and OARs (the bladder and rectum) were delineated
on the CT planning images by the radiation oncologists. The
PTV was defined according to institutional protocols, which
may include seminal vesicles in patients with higher-risk dis-
ease, depending on clinical indications. Treatment planning
followed fractionation and dose-volume constraints for both
target volumes and OARs, adhering to the Radiation Therapy
Oncology Group (RTOG) 0415 and Conventional or Hypof-
ractionated High Dose Intensity Modulated Radiotherapy in
Prostate Cancer (CHHiP) trial protocols for 70 Gy and 60 Gy,
respectively [11, 12].

Assessment of dose-volume histograms (DVHs), CT
simulation plans, and daily pre-treatment CBCT images was
performed using the Eclipse Treatment Planning System, ver-

sion 16.0. Bladder volume (mL) was measured on each daily
CBCT image, and DVH data for both the bladder and rectum
were recorded.

During treatment, CBCT was used for image guidance to
verify patient positioning before treatment delivery. Pre-treat-
ment CBCT was acquired to confirm the target volume and
OARs. The bladder and rectum were delineated on the daily
CBCT images for each patient by the radiation oncologist.
CBCT images were used solely for re-delineation of the blad-
der and rectum to assess daily organ volume and morphologi-
cal variation. The newly contoured OAR structures were trans-
ferred to the planning CT via rigid image registration between
the daily CBCT and the planning CT images. The original
planning CT-based dose matrix was preserved and applied to
the transferred OAR contours for each fraction. DVH parame-
ters were then extracted from the original dose distribution us-
ing the updated bladder and rectum structures. No dose recal-
culation was performed on the CBCT datasets. This approach
assumes that the planned dose distribution remains unchanged
across fractions and does not account for variations in tissue
density or deformation-related dose redistribution.

Dose-volume constraints for OARs, expressed as the per-
centage of organ volume receiving specific radiation doses,
were derived from DVH data. For the 70 Gy in 28 fractions
protocol, dose-volume constraints based on RTOG 0415 were
applied, including bladder constraints of V79 < 15%, V74 <
25%, V69 < 35%, and V50 < 50%, and rectal constraints of
V74 <15%, V69 < 25%, V64 < 35%, and V50 < 50%, where
Vx represents the percentage of the organ volume receiving
a radiation dose of at least x Gy. For the 60 Gy in 20 frac-
tions protocol, based on the CHHiP trial, bladder constraints
included V60 < 5%, V48.6 < 25%, and V40.8 < 50%, while
rectal constraints were V60 < 3%, V57 < 15%, V52.8 <30%,
V48.6 <50%, and V40.8 <60%. In brief, under the 70-Gy pro-
tocol, the dose-volume constraint V79 < 15% for the bladder
indicates that no more than 15% of the bladder volume should
receive 79 Gy.

We treated bladder and rectum dose constraints as the de-
pendent (outcome) variables. Bladder volume (mL) was our
main examined factor and was calculated from the daily pre-
treatment CBCT images for every radiation session. Other col-
lected factors that could affect OAR overdose were patients’
age, unfavorable or high prostate cancer recurrence risk, blad-
der filling time, and radiation protocol (70 Gy or 60 Gy). Risk
groups were determined according to the National Compre-
hensive Cancer Network (NCCN) classification.

To assess clinical relevance, all patients were evaluated
1 year after completing radiotherapy to determine the occur-
rence of radiation-induced urinary or rectal complications,
which were classified as acute (< 90 days) or chronic (> 90
days) [13]. Toxicity was also graded according to the Radia-
tion Therapy Oncology Group (RTOG) criteria.

The study protocol was approved by the Sawanpracharak
Hospital Ethical Committee for Research in Human Subjects
(COA.7/2023). This study was conducted in compliance with
the ethical standards of the responsible institution on human
subjects as well as with the Helsinki Declaration. All partici-
pants remained anonymous, and no identifiable individual data
were used in the analysis.
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Statistical analysis

Continuous variables were summarized as mean =+ standard
deviation, and discrete variables as counts and percentages.

Because each participant received multiple treatment ses-
sions with repeated parameter measurements, analyses were
performed using multilevel mixed-effects models. According
to our main objective (assessing the relationship between OAR
constraints and bladder volume), we analyzed the association
using multilevel mixed-effects linear regression [8]. The OAR
constraints were the main dependent variables, and bladder
volume measured at each session was the key independent
variable. Individual patients were included as random effects
in the model. Age, unfavorable/high prostate cancer recur-
rence risk, and bladder filling time were included as adjusted
independent variables. Given the limited number of patients,
the number of covariates included in the multivariable models
was intentionally restricted to avoid overfitting, and variables
were selected based on clinical relevance. Graphical associa-
tions between bladder volume and OAR dose constraints were
generated.

Our secondary objective was to assess factors affecting
OAR overdose. The main outcomes, bladder and rectum con-
straints, were further categorized according to whether the uri-
nary bladder or rectum received a higher percentage volume
than the specified radiation dose thresholds during individual
sessions (based on the RTOG 0415 and CHHIP trial criteria).
For the 70-Gy protocol, over-volume bladder constraints were
V79 > 15%, V74 > 25%, V69 > 35%, and V50 > 50%, and
over-volume rectal constraints were V74 > 15%, V69 > 25%,
V64 > 35%, and V50 > 50%. For the 60-Gy protocol, over-
volume bladder constraints were V60 > 5%, V48.6 > 25%, and
V40.8 > 50%, and over-volume rectal constraints were V60
> 3%, V57 > 15%, V52.8 > 30%, V48.6 > 50%, and V40.8 >
60%.

Because each over-volume constraint represents a differ-
ent level of clinical severity, we constructed a weighted count
of overdose events per session by assigning weights based on
the relative importance of each constraint threshold (e.g., for
the 70-Gy bladder protocol, V79 (more serious) was weighted
as 1-0.15 = 0.85, while V50 (less serious) was weighted as
1-0.50 = 0.50). This resulted in a composite outcome reflect-
ing both the frequency and relative severity of constraint viola-
tions.

Although the weighting scheme may yield non-integer
values, the outcome retains a count-based interpretation at the
session level. To account for the high proportion of sessions
without overdose events, a zero-inflated Poisson model was
applied [14], with a constant inflation term to model excess
zeros. The count component included session number as a
linear term, and a random effect for individual patients was
incorporated to account for repeated measurements. Examined
factors included bladder volume, patient age, unfavorable/high
prostate cancer recurrence risk, bladder filling time, and radia-
tion protocol (70 vs. 60 Gy).

We calculated the sample size based on a pilot study of
five patients (four receiving the 70-Gy protocol and one re-
ceiving the 60-Gy protocol). The pilot analysis included all

available CBCT-guided treatment sessions from the five pa-
tients, with each patient contributing multiple fractions (total
of 137 sessions). Given the small and imbalanced sample, the
pilot study was intended only to provide preliminary estimates
of effect size and variability for sample size calculation, rather
than for comparative analysis between treatment protocols.
Mean bladder constraints, rectal constraints, and bladder vol-
ume (mL) were calculated. The association slopes between
bladder constraints and bladder volume and between rectal
constraints and bladder volume were calculated using a mul-
tilevel mixed-effects linear regression model with individual
patients as random effects. The association slopes (+ standard
deviation) were —0.05 (0.01) for bladder and —0.01 (0.01) for
rectum. At 90% statistical power, the calculated sample sizes
compared with the null hypothesis of no association (slope =
0) were 4 for bladder and 11 for rectum.

Because the primary analysis was conducted at the ses-
sion level using repeated measurements, the effective number
of observations for the regression model was increased beyond
the number of individual patients. To account for within-pa-
tient correlation, multilevel mixed-effects models with patient-
level random effects were applied.

However, the pilot study was based on a small and im-
balanced sample, particularly for the 60-Gy protocol, which
may limit the precision of the estimated effect sizes. Therefore,
while the calculated sample size was considered sufficient for
detecting the primary association, subgroup analyses should
be interpreted with caution due to potential limitations in sta-
tistical power.

Results

A total of 388 radiotherapy sessions were analyzed—308
across 11 patients treated with the 70 Gy protocol and 80
across four patients treated with the 60 Gy protocol—among
15 patients with localized prostate cancer who underwent CT
simulation and completed treatment, with a corresponding
CBCT image acquired at each session. The participant flow
was presented in Figure 1. A summary of patient characteris-
tics is shown in Table 1. No missing data were identified, as
all information was recorded in either the electronic archiving
system or the radiation planning system, and most variables
were objective in nature.

The variation in bladder volume for each patient showed
that the range of planning volumes for the 70-Gy and 60-Gy
protocols were 45.3-298.6 mL (mean + standard deviation
(SD): 153.8 + 81.4) and 63.4-382.4 mL (186.8 + 145.1), re-
spectively. The corresponding bladder volumes during the
treatments ranged from 43.4 to 631.3 mL (195.6 + 106.9) for
the 70-Gy protocol, and 82—-535.6 mL (209.56 + 94.7) for the
60-Gy protocol. The average treatment bladder volume in-
creased from 153.8 + 81.4 mL (planning volume) to 195.6 +
106.9 mL for the 70-Gy protocol (n = 11), and from 186.8 =
145.1 mL (planning volume) to 209.56 + 94.7 mL for the 60-
Gy protocol (n =4).

To graphically assess the association between bladder and
OAR dose constraint, scatterplots, linear (fractional-polyno-
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Patients with prostate cancer treated with moderate hypofractionated
radiotherapy (May 2022 - April 2024)

Excluded patients:

- Metastatic disease

- Urinary bladder or rectal invasion
- No daily CBCT image guidance

\ 4

Eligible patients (n=15): 70 Gy in 28 fractions (n=11) or 60 Gy in 20 fractions (n=4)
v

Radiotherapy procedures:
- CT simulation with bladder filling protocol
- Treatment planning: contouring of planning target volume, rectum, and
bladder
- Volumetric Modulated Arc Therapy planning
v
Daily radiotherapy sessions (Total: n=388, 70 Gy: 308 sessions, 60 Gy: 80 sessions)

v

Daily assessment:
- Bladder and rectum re-delineation on CBCT
- Bladder volume measurement

v

Dose-volume evaluation:
- Planning CT—-based dose matrix applied to updated contours (no dose recalculation on CBCT)
- DVH parameter extraction

Figure 1. Participant flow diagram. CBCT: cone beam computed tomography; CT: computed tomography; DVH: dose—volume

histogram.
mial) prediction plots, and locally weighted regression (LOW- at 200 mL bladder volume was illustrated as 200 mL bladder
ESS) plots between bladder volume and each bladder or rectal volume usually dictated as adequate pre-treatment bladder vol-
constraint were created and illustrated in Figures 2, 3 for 70- ume [15]. The correlation results were also presented in Table

Gy protocol, and Figures 4, 5 for 60-Gy protocol. Vertical line 2. Regarding the 70-Gy protocol, no above-threshold over-

Table 1. Patient Characteristic

Patient characteristic, n (%) 70 Gy/28 Fr (n =11) 60 Gy/20 Fr (n=4)
Age (year), mean (+ SD) 73 (5.0) 69 (6.3)
NCCN risk group
Low-risk 1(9.1) 1(25.0)
Favorable intermediate-risk 0 2 (50.0)
Unfavorable intermediate-risk 3(27.3) 0
High-risk 7 (63.6) 1 (25.0)
Clinical stage
T1 2 (63.6) 0
T2 6 (54.6) 3(75.0)
T3 2 (18.2) 1(25.0)
T4 1(9.1) 0
Bladder filling time (min), mean (+ SD) 52 (12.3) 47.5 (8.6)

Fr: fraction; Gy: gray; NCCN: National Comprehensive Cancer Network; SD: standard deviation.
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Correlation between bladder volume and dose
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Figure 2. Correlation between bladder volume (mL) and bladder dose (dose—volume constraints) in the 70 Gy/28 fractions radio-

therapy protocol. LOWESS: locally weighted regression plots.

doses were detected for V79 and V74 of bladder constraints,
and V74 of rectal constraints. However, significant correlation
between bladder volume and percentage point of OAR con-
straints were detected in all the rest constraints level on both
bladder and rectum in respect of the more bladder volume in-
creased, percentage points of constraints decreased. Notably,
the magnitude of this correlation was greater for bladder con-
straints, with risk differences ranging from —6.4% to —7.8%
per 100 mL increase in bladder volume, compared to rectal
constraints, which showed smaller risk differences of —1.0%
to —2.2% per 100 mL. According to 60-Gy protocol, the sig-
nificant correlation (bladder volume increased, constraints
decreased) was detected only regarding urinary bladder. How-
ever, significant correlation was not detected regarding all
rectal constraint levels. Table 2 presents bladder volume as a
function of patients not being overdosed. At the 95 percentiles
(i.e., 95% of treatment sessions were not overdosed), a bladder
volume around 200 mL was usually adequate to protect over-
dosing, except for rectum (70-Gy protocol: 288.4 mL required
for rectal V50; 60-Gy: 223 mL required for bladder V60, 228.9
mL for rectal V48.6, and 293.9 mL for rectal V60). To avoid
overdose in 100% of sessions, the required bladder volume
typically ranged from 200 to 300 mL, but could be as low as
125 mL or as high as 537.5 mL.

Our secondary objective was exploring factors related to
exceeding OAR dose constraints in moderate hypofraction-

ated radiotherapy (Table 3). Bladder volume was a significant
protective over-dosed factor (risk ratio (RR) (95% confidence
interval (CI)): 0.37 (0.17, 0.79)), while unfavorable/high pros-
tate cancer recurrence risk and 60-Gy protocol were over-
dosed risk (RR (95% CI): 2.41 (1.12, 5.16), 15.4 (2.93, 81.02),
respectively) for urinary bladder as OAR. For the rectum, only
60-Gy protocol was a significant risk factor (RR (95% CI):
4.71 (1.45, 15.35)), while bladder volume was no longer a pro-
tective factor, although some protective trend was shown (RR
(95% CI): 0.80 (0.50, 1.25)).

Among the 15 participants, all experienced acute GI tox-
icity, with 13 patients presenting only grade I toxicity. Two
of the four patients (50%) who received the 60-Gy protocol
developed grade II rectal toxicity, which included rectal pain
and diarrhea. Additionally, three patients in the 60-Gy group
reported rectal discomfort during treatment, although none re-
quired medication. No chronic complications or urinary blad-
der toxicities were observed in this study.

Discussion

Our results demonstrated an inverse correlation between blad-
der volume and the percentage of radiation spillage to adjacent
OARs, specifically the bladder and rectum. This suggests a
protective effect, as larger bladder volumes were associated
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Correlation between bladder volume and dose
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with lower radiation exposure to OARs—a concept support-
ed by previous studies [4, 5, 16]. Recent studies have further
evaluated the impact of anatomical variation and intrafraction
motion on dosimetry during prostate radiotherapy [6, 7]. How-
ever, upon closer analysis, the protective effect of bladder fill-
ing was more pronounced for the urinary bladder in both the
70-Gy and 60-Gy protocols, with risk differences ranging from
—3.1% to —7.8% per 100 mL increase in bladder volume. In
contrast, the rectum exhibited only a modest protective effect
under the 70-Gy protocol (risk differences around —1.0% to
—2.2% per 100 mL), and no significant protective effect under
the 60-Gy protocol. This may be explained by the fact that rec-
tal dose is influenced by multiple anatomical factors, including
rectal filling, gas distribution, and shape, which were not ex-
plicitly assessed in this study and may confound the relation-
ship between bladder volume and rectal dose [17].

When evaluating the dose-volume histogram—defined
overdose percentage across radiotherapy sessions by patient
percentiles, the bladder volumes required to prevent overdos-
ing in 95% and 100% of patients were generally consistent
with these findings. In the 70-Gy protocol, the bladder volume
needed to fully avoid rectal overdose (100th percentile) ranged
from 243.9 to 537.5 mL, compared to a maximum of 238.2
mL needed for the urinary bladder. For the urinary bladder,
achieving complete protection (100th percentile) in the 60-Gy
protocol required larger bladder volumes (125-364.2 mL) than

in the 70-Gy protocol.

These results highlight that bladder distention more effec-
tively reduces dose to the urinary bladder than to the rectum,
possibly due to anatomical displacement or dose conformality
differences. These findings are consistent with prior studies
reporting a higher incidence of rectal injury in prostate can-
cer radiotherapy, particularly with hypofractionated regimens
[1]. Unlike studies that rely on comparisons between discrete
bladder-filling states or on recalculated dose distributions us-
ing daily imaging [4, 7], our approach evaluates dose—volume
constraint behavior across a continuum of bladder volumes
using the original planning dose applied to daily anatomical
variations. This framework may better reflect routine clinical
workflows and provide complementary insight into the rela-
tionship between bladder volume and OAR dose constraints.

To contextualize our finding of a limited association be-
tween bladder filling volume and rectal dose, we identified
few prior studies with mixed results. Moiseenko et al reported
a small, non-significant reduction in rectal dose with a full
bladder [10]. In contrast, Frizzell et al found a statistically
significant reduction in mean rectal dose with a full versus
empty bladder (25.41 Gy vs. 27.6 Gy; P=0.031) [7]. Notably,
Frizzell’s analysis compared two discrete bladder-filling states
at planning [7], whereas our study evaluated the association
across a continuum of bladder volumes over repeated frac-
tions. Given these design differences and the small number of
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available comparative studies, larger prospective datasets are
needed to determine whether bladder filling reliably reduces
rectal dose across modern treatment regimens.

Study’s secondary outcome analyzes factors associated
with OAR overdose in moderate hypofractionated radio-
therapy. In general, patient factors associated with increased
OAR overdose were older patient age, thinner body habitus,
smoking, and certain medical comorbidities [18]. Radiation
dose, fractionation, and field size were treatment-related fac-
tors [18]. We found that the 60-Gy protocol (a more hypof-
ractionated schedule) and unfavorable or high prostate cancer
recurrence risk were associated with increased risk of OAR
overdose.

Among the patients who experienced clinical toxicity,
grade II acute complications were observed in two of the four
patients who received the 60-Gy protocol and were limited to
rectal toxicity. While this observation is based on a small num-
ber of events and should be interpreted cautiously, it aligns
with findings from a recent study by Tao et al [19], which
included 187 participants and demonstrated that the 60-Gy
protocol was associated with significantly higher rates of late
grade 2 urinary toxicity and a non-significant trend toward in-
creased acute GI toxicity. The survival benefit of 60 Gy was
marginally non-significant [19]. However, the 60-Gy protocol
has also been considered a standard schedule for patients with
localized prostate cancer, as demonstrated in multiple clinical

trials with acceptably low toxicity profiles [20]. In light of this
existing evidence, our findings suggest that while the 60-Gy
protocol may be associated with higher rates of OAR overdose
based on dose-volume metrics, this may not directly reflect
clinical toxicity rates. Notably, a formal analysis linking toxic-
ity outcomes with dose—volume constraint violations was not
performed due to the limited number of patients and observed
events. Therefore, the toxicity findings should be interpreted
descriptively, and further studies with larger sample sizes are
needed to better evaluate the relationship between dosimetric
parameters and clinical outcomes.

Our secondary findings were also consistent with the
primary results, indicating that bladder volume served as a
protective factor against radiation spillage. However, these
associations were statistically significant only for the urinary
bladder as an OAR, and not for the rectum. These findings fur-
ther emphasize the importance of achieving adequate bladder
filling prior to radiotherapy, carefully selecting the radiation
protocol, and ensuring precise organ delineation during CT-
based treatment planning, as well as evaluating rectal protec-
tion strategies such as spacers or rectal balloons—particularly
when considering ultra-hypofractionated protocols [21].

Interestingly, urinary bladder filling time was not a signifi-
cant predictive factor. This may be due to the close correlation
between bladder volume and filling time, as well as the rela-
tively uniform filling durations across patients resulting from
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Figure 5. Correlation between bladder volume (mL) and rectal dose (dose—volume constraints) in the 60 Gy/20 fractions radio-
therapy protocol. LOWESS: locally weighted regression plots; RC: rectal constraint.

adherence to the standardized 40—-60 min protocol. However,
the findings may also suggest that bladder filling time alone
is an unreliable indicator of actual bladder volume. Based on
these results, using ultrasound to assess bladder volume before
each radiotherapy session may provide a more accurate and
consistent measure than relying on filling time alone [22].

A key strength of our study is that it reflects real-world
clinical practice and accounts for repeated radiotherapy ses-
sions in individual patients when evaluating the correlation
between bladder volume and OAR dose constraints.

However, our study also had several important limitations.
The most significant was its method-oriented design, in which
the primary outcomes focused on dose—volume constraints
for OARs derived from dose—volume histogram (DVH) data,
rather than direct clinical outcomes. Although we attempted to
provide clinical context by reporting 1-year radiation-induced
morbidity, the applicability to real-world clinical practice re-
mains limited. Our aim was to illustrate, in detail, how radia-
tion may spill over to OARs under varying bladder volumes,
while incorporating elements of clinical relevance. In light of
this limitation, applying findings from published studies or
conducting future research with a stronger focus on clinical
outcomes may enhance practical applicability.

Second, while DVH metrics were used to quantify dose
constraints to OARs, they do not account for spatial distribu-
tion of the dose within the organ. Thus, regions receiving high
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doses near critical substructures (e.g., anterior rectal wall) may
not have been adequately captured [23].

Another important limitation relates to the dose evalua-
tion method and potential confounding from baseline treat-
ment planning. In this study, the original planning CT—based
dose distribution was applied to organ contours derived from
daily CBCT images, without dose recalculation. Therefore, the
estimated dose—volume parameters may not fully represent the
actual delivered dose under daily anatomical variations, as this
approach does not account for tissue heterogeneity, anatomi-
cal deformation, or changes in beam attenuation. In addition,
baseline treatment plan quality and proximity to dose—volume
constraint thresholds were not explicitly accounted for. Pa-
tients whose initial plans were closer to constraint limits may
have been more likely to exceed these thresholds during daily
anatomical variation. Variability in treatment planning prac-
tices may also influence dose distribution and organ-at-risk
exposure. Variations in PTV, including differences in target
size and inclusion of seminal vesicles in higher-risk patients,
were also not explicitly accounted for and may act as addition-
al confounding factors. However, this framework allows for
the assessment of how anatomical variation alone influences
dose—volume constraint behavior under a fixed treatment plan,
which may reflect practical clinical workflows where routine
CBCT-based dose recalculation is not performed.

Third, the sample size was calculated based on our pri-
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Table 2. Bladder Volume Thresholds (95th and 100th Percentiles)

Protocol and Organ at Risk

and Adjusted Dose Constraint Correlations by Radiotherapy

Adjusted BV vs. dose constraint correlation

Pys BY (mL) Pioo B (mL) RD per 100 mL BV (95% CI) SE P value
70 Gy/28 Fr dose constraint
Bladder constraints (%)
V79 <15% NA
V74 <25% NA
V69 <35% 173.9 238.2 —6.4 (-7.3,-5.6) 0.45 <0.001
V64 <50% 85.2 238.2 —7.8 (-8.7,-6.8) 0.49 <0.001
Rectum constraints (%)
V74 < 15% NA
V69 <25% <4342 243.9 -1.0 (-2.0,-0.1) 0.47 0.029
V64 < 35% <43.4b 323.3 —1.4 (-2.6,-0.3) 0.59 0.017
V50 <50% 288.4 537.5 -2.2(-3.7,-0.8) 0.74 0.003
60 Gy/20 Fr dose constraint
Bladder constraints (%)
V60 < 5% 223 364.2 -3.1(43,-1.9) 0.61 <0.001
V48.6 <25% 166.6 243.9 -5.6 (-7.1,-4.1) 0.78 <0.001
V40.8 <50% <8l1.1¢ 125 —7.8 (9.6, -6.0) 0.90 <0.001
Rectum constraints (%)
V60 < 3% 293.9 362.4 -0.1(-0.9, 0.7) 0.40 0.755
V57 <15% <112.74 265.3 —0.4(-1.7,0.8) 0.64 0.519
V52.8 <30% <112.7¢ 282.6 -0.9 (-2.7,0.9) 0.91 0.351
V48.6 <50% <228.9¢ 265.3 -0.8(-3.0,1.4) 0.11 0.463
V40.8 < 60% 223 282.7 -1.0 (-3.5, 1.5) 0.13 0.424

Statistical analysis was performed using multilevel mixed-effects regression, adjusting for age, prostate cancer recurrence risk (unfavorable/high),
and bladder filling session number. @-¢The reported bladder volume values correspond to the following percentiles: 295.9th percentile; *96.2th per-
centile; ©97.6th percentile; 996.4th percentile; €99th percentile. P95 BV and P100 BV: Bladder volumes at which 95% and 100% of radiotherapy ses-
sions, respectively, did not exceed the dose constraint (i.e., no overdose observed). NA: No session exceeded the dose threshold for the specified
constraint. BV: bladder volume; Cl: confidence interval; Fr: fraction; Gy: gray; RD: risk difference; SE: standard error.

mary objective—evaluating the correlation between bladder
volume and OAR constraints. As a result, the secondary out-
comes assessing factors affecting OAR overdose should be

interpreted as supportive findings, as the study may not have
been adequately powered to detect significant associations.
Although the analysis included repeated measurements across

Table 3. Association Between Patient and Treatment Factors and the Risk of Weighted Overdose Counts, Analyzed Using Zero-
Inflated Poisson Regression

Bladder constraint

Rectal constraint

Variables
IRR (95% CI) SE P value IRR (95% CI) SE P value

Age 1.08 (0.96, 1.21) 0.06 0.217 0.99 (0.90, 1.08) 0.05 0.760
Effect of sessions 1.00 (0.98, 1.01) 0.01 0.705 1.02 (0.99, 1.04) 0.01 0.148
BV per 100 mL 0.37 (0.17,0.79) 0.14 0.011 0.80 (0.50, 1.25) 0.18 0.321
Recurrence risk 241 (1.12,5.16) 0.94 0.024 1.48 (0.88, 2.48) 0.39 0.141
Filling time 1.05(0.97, 1.14) 0.04 0.210 1.02 (0.97, 1.08) 0.03 0.387
60 Gy/20 Fr 15.4 (2.93, 81.02) 13.04 0.001 4.71 (1.45, 15.35) 2.83 0.010

60 Gy/20 Fr: One of the two radiation therapy protocols used in the study; the other was 70 Gy/28 Fr. Recurrence risk: High-risk or unfavorable
intermediate-risk prostate cancer. BV: bladder volume; Fr: fraction; Gy: gray; IRR: incidence rate ratio; SE: standard error.
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treatment sessions, the number of individual patients—par-
ticularly in the 60-Gy group (n = 4)—was limited. As a re-
sult, subgroup comparisons may be underpowered, and the
observed differences between protocols may reflect statistical
instability rather than true clinical differences. Moreover, the
number of participants receiving the 60-Gy protocol did not
reach the calculated minimum sample size of 11 patients re-
quired for rectal analysis, although it was adequate for bladder
analysis (minimum required: four patients). Therefore, analy-
ses within this subgroup may have limited statistical power,
and the slightly different results observed with the 60-Gy pro-
tocol should be interpreted with caution, as they may partly
reflect the smaller sample size rather than true differences be-
tween protocols. However, the dataset still included approxi-
mately 80 treatment fractions from patients treated with the
60-Gy protocol, which may provide preliminary insight into
the potential relationship between bladder volume and OAR
dose—volume constraints.

Fourth, as a retrospective observational cohort study, our
design is inherently susceptible to certain biases—such as se-
lection bias, protocol assignment bias, and measurement bias.
In addition, important patient-related factors such as smoking
status, alcohol consumption, body mass index, and comorbidi-
ties were not available in the dataset. These factors may in-
fluence organ motion, anatomy, and radiation tolerance, and
their absence may limit the ability to fully adjust for poten-
tial confounding. However, most of the primary variables in
this study (e.g., bladder volume and DVH parameters) were
objectively measured from imaging and treatment planning
systems. Therefore, while these limitations may introduce re-
sidual confounding, the findings are considered to reasonably
reflect real-world clinical practice, particularly in the context
of protocol selection.

Finally, this study focused primarily on the urinary blad-
der and rectum, as these organs are located adjacent to the
prostate and are among the OARs most commonly exposed
to clinically significant radiation doses during prostate radio-
therapy. Other structures that may also be affected by radiation
exposure, such as the penile bulb and femoral heads, were not
evaluated [24]. In addition, the present analysis did not assess
the impact of bladder volume variation on target coverage or
prostate dose. Changes in bladder filling may influence pros-
tate position and internal anatomy, potentially affecting the de-
livered dose distribution to the target volume [25]. Therefore,
the findings of this study should be interpreted primarily in the
context of organ-at-risk dose constraints. The potential impact
of bladder volume variation on target coverage and prostate
dosimetry was not evaluated and warrants consideration when
interpreting the overall dosimetric consequences of bladder
filling during prostate radiotherapy.

Conclusions

Increased bladder volume was associated with a protective
effect, reducing radiation dose exposure to adjacent OARs,
including the bladder and rectum. However, this protective
association was less pronounced for the rectum—particularly
under the 60-Gy protocol. Further clinical studies are war-

ranted to validate these findings, and integration with insights
from existing published research may help guide their applica-
tion in routine clinical practice.
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