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Abstract
Background
This study aimed to determine the optimal bladder volume (BV) for hypofractionated proton therapy in
prostate cancer (PC).

Materials and methods
Two hundred patients with PC were enrolled in this study and classified into low-, intermediate-, and high-
risk groups. Treatment planning was performed by assuming a hypofractionated schedule of 63 Gy (relative
biological effectiveness) in 21 fractions. The dose indices of the bladder (V60 and V50) were calculated and

classified into four groups according to the BV. A cutoff value with a 95% confidence interval was calculated
on the basis of the mean and standard deviation of the dose indices. These values were compared with the
dose constraints (V60 < 15 % and V50 < 30 %).

Results
The dose indices were higher in the high-risk group than in the other risk groups. The cutoff value exceeded
dose constraints in the low- and intermediate-risk groups with a BV of ≦ 149 cc. Additionally, the cutoff
value exceeded the dose constraint in the high-risk group with a BV of ≦ 199 cc. In all the cases, the group
with a BV of ≧ 200 cc was below the dose constraint.

Conclusions
In this study, the relationship between the dose and volume of the bladder in hypofractionated PT for PC
was evaluated using a 95% CI to determine the optimal BV. The BV should be changed for each risk group,
and a larger BV is required for a high-risk group than for other risk groups.

Categories: Medical Physics, Radiology, Urology
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Introduction
In radiotherapy (RT) for prostate cancer (PC), it is desirable to maintain target coverage while keeping the
dose of organs at risk (OARs), such as the rectum, bladder, urethra, and femoral head within a tolerance
level. With advances in RT techniques, intensity-modulated RT (IMRT) and volumetric-modulated arc
therapy (VMAT) can deliver high doses to the target and minimize the dose to the OARs [1-4]. Proton therapy
(PT) has attracted attention because of the distinct physical properties of proton beams, which can deposit
high doses on the target without an exit dose away from the target, further reducing the dose to the OARs
[5,6]. In recent years, hypofractionated RT for PC has become the standard of care when the target is limited
to the prostate and seminal vesicles (SVs). Several reports have shown that moderate or ultra-
hypofractionated RT (high dose per day) provides good biochemical control that is comparable to
conventional fractionated RT [7-11].

In RT for PC, the management of the rectum and bladder is important for effective and safe treatment. The
rectum can maintain reproducibility through defecation, suction of gas in the rectum, and administration of
laxatives. Many institutions instruct patients to keep their bladders full for certain periods. Because of
differences in this preparation among institutions and in bladder filling among individuals, the bladder
volume (BV) is not uniform, resulting in a dose constraint that cannot be met during treatment planning.
During computed tomography (CT) for treatment planning, the appropriateness of the BV must be
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determined; however, there is currently no consensus on the optimal BV in RT for PC. Furthermore, the
target delineation of PC differs for each risk group [12,13]. Because the bladder is located above the prostate
and SVs, the BV exposed to radiation changes, depending on whether SVs are included in addition to the
prostate as the clinical target volume (CTV); the required BV is expected to change accordingly. Therefore,
we investigated the optimal BV for hypofractionated PT in each localized PC risk group.

Materials And Methods
Imaging and Planning Procedure

Between September 2019 and September 2022, 200 patients who underwent passive scattering PT (PSPT) at
our institution for localized PC without distant metastasis were enrolled in this study. Hitachi proton-type
particle therapy system was used for PT. This study was approved by our institutional review board. Gold
fiducial markers (Gold Anchor, Naslund Medical Aktiebolag, Huddinge, Sweden) were implanted in the
prostate to accurately irradiate the target, and a hydrogel spacer (SpaceOAR, Boston Scientific, Marlborough,
United States of America) was inserted between the prostate and rectum to reduce the dose to the rectum.
The patients were placed in the supine position, and their lower legs were fixed with a vacuum cushion to
reproduce the femoral head. Thirty minutes before CT imaging for treatment planning and daily irradiation,
all patients were instructed to void and drink 200 cc of water. The Aquilion Large Bore (Canon Medical
Systems, Tochigi, Japan) CT scanner was used, and images were obtained with a 2-mm slice thickness.
Additionally, magnetic resonance images (MRI) with a 4-mm slice thickness were obtained using the Signa
HDx (General Electric Healthcare, Milwaukee, Wisconsin, United States of America) scanner and registered
to the CT images to more accurately delineate the target volume and OARs. The images were imported into
the XiO−M treatment planning system (Hitachi, Tokyo, Japan), and a physician manually contoured the
target volume and OARs for all the patients. The rectum, bladder, femoral head (left and right), and small
and large bowels were contoured as the OARs. Based on the National Comprehensive Cancer Network
guidelines for PC [13], 37, 85, and 78 patients were classified into low-, intermediate-, and high-risk groups,
respectively. CTV was defined as the prostate and SVs, with only the prostate at low risk. At intermediate
risk, the base of the SVs was included in the CTV. At high risk, depending on the clinical tumor (T) stage,
one-third of the SVs (< T3), two-thirds of the SVs (T3a), or the entire SVs (T3b) were included in the CTV. The
planning target volume (PTV) was defined as the CTV with a 7-mm safety margin (the posterior margin was
6 mm to decrease the risk of rectal toxicity). As key parameters for PSPT planning, the distal, proximal, and
lateral margins, and compensator smear were calculated using the formulas proposed by Moyers et al. [14].
The penumbra (7 mm) and setup (5 mm), range (3 mm), and Hounsfield unit uncertainties (3.5 %) were
considered in the margin calculations and used in the CTV. The PT plans consisted of laterally opposed
fields with 210-MeV proton beams (Figure 1). The wobbler and ridge filter method, which is a passive
scattering method, was used for the field design. A hypofractionated schedule was assumed for all the
patients. As this was a simulation study, the total prescription dose was 63.0 Gy relative biological
effectiveness (RBE) in 21 fractions, regardless of risk classification. The RBE collection factor was 1.1. All
plans were normalized so that 100% of the PTV received 95% of the prescribed dose. The maximum dose of
the PTV was restricted to 110% of the prescribed dose. The dose to each OAR was reduced on the basis of the
dose constraint used in treatment planning at our institution. The rectum was limited to the volume
receiving 60, 50, and 30 Gy (RBE) (V60 < 10, V50 < 20, and V30 < 30%, respectively). The dose administered to

the femoral head was limited to 45 Gy (RBE). The small and large bowels were limited to the volume
receiving 50 Gy (RBE) (V50 < 0.5 cc); however, no dose constraints were applied to the bladder in this study.
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FIGURE 1: Dose distribution of proton therapy
CTV, Clinical Target Volume

PTV, Planning Target Volume

Analysis of Bladder Dose and Statistics

The bladder dose (BD) was calculated for each risk group. It was assessed using the BV receiving 60 and 50 Gy
(RBE) (V60 and V50, respectively). The differences in the doses of V60 and V50 were compared for each risk

group. The BD for each risk group was further divided into the following four subgroups according to the BV:
< 100 cc (group 1), 100−149 cc (group 2), 150−199 cc (group 3), and ≥ 200 cc (group 4). The upper limit of the
95% confidence interval (CI) was calculated as the cutoff value on the basis of the mean and standard
deviation (SD) of the BD in each group (mean + 1.96 SD). This cutoff value was compared with the dose
constraint of the bladder (V60 < 15 % and V50 < 30 %) used at our institution to determine the minimum

tolerance of the BV. The dose constraint values of V60 and V50 were based on those in a clinical trial of

hypofractionated RT for PC [15,16]. For descriptive statistics, the Wilcoxon matched-pairs nonparametric
test was used to analyze the differences in the mean V60 and V50 for each group. Statistical p-values of <

0.05 were considered significant.

Results
Patient characteristics are shown in Table 1. 
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Characteristic Value

Total 200

Age at diagnosis (years) [median (range)]

Median 71 (46-87)

PSA (ng/dL) [median (range)]

Median 7.4 (1.4-77.8)

Gleason score

≤ 6 57

7 82

8 and above 61

Tumor stage

T1-2a 121

T2b 15

T2c 32

T3a 21

T3b 10

T4 1

NCCN risk group

Low 37

Intermediate 85

High 78

CTV volume (cc) [median (range)]

Low (n = 37) 28.8 (13.7 - 79.7)

Intermediate (n = 85) 33.2 (23.8 - 124.0)

High (n = 78) 38.9 (19.8 - 98.8)

Bladder volume (cc) [median (range)]

Low (n = 37) 138.0 (60.3-390.5)

Intermediate (n = 85) 119.9 (61.8-404.0)

High (n = 78) 124.9 (48.4-433.4)

TABLE 1: Patient characteristics
NCCN, National comprehensive cancer network; CTV, Clinical tumor volume

Based on the National Comprehensive Cancer Network (NCCN) guidelines for PC [13], 37, 85, and 78 patients
were classified into low-, intermediate-, and high-risk groups, respectively. Table 2 shows the dose-volume
data for the bladders of the 200 patients evaluated by risk groups. The median BV for all the patients was
129.2 cc (range: 48.4−433.4) and did not differ by risk group. In the evaluations of V60 and V50, each dose

tended to increase with increasing risk. Figure 2 shows the comparison between V 60 and V50 for each risk

group. There was no statistically significant difference between the low- and intermediate-risk groups (p =
0.097 at V60 and p = 0.232 at V50, respectively); however, a statistically significant difference was observed

between the high-risk and the other groups (p < 0.001). In all cases, the mean values of each group did not
exceed the dose constraints.
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Value

Bladder volume (cc) [median (range) ]

Total (n = 200) 129.2 (48.4-433.4)

Low risk (n = 37) 138.0 (60.3-390.5)

Intermediate risk (n = 85) 119.9 (61.8-404.0)

High risk (n = 78) 124.9 (48.4-433.4)

Bladder dose_V60 (%) (mean ± SD)

Total (n = 200) 9.4 ± 5.3

Low risk (n = 37) 8.0 ± 4.2

Intermediate risk (n = 85) 8.5 ± 5.5

High risk (n = 78) 11.3 ± 5.6

Bladder dose_V50 (%) (mean ± SD)

Total (n = 200) 18.8 ± 8.9

Low risk (n = 37) 17.0 ± 8.0

Intermediate risk (n = 85) 17.9 ± 9.4

High risk (n = 78) 21.1 ± 8.9

TABLE 2: Dose-volume data for the bladder
n, Number of patients; V60 and V50, Volume of bladder receiving 60 and 50 Gy (RBE), respectively; RBE, Relative biological effectiveness; SD, Standard
deviation

FIGURE 2: Comparison of mean bladder doses by risk group
The left and right figures show the mean bladder dose for V60 and V50, respectively.

The error bars indicate the standard deviation in each risk group.

P values between each risk group are indicated above.

Significant at p < 0.05.

Table 3 shows the cutoff value (mean + 1.96SD) calculated from the upper limit of the 95 % CI in V 60 and V50.

In all the cases, the dose constraint was exceeded (groups 1, 2, and 3), with a BV of ≤ 199 cc. In the
evaluation of each risk group, the dose constraint was exceeded in the low- and intermediate-risk groups
with a BV of ≤ 149 cc (groups 1 and 2) and in the high-risk group with a BV of ≤ 199 cc (groups 1, 2, and 3). In
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all the cases, the group with a BV of ≧ 200 cc was below the dose constraint.

Total (n=200)

Bladder volume n V60 (%) V50 (%)

< 100 cc (group 1) 46 23.1 41.6

100-149 cc (group 2) 76 20.7 36.5

150-199 cc (group 3) 40 16.6 30.1

≥ 200 cc (group 4) 38 11.9 19.5

Low risk group (n=37)

Bladder volume n V60 (%) V50 (%)

< 100 cc (group 1) 8 25.1 46.3

100-149 cc (group 2) 15 16.7 30.3

150-199 cc (group 3) 8 13.1 26.9

≥ 200 cc (group 4) 6 13.3 19.5

Middle risk group (n=85)

Bladder volume n V60 (%) V50 (%)

< 100 cc (group 1) 16 17.6 36.7

100-149 cc (group 2) 34 17.8 34.9

150-199 cc (group 3) 16 13.9 24.5

≥200 cc (group 4) 19 10.5 19.3

High risk group (n=78)

Bladder volume n V60 (%) V50 (%)

< 100 cc (group 1) 22 24.8 42.3

100-149 cc (group 2) 27 24.3 40.3

150-199 cc (group 3) 16 18.2 33.2

≥ 200 cc (group 4) 16 12.8 19.3

TABLE 3: Cutoff values (mean + 1.96 SD) of V60 and V50 for the bladder
V60 and V50, Volume of bladder receiving 60 and 50 Gy (RBE), respectively; SD, Standard deviation; n, Number of patients

Discussion
In this study, the optimal BV for PC was evaluated through a retrospective analysis of 200 patients treated
with hypofractionated PT. The mean and SD of the V60 and V50 for each risk group were compared. Although

the high-risk group received significantly higher doses than the others, the mean value for each group did
not exceed the dose constraints. Furthermore, in this study, the optimal BV, which is an interval estimation
method, was evaluated using a 95% CI. Consequently, the dose constraint was exceeded in the subgroups
(groups 1,2) of the low- and intermediate-risk groups with a BV of ≤ 149 cc and the subgroups (groups 1−3)
of the high-risk group with a BV of ≤ 199 cc. Therefore, the optimal BV was ≥ 150 cc in the low- and
intermediate-risk groups, and ≥ 200 cc in the high-risk group in the treatment planning for hypofractionated
PT for PC. This is presumably because the range of SVs included in the CTV differs for each risk factor; the
BV exposed to radiation tends to be larger in high-risk groups. Thus, different BVs are required, depending
on the risk group for PC. However, to date, the optimal BV for treatment planning is unclear. Most facilities
instruct patients to fill their bladders by voiding and drinking water prior to imaging and treatment.
Although this method was uniformly applied in all patients, the BV obtained differed depending on
individual differences. Therefore, without setting the appropriate criteria for the BV, BD may be
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inappropriate at the time of treatment planning. We believe our study will provide useful information to
many institutions in deciding whether the BV meets the criteria at the time of CT imaging for treatment
planning, or whether preparations such as urination and drinking water should be reviewed. There are
several reports on the optimal BV, with Fujioka et al. reporting that a BV of 100−250 cc is ideal, as evaluated
using VMAT [17], and Nakamura et al. reporting that a BV of ≥150 did not improve with the tomotherapy
treatment plan [18]. In these reports, optimal BV was determined by evaluating V 70 for a prescribed dose of

74.0−76.0 Gy in 37−38 fractions, and in this study, it was also evaluated using dose indices of V60 and V50 in

the same high-dose range (≥ 80−90% of the prescription dose). A previous study comparing the dose
distribution of PT with those of VMAT and tomotherapy reported that PT significantly reduced BD in the
low- and medium-dose ranges; however, no difference was observed in the high-dose range [19, 20].
Therefore, we believe that the BV obtained in our study was similar to that evaluated at other institutions.
However, we presented the optimal BV in hypofractionated PT planning and evidence that the value should
be varied according to the risk group. PSPT was used for evaluation in this study; however, in recent years,
the number of facilities that treat PC using the pencil beam scanning (PBS) technique has increased. A
comparison of the dose distributions of PSPT and PBS showed that although there was no significant
difference in the maximum BD, compared with PSPT, PBS significantly reduced the low- to medium-dose
range [20]. Therefore, as PBS and PSPT presented similar trends in the high-dose range, we believe that the
results of this study are also useful for PBS.

When the 200 patients evaluated in this study were observed individually, there were some cases wherein
the dose constraints were met even if the BV was less than the criteria. Even if the BV is identical, the
irradiation range of the bladder varies substantially as the individual bladder shape is different when urine
accumulates. However, if the BV is too small, the risk to the small bowel, including the irradiation field,
increases. Therefore, the BV should ideally be as large as possible. In clinical practice, some cases find
holding urine for a prolonged time difficult because of older age, prostatic hyperplasia, and other
factors. Several studies have reported that patients with a large initial BV tend to have large changes in the
BV during treatment [21]. Therefore, even if the BV is exceeded on CT imaging, reproducing the volume
during treatment may be difficult. Additionally, many studies have shown that inconsistent BV variations are
a risk factor for changing prostate and SV positions and increasing doses to OARs [22-24], and minimizing
this interfractional variation is important. A limitation of this study is that this variation was not considered
in setting the optimal BV. Bladder volume must be set to a reproducible value for each patient, but this value
could not be fully evaluated in this study. Recently, an increasing number of institutions have introduced
ultrasound image diagnosis devices to confirm whether the required BV has been achieved during irradiation
or imaging [25-27]. However, when using such devices, there are problems such as measurement errors
between observers. Whether introducing them is possible must be considered at each institution.

If it is not possible to secure a sufficient BV and the dose constraint cannot be met, the treatment plan must
be reviewed. Particularly, a reduction in the PTV margin must be considered. At our institution, when
hypofractionated PT is performed, gold fiducial markers are implanted into the prostate, and the position of
the prostate is corrected by matching the marker before irradiation. The correction of position using markers
can improve prostate localization; therefore, the PTV margin is expected to be reduced [28,29].
Consequently, a reduction in the dose irradiated to the bladder can be expected. However, the positional
displacement of the SV may not be accurately corrected. A PTV margin reduction may increase the risk of
geographic misses and result in reduced local control and survival rates. Therefore, these reductions must be
appropriate and should only be performed when appropriate measures are taken to ensure that the PTV
margins can be safely reduced.

Conclusions
In this study, the relationship between the BV and BD in hypofractionated PT for PC was evaluated using a
95 % CI to determine the optimal BV. The BV should be changed for each risk group, and a larger BV is
required for high-risk groups than for other risk groups.
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