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Abstract

Purpose: Approximately 5%—10% of men who receive prostate cancer radiotherapy will suffer from radiation cystitis. Bladder
filling before the administration of radiotherapy results in lower radiation exposure to the bladder. BladderScan, an ultrasound-
based bladder volume scanner, has the potential to evaluate bladder volume during radiotherapy; thus, a prospective pilot study
was initiated. Methods: Eleven men receiving tomotherapy for localized prostate cancer were enrolled. The validity of Blad-
derScan was evaluated by comparing the measurements from BladderScan with the calculated volume from megavoltage com-
puted tomography (MVCT). With a crossover design to compare different methods in bladder filling, the radiotherapy was divided
into 2 sequences. Conventional method: the patient was asked to drink water after voiding urine. The amount of water and the
duration of waiting were the same as in the setting of the simulation. BladderScan feedback method: the bladder filling procedure
depended on the BladderScan measurements. Results: There were 314 sets of data from | | patients. The correlation coefficient
between V& and VT was 0.87, where V® is the mean volume of 3 measurements by BladderScan and V<" is the bladder volume
derived from MVCT. The BladderScan feedback method resulted in a significant larger bladder volume than the conventional
method, with a mean difference of 36.9 mL. When the failure was defined as VT <80% of planned volume, the BladderScan
feedback method brought about a relative reduction in the failure rate with an odds ratio of 0.44 and an absolute reduction of
9.1%. Conclusion: The accuracy of BladderScan was validated by MVCT in our study. The BladderScan feedback method can help
patients fill the bladder adequately, with a larger bladder volume and a lower failure rate.

Keywords
bladder volume, feedback method, megavoltage computed tomography, prostate cancer, tomotherapy

Abbreviations
Cl, Confidence Interval; CT, Computed Tomography; MVCT, Megavoltage Computed Tomography; MRgRT, Magnetic
Resonance-guided Radiation therapy.

Received: August 17, 2020; Revised: December 15, 2020; Accepted: January 25, 2021.

Introduction

! Division of Radiation Oncology, Far Eastern Memorial Hospital, New Taipei

Radiotherapy is one of the definitive treatments for men with
localized prostate cancer. The long-term local control rate with
radiotherapy is similar to that obtained with radical surgery.'
However, approximately 5%-10% of men receiving prostate
radiotherapy will suffer from radiation cystitis, a late toxicity
that causes intermittent hematuria.>* A way of limiting radia-
tion cystitis is bladder filling before the administration of
radiotherapy, which results in less radiation exposure to the
bladder. To achieve a reproducible full bladder, the conventional
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Figure 1. The protocol for the single-arm crossover design. BS, BladderScan; CT, computed tomography; MVCT, megavoltage computed

tomography; RT, radiotherapy.

practice consisted of asking the patient to drink the same
amount of water and wait for the same duration on each treat-
ment day was adopted. However, the bladder volume varies
widely by clinical observations. Thus, a more objective way
to reproduce the bladder volume was needed.

Tomotherapy provides megavoltage computed tomography
(MVCT) images, on which the physician can see the radiation
target and the organs before each treatment. If the bladder filling
is poor, the patient is asked to drink more water. However, this
procedure is time consuming, and the repeated MVCT leads to
more radiation exposure. BladderScan, an ultrasonography-based
bladder volume scanner, was originally designed for evaluating
residual urine in patients with obstructive uropathy. It has also
been utilized in evaluating bladder volume during prostate cancer
radiotherapy.*"'° In these studies, the bladder volume calculated
from the computed tomography (CT) simulation scan was used
as the comparative standard to validate the BladderScan measure-
ment, and each patient contributed one set of data. In contrast,
when tomotherapy is used for patients with prostate cancer under-
going radiotherapy, at least 20 sets of MVCT scans are acquired
during the treatment course. A model that considers both fixed
and random effects can be established by collecting more data.

The aim of this study was to produce a sufficient and repro-
ducible bladder volume in prostate cancer radiotherapy. The
validity of BladderScan was evaluated by comparing the mea-
surements of BladderScan with the calculated volume from
MVCT. Then we hypothesized that the BladderScan feedback
method would help patients fill the bladder adequately. Thus, a
prospective pilot study with a single-arm crossover design was
initiated.

Materials and Methods

From December 1, 2017 to March 31, 2019, eleven men were
enrolled in the Far Eastern Memorial Hospital, Taiwan. The
inclusion criteria were that patients planned to receive radio-
therapy by tomotherapy as the primary definitive treatment for
prostate cancer. The patients who had metastatic disease or
could not appropriately follow instructions to fill the bladder
were excluded. This study was approved by the Institutional

Review Board of the Far Eastern Memorial Hospital (106110-
E). Written informed consents were obtained from all partici-
pating patients.

To achieve a reproducible full bladder, each patient fol-
lowed the instructions on how to fill the bladder after voiding
urine. The protocol was for the patient to drink 400-500 mL of
water and wait for about 30 minutes prior to the CT simulation
scan. If a larger bladder volume was necessary for an adequate
CT simulation, the patient was asked to drink more water prior
to the next scan. The total amount of water consumed and the
duration of waiting were recorded. Two approaches, BladderS-
can and CT, were applied to assess bladder volume. BladderS-
can (BVI 6100, Verathon Medical, Bothell WA, USA) was
used to measure the bladder volume before CT. For the proce-
dure, a probe with gel was placed on the patient’s abdomen
approximately 3 cm above the symphysis pubis. After scan-
ning, the calculated bladder volume was displayed on a screen.
The manufacturer recommended scanning at least 3 times per
examination to ensure the highest degree of accuracy. For the
reproducibility, we marked the scanning site on the day of
simulation. All procedures were performed within 2 minutes
by a well-trained radiation therapist. In the CT assessment, a
physician delineated the bladder on each CT image. Subse-
quently, the bladder volume was reconstructed and calculated
by the planning system. We considered this value to represent
the actual volume of the bladder.

The planning target volume of radiotherapy was created by
expanding the prostate volume with 0.5-1.0 cm margin. For
patients with higher risk, the seminal vesicles and the pelvic
nodal region could be included. Both conventional fractiona-
tion (78 Gy in 39 fractions) and hypofractionation (60 Gy in 20
fractions) were permitted. The intensity-modulated radiother-
apy plan and radiation delivery were executed by the tomother-
apy system. The radiotherapy section for each enrolled patient
was divided into 2 sequences by different methods of bladder
filling (conventional and BladderScan feedback) after the base-
line volume determination (CT simulation) as demonstrated in
Figure 1.

For the first half of the radiotherapy course (i.e., the first 10
of a total 20 fractions, or the first 20 of a total 39 fractions),
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Table 1. Patient Characteristics.

N=1I Number %
Age (years)

60-70 7 63.6

70-80 3 273

>80 1 9.1
PSA (ng/ml)

0-10 3 273

1020 2 18.2

>20 6 54.5
T stage

2 7 63.6

3 4 36.4
Gleason score

4-6 2 18.2

7 6 54.5

8-10 3 273
RT field

Prostate only 7 63.6

Pelvis 4 36.4
RT fractionation

Conventional fraction 5 455

Hypofractionation 6 54.5
ADT

Yes 8 72.7

No 3 273
BMI (kg/m?)

<24 4 36.4

>24 7 63.6

ADT, androgen deprivation therapy; BMI, body mass index; PSA, prostate-
specific antigen; RT, radiotherapy.

each patient was assigned to sequence 1 with the conventional
method for bladder filling. On each treatment day, the patient
was asked to void urine and then drink water. The amount of
water and the duration of waiting were the same as in the
setting of the CT simulation. BladderScan was subsequently
used to collect the data, and the MVCT was applied for image-
guidance. After that, the patient received the radiotherapy. For
the rest of the radiotherapy course (i.e., from the 11th to the
20th fractions of a total 20 fractions, or from the 21th to the
39th fractions of a total 39 fractions), the patient was assigned
to sequence 2 using the BladderScan feedback method. On
each treatment day, the patient did not need to void urine before
BladderScan was applied, in contrast to sequence 1. The goal
was to achieve at least 80% of the volume measured by Blad-
derScan on the day of CT simulation. If the measurement was
<80%, the patient would be asked to fill the bladder and then
repeat the BladderScan procedure about 30 minutes later until
80% of volume was achieved. The patient subsequently under-
went MVCT and radiotherapy.

The bladder volume assessed in each fraction of radiother-
apy was measured by BladderScan and the MVCT and repre-
sented by VB and VT, respectively. V25 was the mean
volume of 3 records by BladderScan before MVCT. The dif-
ference of the records per examination should be within 10%.
VET was derived from the reconstructed CT images as

mentioned previously, and is considered as the actual bladder
volume. A binary outcome has been defined whether the blad-
der filling procedure was acceptable. On each treatment day, if
VT was <80% of the planned volume, the bladder filling was
defined as a “failure.”

Because of the repeated-measures study design in compar-
ing the 2 approaches for the determination of bladder volume, a
linear mixed model was applied with the fixed effect depicting
VB8 compared with VT and the random effect capturing the
baseline heterogeneity for each subject.

(VT = i + BV + e, 0 ~ Normal (o9, 6°5) |

where f represents the accuracy of BladderScan during jth
measurement with the consideration of the baseline variation,
o;, for ith subject. The correlation coefficient between VES and
VT can be acquired from a variance-covariance matrix with a
bivariate normal distribution.

To assess the effect of introducing BladderScan in patients
with an adequately full bladder, we compared V<" in each
fraction between the conventional and BladderScan feedback
methods using another liner mixed model. With regard to the
evaluation in bladder filling by the 2 methods, in terms of a
predefined binary outcome, a generalized linear mixed model
using the logit link was applied. Statistical analyses were per-
formed using the SAS software. A p-value of <0.05 denoted
statistical significance.

Results

Characteristics of Enrolled Subjects

The patient characteristics are summarized in Table 1. Only 3
patients were in low or intermediate risk group. For most of the
patients, the radiotherapy field included only the prostate, and
androgen deprivation therapy was delivered concurrently. On
the day of CT simulation, the mean amount of water consumed
by patients for bladder filling was 482 mL, and patients waited
an average of 35 minutes before imaging. The mean bladder
volume reconstructed on the simulated CT scan was 151 mL.
The patients then received fractionated radiotherapy by
tomotherapy. Each patient received fractionated radiotherapy
and contributed at least 20 sets of V55 and V<" data.

Validation of the BladderScan Measurement

After excluding 2 sets of missing data, there were 314 sets of
data from 11 patients. Figure 2 shows the distribution and
correlation between VB and V©T. The average bladder
volumes as assessed via MVCT and BladderScan were 167.9
mL and 176.8 mL, respectively. The variation of V25 (655 =
80.9 mL, 95% confidence interval [CI] = 74.6-88.2 mL) was
larger than that of VT (67 = 59.8 mL, 95% CI = 55.1-65.2
mL). The correlation coefficient was estimated as 0.87, sug-
gesting a highly correlated result between the 2 measurements.

Table 2 shows the estimated results for the correlation
between V25 and VT using the linear mixed model. The
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Figure 2. Linear correlation between V2% and VC". “id” refers to
patient number. VBS measurements by BladderScan. VET, bladder
volume derived from the MVCT. There was a positive correlation
between V55 and V<.

Table 2. Correlation Between V25 and VT Using a Linear Mixed
Model.

Variable Parameter  Estimate Standard error P-value
Intercept % 53.23 6.32 <0.0001
yBs p 0.65 0.02 <0.0001

Oy 15.68 3.83 0.0022

VB8 mean volume of 3 records by BladderScan; VT, bladder volume derived
from the MVCT.

correlation represented by the slope parameter was estimated as
0.65 (95% CI = 0.60-0.69). The estimated results revealed a
positive linear correlation of the bladder volume measurement
between BladderScan and MVCT. While the baseline variation
was estimated as 53 mL (95% CI = 39-68 mL), there was
significant heterogeneity across subjects (o, =15.7, p =
0.0022).

Comparison Between Conventional Method and
BladderScan Feedback Method in Bladder Filling

To assess the effect of introducing BladderScan measurement
on adequately full bladder, we compared VCT between the
conventional method in sequence 1 and the BladderScan feed-
back method in sequence 2. Figure 3 is the boxplot of V&'
using the 2 methods for filling bladder, subgrouped by each
patient. The average V" was 150 mL with the conventional
method. There was an increasement of 36.9 mL (95% CI =
24.5-49.3 mL) with the BladderScan feedback method
(Table 3). However, when the baseline bladder volume was
<120 mL, the effect was obscure.

We also evaluated the bladder filling based on a predefined
binary outcome. When the failure was defined as VT <80% of
the planned volume, the estimated failure rate was 16% and 7%
in each sequence, respectively (Table 3). The BladderScan

id=1 | id=2 | id=3 | i[d=4 | id=5 | id=6 | i[d=7 | id=8 | id=9 | id=10

L

ia=11
Vv (mL)

400 o
300
200

12 V2 12 12 12 12 12 12 12 12 12

sequence

Figure 3. Bladder volume boxplot, constructed with the conventional
and BladderScan feedback methods for bladder filling. “id” refers to
patient number. VT, bladder volume derived from megavoltage
computed tomography. Sequence 1, with conventional method.
Sequence 2, with BladderScan feedback method. The BladderScan
feedback method resulted in a larger bladder volume.

feedback method resulted in a relative reduction in the failure
rate with an odds ratio of 0.44 (95% CI = 0.19-0.72) and an
absolute reduction of 9.1% (95% CI = 0.2-19.9%).

Time Needed to Reach an Adequate Bladder Volume

The clinical utility of BladderScan was further explored by
comparing data for the time needed to reach an adequate blad-
der volume before daily radiotherapy. Note that in sequence 1
(conventional method), the patients had to wait for the same
length of time as observed for the setting of the CT simulation,
whereas in sequence 2 (BladderScan feedback method), the
bladder filling procedure depended on the BladderScan mea-
surements. If the bladder volume was adequate, the radiother-
apy could be immediately administered. In sequence 2, patients
had to drink more water in only 22% (35/156) of the treatment
fractions. The BladderScan feedback method resulted in a
reduction of mean waiting time from 36 (range: 20—60) min-
utes to 6 (range: 0—73) minutes.

Discussion

Although only 11 patients were included in our study, more
than 300 sets of MVCT images were derived from daily treat-
ment. This is the largest data set to access the accuracy of
BladderScan in prostate radiotherapy. Results of other pub-
lished studies revealed a positive correlation between the Blad-
derScan measurement and the reconstructed bladder volume on
CT images, with Pearson’s correlation coefficients ranging
from 0.80 to0 0.95.*'° In our study, we applied a random effects
model to capture the correlated data structure for the repeated-
measures design. The estimated correlation coefficient of 0.87
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Table 3. Comparison Between Conventional Method and BladderScan Feedback Method in Bladder Filling.

Variable Conventional method BladderScan feedback method Effect size 95% confidence interval

V¢ (mL) 150 186 difference 36.90 22.84 50.97

Failure rate 16% 7% difference —-9.1% —19.9% -0.2%
odds ratio 0.44 0.186 0.716

VT, bladder volume derived from megavoltage computed tomography.

was in line with these previous findings, thereby supporting
BladderScan as a valid tool for measuring bladder volume.

A significant positive correlation was noted between VT
and V®® from the linear mixed model. As a perfect measuring
tool, the linear correlation should reflect VST = V35, The slope
parameter of 0.65 indicated an inflated standard deviation of
VB3 which may have originated from a heterogeneous process
in applying the BladderScan approach. The radiotherapy
course lasted for 1-2 months in our study. Thus, fewer than 4
therapists would have operated the equipment for each patient.
Unfortunately, we did not evaluate the inter-observer variabil-
ity in our study design. However, results of other studies have
shown that the interoperator variability of BladderScan was
11.3% and that the repeatability was not affected by the size
of the bladder volume.>® The characteristics of the subjects,
such as body mass index, may have an effect on the accuracy of
BladderScan measurements, but we did not find the signifi-
cance with limited case numbers. In linear correlation, some
outliers may affect the slope significantly. The V®S of most
points on the Figure 2 ranges from 100 to 200 mL. Within this
range, the BladderScan can predict the bladder volume more
accurately.

In our study, through a crossover design, the BladderScan
feedback method resulted in a larger bladder volume and a
lower failure rate compared to the conventional method. We
arbitrarily defined “failure” in bladder filling as VT <80% of
the planned volume. This concept was originally presented in
another study,’ in which the failure was defined as “less than
50% or too large.” However, we considered 50% too low a
cutoff value; instead, we used 80% for both VBS and VT,
When assessing the V< by delineating the bladder, we found
that the position of the prostate did not vary significantly with
the bladder size. A larger bladder size would have resulted in a
lower percentage of irradiated bladder volume, without affect-
ing tumor control. Thus, we did not define an upper limit for
bladder volume.

Two studies have addressed whether the application of
BladderScan improved the procedure of bladder filling.>’ Stam
et al used a biofeedback protocol to provide daily bladder
volume information to patients and drinking advice on the next
treatment day instead of providing instant feedback. They con-
cluded that the biofeedback method did not substantially
reduce the variation of bladder volume.”> Cramp et al found that
the BladderScan method for bladder filling was useful in
achieving a consistent, appropriately sized bladder volume by
accessing the passing rate of bladder requirements.’ In both
studies, the patients were not randomly assigned into 2 groups.

With limited number of cases, the data did not indicate whether
variations in compliance or bladder capacity among patients
affected the outcome. A crossover design to compare the dif-
ferent methods of bladder filling in individual patients could
diminish these variations.

In general, a randomized controlled crossover design with 2
arms is preferred because the time may be a confounding factor
of the outcome. In fact, Stam et al found that bladder volume
decreased over time during irradiation; it decreased by up to
31% without manipulation during the latter part of the radio-
therapy course.” There were 2 reasons for using a single-arm
design in our study. First, most of the prostate cancer patients
were elderly. The trial design was simplified to facilitate the
enrollment and execution. Second, while the BladderScan
feedback method was used in sequence 2, in which the bladder
volume would decrease without manipulation, and the results
were still positive, the benefit of this method should be
convincible.

The BladderScan feedback method could save time in fill-
ing the bladder and provide potential benefits. For example,
magnetic resonance-guided radiation therapy (MRgRT) has
been developed in recent years and features real-time ima-
ging without additional radiation doses and has online adap-
tive capabilities.'’ MRgRT is therefore an ideal tool to
evaluate the bladder size and modify the treatment plan in
prostate radiotherapy. Although the MRgRT can aid in recon-
touring and replanning, a bladder that fills poorly will receive
more radiation exposure. Besides, MRgRT is high-priced,
and any delay in treatment increases the cost. If a patient has
to control the bladder size, BladderScan is useful as a first-
line screening tool. The procedure lasts only 2 minutes,
which is much shorter than the time needed for MR scanning
and replanning.

This study had some limitations. First, we attempted to
determine the bladder-filling kinetics initially. However, these
characteristics vary widely day by day, as in the conventional
method mentioned in the manuscript. An individualized drink-
ing protocol is difficult to establish. Second, we did not use an
objective score to assess each patient’s lower urinary tract
symptoms. Such symptoms include problems with voiding
(e.g., hesitancy, straining, and dribbling) and storage (e.g., fre-
quency, urgency, and nocturia),'* which are related to the func-
tion of bladder filling. Third, this pilot study included only 11
patients, and the regression model was simple. Thus, we cannot
predict whose measurement of BladderScan is less accurate.
However, for the purpose of bladder filling assistance, Blad-
derScan does not require extreme precision.
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Conclusions

Our study confirmed that BladderScan is effective for patients
receiving prostate radiotherapy in bladder filling. The accuracy
of BladderScan was validated by MVCT images with repeated
measurements study design. The BladderScan feedback
method would help patients to fill the bladder adequately, with
a larger bladder volume and a lower failure rate. The potential
of improving the treatment quality and process by reducing the
percentage of irradiated bladder volume and the waiting time of
patients can be expected.
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