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1. Abstract

1.1. Objective: To evaluate the impact of rectal and bladder fill-
ing on prostate position during hypofractionated radiotherapy for
prostate cancer.

1.2. Methods: Three gold fiducials were implanted into the pros-
tate in 25 patients. Each patient underwent CT scanning under four
different conditions: full rectum and bladder, full bladder and emp-
ty rectum, full rectum and empty bladder, and empty rectum and
bladder (primary image). The other three scans were aligned with
the primary image by pelvic bone, then by the implanted fiducials.
Prostate displacements were determined by computing the differ-
ence between these two alignments. The magnitude and directions
of displacement were analyzed.

1.3. Results: A full rectum shifted the prostate most significantly
in the anterior (0.93 + 0.31 cm) and superior directions (0.48 =
0.30 cm). A full rectum was associated with anterior shifts >0.5
cm in 92.0% of the patients, >1 cm in 44.0%, while superior shifts
>0.5 cm were observed in 48.0% and >1 cm in 8.0%. A full bladder
shifted the prostate mildly in the superior direction (0.19 + 0.30
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cm). A full rectum and full bladder shifted the prostate more in the
anterior (1.19 +0.37 cm) and superior directions (0.49 + 0.50 cm).
100% and 56.0% had >0.5 cm of anterior and superior displace-
ments. 68.0% and 16.0% had >1 cm of anterior and superior shift.

1.4. Conclusions: Our study demonstrated that a full rectum shift-
ed the prostate mainly anterosuperiorly. The rectal volume’s im-
pact on prostate movement is much larger than that of the bladder.

2. Introduction

Hypofractionated precise radiotherapy is increasingly used for
prostate cancer treatment [1,2]. With increases in the fractional
dose, a stable and position-fixed target is necessary for the sake of
target accuracy and normal tissue safety. Inter- and intrafractional
prostate motions are not neglectable during external beam radio-
therapy, as prostate position is influenced by surrounding organs
such as the rectum and bladder [3-5]. Rectal and bladder volume
have been found to correlate with extent of prostate displacement
[6,7]. To understand the magnitude and direction of prostate mo-
tion under different rectal and bladder conditions during hypofrac-
tionated radiotherapy, we prospectively carried out this analysis
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of prostate motion under controlled rectum and doctor-directed
patient-controlled bladder fillings (comfortably full or void).

3. Methods
3.1. Patients and Fiducials Implantation

This is subsidiary work of an online registration clinical trial
(Online registration number : ChiCTR-ONC-12001895). From
January 2015 to August 2018, twenty-five patients with patho-
logically confirmed prostate cancer were enrolled. Median patient
age was 72 years (range, 48—86 years). The patients were staged
T1-3aNOMO, according to the American Joint Committee on Can-
cer staging system, with a median Gleason score of 6 (range, 5-8).
The median pretreatment PSA level was 11.3 + 7.1 ng/ml (range,
2-40 ng/ml), and only patients with a World Health Organization
performance status of 0—1 were eligible to enter the trial. Accord-
ing to the D'Amico risk group classification [8], five, sixteen, and
four patients were in the low-risk, intermediate-risk, and high-risk
groups, respectively. The ethics committee of our institution ap-
proved the trial NCC2016YZ-34), and all eligible patients provid-
ed written informed consent before enrollment.

Two weeks before CT simulation, three gold fiducials (MT-JZ cy-
lindrical gold seeds 0.8 x 4 mm, Beijing Zhongkanglian Medical
Equipment, Beijing, China) were transrectally implanted into the
prostate with an 18-gauge needle (Chiba, 18G X 20cm, U/S, Ar-
gon Medical Devices, Inc, TX, USA) under ultrasound guidance:
one to the right base, one to the left base, and one to the apex of
the prostate.

3.2. CT Scans Under Different Rectal and Bladder Volume Sta-
tuses

Two weeks after fiducial implantation, the patients underwent a
series of four Computerized Tomography (CT) scans under a CT
simulator (Brilliance CT, Philips Medical Systems Inc, USA). All
patients underwent CT simulation in the supine position with ther-
moplastic pelvic immobilization. One hour before the simulation,
patients were directed to evacuate their rectum and bladder, drink
1000 ml water, and wait for a comfortably full bladder. To empty
the rectum completely, glycerin enemas were sometimes required.
A rectal balloon (RT-4415PT, ProTekt Endorectal Balloon, USA)
was placed in the rectum and inflated with 60 ml air to produce a
full rectum. During CT simulations, scanning was performed in
3 mm increments, from the superior border of the fourth lumbar
vertebra to 5 cm below the ischial tuberosities. CT scans were per-
formed under four different controlled rectum and bladder volume
statuses: Scan 1 (S1) was performed with a full bladder (“comfort-
ably full”) and full rectum (rectum distended with the air-inflated
balloon); Scan 2 (S2), with a full bladder and empty rectum (rectal
balloon removed); Scan 3 (S3), with an empty bladder (bladder
evacuated) and full rectum; and Scan 4 (S4), with an empty blad-
der and empty rectum.

CT data were transferred to the Pinnacle planning system (Philips,
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Netherlands), and relevant structures were outlined, including the
fiducials, prostate, bladder, rectum, and pelvic bones (pubis, ace-
tabulum, and femoral heads). The prostate was outlined from the
base to the apex (not including the seminal vesicle). The rectum
was contoured from the rectosigmoid junction to the ischial tu-
berosities, including the lumen. The bladder was contoured in its
entirety. Bladder and rectal volumes were recorded. The CT scan
performed with an empty rectum and empty bladder was set as the
primary image (S4). The other three scans were first matched with
the primary image (S4) by alignment of pelvic bones to eliminate
positioning errors. We recorded the parameters as P1. After that,
the other three CT scans were aligned with the primary scan using
the implanted fiducials in the prostate as P2. Displacements of the
prostate were determined by computing the difference between P1

(3R L)

and P2. Vector analysis (“-” or “+”) represented the direction of
movement. The magnitude and direction of prostate motion related

to rectal and bladder statuses were analyzed.
3.3. Statistical Analysis

The displacement magnitudes of X (left-right), Y (anterior—poste-
rior), and Z (superior—inferior) under different rectum and bladder
volume statuses were compared using the paired-samples t-test
and one-way ANOVA. Statistical significance was defined as P <
0.05. SPSS 19.0 software was employed in the data analysis.

4. Results

The volume of the full bladder condition for the 25 patients was
386.2 = 195.2 ml (mean + SD), and the volume of the empty blad-
der condition was 130.5 + 85.9 ml (P < 0.001). The rectal balloon
was inflated with 60 ml air, so the full rectal volume was 60 ml.
Rectal emptiness referred to the absence of stool and gas residue
after the removal of the balloon.

A full rectum shifted the prostate in the right, anterior, and superior
directions by 0.10 + 0.16 cm, 0.93 = 0.31 cm, and 0.48 = 0.30 cm
(mean + SD), respectively. With a full rectum, no patients showed
more than 0.5 cm left—right displacement, while anterior displace-
ment of more than 0.5 cm was seen in 92.0% and more than 1 cm
in 44.0%; superior displacement of more than 0.5 cm was seen
in 48.0% and more than 1 cm in 8.0%. A full bladder shifted the
prostate in the left, anterior, and superior directions by 0.03 £ 0.10
cm, 0.03 £0.21 cm, and 0.19 £ 0.30 cm, respectively. No patients
showed more than 0.5 cm displacement in the left-right or ante-
rior—posterior directions under full bladder status, whereas 24.0%
showed more than 0.5 cm superior displacement of the prostate.
A full rectum and full bladder shifted the prostate in the right, an-
terior, and superior directions by 0.07 = 0.18 cm, 1.19 + 0.37 cm,
and 0.49 £ 0.50 cm, respectively. Only 1 patient showed more than
0.5 cm of rightward shift, but 100% and 56.0% had more than 0.5
cm anterior and superior displacements, respectively, and 68.0%
and 16.0% of patients had more than 1 cm of anterior and superior
shift.
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The distribution of prostate position shifts under different rectum
and bladder fillings are shown in (Figure 1). It is obvious that the
prostate displacement was greater with full rectum/empty bladder
and full rectum/full bladder conditions than with a full bladder/
empty rectum, especially in the Y (anterior—posterior) and Z (supe-
rior—inferior) directions. A full rectum and full bladder caused the
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prostate to move in the anterior and superior directions, whereas
a full bladder only caused a small superior prostate shift. Distri-
bution of X\Y\Z shifts under different rectum and bladder filling
statuses are listed in Table 1. The integrated prostate position shifts
are displayed graphically in (Figure 2).

Table 1: Distribution of probabilities of X, Y, and Z shifts under different rectum and bladder filling statuses in comparison with the primary status

(empty bladder and empty rectum)

Shift directions Full rectum Full bladder Full rectum and full bladder
<0.5cm (%) | 0.5-1cm (%) | =1em (%) | <0.5cm (%) | 0.5-1cm (%) | =lem(%) | <0.5cm (%) | 0.5-1cm (%) | =1cm (%)

25 0 0 25 0 0 24 1 0

X -100 0 0 -100 0 0 -96 -4 0
2 12 11 25 0 0 0 8 17

Y -8 -48 -44 -100 0 0 0 -32 -68
13 10 2 19 6 0 11 10 4

z -52 -40 -8 -76 -24 0 -44 -40 -16

X, Left-Right; Y, Anterior—Posterior; Z, Superior—Inferior

X Left Right
Y  Anterior Posterior
Z  Inferior Superior
Rectum full X Pl
Rectum full Y- T
Rectum full Z4 iy
Bladder full X e B
Bladder full Y- et
Bladder full Z- e Hred
Both full X i
BothfullY{ o o o,
Both full 2- o ’.—a—. .
3 2 4 0 1 2

Prostate position shifts {cm)

Figure 1: The impact of empty or full bladder and rectum on the motion
of prostate

Figure 2a: Full bladder and full rectum (thin line) & empty bladder and
empty rectum (thick line) after pelvic bone alignment
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Figure 2b: Full rectum and empty bladder (thin line) & empty bladder

and empty rectum (thick line) after pelvic bone alignment

Figure 2¢: Full bladder and empty rectum (thin line) & empty bladder and
empty rectum (thick line) after pelvic bone alignment

Ilustrations: Yellow: bladder; Green: rectum; Red: prostate
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5. Discussion

Compared with conventional fractionation radiotherapy, hypofrac-
tionated radiotherapy has the therapeutic advantage of fewer and
larger fractions with equivalent or better biochemical control with-
out a significant increase in late toxicity [9-11]. However, prostate
motion, patient positioning errors and range uncertainties may al-
ter the target dose and increase exposure of neighbouring organs at
risk [12]. Knowledge about the magnitude and direction of pros-
tate motion related to rectum and bladder filling is of great im-
portance, especially in the era of hypofractionated and high-dose
radiation therapy [7]. Although there have been some reports on
the effects of rectal and bladder filling on prostate position [13-15],
there have been very few prospective studies using bladder and
rectum volume-controlled conditions. Our study is a prospective,
simultaneous analysis of the effects of bladder and rectal filling on
prostate position. The rectum volume was artificially controlled,
and the bladder was self-controlled by the patient under the direc-
tion of the physician. The results of this trial demonstrate that a full
rectum or a full rectum and full bladder primarily shift the prostate
in the anterior—superior direction. A full bladder only shifted the
prostate superiorly by a small amount. The rectal volume’s influ-
ence on prostate motion is much larger than that of the bladder
volume. The knowledge of the magnitude and direction of pros-
tate displacement due to rectum and bladder volumes’ change may
help us understand the importance of monitoring and controlling
rectum and bladder volume during hypofractionated radiotherapy
of prostate cancer.

From our study’s results, the rectal volume’s impact on prostate
position is obvious and much larger than that of the bladder. A full
rectum alone or a full rectum combined with a full bladder can
shift the prostate anteriorly by more than 1 cm, and superiorly by
nearly 0.5 cm. The magnitude of prostate motion under rectal vol-
ume’s impact remained highly significant in our study. This result
was consistent with previously published data [15-18]. Antolak et
al.16 measured the mobility of the Clinical Target Volume (CTV)
in prostate radiotherapy with respect to the pelvic anatomy in 17
patients and showed that prostate mobility was not significantly
correlated with bladder volume. However, the mobility of both
the prostate and seminal vesicles was very significantly correlated
with rectal volume. Poli et al.6 evaluated the influence of rectal
volume on prostate motion during Three-Dimensional Conformal
Radiotherapy (3D-CRT) for prostate cancer and found that a base-
line rectal volume greater than 70 cm® had a significant influence
on prostate motion in the anteroposterior axis. Both Schild et al.
[19] and Dawson et al. [20] reported that distension of the rectum
shifted the prostate anteriorly; deviations as large as 15 mm were
seen in prostate position. Therefore, rectal filling was definitely an
important factor for prostate moving forward, whereas the effect
of bladder was not obvious.
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The anterosuperior shift of the prostate seen under an extended
rectum in our study could be attributed to specific factors. First,
the prostate is closely adjacent to the rectum, and the sacrococcyx
limits posterior displacement of the rectum. Therefore, a distended
rectum will force the prostate to move forward into the retropubic
space. Second, the pelvic floor musculature and structures limit the
inferior movement of the prostate, so that distention of the middle
and distal rectum or contraction of the pelvic floor musculature
under a filled rectum and/or full bladder will move the prostate
superiorly [21,22]. After all, there is more potential space in the
superior direction. The magnitude and direction of target shifting
demonstrated by the data could have an impact on the accuracy
of treatment delivered to the prostate. In order to improve tumor
control and avoid radiation-induced toxicity to surrounding organs
at risk, correcting the target position displacement before irradia-
tion delivery and monitoring the prostate position during radiation
therapy become essential in the era of IMRT of prostate cancer [5].
In addition, our study indicates that it is not reasonable to extend
CTV margins evenly in all directions.

A full bladder only shifted the prostate superiorly to a small degree
in our study, and no any other trends of prostate position-shifting
were observed. This is in accordance with other authors’ reports.
Pinkawa et al. [13] evaluated prostate position variability in 30
prostate patients under Full Bladder (FB) and Empty Bladder (EB)
conditions. They concluded that despite a larger variability of blad-
der filling was observed, prostate position stability was the same
with FB and EB conditions. Their latter report indicated that sig-
nificant bladder wall displacements were only found at the anterior
and superior borders when FB was compared with EB [23]. Both
Antolak et al. [16] and Van Herk et al. [18] also reported that pros-
tate mobility was not significantly correlated with bladder volume.
We speculate that this is due to the fact that bladder’s position is
above the symphysis pubis where posterior and inferior expansion
is restricted by the rectum and sacrococcygeal structures behind
and the prostate and the pelvic floor musculature below, but there
is greater potential space for expansion in the anterior and superior
directions (refer to Figure 2c¢).

Most studies [15,16,23] scanned and treated patients in the supine
position, just as we did. When patients are scanned in the supine
position, Pinkawa et al. showed that the mean bladder wall dis-
placement remained <5 mm at the inferior, lateral, and posterior
borders — compared with 15 and 21 mm at the anterior and su-
perior borders — with bladder volume change [23]. Some studies,
however, have reported a significant influence of bladder filling on
prostate position when patients were in a prone position [7,14]. In
a prone position, the body weight can press through the bladder
onto the prostate and cause significant displacement in the posteri-
or and inferior directions [13]. So we prefer the supine position for
hypofractionated radiotherapy for prostate cancer.
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Our study had some limitations. First of all, it included a limited
number of patients, and it lacked accurate control of the bladder
volume. Secondly, we did not evaluate the position of the seminal
vesicles under different rectal and bladder filling statuses. Finally,
we did not evaluate the rotation variability. Thus more research
work is warranted.

6. Conclusion

Our results suggest that we should require more generous margins
in the anterior and superior directions around the CTV and that the
use of bone registration for irradiation delivery to the prostate is
not precise enough. We should routinely use image-guided tech-
niques via the prostate to deliver precise radiotherapy for pros-
tate cancer, especially with hypofractionated therapy. Finally we
further confirmed the importance of controlling the rectal volume
status during prostate cancer radiotherapy. These findings will help
to improve the accuracy of hypofractionated radiotherapy for pros-
tate cancer.
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