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Abstract
Purpose: We hypothesized that the interfraction motions of the superior and inferior prostate beds
differ and therefore require different margins. In this study, we used daily cone beam computed
tomography (CBCT) to evaluate themotion of postprostatectomy surgical clips (separated to superior
and inferior portions) within the planning target volume (PTV) to derive data-driven PTV margins.
Methods and Materials: Our study cohort included consecutive patients with identifiable surgical clips
undergoing prostate bed irradiation with daily CBCT image guidance. We identified and contoured the
clips within the PTV on the planning computed tomography and CBCT scans. All CBCT scans were
registered to the planning computed tomography scan on the basis of pelvic bony structures. The superior
border of the pubic symphysis was used to mark the division between the superior and inferior portions.
Results: Eleven patients with 263 CBCT scans were included in the cohort. In the lefteright direction,
the global mean M, systematic error S, and residue error s were 0.02, 0.03, and 0.16 cm, respectively,
for superior clips, and 0.00, 0.03, and 0.03 cm, respectively, for inferior clips. In the anterioreposterior
direction, the corresponding values were M Z 0.01, S Z 0.25, and sZ 0.37, respectively, for
superior, and M Z 0.08, SZ 0.13, sZ 0.15, respectively, for inferior. In the superioreinferior
direction, the values were MZ-0.06, SZ 0.23, and sZ 0.27, respectively, for superior, and MZ-0.01,
SZ 0.21, sZ 0.20, respectively, for inferior. The results of the 2-tailed F tests showed that the anterior
eposterior motion is statistically different between the superior and inferior portions in the anterior
eposterior direction. There is no statistical difference in the superioreinferior and lateral directions.
Therefore, we propose a set of nonuniform PTV margins (based on the formula 2.5 Sþ 0.7s) as 0.2 cm
for all prostate beds in the lefteright direction, 0.7 cm for all in superioreinferior, and 0.9 to 0.4 for
superioreinferior in the anterioreposterior direction.
Conclusions: The difference in motion between the superior and inferior portions of the prostate bed is
statistically insignificant in the lefteright and superioreinferior directions, but statistically significant in
the anterioreposterior direction, which warrants a nonuniform PTV margin scheme.
� 2018 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Sources of support: This work had no specific funding.
Conflicts of interest: The authors have no conflicts of interest to disclose.

* Corresponding author. Box DUMC 3295, 200 Trent Drive, Durham, NC 27710.
E-mail address: haijun.song@duke.edu (H. Song).

https://doi.org/10.1016/j.adro.2018.09.014
2452-1094/� 2018 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:haijun.song@duke.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.adro.2018.09.014&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.advancesradonc.org
https://doi.org/10.1016/j.adro.2018.09.014


Advances in Radiation Oncology: JanuaryeMarch 2019 Nonuniform PTV margins for prostate bed 187
Introduction

After a radical prostatectomy, adjuvant or salvage ra-
diation has demonstrated improved biochemical control
and survival in patients with high-risk pathologic features
or an increasing prostate-specific antigen (PSA) level.1e3

However, the specific clinical target volumes used in
postprostatectomy randomized trials and consensus
guidelines vary widely. The expansions used to form the
planning target volume (PTV) also vary. Understanding the
movement of the postprostatectomy bed is important to
ensure proper coverage because rectal and bladder filling
are known to affect its position. Bell et al.4 analyzed the
motion of the superior and inferior portions of the prostate
bed separately and proposed a nonuniform PTV margin
owing to the different observed motion between the supe-
rior and inferior in the anterioreposterior (AP) direction.
However, Verma et al.5 concluded that there was no sig-
nificant difference between the superior and inferior por-
tions in the AP direction.

Prior attempts to analyze the motion of the prostate bed
have used either on-board kV imaging, on-board cone
beam computed tomography (CBCT), or computed to-
mography (CT)-on-rails, all with some limitations.
Although CT-on-rails provides high-quality CT images,
the delineation of the low-contrast soft-tissue target can still
be a challenge and carries an inherent large uncertainty.5

The delineation of soft-tissue targets should be even more
of a challenge with CBCT because of its poor soft tissue
contrast.6 Huang et al.7 identified high-contrast surgical
clips on CBCT images but did not separate the prostate bed
into superior and inferior portions. Sandhu et al.8 and Song
et al.9 used on-board kV imaging to identify surgical clips.
Because of the limitation associated with 2-dimensional
imaging, the studies were limited to a small number of
surgical clips or clips as one single mass.

Given the uncertainty of prostate bed motion, we
decided to examine this motion within our patients. We
sought to use a patient cohort with surgical clips to allow
for a separate evaluation of the superior and inferior
portion of the prostate bed using daily setup CBCT
images.
Figure 1 Coronal view of a prostate bed, separated into superior
and inferior portions along the superior border of the pubic bone.
Also shown are segments of the surgical clips that are identified as
trackable through all cone beam computed tomography sets. The
position of each clip is represented by its center of mass.
Methods and materials

We identified postprostatectomy patients who received
adjuvant or salvage radiation from 2008 to 2014. All
patients followed a regimen of full bladder and empty
rectum at the time of treatment planning CT and each
fraction of radiation delivery. Patients were simulated
supine in Combifix (CIVCO Radiation Therapy, Coral-
ville, IA), which is indexed to the treatment table and
immobilizes the patient within the device from the pelvis
to the feet with indexed positions for the feet and legs.
The planning CT scans were performed on a Philips
Brilliance Big Bore CT with 3-mm slices. In general, the
clinical target volume was contoured based on the Radi-
ation Therapy Oncology Group consensus definition10,11

and expanded 5 mm in each direction to form the PTV.
Subsequently, all patients were planned with a prescrip-
tion dose of 65 Gy in 26 daily fractions of 2.5 Gy.

Each day before treatment, patients were immobilized,
and then a CBCT scan was acquired. The CBCT system
had a Varian 21EXmodel linear accelerator using its pelvis
mode with half bowtie beam filter and half-fan beam. This
mode of CBCT uses projections from a full circle.

The slice thickness was 2.5 mm. The status of the empty
rectum and full bladder was verified for each radiation
treatment. If not achieved, the patient would be taken off
the table to repeat the bladder and rectum preparation.

Patients were deemed to have usable clips based on the
following criteria: at least 3 separable surgical clips within
the prostate bed PTV, and the clips had to be recognizable
and traceable throughout the subsequent CBCT image
sets. Some patients’ CBCT scans had strong artifacts
caused by the metal clips. These patients were excluded
owing to poor overall image quality.

For each patient, all daily CBCT sets were registered to
the planning CT offline on the basis of the bony structure
of the pelvic area. Automatic image coregistration with 6
degrees of freedom (6D matching) was performed using
CBCT scans in accordance with the bony pelvic anatomy
with an operator-selected shoebox volume that contained
the sacrum, symphysis pubis, and both femoral heads.
Each selected clip was contoured manually on the radia-
tion planning CT and transferred to each registered
CBCT. Each transferred clip was manually verified and
refined in each CBCT set. The coordinates of each clip
centroid within each image set was recorded in lefteright
(LR), AP, and superioreinferior (SI) directions. We used
the axial slice at the superior border of the pubic bone to
separate the superior and inferior portions of the prostate
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bed as shown in Figure 1. The definition of M (ie, average
of mean values per patient), S (ie, standard deviation of
mean values per patient), and s (ie, root mean square of
standard deviation values per patient) is according to the
nomenclature in van Herk.12 The formula of 2.5S þ 0.7s
(van Herk et al.13) was adopted to calculate the
population-based PTV margin.
Results

Sixty-five consecutive prostate bed irradiation pa-
tients between the year of 2008 and 2014 were sys-
tematically examined, and 11 patients were found to be
Figure 2 Axial view of one computed tomography slice through the
on the treatment planning computed tomography scan and 1 cone bea
suitable for this study based on our criteria of usable
surgical clips. Among the 11 eligible patients, a total of
263 CBCT image sets were available, ranging from 17
to 26 CBCT sets per patient. The number of clips ranged
from 3 to 11. Among the studied clips, 28 clips were
located in the superior portion of the prostate bed, and
56 clips in the inferior portion. Among the 11 patients, 3
patients did not have any clips in the superior portion of
the prostate bed (ie, all usable clips in inferior portion),
and 1 patient had no clips in the inferior portion (ie, all
usable clips in the superior portion). Figure 2 shows a
typical segmentation of clips on one slice of CT and the
corresponding clips identified on one of the CBCT
images.
prostate bed, showing the contoured segments of surgical clips
m computed tomography scan.



Table 1 Mean and standard deviation of motion of superior and inferior portions of prostate bed in 3 directions of LR, AP, and SI
(cm)

Superior prostate bed Patient No. Pt 1 Pt 2 Pt 4 Pt 5 Pt 6 Pt 8 Pt 9 Pt 11 Over all
patients

No. of clips/total no. of clips 5/9 5/10 2/10 1/11 6/10 7/7 1/3 1/3
No. of CBCT sets 25 26 26 21 25 26 17 24
LR M 0.02

Mean �0.02 0.01 0.00 �0.02 0.04 0.06 0.00 0.07 S 0.03
SD 0.13 0.10 0.09 0.05 0.09 0.17 0.04 0.17 s 0.16

AP M 0.01
Mean �0.11 �0.06 0.06 0.04 �0.01 �0.41 0.07 0.50 S 0.25
SD 0.13 0.25 0.12 0.03 0.15 0.38 0.09 0.51 s 0.37

SI M �0.06
Mean 0.11 0.15 �0.02 �0.04 0.15 �0.48 0.01 �0.31 S 0.23
SD 0.14 0.14 0.13 0.05 0.17 0.28 0.17 0.31 s 0.27

Inferior prostate bed Patient no. Pt 1 Pt 2 Pt 3 Pt 4 Pt 5 Pt 6 Pt 7 Pt 9 Pt 10 Pt 11 Over all
patients

No. of clips/total no. of clips 4/9 5/10 11/11 8/10 10/11 4/10 3/3 2/3 7/7 2/3
No. of CBCT sets 25 26 26 26 21 25 23 17 24 24
LR M 0.00

Mean 0.02 0.00 �0.02 �0.06 0.06 �0.02 �0.01 0.02 �0.01 0.00 S 0.03
SD 0.10 0.07 0.12 0.08 0.14 0.07 0.07 0.08 0.07 0.09 s 0.03

AP M 0.08
Mean �0.02 �0.03 �0.03 0.23 �0.04 �0.02 0.02 0.12 0.22 0.32 S 0.13
SD 0.10 0.17 0.16 0.33 0.30 0.07 0.16 0.10 0.28 0.35 s 0.15

SI M �0.01
Mean �0.04 0.23 �0.18 �0.11 0.35 0.03 0.09 0.06 �0.30 �0.28 S 0.21
SD 0.12 0.12 0.23 0.19 0.43 0.09 0.16 0.08 0.24 0.22 s 0.20

Abbreviations: AP Z anterioreposterior; CBCT Z cone beam computed tomography; LR Z lefteright; pt Z patient; SD Z standard deviation; SI
Z superioreinferior.
The overall mean M (average of mean values per patient), systematic error S (SD of mean values per patient), and random error s (root mean square
of SD values per patient) are listed. The number of usable surgical clips in the superior and inferior portions of the prostate bed is listed for each
patient. For several patients, all the clips are located in one half of the prostate bed planning target volume.

Advances in Radiation Oncology: JanuaryeMarch 2019 Nonuniform PTV margins for prostate bed 189
The mean and standard deviation values of the clips
per patient are listed in Table 1. The overall mean values
(M) are both near 0 for the superior and inferior portions,
which indicates the lack of systematic shift of the prostate
bed position between the CT simulation and treatment.
This also implies that the setup preparation for the
simulation and treatment are consistent for all patients.
The systematic error (S) is small in the LR direction but
significantly larger in the AP and SI directions for both
the superior and inferior portions, which indicates more
variations of the prostate bed motions in the AP and SI
directions among patients.

To determine whether the superior and inferior por-
tions move in the same manner, we ran 2-tailed statistical
F tests on the mean values of the clip motion per patient.
The P values are .72 and .49 (statistically insignificant) in
the LR and SI directions, respectively, and .02 (statisti-
cally significant) in the AP direction, which indicates that
the motion is statistically different between the superior
and inferior portions of the prostate bed.

The PTV margins calculated from the observed motion
values are listed in Table 2. Given our finding that the
motion difference is statistically insignificant in the LR
and SI direction, but significant in the AP direction, we
recommend a margin recipe as follows: same margin for
the superior and inferior prostate bed, 0.2 cm in the LR
and 0.7 cm in the SI direction. In the AP direction, the
superior portion needs more margin than the inferior
portion: 0.9 cm for superior and 0.4 cm for inferior.
Discussion

In this analysis, we found a statistically different mo-
tion between the superior and inferior prostate bed, which
is consistent with the findings of Bell et al.,4 yet different
from that of Verma et al.5 The motion data presented by
Bell et al.4 allow for a direct comparison with this study
(Table 3). The high consistency may be due to the fact
that Bell et al.4 looked at the surgical clips as a surrogate
of the prostate bed (same method as this study). In Verma
et al.,5 accurate motion quantification depends on the
consistent contouring of the prostate bed PTV on the
treatment planning CT and all daily setup image sets



Table 4 Comparison between systematic error (S) and
random error (s) between published data and current study

Errors
(cm)

Ost
et al.6

Huang
et al.7

Sandhu
et al.8

Song
et al.9

Current
study

LR S 0.04 0.07 0.10 0.17 0.03
S 0.10 0.20 0.17 0.28 0.10

AP S 0.25 0.11 0.27 0.26 0.19
s 0.23 0.31 0.21 0.39 0.26

SI S 0.09 0.10 0.24 0.24 0.22
s 0.14 0.28 0.21 0.29 0.24

Abbreviations: AP Z anterioreposterior; LR Z lefteright; SI Z
superioreinferior.

Table 2 Recommendation of nonuniform PTV margins for
prostate bed in 3 directions based on derived error values of
superior and inferior portions

PTV
margin
(cm)

Superior
2.5S þ 0.7s

Inferior
2.5S þ 0.7s

Margin
recommendation
with simplified
rounding off

LR 0.19 0.10 0.2
AP 0.89 0.44 0.9/0.4 (sup/inf)
SI 0.76 0.67 0.7

Abbreviations: AP Z anterioreposterior; LR Z lefteright; PTV Z
planning target volume; SI Z superioreinferior.
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obtained with a CT-on-rails. Contouring the whole pros-
tate bed PTV may be the ideal way to characterize the
motion of the prostate bed, but, in practice, may carry
extra uncertainties in delineating the soft-tissue target on
CT and across CT and daily CT image sets. The surgical
clips used in this study and the study by Bell et al.4 are
high-contrast objects and easy to contour. The downside
is that these clips tend to concentrate on the posterior
portion instead of distributing evenly within the prostate
bed. Therefore, the surgical clips may not truly represent
the motion of the whole prostate bed. Aside from the
difference in data extraction, there is always the possi-
bility to attribute the discrepancy to the different patient
pools used in Verma et al.,5 Bell et al.,4 and this study.
However, the agreement between this study and Bell
et al.4 tends to downplay the patient pool as a factor.

Furthermore, when we average the systematic and
random errors over the superior and inferior portions of
the prostate bed, we found consistent results compared
with those who studied the prostate bed as one volume6e9

in each of the LR, AP, and SI directions (Table 4).

Conclusions

The difference in motion between the superior and
inferior portions of the prostate bed is statistically sig-
nificant in the AP direction and statistically insignificant
in the LR and SI directions. This aids in the delineation of
appropriate PTV margins for postprostatectomy patients
with cancer undergoing radiation planning.
Table 3 Comparison of systematic error (S) and random
error (s) of prostate bed, separated into superior and inferior
portions (cm)

Superior (S/s) Inferior (S/s)

Bell et al.4 Current study Bell et al.4 Current study

LR 0.11/0.11 0.03/0.16 0.10/0.08 0.03/0.03
AP 0.50/0.47 0.25/0.37 0.18/0.17 0.13/0.15
SI 0.27/0.28 0.23/0.27 0.19/0.17 0.21/0.20

Abbreviations: AP Z anterioreposterior; LR Z lefteright; SI Z
superioreinferior.
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