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ARTICLE INFO ABSTRACT

Keywords: Purpose: The aim of this study was to account for interfractional clinical target volume (CTV) shape variation
Shape variation and apply this to the planning target volume (PTV) margin for prostate cancer radiation treatment plans.
PTV margin Methods: Interfractional CTV shape variations were estimated from weekly cone-beam computed tomography

Treatment planning

> (CBCT) images using statistical point distribution models. The interfractional CTV shape variation was taken into
Prostate cancer radiation therapy

account in the van Herk’s margin formula. The PTV margins without and with the CTV shape variation, i.e.,
standard (PTV,;) and new (PTVyyape) margins, were applied to 10 clinical cases that had weekly CBCT images
acquired during their treatment sessions. Each patient was replanned for low-, intermediate-, and high-risk
CTVs, using both margins. The dose indices (D98 and V70) of treatment plans with the two margins were
compared on weekly pseudo-planning computed tomography (PCT) images, which were defined as PCT images
registered using a deformable image registration technique with weekly CBCT images, including contours of the
CTV, rectum, and bladder.

Results: The percentage of treatment fractions of patients who received CTV D98 greater than 95% of a pre-
scribed dose increased from 80.3 (PTV,;) to 81.8% (PTVgpape) for low-risk CTVs, 78.8 (PTV,y) to 87.9%
(PTVhape) for intermediate-risk CTVs, and 80.3 (PTV,y) to 87.9% (PTVgphape) for high-risk CTVs. In most cases,
the dose indices of the rectum and bladder were acceptable in clinical practice.

Conclusion: The results of this study suggest that interfractional CTV shape variations should be taken into
account when determining PTV margins to increase CTV coverages.

1. Introduction

In radiation therapy for prostate cancer, to take into account in-
ternal setup and organ motion errors during treatment courses, plan-
ning target volumes (PTVs) are created by expanding clinical target
volumes (CTVs) with CTV-to-PTV margins [1]. Several methods of
quantifying CTV-to-PTV margins (hereafter PTV margins) have been
published [2-7]. According to van Herk et al. [7], the uncertainties in
CTVs can be classified into systematic errors in treatment preparation
and random errors in treatment execution. Systematic and random er-
rors of setup and organ motion have been considered in a number of
studies to estimate PTV margins in prostate cancer radiotherapy
[8-12], in which proximal seminal vesicles (SV) are usually included in
the CTVs in intermediate- and high-risk prostate cancer cases [13-15].
However, the studies of van Herk and others [2-7] have not accounted

for CTV shape variations with rotation and deformations in their
margin formulas.

Image-guided patient positioning (IGPP) systems have been em-
ployed to reduce the systematic and random errors in terms of trans-
lation and rotation errors by the use of on-line correction systems. On
the other hand, some studies have clarified the effects of systematic and
random errors of SV displacements or shape variations (relative to
prostate locations) on the PTV margins [16-18]. The CTV shape var-
iations caused by the changes of the rectum and bladder volumes
were < 1 mm for prostate and <3 mm for SV [16]. Smitsmans et al.
reported that the patient positioning with respect to the shape varia-
tions of SV was insufficiently corrected, even though the correction of
rotation errors based on fiducial markers was performed [18]. Ad-
ditionally, Liang et al. mentioned that the shape variations of targets
including SV may cause the underdosing of parts of the targets [19].
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Consequently, the shape variations of the CTV have not been corrected
and reduced by current IGPP systems [10,20,21]. Thus, interfractional
CTV shape variations need to be considered for the determination of
PTV margins on radiation treatment planning.

In our previous research [22], Shibayama et al. investigated sys-
tematic and random errors of CTV shape variations based on statistical
point distribution models (PDMs) for prostate cancer. The average
standard deviation (SD) of the systematic errors ranged from 0.9 to
3.0mm, and the average SD of the random errors ranged from 0.8 to
1.4 mm. This study concluded that the interfractional CTV shape var-
iations were not negligible for the determination of the PTV margins.
Also, Haekal et al. analyzed the uncertainties of the rectum shape due to
anisotropic variations using the PDMs [23]. For these regions, where
the rectum overlapped with the PTV along the anterior wall, the SDs of
systematic errors ranged from 0.8 to 1.9 mm, and the SDs of random
errors ranged from 0.1 to 1.8 mm. These results suggested that aniso-
tropic shape variation analysis is needed when determining the plan-
ning-organ-at-risk-volume (PRV) margins for the rectum associated
with acute toxicities. However, no studies so far have been performed
on how interfractional CTV shape variations in PTV margins affect ra-
diation treatment plans, especially the dose distributions in the targets
and organs at risk (OAR). Therefore, the objective of this study was to
investigate the effects of considering interfractional CTV shape varia-
tions in PTV margins on prostate cancer radiation treatment plans.

2. Materials and methods

First, standard PTV margins using the van Herk formula were ob-
tained from an initial patient cohort. An additional set of 10 patients
was then analyzed to determine the interfractional CTV shape varia-
tions, and the proposed PTV margins were calculated by including the
CTV shape variations. Finally, the two PTV margins with and without
CTV shape variations, i.e., standard (PTV,,;) and new (PTVg,ap.) mar-
gins, were tested on a different set of 10 patients to investigate the
effect of taking into account CTV shape variations on the treatment
plans.

2.1. Patient data and image acquisition

This study was performed with the approval of the institutional
review board of our hospital. Forty patients [median age: 65 yr; range:
56-83 yr; Stage: T1-T3a, NO, MO, median initial prostate-specific an-
tigen: 10.24 ng/mL; range: 3.56-99.17, Gleason score (sum): median 7,
range: 6-10] who had undergone intensity modulated radiation therapy
(IMRT) for prostate cancer, were selected for this study amongst pa-
tients treated between May and November 2012.

Treatment planning was performed on a commercially available
RTP system (Eclipse version 10.0, Varian Medical Systems Inc., Palo
Alto, USA) using an analytical anisotropic algorithm (AAA). In each
plan, the mean dose in the PTV including both prostate and SV was set
to 76 Gy in 38 fractions at a linear accelerator with an accelerating
voltage of 10 MV (Clinac 21EX; Varian Medical Systems Inc., Palo Alto,
USA). The IMRT plans were optimized using seven fields of the same
gantry angles with a dynamic sliding window technique for all cases. As
for the bladder and rectum preparation, all patients were given in-
structions to empty their bladders and rectums as much as possible, and
to drink 300 mL water at 30 min before the scheduled treatment.

The forty patients were scanned for the treatment planning by a
planning computed tomography simulator (PCT) (Mx 8000, Philips
Healthcare, Amsterdam, The Netherlands; 120kV, 0.98 mm in-plane
pixel size, 2.0 mm slice thickness). Three hundred-three cone-beam
computed tomography (CBCT) images of the patients (On-Board-
Imager, Varian Medical Systems Inc., Palo Alto, USA; Half-Fan mode,
120kVp, 1.17 mm in-plane pixel size, 2.5mm slice thickness) were
acquired at 5-9 fractions (mean: 7) of 38 fraction treatment course per
patient, with fixed exposure parameters (“pelvis” mode, 120KkV,
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1040 mAs, 365° acquisition angle range with a half-fan bow tie filter).
The CBCT images were only acquired at the beginning of the week to
reduce the patient dose according to the principle of “as low as rea-
sonably achievable (ALARA)”.

We divided the 40 patients into three patient datasets, named A, B,
and C. The 20 patients of Dataset A with 157 CBCT images treated
between May and August 2012, were chosen to analyze the organ
motion errors for CTVs with prostates and SVs. The 10 patients of
Dataset B with 73 CBCT images treated between August and October
2012, were used to determine the interfractional CTV shape variations.
The remaining 10 test patients of Dataset C with 73 CBCT images
treated between October and November 2012, were employed to in-
vestigate the effects of two PTV margins with and without interfrac-
tional CTV shape variations on the treatment plans.

2.2. Delineation of three risk CTV contours on PCT images

To determine the CTV shape variations and investigate the effect of
accounting for interfractional CTV shape variations on treatment plans,
two additional CTVs belonging to three risk classes (low-, inter-
mediate-, and high-risk CTV) were delineated for each of the patients of
Datasets B and C, except a clinical CTV, which was determined for the
actual treatment of the patient. The low-, intermediate-, and high-risk
CTVs were defined as containing only the prostate, prostate plus 1 cm
proximal SV, and prostate plus 2 cm proximal SV, respectively [14,15].
The OARs were defined as the bladder (from its base to the dome) and
the rectum (inferiorly starting from the anorectal junction and super-
iorly, extending up to the beginning of the sigmoid at the rectosigmoid
junction). The contours of the three CTV risk types and OAR were de-
lineated on PCT and weekly CBCT images for each patient based on the
consensus between a radiation oncologist (S.0.) and medical physicist
(T.H.) with the use of a commercially available RTP system (Eclipse
version 10.0; Varian Medical Systems Inc., Palo Alto, USA).

2.3. Organ motion errors

The organ motion error was defined as the difference in couch
correction distance between the CTV centroids-based registration and
bone-based registration when registering CBCT images to PCT images.
The systematic and random organ motion errors were calculated from
the SDs and the root mean squares of the average organ motion errors
for each patient, respectively. The systematic and random organ motion
errors, excluding the rotation errors in six directions (anterior, pos-
terior, superior, inferior, right, and left), were obtained from Dataset A.
The treatment and imaging scheduled in our hospital was that daily
orthogonal projections and weekly CBCT scans were performed for each
patient throughout 38 fractions just prior to dose delivery for online
correction of target localization. The online correction for each fraction
is assumed based on bone registration with orthogonal projections.

2.4. CTV shape variations

To estimate the PTV margin with consideration of the interfrac-
tional CTV shape variations, the systematic and random errors for the
interfractional CTV shape variations were analyzed with the method
proposed by Shibayama et al. [22] based on PDMs. The systematic er-
rors were calculated with CTV contours on PCT and CBCT images by
using an in-house software, and the random errors on CBCT images. The
procedure for the calculation was developed as the in-house software as
follows. First, CTV contours were delineated manually on the 10 PCT
images and 73 CBCT images of Dataset B, which were the same data as
that used by Shibayama et al. [22]. Next, a triangulated CTV surface
was generated from a CTV contour on each of PCT and CBCT images by
use of a marching cubes algorithm, which can yield 3D surface [22,24].
Then, a PDM was generated from vertices of the triangulated CTV
surface [22]. Finally, the systematic and random errors of
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interfractional CTV shape variations were quantified by calculating the
SDs of corresponding points of PDMs [22]. In this study, it should be
noted that the rotation errors of the CTVs were included as the shape
variations, because the errors could lead to displacements of the CTV
surface points.

The systematic error for shape variations is defined as the average
deviation between the surfaces of a reference CTV on the CBCT images
and those of the CTVs on PCT images. Here, an average CTV surface on
CBCT images was used as the reference CTV surface. Meanwhile, the
random error for shape variations is defined as the average deviation of
the CTV surface over fractions from a reference CTV surface, which was
derived from an average CTV.

2.5. PTV margin calculations

The PTV,; and PTV,ap. margins were calculated without and with
consideration of the interfractional CTV shape variations of the three
CTV risk classes, which were used to set PTV,,; and PTVgap.. The PTV
margins in all six directions (anterior, posterior, superior, inferior,
right, and left) were calculated using van Herk’s margin formula [7];
M = 2.5¢ + 0.70, where ¢ and ¢ denote the SDs of the treatment pre-
paration (systematic) and execution (random) errors, respectively. This
margin formula was based on a dose-population histogram to deliver at
least 95% of a prescribed dose to 90% of a patient population.

The PTV margin formula of van Herk consists of the systematic and
random error terms. The systematic error term includes the delineation
error, organ motion error, and shape variation. The random error term
includes the organ motion and shape variation. The systematic deli-
neation errors for the prostate obtained by Gardner et al. [25] were
used without changes in this study, because their results contained
newer data than other studies for the delineation errors [26,27]. The
delineation errors were derived from the contours made by five ob-
servers on the PCT images of 10 prostate cancer patients in their study.
The SDs of the € and o for the systematic and random errors were ob-
tained by the quadratic sum of all systematic and random errors, re-
spectively, by

€= VEIZ)E + 3 + &y (€))
and
0=y Tom + Ty 2)

Here, epg, €omM, and &gy represent the mean SDs of the systematic errors
in the delineation of the contours on PCT, organ motion, and inter-
fractional shape variations of the CTVs, respectively, whereas ooy and
ogy represent the mean SDs of the random errors for the organ motion
and interfractional CTV shape variations, respectively. In this study, we
did not consider the intra-fractional errors in the PTV margins, because
the weekly pseudo dose distributions were calculated for the pre-
treatment CBCT images to evaluate the impacts of the interfractional
CTV shape variations.

2.6. Overall workflow to investigate the effects of accounting for
interfractional CTV shape variations in PTV margins on treatment plans

Fig. 1 illustrates the overall workflow to investigate the effects of
taking into account the interfractional CTV shape variations in PTV
margins on treatment plans. Three risk CTVs, i.e., low-, intermediate-,
and high-risk CTVs, were delineated on the PCT images for the patient.
The six PTVs were created by adding PTV margins without and with
consideration of the interfractional CTV shape variations for each risk
CTV. The PTVs without and with the CTV shape variations were de-
noted as PTV,; and PTVhape, respectively. The delineation and organ
motion errors were derived from a reference paper (Gardner et al. [25])
and clinical data, respectively, and were used to calculate the PTV
margins. The dose distributions in six treatment plans for the patient

68

Physica Medica 54 (2018) 66-76

were simulated from the PCT images. To estimate the weekly pseudo
dose distributions at 6-8 fractions, the dose distributions of the treat-
ment plans with PTV,;; and PTVgpap. margins were applied on weekly
pseudo-PCT images, which were defined as PCT images registered by
using a deformable image registration (DIR) technique with weekly
CBCT images including contours of CTV, rectum, and bladder. Weekly
dose evaluation indices for CTV coverage (D98) and irradiated OAR
volume (V70) derived from dose-volume histograms (DVH) of the
weekly pseudo dose distributions were calculated to compare the plans
with PTV,,; and PTVgape and assessing the impacts of interfractional
CTV shape variations on PTV margins. D98 was defined as the per-
centage of nearly minimum dose received by 98% of each CTV, and
indicates the CTV dose coverage [28]. V70 was defined as the OAR
(rectum or bladder) volume receiving 70 Gy and was used to represent
the high-dose OAR volume.

2.7. Creation of six PTVs with PTV,; and PTV gy, margins for each CTV

Six PTVs were created by adding the PTV,; and PTVp,p margins to
the low-, intermediate-, and high-risk CTVs from Dataset C. These PTVs
were employed in this study to validate the usefulness of the PTV
margins with interfractional CTV shape variations.

2.8. Simulation of dose distributions in six treatment plans on the PCT
images

The dose distributions in six treatment plans with PTV,; and
PTVghape for the three risk CTVs for Dataset C were obtained from the
PCT images to investigate the effects of taking into account interfrac-
tional CTV shape variations in the PTV margins on treatment plans.
Treatment planning was performed for six PTVs of each patient. To
guarantee the coverage of each PTV on the plans, we used the dose
constraint that PTV D95 was greater than 95% of the prescribed dose,
while keeping the OAR doses as low as possible.

2.9. Estimation of weekly pseudo dose distributions by applying the
treatment plans to weekly pseudo-PCT images

The dose distributions on the treatment plans with PTV,; and
PTVhape margins were estimated on weekly pseudo-PCT images, which
were registered using a DIR technique with weekly CBCT images to
reduce the uncertainties including artifacts (e.g., streak artifacts due to
rectal gas) and inaccurate CT values on CBCT images. The contours
delineated on the CBCT images were superimposed on pseudo-PCT
images without using the DIR. Seventy-three weekly dose distributions
in the treatment plans with PTV,,; and PTVgp,pe at 6-8 fractions of the
patients for Dataset C were calculated on pseudo-PCT images. In this
estimation, the weekly isocenter positions were determined by bone
matching between the PCT and pseudo-PCT images. The dose calcula-
tions were performed on each pseudo-PCT image, while keeping the
MLC movements and MU constant in the treatment plans.

2.10. Calculation of weekly dose evaluation indices of DVH

The weekly dose evaluation indices for CTV coverage (D98) and
irradiated OAR volume (V70) derived from the DVHs of the weekly
pseudo dose distributions were calculated to compare the plans with
PTV,y; and PTVgpape for validation of the impact of the interfractional
CTV shape variations on the PTV margins. The averages and SDs of the
dose evaluation indices were calculated for PTV,,; and PTVghape, and
were statistically analyzed by performing a Wilcoxon signed-rank test
for paired samples, due to the non-normal distribution of the data.

Then, as for each of the 10 test patients in Dataset C, the 10 test
plans with six types of PTVs (Fig. 1) were compared with the 73 pseudo
dose distributions generated from the weekly CBCTs to evaluate the
plan robustness against interfractional CTV shape variations. The
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Fig. 1. Overall workflow to investigate the effects of accounting for interfractional CTV shape variations in PTV margins on treatment plans, with an analysis of the
test patient contoured low-risk (LR), intermediate-risk (IR), and high-risk (HR) CTVs in this study.

Table 1

Systematic and random errors calculated for three risk (low-, intermediate-, and high-risk) CTVs.

Direction Systematic error (mm) Random error (mm)
Organ motion Delineation Shape variation Organ motion Shape variation
Low Intermediate High Low Intermediate High

Anterior 2.0 1.3 1.0 2.0 1.8 1.7 0.9 1.1 1.1
Posterior 2.0 0.9 1.3 2.6 2.3 1.7 1.0 1.2 1.3
Superior 1.7 1.4 1.0 2.5 2.1 1.6 0.9 1.0 1.0
Inferior 1.7 2.2 0.9 1.9 1.4 1.6 0.8 0.9 0.8
Right 0.5 1.1 1.1 2.4 2.6 0.8 0.8 0.8 0.9
Left 0.5 1.1 1.1 2.5 3.0 0.8 0.8 0.8 0.9

* Delineation obtained from Ref. [25].

means and SDs of the dose evaluation indices of D98 for CTV and V70
for rectum and bladder were statistically analyzed by performing a
Mann-Whitney U test for unpaired samples, due to the non-normal
distribution of the data. In these evaluations, p-values from two-sided
tests lower than 0.05 were considered to be statistically significant.

Furthermore, the percentages of the treatment fractions with a D98
of the CTV greater than 95% of a prescribed dose in treatment plans
with PTV,,; and PTVgp,,. margins were calculated among the 73 frac-
tions for Dataset C.

2.11. Deformable image registration for estimation of weekly pseudo dose
distributions

To estimate weekly pseudo dose distributions, we used a commer-
cially available image registration software (MIM Maestro version 6.4;
MIM Software, Cleveland, OH) with an intensity-based free-form de-
formable registration algorithm to perform the DIR. The optimization
algorithm was a custom modified gradient descent. To assess the ac-
curacy of the DIR in the estimation of weekly pseudo dose distributions,
validation of the DIR software performance was performed based on the
test suggested in American Association of Physicists in Medicine
(AAPM) Task Group 132 report [29]. Basic anatomical datasets of
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digital phantoms with structure of prostate, rectum, and bladder were
employed for the validation test, which were generated using Im-
SimQA™ software (Oncology System Limited, UK). The evaluation of
the validation test was performed using Dice similarity coefficients
(DSC). The DSCs for contours of prostate, rectum, and bladder were
0.94, 0.95, and 0.96, respectively, which exceeded the tolerance of
0.80-0.90 suggested in AAPM Task Group 132 report. Moreover, as for
clinical cases used in this study, the total registration errors in deformed
pseudo-PCT and CBCT images of Dataset C were estimated using DSC
for the contours of low-, intermediate-, and high-risk CTVs, rectum and
bladder. The DSCs for the contours of low-, intermediate-, and high-risk
CTVs, rectum and bladder on deformed pseudo-PCT and CBCT images
were 0.86 + 0.07, 0.86 = 0.07, 0.84 = 0.08, 0.80 = 0.08, and
0.80 + 0.12, respectively, which were within the tolerance rage of
0.80-0.90 in Task Group 132 report.

3. Results
3.1. PTV margins

Table 1 lists the systematic errors (organ motion errors, delineation
errors, and CTV shape variations) and random errors (organ motion
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Table 2

PTV margins calculated for three risk (low-, intermediate-, and high-risk) CTVs.
The PTV,,; margins include organ motion and delineation errors, and the
PTVhape margins include organ motion, delineation, and shape variation errors.

Direction PTV margin (mm)
PTVori PTVihape
Low Intermediate High

Anterior 7.1 7.8 9.2 8.8
Posterior 6.7 7.7 10.0 9.4
Superior 6.6 7.4 9.7 8.9
Inferior 8.1 8.6 9.7 9.1
Right 3.6 4.9 7.5 8.1
Left 3.6 4.9 7.8 9.0

** PTV margin = 2.5¢ + 0.70 (Ref. [7]).

errors and CTV shape variations) calculated using van Herk’s formalism
[7]. Table 2 provides the PTV margins calculated for 3 risk (low-, in-
termediate-, and high-risk) CTVs. The PTV,,; margins in the anterior,
posterior, superior, inferior, right, and left directions were 7.1, 6.7, 6.6,
8.1, 3.6, and 3.6 mm, respectively, while the PTVg,,pe margins for all
risk CTVs in the anterior, posterior, superior, inferior, right, and left
directions were 7.8-9.2mm, 7.7-10.0 mm, 7.4-9.7 mm, 8.6-9.7 mm,
4.9-8.1 mm, and 4.9-9.0 mm, respectively.

3.2. CTV dose coverage and OAR doses

Figs. 2-4 depict the temporal (weekly) variations of D98 for the
CTVs and V70 for the rectum and bladder in the plans for Dataset C,
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which were derived from the estimation based on the PTV,; and
PTVhape margins, for all three risk CTVs. For each risk CTV, the D98 for
the CTVs changed less over time in the cases with PTV,ape margins,
than for the cases with the PTV,,; margins. The V70 for the rectum and
bladder was higher in the cases with PTV,ap. margins than those in the
cases with PTV,,; margins.

Fig. 5 presents the averages and SDs of D98 (for CTV) and V70 (for
rectum and bladder) in 73 weekly pseudo dose distributions for the
same Dataset C. The average D98 for the CTV was significantly higher
in the plans with PTVg,p,. than in those with PTV,,, for low-, inter-
mediate-, and high-risk CTVs (p = 0.011, < 0.001, and 0.035, respec-
tively). Also, the average V70 for the rectum and bladder was sig-
nificantly higher in the plans with PTVg,ap. than in those with PTV,,
for low-, intermediate-, and high-risk CTVs (p < 0.001 for the rectum
and p < 0.001 for the bladder).

Fig. 6 shows the averages and SDs of D98 (for CTV) and V70 (for
rectum and bladder) in the planning and weekly pseudo dose dis-
tributions for each PTV of the same Dataset C. There were no significant
differences between the planning and weekly pseudo dose distributions
for the averages of D98 for CTV and V70 for rectum. The averages of
V70 for bladder in the weekly pseudo dose distributions were sig-
nificantly higher than those in the planning dose distributions for
PTV,,; for low-, intermediate-, and high-risk CTVs (p = 0.032, 0.030,
0.032, respectively) and PTVgpape for low-risk CTVs (p = 0.041).

Fig. 7 shows the percentages of the treatment fractions with a D98
for CTV greater than 95% of a prescribed dose in the weekly pseudo
dose distributions with PTV; and PTVgpape. The percentage of treat-
ment fractions of patients with D98 greater than 95% of a prescribed
dose, increased from 80.3 (PTV) to 81.8% (PTVgpape) for low-risk
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CTVs, from 78.8 (PTV,;) to 87.9% (PTVgpape) for intermediate-risk
CTVs, and from 80.3 (PTVy) to 87.9% (PTVgpape) for high-risk CTVs.

4. Discussion

In this study, the impacts of interfractional CTV shape variations in
PTV margins on the resulting dose distributions were investigated.
Regarding the interfractional CTV shape variations, van der Wielen
et al. found that the shape variations were 0.3-1.4 mm for prostate and
1.7-3.4 mm for SVs [16]. Mak et al. reported that the displacements of
proximal-2.5-cm-SV centroids to prostate centroids were 1.9-3.5mm
[17]. Smitsmans et al. demonstrated that the SV displacements were
1.5-2.6 mm [18]. In this study, as shown in Table 1, systematic errors of
the shape variations were 0.9-1.3mm for low-risk CTVs with only
prostate, and 1.4-3.0 mm for high-risk CTVs with prostate plus prox-
imal 2-cm-SVs. Our results were similar to other studies, although the
calculation methods were different.

PTVyy and PTVgape margins were calculated for three risk CTVs,
using the van Herk’s formula [7]. Frank et al. studied the effects of
positional changes on the centroids of the prostate and SVs, and found
that a PTV margin of 10.0mm covered the anterior—posterior SV
movement in 86% of all fractions [30]. According to Table 2 and Fig. 7
in this study, PTVgape margins of 8.1-9.4 mm for the high-risk CTVs
including SVs covered 87.9% of all fractions.

As depicted in Fig. 2, D98 is the lowest for Patient 9. For this pa-
tient, the mean D98 in the low-, intermediate-, and high-risk CTV cases
are 87.1, 93.1, and 93.5%, respectively, when including the shape
variations. The reason that D98 for the CTV of this patient is less than
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the average D98 for the CTVs of 96.5, 97.5, and 97.1% for other pa-
tients of Dataset C is that the relative displacements of the CTVs to the
patient’s bony anatomy (large organ motion) exceeded the PTV margins
due to the volume changes of the rectum and bladder. A similar result is
observed for Patient 8. For the other eight patients, the average D98
values were greater than 95% in the cases in which the interfractional
CTV shape variations were taken into account in the PTV margins.
These results suggest that the PTV margins, when including the shape
variations, may guarantee higher coverages for the deformable CTVs,
subject to using target-based patient positioning (TBPP) approaches or
target tracking methods.

Additionally, although the bone-based registration was performed
in our study to obtain weekly pseudo dose distributions, TBPP ap-
proaches with implanted fiducial markers and implanted electro-
magnetic transponders have recently become common practice in
radiotherapy. Other researchers have reported that TBPP approaches
resulted in reduced margins [31,32]. Therefore, organ motion errors in
this study would become smaller than the current results in the TBPP
approaches. Nevertheless, the shape variations would not be reduced,
and thus the impacts of the shape variations on the PTV margins could
be relatively larger.

Tumor tracking techniques can provide real-time and accurate
target positional information during radiotherapy [33]. However, these
techniques are not applicable when the SV displacement to the prostate
is large [18]. Therefore, our method with PTVg.p margins may be
useful for intermediate- and high-risk CTVs.

The adaptive radiation therapy strategy allows us to replan when
observing large deformations or positional changes of targets or OAR on
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which the D98 for the CTV was greater than 95% of prescribed dose in the
treatment plans with PTV,,; and PTVp,p. margins for three risk CTVs.

CBCT images [34]. However, this strategy generally may require longer
treatment times and more complex treatment procedures than the
conventional IMRT with the PTVg,,p. margins proposed in this study.
Our study could solve these issues using simpler treatment procedures.

A comparison of the weekly pseudo dose distributions obtained
using PTV,; and PTV,ape margins revealed that D98 was significantly
improved for each CTV risk class for Dataset C when the CTV shape
variations were taken into account (Fig. 5). On the contrary, the V70 of
both rectum and bladder were significantly increased in the cases where
the PTV margins were set with CTV shape variations. Vargas et al.
mentioned that the V70 for the rectum was useful for predicting the risk
of chronic toxicity [35]. Huang et al. reported that the 6-year rate of
Grade 2 or higher late rectal complications was 13 and 54% with
V70 < 26.2% and V70 = 26.2%, respectively (p > 0.05) [36]. As
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shown in Fig. 5, the mean V70 for the rectum in the low-, intermediate-,
and high-risk CTV cases in our results are 5.1, 11.4, and 14.1%, re-
spectively, for PTVg,ape and 3.4, 5.9, and 8.5% for PTV,,;. The average
rectal V70 values for 6-8 fractions of each patient ranged from 4.5 to
26.0% in the high-risk CTV cases with shape variations. Consequently,
the rectal doses in our results would be considered acceptable in clinical
practice. In this study, as we analyzed the shape variations on a CTV
including prostate and SVs, in terms of estimating the CTV-to-PTV
margins, the posterior margins to prostate for intermediate- and high-
risk cases were theoretically enlarged. However, the posterior margin
should be determined clinically by considering the effect on the rectum
dose.

Two studies indicated the relationships between bladder surface
dose and urinary toxicities [37,38], whereas Pederson et al. reported
that no bladder dose-volume relationships were associated with the risk
of late genitourinary toxicity after IMRT for prostate cancer [39]. In the
absence of any reliable DVH-based data, the dose limits listed in the
conventional fractionation arm of the Radiation Therapy Oncology
Group (RTOG) 0415 study of prostate cancer are recommended, which
includes a solid bladder constraint of no more than 35% of the volume
to receive a dose > 70 Gy [40]. However, it should be noted that the
protocol in this simulation (76 Gy/38 fractions and biologically effec-
tive dose (BED);o: 91.2Gy) was different from that of RTOG 0415
(70 Gy/28 fractions or 73.8 Gy/41 fractions, and BED;y: 87.5 or
87.1 Gy). As depicted in Fig. 5, the mean V70 for the bladder in the
low-, intermediate-, and high-risk CTV cases in our results were 15.6,
20.4, and 21.1%, respectively, for PTVgy,pe and 13.8, 14.3, and 16.1%
for PTV,,;. The average V70 values for the bladder for 6-8 fractions of
each patient ranged from 7.0 to 36.6% in the high-risk CTV cases when
including the shape variations. Only one plan of high-risk CTV of Pa-
tient 9 resulted in exceeding the dose limit of RTOG 0415. In general,
the smaller the bladder volume, the larger the high dose (70 Gy) volume
percentage. The V70 of Patient 9 was 16% smaller than the RTOG
criterion of 35% for a bladder volume of 166 mL on the planning CT
image. However, since the average bladder volume of Patient 9 on the
weekly CBCT images was 111 mL, V70 may increase. Furthermore, the
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bladder motion may have affected the higher V70.

To discuss the effects of OAR volumes on the OAR dose indices,
Fig. 8 shows the temporal volume changes of the low-risk CTV, rectum,
and bladder in 10 patients for Dataset C, which were measured on an
RTP system. Fig. 8 indicated that the volume changes were largest for
bladder, and they were smallest for low-risk CTV. Also, Fig. 9 shows the
relationships between rectum or bladder V70 and volume on the weekly
pseudo dose distributions for high-risk CTV, which were evaluated by
linear regression correlation coefficient values (R2). Here, rectum and
bladder V70 indicate the volume of 70 Gy isodose lines that intersect
with rectum and bladder, respectively. As shown in Fig. 9, the effects of
the volumes on V70 in both PTVg,.p. and PTV,,; showed higher cor-
relations with the bladder than those on the rectum. V70 for the bladder
increased as the volume decreased. Also, the difference between V70
with PTVghape and PTV,,; was larger as the volume decreased. Thus, the
improvement of CTV D98 (coverage) led to the increase of V70 for the
rectum and bladder, as shown in Fig. 5. Although in most cases the dose
indices of the rectum and bladder were acceptable in clinical practice,
the dose to OAR should be reduced as possible as due to risk for sec-
ondary malignancies [41]. Hence, we will improve the present ap-
proach to obtain more appropriate PTV margins by optimizing the
target coverage and OAR dose in future work.

In addition, as shown in Fig. 6, the dose evaluation indices of 10
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planning dose distributions on PCT images and 73 weekly pseudo dose
distributions were compared to assess the plan robustness against inter-
fractional CTV shape variations. Concerning D98 for the CTV, no sig-
nificant differences were found between the planning and weekly
pseudo dose distributions, and thus the PTV,ape margins ensure that
the treatment plans are robust. The means of V70 for the bladder for
each risk PTV,,; and low-risk PTVgp,pe in the weekly pseudo dose dis-
tributions were significantly higher than those in the planning dose
distributions. These differences may be caused by the shape variations
or volume changes of the critical organs such as the rectum and
bladder. Haekal et al. reported that the rectum shape variations affected
variations of these dose evaluation indices [23]. They then proposed
calculation methods of the PRV margins by considering OAR shape
variations to overcome these problems. Therefore, a trade-off between
PTV and PRV should be considered.

This study was limited in that we did not consider intra-fractional
shape variations in the PTV margins, because the weekly pseudo dose
distributions were calculated on pseudo-PCT images using pre-treat-
ment weekly CBCT images to evaluate the impacts of the interfractional
CTV shape variations. Kron et al. showed that intra-fractional margins
of 2-3mm were required even for a short period of time (< 6 min)
[42]. If CTV shape variations are considered in the PTV margins in
clinical practice, the investigation of the margins with intra-fractional
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errors is required in future work. Also, there were only a few cases
considered for the calculation of PTV margins and evaluations of dose
distributions in this study. More cases for analyzing the PTV margins for
Datasets A and B could yield more adequate PTV margins. Regarding
the dose evaluation of the weekly pseudo dose distributions for Dataset
C using weekly CBCT images, it should be noted that the results did not
include all fractions. In particular, the doses at the rectum and bladder
may be limiting factors for the applicability of the proposed approach.
The evaluation of these using more cases and all fractions is required in
future work.

The CTV shape variations and delineation errors were not in-
dependently obtained because the shape variations were calculated
from manual contours, which may include delineation errors.
Therefore, to reduce delineation errors, at least the intra- and inter-
observer variability of the contours, all CTV contours on the PCT and
the CBCT images were determined based on a consensus between the
same radiation oncologist and medical physicist. However, Gardner
et al. reported that the variability of human observer contours was si-
milar between PCT and CBCT images [25]. Our results of interfractional
CTV shape variation with CBCT images were also similar to other stu-
dies evaluated using PCT images [16]. Therefore, we assumed that the
impact of the CBCT images on CTV shape variation were negligible.

The actual clinical CTVs in the cases considered in this study were
delineated by five experienced radiation oncologists in our hospital.
Therefore, the estimation of the delineation errors from these inter-
observer variations are required. However, since we focused on CTV
shape variation in this study, we derived the information of the deli-
neation errors from other reliable reports. Nevertheless, these issues are
limitations in the methodology for estimating delineation errors.

5. Conclusions

In this study, we investigated the impact of accounting for inter-
fractional CTV shape variations in PTV margins in prostate cancer ra-
diation treatment plans. The PTV margins including the interfractional
CTV shape variations provided significant target coverage improve-
ments. Therefore, the results suggest that interfractional CTV shape
variations should be considered when determining PTV margins. In the
era of image guided radiotherapy, the shape variations become more
important in the determination of the CTV-to-PTV margins in radiation
treatment planning, because the shape variations of the CTVs could not
be corrected or reduced by current IGPP systems, which focus only on
translation and rotation errors.
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