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Abstract

Background: The standard treatment modalities for prostate cancer include surgery, chemo-
therapy, hormonal therapy and radiation therapy or any combination depending on the
stage of the tumour. Radiation therapy is a common and effective treatment modality for
low-intermediate-risk patients with localised prostate cancer, to treat the intact prostate and
seminal vesicles or prostate bed post prostatectomy. However, for high-risk patients with lymph
node involvement, treatment with radiation will usually include treatment of the whole pelvis to
cover the prostate and seminal vesicles or prostate bed and the pelvic lymph nodes followed by a
boost delivery dose to the prostate and seminal vesicles or prostate bed.

Materials and Methods: We retrospectively analysed the treatment plans for 179 prostate cancer
patients treated at the cancer centre with the volumetric-modulated arc therapy (VMAT)
technique via RapidArc using 6 MV photon beam. Patients were either treated with a total
prescription dose of 78 Gy in 39 fractions for patients with intact prostate or 66 Gy in
33 fractions for post prostatectomy patients.

Results: There were 114 (64%) patients treated with 78 Gy/39 and 65 (36%) treated with
66 Gy/34. The mean homogeneity index (HI), conformity index (CI) and uniformity index
(UI) for the PTV-primary of patients treated with 78 Gy are 0.06 + 0.01, 1.04 + 0.01 and
0.99 £ 0.01, respectively, and the corresponding mean values for patients treated with 66 Gy
are 0.06 + 0.02, 1.05 + 0.01 and 0.99 £ 0.01, respectively. The mean PTV-primary Vgss,
V1009% and Vigse are 99.5 £ 0.5%, 78.8 + 12.2% and 0.1 + 0.5%, respectively, for patients treated
with 78 Gy and 99.3 £ 0.9%, 78.1 + 10.6% and 0.1 + 0.4%, respectively, for patients treated with
66 Gy. The rectal Vsoay, Vesay Veseay V7oay V7say and Vgogy are 26.8 + 9.1%, 14.2 + 5.3%,
13.1 +5.0%, 10.8 +4.3%, 6.9 + 3.1% and 0.1 * 0.1%, respectively, for patients treated with 78 Gy
and 33.7 + 8.4%, 14.1 + 4.5%, 6.7 + 4.5%, 0.0 + 0.2%, 0.0% and 0.0%, respectively, for patients
treated with 66 Gy.

Conclusion: The use of VMAT technique for radiation therapy of high-risk prostate cancer
patients is an efficient and reliable method for achieving superior dose conformity, uniformity
and homogeneity to the PTV and minimal doses to the organs at risk. Results from this study
provide the basis for the development and implementation of consistent treatment criteria
in radiotherapy programs, have the potential to establish an evaluation process to define a con-
sistent, standardised and transparent treatment path for all patients that reduces significant
variations in the acceptability of treatment plans and potentially improve patient standard
of care.

Introduction

Prostate cancer is the most frequent malignancy among men and accounts for approximately
20% of all new cancer cases and 10% of all cancer mortalities in Canadian men and ranks second
in cancer-related deaths in the United States.'™* In 2020, it is projected that 191,930 new cases
will be diagnosed and 33,330 prostate cancer mortalities will occur in the United States.* In
Canada, it is estimated that 23,300 new cases and 4,200 prostate cancer deaths will occur in
2020.1> The standard treatment modalities for prostate cancer include surgery, radiation
therapy, hormonal therapy and chemotherapy or any combination depending on the stage
of the tumour. Radiation therapy is a common and effective treatment modality for low-
and intermediate-risk patients with localised prostate cancer to treat the intact prostate.>!’
However, for high-risk patients with increased risk of nodal involvement, treatment with radi-
ation will usually include treatment of the whole pelvis to cover the prostate and seminal vesicles
and the pelvic lymph nodes followed by a boost delivery dose to the prostate. This usually
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involves a two-phase approach: Phase 1 will involve whole-pelvis
radiation therapy (WPRT) to cover the prostate and seminal
vesicles or prostate bed post prostatectomy and the pelvic lymph
nodes followed by a phase 2 which delivers a boost dose to the pros-
tate and seminal vesicles or prostate bed.!'>!®13-37 Radiation
therapy is also an effective salvage therapy for biochemical recur-
rence following prostatectomy.

Intensity-modulated radiotherapy (IMRT) has been used for
dose escalation to the intact prostate and prostate bed with pro-
phylactic whole pelvis radiotherapy and is capable of providing
a highly conformal dose distribution that conforms tightly to
the target volume with minimal dose to the organs at risks
(OARs). &11:15:20.21.23,24.26.29.30.3839 Ty recent years, volumetric-
modulated arc therapy (VMAT), which employs continuous
dynamic modulation of dose rate, field aperture and gantry
speed, has also been used to deliver radiotherapy due to its rel-
atively short treatment delivery time, higher dose conformity
and homogeneity.!1:21:28:29:33:40 Geveral studies have reported
that VMAT is capable of achieving equal or better target volume
coverage and normal tissue sparing compared to IMRT.!1:27:33:40
Hardcastle et al.!' compared the VMAT technique with IMRT
and reported reduced rectal doses with the VMAT, significant
reductions in delivery time and monitor units, even though tar-
get coverage was equivalent to the IMRT. According to Lawton
et al.,22 whole-pelvis radiotherapy provides significant benefit to
patients with regard to progression-free survival when delivered
with neoadjuvant and concurrent hormonal therapy. Several
other studies'®!8323%3 have also demonstrated the benefit of
whole pelvis radiotherapy in terms of biochemical-free survival.
Aizer et al.'® conducted a study on whole-pelvis radiotherapy
versus prostate-only radiotherapy in the management of locally
advanced or aggressive prostate adenocarcinoma. They reported
that patients treated with whole-pelvis radiotherapy had an
improved biochemical-free survival rate of 86.3% compared to
patients treated with prostate-only radiotherapy with a biochemi-
cal-free survival of 69.4% and concluded that whole-pelvis radiation
therapy potentially improves biochemical-free survival in patients
with aggressive prostate cancer.

One of the challenges in treatment planning is the lack of con-
sistency among different institutions and individuals with regard
to what is considered an acceptable treatment plan in terms of tar-
get coverage and doses to the OAR. In clinical trials,”?>*7#! this
issue is usually resolved because there are usually well-defined cri-
teria provided for treatment plan’s acceptability within the trial
and any plan fulfilling the criteria is considered acceptable, whereas
any plan not fulfilling the criteria may be considered unacceptable.
This provision potentially lessens the stress on dosimetrists, as they
can present treatment plans to radiation oncologists, which are less
likely to be rejected. Furthermore, it improves confidence in dosi-
metrists, reduces variation in treatment plans and improves work-
flow and patient care.’ Despite these benefits, several institutions
are yet to develop local institutional criteria for treatment plan’s
acceptability based on local resources. Therefore, there is a growing
need for the development of local site-specific treatment plan
acceptability criteria in order to standardise and minimise varia-
tions in patients’ treatment plans. In order to develop institutional
criteria for volume-based WPRT treatment plans acceptability
based on our current experiences and resources, we conducted a
comprehensive retrospective dosimetric analysis of WPRT plans
for prostate cancer patients. This study reports on the dosimetric
evaluation of VMAT technique for 2-phase WPRT for high-risk
prostate cancer with lymph node metastasis patients treated at
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our cancer centre over a period of 3 years and suggest criteria
for treatment plans acceptability. Implementation of such criteria
would establish an evaluation process to define a consistent, stand-
ardised and transparent treatment path for all patients that reduces
significant variations in the acceptability of treatment plans and
potentially improve patient standard of care.

Materials and Methods

The retrospective analysis was performed on the basis of treat-
ment plans for 179 prostate cancer patients treated over a period
of 3 years at the cancer centre with the VMAT technique via
RapidArc (Varian Medical Systems, Palo Alto, CA, USA) using
6 MV photon beam. The patients were stratified into two
cohorts: WPRT plus a boost dose to the prostate and WPRT plus
a boost dose to prostate bed. The first cohort composed of
114 patients treated with a total prescription dose of 78 Gy in
39 fractions (78 Gy/39): 46 Gy in 23 fractions was delivered
to the whole pelvis, and a boost dose of 32 Gy in 16 fractions
was delivered to the prostate. The second cohort consisted of
65 patients treated with a total prescription dose of 66 Gy in
34 fractions (66Gy/33): 46 Gy in 23 fractions was delivered to
the whole pelvis, and a boost dose of 22 Gy in 11 fractions
was delivered to the prostate bed.

Patient preparation

All patients underwent bladder and bowel preparation prior to
computer tomography (CT) simulation. Patients were asked to
empty their bladder and bowels if possible and then given
500 mL of water to drink followed by a wait period of about
30-60 minutes until the bladder was considered full.

CT simulation

All patients were positioned supine on a flat couch top with a
leg immobiliser as per institutional protocol for prostate cancer
patients CT scan. The head was positioned on a pillow and hands
were placed on the chest. Radio-opaque markers were placed on
the pelvis to define the tattoo localisation and patients scanned
with 3 mm slice thickness from L3 to below the ischial tuberosity
per institutional protocol. The bladder and rectal volumes were
checked for adherence to our institutional protocol, namely, that
the bladder dome pushes the small bowel superiorly and the rectal
diameter is less than 5 cm. If these criteria are not met, the patient is
removed from the couch with further instruction about bladder
fullness or rectal emptying. In some cases, patients were asked
to take milk of magnesia for 3 days and return for another CT scan
if required. After CT scanning, tattoos were placed at the anterior,
right lateral and left lateral setup points. The scan datasets were
exported to the Eclipse treatment planning system (TPS) (Version
13.6: Varian Medical Systems, Palo Alto, CA, USA).

Target volumes and OAR

Contouring of all structures was standardised based on institu-
tional guidelines and included the primary clinical target volume
(CTV-primary) and CTV-nodes, primary planning target volume
(PTV-primary) and PTV-nodes, rectum, bladder, bowel, right and
left femurs. The CTV-primary was contoured to encompass the
prostate and seminal vesicles or for post prostatectomy patients,
the prostate bed. A radiation treatment planner usually contours
the normal OAR including the rectum, bladder and the femurs
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Figure 1. Digital reconstructed radiographs (DRR) showing the field placements when treating the whole pelvis for intact prostate (a) and post prostatectomy prostate bed
(b) patients and the boost field for the intact prostate (c) and prostate bed (d). CTV-primary (prostate or prostate bed) = red, CTV_Pel (primary plus nodes) = magenta,
PTV-primary (prostate plus margins) = green, PTV_Pel (prostate plus nodes plus margins) = dark green, bladder = orange, rectum = blue, femur heads = pink.

and the radiation oncologist contours the CTV-primary and CTV-
nodes. In some patients, T2-weighted magnetic resonance imaging
(MRI) scans were used as part of the planning process. In such
cases, the CT and MRI images were co-registered with one another
within the Eclipse TPS (Varian Medical Systems, Palo Alto, CA,
USA) and were used to better delineate the prostate volume.
Standard expansions were applied to the CTVs to generate the
PTV volumes; usually the PTV-primary expansion for the intact
prostate is 10 mm circumferentially except 7 mm posteriorly
and the PTV-primary expansion for the post prostatectomy pros-
tate bed is 10 mm circumferentially. The PTV-nodal expansion
was 5 mm circumferentially from the CTV-nodal volume.
Additional structures were created to aid the VMAT optimisation
process. The details of all structures contoured for prostate treat-
ment at our institution have been described by Darko et al.’

Radiation treatment planning

A detailed description of the planning process including a sum-
mary of the plan optimisation objectives and the normal tissue
objectives has been described by Darko et al.® In summary, all plans
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were generated using the Eclipse external beam TPS, version 13.6
(Varian Medical Systems, Palo Alto, CA). The beam geometry for
the VMAT plans consisted of two full arcs spanning 358° each with
gantry angles of 180-1 to 179-9 in clockwise and 179-9 to 180-1 in
counter-clockwise rotation to cover the PTV-primary and PTV-
nodal regions for the phase-I treatment planning. A second set
of arcs for phase-1I boost planning covers the PTV-primary region.
Collimator angles for each plan were typically up to 15° and 345°.
VMAT plan optimisation was carried out by the progressive res-
olution optimiser, which considers the plan objectives for an
increasing number of beam angles. To account for the attenuation
properties of the couch-top used for treatment, the Varian Exact
IGRT couch top model available in the Eclipse TPS was adopted
and included in the dose optimisation and calculation. All treat-
ment plans used 6 MV photons and a dose calculation grid size
of 2.5 mm and incorporated heterogeneity corrections.

Daily treatment

Patients were instructed to arrive for daily radiation therapy with a
full bladder and empty rectum and were set-up for treatment as per
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Figure 2. Dose-volume histograms (DVHs) of the CTV-primary and PTV-primary volumes for all patients treated with a prescription dose of 78 Gy in 39 fractions (Figures 2a
and 2b) and 66Gy in 33 fractions (Figures 1c and 1d). The grey lines represent individual patients DVH, and the blue lines in each plot are the mean DVHs.

institutional protocol using tattoos and laser alignment. Treatments
were delivered on either a Varian Clinac 2100iX Linac or Varian
TrueBeam Linac, both with 120-leaf multi-leaf collimator
(MLC). Daily cone-beam CT image guidance was used for setup
verification and target localisation for all patients, and the cone beam
computed tomography is matched to the pelvis bones for phase I
(checking the prostate for inclusion) and matched to the prostate
for phase IL. If clips were present for postoperative prostate bed
cases, they were used for alignment for the phase II. Rectum
and bladder consistency was checked before treatment is delivered.

Indices for PTV

The plan quality in this study was quantitatively evaluated by calcu-
lating the HI, UT and the CI for each plan. The HI, CI and UI evalu-
ate the dose homogeneity, conformity and uniformity, respectively,
within the PTV-primary and are calculated as:

HI = D2 — D98
DPD
Ds
Ul =2
D95
VRI
cr=-_M
TV

where D,, Ds, Dgs and Dgg are the doses received by 2%, 5%,
95% and 98% of the PTV-primary, respectively. DPD is the

https://doi.org/10.1017/51460396920000461 Published online by Cambridge University Press

prescribed dose, VRI is the volume of PTV-primary covered by the
reference isodose line (in this case the 95% isodose line) and TV is
the target volume (in this case the PTV-primary). The values of CI
and UI close to unity indicate greater conformity and uniform-
ity, and values of HI close to zero indicate greater homogeneity.

Results

We have retrospectively performed a dosimetric analysis of
179 patients treated over a period of 3 years at our cancer centre.
Figure 1 shows digital reconstructed radiographs (DRR) show-
ing the field placements when treating the whole pelvis for intact
prostate and post prostatectomy prostate bed patients and the
boost field for the intact prostate and prostate bed. Figure 2
shows the dose-—volume histograms (DVHs) of the CTV-primary
and PTV-primary volumes for all patients treated with a prescrip-
tion dose of 78 Gy in 39 fractions (Figures 2a and 2b) and 66 Gy in
33 fractions (Figures 2¢ and 2d). The grey lines represent individ-
ual patients DVH and the blue lines in each plot are the mean
DVHs. Similar DVH plots for the OAR; right and left femur,
rectum, bladder and bowels are also shown in Figures 3-6, respec-
tively. A comparison of DVHs for the 2-phase whole pelvis radio-
therapy plus boost dose to the prostate/prostate bed treatment dose
analysis (this work) and a single phase prostate/prostate bed-only
radiotherapy plans® for patients treated at 78 Gy in 39 fractions
(Figure 7a) and 66 Gy at 33 fractions (Figure 7b) is shown in
Figure 7. Table 1 shows the statistical summary of patient target
volumes (CTV-primary and PTV-primary) and OAR (rectum,
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Figure 3. Dose-volume histograms (DVHs) of the right and left femur volumes for all patients treated with a prescription dose of 78 Gy in 39 fractions (Figures 2a and 2b) and
66 Gy in 33 fractions (Figures 2c and 2d). The grey lines represent individual patients DVH, and the blue lines in each plot are the mean DVHs. The red data point is the planning dose

objective of maximum dose < 52 Gy.

bladder, femurs heads and bowel) volumes for all patients treated
with a prescription of 78 Gy in 39 and 66 Gy in 33 fractions. The
patients were stratified into three groups based on the size of the
CTV-primary: small (< 50cc), medium (50 > x < 70cc) and large
(> 70cc). Plan quality was determined by evaluating the homo-
geneity, uniformity and conformity indexes for the PTV-primary
for all patients, and a statistical analysis of the indexes for the
PTV-primary at 78 Gy/39 and 66 Gy/33 is shown in Table 2.
The PTV-primary dose coverage was evaluated on the basis of the
PTV-primary volume receiving 95%, 100% and 105% of the prescribed
dose of 78 Gy and 66 Gy (Vgse;, Viogs and Viygse,) for each cohort of
patients and a summary of the statistical analysis of the normalised
Vosws Vicow and Vigse, for the PTV-primary volume is shown in
Table 3. A summary of the statistical analysis of the dose-volume
points to the rectum, bladder, femur heads and bowels, which are
shown in Table 4 to Table 7, respectively. The rectum dosimetric
analysis included the maximum dose, Vsoay, VesayVessay Vzoay
V7sgy and Vgogy, and for the bladder are the maximum dose,
VioGy Vsogy Vescy Vesscy V70Gy V7sGy and VsoGy- Conversely,
for the left and right femurs, the doses at maximum, minimum and
mean doses, as well as the Vg, ‘were analysed, and the bowel dosi-
metric analysis included the maximum, minimum and mean doses.

Discussion

Patient characteristics

We evaluated the dosimetric data of 179 prostate cancer patients
treated over a period of 3 years at our cancer centre. For each
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patient, we determined the volumes of the prostate or prostate
bed (CTV-primary), PTV-primary, rectum, bladder, right and left
femur heads and bowels. There were 114 (64%) patients treated
with a prescription of 78 Gy in 39 fractions and 65 (36%) treated
with a prescription of 66 Gy in 33 fractions. When patients were
stratified into three groups by the volume of the CTV-primary,
there was a significant difference in the target (CTV-primary
and PTV-primary) volume between patients treated with intact
prostate (78 Gy) and postoperative prostate bed (66 Gy). The mean
CTV-primary volumes for patients treated with 78 Gy and 66 Gy
were 60.3 * 26.9cc and 70.8 + 24.4cc, respectively, and the corre-
sponding mean PTV-primary volumes for patients treated at the
same prescribed doses are 185.3 + 56.0cc and 275.2 + 60.6cc,
respectively (Table 1). The mean bladder, rectum, left femur, right
femur and bowel volumes for patients treated with 78 Gy are
286.3 + 1374, 95.1 + 46.6, 186.0 + 33.6, 189.8 = 31.4 and
519.6 + 257.4, respectively, and for patients treated with 66 Gy,
the mean values are 286.6 = 142.9, 82.1 *+ 26.9, 188.5 £ 29.0,
187.5 + 31.3 and 436.7 £ 225.0 for the bladder, rectum, left femur,
right femur and bowel volumes, respectively (Table 1).

Plan quality evaluation

We quantitatively assessed the quality of the treatment plans by
calculating the HI, UI and the CI for the PTV-primary for all
patients. The mean HI, CI and Ul for the PTV-primary of patients
treated with intact prostate are 0.06 = 0.01, 1.04 = 0.01 and
0.99 + 0.01, respectively, and the corresponding mean values for
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Figure 4. Dose-volume histograms (DVHs) of the rectum
volume for all patients treated with a prescription dose of
78 Gy in 39 fractions (Figures 3a) and 66 Gy in 33 fractions
(Figures 3b). The grey lines represent individual patients DVH, and
the blue lines in each plot are the mean DVHs. The red data points 0
are the planning dose objectives of V50 Gy < 50%, V60 Gy < 35%,
V65 Gy < 25%, V70 Gy < 20% and V75 Gy < 15%.
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postoperative prostate bed patients are 0.06 + 0.02, 1.05 + 0.01 and
0.99 + 0.01, respectively (Table 2). Yoo et al.** reported HI and CI
for PTV-primary of 1.09 and 1.20 for double arc VMAT treatment
plans, 1.10 and 1.25 for single arc VMAT treatment plans and 1.09
and 1.19 for IMRT treatment plans. When values of CI and UT are
close to unity, it indicate greater conformity and uniformity, and
when values of HI are close to zero, it indicate greater homogeneity;
therefore, our data show superior dose conformity, uniformity and
homogeneous to the PTV-primary for prostate VMAT plans irre-

spective of the size of the prostate, prostate bed or the prescription
(Table 2).

Treatment plans dose evaluation

The DVH plots (Figures 2-6) extracted from patients treatment
plans are used to quantitatively assess the acceptability of each
treatment plan by examining the extent to which each plan
achieved the target coverage and OAR dosimetric constraints.
For target coverage, a plan is considered acceptable when at least
95% of the PTV-primary received at least 95% of the prescribed
dose (Figure 2), and for the OARs, acceptability is determined
based on the organ dose--volume constraints (Figures 3-6).
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The dose-volume constraints used for the rectum are Vsogy < 50%,
V60Gy < 35%, V65Gy < 25%, V70Gy < 20% and V75Gy < 15%, bladder
dose constraints are Vesgy < 50%, Vzogy < 35%, Vsgy < 25% and
Vigogy < 15% and for the femur heads is maximum dose < 52 Gy.

PTV dose analysis

The DVH plots in Figure 2 and data in Table 3 show that adequate
target coverage was achieved for all patients which is the main
objective of radiation therapy without compromising excessive
dose to OAR in order to minimise toxicity. Our data show that
for patients with intact prostate treated with a prescription of
78 Gy/39, the mean Vogsy, Vigee and Vigse, are 99.5 + 0.5%,
78.8 £ 12.2% and 0.1 = 0.5%, respectively (Table 3). Similarly
for postoperative patients treated with 66 Gy/34, the mean
Vosus Vicow and Vigse are 99.3 £ 0.9%, 78.1 + 10.6% and
0.1 £ 0.4%, respectively (Table 3). When patients were stratified
into three cohorts based on the CTV-primary volume, that is, small:
CTV<50cc, medium: 50>CTV< 75cc and large: CTV>75cc, the
target coverage was still found to be very adequate for all groups.
Adequate target coverage is associated with tumour control
which leads to improved biochemical relapse-free survival,
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cancer progression-free survival and cancer-specific survival.
A study by Song et al investigated biochemical relapse-free
survival in patients receiving whole-pelvis radiation therapy
and reported a biochemical-free survival rate of 65.9% and con-
cluded that patients undergoing radiation therapy after prosta-
tectomy with whole-pelvis radiation therapy will have better
biochemical relapse-free survival rates compared to prostate
bed-only radiation therapy.’® Poelaert et al.!® studied the out-
come of whole-pelvis radiation therapy in patients with positive
pelvic lymph nodes and reported an estimated biochemical
relapse-free survival of 67%, a cancer progression-free survival
of 71% and a cancer-specific survival of 96%. Furthermore, they
reported that patients treated with whole-pelvis radiation therapy,
along with androgen deprivation therapy, show a promising
cancer-specific survival.'®

OAR dose evaluation

In radiation therapy, the dose to the OAR is usually the dose-limit-
ing factor for the target dose, and in the radiotherapy of prostate
cancer, the rectum is the primary dose-limiting organ and there-
fore significantly influences the treatment prescribed dose and the
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plan quality. It has been reported that the Vgogy (i.e. the volume
receiving > 60Gy) of rectal volume is related to the risk of
Grade > 2 rectal toxicity or rectal bleeding.*? Moreover, late rectal
injuries are also clinically expressed within 3-4 years after radio-
therapy and may include stricture, diminished rectal compliance
and decreased storage capacity. These morbidities can be severe
and can significantly impact the quality of life of prostate cancer
patients.>*? According to Michalski et al.,*> the normal tissue
complication probability model predicts that following a conven-
tional DVH constraint for rectum of Vsog, < 50%, Veoay < 35%,
Visgy < 25%, V7oy < 20% and V756, < 15% would limit Grade > 2
late rectal toxicity to < 15% and the probability of Grade > 3 late
rectal toxicity to < 10% for prescriptions up to 79-2 Gy with stan-
dard 1-8-2 Gy fractions. Furthermore, constraints for bladder
of Vesgy < 50%, Vioay < 35%, Vsgy < 25% and Vg, < 15% are
reported to limit Grade > 3 bladder toxicity.*"**** Michalecki
et al.*® reported that the probability of radiation induced
changes in bone (osteitis, fracture) depends on many factors,
including the dose per fraction, total dose, dose intensity and
irradiated volume. Tolerance doses such as TDs;s5, TD5q,5, which
represent the dose of radiation that could cause no more than
5% and 50% severe complication rate within 5 years after
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Figure 6. Dose-volume histograms (DVHs) of the bowel volume

for all patients treated with a prescription dose of 78 Gy in 39 frac- 0
tions (Figures 5a) and 66 Gy in 33 fractions (Figures 5b). The grey
lines represent individual patients DVH, and the blue lines in each
plot are the mean DVHs.
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irradiation, range from 20 to 30 Gy and 65 to 70 Gy for single
and fractionated dose, respectively. Moreover, as the volume of
irradiated bone or cartilage decreases, the dose to produce 5% or
50% complications increases.*’

Rectal dose analysis

We evaluated the rectal Vsogy, Vesays Ves.say Vzoay Vzsay and
Vsogy (rectal volume receiving the indicated dose) and the esti-
mated mean values are 26.8 £ 9.1%, 14.2 + 5.3%, 13.1 £ 5.0%,
10.8 + 4.3%, 6.9 £ 3.1% and 0.1 * 0.1%, respectively, for patients
with intact prostate treated with 78 Gy and 33.7 + 8.4%,
14.1 + 4.5%, 6.7 + 4.5%, 0.0 £ 0.2%, 0.0% and 0.0%, respectively,
for postoperative prostate bed patients treated with 66 Gy
(Table 4). Several studies?®*”3*4¢ have reported similar rectal
doses for high-risk prostate cancer patients (involving whole
pelvis treatment plus boost dose to the intact prostate or pros-
tate bed) or low-intermediate-risk patients (involving treatment
of the prostate or prostate bed only) using either three-dimen-
sional (3D) conformal, IMRT or VMAT techniques. Ishii et al.?’
compared the dosimetric parameters between whole-pelvis and
prostate-only radiotherapy VMAT plans in 224 patients with
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localised prostate cancer treated to 78 Gy in 39 fractions and
reported Vsogy, and Vg, of 26.5 + 5.5% and 11.5 + 3.9%,
respectively. In another study, Ishii et al.2® evaluated the dosimetric
quality of whole-pelvis radiotherapy plans in 100 high-risk pros-
tate cancer patients treated with VMAT and reported the Vso,
and Vygay of 26.3 + 4.9% and 11.3 + 3.5%, respectively. Yoo et al.¥
compared the dosimetric parameters of VMAT treatment plans
and conventional IMRT plans for high-risk prostate cancer
patients and reported Vg, of 9.7%, 12.0% and 10.5% for
IMRT, single arc VMAT and double arc VMAT plans, respectively.
Deville et al.*6 assessed whole-pelvis and prostate-only IMRT plans
and reported Vgsgy and Viogy of 14.8 + 7.3% and 9.3 + 5.4%,
respectively, for whole-pelvis radiotherapy and Vesgy and Vyoay
of 17.5 = 5.1% and 12.4 + 4.5%, respectively, for prostate-only
radiotherapy. Darko et al.> evaluated the dosimetric implemen-
tation of VMAT technique for treatment of low-risk prostate
cancer patients and reported Vsogy, Veogy Vesgys V7ogy and
Visay of 26.0 + 8.2%, 19.8 * 6.3%, 16.7 + 5.5%, 13.3 + 4.6%
and 8.6 * 0.8%, respectively, for patients with intact prostate
treated with 78 Gy/39 and Vsoay, Veoay and Vesgy of 34.4 £ 9.1%,
24.1 + 7.6% and 12.8 £ 6.6% for postoperative prostate bed-only
patients treated with 66 Gy/33.
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Bladder dose analysis

We estimated the mean V40Gy) VSOGy’ V65Gy’ V66,6Gy’ V70Gy5 V75Gy
and Vigggy for the bladder volume as 59.8.1 + 17.5%, 34.9 + 15.3%,
19.6 £ 10.0%, 18.5 £ 9.6%, 16.0 + 8.7%, 12.1 £ 7.1% and 0.4 + 1.0%,
respectively, for patients with intact prostate treated with 78 Gy
(Table 5). For post prostatectomy patients treated with 66 Gy,
the estimated mean Vyogy, Vsogy Vesay and Vesecy are 67.9 +
19.1%, 44.8 + 18.5%, 22.3 = 10.3% and 11.0 + 6.9%, respectively
(Table 5). We compared our data with other studies>!>26:27:3%:46
who have reported bladder volume doses from radiotherapy of
the prostate for either low-intermediate or high-risk patients
and using various treatment techniques. Ashman et al."” investi-
gated the dosimetric parameters for whole-pelvis radiotherapy
for prostate cancer using either 3D conformal radiotherapy
(3D-CRT) or IMRT and reported V4o, of 39.8 + 18.9% and
63.8 £ 16.8% for IMRT and 3D-CRT treatment plans, respec-
tively. Ishii et al.*” also reported Vsog, of 27.4 + 10.8% and
Viogy of 11.1 * 5.5% for VMAT treatment plans, whereas
Yoo et al.”” reported Vgsgy of 17.1%, 18.9% and 17.3% for
IMRT, single arc VMAT and double arc VMAT, respectively.
In a study by Deville et al.,** they reported bladder Vgy, Vesgy
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Figure 7. Comparison of dose-volume histograms (DVHs) for
2-phase whole pelvis radiotherapy plus boost to the prostate/
prostate bed (this work) and single-phase prostate/prostate
bed-only (PO) radiotherapy plans® for patients treated at 78 Gy
in 39 fractions (Figure 6a) and 66 Gy at 34 fractions (Figure 6b).

8000

and V7ogy of 60.6 + 13.9%, 22.1 + 9.6% and 15.7 + 8.9%, respectively,
for whole-pelvis radiotherapy and 45.8 = 17.9%, 21.2 + 9.0% and
16.6 + 7.6%, respectively, for prostate-only radiotherapy treatment
plans. Darko et al.® also have reported bladder Vaoay Vsocy Veoays
Vesayr Vrogy and Vysg, of 28.2. + 14.5%, 21.6 * 11.4%,
16.7 + 8.9%, 14.6 £ 7.9%, 12.5 + 6.9% and 10.0 + 5.8%, respec-
tively, for low-risk patients with intact prostate treated with
78 Gy/39 and V4()Gy5 VSOGy) V60Gy> V65Gy Of 47.6. + 201%,
37.2 £ 16.6%, 28.8 + 13.9%, 22.4 £ 12.2%, respectively, for post
prostatectomy patients treated with 66 Gy/33 to the prostate
bed only.

Femur heads dose analysis

The maximum, minimum and mean doses and the Vsqg, of the
left and right femur heads were extracted from each patient treat-
ment plan and the estimated mean of the maximum dose and the
Vsoay for the femur heads (right and left femur) for patients treated
with 78 Gy are 45.1.0 + 6.2 Gy and 0.1 + 0.5%, respectively, and
the corresponding mean for patients treated with 66 Gy are
443 £ 6.1 Gy and 0.1 + 0.5%, respectively (Table 6). In a study
by Darko et al.’> who evaluated the femur volume doses of
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Table 1. Statistical analysis of patient targets (CTV-primary, PTV-primary) and organs at risk (bladder, rectum, left and right femur and bowel) volumes for patients
treated with intact prostate at 78 Gy in 39 fractions and postoperative prostate bed at 66 Gy in 33 fractions

CTV-primary PTV-primary Bladder Rectum Left femur head Right femur head Bowel
volume (cc) volume (cc) volume (cc) volume (cc) volume (cc) volume (cc) volume (cc)
78 Gy in 39 Fractions
Small < 50cc (n = 48)
Mean 38.5 138.2 269.2 93.2 185.3 186.9 483.7
Standard deviation 6.8 223 132.6 37.4 27.1 27.9 234.6
Minimum 18.8 82.5 65.7 33.7 105.0 100.2 78.1
Maximum 49.1 186.7 566.2 193.3 229.8 231.5 1156.0

Medium 50-75cc (n = 41)

Mean 60.9 190.9 317.6 88.7 177.5 183.0 549.8
Standard deviation 6.1 16.1 148.7 42.7 354 26.1 257.4
Minimum 50.5 160.8 68.7 38.8 67.9 128.7 153.2
Maximum 73.1 228.6 736.7 249.7 240.5 239.5 1233.2

Large > 75cc (n = 25)

Mean 101.3 267.0 269.4 109.0 200.8 206.1 540.1
Standard deviation 23.2 42.8 117.4 62.8 36.6 38.9 289.0
Minimum 76.8 210.5 59.9 45.1 137.5 139.4 119.7
Maximum 160.6 359.7 564.3 377.4 264.9 276.8 1290.6

All patients treated with 78 Gy/33 (n = 114)

Mean 60.3 185.3 286.3 95.1 186.0 189.8 519.6
Standard deviation 26.9 56.0 137.4 46.6 33.6 31.4 257.4
Minimum 18.8 82.5 59.9 33.7 67.9 100.2 78.1
Maximum 160.6 359.7 736.7 377.4 264.9 276.8 1290.6

66 Gy in 33 Fractions

Small < 50cc (n=7)

Mean 38.6 193.4 364.3 74.0 183.9 183.5 441.3
Standard deviation 7.4 39.7 167.5 25.2 15.5 22.5 209.5
Minimum 27.1 124.0 86.4 37.6 162.2 155.5 152.0
Maximum 46.7 238.9 583.1 118.8 209.2 221.0 760.1

Medium 50-75cc (n = 33)

Mean 60.2 249.5 260.6 79.4 186.8 183.4 398.9
Standard deviation 7.0 27.6 113.5 24.1 31.4 35.2 186.0
Minimum 50.7 148.1 81.8 35.1 143.0 67.3 88.6
Maximum 73.6 300.8 541.9 140.6 282.2 265.4 750.3

Large > 75cc (n = 25)

Mean 93.9 332.0 299.1 88.0 192.0 194.0 485.5
Standard deviation 22.3 46.2 159.7 29.7 28.3 25.8 263.5
Minimum 75.4 278.2 88.9 45.2 121.2 124.9 152.9
Maximum 179.3 497.3 641.2 149.0 242.6 235.8 1255.1

All patients treated with 66 Gy/33 (n = 65)

Mean 70.8 275.2 286.6 82.1 188.5 187.5 436.7
Standard deviation 244 60.6 142.9 26.9 29.0 311 225.0
Minimum 27.1 124.0 81.8 35.1 121.2 67.3 88.6
Maximum 179.3 497.3 641.2 149.0 282.2 265.4 1255.1
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Table 2. A summary of the statistical analysis of the homogeneity index, conformity index and uniformity index for the PTV-
primary for prescription doses of 78 Gy in 39 and 66 Gy in 33 fractions and stratified by CTV-primary volume

Homogeneity index Conformity index Uniformity index
78 Gy in 39 Fractions
Small < 50cc (n = 48)
Mean 0.06 1.04 0.99
Standard deviation 0.01 0.01 0.01
Minimum 0.03 1.02 0.97
Maximum 0.10 1.07 1.00
Medium 50-75cc (n = 41)
Mean 0.06 1.04 0.99
Standard deviation 0.01 0.01 0.01
Minimum 0.04 1.03 0.98
Maximum 0.09 1.07 1.00
Large > 75cc (n = 25)
Mean 0.06 1.05 0.99
Standard deviation 0.01 0.01 0.00
Minimum 0.04 1.03 0.98
Maximum 0.08 1.07 1.00

All patients treated with 78 Gy in 39 fractions (114)

Mean 0.06 1.04 0.99
Standard deviation 0.01 0.01 0.01
Minimum 0.03 1.02 0.97
Maximum 0.10 1.07 1.00

66 Gy in 33 Fractions

Small < 50cc (hn=17)

Mean 0.06 1.04 1.00
Standard deviation 0.02 0.01 0.01
Minimum 0.04 1.03 0.98
Maximum 0.09 1.07 1.00

Medium 50-75cc (n = 33)

Mean 0.06 1.05 0.99
Standard deviation 0.02 0.02 0.01
Minimum 0.04 1.03 0.93
Maximum 0.15 111 1.00

Large > 75cc (n = 25)

Mean 0.07 1.05 0.99
Standard deviation 0.01 0.01 0.01
Minimum 0.05 1.03 0.98
Maximum 0.10 1.07 1.00

All patients treated with 66 Gy in 33 fractions (n = 65)

Mean 0.06 1.05 0.99
Standard deviation 0.02 0.01 0.01
Minimum 0.04 1.03 0.93
Maximum 0.15 111 1.00
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Table 3. Asummary of the statistical analysis of the normalised PTV-primary volume receiving 95%, 100% and 105% of the prescribed dose of 78 Gy in 38 fractions and

66 Gy in 33 fractions

PTV-primary dose parameters

Voso (%) V1009 (%)

78 Gy in 39 Fractions

V1059 (%) Voso, (%) Vi00% (%) V1059 (%)

66 Gy in 33 Fractions

Small < 50cc (n = 48)

Small < 50cc (n=7)

Mean 99.5 79.3 0.1 99.5 75.7 0.0
Standard deviation 0.5 115 0.6 0.6 15.3 0.1
Minimum 97.5 45.1 0.0 98.3 41.5 0.0
Maximum 100.0 94.1 3.8 100.0 90.6 0.3
Medium 50-75cc (n = 41) Medium 50-75cc (n = 33)
Mean 99.4 7.4 0.1 99.3 7.8 0.0
Standard deviation 0.5 11.9 0.6 1.2 9.4 0.1
Minimum 97.9 40.1 0.0 93.3 45.8 0.0
Maximum 100.0 94.8 3.5 100.0 90.9 0.6
Large > 75cc (n = 25) Large > 75cc (n = 25)
Mean 99.4 81.4 0.0 99.2 79.0 0.2
Standard deviation 0.5 52 0.0 0.6 10.3 0.6
Minimum 98.0 70.8 0.0 99.4 48.8 0.0
Maximum 100.0 92.5 0.1 100.0 92.4 2.8
All patients (n = 114) All patients (n = 65)
Mean 99.5 78.8 0.1 99.3 78.1 0.1
Standard deviation 0.5 12.2 0.5 0.9 10.6 0.4
Minimum 97.5 40.1 0.0 93.3 41.5 0.0
Maximum 100.0 94.8 3.8 100.0 92.4 2.8

Table 4. A summary of the statistical analysis of the normalised rectum volumes volume receiving 50 Gy, 65 Gy, 66.6 Gy, 70 Gy, 75 Gy and 80 Gy

Rectum volume (cc) Maximum dose (cGy) Vsogy (%) Vesay (%) Ves.6cy (%) V7o6y (%) Vzsay (%) Vsoay (%)

78 Gy in 39 Fractions

Mean 95.1 7987.7 26.8 14.2 131 10.8 6.9 0.1

Standard deviation 46.6 67.8 9.1 5.3 5.0 43 3.1 0.1

Minimum 33.7 7786.3 111 2.6 2.2 1.4 0.4 0.0

Maximum 377.4 8148.5 49.4 24.9 23.2 20.0 14.8 0.7
66 Gy in 33 Fractions

Mean 82.1 6825.7 33.7 141 6.7 0.0 0.0 0.0

Standard deviation 26.9 80.0 8.4 4.5 4.5 0.2 0.0 0.0

Minimum 35.1 6689.4 15.2 4.2 0.1 0.0 0.0 0.0

Maximum 149.0 7153.8 58.1 24.5 19.1 1.3 0.0 0.0

low-risk prostate cancer patients, they reported mean of maxi-
mum femur doses 0f 40.1 + 7.6 Gy and 40.5 £ 7.2 Gy for patients
with intact prostate treated with 78 Gy and post prostatectomy
prostate bed patients’ treatment with 66 Gy, respectively.

Bowel dose analysis

We also estimated that the mean of the maximum bowel doses for
patients treated with 78 Gy and 66 Gy doses are 52.2 + 7.1 Gy and
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51.8 = 6.5 Gy, respectively (Table 7), and the corresponding mean
of minimum doses are 1.7 + 1.9 Gy and 1.6 + 0.5 Gy for 78 Gy and
66 Gy prescription doses, respectively. The mean of the mean
bowel dose are 17.7 + 4.7 Gy and 18.8 + 4.1 Gy for 78 Gy and
66 Gy prescription doses, respectively. Similar values have been
reported by other studies'>**¢ who investigated patients doses
from prostate cancer radiotherapy. Ashman et al.'® reported maxi-
mum and mean bowel doses of 47.0 + 3.4 Gy and 27.0 + 4.6 Gy for
IMRT plans and 48.6 + 3.1 Gy and 27.1 £ 5.9 Gy for 3D-CRT
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Table 5. A summary of the statistical analysis of the normalised bladder volume receiving 40 Gy, 50 Gy, 65 Gy, 66.6 Gy, 70 Gy, 75 Gy and 80 Gy

Bladder Maximum
volume (cc) dose (cGy) Vaocy (%) Vsoay (%) Vesay (%) Vee.ccy (%) Vzocy (%) Vzscy (%) Vsoay (%)

78 Gy in 39 Fractions

Mean 286.3 8030.4 59.8 34.9 19.6 18.5 16.0 121 0.4

Standard deviation 137.4 68.8 17.5 15.3 10.0 9.6 8.7 7.1 1.0

Minimum 59.9 7836.1 25.6 111 5.6 5.2 4.4 31 0.0

Maximum 736.7 8202.5 99.2 79.1 55.4 54.0 50.8 44.6 5.4
66 Gy in 33 Fractions

Mean 286.6 6855.2 67.9 44.8 223 11.0 0.0 0.0 0.0

Standard deviation 142.9 79.4 19.1 18.5 10.3 6.9 0.2 0.0 0.0

Minimum 81.8 6687.3 37.3 18.0 7.5 0.2 0.0 0.0 0.0

Maximum 641.2 7164.2 100 95.6 49.4 26.6 1.2 0.0 0.0

Table 6. A summary of statistical analysis of the volumetric doses for the left and right femur heads at prescription dose of 78 Gy and 66 Gy

Femur head volume (cc) Vsoay (%) Maximum dose (Gy) Minimum dose (Gy) Mean dose (Gy)

Left femur head

78 Gy in 39 fractions

Mean 186.0 0.1 4507.0 147.3 1861.1
Standard deviation 33.6 0.5 623.9 66.4 287.8
Minimum 67.9 0.0 3270.0 45.7 1071.6
Maximum 264.9 4.8 6478.3 512.5 2881.7
66 Gy in 33 Fractions
Mean 188.5 0.1 4550.9 151.9 1698.4
Standard deviation 29.0 0.3 681.9 74.9 214.1
Minimum 121.2 0.0 2745.4 34.8 1209.6
Maximum 282.2 1.2 6639.2 387.4 2219.5
Right femur head
78 Gy in 39 Fractions
Mean 189.8 0.1 4430.9 144.6 1862.8
Standard deviation 31.4 0.5 610.3 62.0 316.8
Minimum 100.2 0.0 3302.1 50.3 905.4
Maximum 276.8 4.1 6341.4 472.9 3045.9
66 Gy in 33 Fractions
Mean 187.5 0.09 4540.4 144.5 1742.2
Standard deviation 31.1 0.37 636.2 65.7 241.7
Minimum 67.3 0.0 2917.1 215 1357.5
Maximum 265.4 2.66 6473.8 335.8 2408.9

treatment plans, respectively. In a study by Deville et al.,*® they
reported a mean of mean bowel dose of 27.2 £ 6.0 Gy for whole
pelvis IMRT treatment plans and mean of minimum dose of

Mean DVHs evaluation

The estimated mean DVHs for the OAR (bladder, rectum and
femur heads) and the PTV-primary were compared with data in

4.4 + 2.4 Gy, and Yoo et al.*? also reported mean bowel doses of
17.8 Gy, 19.8 Gy and 19.2 Gy for IMRT, single arc VMAT and dou-
ble arc VMAT treatment plans, respectively.
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other studies®?®**” who investigated the dosimetric parameters

whole pelvis radiotherapy and a boost to the prostate/prostate
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Table 7. A summary of statistical analysis of the volumetric doses for the bowel
at prescription doses of 78 Gy and 66 Gy

Bowel Mean Maximum
volume dose dose Minimum
(cc) (cGy) (cGy) dose (cGy
78 Gy in 39 Fractions
Mean 519.6 1768.0 5228%! 167.8
Standard deviation 257.4 465.4 705.2 191.0
Minimum 78.1 666.3 3981.8 36.1
Maximum 1290.6 3879.8 7828.5 2077.1
66 Gy in 33 Fractions
Mean 436.7 1880.4 5178.8 161.1
Standard deviation 225.0 414.0 645.7 47.8
Minimum 88.6 645.1 3578.0 60.0
Maximum 1255.1 2851.5 6748.1 323.0

bed or prostate-only radiotherapy to doses of either 78 Gy or 66 Gy.
Darko et al.® retrospectively evaluated the treatment plans of 300
VMAT plans for low-risk prostate cancer patients and reported
mean DVHs for PTV-primary, bladder, rectum and femur head
for all patients. We compared the mean DVHs in this study for
high-risk prostate cancer patients with 2-phase (whole pelvis plus
boost to the prostate/prostate bed) treatment to the mean DVHs
from Darko et al.’ study for single phase (prostate/prostate bed)
only treatment (Figure 7). We observed similar DVH plots for
the PTV-primary and the right and left femur heads; however,
there were significant difference in the mean DVHs for the bladder
and rectum at the low-dose region but relatively similar at the high-
dose region (Figure 7). The rectal and bladder volumes receiving
low doses were significantly increased in the whole pelvis radio-
therapy treatment plans; however, the volumes in the high-dose
areas did not differ significantly between the two treatment plans.
The bladder volume in the high-dose region was slightly lower for
the whole pelvis radiotherapy plans but was similar for the rectum
for the 78; however, they were both similar in the 66 Gy treatment
plans. These observations were similar to the findings reported by
Ishii et al.,”® and Ishii et al.*” who conducted similar studies.

Conclusion

The use of VMAT technique for 2-phase (i.e. whole pelvis treat-
ment plus boost to the prostate/prostate bed) radiation therapy
of high-risk prostate cancer patients is an efficient and reliable
method for achieving superior dose conformity, uniformity and
homogeneity to the PTV-primary and minimal doses to the
OAR. The results of this study will help with the development
of local criteria for treatment plans acceptability based on our
resources and technology. The development and implementation
of consistent treatment criteria in radiotherapy programs would
establish an evaluation process to define a consistent, standardised
and transparent treatment path for all patients that would reduce
significant variations in the acceptability of treatment plans and
potentially improve patient standard of care. Predefined dose-
volume constraints and objectives can be achieved, resulting in
improved dose optimisation and coverage of target volume, reduc-
tion in OAR volume receiving high doses and therefore with the
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potential to reduce the rate of toxicity, decrease pain and improve
quality of life of prostate cancer patients. The results yielded from
the dosimetric analysis of these VMAT treatment plans will prove
helpful in evaluating the effectiveness of our current practices and
consider changes necessary for optimal radiation treatment plans.
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