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ABSTRACT

Background: Proton therapy (PT) is sensitive towards anatomical changes that may occur during a
treatment course. The aim of this study was to investigate if anatomically robust PT (ARPT) plans incor-
porating patient-specific target motion improved target coverage while still sparing normal tissues,
when applied on locally advanced prostate cancer patients where pelvic irradiation is indicated.
Material and methods: A planning computed tomography (CT) scan used for dose calculation and
two additional CTs (acquired on different days) were used to make patient-specific targets for the
ARPT plans on the eight included patients. The plans were compared to a conventional robust PT
plan and a volumetric modulated arc therapy (VMAT) photon plan, which were derived from the plan-
ning CT (pCT). Worst-case robust optimisation was used for all proton plans with a setup uncertainty
of 5mm and a range uncertainty of 3.5%. Target coverage (V95% and D95%) and normal tissue doses
(V5-75 Gy) were evaluated on 6-8 rCTs per patient.

Results: The ARPT plans improved the prostate target coverage for the most challenging patient com-
pared to conventional robust PT plans (20% point increase for V95% and 31 Gy increase for D95%).
Across the whole cohort the estimated mean value for V95% was 97% for the ARPT plans and 95%
for the conventional robust PT plans. The ARPT plans had a slight, statistically insignificant increase in
normal tissue doses compared to the conventional robust proton plans. Compared to VMAT, the ARPT
plans significantly reduced the normal tissue doses in the low-to-intermediate dose range.
Conclusions: While both proton plans reduced the low-to-intermediate normal tissue doses compared
to VMAT, ARPT plans improved the target coverage for the most challenging patient without signifi-
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cantly increasing the normal tissue doses compared to conventional robust PT plans.

Introduction

The favourable depth dose distribution of proton therapy
(PT) compared to photon-based radiotherapy (RT) reduces
the low-to-intermediate doses delivered to organs at risk
(OARs) and normal tissues, potentially reducing the risk of
treatment-induced morbidities [1-3]. However, this makes PT
more sensitive towards anatomical changes in the patient, as
well as to range and patient set-up uncertainties. Such varia-
tions can cause dose degradations during the course of
treatment, reducing the chance of tumour control and
increasing the risk of normal tissue morbidity [4,5]. Robust
optimisation has been introduced to make plans less sensi-
tive by mitigating range and set-up uncertainties compared
to plans optimised with a conventional planning target vol-
ume (PTV) approach [6,7]. However, these robust optimisa-
tion strategies often wuse standardised cohort-based
uncertainties and are not per se developed to take the often
complex internal organ motion patterns into account.

To account for daily anatomical variations, on-line daily
plan adaptation can be employed, e.g., dose-guidance, but it
is time- and resource-consuming [8-12]. On-line adaptation
needs to be performed in a short time-span before further
severe changes to the anatomy occur. To reduce the need
for adaptation, anatomical motion patterns can be included
in the optimisation process. Wang et al. [13] explored the
use of two CTs in the optimisation of intensity-modulated
proton therapy (IMPT) on lung cancer patients, with the
second CT taken halfway through the treatment. In the opti-
misation process, both anatomical information and structures
were incorporated followed by a re-optimisation of the ori-
ginal dose distribution. They found this method to improve
plan robustness towards anatomical changes. van de Water
et al. [14] more explicitly explored anatomical robust PT
(ARPT) planning to account for variations in nasal cavity fill-
ing on patients with tumours in the sino-nasal region. In the
optimisation process, anatomical changes were accounted
for by including synthetic CTs with varying nasal cavity
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densities as anatomical variation scenarios. They concluded
that anatomical robust optimisation could effectively account
for variations in nasal cavity filling during PT. Cubillos-Mesias
et al. [15] recently investigated anatomical robust optimisa-
tion using three CTs in the optimisation process for head
and neck patients using IMPT. They found that including ran-
dom anatomical variations in the optimisation improved
plan robustness.

The internal organ motion patterns in the pelvis are com-
plex, with variations in organ filling and position of key
OARs, including the bowels, the bladder, and the rectum
[16-18]. Inter-fractional organ motion can cause target dose
degradations which are difficult to account for either by
increasing margins or changing the patient set-up approach
[4]. We propose an ARPT planning strategy where patient-
specific organ motion patterns are incorporated to account
for pelvic organ motion. The strategy was explored for use in
PT planning of patients with locally advanced prostate can-
cer, to increase plan robustness (i.e., improve target cover-
age) while still sparing normal tissues.

Material and methods

Anatomical vs. conventional robust proton
therapy planning

The ARPT plans were created using the target contours for
both the high dose and the elective targets in three
‘planning’ CTs. The two latter CTs were rigidly registered
based on bony anatomy to the first CT. The clinical target
volumes (CTVs) were delineated in all three CTs, and then
transferred from the consecutive CTs to the first CT and their
union created new patient-specific target volumes for use in
the first CT. Subsequently, the overlap between the patient-
specific targets and the normal tissues were removed from
the new targets (Supplementary Material A). The new high
dose patient-specific targets increased in volume size with
11-49% compared to the original CTVs in the first CT. The
three CTs were acquired on different days to capture inter-
fractional organ motion.

For comparison, conventional robust PT plans were made
using the original targets from the first CT, while the ARPT
plans were optimised using the patient-specific targets. All
proton plans used spot scanning PT delivery, and were made
using worst-case robust optimisation with Eclipse treatment
planning system (TPS) (Varian Medical systems, Palo Alto, CA,
USA) and a setup uncertainty of +5mm along the three car-
dinal axes and our local range uncertainty setting of +3.5%
resulting in 12 scenarios, in addition to two scenarios with a
setup uncertainty of zero and a range uncertainty of +3.5%.
A five-field beam arrangement was used for both the ARPT
and conventionally robust PT plans, with two lateral oppos-
ing fields at 90 and 270 degrees targeting the prostate and
seminal vesicle targets, while three posterior oblique fields at
150, 180, and 210 degrees were targeting the lymph node
target. The plans were approved by a senior clinical medical
physicist. Both proton plans were calculated and optimised
on the planning CT (pCT) geometry, hence the additional
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CTs were not used in the optimisation process but only for
target generation.

Patient cohort and dose prescriptions

Eight patients with locally advanced prostate cancer origin-
ally treated at Haukeland University Hospital, Norway with
intensity-modulated RT were included in the study. The
patients were originally included in a clinical study approved
by the relevant local ethics committee [16]. A pCT and
between 8 and 10 repeated CTs (rCTs) (with 2-3mm slice
thickness) had been acquired during the treatment course
(approximately two scans per week). No bladder or rectum
protocol was used; however, seven of the eight patients had
contrast in their bladder when the pCT scan was acquired.
This contrast was overwritten to the mean Hounsfield unit
from the first rCT. Two experienced radiation oncologists
contoured the targets and OARs using Eclipse TPS. The
bowel cavity, bowel loops, and the lymph node/seminal ves-
icle CTV (In/sv CTV), which included the presacral lymph
nodes, were contoured following the Radiation Therapy
Oncology Group (RTOG) contouring guidelines. Detailed
information on how the prostate CTV, bladder, and rectum
were contoured can be found in Thornqvist et al. [19].

A dose of 78Gy (RBE) was prescribed to the prostate
while 56 Gy (RBE) was prescribed to the In/sv target in 39
fractions, with the in-house photon-based clinical protocol
for the OARs used when approving the plans
(Supplementary Material B). However, D95% > 98% were
used for both the nominal CTVs and the 14 uncertainty scen-
arios: the £5mm setup/+3.5% range uncertainty and the
0 mm/+3.5% scenarios.

Reference photon-based treatment plan

Photon-based treatment plans were made with volumetric
arc therapy (VMAT) using three 15 MV arcs: the first and third
arc in a clockwise rotation from 181 to 179 degrees and the
second arc in a counter-clockwise rotation from 179 to 181
degrees. For the third arc, the collimator was rotated 95
degrees as compared to the other arcs.

For the VMAT plans, the prostate CTV was expanded
7 mm in all directions, except in the superior-inferior (SI) dir-
ection where it was expanded 9mm to create the corre-
sponding PTV, while the In/sv CTV was expanded 5mm,
except in the Sl direction, where 8 mm was used. The VMAT
plans and PTVs were re-created according to our clin-
ical protocol.

Data analysis

All three plans for the eight cases were re-calculated on 6-8
rCTs after a bony anatomy-based rigid registration, not
including the two CTs used in the ARPT plans. Doses to the
target volumes were evaluated using V95% and D95% across
the rCTs. For the OARs, the relative volume fraction receiving
doses above 5, 10, and up to 75Gy (in 5Gy intervals, i.e.,
V5-75Gy) were evaluated across the rCTs, along with the
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mean dose. In addition, normal tissue complication probabil-
ities (NTCPs) for the rectum and bladder and the bowel cav-
ity were investigated (Supplementary Material C) [20-24].
The endpoints for the rectum NTCP models were late rectal
bleeding > 2 and the endpoints for the two bladder NTCP
models were bladder urgency and grade 3+ late urinary
morbidity. For the bowel, the risk of grade 2+ acute diar-
rhoea was investigated.

To statistically compare the three plans, a linear mixed-
effect model with a fixed effect of modalities and random
effects of patients and repeated scans per patient was used
to estimate the mean values and 95% confidence interval
(Cl) for the different dose-volume metrics. The model took
into account that the same patient group was used in each

Planned dose

plan and that each patient had a varying number of rCTs.
Normality was evaluated based on a quantile-quantile plot
of the residuals.

Results

The two proton plans were overall similar with respect to
coverage of the targets and doses to the OARs. However, the
ARPT plans improved the dose to the prostate CTV com-
pared to the conventional robust PT plans for in particular
one patient (patient 3) where the conventional robust PT
plan did not secure target coverage. For this case, there was
an increase of 20% points for V95% and 30.9Gy for D95%
(Figures 1 and 2). Across the whole cohort, the estimated
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Figure 1. DVH-curves for the planned dose and the dose in one of the rCTs for patient three for the targets and OARs with the conventional robust PT plan (solid

line) and the ARPT plan (dotted line).
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Figure 2. The V95% and D95% values in the first CT (red cross) and median and range (black dot and line) across the rCTs for the prostate CTV and In/sv CTV
across all patients and plans. The prescribed dose is 78 Gy for the prostate CTV and 56 Gy for the In/sv CTV (horizontal line in C and D).
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mean values for V95% were 97% (95% Cl: 89-105%) for the
ARPT plans, 95% (95% Cl: 87-103%) for the conventional
robust PT plans, and 95% (95% Cl: 87-103%) for the VMAT
plans. The estimated mean values for D95% were 72.3 Gy
(95% Cl: 67.2-77.3Gy) for the ARPT plans, 75.3Gy (95% ClI:
70.2-80.3Gy) for the conventional robust PT plans, and
74.6 Gy (95% Cl: 69.5-79.6 Gy) for the VMAT plans (Figure 2).
The ARPT plans did not significantly improve the In/sv CTV
target dose. The estimated mean values for V95% were 99%
and D95% were around 55 Gy for both proton plans as well
as with VMAT.

Conventional robust PT plan

Anatomical robust PT plan
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The ARPT plans slightly increased the doses to the OARs
compared to the conventional robust PT plans (Figures 1
and 3). However, when investigating V5-75Gy, significant
differences were not found between the two proton plans
(Figure 4). Both proton plans had significantly lower OAR vol-
umes receiving low-to-intermediate doses than the VMAT
plans. For V25 Gy to the rectum, a mean value of 35% (95%
Cl: 28-43%) in the ARPT plans and a mean value of 30%
(95% ClI: 22-37%) in the conventional robust PT plans were
observed, while the mean value was 61% (95% Cl: 53-69%)
for VMAT. Similar patterns were seen for the bladder, bowel

VMAT plan
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Figure 3. The planned dose distributions (upper row) and the dose distributions from one of the rCTs (bottom row) for a conventional robust PT plan, ARPT plan,

and VMAT plan. All images are from patient three.

—~o— Conventional robust PT plan

—A—  Anatomical robust PT plan

@ VMAT plan

(A)100 Rectum (B) Bowel cavity
I 1
c\gso_*}“;+++ “'W”M
#HMMM‘ ###ﬁ
1oo:++++ 100-+++
§::+¢M}#+++ :#

g f

HMM”“ HM g;##&

cﬁ @* @‘\ e* Co* 0* e* o* 0* o* 0* o* o* o* o* o*
LRPPPEFEPFEELE L ®

~\ C,A @A 0* OA Oﬁ
4’@ EF PSP \\“Q X\

~\ Q* o C,A &
N\
©EE S

Figure 4. V5-V75 Gy for the rectum and bladder and V5-V60 Gy for the bowel loops and bowel cavity across all patients and plans.
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Figure 5. The V25 Gy value in the first CT (red cross) and median and range across all rCTs (black dot and line) for the OARs across all patients and plans.

cavity, and bowel loops (Figure 5), as well as for the mean
dose (Supplementary Material D).

For the NTCP models explored, there was no statistically
significant difference between the three plans for late rectal
bleeding, grade 3+ late urinary morbidity, or grade 2+ acute
diarrhoea (Supplementary Materials E and F). For the NTCP
models estimating late rectal bleeding, the highest estimated
mean occurred for the VMAT plans with a value of 4% (95%
Cl: 3-6%) for the model by Quantec. For grade 3+ late urin-
ary morbidity the estimated mean values were between 3
and 4% across all three plans, while the estimated mean val-
ues for grade 2+ acute diarrhoea were 30-33% across all
three plans. However, for the NTCP model predicting bladder
urgency the estimated mean values were 15% (95% Cl:
12-17%) for the ARPT plans, 12% (95% Cl: 10-15%) for the
conventional robust PT plans and 25% (95% Cl: 22-28%) for
the VMAT plans.

Discussion

In this study, we have investigated the use of patient-specific
target volumes estimated from multiple pCTs to secure tar-
get coverage throughout a course of PT for locally advanced
prostate cancer patients. The main finding was that including
patient-specific targets in the planning process could
improve the target coverage for challenging patients without
significantly increasing the normal tissue doses. However, the
conventional robust PT plans were already robust, at least
for the relatively modest organ motion patterns seen in most
of our patients.

This study was performed within the context of the plan-
ning of a Danish national randomised clinical trial for locally
advanced prostate cancer that will investigate if IMPT
reduces normal tissue toxicity compared to conventional

photon-based RT. A major challenge of PT for pelvic tumour
sites is to secure target coverage throughout the course of
treatment under the influence of organ motion, including
independent motion of the involved target volumes [4]. To
address this challenge, we have in this study investigated
patient-specific targets with the use of ARPT plans. For the
most challenging patient, the ARPT plan improved dose
coverage to the prostate CTV compared to a conventional
robust PT plan. In the first CT scan (the one used for the
dose calculations) this patient had air and faeces in the rec-
tum, which were not present at the subsequent CTs. In clin-
ical practice, such a patient would be candidate for adaptive
re-planning although the challenges with random variations
would still remain. It should also be mentioned that this
study has been performed on a photon-based cohort and
stricter criteria may be used for the pCTs in PT. Except for
this patient, we did not observe any other major differences
when evaluating target coverage. Other studies have also
found that incorporating multiple CTs into the optimisation
process have improved plan robustness, although it slightly
increased the dose to the OARs [13-15]. Wang et al. [13] and
Cubillos-Mesias et al. [15] included both the images and
structures into the optimisation process for lung and head
and neck cancer, respectively. Including the CT data into
the optimisation process or including bony variations
from the consecutive CTs in ARPT plans can potentially
improve the target dose further for challenging patients.
However, it will also increase the optimisation time and the
number of delineated structures. Synthetic CTs can also be
incorporated into the optimisation process as van de Water
et al. investigated [14], but complex internal pelvic organ
motion is difficult to estimate for new patients by varying
the densities for the OARs. As an alternative a probability dis-
tribution can be modelled based on, eg. a principal
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component analysis under the assumption that general
movements and deformations are similar over a population
[25-27]. If dose deterioration can be predicted, patients with
complex organ motion could avoid unnecessary irradiation
to the normal tissue.

Protons are highly sensitive towards density changes and
we have therefore used bony anatomy-based rigid registra-
tions to avoid high-density changes in the beam path direc-
tion due to changes in bony position [28]. The focus of this
article was on organ motion, hence we have omitted the
range errors stemming from the CT calibration in the rCTs;
however, it is important to investigate this before clinical
implementation. We furthermore used a 5mm setup uncer-
tainty for the proton plans, which was found to sufficiently
cover the targets, while reducing the dose to the OARs com-
pared to VMAT. We used the same setup uncertainty for
both the conventional and ARPT plans to minimise the num-
ber of variables introduced in the study. However, soft-tis-
sue-based rigid registration and various margins could be
further investigated with the aim of reducing the dose to
the OARs and potentially increase plan robustness.

The ARPT plans lead to an insignificantly increase in OAR
doses compared to the conventional robust PT plans, caused
by enlarged target volumes, which was also seen in previous
similar studies [13-15]. The VMAT plans were included in this
study to illustrate that the increased OAR doses in the
low-to-intermediate dose range in the ARPT plans were still
significantly lower than what can be achieved with state-of-
the-art photon-based RT. Other studies have also found PT
able to reduce the dose in the low-to-intermediate range for
OARs in the pelvic region compared to photon-based RT
[29-31]. The same trend was observed for the bladder
urgency model, since the volume effect parameter, n, corre-
lated with the mean dose. Caution should be taken when
using NTCP models to predict morbidity since large differ-
ence in morbidity predictions have been found between
modalities and cohorts [32]. The Quantec review of the pho-
ton-based rectum NTCP model (used in this study) showed
there is a connection between the low-to-intermediate doses
and morbidity [21]; however, for PT there is a significant
reduction in the integral dose compared to photon-based
RT. The grade 3+ late urinary morbidity model (used in this
study) was estimated from a prostate cancer cohort treated
with passive scattering PT, where it was found that anti-
coagulant and age were the most prominent predictors in
NTCP models [23]. This, in addition to difference in patient-
specific factors, biological effect, target dose prescription and
treatment technique, may affect the applicability of NTCP
models in studies comparing modalities with such consider-
able underlying differences in biology and physics as pho-
ton- vs. proton-based RT [33].

Before conducting this study, four different field configu-
rations for three patients were investigated along with over-
writing the air in the bowel loops before optimisation for the
proton plans (Supplementary Material G). There was no clear
difference in dose to the OARs between the four configura-
tions. However, we found that a configuration with beams at
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90, 180, and 270 degrees and a configuration with beams at
90, 150, 180, 210, and 270 degrees gave a better target
coverage. We decided to use the latter configuration in our
study, since fields from posterior targeting the lymph nodes
would be more robust than lateral opposed fields, if a
patient lost or gained weight throughout a treatment course.
A previous study from our group also indicated that poster-
ior PT fields targeting the pelvic lymph nodes are robust
towards organ motion [34]. In addition, we found no reason
to overwrite the air in the bowel loops using posterior fields.
Other studies have also investigated the impact of air using
PT in pelvic cancer and found it to have a minor impact on
target and OAR doses [35,36].

To clinically implement ARPT, at least two CT scans,
acquired before treatment start, are needed per patient.
Furthermore, the CTs must be acquired on different days or
at least with several hours in between to properly capture
inter-fractional organ motion. Based on the findings of this
study, some form of ARPT planning should be considered in
the clinical implementation of locally advanced prostate can-
cer patients, or at least to certain subgroups of them experi-
encing large inter-fractional organ motion.

In future studies, it could be interesting to explore ARPT
on patients where large inter-fractional organ motion has
occurred, since relatively modest organ motion patterns
were seen in our admittedly small patient cohort. In addition,
increased plan robustness may also be achieved by account-
ing for independent target motion. One method could be to
make individual treatment plans per target volume, which
combined would be robust towards independent isocentre
corrections. This approach could potentially secure target
coverage without the need for adaptation.

In conclusion, in this study, we have explored the use of
patient-specific target volumes to account for inter-fractional
organ motion throughout a treatment course for locally
advanced prostate cancer. It was possible to improve target
coverage for one challenging patient, while the others had a
similar target coverage. The potentially improved robustness
to motion came without significant increased doses to any
of the OARs.
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