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A method for evaluation of proton plan robustness towards
inter-fractional motion applied to pelvic lymph node irradiation
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Background. The benefit of proton therapy may be jeopardized by dose deterioration caused by water equivalent path
length (WEPL) variations. In this study we introduced a method to evaluate robustness of proton therapy with respect
to inter-fractional motion and applied it to irradiation of the pelvic lymph nodes (LNs) from different beam angles.
Patient- versus population-specific patterns in dose deterioration were explored.

Material and methods. Patient data sets consisting of a planning computed tomography (pCT) as well as multiple
repeat CT (rCT) scans for three patients were used, with target volumes and organs at risk (ORs) outlined in all scans.
Single beam spot scanning proton plans were optimized for the left and right LN targets separately, across all possible
beam angle configurations (5° angle intervals). Isotropic margins of 0, 3, 5 and 7 mm from the clinical target volume
(CTV) to the planning target volume (PTV) were investigated. The optimized fluence maps for the pCT for each beam
were applied onto all rCTs and the dose distributions were re-calculated. WEPL variation for each beam angle was
computed by averaging over beams eye view WEPL distributions.

Results. Similarity in deterioration patterns were found for the investigated patients, with beam angles delivering less
dose to rectum, bladder and overall normal tissue identified around 40° and around 150°-160° for the left LNs, and
corresponding angles for the right LNs. These angles were also associated with low values of WEPL variation.
Conclusion. We have established and explored a method to quantify the robustness towards inter-fractional motion of
single beam proton plans treating the pelvic LNs from different beam configurations and with different CTV to PTV
margins. For the patients investigated we were able to identify beam orientations that were robust to dose deterioration
in the target and ORs.

Prostate cancer is the most frequent cancer disease
among men, with increasing incidence during the
past two decades [1,2]. A considerable fraction of
these patients show biochemical failure with varying
recurrence patterns [3-5]. For patients with locally
advanced prostate cancer, radiotherapy (RT) is an
important part of the loco-regional treatment, with
radiation also prescribed to the pelvic lymph nodes
(LNs) [3,6,7]. Currently, intensity-modulated radio-
therapy (IMRT) is often used to deliver doses to
the pelvic LNs, however, there appears to be a con-
siderable normal tissue (bowel and bladder) sparing

potential if treating these large volumes with proton
therapy [8-11].

Due to the favorable depth dose distribution
compared to conventional photon-based RT, proton
therapy has in general a potential for better sparing
of normal tissues. Proton therapy for locally advanced
prostate cancer in particular has been shown to
decrease the doses delivered to the organs at risk
(ORs) compared to contemporary photon-based
therapy [9,12-14]. However, the finite range of pro-
tons in the tissue (referred to as the Bragg peak)
makes the treatment sensitive to any changes in
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patient anatomy that modulates the density of tissue
in the beam path towards the target volumes, includ-
ing organ motion or in particular changes in bony
anatomy [10]. In addition to introducing positional
variations, these changes lead to modifications in the
water equivalent path length (WEPL) which trans-
late into range uncertainties for each (part of the)
beam. These uncertainties may be difficult to account
for using current image guidance strategies; treat-
ment plans for proton therapy should therefore be
made robust to internal motion.

Several studies have addressed the issue of improv-
ing plan and outcome robustness of pelvic tumor sites
for photon-based RT [11,15,16]. For proton therapy,
the effects of pelvic organ motion may be more pro-
nounced, leading to target dose degradation with
respect to the plan [10,17]. In order to minimize dose
degradation, several groups have investigated varia-
tions in WEPL as input to proton planning, as well
as delivery and verification strategies to improve
robustness towards intra- and inter-fractional changes.
A pre-defined range uncertainty interval has been
included directly into the plan optimization [18-20].
For scattering techniques methods to reduce or
account for dose degradation have included both
range compensators and in vivo measurements
[21,22]. However, little work has been done to inves-
tigate whether beam angle selection can be used to
identify robust angles and also whether these angles
would be patient- or population-specific. The aim of
this study was therefore to develop a method to
explore robustness of pelvic LN irradiation using pro-
ton beams with different orientation, with respect to
anatomical variations (in the target shapes, differ-
ences in the contents of the GI tract and in bladder
filling). Patient- versus population-specific patterns in
the resulting dose deterioration were also explored.

Material and methods
Patient cohort and image material

The study included three patients with locally
advanced prostate cancer treated with IMRT at
Haukeland University Hospital, Bergen, Norway, in
2007. Each patient underwent computed tomogra-
phy (CT) scanning (Prospeed SX Power, GE Medi-
cal Systems, Milwaukee, WI, USA) for treatment
planning (pCT) as well as 7-9 additional CT's (rCTs)
evenly distributed along the RT course. All CT scans
were acquired with 2-3 mm slice thickness, image
size of 512 X 512 pixels and extended from 1.4 ver-
tebrae to the anal vertex. All image acquisitions were
performed with the patient in supine position, and
using the same fixation device as in the treatment.
Further details of the treatment protocol were
described by Muren et al. [23].

For the purpose of this study, a radiation oncolo-
gist delineated the involved clinical target volumes
(CTVs,i.e. the prostate, seminal vesicles and the pel-
vic LNs) as well as the rectum and bladder in all CT
scans. Delineations were performed using the treat-
ment planning system (TPS) Eclipse v.11 (Varian
Medical Systems, Palo Alto, CA, USA). Further
information of the contouring process was published
by Thornqvist et al. [24].

Treatment planning and beam angle evaluation

To evaluate LN dose coverage we separated the left
and right part of the LN targets. For each patient and
each volume, we optimized single beam spot scanning
proton plans using the TPS TRiP v.1001c [25,26].
Gantry angles covered in 5° steps the ranges from 0°
to 180° for the left LN volume and from 180° to 360°
for the right LN volume (avoiding contralateral radia-
tion). Couch angles covered the interval between -90°
and 90°, in 5° steps. Finally a 55° cone was excluded
at the cranial-caudal ends, corresponding to the CT
limits. To optimize the single beam proton plans we
used pencil beams with 5 mm spot size (full width at
half maximum) and 2 mm spot spacing. We applied
the Gaussian blurred pencil beam method without
any correction for internal scattering. Different isotro-
pic margins from the LN CTYV to the planning target
volume (PTV) of 0, 3, 5 and 7 mm were added [27],
and the above planning process was repeated for each
margin alternative. All treatment planning operations
were performed in PyTRiP [28].

To assess target (physical) dose coverage for the
LNs for the explored beam angle configurations, the
optimized fluence maps from the pCT were trans-
ferred onto the respective rCT's to perform dose re-
calculations for all relevant volumes. For each patient,
a rCT-pCT alignment was performed for each
rCT using the center of mass of the prostate as treat-
ment isocenter, prior to plan transfers and dose re-
calculations. Dose distributions for each beam angle
configuration at the pCT and at rCT were repre-
sented as dose-volume histograms (DVHs). Finally,
dose coverage for optimized and recalculated plans
were compared by the differences in the V, (volume
percentage receiving 99% of the dose) and V, for
the LN target volumes; dose evaluations for the
normal tissue and the ORs (rectum and bladder)
were done using V,, [27].

WEPL variations

We evaluated inter-fractional WEPL variations
(between pCT and each rCT) for each beam angle
configuration. For each gantry-couch angle configu-
ration, the WEPL was calculated at the pCT and
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rCTs for each beam path. WEPL values were pro-
jected (sum values for all voxels along the ray path)
into a normal plane to the beam, placed at the center
of the target. The standard deviation of the projected
WEPL was then computed for all beams to account
for WEPL variations between the pCT and rCTs
[25]; finally, the mean variation over the whole beam
was calculated. WEPL variations were calculated for
the same beam angle combinations used for the
treatment plan calculations, i.e. gantry angles varying
from 0° to 180° or 180° to 360° (left and right LN,
respectively) and couch angles varying from —90° to
90°, in 5° steps; again excluding the cranial-caudal
limits of the CTs. Finally, mean WEPL variations
across the CT data sets and at all beam angle con-
figurations were shown in two-dimensional (2D)
maps for each patient. All LN target dose coverage
changes as well as WEPL variations were analyzed
using in-house routines developed in Matlab w.
R2015a (The MathWorks Inc., Natick, MA, USA).

Patient clustering comparison

To make an overall analysis across the three patients
concerning the association between dose deviation
endpoints and WEPL variation maps, normalized
log, transformation of the data was done. These
maps were calculated to illustrate the correlation
between WEPL variations and dose target degrada-
tion in order to identify robust beam angles.
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To investigate variation between CT's and patients
across all angles for each volume of interest (VOI)
(and margin choice) of each patient, a cluster com-
parison analysis was made [29] by normalizing the
log, transformed volume percentages for the given
dose percentages along each angle between all CTs;
then, the most significant angles were selected by an
F-test with p <0.001 significance level. These angles
were compared using Pearson’s correlation, both
across CTs of each patient and across angles. This
method determined potential patient and inter-
fractional patterns in the similar angles, which can
be interpreted as a measure of robustness. This
analysis was performed in the open-source software
package R (www.r-project.org).

Results

Overall we found beam angles with the least dose
degradation for both the right and left LNs at the
most anterior and posterior angles (Figure 1). For
the three patients included in this study, dose degra-
dation of the LN targets at the V,, level across all
beam angles was found to range between 58% and
96%, 80-100%, 83-100% and 82-100% for the 0,
3, 5 and 7 mm margin alternatives, respectively
(Figure 2). For normal tissue overall V,, was found
to range from 3% to 9%, 4-10%, 4—12% and 4-11%
for the four margins (0, 3, 5 and 7 mm, respectively).
Corresponding numbers for rectum V|, ranged from
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Figure 1. DVH of one patient (referred to as Patient 1), for the left LNs with a 5 mm margin. (Left panel) DVHs for single beam proton

plans optimized on the pCT and normalized to give the D, atV,

99%

99%

for the left side of the lymph node volume. (Middle panels) DVHs

for the pCT fluence maps applied over the 10 different rCTs. (Right panel) All DVHs in one plot.
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Figure 2. Boxplots of V,, for the LNs and V,,, for the NT,
rectum and bladder for isotropic margins of 0, 3, 5 and 7 mm for
all CTs. For each margin and volume, the mean, quartiles,
confidence bounds with outliers as well as the minimum and
maximum are shown along with the corresponding angle.

0% to 12%, 0-19% 0-18% and 0-7%, while they
were generally larger for the bladder, with V| rang-
ing from 0% to 11%, 0-16%, 1-25% and 2-30%.
For lateral angles we found the highest dose delivered
to normal tissue and rectum, ranging between 9%
and 12% and 7-19% for V, at angles between 60°
and 120° and at around 180°, respectively (couch
angle = 0°). The largest doses delivered to the blad-
der were found for anterior angles (gantry-couch
angle = 0°) with the V,, ranging between 11% and
30%, increasing with increasing margin.

The WEPL maps for the three patients showed
similar patterns as the dose deterioration, with the
largest WEPL variation identified at the lateral angles.
The mean variation corresponded to a systematic
difference in the WEPL, and was found to vary from
0.5 mm up to 6 mm for angles on the same side as
the LLNs and up to 7 mm for contralateral angles
(Figure 3 and Supplementary Figures 1 and 2, avail-
able online at http://informahealthcare.com/doi/abs/
10.3109/0284186X.2015.1067720).

The complete data comparison showed all data
of one patient for the different volume percentages
(V,, for ORs and normal tissue, and V,, for target
volumes) and the WEPL maps log, transformed and
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Figure 3. Mean variation in WEPL for one of the patients (Patient 1). Angles lower than 55° from the patient axis centered in the prostate
were excluded, according to CT limits and physically possible angles. The variation is given in (mm) of water.
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Figure 4. WEPL data and DVH data at V,, for the right LNs and atV

109 for N'T, rectum and bladder. All data normalized to units of

standard deviation per dataset, the V,, of the LNs are plotted in negative to be comparable on the same scale, meaning the lower value
the “better”. At the bottom is the mean of all data, thus in units of mean standard deviation.

normalized (Figure 4). The most robust gantry
angles for these three patients were at 25°-35° and
160°-165° for the left LNs and at 325°-340° and
185°-205° for the right LNss.

The clustering analysis identified similarities
between patients across the rCTs. For the left LNs
Patients 1 and 2 were more alike for angles between
105° and 140°, which also was the region with most
variation between patients. For angles 50°-100° and
170°-180° Patients 1 and 3 were closer related. How-
ever, angles between 0° and 45° and 145°-165° was
more consistent across all rCTs of the three patients
(Figure 5). For the right ILNs a symmetric pattern of
similarity was observed, although with a lower level
of variance around the angles consistent across all
rCTs.

Discussion

In this study we have presented a method to evaluate
the robustness of proton therapy beams towards
inter-fractional changes during the course of therapy,
for all relevant beam orientations, and for four dif-
ferent CTV-to-PTV margin alternatives. Using this
method we could identify both patient- and popula-
tion-specific patterns in where the most robust (as
well as sensitive) beam directions are.

In proton therapy for prostate cancer (so far
mostly used to treat localized disease) most protocols
have used lateral opposing beams [10,30]. However,

in this study we have seen that these angles might be
less robust to the density/WEPL changes caused by
internal organ motion during the therapy course
involving LN irradiation. Posterior-oblique beams
(10°-20° from vertical) and anterior-oblique beams
(15°-25° from vertical), to the respective lymph node
volume, might be better to use in order to minimize
dose variation. These beams showed less degrada-
tion for target doses and less dose delivered to the
ORs and normal tissue compared to lateral angles.
This is caused by small variations in the ray paths
going through high-density structures being trans-
lated into large differences in the proton beam range,
such as lateral beams through the pelvic bones. In
the study of Thorngvist et al. [10], the plans con-
sisted of two lateral opposing beams covering the
prostate, seminal vesicles and LNs. These plans
were found to be sensitive to inter-fractional changes,
in particular for cases with pronounced bladder and
rectum variations. Cuaron et al. [31] used anterior
beam trajectories for proton therapy for prostate
cancer patients with hip replacement or previously
irradiated hips, obtaining similar volume percent-
ages for ORs.

Our results also indicate that a 7 mm margin may
be sufficient for some patients to secure full/adequate
target coverage regarding inter-fractional movement.
The 5 mm margins also showed good target cover-
age, except for the most anterior angles. For these
angles, and for this margin alternative, the bladder
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Figure 5. Data clustering, atV,, of three patients on the left LNs after log, transformation, normalization, and selection of most significant
angles for p<0.001 sorted with Pearson’s correlation on the y-axis, and all CT's sorted by Pearson’s correlation on the x-axis. The branch

length in the trees corresponds to the Pearson distance.

filling and LN shape and size have the largest
influence on the proton range. The 0 mm margin
alternative was also explored, showing large dose
degradations, where the most sensitive angles were
found to be at the lateral positions due to beam
paths through the pelvic bones (see Supplementary
Material for details available online at http://informa
healthcare.com/doi/abs/10.3109/0284186X.2015.
1067720).

The WEPL maps showed large variation around
the lateral angles, which is in agreement with the
beam configurations presenting the highest dose deg-
radation for targets and normal tissue/ORs. Indeed,
this variation pattern was similar across the three
patients (Supplementary Figure 1 available online at

http://informahealthcare.com/doi/abs/10.3109/
0284186X.2015.1067720). No clear pattern differ-
entiating patients were found, however there seems
to be more similarity between Patients 1 and 2 in the
WEPL analysis, these patients have a steeper
WEPL ‘valley’ around beams at 0° couch angle
for contralateral gantry angles than Patient 3 (see
Supplementary Figure 2 available online at http:/
informahealthcare.com/doi/abs/10.3109/0284186X.
2015.1067720). Exploring a larger patient cohort
might show correlation with WEPL pattern and
patient population-specific angles.

The WEPL differences seem to have both a ‘ran-
dom’ and a ‘systematic’ error, the latter indicated by
the mean variation, although clear conclusions can
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only be drawn from analyzing a larger number of
patients. The symmetry and small change in the
WEPL variation for beam angles from the opposite
site indicate that the bony structures have the largest
influence on the WEPL, as these are almost
symmetric, while the soft tissue difference is more
variable when using angles from the opposite side.

The patient comparison by clustering of Pear-
son’s correlation between angles identified the same
pattern as suggested by the WEPL maps. Where
Patients 1 and 2 seem to be in the same subtree for
all tissues, Patient 3 primarily stands alone in another
subtree (Figure 5). For instance, we found the 0°-45°
and 145°-165° gantry angles to have the lowest vari-
ance in the F-test — they are consistent across all
CTs, however only 145°-165° is robust as the more
anterior angles 0°-45° have a large dose degradation.
This pattern might also indicate that patient sub-
population-specific angles might be considered as
there are visible differences in the dose variation for
these subgroups.

Our results are also dependent on the image-
guidance simulation process. Dose re-calculations
over the rCTs were based on placing the beam
isocenter at the center of the prostate to simulate
clinical practice (as these plans would also irradiate
the prostate and seminal vesicles). The robustness for
the LN target would potentially be improved with
positioning on bony anatomy, at the cost of a larger
prostate CTV margin to cover prostate motion rela-
tive to bony anatomy [10,32]. It is also important to
point out that the assumption taken in photon-based
RT of the invariance of the dose distribution to any
(clinically relevant) isocenter shift is unlikely to be
valid in proton therapy [33-35]. In future work
we will also investigate approaches for dose- and
image-guided proton therapy.

One the same note; this study has been based on
a rCT data set. However, image-guidance for proton
therapy based on on-board cone beam computed
tomography (CBCT) imaging is emerging. Apart
from the ongoing technical development of this area
(with first prototypes currently being introduced into
clinics by the main proton therapy vendors), there
are also important challenges related to the suitabil-
ity of CBCT scans for dose-based image guidance.
Solutions such as deformable image registration
based stopping power ratio propagation from pCTs
to CBCTs should be further investigated.

The present results showed some beam directions
more robust to inter-fractional motion when treat-
ment optimizations were performed using single
beams. With this method and by using WEPL
calculations on a larger group of patients we will
investigate more in depth the population- versus
patient-specific patterns of robustness with respect

to gantry/couch angles and margin. In these future
steps we will also study the robustness of multiple
beam plans with respect to inter-fractional motion.
Finally, we will explore patient-specific methods for
directional/spot-specific margins in LN irradiation
with proton therapy.

In conclusion, we have established and explored
a method to identify beam angle robustness to inter-
fractional motion of single beam proton plans treat-
ing the pelvic LNs from different gantry/couch angle
combinations. This method may be used to identify
robust beam angles and margin configurations suit-
able for either individual or groups of patients in
proton therapy involving pelvic LN irradiation.
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