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Abstract

Background: Mixed electron-photon beam radiation therapy (MBRT) is an
emerging technique in which external electron and photon beams are simul-
taneously optimized into a single treatment plan. MBRT exploits the steep dose
falloff and high surface dose of electrons while maintaining target conformity
by leveraging the sharp penumbra of photons.

Purpose: This study investigates the dosimetric benefits of MBRT for soft tissue
sarcoma (STS) patients.

Material and methods: A retrospective cohort of 22 STS of the lower extrem-
ity treated with conventional photon-based Volumetric Modulated Arc Therapy
(VMAT) were replanned with MBRT. Both VMAT and MBRT treatments were
planned on the Varian TrueBeam linac using the Millenium multi-leaf collima-
tor. No electron applicator, cutout or additional collimating devices were used for
electron beams of MBRT plans. MBRT plans were optimized to use a combi-
nation of 6 MV photons and five electron energies (6, 9, 12, 16, 20 MeV) by a
robust column generation algorithm. Electron beams in this study were planned
at standard 100 cm source-axis distance (SAD). The dose to the clinical target
volume (CTV), bone, normal tissue strip and other organs-at-risk (OARs) were
compared using a Wilcoxon signed-rank test.

Results: As part of the original VMAT treatment, tissue-equivalent bolus was
required in 10 of the 22 patients. MBRT plans did not require bolus by virtue of
the higher electron entrance dose. CTV coverage by the prescription dose was
found to be clinically equivalent between plans of either modality: V5og,(MBRT)
= 97.9 £ 0.2% versus Viogy(VMAT) = 98.1 +£0.6% (p=0.34). Evaluating the
absolute paired difference between doses to OARs in MBRT and VMAT plans,
we observed lower V5og, to normal tissue in MBRT plans by 14.9 +3.2%
(p < 107). Similarly, V50Gy to bone was found to be decreased by 8.2 + 4.0%
(p < 1073) of the bone volume.

Conclusion: For STS with subcutaneous involvement, MBRT offers statistically
significant sparing of OARs without sacrificing target coverage when compared
to VMAT. MBRT plans are deliverable on conventional linacs without the use
of electron applicators, shortened source-to-surface distance (SSD) or bolus.
This study shows that MBRT is a logistically feasible technique with clear
dosimetric benefits.
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ROBUST MBRT FOR SOFT TISSUE SARCOMA

1 | INTRODUCTION

Soft tissue sarcoma (STS) is a rare malignant tumor
with 13 190 new cases estimated in the United States
in 2022." Although STS can affect any site of the body,
the majority arise in the extremities with 59% of them
localized.? Treatment consists of surgical resection with
negative margins. Many will also receive preoperative
radiation therapy to reduce the risk of local recurrence
after surgery alone®> Image-guided radiation therapy
has allowed for more conformal treatment, leading to
lower doses to normal tissues and lower risk of wound
complications*® The use of bolus (tissue-equivalent
material placed on patient’s skin) may be needed for
cases where the clinical target volume (CTV) involves
skin or subcutaneous tissue that would not receive an
adequate dose otherwise The use of bolus is however
associated with greater risk of skin toxicity® and the vari-
ability in its preparation results in greater uncertainty in
planning dose calculations. The American Society for
Radiation Oncology (ASTRO) guidelines recommend
against the routine use of tissue-equivalent bolus for
most sarcomas.®

The feasibility and potential benefits of modulated
electron radiation therapy (MERT), delivered using either
additional collimators’~"* or the photon multi-leaf col-
limators (pMLC),”">~"® is addressed in a number of
studies. By leveraging the limited penetration depth
and high surface dose of electron beams, electron-
only MERT treatment plans were shown to deliver
lower doses to normal tissue than photon-only plans.
This however comes at the cost of worse target dose
homogeneity.'®'° Mixed electron-photon beam radiation
therapy (MBRT) delivered using an existing pMLC is
an emerging technique in which both external electron
and photon beam are simultaneously optimized into a
single treatment plan.?°-2° MBRT has been shown to
provide superior sparing of normal tissue without sacri-
ficing target coverage 2%-2~2* For tumors with superficial
involvement, MBRT offers the possibility of excellent tar-
get coverage without the use of bolus. The steep depth
dose curve of electron beams allow MBRT plans to bet-
ter spare healthy tissue and organs-at-risk (OAR) at
depths beyond the tumor. Electron apertures in MBRT
deliveries are collimated using only the existing pMLC.
Due to significant electron scatter in air, the penumbra
of electron beams collimated with pMLC is known to be
wider at larger source-to-surface distance (SSD).'27
Deliveries of electron apertures in MERT and MBRT
plans have therefore so far been thought to require
shortened SSD of 70-80 cm 28

Patient setup error is traditionally accounted for in
photon-based radiotherapy by using the concept of
a planning target volume (PTV)2° Assuming an ade-
quate choice of margins, by prescribing the dose to
the PTV, the CTV will receive the prescription dose
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despite setup errors or patient/organ motion. The under-
lying assumption in this method is that the static dose
cloud approximation holds: the spatial dose distribution
is not significantly affected by changes in patient posi-
tioning. This assumption has been shown to not hold
true in the case of charged particles and has lead
to the development of robust optimization for intensity
modulated proton therapy>® Using a similar approach,
Renaud et al. implemented robust optimization in the
context of MBRT2° They showed that MBRT plans must
be robustly optimized to properly account for patient
setup and motion uncertainties. In this particular imple-
mentation, dose distributions are calculated explicitly
in additional error scenarios where a positioning error
is artificially introduced. The cost function can then be
calculated as a weighted average of the cost func-
tion of each scenario. Accurate deliveries of robust
MBRT plans have been experimentally validated on
conventional linacs with excellent agreements between
Monte Carlo-calculated doses and ion chamber and film
measurements 2531

This study seeks to demonstrate the applicability
and benefits of MBRT for STS of the extremity. By
performing a retrospective treatment planning study,
MBRT is dosimetrically compared to the standard of
care: photon-based Volumetric Modulated Arc Therapy
(VMAT).

2 | METHODS

2.1 | Patient selection

A retrospective cohort of 22 STS patients was selected
among 38 consecutive patients treated at the McGill
University Health Centre between December 2017
and June 2021. All patients completed a 25-fraction
photon-only VMAT preoperative treatment on a Varian
TrueBeam linear accelerator (Varian Medical Systems,
Palo Alto, CA). Only patients with STS of the lower
extremity, without tumor extent above the groin or within
the foot or ankle, were chosen. This was done to keep
the patient geometry within the cohort to be mostly
homogeneous. Exclusion criteria included interrupted
treatments, CTVs length >36 cm in the cranial-caudal
direction, CTV size >14 cm in the axial plane, or CTV
location being unsuitable for electron treatments. Unsuit-
able CTV location refers to CTVs starting either too
deep (>1 cm from the skin) or whose shallow regions
are obstructed by OARs such as the contralateral leg.
The exclusion of patients with too long or large CTV is
such that the memory size of beamlets do not exceed
our cluster's maximum memory during MBRT plan opti-
mization. The consort diagram in Figure 1 enumerates
the number of patients excluded for each criterion.
The median tumor size, as measured by its largest
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with MBRT without bolus
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FIGURE 1 Consort diagram describing patient selection criteria.
A total of 38 patients with STS of the lower extremity (excluding foot
and ankle) were treated between Dec. 2017 and June 2021.
Twenty-two patients were eligible for the planning study. Bolus was
not used for any patients for MBRT plans. The CTV length, size and
depths are illustrated in Figure 2. CTV, clinical target volume; MBRT,
Mixed electron-photon beam radiation therapy; STS, soft tissue
sarcoma.

diameter, was 11.7 cm. For comparison, the median
tumor size of the Radiation Therapy Oncology Group
(RTOG) 0630 trial’s cohort B was 10.5 cm.® Written insti-
tutional permission for the use of anonymized patient
treatment planning data was obtained from the Quality
Improvement Committee of the Department of Radia-
tion Oncology at the McGill University Health Centre.
The relevant recommendations given in the RATING
guidelines®? were followed in this study.

2.2 | Clinical treatment planning and
dose prescription

Planning was performed on a computed tomography
(CT) scan of the patient in the treatment position with
3 mm slice thickness and pixel spacing of around 1
mm. All CT scans were obtained on the Philips Brilliance
Big Bore scanner (Philips, Amsterdam, Netherlands) in
one of the following patient position: feet first supine
(n=19), feet first prone (n=1), or head first supine (n=2).
Patients were immobilized with a Vac-Lok device. Mag-
netic Resonance Imaging studies were co-registered

TABLE 1 Dose constraints to OAR used for evaluation of both
clinical and MBRT plans.

OAR Dose constraint
Bone Dinean < 37 Gy

Visoay < 50%
Dpean < 40 Gy
Joint Vsogy < 50%
Vaogy < 50%

Femoral head

Normal tissue strip

Skin Diax < 51.5 Gy
Anus V3oay < 50%
Genitalia V3oay < 50%
Testes Vagy < 90%

Abbreviations: OAR, organs-at-risk; MBRT, Mixed electron-photon beam radia-
tion therapy.

with CT images to aid the contouring of the gross tumor
volume (GTV). For GTVs larger than 8 cm, the CTV was
contoured with 1.5 cm axial margins and 3 cm cranial-
caudal margins from the GTV. For smaller tumors, CTV
axial margins of 1 cm and cranial-caudal margins of
2 cm were used as per RTOG 0630 and our standard
practice. CTV contours did not include any intact bony
structures. When skin surfaces were not involved by
gross tumor, CTVs were cropped 3—5 mm from the skin
(n=12). If the gross tumor involved the skin and bolus
was used, CTVs were not cropped (n=10). While fol-
lowing the same skin cropping rule as the CTV, the
PTV consisted of a 5 mm geometrical expansion from
the CTV.

Contoured OARs relevant for plan optimization
included the following: normal tissue strip, skin, bone,
joints, testes, genitalia, anus. The dose constraints to
the OARs used for evaluation of treatment plans are
tabulated in Table 1. These constraints aim to reduce
long-term sequelae such as edema, fibrosis, joint stiff-
ness and bone fracture. For consistency, the normal
tissue strip OAR was uniformly contoured as the sub-
traction of the PTV + 5 mm margin and any bone from
the leg contour, on axial slices within 2 cm proximal and
distal to the PTV. An example of this contour is shown
in Figure 2. The ipsilateral bone contour is limited to
PTV axial slices, so as to only include bone within the
radiation field as described in the RTOG 0630 protocol .

VMAT treatment planning of clinical plans were per-
formed on the Eclipse (versions 11 and 15) treatment
planning system (TPS). For VMAT plans, a dose of
50 Gy (2 Gyl/fraction) was prescribed to 95% of the
PTV. Although planning strategy varied according to the
planner, highest priority was given to lower and upper
optimization constraints on target structures. Optimiza-
tion constraints and priority for each OAR were chosen
according to their volume, their distance from the target,
and their position with respect to the beam arrangement.
The maximum dose to the PTV was generally restrained
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FIGURE 2 Axial (left) and coronal (right) CT slices of a representative patient. The CTV size, depth and length used as exclusion criteria in
Figure 1 are illustrated with arrows. The normal tissue strip is uniformly contoured as the rest of the limb excluding any bone and a 5 mm
margin around the PTV. CT, computed tomography; CTV, clinical target volume; PTV, planning target volume.

to below 107% of the prescription dose. Doses to OARs
were minimized while ensuring that the constraints in
Table 1 are met. In exceptional cases, OAR constraints
were exceeded to meet PTV coverage. For plan opti-
mization purposes, patient doses were calculated with
the Analytical Anisotropic Algorithm (AAA). At the time
of planning, the dose distribution was calculated on a
2.5%2.5x3.0 mm3 grid. The VMAT plans consisted of
either 2 or 3 arcs of 6 MV flattened photon beams
delivered at different collimator angles. Control points
were set at gantry angle intervals of 2°. Only the Varian
Millennium multi-leaf collimator (MLC) was used.

2.3 | MBRT planning

All patient plans and CT images were exported from
Eclipse and imported to our in-house TPS “Brems”.
“Brems”is a TPS hosted as a web app that was devel-
oped as a rewrite of the old “Radify” TPS?%33 to better
accommodate MBRT treatment planning. It integrates
the necessary components of the MBRT treatment
planning workflow in one platform: selection of gantry
angles, beamlet calculation, beamlet-based optimiza-
tion, dose recalculation with Monte Carlo, evaluation of
plan quality using Dose-Volume Histogram (DVH) and
other dose statistics, generation of plan files in .dcm or
.xml formats, and so forth.

MBRT treatments were planned on the same True-
Beam linac originally used for VMAT treatment. For each
patient, 3—4 and 5-8 beam angles were selected for
the electron and photon components, respectively. Both
electron and photon beams were planned as step-and-
shoot apertures at standard source-axis distance (SAD)
of 100 cm. Both photons and electrons were collimated
with the Millennium photon-MLCs. As such, electron

fields were planned without the use of standard electron
applicators and cutouts.

For each beam angle, the beam’s eye view plane
is divided into a regular square grid. The dose distri-
bution due to radiation traversing one grid element is
referred to as a beamlet. Beamlets were calculated at
five electron energies (6, 9, 12, 16, and 20 MeV) and
at a 6 MV photon beam with flattening filter. A pre-
calculated Monte Carlo method was used to efficiently
calculate electron beamlets using pre-calculated elec-
tron tracks.>*3° Photon beamlets were calculated using
an in-house collapsed cone convolution superposition
algorithm 22 The particle source for both these methods
were generated from Varian-provided phase space files.
Electron phase space files had their energy tuned to
match measured data.®' All beamlet calculations were
performed on graphics processing units. Beamlets were
robustly calculated to account for positioning uncer-
tainty. This was done by calculating each beamlet in six
equally weighted additional scenarios, in addition to the
nominal (non-shifted) scenario. In each shifted scenario,
the isocenter is translated by 5 mm in one of the fol-
lowing directions: cranial-caudal, anterior-posterior and
lateral right-left.

A robust column generation optimizer®® was used
to perform simultaneous photon and electron beamlet
optimization of MBRT plans. Optimization constraints
were applied on the following structures (if applicable):
CTV, contralateral leg, ipsilateral bone, testes, and 2 mm
skin strip. A normal tissue objective (NTO) function was
employed to enforce a rapid dose fall-off in voxels out-
side the CTV. The NTO penalizes voxels exceeding a
pre-assigned threshold dose. The threshold dose is cal-
culated based on the voxel’s distance to the CTV. The
plan was normalized such that the average \750Gy over
all seven scenarios of CTV volumes receiving 50 Gy
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is 95%. It must be noted that for MBRT plans, robust
optimization is performed on the CTV rather than the
traditional PTV-based optimization.

In this study, no MBRT plans made use of bolus. For
the purpose of MBRT planning, any bolus present in the
CT (n=10) had its density overridden to air. For these
10 patients, the CTV in the MBRT plan was cropped 2
mm from the skin to allow for buildup in the absence
of bolus. This cropped CTV was used for the evalua-
tion of both the VMAT and MBRT plan. As such, any
dose comparison presented in this study is performed
on identical structures.

The planning aim for MBRT consisted of ensuring
similar or better dose homogeneity in the CTV as its
VMAT counterpart while minimizing dose to bone and
the normal tissue strip. In practice, this was achieved
by starting with strict NTO parameters to demand
sharp dose fall-offs and progressively relaxing them
at following optimization iterations until the CTV dose
homogeneity was satisfactory. To be deemed accept-
able, the near-maximum dose D2% to the CTV in MBRT
plans had to remain strictly below 110%. Doses to OAR
had to meet the constraints of Table 1, except in cases
where the VMAT plan was also unable to meet the con-
straint. In general, planning objective weights for each
structure were set in the following descending priority
order: CTV, skin, NTO, testes, bone, contralateral leg. The
active planning time spent per patient by the planner
and the total time (including time waiting for dose cal-
culation and optimization) was recorded. As this is a
retrospective study, the VMAT planning times could not
be obtained for comparison.

For plan evaluation, patient doses were recalculated
in all seven robust scenarios with an EGSnrc3® Monte
Carlo model using Varian TrueBeam phase space files.
All voxels within the patient body contour were set to
water with variable density assigned via a CT-to-mass
density curve, exported from Eclipse. As such, dose-
to-water is reported in this study. Dose calculations
were performed on uniform voxels of dimension 2.5
x 2.5 x 2.5 mm3. For a fair comparison, the dose of
the clinical VMAT plan was also robustly recalculated
using the same Monte Carlo model. The same position-
ing shifts were introduced in the robust calculation of
either treatment modalities. No renormalization or re-
optimization of the VMAT plan was performed at this
step.

To distinguish the dosimetric impact of a mixed modal-
ity treatment from the robust optimization process, an
additional non-robust MBRT plan was generated for
one representative patient. For this plan, target cover-
age constraints and prescription were applied on the
PTV, as is done in the VMAT plan. All other con-
straints were otherwise kept identical to the robust
MBRT plan. This was only done for illustrative purpose,
as arealistic implementation of MBRT should always be
done robustly.

2.4 | Plan evaluation and statistical
analysis

The DVH of all patients was computed for the CTV, the
ipsilateral bone and the normal tissue strip for each
treatment modality. The DVH of the nominal scenario
of all 22 plans were aggregated and the mean of each
DVH point and its standard error were calculated. The
cohort’'s mean DVH is calculated by evaluating the mean
volume receiving at least x Gy over all 22 plans at
every dose point x ranging from 0 to the maximum dose
received by the structure in any plan.

For each OAR, the dose metrics tabulated in Table 1
were evaluated for both modalities and compared to
their corresponding constraints. In particular, the dose
to skin in VMAT plans were found to be distinctly dif-
ferent between patients that required bolus usage and
those that did not. As such, for the purpose of the
comparison of skin dose, patients were also separated
according to their use or non-use of bolus during their
VMAT treatment.

The dose conformity to the CTV was evaluated using
the following definition of the conformity index:

_ isodose volume
clinical target volume’

(1)

where the isodose volume corresponds to the sum of
volume within the body contour that exceeds a given
isodose level. A conformity index of one would thus
correspond to the case where the isodose volume
equates the CTV. This conformity index was calculated
for multiple isodose levels (40%, 60%, 80% and 95%)
to compare the dose fall-off rate of either modality.
The near-maximum dose D2% to the CTV was also
evaluated in both plans. For both treatment modalities,
all DVHs and dose metrics were evaluated on Brems
using the same methodology. Differences in any metrics
between MBRT and VMAT plans were evaluated with
a two-tailed Wilcoxon signed-rank test using the SciPy
library on Python. Statistical significance is assumed
for p < 0.05. Differences between all uncertainties on
mean or median values in this study are reported with a
coverage factor of k = 2.

To give a depiction of the composition of an MBRT
plan, the mean CTV dose due to the photon component
and each electron energy was evaluated. The over-
all distribution was represented in a boxplot to show
the variance of electron versus photon usage across
the cohort.

3 | RESULTS

All 22 patients were successfully planned with MBRT
with clinically acceptable plan quality. The mean DVH
over the distribution of all 22 patients is plotted in
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(a) Average DVH of all 22 patients. Lines represent the mean DVH for each structure and the bands represent the 2 o

confidence interval on the mean. The planning constraints for the two OARs are plotted as inverted triangles. MBRT plans show equivalent CTV
DVH to VMAT with significant reduction in dose to normal tissue and bone. (b) Average difference DVH of all 22 patients. Lines represent the
mean difference in DVH between the VMAT and the MBRT plan for each patient, while the bands represent the two o confidence interval on the
mean difference. CTV, clinical target volume; DVH, Dose-Volume Histogram; MBRT, Mixed electron-photon beam radiation therapy; OARs,

organs-at-risk; VMAT, Volumetric Modulated Arc Therapy.

Figure 3a for both the MBRT and VMAT plans. The DVH
bands represent the +2¢ standard error on the mean.
MBRT plans provide equivalent CTV DVH as compared
to VMAT. In the nominal scenario, the CTV’s coverage
by the prescription dose was found to be equivalent
in either modality: V50 (MBRT) = 97.9+0.2% ver-
sus Viogy(VMAT) = 98.1 +0.6% (p = 0.34, Wilcoxon
signed-ranked test). The dose to normal tissue and
bone, which are the two common OARs in all sarcoma
patients, was found to be significantly lower in MBRT
plans. For each patient, the DVH of the MBRT plan
was subtracted from that of the VMAT plan to show the
decrease in dose to OARs in Figure 3b. For normal tis-
sue, Vo, Was reduced on average by 14.9 +3.2% in
MBRT plans (p < 1078). For bone, V50cy decreased on
average by 8.2 + 4.0% of the bone volume (p < 1073).
The dose constraints for the remaining OARs are eval-
uated for each plan and plotted in Figure 4a as a
scatter plot. Vsqg, to the joint and Dpeq, to the femoral
head and to the bone were found to be significantly
lower in MBRT plans according to a two-tailed Wilcoxon
signed-ranked test (mean reduction of 4.0 +2.9 % p =
0.003,4.7 +4.4 Gy p = 0.03,and 8.0 + 1.4 Gy p < 1076,
respectively). No significant difference was found in the
evaluated metric of the other OARs of Figure 4a. For
VMAT plans, the dose metrics are evaluated on the
Monte Carlo-recalculated dose and can significantly dif-
fer from the AAA dose used during treatment planning.
This lead to one plan being shown to violate testes
constraints despite originally meeting them at the time
of planning.

The near-maximum dose Dg 5. to a 2 mm thick con-
tour of the skin is plotted in Figure 4b. Patients were
separated according to their bolus usage in the clini-
cal VMAT plan, while no MBRT plans used bolus. MBRT
plans had significantly lower (p = 0.002) median Dy 5.
(50.7 £ 0.5 Gy) than VMAT plans (52.5+0.4 Gy) in
patients that had used bolus. However, in patients that
did not use bolus, Dg 5. was found to be significantly
higher (p < 10~3) in MBRT plans (48.5 + 0.5 Gy) than in
VMAT plans (42.8 + 2.6 Gy) due to the higher electron
surface dose.

The conformity index to the CTV was evaluated for
four isodose levels to compare the rate of the dose
fall-off and plotted in Figure 4c. At 95% of the pre-
scription dose, both the MBRT and VMAT plans for all
patients have a Cl larger than one. At the 40% iso-
dose level (20 Gy), the median Cl was found to be
significantly smaller in MBRT plans: 2.4 + 0.3 versus
3.3+ 0.3 for VMAT (p < 107%). This indicates a more
rapid dose fall-off in MBRT plans outside the CTV, such
that a smaller volume of the body is subjected to lower
dose baths.

The near-maximum dose D2% to the CTV is also plot-
ted in Figure 4d. MBRT plans were found to have a
statistically significantly higher D2% than VMAT plans:
median DZ%MBRT =53.6+0.2 Gy versus DZ%VMAT =
53.2+ 0.2 Gy, p = 0.046. This difference can also be
observed in the slightly wider CTV DVH curve in MBRT
plans in Figure 3a. Nevertheless, as the difference in
D2% is small in magnitude, the CTV homogeneity would
be deemed practically equivalent in clinical practice.
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FIGURE 4 (a) Comparison of the dose to various OARs. The metric evaluated for each OAR are obtained from Table 1. The red dotted

lines represent the maximum constraint for each metric. Doses to the joint, the femoral head and to the whole ipsilateral bone were found to be
significantly lower in MBRT plans according to a Wilcoxon signed-ranked test. (b) Near-maximum (0.5 cc) dose to 2 mm skin. The maximum
dose constraint to skin (51.5 Gy, 103% of the prescription dose) is drawn with red dotted lines. Patients are separated according to their bolus
usage in their VMAT plans. No bolus was used in any of the MBRT plans. (c) Conformity index to the CTV for different isodose levels. (d)
Near-maximum dose D2% to the CTV. Lines within the boxplots represent the median of each distribution. Notches represent the 95%
confidence interval on the median. Outliers, calculated to be lying beyond 1.5x the interquartile range, are illustrated as crosses. CTV, clinical
target volume; MBRT, Mixed electron-photon beam radiation therapy; OAR, organs-at-risk; VMAT, Volumetric Modulated Arc Therapy.

A comparison of the two modalities is depicted in
Figure 5 for a representative patient of the cohort. Bolus
was used for the VMAT treatment of this patient but was
overridden to be air for MBRT planning. For the four iso-
dose levels that were evaluated (20%, 40%, 80% and
100% of the prescription dose), the isodose volumes
were consistently smaller in the MBRT plan (Figure 5a).
This illustrates the steeper dose fall-off that is charac-
teristic to MBRT. Due to this effect, a lower dose to both
the normal tissue strip and bone can be observed over
almost the entirety of their DVH curves in Figure 5b.
The shaded DVH bands represent the robust range of
DVH values as evaluated over seven positioning sce-
narios. Without resorting to bolus, the CTV DVH of the
MBRT plan can be seen to overlap with the VMAT’s
DVH, indicating equivalent target coverage. The 50 Gy

isodose shows higher dose conformity and bone spar-
ing of the MBRT plan, while CTV is adequately covered
in all robust scenarios as evidenced by the overlapping
CTV bands.

To evaluate the contribution of photons and each
electron energy in MBRT plans, the mean CTV dose due
to each component is plotted as a boxplot in Figure 6.
Although there is considerable variation across plans,
the CTV dose is overall somewhat evenly distributed
between electrons versus photons. Among electron
energies, the higher energies have a significantly larger
contribution to the mean CTV dose. Nevertheless, it must
be noted that lower electron energies tend to be respon-
sible for doses in specific spatial regions of the target
(e.g., more superficial regions). Therefore, when aver-
aged over the entire CTV, their mean CTV dose will
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appear smaller due to the smaller volume in which they
have a dose contribution.

For one representative patient, an additional non-
robust PTV-based MBRT plan was generated and
compared to the robust MBRT and non-robust VMAT
plans in Figure 7. The CTV's Vjo, was evaluated
to be similar in the three plans: 97.4%, 98.2% and
99.2% in the PTV-based MBRT, robust MBRT and
VMAT plans, respectively. On the other hand, both
MBRT plans offered better sparing of the normal tissue

Ipsilateral Bone - MBRT-Robust -
==~ Ipsilateral Bone - VMAT

Ipsilateral Bone - MBRT-PTV

CTV - MBRT-Robust

| ==- cTv-VMAT

CTV - MBRT-PTV

Normal Tissue - MBRT-Robust
=== Normal Tissue - VMAT

Normal Tissue - MBRT-PTV

volume / %

dose / Gy

FIGURE 7 DVH of one representative patient featuring three
plans: the robustly optimized MBRT plan, the clinical VMAT plan and
a PTV-optimized MBRT plan. Both the robustly optimized and
PTV-optimized MBRT plans used the same optimization constraints.
The PTV-optimized MBRT plan shows superior sparing of normal
tissue compared to VMAT due to the sharper electron dose fall-off
with depth. However, even more sparing is achieved in the
robustly-optimized MBRT plan. DVH, Dose-Volume Histogram; MBRT,
Mixed electron-photon beam radiation therapy; PTV, planning target
volume; VMAT, Volumetric Modulated Arc Therapy.

strip than VMAT with V5c,(MBRT-PTV) = 8.8% and

Va0Gy(MBRT-Robust) = 5.1% vs. Vaga, (VMAT) = 12.2%.

On average, MBRT plans required around 1 h of active
planning time, with less than three optimization attempts
for most cases. However, the total planning time took on
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average 3 days due to the time-consuming robust beam-
let calculations, robust optimization, and robust Monte
Carlo recalculation.

A RATING score of 98% was achieved and the score
sheet is provided in the Supplementary material.

4 | DISCUSSION

In STS, higher nominal doses have been associated with
increased edema and bone fracture rate5%” Lower inci-
dence of late toxicities in two phase Il clinical trials*° is
attributed to smaller target volumes. To reduce the risk
of long-term sequelae, doses outside the target should
therefore be minimized. The average DVH difference
plot in Figure 3b shows consistently lower dose volumes
at practically all dose points to the normal tissue contour
and bone in the MBRT plan. The normal tissue was sys-
tematically contoured to be the subtraction of the PTV +
5 mm margin and bone contours from the limb contour.
Therefore, this result indicates that on average, MBRT
plans deliver significantly less dose outside the target.
This effect is even more pronounced when examining
volumes subjected to low dose baths. As the dose of
electron beams falls off much more rapidly with depth
than photon beams, MBRT subjects fewer voxels beyond
the target to low dose baths.

The dose to the CTV was found to feature slightly
higher hot spots in MBRT plans as indicated by the
D2% in Figure 4d. As MLC-collimated electron beams at
SSD 100 cm have inherently wider penumbras than pho-
ton beams and a distinct depth dose curve, their usage
tends to increase the dose heterogeneity within the CTV.
MBRT as a technique aims to compensate for this down-
side by using both electrons and photons. More electron
usage tends to decrease doses beyond the target at
the cost of target homogeneity. This is an optimization
problem that is defined by the constraints and weights
chosen by the planner. MBRT plans were observed
to have a median D2% to the CTV of 53.6 + 0.2 Gy
(~107% of the prescription dose), 0.4 Gy higher than
their VMAT counterpart. As per the RTOG 0630 protocaol,
no more than 20% of the PTV must receive more than
110% of the prescription dose (= 55 Gy in this study).
This criterion was met by all MBRT and VMAT plans in
this study.

In routine clinical practice, for photon planning with-
out bolus, the PTV needs to be cropped 5 mm from the
surface to leave enough tissue for buildup to occur. If
a higher superficial dose is required, a tissue equiva-
lent bolus is used to raise the dose to the surface. In
theory, despite the superficial target, the skin should still
be spared from excessive dose as it is associated with
a higher risk of wound healing complications. However,
controlling the dose downstream from the bolus is diffi-
cult when the prescription dose must be met in the target
and the reproducibility of bolus setup is uncertain. This

leads to high doses to skin as observed in Figure 4b
which exceed the maximum skin dose constraint of
103% of the prescription dose. With MBRT, a thinner
buildup region is required due to the electron’s higher
entrance dose. As such, it provides the option of sparing
2 mm of skin while also adequately covering the rest of
the target without using bolus. For this reason, for plans
that used bolus with VMAT (n=10), we have opted to
crop the CTV 2 mm from the surface. In fact, the dose to
the 2 mm of skin is further restricted in MBRT plans such
that its near-maximum dose meet the 103% constraint
(Figure 4b). At the time of surgery, if there is suspicion
of skin involvement, any underdosed skin would also be
resected. It is important to note that for these 10 plans,
the cropped CTV has been used for dose evaluation of
both VMAT and MBRT. Therefore, for every patient in this
study, any dose metrics that is compared between VMAT
versus MBRT is reported on identical CTVs.

Of the 22 patients that were planned in this study,
10 patients required the use of bolus for their original
VMAT treatment. In contrast, no patients required the
use of bolus in MBRT plans. Similarly, Mueller et al. have
shown for a superficial chest wall case that the plan
quality of MBRT plans was not significantly affected by
the absence of bolus?® Bolus usage entails significant
logistical effort in the clinical workflow. Bolus must be
positioned in similar conditions during simulation and at
every fraction of the treatment. It is difficult to quantify
the difference in bolus thickness and density at each
instance. This introduces a substantial uncertainty on
the dose to the skin and to the target in the VMAT deliv-
ery. Bolus usage has been associated with increased
frequency of chronic skin telangiectasias® Although the
use of bolus has not been directly correlated with major
wound complications,*®3? it tends to increase the dose
to skin as can be seen in Figure 4b. Higher doses
to skin can lead to acute skin toxicity such as radia-
tion dermatitis*C Moreover, LeBrun et al. found radiation
dermatitis to be a predictor of wound complications in
STS39

When bolus was not used with VMAT (n=12),a slightly
higher dose to skin was observed with MBRT. This
is expected as electron beams have higher entrance
doses than photon beams. Larger volumes of future
surgical skin flaps receiving higher doses have been
associated with higher risk of wound complications.
In this study, the near-maximum dose to skin in MBRT
plans were ensured to be lower than 103% of the
prescription dose. This was done by placing an upper
optimization constraint on a 2 mm skin contour. It must
be noted that despite the higher near-maximum skin
dose in these 12 MBRT plans, they do not exceed the
skin dose constraint. As higher weighting is placed on
achieving lower doses to skin, the optimizer will tend
to reduce the proportion of electrons versus photons
in the MBRT plan. Although reducing electron usage
does decrease doses to skin, it also has the effect of
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increasing dose to deeper normal tissue due to the
resulting increase in photons. The planner must there-
fore make a trade-off between skin dose and normal
tissue dose. As wound healing complications due to high
skin dose can still be managed, a higher concern is
generally placed on limiting risks of long-term sequelae
associated with elevated dose to normal tissue.

In the RTOG 0630 protocol® and the current study,
the dose to a longitudinal strip of normal tissue is con-
strained such that V5o, < 50%. However there is no
consensus on the definition of the normal tissue strip
contour, which is usually left at the discretion of the
radiation oncologist. Depending on the proximity of the
normal tissue contour to the CTV and its extent, there is
significant variance of the Vo, metric for a same plan.
To avoid this inconsistency from introducing bias in the
comparison of MBRT and VMAT plans, all normal tissue
strips in this study were contoured according to a con-
sistent rule described in the Methods section. As such,
normal tissue strips in this study are representative of a
proportion of the limb and, conceptually it is precisely
the volume of interest given the long-term sequelae
correlate with volume of normal tissue irradiated.

In current clinical practice, dose prescriptions for STS
are given as dose-to-water. As such, all doses in this
study have been calculated as dose-to-water to pro-
vide a fair comparison. One can question whether the
conclusions of this study would remain the same if the
absorbed dose-to-medium were to be reported. This is
a reasonable concern as electrons are used as part
of MBRT plans. The impact of scoring dose-to-medium
versus dose-to-water is estimated in the Supplemen-
tary material. We have found that dose conversions from
dose-to-water to dose-to-medium would have a clinically
equivalent effect on both MBRT and VMAT doses. The
conclusions of this study would therefore remain valid if
dose-to-medium had been calculated.

The present study assesses the potential dosimet-
ric benefits of an implementation of MBRT compared
to the current clinical practice. To provide a repre-
sentative comparison to the dose distributions being
delivered to patients, no re-optimization of VMAT plans
were performed. All VMAT plans were optimized on
Eclipse, using AAA for dose calculation. On the other
hand, MBRT was optimized with in-house algorithms
featured on Brems. In particular, MBRT optimization was
performed robustly while VMAT optimization was PTV-
based. Photon-based treatment plans are not currently
using robust optimization in routine clinical practice.
Nevertheless, one may question if the dosimetric spar-
ing achieved in MBRT plans can be truly attributed to its
mixed modality or if it is a result of the robust optimiza-
tion. Indeed, by explicitly calculating the perturbed dose
distributions, the robust optimizer can achieve a more
conformal MBRT plan than required when imposing
isotropic PTV margins?® For one representative case,
the MBRT plan was re-optimized non-robustly using
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the PTV, but otherwise identical optimization constraints.
The DVH in Figure 7 shows that a PTV-optimized
MBRT plan still achieves better sparing of normal tis-
sue than VMAT. The sharp dose fall-off with depth is
characteristic of electron dose distributions and cannot
be featured in megavoltage photon-based treatments.
Although robust optimization can be responsible for
some of the healthy tissue sparing seen in MBRT plans,
the contribution from the electron beams’ limited pene-
tration depth is the primary reason for MBRT’s superior
healthy tissue sparing.

Due to the retrospective nature of this planning study,
no direct conclusions can be made on the impact of
MBRT on patient outcomes and toxicities. Due to the
limited cohort size obtained from a single institution,
the generalizability of the dosimetric benefits found
in this study may need to be confirmed on a larger
multi-institutional cohort. Although the difference in dose
metrics to the relevant structures were quantified, the
overall plan quality of each patient was not individu-
ally scored by clinicians and the comparison between
plans of either modality was not blinded. Furthermore, in
this study, MBRT plans were retrospectively re-optimized
and compared to clinical VMAT plans. Plans of each
modality were therefore optimized by different planners
who could have spent a differing length of time. This
could be a potential source of bias and constitutes
a limitation of the present study. As MBRT requires
no modification on current linacs to be deliverable, its
clinical applicability could be immediate. However, opti-
mization of MBRT plans remains time-consuming and
resource intensive. Future work will focus on alleviat-
ing the optimization’s bottleneck and on investigating the
applicability of MBRT to other treatment sites.

A subset of five plans were verified to be deliverable
on Varian TrueBeam linacs using Developer Mode as
part of a separate study*' A priori, all other plans should
also be deliverable. Total delivery time for one fraction
was under 15 min, with photon apertures accounting for
around half the time. As all apertures were delivered at
standard SAD, no intra-fraction couch translation was
required. This is in contrast to previous MBRT studies
that have all reported the use of shortened SSD setups
for deliveries of electron apertures29-26.31

5 | CONCLUSION

The purpose of this study was to investigate the dosi-
metric benefits of MBRT when applied to cases of STS
of the extremity. To this end, a retrospective MBRT treat-
ment planning study was performed and the resulting
plans were compared to the clinically delivered VMAT
plans. MBRT plans achieved clinically equivalent target
coverage and homogeneity as compared to VMAT, with-
out the need for bolus. For all patients, MBRT plans had
either significantly lower or equivalent doses to normal
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tissue and bone. Being deliverable on current state-of-
the-art linacs without the use of electron applicators2%-3’
or shortened SSD*" MBRT offers significant dosimetric
benefits at reduced logistical cost.
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