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Abstract

Purpose: Advanced non-small cell lung cancer (NSCLC) is still a challenging
indication for conventional photon radiotherapy. Proton therapy has the poten-
tial to improve outcomes, but proton treatment slots remain a limited resource
despite an increasing number of proton therapy facilities. This work investigates
the potential benefits of optimally combined proton—photon therapy delivered
using a fixed horizontal proton beam line in combination with a photon Linac,
which could increase accessibility to proton therapy for such a patient cohort.
Materials and methods: A treatment planning study has been conducted on
a patient cohort of seven advanced NSCLC patients. Each patient had a plan-
ning computed tomography scan (CT) and multiple repeated CTs from three
different days and for different breath-holds on each day. Treatment plans for
combined proton—photon therapy (CPPT) were calculated for individual patients
by optimizing the combined cumulative dose on the initial planning CT only
(non-adapted) as well as on each daily CT respectively (adapted). The impact
of inter-fractional changes and/or breath-hold variability was then assessed on
the repeat breath-hold CTs. Results were compared to plans for IMRT or IMPT
alone, as well as against combined treatments assuming a proton gantry. Plan
quality was assessed in terms of dosimetric, robustness and NTCP metrics.
Results: Combined treatment plans improved plan quality compared to IMRT
treatments, especially in regard to reductions of low and medium doses to
organs at risk (OARs), which translated into lower NTCP estimates for three
side effects. For most patients, combined treatments achieved results close to
IMPT-only plans. Inter-fractional changes impact mainly the target coverage of
combined and IMPT treatments, while OARs doses were less affected by these
changes. With plan adaptation however, target coverage of combined treatments
remained high even when taking variability between breath-holds into account.
Conclusions: Optimally combined proton-photon plans improve treatment plan
quality compared to IMRT only, potentially reducing the risk of toxicity while
also allowing to potentially increase accessibility to proton therapy for NSCLC
patients.
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COMBINED PROTON-PHOTON THERAPY FOR NSCLC

1 | INTRODUCTION
Lung cancer is the second most diagnosed cancer
worldwide. With an estimated 2.2 million new cases in
2020, lung cancer is only slightly surpassed by female
breast cancer (2.3 million) and is the leading cause of
cancer deaths, contributing to 18% of all cancer-related
mortalities.! The majority (83%) of diagnosed lung can-
cers are non-small cell lung cancers (NSCLC), whose
5-year relative survival rate across all stages is only
23%.2 As the majority of NSCLC patients are diagnosed
at stage Il or IV, radiotherapy is a compulsory treat-
ment for most of these patients.? Although the outcome
of radiotherapy has been improved with the imple-
mentation of state-of-the-art delivery techniques, such
as intensity-modulated radiation therapy (IMRT) and
image-guided radiotherapy, the management of NSCLC
remains challenging®> Consequently, multiple studies
have suggested using proton therapy to further improve
radiotherapy treatment outcomes for these patients.>'°
Indeed, as proton therapy can substantially reduce the
dose to normal tissues (e.g. heart, lung, spinal cord and
the esophagus), it could lead to fewer toxicities and/or
higher chance of tumor control due to the potential of
dose escalation* particularly for large central tumors
close to organs at risk (OARs).2 Unfortunately, proton
therapy is still a limited resource due to the high price for
installation, treatment and maintenance."’ Even though
the number of proton centers has rapidly increased,
there is still a large imbalance between the ~ 12’000
photon treatment units and ~ 240 proton treatment
rooms.'?-14

One possibility to increase the access to proton ther-
apy for the NSCLC patient population could be by
combining proton and photon treatments.'?'5-17 Addi-
tionally, there are challenges for a pure proton therapy
for NSCLC patients such as plan robustness and motion
mitigation, for which a combined proton—photon therapy
(CPPT) might also have beneficial aspects. Combin-
ing proton and photon therapy is an approach that has
already been shown to be of some promise for other
indications.'?15-25

Early clinical studies have investigated the combi-
nation of proton and photon therapy for tumors of
the axial skeleton such as chordomas, chondrosarco-
mas or osteo- and chondroblastomas. The rationale for
using combined treatments for these tumors however
was due to dose-limiting factors of conventional photon
therapy at the time.'®1720 Combined treatments have
also been used to reduce skin dose by adding photon
components to passively scattered proton treatments.
Compared to conventional photon therapy, delivery of
higher doses to the tumor while respecting constraints
for the OARs was possible’® and outcomes and tox-
icities for the combined treatments were comparable
to proton only treatments.'®'” Additionally, for atypi-
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cal and malignant meningiomas, combined protons and
photons have shown results comparable to the best
reported overall survival (OS) at that time?® and for
spinal sarcoma treatments?'?2 in which likewise, out-
comes were better than for photon only treatments and
comparable to proton only treatments?’ Such studies
indicate the clinical potential of combined treatment
regimes.

More recently, a growing number of treatment plan-
ning studies and methodology-oriented papers have
once again focused on the combination of protons and
photons. In;?® limited proton treatment slots for head
and neck (HN) patients was the rationale for investigat-
ing possible combinations with photons, with the proton
potentially only being used for the boost, thus reduc-
ing dose degradation as a result of anatomical changes
through the treatment. This dataset of 45 head and
neck cancer patients was then further investigated in,'®
where the authors develop methods to optimally dis-
tribute a limited number of proton therapy slots over
a HN patient cohort with the goal of maximizing the
benefit of proton resources on the population level. In
the context of liver radiotherapy, ten Eikelder et al?®
developed methods to determine the optimal number
of fractions and dose per fraction for protons and pho-
tons based on biologically effective dose (BED), showing
that combined treatments can be optimal if both modali-
ties have complementary advantages. Other works have
extended the treatment planning methodology towards
jointly optimizing proton and photon dose distributions
rather than planning each modality separately. Unkel-
bach et al.'® and Fabiano et al.'"® demonstrated that,
by jointly optimizing proton and photon fractions based
on BED, combined treatments may be obtained that
better exploit limited proton fractions by delivering an
overproportionate dose with protons. Gao?* proposed
joint optimization of IMRT and intensity-modulated pro-
ton therapy (IMPT) plans based on their cumulative dose
distribution, while adding additional objectives to enforce
that protons and photons each deliver homogeneous
doses to the target volume. Fabiano et al.'? consid-
ered joint optimization of photon and proton beams for
HN patients assuming a treatment room containing a
photon Linac and a fixed beam line for protons, allow-
ing for a delivery of protons and photons in the same
fraction.

Extending on this previous work,'? the objective here
is to investigate the potential clinical benefit of adding
a fixed horizontal proton beam line (FHB) to a con-
ventional photon gantry for treating NSCLC. Such a
treatment room design would have the chance to lower
the costs and complexity for clinical CPPT implemen-
tation, as it would make the large and expensive proton
gantry redundant. CPPT is compared to IMPT only plans
from the aspects of plan quality, robustness and bio-
logical side effects, as well as in the presence of daily
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anatomic changes and inter-breath hold variability. How-
ever, as an additional comparison, the CPPT scenario of
using a full proton gantry is also explored.

As such, we particularly wish to study the following
three questions:

1. Is there a benefit for CPPT with a FHB compared to
IMRT-only treatments?

2. Would the quality of CPPT treatments be improved
if the proton component was delivered on a proton
gantry?

3. Can CPPT compete with IMPT-only treatments?

Furthermore, since substantial anatomical changes
often occur for NSCLC patients between the plan-
ning and delivery phase?° the above questions will
be investigated in the context of both non-adaptive
and adaptive treatment strategies, and the necessity
of range robust optimization is evaluated. To the best
of our knowledge, this is the first investigation of the
potential benefit of optimally CPPT for NSCLC patients,
and is also the first work to investigate CPPT perfor-
mance taking into account inter-fractional anatomical
changes.

2 | MATERIALS AND METHODS

21 | Patient cohort

Seven locally advanced NSCLC patients have been
included in this retrospective treatment planning
study393" The location of the tumors together with
the target structure sizes are shown in Figure 1a. For
each patient, one planning CT and nine repeat CTs were
acquired in visually guided, voluntary deep inspiration
breath-hold (DIBH) on treatment days 2, 16, and 31.
For each of these days, three CTs in different breath-
holds were acquired as shown in Figure 1a. All repeat
CT’s have been rigidly registered to the corresponding
planning CT.

2.2 | Treatment planning

2.2.1 | Treatment plan optimization
As reference plans, the following, conventional IMRT and
IMPT plans were optimized:

* IMRT: 9-field IMRT plan consisting of equispaced
coplanar beams;

* Gantry IMPT: 3-field IMPT plan with patient-specific
fields delivered by a gantry. Field angles from previ-
ously published work on these patients were used and
are summarized in Table A1

* FHB IMPT: 2-field IMPT plan delivered by a FHB at
270°, if the tumor is located on the same side as the
beam line, couch angles of 20° and 340° are used,
otherwise 160° and 200°

CPPT plans were then calculated by simulta-
neously optimizing the cumulative dose of IMRT
and IMPT fields as described in ref,'? result-
ing in non-homogenous dose distributions from
both modalities. Two different CPPT plans were
created:

* FHB CPPT: CPPT plan, which optimally combines the
9 photon fields with the two proton fields.

* Gantry CPPT: CPPT combining the 9-fields IMRT and
the respective proton gantry fields.

As described above, in CPPT the proton and pho-
ton doses would be delivered consecutively in the same
treatment fraction, by delivering the proton dose by the
FHB, respectively gantry, followed directly by the deliv-
ery of the photon dose by the photon linac, or vice
versa.

All plans were calculated to deliver 70 Gy-RBE to the
planning target volume (PTV) with optimization objec-
tives being the same for all plans and patients. For the
OARs, the mean dose to the healthy lungs (both lungs
without gross tumor volume (GTV)) was minimized, for
the esophagus and the spinal cord the maximum dose
was optimized to be lower than 74 Gy-RBE, respec-
tively 45 Gy-RBE. Additional objectives were used to
optimize the sparing of the remaining healthy tissue
and for plan conformity. The full optimization methodol-
ogy can be found in the supplement.32-3* All optimized
plans, with the exception of two, fulfilled the follow-
ing dosimetric compliance criteria of the RTOG 1308
trial 2> which were not explicitly included in the objective
function:

 PTV
O D95% > 95%
O Min dose > 85%
O Max dose < 125%
* Heart
O V3OGy-RBE < 50%
O V45Gy-RBE < 35%
» Healthy lungs (both lungs without GTV)
O Vsey_RBE < 65%
O V20g.ree < 37%
O Mean dose < 20 Gy-RBE

The IMRT plan for the very large tumor case of patient
5 could not fulfill the Vg gy.ree and the Vs gy.rge criteria
for the healthy lungs. Additionally, the FHB IMPT plan for
patient 7 slightly exceeded the maximum dose criteria of
the PTV.



COMBINED PROTON-PHOTON THERAPY FOR NSCLC

MEDICAL PHYSICS =2

(a) Dataset
7 NSCLC patients:

DIBH 2

DIBH 3

Target size [cc]

500
Target structure I
B PTV

B CTV I.I N

GTV 0

(b) Treatment plans P1 (analogous P2-P7)

Plan optimization

on:

Non-adaption @ 6
strategy
CTO

CT acquisition scheme P1 (analogous P2-P7):

Recalculations on: Gy-RBE:

oo [

Prescribed

dose
() EEE

o ||
protons pho S . 60

IMRT IMPT CPPT (9-field IMRT + 2 IMPT CPPT (9-field IMRT + 3 -
(9-field) (2 horizontal fields)  horizontal proton fields) (3-field, gantry) gantry proton beams) 50
40
30
20
10

FIGURE 1

(a) Overview of the dataset including an example slice for each of the seven patients together with the target structure sizes for

the different patients. The CT acquisition scheme is shown on the example of patient 1. (b) Optimized treatment plans for patient 1 together with

the recalculation scheme for the non-adaptive and the adaptive regime

222 |
plans

Baseline, non-adaptive and adaptive

In the baseline regime, only doses optimized on the orig-
inal planning CT were considered, thus ignoring any
anatomic variations during the course of therapy. In con-
trast, for the non-adaptive regime, the plan originally
optimized on the planning CT was recalculated on all
nine repeated CTs to investigate the effect of anatomi-
cal changes combined with inter-breath-hold variability
on the dose distribution. Finally, for the adaptive regime,
plans were reoptimized on one repeat CT of treatment
days 2, 16, and 31 (CT1, CT4, CT7), and then recalcu-
lated on the two-remaining repeated CTs of each day

(e.g., CT2 and CT3 for CT1). With this approach, the
effect of the breath-hold variability on the adapted plans
could be investigated. Thus, the importance or insignifi-
cance of adaption for IMRT, IMPT, and CPPT scenarios
could be studied. A schematic representation of the two
strategies with the different plans for example patient 1
can be seen in Figure 1b.

2.2.3 | Range robust optimization

All the previously described planning strategies have
additionally been investigated in combination with
range robust optimization. For this, different uncertainty



COMBINED PROTON-PHOTON THERAPY FOR NSCLC

2% | \MEDICAL PHYSICS

scenarios of + 3%, + 5%, and + 7% hounsfield unit (HU)
scaling were considered. CPPT with its photon compo-
nent could be more robust. Therefore, three different
values were used to investigate if range robust opti-
mization in combination with CPPT is able to mitigate
anatomical changes to some extent and if yes, at which
values. For this probabilistic range robust optimization,
the nominal scenario was weighted with 50%, while
the over- and undershoot scenario were weighted 25%
each. To be consistent, range robust optimization was
performed for all calculated plans, including IMRT plans.
Setup uncertainties were not included however, these
being dealt with using a conventional PTV approach.®?

2.3 | Treatment plan evaluations

After calculation, all treatment plans were visually eval-
uated, and dose—volume histograms (DVHs), as well
as different dose parameter values, assessed. For the
OARs, namely the healthy lungs, heart, esophagus, and
spinal cord, dose parameters were chosen based on
RTOG 1308. For the PTV, Dgs¢, was used as an indicator
for target coverage.

2.3.1 | Normal tissue complication
probability

To have a more clinical assessment of treatment plan
quality, three normal tissue complication probabilities
(NTCPs) have been calculated to quantify the probability
of toxicities for the different treatment modalities. For the
lung, the risk of radiation pneumonitis was calculated as
follows:

125« MLD —TD
NTCPRadiation Pneumonitis = D < 50)

m TD50
(1)

with @ representing the cumulative distribution func-
tion of the standard normal distribution and the model
parameters MLD mean lung dose, m = 0.45; and
TDsg = 31.4 Gy*6

Additionally, two NTCP models from the Dutch
national proton therapy indication protocol for lung carci-
nomas were used.®” One model for esophageal toxicity
with an endpoint of a toxicity > grade 2 given by

1

Tres %

NTCPesophageal toxicity>grade2 =

Sg = —3.634 + 1.496 = In (MED) — 0.0297 x interval,
(2b)

with MED being the mean esophagus dose and interval
the overall treatment time in days.

Furthermore, an NTCP model predicting the 2-year
mortality:

1

TS

NTCPZ-year mortality =

Sy = —1.3409 + 0.0590 * VGTV + 0.2635  VMHD,
(3b)

with GTV being the volume of the gross tumor in
cm?® and MHD the mean heart dose. All NTCPs were
calculated for baseline, non-adaptive, and adaptive
regimes.

3 | RESULTS

3.1 | Baseline regime

For the optimized plans, visual inspection of the doses
for all patients showed a clear reduction of the low
dose bath on the contralateral side of the tumor for
CPPT compared to IMRT (see Figure 2a,b for patient
1 and Figure B1-B6 for patient 2—7). For the CPPT
plans in Figure 2a,b, additionally, the proton contri-
bution (Figure 2a1,b1) and the photon contribution
(Figure 2a2,b2) to the total dose are visualized. For
these treatments, the proton component of the com-
bined plans typically reduces the low and medium dose
bath to the healthy tissue, while photons are used to
improve target coverage. The relative contribution of
protons and photons to the total delivered target dose
marginally depends on the patient geometry (Figure 2f).
For the FHB CPPT, the proton contribution is in the range
of 40%—64%. Furthermore, for all patients, the proton
contribution for gantry CPPT is larger than with FHB
CPPT (46%—-84%). The spatial distribution of the pro-
ton and photon dose for the two CPPT approaches are
visualized in Figure 3 for each patient with an example
slice. Spatially, the weighting of the proton and photon
component depends on the patient geometry, as well as
on the approach chosen (FHB or gantry).

DVHs for the PTV and OARs are shown for the base-
line case of patient 1 as solid lines in Figure 4, where
there is reduction in the low and medium doses for all
OARs, a trend also observed for all patients.

Figure 5 tabulates selected dose parameters for all
patients, while the mean over all patients can be found in
Table B2. Additionally, differences between FHB CPPT
and the other modalities are shown in Figure B7.

Results for the baseline scenario for all modalities can
be summarized as follows:

1. FHB CPPT vs. IMRT: compared to the pure
IMRT treatment, the CPPT treatment achieves
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FIGURE 2

Treatment plans for patient 1 (PTV in red): (a) fixed horizontal proton beam line (FHB) combined proton—photon therapy (CPPT);

(a1) proton contribution of CPPT FHB delivered by a FHB; (a2) photon contribution of FHB CPPT delivered by 9 equispaced
intensity-modulated radiation therapy (IMRT) fields; (b) gantry CPPT; (b1) proton contribution delivered by a gantry; (b2) photon contribution of
the gantry CPPT plan delivered by 9 equispaced IMRT fields; (c) gantry IMPT; FHB IMPT; (e) IMRT. (f) Relative photon and proton contribution to
the mean dose of the PTV for the combined proton—photon therapy with the FHB and the Gantry approach for all patients

a higher Dgsy, averaged over all patients
(98.5%+0.6% vs. 99.4%=+0.2%). The largest reduc-
tions in OAR dose can be seen in lung Vaogy
(28.2%+11.5% vs. 18.1%+3.8%) and V3pgy to the
heart (12.3%+14.6% vs. 7.2%+7.3%). Dyq, to the
esophagus (99.1%+8.7% vs. 99.4%+8.6%) and
spinal cord (50.0%+8.3% vs. 45.1%+8.7%) are
however quite comparable (Table B2) apart from for
patient P1 and P2 (Figure 5e).

2. FHB CPPT vs.gantry CPPT:similar results have been
observed for gantry CPPT as for FHB CPPT, apart
from for the spinal cord where there is a substantial
reduction in Do, from 45.1%+8.7% t0 35.2%+13.5%
(Table B2) when using a gantry.

3. FHB CPPT vs. IMPT: compared to IMPT alone, FHB
CPPT increases Dgs, to the PTV (97.3%+0.8% vs.
99.4%+0.2%), while the heart V3, can be reduced
from 7.2%=+7.3% to 3.7%+5.1% and D,y of the

spinal cord from 45.1%+8.7% to 16.7%+13.9% for
IMPT alone (Table B2).

3.2 | Non-adaptive regime

The effect of anatomical changes on the baseline plans
has been estimated by recalculating all plans on each
repeat CT, thus simulating the effects of anatomical
change. We define this as the non-adaptive regime. In
this regime, target coverage is especially affected for
the CPPT and the IMPT treatment plans with the effect
being largest when recalculation is performed on CT’s
acquired later in the treatment course. For patient 1, this
can be seen in the DVH for the FHB CPPT treatment
plan in the bottom panel of Figure 4. Figure 5 shows
the reduced PTV Dgsq, for all patients of the CPPT and
IMPT plans, with a larger effect on the IMPT plans. For
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Proton Proton
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Patient 6

Patient 7

FIGURE 3 Proton and photon relative spatial dose distribution for combined proton—photon therapy (CPPT) with the fixed horizontal proton
beam line (FHB) and the gantry approach for all patients
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healthy lungs, heart, spinal cord, and esophagus. The bottom panel shows a zoom of the PTV DVH, the line types and color tones are used for a

separation between days

the OARs, the results are comparable to the baseline
regime, except for the spinal cord of patient 1 and esoph-
agus of patient 2. Averaged over all patients, the PTV
Dgs9, is substantially lowered by including all recalcu-
lated plans for the CPPT and the IMPT scenarios (Table
B3). Results for the non-adaptive regime can thus be
summarized as follows:

1. FHB CPPT vs. IMRT: despite anatomical changes,
IMRT plans achieve excellent target coverage (Dgsp,

of 99.2%+0.8%) and robust sparing of OARs, while
for FHB CPPT coverage is substantially reduced
(93.1%+4.2%). For OARs, anatomical changes have
less influence on FHB CPPT plans.

. FHB CPPT vs. gantry CPPT: reduction on target cov-

erage for gantry CPPT plans is similar (93.7%=+5.1%)
to that of FHB CPPT, although is slightly more robust
than the FHB for OAR doses.

FHB CPPT vs. IMPT: anatomical changes have the
largest impact on the IMPT alone plans, with PTV
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Dgsq, reducing to 83.1%+6.3% for FHB IMPT and
89.6%=+4.2% for gantry IMPT. For the spinal cord and
the esophagus, the FHB IMPT is for most patients
more sensitive to anatomical changes than any CPPT
scenario.

3.3 | Adaptive regime

An adaptive treatment approach has been approxi-
mated by reoptimizing the plans on one repeat CT of
each day when repeat CTs were acquired. However,
in order to then simulate the effect of variations in
breath-holds during treatment, these reoptimized plans
were then recalculated on the remaining two repeat CTs
acquired on the same day. Results for this regime for

i)

B NA A

NA A NA A
P6 P7
NA A B NA A
P6 P7

B NA A

patient 1 are shown in the middle panel of Figure 4 for
recalculations of the FHB CPPT scenario. As can be
seen, results are much closer to the baseline plan than
for the non-adaptive regime. Figure 5 shows results for
all scenarios and patients, which can be summarized as
follows:

1. FHB CPPT vs. IMRT: for the adaptive regime, PTV
Dgsq, is comparable between FHB CPPT and IMRT
(97.8% + 1.0% vs. 98.5% + 0.7%) and lung Vg,
(17.9% + 3.4% vs.28.3% + 11.7%) and heart V3qg,
(7.4% + 7.6% vs. 12.6% + 14.9%) are substantially
reduced to levels similar to the baseline case (Table
B4).

2. FHB CPPT vs. gantry CPPT: dose indices are com-
parable to the baseline regime, with only the spinal
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cord having a substantially lower value for gantry
compared to FHB CPPT (Table B4).

3. FHB CPPT vs. IMPT: compared to the IMPT alone
plans, CPPT results are close to those of the baseline
scenario (Table B4).

3.4 | Impact of range robust optimization
DVHs for range robust optimized (+3%, +5%, and
+7%) IMRT and FHB CPPT scenarios for two example
patients (P2 and P6) and for non-adaptive and adaptive
regimes are shown in Figure B8-B11. For the adap-
tive regime, range robust optimization is obsolete, as
target coverage is always preserved also for plans recal-
culated on the repeat CTs of the same day. For the
non-adaptive regime however, range robust optimization
helps to recover target coverage. However, for CPPT,
the optimizer starts to substantially increase the photon
component, compromising the benefit of CPPT. Gener-
ally,it can be seen that range robust optimization helps to
recover the target coverage for the CPPT, but OAR doses
approach the levels of the IMRT plan, especially when
higher range uncertainties are assumed. As would be
expected, range robust optimization for IMRT adds little
to their already high robustness to anatomical changes.

3.5 | NTCP

Calculated NTCPs for all plans optimized on the plan-
ning CT (baseline regime) are shown for all patients
in Table 1. The probability for acute radiation pneu-
monitis can be reduced with FHB CPPT compared to
IMRT by 1.3%-17.2% depending on the patient, with
the largest reduction being observed for patients with
the largest tumors (P1 and P5). NTCP reductions for
gantry CPPT, as well as for IMPT alone treatments are
comparable to reductions for the FHB CPPT. Moreover,
the predicted 2-year mortality is also reduced for the
FHB CPPT compared to IMRT in the range of 0.6%—
5.6%, although even higher reductions are observed for
gantry CPPT or IMPT for which NTCP reductions can
reach up to 13.0% or 22.6% respectively. Compared
to IMRT, on average, reductions over all patients were
2.5%, 4.8%, 7.4%, 8.0% for FHB CPPT, gantry CPPT,
gantry IMPT, and FHB IMPT respectively. For grade
2 esophageal toxicities, FHB CPPT reduces NTCP by
between 1.6%—10.6% compared to IMRT, with higher
reductions being observed once again for gantry CPPT
and IMPT only plans. Finally, for both the non-adaptive
and adaptive regime, the NTCP values can be found in
Tables B5 and B6. Due to the dependence on mean
dose of all the NTCP models used here, little differ-
ences are found between the non-adaptive and adaptive
regimes.
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4 | DISCUSSION

The management of NSCLC is challenging for radiother-
apy in general and proton therapy has been suggested
to improve radiotherapy treatments for NSCLC patients.
The clinical benefit of protons is currently been evalu-
ated in a phase lll trial (ClinicalTrials.gov:NCT0199381).
However, due to the higher costs, proton therapy is still
not available to all patients whom could benefit. In
this study, we have conducted a first investigation of
the potential of combining proton—photon treatments,
through simultaneous optimization, for lung cancer
patients. In particular, we investigated how such com-
bined treatments compare to single modality treatments,
not just for the baseline case, but also in the presence
of inter-fractional anatomic changes and breath-hold
variability.

In the simultaneously optimized CPPT treatments
calculated here, the proton component has been found
to mainly spare healthy tissue (reducing the dose bath),
while photons help to improve plan conformity. Around
half of the dose is delivered by protons for the FHB
approach (Figure 2f). If the proton component could be
delivered on a gantry though, the proton contribution
was found to increase for all patients, as the additional
flexibility in beam angles leads to a better dose confor-
mity due to proton alone, and thus the optimizer tends
towards a more predominant proton solution.

However, CPPT treatments with a FHB still show
substantial improvements to IMRT-only treatments for
NSCLC patients, especially in reducing the low and
medium doses to OARs and the healthy tissue. In con-
trast, for the high doses to OARs, the plan quality of
CPPT heavily depends on the patient geometry. For the
spinal cord for example, the CPPT plan delivers higher
doses than IMRT in 2/7 cases. These results are in line
with the previous conclusions for HN cancer patients,
for which the doses to OARs could also be reduced
compared to IMRT.'?

The benefit of using a gantry instead of a FHB for
CPPT can help to further reduce the dose to the spinal
cord for six out of seven patients in our dataset, depend-
ing on the relative location of the spinal cord to the tumor.
In general, however, the benefit of using a gantry as part
of CPPT is questionable with IMPT only plans mainly
improving the dose delivered to the spinal cord and the
heart, whereas target coverage is better for CPPT.

From the repeat CT datasets used here, it could
be observed that inter-fractional anatomical changes
were substantial for most patients. In particular, target
coverage of both CPPT and IMPT is degraded if the
original plan is recalculated on this changed anatomy.
On the other hand, for the OARs, the influence is rather
small. Unsurprisingly, IMRT treatment plans have been
found to be robust to the same anatomic variations,
while CPPT is more robust than IMPT only treatments.
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TABLE 1 NTCPs for radiation pneumonitis, 2-year mortality, and dysphagia of grade 2 or higher for the different treatment plans and
patients, together with the reduction compared to the intensity-modulated radiation therapy (IMRT) plan
FHB Red. to Gantry Red. to Gantry Red. to FHB Red. to
NTCP [%] Patient IMRT CPPT IMRT CPPT IMRT IMPT IMRT IMPT IMRT
Radiation pneumonitis  P1 13.7 7.7 -6.0 8.3 -5.4 7.2 —6.4 7.3 —6.3
P2 10.1 6.2 -3.9 6.5 -3.5 4.1 —6.0 5.7 —4.4
P3 8.7 5.2 -3.5 4.9 -3.8 4.4 —43 4.9 -3.9
P4 8.7 6.3 -23 5.9 2.7 5.3 -3.3 7.4 -1.3
P5 26.9 9.7 -17.2 9.6 -17.3 9.2 -17.7 6.2 -20.7
P6 4.9 3.6 -1.3 3.2 -1.7 2.9 -2.0 3.1 -1.8
P7 7.3 4.8 -2.5 4.7 -2.6 5.3 -2.0 5.8 -1.4
Avg 11.5 6.2 -5.2 6.2 -5.3 5.5 -6.0 5.8 -5.7
2-year mortality P1 47.5 448 -2.7 43.6 -39 43.6 -4.0 42.5 -5.0
P2 58.4 54.3 —-4.1 454 —-13.0 38.3 -20.1 35.8 —22.6
P3 35.4 34.9 -0.6 32.9 -2.6 31.5 —4.0 30.7 —4.8
P4 60.4 59.1 -1.3 58.5 -1.9 56.1 -4.3 56.6 -3.8
P5 78.5 72.9 -5.6 72.4 —6.1 7.7 -6.8 71.2 -7.3
P6 31.4 30.6 -0.9 29.4 -20 29.0 —-24 29.4 -2.0
P7 471 451 -2.0 43.3 -3.9 36.5 -10.6 36.9 -10.3
Avg 51.3 48.8 -25 46.5 -4.8 43.8 -7.4 43.3 -8.0
Esophageal toxicity P1 31.9 21.3 -10.6 19.9 -12.1 12.8 -19.1 21.4 -10.5
P2 28.9 18.3 -10.6 13.6 -15.3 71 -21.8 13.2 -15.7
P3 46.2 41.9 —-4.4 39.0 -7.2 33.7 -12.5 29.6 -16.6
P4 9.0 6.6 -24 5.5 -3.5 4.3 -4.8 5.8 -3.2
P5 53.9 45.8 -8.1 43.0 —-10.9 37.3 -16.7 40.1 -13.9
P6 26.1 17.3 -8.8 11.3 -14.8 9.6 -16.5 12.6 -13.5
P7 52.6 51.0 -1.6 51.2 -1.4 45.6 -7.0 48.2 —4.4
Avg 35.5 28.9 —6.6 26.2 -9.3 21.5 -14.0 24.4 -11.1

Nevertheless, our results show that adaption would be
an advantage for most patients even when treated using
a CPPT regime. In contrast, our results from combining
CPPT with range robust optimization are inconclusive
and require further work. Although it appears to make
CPPT plans more robust to anatomical changes, at
least for larger magnitudes of range uncertainty and
the combined optimization used in this work, this is
achieved by simply increasing the IMRT component of
the treatment, thus effectively mitigating the advantages
of the CPPT approach. It should be noted however,
that the anatomical changes studied here are limited
to three time-points, and further investigations on data
with more time-points will be needed to check the time
intervals for which adaption might be necessary. Addi-
tionally, as DIBH might not be feasible for all patients,
the feasibility of CPPT in combination with motion mit-
igation approaches needs to be further investigated,
together with the clinical feasibility of enhanced DIBH
approaches.3®

CPPT also shows promising results in terms of NTCP,
with CPPT plans consistently reducing the probabil-

ity for radiation pneumonitis compared to IMRT. This
reduction is especially pronounced in the case of large
tumors and IMPT only or gantry-based CPPT do not
bring additional benefit for this complication, indicating
the potential effectiveness of a fixed beam concept.
However, FHB CPPT is not so effective at reducing
the probability of > = grade 2 esophageal toxicities in
comparison to gantry CPPT or IMPT only plans. Impor-
tant to mention, there is the possibility of even better
gantry angles, as the comparison between FHB and
gantry was not the main comparison of this work and
to stay consistent, we chose the previously published
beam configurations,>® which were considered in order
to help plan robustness, provide clinically adequate dose
homogeneity across the PTV and to spare the contralat-
eral lung completely. The difficulty of finding the optimal
beam angles using the example of Patient 4 are dis-
cussed in Supplement C. For the most severe NTCP
studied (2-year mortality), NTCP reductions for FHB
CPPT compared to IMRT are also smaller in magnitude.
However, for such a severe endpoint, even a small reduc-
tion could be seen as highly beneficial. The influences
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of inter-fractional changes and breath-hold variability on
all the studied NTCP values are small, as all models
are dependent on mean dose which is only marginally
affected by anatomical changes.

Although the normal tissue sparing advantages of
FHB CPPT in comparison to IMRT for NSCLC have been
found to be somewhat less than those of gantry-based
IMPT-only treatments, this approach could nevertheless
be of interest due the simplicity of the machine and the
very much reduced space that would be required for
such a treatment room. Indeed, an FHB could also be
potentially combined in an existing Linac vault. In addi-
tion, in this work, we have assumed no inclination angle
for the fixed beam line. However, additional research is
also needed in the future to determine whether there
are possible additional benefits of inclined proton beam
lines or other beam line configurations. An inclined beam
line could give the chance to different beam angles
for the fixed beam line approach. On the other hand,
the optimal inclination angle is expected to vary for dif-
ferent indications and needs therefore more extensive
research to find the optimum for multiple indications,
which is beyond the scope of this paper. Additionally,
an inclined beam line might increase the cost of the
treatment compared to a horizontal beam line. Another
option which could increase the flexibility of a fixed hor-
izontal beam line substantially is an upright positioning
of the patient, which lately gained interest again in the
community and by vendors 3942

5 | CONCLUSIONS

Optimally CPPT has the potential to increase the acces-
sibility of NSCLC patients to the benefits of proton
therapy. Such combined treatment plans improve the
delivered dose compared to IMRT, with the plan qual-
ity being reduced only for certain OARs and for some
patients in comparison to IMPT-only plans. Furthermore,
NTCP analysis has indicated that the probabilities for
radiation pneumonitis, > = grade 2 esophageal toxic-
ity and for 2-year mortality can be reduced for CPPT
compared to IMRT, and that CPPT can reduce the sen-
sitivity of the plan to anatomical changes. Nevertheless,
in the presence of large inter-fractional changes, adap-
tive therapy regimes may be necessary in combination
with CPPT to preserve target coverage.
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