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Abstract: Although lung cancer rates are decreasing nationally, lung cancer remains the leading cause
of cancer related death. Despite advancements in treatment and technology, overall survival (OS) for
lung cancer remains poor. Proton beam therapy (PBT) is an advanced radiation therapy (RT) modality
for treatment of lung cancer with the potential to achieve dose escalation to tumor while sparing critical
structures due to higher target conformality. In early and late-stage non-small cell lung cancer (NSCLC),
dosimetric studies demonstrated reduced doses to organs at risk (OARs) such as the lung, spinal cord,
and heart, and clinical studies report limited toxicities with PBT, including hypofractionated regimens. In
limited-stage SCLC, studies showed that regimens chemo RT including PBT were well tolerated, which may
help optimize clinical outcomes. Improved toxicity profiles may be beneficial in post-operative radiotherapy,
for which initial dosimetric and clinical data are encouraging. Sparing of OARs may also increase the
proportion of patients able to complete reirradiation for recurrent disease. However, there are various
challenges of using PBT including a higher financial burden on healthcare and limited data supporting
its cost-effectiveness. Further studies are needed to identify subgroups that benefit from PBT based on
prognostic factors, and to evaluate PBT combined with immunotherapy, in order to elucidate the benefit

that PBT may offer future lung cancer patients.
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Introduction I and II, 33%) and stage IV (39%) diseases (3). Despite

. . advancements in treatment and technology, overall survival
Although lung cancer rates are decreasing nationally (1), &y

lung cancer remains the leading cause of cancer related (OS) for lung cancer remains poor.

death (2). In 2010, it was observed that 28% of patients had
stage III disease at diagnosis, and this ratio had decreased
slightly, as more patients were diagnosed with early (stages

Approximately 85% of lung cancers diagnosed in the US
are non-small cell lung cancer (NSCLC) (4). According to
guidelines published by the American Society for Radiation
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Oncology and National Comprehensive Cancer Network,
stereotactic body radiation therapy (SBRT) is now regarded
as the standard-of-care of medically inoperable, peripherally
located early-stage NSCLC (5,6). Due to lack of randomized
data, SBRT is not recommended as an alternative to
surgery in operable patients with standard operative risk
at this time (5). Standard concurrent chemoradiation
therapy (CRT) for LA-NSCLC (locally advanced NSCLC)
has reached a therapeutic plateau, and variations in the
chemotherapy backbone and addition of consolidation
chemotherapy have failed to improve survival (7).
Consolidation therapy with the anti-PD-L1 antibody,
durvalumab, after CRT, improved progression-free survival
(PFS) and OS in stage III NSCLC (8,9). Early studies of
dose escalation with photon-based RT suggested a role for
dose escalation in improving locoregional control and OS,
compared to historic data (10,11). However, in the phase III
RTOG 0617 trial, dose-escalated RT resulted in inferior OS
compared to standard RT in patients with LA-NSCLC (12).
The rate of grade >3 esophagitis increased from 7% to
21%, and increased severity of esophagitis was a negative
predictor of OS. Several cardiac dose parameters, including
heart V5, V30, and V40, were also negative predictors of
OS, supporting a need to minimize radiation exposure to
organs at risk (OAR) (13).

About 15% of all lung cancer diagnoses are small
cell lung cancer (SCLC). SCLC is considerably more
aggressive than NSCLC, often presenting with bulkier
disease closer to dose-limiting mediastinal structures.
The 5-year survival rate of SCLC is approximately 6%,
compared to 23% for NSCLC (4). Approximately two-
thirds of patients present with extensive stage SCLC, with
the rest having thorax-confined, non-metastatic limited-
stage SCLC (LS-SCLC). While median OS for LS-SCLC
was previously approximately 1 year (14), it has improved
due to advancements in image-based staging (15), treatment
paradigms, and salvage therapies. The CONVERT trial,
which accrued patients with LS-SCLC from 2008-2013,
demonstrated a median OS of 25 months in the once-
daily RT group and 30 months in the twice-daily group
after treatment with 3D conformal radiotherapy 3DCRT)
or intensity-modulated radiation therapy (IMRT) with
concurrent chemotherapy (16). A multi-institutional
analysis demonstrated high rates of local control (LC) and
low rates of treatment-related toxicities in the treatment of
stage I SCLC with stereotactic ablative radiotherapy (SABR)
(median dose 50 Gy) (17). LC was 97.4% and 96.1% at one
and three years, respectively, and the median OS rate was
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71.1% and 34.6% at one and three years, respectively. A
few studies of concurrent IMRT and chemotherapy for LS-
SCLC show promising outcomes and toxicities (18-20).

Proton beam therapy (PBT) has unique physical
properties as manifested by the Bragg peak phenomena.
As a charged particle moving through matter deposits
energy and dose along its path, the energy loss per unit
path length is relatively constant until it reaches a peak,
beyond which very little residual dose remains (21). Thus,
while photons cause ionizing damage to tissue throughout
the entire axis of the beam, protons lack an exit dose. This
decreases radiation exposure to OARs and potentially
decreases radiation-induced toxicities (see Figure I). This
may particularly benefit lung cancer patients with poor
pulmonary function, interstitial lung disease, cardiovascular
disease, or patients receiving re-irradiation.

There are two predominant modes of proton delivery,
passive scattering proton therapy (PSPT) and pencil-
beam scanning (PBS) proton beam therapies. In PSPT,
the tumor volume is irradiated as a whole, and conformal
coverage in the distal edge of tumors is achieved using
range modulation wheels, compensators, and beam
apertures. In PBS, the tumor volume is treated spot-by-spot
using a magnetic scanning system combined with energy
modulation. PBS achieves higher target conformality in
both the distal and proximal edge of tumors with delivery
of intensity-modulated proton therapy (IMPT), reducing
the low-to-intermediate dose to critical normal tissues
relative to IMRT or PSPT in dosimetric studies (22).
However, compared to PSPT, IMPT carries an increased
risk of the interplay effect with tumor motion, which can
degrade the quality and robustness of an IMPT plan (23).
Four-dimensional computerized tomography, repainting
techniques, and worst-case-scenario-based robust
optimization are being utilized to improve the robustness
of IMPT thoracic radiation delivery (24-30). Ultimately,
PSPT plans would typically be less conformal, however,
highly precise motional control requirements as afforded by
PBS are not as much of a burden and challenge technically
for thoracic tumors. The International Particle Therapy
Co-operative Group (PTCOG) Thoracic Subcommittee
released a consensus statement regarding this topic as well.
This is of important consideration for centers who are
actively evaluating vendors and their future capabilities and
development regarding passive scatter versus pencil beam
scanning techniques (31). We present the following article
in accordance with the Narrative Review reporting checklist

(available at http://dx.doi.org/10.21037/jtd-20-2501).
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Figure 1 Axial comparison of an IMPT plan (left) vs. IMRT plan (right) of 50 Gy delivered in 20 daily fractions for a 71-year-old female
with locally-advanced NSCLC. A gross tumor volume (GTV) is defined in red. Esophagus is defined in blue. Heart is defined in pink.
IMPT, intensity-modulated proton therapy; IMRT, intensity-modulated radiation therapy; NSCLC, non-small cell lung cancer.

Rationale for PBT for lung cancer

Due to the proximity of sensitive thoracic structures to
conventional radiotherapy, such as the esophagus, heart,
normal lungs, trachea and bronchi, and spinal cord, dose
escalation in LA-NSCLC has had limited success (12). PBT
may achieve dose escalation while providing superior OAR
sparing. In one prospective trial, 5-year local recurrence-
free survival rate was 85% for patients treated with 87.5 Gy
in 2.5 Gy per fraction using PBT, with grade 3 dermatitis
and pneumonitis in 2.9% and 2.9% of the patients only,
respectively (32). Sejpal er al. demonstrated decreased rates
of grade >3 pneumonitis and esophagitis in patients with
LA-NSCLC treated with chemotherapy and a median
dose of 74 Gy of PBT, compared to those treated with
chemotherapy and a median dose of 63 Gy of 3DCRT or
IMRT (33). Toxicity rates were lower than those seen in
RTOG 0617 and in studies with 3DCRT or IMRT and
concurrent chemotherapy (12,34,35). Therefore, PBT may
allow for dose escalation while attaining long-term local
control without increasing toxicities.

PBT may also improve safety profiles, due to its potential
in improving the overall toxicity profile of CRT especially
with high-grade side effects (36). Furthermore, many
patients with lung cancer have significant comorbidities,
more likely requiring treatment break or dose reduction,
which are associated with poor outcomes in lung cancer
therapies (37). Reduction of adverse outcomes with
PBT may lead to increased ability to tolerate CRT, and
subsequently may translate to better cancer outcomes as
a result. This may be even more relevant for patients who
require reirradiation due to locoregional recurrences but
are still clinically fit for more curative therapeutic planning
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clinically.

While PBT does not have a clear role for treating
smaller and peripheral lesions, it may be more advantageous
in the treatment of larger or central tumors due to
improved dose distributions to nearby OARs as the
planning target volumes (PTV) become larger (38). One
study demonstrated reduced dose to the chest wall and ribs
in patients with larger peripheral tumors (39). PBT may
also provide superior OAR sparing for central tumors, a
location found to be a strong predictor of toxicity (40). This
is likely secondary to reduced doses to the esophagus, heart,
major vessels, and spinal cord. PBT has also demonstrated
improved dosimetry in apical tumors (41), benefitting
patients at risk of brachial plexopathy after SBRT (42).

Indications for PBT for lung cancer

Small-cell lung cancer

Current literature on PBT for LS-SCLC is limited to
two studies. In a study of 6 patients treated with PBT and
cisplatin/etoposide, 1-year PFS and OS were 66% and
83%, respectively (43). Treatment was well tolerated with
no patients experiencing grade >3 acute or late events.
Dosimetric analysis showed superior sparing of the lung and
esophagus when compared to comparison IMRT plans.

In a larger study at the University of Pennsylvania, 30
patients were treated with cisplatin or carboplatin and
etoposide concurrently with PBT (44). Patients received
PBT twice daily with 45 Gy (1.5 Gy per fraction) or once
daily with 59.4-66.6 Gy (1.8 Gy per fraction). Compared
to IMRT, PBT plans demonstrated lower RT dose to the
heart, lungs, and esophagus, with decreased lung volume
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receiving low dose bath. In patients treated with daily
RT, there was one grade 3 pneumonitis and one grade 3
anorexia. In patients treated with twice daily RT, 1 patient
experienced grade 3 pericardial effusion, and another
experienced grade 4 esophagitis. LC rates were 85% and
69% at one and two years, respectively, and OS rates were
72% and 58%, respectively. Five (17%) patients experienced
in-field recurrence, two of which were isolated in-field
failures only.

Rwigema et a/. demonstrated comparable survival figures
to those of the CONVERT trial, and median OS and
2-year OS (28.2 months, 57.5%) were greater than those of
prior studies on photon-based CRT (16,44). For example,
the Intergroup 0096 study found 2-year OS rates of 41%
(daily RT) and 47% (twice-daily RT) and median OS of
19 months (daily RT) and 23 months (twice-daily RT) (36).
In the Cancer and Leukemia Group B 39808 study,
median OS was 22.4 months, and the 2-year OS rate was
48% (45). Importantly, all patients from the University of
Pennsylvania study tolerated the regimen of CRT without
RT breaks, and 93% of patients completed all four planned
cycles of chemotherapy. PBT may improve tolerance
of combined treatment modalities, optimizing clinical
outcomes.

Early-stage NSCLC

Dosimetric studies of early-stage NSCLC demonstrated
improved dose distribution with PBT compared to photon-
based RT. In a study of patients with stage I NSCLC, PBT
treatment plans demonstrated reduced lung V5, V10, and
V20Gy when compared to SBRT treatment plans (38). In
another study of patients with stage I and stage III NSCLC,
comparison of dose-volume histograms similarly showed
reduced mean total lung V5, V10, and V20Gy in PBT plans
when compared 3DCRT plans, even with dose escalation (46).
Furthermore, PBT reduced doses to the lung, spinal cord,
heart, esophagus, and integral dose when compared with
IMRT. A multicentric trial by the Radiation Oncology
Collaborative Comparison (ROCOCO) compared photon,
proton, and carbon-ion treatment plans for stage I NSCLC
patients and reported lower mean dose and dose to 2% of
CTV for proton and ion than IMRT. Doses to the spinal
cord were lowest with double-scattered proton therapy
plans (47).

Early PBT-based clinical studies found high rates of
2-year and 3-year OS, cause-specific survival (CSS), and
PES (Table 1) (48-50). Rates of toxicity were particularly
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low, with two studies showing no cases of grade >3 lung
and esophageal toxicities even with hypofractionation
(49,51). "Two recent studies using proton and carbon ions
demonstrated acceptable rates of toxicity with longer
median follow-up times (52,54). Two Japanese studies using
different proton protocols demonstrated higher rates of rib
fractures (56,57).

In a 12-year randomized trial at Loma Linda University
of 111 patients with early-stage NSCLC treated with
hypofractionated PBT, increasing doses were associated
with improved OS for the entire cohort (55). OS at four
years was 18%, 32%, and 51% for patients treated with 51,
60, and 70 Gy, respectively. For a subset of patients with
peripheral T'1 tumors treated with 60 or 70 Gy, LC and
OS at four years for were 96% and 60%, respectively. For
patients with T2 tumors, LC and OS were improved with
dose escalation. Notably, no patients experienced clinically
significant radiation pneumonitis or significant declines in
pulmonary function one year after PBT.

A study at MD Anderson Cancer Center using a
hypofractionated regimen of PBT (87.5 Gy/2.5 Gy
fractions) also reported limited toxicities (59). At median
follow-up time of 16.3 months, LC was 89%, and distant
metastasis-free survival (DMFS) was 72%. Grade 3
dermatitis was observed in 17% of patients, and no grade
4 or 5 toxicities occurred. When the study was updated in
2017 and included 35 additional patients, OS rates were
86%, 43%, and 28% at 1, 3, and 5 years, respectively (32).
At a median follow-up time of 83.1 months, local
recurrence-free and distant-metastasis-free survival rates
were 85% and 54%, respectively. There were 1 grade 3
dermatitis and 1 grade 3 pneumonitis.

Nantavithya et /. studied the efficacy and toxicity of
stereotactic body proton therapy (SBPT) delivered through
passive scattering technique compared to those of photon
based SBRT (58). While the study closed early due to poor
accrual, outcomes of 19 patients who received 50 Gy in 4
fractions were analyzed. At 3 years, rates for OS were 28%
and 90%, LC 88% and 90%, and regional control 48% and
90% in the SBRT and SBPT groups, respectively. In the
SBPT group of patients, one case of grade 3 skin fibrosis
was observed, but no grade 4 or 5 toxicities occurred.

Previous studies have reported correlations between
clinical and PBT-related factors and patient outcomes. In
the Loma Linda University study, stage IA patients had
decreased tumor relapse rates (13%) compared to stage
IB patients (51%) (55). Stage IA patients also experienced
improved OS (48,55). Shioyama ez 4/. found that stage IA
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Table 2 Proton therapy studies for locally advanced non-small cell lung cancer

Reference ngple Stage Radiation dose  Technique Median Outcomes Grade >3 toxicities
follow-up
Sejpal etal. 62 1l 74 Gy (RBE) PBT, 15.2 N/A 2% and 5% grade >3 pneumonitis
(83) [2011] proton, 63 Gy 3DCRT,  months and esophagitis (proton), 30% and
photon IMRT 18% pneumonitis and esophagitis
(BDCRT), 9% and 44% pneumonitis and
esophagitis (IMRT)
Changetal. 44 1] 74 Gy (RBE)in2 PSPT 19.7 1yr: OS 86%, PFS 11.4% grade 3 dermatitis, 11.4% grade 3
(64) [2011] Gy (RBE) fractions months 63% esophagitis, 2.3% grade 3 pneumonitis,
2.3% pulmonary/pleural fistula
Nguyen et al. 134 Il (n=21), 74 Gy (RBE)or PSPT 56.4 5yr: OS 30% (II), 4% grade 3 esophagitis, 2% grade 3
(65) [2015] Il (h=113) 60-72 Gy (RBE) months 25.3% (IlIA), 44.5% pneumonitis, 6% grade 3 dermatitis, 1%
in 2 Gy (RBE) (IB); DFS 19% (ll), grade 4 esophagitis
fractions 17.4% (INA), 14.1%
(B
Changetal. 64 11l 74 Gy (RBE)in2 PSPT 27.3 5yr: OS 29%, 8% grade 3 esophagitis, 2% grade
(66) [2017] Gy (RBE) fractions months PFS 22% 4 esophagitis, 12% late grade 3
pneumonitis, 2% grade 4 bronchial
fistula
Liao et al. (63)149 11B-I1IB 74 Gy (RBE) PSPT 241 1yr: LF 10.9% 7% grade =3 pneumonitis (IMRT), 11%
[2018] (n=92), months (IMRT), 10.5% grade =3 pneumonitis (PSPT)
IMRT (PSPT)
(n=57)

Gy (RBE), Gray (relative biological effectiveness); PBT, proton beam therapy; PSPT, passive scattering proton therapy; 3DCRT, 3D
conformal radiotherapy; IMRT, intensity-modulated radiation therapy; OS, overall survival; PFS, progression-free survival; DFS, disease-

free survival; LF, local failure

patients had longer cause-specific and disease-free survival
(88% and 89%) compared to stage IB patients (23%
and 17%) (48). Similarly, in another study, locoregional
recurrences occurred more frequently in stage IB patients
(30%) than in stage IA patients (6%) (50). In contrast, other
studies found no associations between clinical substage and
OS (32,52,53,57). While one study found radiation dose
and tumor location to be significant prognostic factors
for disease and local recurrence (56), another found no
association between radiation dose and local control or
PES (57). Further studies are required to elucidate which
clinical factors are associated with better outcomes for
early-stage NSCLC patients.

Locally advanced NSCLC

Dosimetric and clinical studies suggest that PBT improved
toxicity profiles compared to photon-based treatments.
Compared to photon plans, proton plans for the treatment
of LA-NSCLC have shown similarly robust clinical
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target volume (CTV) coverage and lower doses to OARs,
including the heart, spinal cord, esophagus, and lung
(60,61). In a prospective longitudinal observational study
of patient-reported outcomes, patients treated with PBT
experienced decreased esophagitis-related pain as a local
symptom compared to patients treated with 3DCRT or
IMRT, even though the PBT group received a significantly
higher prescription dose (62). In another study, PSPT has
demonstrated decreased mean doses to V5-V10 Gy but
increased doses to V20-V80 Gy volumes when compared
to IMRT (63); the increased V20-V80 Gy likely reflects the
3D-conformal technique of PSPT with utility of large field
margins. PSPT showed decreased mean doses to the heart
at all measured dose levels.

Studies on patients with LA-NSCLC treated with PBT
have also demonstrated excellent clinical outcomes with
acceptable toxicities (7zble 2). A Mayo Clinic study of 79
patients demonstrated similar OS, DMFS, and freedom
from locoregional recurrence in patients treated with

IMPT wvs. IMRT at 1 year’s mark (67). Five IMPT patients
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and 4 IMRT patients experienced grade 3 or 4 toxicities.
One patient developed grade 5 pneumonitis in the setting
of idiopathic pulmonary fibrosis 6 months after IMRT.
In a study of 44 patients with stage III NSCLC treated
with concurrent chemotherapy and PBT, median OS was
29.4 months, and 1-year OS and PFS rates were 86%
and 63 %, respectively (64). At median follow-up time of
19.7 months, 21% of patients experienced local disease
recurrence, with 9% being isolated local failure. The most
common grade 3 toxicities were dermatitis and esophagitis,
and no patients experienced grade 4 or 5 toxicities. The
study was updated in 2017 to include 64 patients, with
median follow-up of 27.3 months for all patients and
79.6 months for survivors (66). Median OS was
26.5 months, and 5-year OS and PFS rates were 29%
and 22%, respectively. Rates of distant metastases and
locoregional recurrence at 5 years were 54% and 28%,
respectively. Grade 3 acute esophagitis and late pneumonitis
occurred in 8% and 12% of patients, respectively. Late
grade 4 esophagitis and bronchial fistula occurred in 1
patient for each toxicity, and no acute or late grade 5
toxicities were observed.

Similar results were reported in another study of long-
term clinical outcomes for 134 patients with stage II-I11
NSCLC treated with concurrent PBT and chemotherapy (65).
Median follow-up time was 4.7 years, and median OS were
40.4 months and 30.4 months in patients with stage II and
stage III NSCLC, respectively. Disease-free survival rates
were 17% (stage II) and 18% (stage III) at five years. Grade
3 pneumonitis, esophagitis, and dermatitis occurred in 1%,
4%, and 6% of patients, respectively, and one case of grade
4 esophagitis was observed.

A randomized trial comparing PSPT vs. IMRT for locally
advanced NSCLC did not demonstrate any difference in
the primary endpoint of grade >3 pneumonitis or local
failure rates (63). It was noted that some of the initial
patients on the PSPT arm that experienced pneumonitis
could have been avoided with more modern planning
techniques. In a National Cancer Data Base analysis of
243,822 patients with stage I-IV NSCLC (348 patients
with PBT), S-year OS was 23.1% and 13.5% for patients
treated with PBT and photon-based RT, respectively (68).
For patients with unresectable stage II and III NSCLC,
PBT was also associated with better survival compared with
photon-based RT. IMPT has not been compared directly
with IMRT in this setting; further study of PBT wvs. IMRT
for locally advanced NSCLC is needed and we encourage
continued enrollment on RTOG 1308, a randomized phase
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IIT trial on stage II-IIIB NSCLC that is currently ongoing
(ClinicalTrials.gov Identifier: NCT01993810, estimated
completion date: Dec 31, 2025) (69).

Proton therapy may allow for safer dose escalation or
delivery of hypofractionated radiation for LA-NSCLC. In
a retrospective study of 62 patients with stage III NSCLC,
PBT was delivered at a higher dose (74 Gy) than photon-
based radiation (63 Gy) but resulted in lower rates of
esophagitis and pneumonitis (33). Grade 3 or higher
pneumonitis cases occurred in 2%, 30%, and 9% of the
PBT, 3DCRT, and IMRT groups, respectively. Rates of
grade 3 or higher esophagitis cases were 5%, 18%, and
44% in the PBT, 3DCRT, and IMRT groups, respectively.
A multicenter phase 1 trial evaluating concurrent
chemotherapy with increasing dose-per-fraction proton
therapy for patients with unresectable stage II-III NSCLC
found that hypofractionated proton therapy can be achieved
with an acceptable rate of 1-year toxicities (70). Dose arms
ranged from 2.5 Gy (RBE) per fraction to 4.0 Gy (RBE)
per fraction to 60 or 60.01 Gy (RBE), and no maximum
tolerated dose was identified. Two severe adverse events
occurred among 7 patients treated at 3.53 Gy (RBE)
per fraction [total 60.01 Gy (RBE)], both of which were
attributed to chemotherapy. While the study closed early
before accrual was met, these preliminary results are
encouraging and support further study in a phase 2 trial.

Post-operative radiotherapy (PORT) for NSCLC

National Comprehensive Cancer Network guidelines
recommend PORT for patients with N2 nodal involvement
(especially for extracapsular extension) or with microscopic
positive margin/residual disease. Because the primary
concern regarding use of PORT is the possibility of
toxicity negating the gain therapeutically, PBT becomes an
attractive treatment option to minimize the risk to benefit
ratio by OAR dose reduction.

Initial dosimetric and clinical data are encouraging. In a
comparison of IMRT, PSPT, and IMPT plans for patients
with resected stage ITA NSCLC treated with PORT, IMPT
showed the greatest reduction in dose to OARs including
the spinal cord, lung, and heart (71). In a study evaluating
clinical outcomes of 61 patients who underwent PORT with
PBT or IMRT, PBT was well tolerated with similar grade
3 pneumonitis (3.7% proton vs. 2.9% IMRT) and lower
grade 3 esophagitis (3.7% proton, 11.8% IMRT) rates (72).
One-year OS and local recurrence-free survival rates
were also similar between the 2 cohorts. The Proton
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Table 3 Proton therapy studies for irradiation of recurrent non-small cell lung cancer

. . Median Patients with )
Sample . Reirradiation ) Median o
Reference ) Technique time to concurrent Outcomes Grade =3 toxicities
dose [Gy (RBE)] .~ . . follow-up
reirradiation chemotherapy
McAvoy et al. 33 PSPT 66 Gy (RBE) in 17 months 24% 11 months 1 yr: OS 47%, PFS 9% grade >3 esophageal,
(74) [2013] 32 fractions 28%, DMFS 39%  21% grade =3 lung
McAvoy etal. 102 PSPT, 60.48 EQD2 Gy 36 months 33% 6.5 2 yr: OS 33%, DMFS 7% grade >3 esophageal,
(76) [2014] IMRT months  37%, LFFS 34% 10% grade =3 lung
Chao et al. (77) 57 PSPT, 66.6 Gy 19 months  68% 7.8 2yr: OS 43%, PFS 42% grade =3 toxicity
[2017] IMPT months  38% (acute n=22, late n=7)
Hoetal (78) 27 IMPT 66 EQD2 Gy  29.5 months 48% 11.2 1yr: OS 54%, LFFS 7% late grade 3 lung
[2018] months  78%, PFS 51%
Badiyanetal. 79 PBT 60-62.7 Gy 19.9 months 30% 10.7 1yr: OS 60%, PFS 6% and 1% acute and
(79) [2019] months  43%, LFFS 56.3% late grade 3 toxicities

PSPT, passive scattering proton therapy; IMRT, intensity-modulated radiation therapy; IMPT, intensity-modulated proton therapy; PBT,
proton beam therapy; Gy (RBE), Gray (relative biological effectiveness); EQD2, equivalent dose in 2-Gy fractions; OS, overall survival; PFS,

progression-free survival; DMFS, disease-free survival; LFFS, local failure-free survival.

Collaborative Group is currently exploring the feasibility
of a prospective study evaluating cardiopulmonary toxicity
after proton vs. photon therapy, which may further elucidate
the benefits that may be gained from PORT with PBT (73).

Reirradiation for recurrent NSCLC

Seventy percent of NSCLC patients receive radiation to the
thorax as part of definitive or adjuvant treatment (74), but
rates of locoregional relapse remain high (25-40%). Many
patients who experience recurrences after prior radiation
are not considered candidates for surgery, and response to
second-line chemotherapy is generally suboptimal (75).
Concern regarding excess toxicity to OARs often precludes
reirradiation (reRT) beyond palliative doses after definitive
or postoperative RT. Thus, in the setting of reRT, continued
dose reductions to OARs are of particular importance with
newer RT innovations. Several studies of proton-based
reRT demonstrate that a majority of patients are able to
complete reRT, but subsequent toxicities vary in degree and
incidence (Tible 3).

In the largest series to date of PBT reRT, 79 patients
received a median reRT dose of 60 Gy with or without
concurrent chemotherapy (79). Median OS (measured from
time of reirradiation completion), PFS, and local relapse-
free survival were 15.2, 10.5, and 12.9 months, respectively.
Acute and late grade 3 toxicities were observed in 6% and
1% of patients, respectively. Three deaths occurred which
the authors attributed as possibly due to RT. Two patients
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died of pulmonary hemorrhage after receiving reRT for
recurrences near or at the right hilum. Another patient died
of cardiac arrest after receiving reRT concurrently with
chemotherapy, for tumor recurrence near the aortic arch.

Investigators at MD Anderson Cancer Center evaluated
the toxicity and efficacy of PBT for reRT in 33 patients
using a median dose of 66 Gy (RBE) (74). Thirty-one
patients (94%) completed reRT, and median OS was
11.1 months. One-year OS, PES, locoregional control, and
DMES were 47%, 28%, 54%, and 39%, respectively. Grade
3 or higher esophageal and pulmonary toxicities were
observed in 9% and 21% of patients, respectively. No grade
5 toxicities were found.

Another study at MD Anderson Cancer Center evaluated
outcomes of reRT (IMRT versus PSPT) with or without
concurrent chemotherapy in 102 patients, 97% of whom
completed treatment with a median reRT dose of 60.5 Gy (76).
Median OS was 14.71 months, and 1-year OS was 53%.
Acute grade 3 or higher esophageal and pulmonary
toxicities were 7% and 10%, respectively, and concurrent
chemotherapy was associated with higher risk of acute
grade 2 or higher esophageal toxicities. Lung V10, V20, and
mean lung doses were associated with higher risk of grade
2 or higher pulmonary toxicities. Tumor location, IMRT
vs. PSPT, and equivalent dose in 2-Gy fractions (EQD?2)
were not associated with rates grade 2 or higher esophageal
toxicities. No differences between LC, DMEFS, or OS were
found when comparing IMRT and PBT. For both RT
modalities, time to reRT greater than 6 months predicted
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for better LC. Concurrent chemotherapy and higher EQD2
at reRT independently predicted for better OS.

A multi-institutional study evaluated 57 patients treated
with PBT with or without concurrent chemotherapy, and
93% of patients completed treatment (77). At a median
follow-up of 7.8 months, median OS was 14.9 months.
Acute or late grade 3 or higher toxicities were observed
in 42% of patients, including 6 cases of grade 5 toxicities.
Increased toxicity in this experience may have been
attributed to a higher rate of concurrent chemotherapy use
(66%), leading to significant chemotherapy-related grade 3
or higher toxicities such as neutropenia. Increased overlap
with the central airway region was associated with increasing
rates of grade 3 or higher toxicities, but decreased overlap
was not associated with a clear OS benefit. Increased dose
to both the esophagus and heart were also associated with
higher rates of grade 3 or higher toxicities, and lower
mean esophageal dose, but not heart dosage, translated to
improved OS. In this study, concurrent chemotherapy did
not predict for better OS.

In another study at MD Anderson Cancer Center, 27
patients were treated with a median dose of 66 Gy using
IMPT with or without concurrent chemotherapy (78).
Median OS was 18 months, and 1-year OS was 54%. The
rates of freedom from local failure (LF), freedom from
locoregional failure, and PFS at one year were 78%, 61%
and 51%, respectively. Improved PFS, freedom from LE
and freedom from locoregional failure were associated
with a dose of 66 EQD2 or higher. Only 2 patients (7%)
experienced late grade 3 pulmonary toxicity, and no patients
were found to have any grade 4 or 5 toxicities.

Challenges of PBT ahead

There are various challenges of using PBT and further
study defining its role in the treatment of lung cancer
patients especially prospectively is urgently required.
The inherent heterogeneity of tissue densities of thoracic
organs may impact dose distribution. The density of lung
parenchyma is about one-third of that of solid tissues, and
protons travel a greater physical distance in low-density
tissues. Range uncertainty resulting from uncertainty in
Hounsfield units of computed tomography images may
also alter proton range and dose distribution. Additional
motion uncertainty in the setting of thoracic tumors must
be considered as well. Setup error and organ motion from
respiration cause geometric displacement of tumors and
normal tissues, blurring the dose gradient from target
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volume to normal tissue. Finally, anatomic changes during
treatment may also add to PB'T’s uncertainty. The interplay
effect particularly influences IMPT, as misplacement of
individual pencil-beam spots relative to planned positions
may result in underdosing the target volume or overdosing
critical structures (80). Various treatment parameters may
be modified to improve dose homogeneity in moving
targets, such as using larger spot sizes, changing the spot
delivery sequence, and employing re-scanning (80-82).
Most new proton centers will be using scanning beam (i.e.,
IMPT) technologies, instead of PSPT. Working closely
with our colleagues in medical physics will be paramount in
optimizing this technology for lung cancer.

PBT is also significantly more expensive than
conventional RT, considering the costs of building and
operating particle accelerators. However, PBT may
demonstrate improved cost-effectiveness ratios with
safer hypofractionation, which has already been shown
in photon therapy (83). In a meta-analysis comparing the
cost-effectiveness of different modified fractionation and
conventional fractionation schemes in photon therapy for
unresected NSCLC patients, Ramaekers ez /. demonstrated
that modified fractionations yielded higher net monetary
benefits, measured by multiplying the number of quality-
adjusted life years with the ceiling ratio and subtracting
the total costs (83). PBT may also prevent or delay
treatment failure, decreasing additional costs from added
hospitalizations and outpatient visits that would otherwise
occur for patients treated with photon-based RT (84).
Reduced toxicities including pneumonitis and esophagitis
may also reduce costs associated with hospitalizations when
comparing proton to photon therapy (31). Demonstrating
cost effectiveness and delivering hypofractionated
radiotherapy treatments will remain an important financial
topic for consideration in adapting PBT for more clinics
and hospitals in the United States and also globally (85).

From a systemic therapy’s point of view, there has been
a significant effort to harness the immune system to treat
lung cancer. As a result, immune checkpoint inhibitors
have changed the treatment paradigm for both SCLC
and NSCLC. Following the results of IMpower133,
the standard of care for de novo extensive-stage SCLC is
chemotherapy followed by maintenance atezolizumab;
median OS was 12.3 months, a 2-month benefit compared
to patients treated without immunotherapy (86). In the
CASPIAN trial, durvalumab plus platinum-etoposide
improved OS in patients with extensive stage-SCLC
compared to platinum-etoposide alone (87). Adjuvant
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durvalumab significantly prolonged OS for patients
with unresectable, stage III NSCLC following definitive
chemoradiation (9). As immunotherapy improves survival
of patients with lung cancer, there is an urgent need to
optimize novel RT techniques such as PBT to improve
disease control and decrease long-term cardiopulmonary
toxicity. Pneumonitis is a serious treatment-related toxicity
from both immunotherapy and radiation. In the setting
of immunotherapy, improving the therapeutic ratio with
PBT has the potential to reduce toxicities such as radiation
pneumonitis. Additionally, PBT deposits energy differently
than traditional photon therapy leading to a higher relative
radiobiologic effect (RBE) that has traditionally been
presumed with a fixed ratio of 1.1. There is enthusiasm
to investigate how radiation can promote an abscopal
effect, a systemic anti-tumor response, in the context of
immunotherapy. Future research is needed to study the
radiobiologic impact of thoracic PBT on both tumoral and
normal tissues, and also the interaction between PBT and
immunotherapy.

Furthermore, additional studies demonstrating clinical
benefit after PBT are necessary to justify the higher
financial burden due to increased equipment and personnel
cost. However, clinical access and accrual in PBT trials
have proven to be difficult, because commercial payers have
enacted prior authorization policies and other administrative
barriers restricting the use and approval of PBT due to its
higher cost and also a perceived lack of clinical benefits
(88-90). A study at Rutgers Cancer Institute of New Jersey
demonstrated that insurance coverage was not related to
diagnosis, reRT, trial enrollment, or model policy guidelines
of the American Society for Radiation Oncology (89). Over
three years, prior authorization (PA) delayed treatment
by an average of 3 weeks, and up to 4 months for those
requiring appeal. A study at MD Anderson Proton Therapy
Center in Houston, Texas similarly found no associations
between insurance approval rates and trial enrollment or
tumor type (90). Ironically, submission of a comparison
treatment plan (PBT wvs. photon) indicating dosimetric
advantages were associated with decreased likelihood of
approval. Ambiguity in the decision-making process for
PBT approval by commercial payers and subsequent time
delays to cancer treatment serve as a significant barrier to
patient care (88-90). The logistics and delays of insurance
approval were noted to be a factor in enrollment and
randomization of a phase II study of SBPT vs. SABR for
early-stage NSCLC, leading to early closure (58). In the
future, use of guidelines from professional societies [such
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as ASTRO PBT Model Policy (91), approved June 2017],
which are updated as more evidence becomes available,
should increase the efficiency and transparency of the

insurance approval process, promoting timely patient care
and research (88).

Conclusions

PBT is a promising modality that delivers superior dose
distributions and may improve local control without
increasing side effects in lung cancer patients. As stage
III NSCLC is a heterogeneous population with variable
prognoses, we encourage future research to identify
subgroups of patients that benefit from PBT based on
prognostic factors, such as age, performance status,
primary tumor location and size, single vs. multi-station
N2 disease, individual patient anatomy, molecular factors,
histopathology, re-irradiation, and cardiopulmonary co-
morbidities (92). As previous studies on clinical outcomes
of reRT with PBT yielded variable outcomes, future
studies may clarify what benefits may be gained in this
subpopulation for which limiting toxicities to OARs is of
primary concern. PBT may also be well suited for PORT,
due to the majority of cases involving centrally located
targets that are less susceptible to motion uncertainties
than are peripheral lesions (73). Future studies may
evaluate possible reductions in cardiac damage with PBT,
which is especially valuable in patients with pre-existing
comorbidities. The role of PBT needs to be defined and
optimized in the context of immunotherapy for lung cancer.
Enthusiastic enrollment of patients in clinical trials will help
establish evidence-based clinical indications and technology
guidelines to clarify the benefit that PBT may offer for
patients with lung cancer.
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