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Abstract: This review summarizes the past and present status of proton beam therapy (PBT)
for lung cancer. PBT has a unique characteristic called the Bragg peak that enables a reduction
in the dose of normal tissue around the tumor, but is sensitive to the uncertainties of density
changes. The heterogeneity in electron density for thoracic lesions, such as those in the lung and
mediastinum, and tumor movement according to respiration necessitates respiratory manage-
ment for PBT to be applied in lung cancer patients. There are two types of PBT — a passively
scattered approach and a scanning approach. Typically, a passively scattered approach is more
robust for respiratory movement and a scanning approach could result in a more conformal
dose distribution even when the tumor shape is complex. Large tumors of centrally located lung
cancer may be more suitably irradiated than with intensity-modulated radiotherapy (IMRT) or
stereotactic body radiotherapy (SBRT). For a locally advanced lung cancer, PBT can spare the
lung and heart more than photon IMRT. However, no randomized controlled trial has reported
differences between PBT and IMRT or SBRT for early-stage and locally advanced lung cancers.
Therefore, a well-designed controlled trial is warranted.
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Introduction

In this review, we summarize the past and present statuses of proton beam therapy
(PBT) for lung cancer. The source of the proton is the hydrogen nucleus and the pro-
ton is accelerated by an accelerator. The proton stops at a specific depth, called the
Bragg peak, which significantly reduces the exit dose and the normal tissue damage
around the tumor volume. In lung cancer, these characteristics could be beneficial in
patients with cardiovascular disease, poor pulmonary function, or a history of previ-
ous thoracic radiotherapy.

Proton therapy techniques
Proton beam therapy is a type of radiotherapy with a unique characteristic that the
proton stops at a specific depth according to its energy. As a result, the surrounding
normal tissue dose is significantly reduced when compared with the tumor dose. In
proton therapy, the dose is usually prescribed in units of cobalt gray equivalent (CGE).
Because the relative biological effectiveness (RBE) should be considered, CGE is
the physical dose multiplied by RBE. The RBE of the proton beam is defined as 1.1.
There are two types of PBT; one is a passively scattered approach and the other is a
scanning approach that enables intensity-modulated proton therapy (IMRT). The pas-
sive scattering method is similar to a photon three-dimensional radiotherapy plan. In the
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scanning approach, the tumor is irradiated spot-by-spot with
different energy proton beams. The passive scattering method
is more robust for thoracic malignancies that move during
treatment because of respiration, causing density changes. In
contrast, the passive scattering method has fewer advantages
for complicated target shapes, and a scanning approach offers
more flexible and conformal dose distributions.

Motion management

Proton beam therapy is sensitive to anatomic and density
changes due to respiratory motion because of the characteris-
tics of the Bragg peak.! Therefore, respiratory motion evalu-
ation and motion reduction is mandatory for patients with
lung cancer treated by PBT. To evaluate respiratory tumor
movement, four-dimensional (4D) computed tomography
(CT) is necessary. A 4D-CT enables the radiation oncologist
to measure an accurate internal tumor volume and to deliver
radiation within a certain interval in the breathing cycle.
Several studies reported that PBT plans based on the maxi-
mum intensity projection of end inhale, middle exhale, and
end exhale images are the most robust.? Alternate solutions
for respiratory tumor motion is the gating method in which
protons can be delivered only in a specific respiratory cycle
such as the exhale phase. Typically, the passively scattered
approach is more robust to respiratory movement, and the
interplay effect between the scanning beam and the motion
of the target can result in unintended inhomogeneous dose
distributions in the target. Therefore, respiratory management
such as gated irradiation is mandatory for scanning beam
proton therapy in patients with lung cancer.>*

Adaptive planning

The anatomy of the thoracic region could change during
the course of PBT. Because the Bragg peak is sensitive to
electron density and dose distribution, it is easily affected.
Especially for stage III non-small cell lung cancer (NSCLC),
adaptive planning is highly recommended because the tumor
volume is often large, the treatment duration is over 6 weeks,
and concurrent chemotherapy can effectively reduce tumor
volume. For instance, in some patients in the MD Anderson
phase II trial, the investigators compromised on tumor cover-
age to spare the esophagus and spinal cord.’

Early-stage NSCLC

The Loma Linda University initiated early-stage NSCLC
proton therapy. The dose has escalated over time from 50
Gy (RBE) in 10 fractions to 70 Gy (RBE) in 10 fractions.*’
Following an early report, several Japanese centers studied

hypofractionated PBT and reported promising local control
rates of over 80%. Early reports adopted a more fractionated
schedule such as 80 Gy (RBE) in 20 fractions. Latter reports
show that a less fractionated schedule was also effective.® '

In contrast, stereotactic body photon radiotherapy (SBRT)
shows significantly promising survival and local control rates
for stage | NSCLC. In SBRT, a less fractionated schedule is
adopted such as that with three or four fractions, and these
results are similar to those of PBT.!"2 Therefore, the ques-
tion is what advantage does PBT offer over SBRT. Small
dosimetric differences were recorded between PBT and
SBRT, except in tumors with a relatively large planning target
volume (PTV) or patients with multiple tumors."*-!> Although
dosimetric studies reported that some situations or tumors
benefit more from PBT than SBRT, the question remains
whether these benefits can translate into clinical benefits or
not. From a recently reported systematic review, the survival
with PBT (5-year survival: 60%) was significantly better than
with SBRT (5-year survival: 41%). However, there was no
significant difference after adding the percentage of operable
patients.' Moreover, surgery is reported to be associated with
a significantly better outcome than SBRT for operable healthy
patients (3-year survival; 55%-60% vs 29%—52%).!7-1°
Future research should identify clinical subgroups that will
benefit from proton SBRT. Thus, the physician and patient
should decide an indication of PBT together based on com-
prehensive clinical assessment.

Specific situation

In small lesions located in the peripheral lung, modern
photon SBRT techniques such as cone-beam CT image-
guided RT or motion management based on 4D-CT-based
planning can achieve more conformal irradiation than previ-
ously used photon SBRT. Techniques of photon SBRT have
become more mature and robust for tumor motion. Similarly,
intensity-modulated proton-radiotherapy (IMPT) can deliver
more conformal irradiation than passive PBT. Passive PBT is
inferior in conformity because there is usually a need to add
a widening margin and smear the compensator to mitigate
range and setup uncertainties.'’ In contrast, tumor motion
management is mandatory in IMPT, and some concerns per-
sist regarding the robustness of IMPT for moving tumors.?
From a clinical standpoint, there is no difference between
photon SBRT and PBT and, therefore, small peripheral
tumors could be treated effectively by both photon SBRT and
PBT. On the other hand, for larger tumors such as T2NOMO,
normal lung doses around the tumor are increased in photon
SBRT. However, Iwata et al reported that no patient developed
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grade 3 or higher pulmonary toxicities in 43 patients with
T2 tumors treated by PBT. Therefore, large tumors are good
candidates for PBT.212

In centrally located tumors within 2 cm from the proxi-
mal bronchial tree, photon SBRT studies have reported
significantly high rates of grade 3 or higher toxicities.” In
the RTOG 0813 study, preliminary results showed that 4 of
81 patients died from side effects when a high SBRT dose
was delivered. PBT is, therefore, advantageous for central
tumors adjacent to the heart, esophagus, and bronchus.* In a
dosimetric study, PBT plans significantly reduced the mean
total lung dose from 5.4 to 3.5 Gy (» <0.001) and 2.8 Gy (p
< 0.001), and reduced the total lung volume receiving 5, 10,
and 20 Gy (p < 0.001) as compared to photon SBRT plans
(50 Gy in four fractions). However, PBT could not reduce the
major bronchi or pulmonary artery doses in cases of tumors
adjacent to these organs.?

In clinical studies, Japanese centers reported promising
local control and feasibility for central tumors using a more
fractionated schedule PBT.??” Makita et al?’ reported that
they treated 24 central tumors with 80 Gy (RBE) in 25 frac-
tions, and no one experienced late grade 3 or severe toxicities.
These promising results have some limitations in that these
are retrospective studies with a small number of patients.
Therefore, a multi-institutional prospective cohort study or
randomized controlled trial comparing PBT and IMRT or
SBRT is necessary.

Locally advanced NSCLC

Current standard of care for locally advanced NSCLC is
concurrent chemotherapy and thoracic radiotherapy. Thoracic
radiotherapy has developed over the past three decades. Ini-
tially, three doses were compared in the RTOG 7301 trial (40,
50, and 60 Gy); 60 Gy showed the most promising survival
and local control.?® Sequentially, the development of che-

Figure | Demonstrative cases comparing (A) 3DCRT, (B) IMRT, and (C) PBT.
Note: Images courtesy of Tatsuya Segawa.

motherapy has been evaluated, and concurrent chemoradia-
tion has shown the most promising survival as compared to
sequential chemoradiation or thoracic radiation.?° Recently,
the RTOG 0617 trial comparing 74 Gy versus 60 Gy photon
radiotherapy concurrent with chemotherapy unfortunately
showed shorter survival in the 74 Gy arm. The definitive
reason has not been reported yet, but the combined toxicities
(lung, heart, or esophagus) are believed to be the reason why
the high dose failed.

From a dosimetric study, the PBT plan is better in terms
of the radiation dose to organs at risk such as the heart and
lungs. Figure 1 shows a demonstrative case comparing 3D
conformal photon radiotherapy, IMRT, and PBT. PBT spares
more of the lung and heart than three-dimensional conformal
radiotherapy (3DCRT).?! Further, several clinical trials using
PBT for locally advanced NSCLC showed promising survival
even when prescribing higher doses than 60 Gy.*>** However,
several groups reported severe esophageal toxicities when
using high-dose proton therapy. Even for PBT, dose escala-
tion for stage III NSCLC continues to be challenging.343

In contrast, IMRT has developed, and its clinical out-
comes were more promising than 3DCRT in the RTOG
0617 trial. In particular, IMRT reduced the heart and lung
doses and improved quality of life, compared with 3DCRT.
Therefore, a well-designed randomized trial comparing
IMRT and PBT is needed. Recently, the results of a Bayes-
ian randomized trial comparing IMRT versus passively
scattered PBT for locally advanced NSCLC were reported.
They assessed rates of, and time to, treatment failure (TF)
defined as either a grade >3 radiation pneumonitis or local
recurrence within 12 months. Unfortunately, they failed
to demonstrate a difference between groups (TF rates
at 12 months were 15.6% in IMRT group and 24.6% in
the PBT group).”” This is a phase II trial and the primary
endpoint is not survival; therefore, we are unable to come

Abbreviations: 3DCRT, three-dimensional conformal radiotherapy; IMRT, intensity-modulated radiotherapy; PBT, proton beam therapy.
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to any conclusion at this time. The results of ongoing tri-
als comparing IMRT and PBT should be analyzed before
concluding if PBT is superior to IMRT.

Re-irradiation

As patients with lung cancer begin to live longer, recurrence
in the previously irradiated area or adjacent area can occur.
This is a challenging situation because of limitations of the
normal tissue tolerance. In patients with NSCLC treated
with concurrent chemoradiation to the thorax, 5-year rates
of locoregional recurrence approached 30%.3® Higher re-irra-
diation doses could be considered, but the results of photon
re-irradiation remain unsatisfactory.’*#! Modern radiotherapy
techniques such as IMRT or PBT report promising results
for re-irradiation for locoregionally recurrent lung cancer.
Although further evaluation is needed, PBT is beneficial,
especially for mediastinal lymph nodes.*?

Conclusion

The unique characteristics of the Bragg peak are advanta-
geous in RT for lung cancer because it is compatible with a
sufficient tumor dose to improve local control and survival
while sparing normal organs at risk, such as the heart, lung,
and spinal cord. In addition to the passive scatter PBT tech-
nique, IMPT is now available. However, the clinical benefit of
PBT over photon-based modern RT techniques such as SBRT
or IMRT has never been established before and, therefore,
a well-designed clinical trial is warranted for further study.
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