BJR © 2020 The Authors. Published by the British Institute of Radiology

h : i 10.12 jr.201 7
Received: | Revised: | Accepted: st gy 1GIZeS ol 200G s

23 April 2019 06 August 2019 09 August 2019

Cite this article as:
Gjyshi O, Liao Z. Proton therapy for locally advanced non-small cell lung cancer. Br J Radiol 2020; 93: 20190378.

PROTON THERAPY SPECIAL FEATURE: REVIEW ARTICLE

Proton therapy for locally advanced non-small cell
lung cancer

OLSI GJYSHI, MD, PhD and ZHONGXING LIAO, MD

Department of Radiation Oncology, The University of Texas MD Anderson Cancer Center Houston, Texas, USA

Address correspondence to: Dr Zhongxing Liao
E-mail: zliao@mdanderson.org

ABSTRACT

Radiation therapy is an essential component of treatment for locally advanced non-small cell lung cancer (NSCLC) but
can be technically challenging because of the proximity of lung tumors to nearby critical organs or structures. The most
effective strategy for reducing radiation-induced toxicity is to reduce unnecessary exposure of normal tissues by using
advanced technology; examples from photon (X-ray) therapy have included three-dimensional conformal radiation
therapy versus its predecessor, two-dimensional radiation therapy, and intensity-modulated photon radiation therapy
versus its predecessor, three-dimensional conformal therapy. Using particle-beam therapy rather than photons offers
the potential for further advantages because of the unique depth-dose characteristics of the particles, which can be
exploited to allow still higher dose escalation to tumors with greater sparing of normal tissues, with the ultimate goal
of improving local tumor control and survival while preserving quality of life by reducing treatment-related toxicity.
However, the costs associated with particle therapy with protons are considerably higher than the current state of the
art in photon technology, and evidence of clinical benefit from protons is increasingly being demanded to justify the
higher financial burden on the healthcare system. Some such evidence is available from preclinical studies, from retro-
spective, single-institution clinical series, from analyses of national databases, and from single-arm prospective studies
in addition to several ongoing randomized comparative trials. This review summarizes the rationale for and challenges
of using proton therapy to treat thoracic cancers, reviews the current clinical experience, and suggests topics for future
research.

INTRODUCTION available photon technology at the current state of the

Locally advanced non-small cell lung cancer (NSCLC) is
challenging to treat with radiation because of the proximity
of the tumor to several organs at risk (OARs), including the
esophagus, lung, heart, and bone marrow; other important
structures or tissues include the brachial plexus, skin, and
chest wall. In principle, the most effective strategy to reduce
toxicity is to reduce unnecessary radiation exposure to
the OARs by using advanced technology. Proton therapy
offers the potential for substantial clinical advantages over
conventional photon therapy because of its unique depth-
dose characteristics, which can be exploited to significantly
reduce normal tissue doses both proximal and distal to the
target volume.'> These characteristics may in turn allow
escalation of tumor doses with greater sparing of normal
tissues, which presumably would improve local control
and survival while at the same time reducing toxicity and
improving quality of life.

However, proton therapy, like other forms of particle
therapy, is significantly more costly than even the best

art, and evidence demonstrating clinical benefit after
proton therapy is increasingly being demanded to justify
the higher financial burden on the healthcare delivery
system.®” Despite the high capital costs associated with
charged particle therapy and the lack of evidence of clin-
ical benefit in many types of cancer from direct compar-
isons, the increasing demand for improved technology in
cancer treatment, particularly proton therapy, is evidenced
by the numbers of facilities that have been built or are
currently being built worldwide. Currently, a total of 76
particle therapy centers are operating worldwide, 25 in
the United States alone, and many more are being planned
(https://www.ptcog.ch/index.php/). By the end of 2017,
about 200,000 patients will have been treated with charged
particle therapy worldwide (https://www.ptcog.ch/index.
php/). Along with the increased numbers of facilities and
clinical use of particle therapy, knowledge of the uncer-
tainties associated with particle therapy and methods to
counteract these uncertainties in treatment planning and
delivery is accumulating.
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This review summarizes the rationale for and challenges of using
charged particles to treat thoracic cancer, provides an update on
clinical experience with protons for locally advanced lung cancer,
and considers topics for future research.

PHYSICAL CHARACTERISTICS OF CHARGED
PARTICLES

Mohan and Grosshans provided a thorough review of the physical
characteristics of charged particles in 2017.'° Charged particles
being used or explored for cancer radiotherapy at present include
protons, carbon, and helium. All charged particles have similar
depth-dose characteristics, termed the “Bragg peak” When a
“fast” charged particle moves through matter, it interacts with the
electrons within atoms and causes ionization, depositing energy
and dose along its path. The energy loss per unit path length is
relatively constant until the particle reaches a peak (the Bragg
peak), where energy is deposited at a depth that is a function
of the energy and nature of the charged particle. No dose exits
through the normal tissues beyond the Bragg peak. In passively
scattering proton therapy (PSPT), the Bragg peak is spread out
longitudinally and laterally to create the spread-out Bragg peak
(SOBP) to provide a uniform dose to cover the entire volume of
a target. Conformal coverage of the tumor is achieved by crafting
range modulation wheels, compensators, and apertures specific
for each patient. Pencil beam scanning proton therapy, on the
other hand, uses magnetic scanning of thin beamlets of protons
of a sequence of energies delivered from different directions to
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produce the desired pattern of dose distribution. The tumor is
scanned layer by layer, one layer per energy, until the entire target
has received the desired dose. Pencil beam scanning provides
greater flexibility and control for ideal dose distribution and
allows delivery of intensity-modulated proton treatment (IMPT).
the most advanced form of proton therapy to date.'’ Three sets
of plans for a patient with locally advanced NSCLC to be treated
with intensity-modulated (photon) radiation therapy (IMRT),
PSPT, and IMPT are shown in Figure 1, illustrating the differ-
ences in dosimetric characteristics among these techniques.

The biological interactions of ionizing radiation with tissues are
related to the amount of energy transferred to those tissues over a
specified path length (known as linear energy transfer, LET). For
particles such as protons and helium, the LET is thought to be
nearly equivalent to that of photons before it reaches the Bragg
peak. Traditionally the relative biological effectiveness (RBE) of
protons has been thought to be nearly equal to photons (RBE =
1.1). However, the RBE may increase as the function of the depth
of penetration and is highest at the distal edge of the beam, i.e.
at the Bragg peak, where all of the energy is transferred to tissue
within a short distance of the peak.'"? For heavier charged
particles such as carbon, the density of ionization is still higher
at the end of their range, resulting in higher RBEs of 1.5-3.
Recent evidence has shown that RBE is not a constant but rather
a complex, variable function of dose per fraction, LET, cell and
tissue type, choice of end-point, and other factors.'*!*

Figure 1. Comparative radiation dose distributions on plans for IMRT (panels a-c), PSPT (panels d-f), and IMPT (g-i) for a patient
with locally advanced non-small cell lung cancer with a large right upper lung mass and involved contralateral hilar node. The red
dose colorwash represents the high-dose distribution (100% isodose line); the blue dose colorwash depicts the low dose bath
(10% isodose line); and the orange and green colorwashes represent intermediate dose. The GTV is contoured in red; the CTV in
yellow; and the PTV in light blue. Both PSPT and IMPT are associated with significant reductions in the “low dose bath,” and IMPT
provides better dose conformity to the target volumes than either PSPT or IMRT. CTV, clinical target volume; GTV, gross tumor
volume; IMPT, intensity-modulated proton treatment; IMRT, intensity-modulated radiation therapy; PSPT, passively scattering pro-

ton therapy; PTV, planning target volume.
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Currently, the most commonly used proton delivery technique
involves placing the distal edge of the beam at the margin of the
planning target volume. However, having a finite range in tissue
and having a higher RBE at the distal edge of the beam could be
potentially problematic, especially for thoracic cancers owing to
movement of the tumor from motion of the lung and diaphragm,
the potential for tumor target volumes to overlap critical organs
such as the heart, lung, and esophagus, and tissue heterogeneity
within the beam path. It is possible that OARs such as the heart
act as the “stopping power” to create the Bragg peak, where the
RBE is highest. In planning PSPT, tumor motion and tissue
heterogeneity can be addressed by adding generous margins.
These variables are assessed separately for each beam direction,
and so some amount of dosimetric uncertainty is built in into
the planning of each beam.'” However, adding generous internal
and smearing margins may counteract the dosimetric advantage
of the particle beam and cause more normal tissue injury at the
distal edge of the field from the high RBE at the Bragg peak. In
IMPT, by contrast, conformity of the proximal and lateral field
is achieved by limiting the position of the spots to within the
target region only. Dynamic apertures that can change shape
layer by layer are being developed to address issues associated
with unacceptably large spots in pencil beam scanning. In treat-
ment planning, the position and intensities of a matrix of spots
within the target volume for each scanned beam are determined
by the treatment planning system to achieve the desired dose
distribution.

Moreover, the IMPT dose distribution is more sensitive to uncer-
tainties in set up and motion than PSPT. Of particular concern is
the “interplay effect,” in which the pattern of dose deposition by
the pencil scanning beam is affected by variations in soft tissue
and air distance it encounters as a function of the respiratory
cycle, i.e. the distance the beam has to travel to the target varies
between inspiration and expiration. To account for this uncer-
tainty, several motion management techniques have been imple-
mented, including “respiratory gating,” in which the “beam-on”
time is limited to certain periods in the patient’s respiratory
cycle, as measured by highly sensitive infrared monitors; “free-
breathing” with four-dimensional CT (4DCT), in which a
maximum intensity projection is created with 4DCT that depicts
a virtual target that encompasses the entirety of potential tumor
positions during respiration; and “breath-hold,” in which a series
of planning CT scans is obtained while the patient holds their
breath at various times during the respiratory cycle to create a
composite target, and treatment is also delivered while the patient
holds their breath in a similar fashion. Sensitivity to uncertain-
ties is also being addressed by the development of “robust opti-
mization” techniques, which simultaneously consider numerous
uncertainty scenarios and optimize beam intensities in the face
of all of those scenarios.'®”

CURRENT EXPERIENCE IN USING PROTON
THERAPY FOR LOCALLY ADVANCED NON-SMALL
CELL LUNG CANCER

Locally advanced NSCLC is a potentially deadly disease that
poses significant challenges for successful treatment. Radio-
therapy combined with concurrent chemotherapy followed by
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adjuvant immunotherapy remains the mainstay of treatment
for disease at this stage, for patients who can tolerate it.'*%°
Although locally advanced NSCLC is quite likely to metastasize,
many patients die of the consequences of uncontrolled intra-
thoracic tumors, and hence therapies that improve local control
would be valuable in terms of extending survival.?! Thoracic
radiation has become even more important in long-term survival
for patients with NSCLC in the current era of immunotherapy. In
the Phase I KEYNOTE-001 study, patients with locally advanced
or metastatic NSCLC that expressed the programmed death
ligand 1 (PDL1) were given the anti-programmed death-1 (PD1)
antibody pembrolizumab as first-line or second-line therapy; the
results of secondary analysis showed that radiotherapy given for
palliation was associated with durable, positive effects on overall
survival with tolerable safety?? In the Phase III randomized
PACIFIC trial, the anti-PDLI antibody durvalumab was given as
consolidation therapy for patients with Stage III NSCLC without
disease progression after platinum-based chemoradiotherapy;
that trial showed that consolidative durvalumab prolonged the
median survival time from 28 months (for the consolidative
placebo group) to 41 months.'® Radiation Therapy Oncology
Group (RTOG) 0617 was a Phase III trial that compared overall
survival after standard-dose (60 Gy in 6 weeks) or high-dose
(74 Gy in 7.5 weeks) photon radiation, both given with concur-
rent carboplatin and paclitaxel, for patients with unresectable
Stage III NSCLC.* Interestingly, although the higher radia-
tion dose was associated with poorer overall survival (median
survival times of 28.7 months after 60 Gy vs 21.7 months after
74 Gy, p < 0.001), no difference was found between groups in
cancer-related death rates (about 37% in both groups at 18
months). Multivariate analysis showed that the volume of the
heart that received 35 Gy or more was an independent predictor
of poor overall survival,”> suggesting that cardiac toxicity may
have contributed to the early death of some of these patients. A
secondary analysis of RTOG 0617 that compared the radiation
techniques used (IMRT vs three-dimensional conformal radia-
tion therapy, 3DCRT) showed that patients treated with IMRT
had less lung and heart volume irradiated, and less toxicity,
specifically radiation pneumonitis, although IMRT did not lead
to an overall survival advantage.”* These findings are consistent
with a report from Liao and colleagues® that IMRT led to signif-
icant decreases in median irradiated volumes at several dose
levels, including V5-Vgs (p < 0.0001), compared with 3DCRT.
However, Vs, Vi, and V;, were no different between the two
techniques, suggesting that IMRT is of limited benefit in terms
of minimizing lung exposure to low-dose radiation.?® The dosi-
metric characteristics of protons (their finite range in material
and their depositing a sharply increased dose [the Bragg peak] at
the target and none beyond it) make proton therapy an attractive
alternative to IMRT, as protons provide the potential to further
intensify the radiation dose without increasing toxicity to nearby
normal tissues.

Outcomes after passively scattered proton beam
therapy

Despite the technical challenges associated with using particle
therapy for lung cancer, where tissue heterogeneity and motion
can cause significant uncertainties in dose, proton beam therapy
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for lung cancer has been tested in clinical settings, although most
of the results published to date have been from retrospective,
single-institution serieses, from analyses of national databases,
or from single-arm prospective studies.

Several retrospective studies have shown that proton therapy
was associated with reduced lung, esophageal, and hematologic
toxicity after concurrent chemoradiation relative to photon
therapy, with acceptable rates of tumor control and survival.”’
Another group studied patient-reported outcomes after 3DCRT,
IMRT, or PSPT.?® In this prospective longitudinal observational
study of 82 patients with unresectable primary or recurrent
NSCLC, patients were asked to rate their symptoms by using
the MD Anderson Symptom Inventory once a week for up to
12 weeks. Findings from that study revealed that despite the
PSPT group receiving a significantly higher radiation target dose
than the other two groups (p < 0.001), their symptoms (chiefly
fatigue) were significantly less severe than for patients receiving
IMRT or 3DCRT.?® A recent report of clinical outcomes among
patients with locally advanced NSCLC prospectively treated
with concurrent proton therapy [60-74 Gy (RBE)] and chemo-
therapy in a nonrandomized case-only observational study
showed excellent median overall survival times of 40.4 months
for those with Stage IT NSCLC and 30.4 months for those with
Stage I1I disease, with acceptable toxicity.”’ A single-arm Phase IT
prospective study from the same institution in which concurrent
chemotherapy was given with proton therapy to 74 Gy showed a
median overall survival time of 26.5 months and a 5 year overall
survival rate of 29%.>° A review of the National Cancer Data Base
showed that of more than 243,800 patients who received radi-
ation therapy for NSCLC, only 348 were treated with protons.
Nevertheless, despite the imbalance in patient numbers between
treatment groups, propensity-matched analysis showed that
receipt of proton therapy was associated with better survival.”!

The first randomized trial to directly compare IMRT with PSPT
for NSCLC (NCT00915005) was reported by Liao and colleagues
in 2018.%* The hypothesis for that trial was that PSPT exposes
less lung tissue to radiation than IMRT, thereby reducing toxicity
without compromising tumor control. Two primary end-points
were evaluated, radiation pneumonitis and local failure. Eligible
patients had Stage IIB-IV NSCLC (Stage IV eligible with single
brain metastasis; or recurrent lung or mediastinal disease eligible
after surgery) who were candidates for concurrent chemoradia-
tion therapy. Pairs of treatment plans (for IMRT and PSPT) were
created for each patient, and patients were eligible for random-
ization only if both plans satisfied the same prespecified dose-
volume constraints for OARs at the same tumor dose. The results
of this trial showed no association of PSPT with either end-point
or with better dose-volume indices for the lung or esophagus,
but PSPT was associated with better dose-volume indices for the
heart. Compared with IMRT (n = 92), PSPT (n = 57) exposed less
lung to doses of 5-10 Gy(RBE); more lung to >20 Gy (RBE); and
less heart at all dose levels [5-80 Gy (RBE)]. The 12 month pneu-
monitis rate for all patients was 8.1% (6.5% for IMRT and 10.5%
for PSPT), and the corresponding 12 month local failure rate was
10.7% (10.9% for IMRT and 10.5% for PSPT).* In a secondary
analysis of that trial, the incidence of grade 23 pneumonitis was
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significantly lower in both the IMRT and PSPT arms among
patients who were enrolled after the trial mid-point (September
27,2011) relative to those enrolled before that time. More impor-
tantly, the reduction in the incidence of pneumonitis was more
pronounced in the PSPT arm (31.0% early vs 13.1% late, p =
0.027) than in the IMRT arm (21.1% early vs 18.2% late, p =
0.047), underscoring the possibility that a “learning curve” over
the course of the trial may have affected this primary end-point.
In another secondary analysis of that trial,*® no differences in
patterns of locoregional failure were noted between groups;
indeed, marginal failure rates after PSPT were no different from
those after IMRT despite the dose fall-off being much sharper
with PSPT. The only independent predictor of marginal failure
was having a T3 or T4 tumor. Another subanalysis of adaptive
planning in the same study showed that 18% of patients required
adaptive plans during treatment (12% for IMRT and 29% for
PSPT), and that having a large tumor and receiving PSPT inde-
pendently predicted the need for adaptive planning. Although
the 5-year overall survival rate was poorer for those with large
tumors (vs those with small tumors or large tumors without
adaptive planning), the 5-year overall survival rate for patients
with large tumors who received adaptive planning was similar
to that for patients with small tumors. Finally, no differences
were noted in local failure, marginal failure, or regional failure
patterns with versus without adaptive planning, but having a
response to chemoradiation (and therefore requiring adaptive
planning) was associated with favorable survival.**

Yet in another secondary analysis of the same trial, receipt of
PSPT was associated with higher uptake of fludeoxyglucose
(FDG) by normal lung tissue on positron emission tomography
(PET)compared with receipt of IMRT,* which is consistent
with the lack of reduction in pneumonitis in the PSPT group.
Although mean lung dose was the only predictor of lung injury
after IMRT, the volume receiving high-dose radiation was the
only predictor of lung injury after PSPT.* A voxel-based analysis
of local dose differences in patients receiving IMRT vs PSPT in
the same trial showed significant dose differences in the lower
lungs and heart between patients with and without pneumo-
nitis; notably, the anatomic regions significantly spared by PSPT
did not match the clusters in which doses were correlated with
pneumonitis.*® Another analysis of these trial data®” showed that
the root-mean-squared dose (RMSD) to the lung was a better
predictor of pneumonitis than was mean lung dose, and that
the RMSD model predicted risk of pneumonitis equally well for
IMRT and PSPT (in addition to 3DCRT). An important conse-
quence of these findings is that delivery of higher doses to smaller
volumes (vs lower doses to larger lung volumes) may increase
the risk of pneumonitis, and thus RMSD seems to be particularly
important for guiding the design of treatment plans, including
those with protons, in which a higher-than-average volume of
lung is exposed to the largest doses. Because RMSD has been
found to be a superior predictor of pneumonitis in this and
other studies,”® serious consideration should be given to clinical
adoption of planning constraints based on RMSD to supple-
ment the traditional constraints on mean lung dose and lung
V,0.>7 Collectively, the knowledge gained from these secondary
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analyses emphasizes the importance of volume and spatial loca-
tion of high-dose proton irradiation on the risk of pneumonitis
and the relationship between pneumonitis and thoracic regional
radiosensitivity, and underscores the importance of minimizing
high-dose volumes through the use of highly conformal therapy.
Specifically, the ability of IMRT to skirt normal structures, and
the need for enlargement of the volume to be irradiated with
protons to accommodate their inherent sensitivity to inter- and
intra fractional uncertainties, may explain much of the lack
of difference in primary end points in this trial. The trade-off
between the superior conformity possible with protons and
the need to enlarge the margins for PSPT could be resolved by
improving proton therapy technology, e.g. by using IMPT rather
than PSPT.

As alluded to earlier, another important contributor to overall
survival after chemoradiation for NSCLC is the dose to the heart.
Indeed, findings from RTOG 0617 identified heart V5 and V35
as being linked with overall survival. Xu and colleagues® studied
troponin levels as a marker of cardiac injury after chemoradi-
ation; they found that cardiac troponin levels increased during
thoracic radiation when the mean heart dose was 20 Gy or
higher, but did not change if the mean heart dose was <2 Gy.
They further found that an increase in troponin levels by a factor
of 2 or more from the beginning of radiation was significantly
associated with poor overall survival.** All dosimetric studies
to date comparing protons and photons have shown that proton
therapy significantly reduces the volume of heart exposed at all
dose levels.**** Findings from the Phase IT randomized compar-
ison trial also showed that PSPT led to significantly lower heart
doses and reduced dose baths relative to IMRT.*! This reduction
of unwanted irradiation of the heart may eventually translate
to a survival benefit. This question is currently being addressed
in another Phase III trial, RTOG 1308 (NCT01993810), which
includes overall survival as an end-point after proton vs photon
therapy.

Outcomes after intensity-modulated proton
therapy

Pencil beam scanning proton therapy, the technology at the core
of IMPT, represents an advancement over PSPT and at present
is the most technologically advanced form of proton radiation
therapy. With IMPT, conformal dose distributions are achieved
by magnetic scanning of proton particles of different energies
to cover the treatment volume layer by layer.*>** However, as
alluded to earlier, concerns have been expressed regarding the
use of IMPT for treating lung cancer because of the uncertain-
ties in proton RBE at the distal edge of the beam, the hetero-
geneity of tissues in the beam trajectory, and interplay effects
between the motion of the scanning beam and lung aeration and
diaphragmatic movement.** Recent advances in robust optimi-
zation for treatment planning and in optimizing the spot delivery
sequence allow IMPT to offer tighter margins and improved
conformality of dose distributions relative to both PSPT and
IMRT.'** Treatment of locally advanced NSCLC with IMPT
is becoming more widely adopted as the numbers of proton
therapy centers equipped with pencil beam scanning continue
to grow worldwide.*®
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Promising outcomes have been reported from using IMPT
with concurrent chemotherapy for locally advanced inoperable
NSCLC.* The median proton dose in that study was 67.3 CGE
(range 59.4-78 CGE). IMPT was well tolerated, with no Grade
4-5 toxicity and an overall Grade 3 toxicity rate of 18%. The local
control rate was 78.3% at 3 years, and the median overall survival
time was 33.9 months. Interestingly, disease stage was not asso-
ciated with overall survival, but cardiac dose (heart V40) was
associated with poorer prognosis. These results compare favor-
ably with results after PSPT in the randomized Phase IT compara-
tive trial, with corresponding rates of 3 year locoregional control
of 55.8% after PSPT and 64.5% after IMPT. These results are
even more encouraging given the difference in median gross
tumor volumes between treatment comparison groups (70 cm®
PSPT vs 95.3 cm® IMPT), suggesting that using IMPT for large,
anatomically complex tumors seems to produce comparable if
not better disease control compared with PSPT.***” The “dose
painting” capability associated with intensity-modulated forms
of radiation therapy has led clinicians to explore using dose
escalation with simultaneously integrated boost (SIB) doses,
for either IMRT or IMPT. In the Phase I portion of a Phase I/
I1 trial,”® radiation doses were selectively escalated only to the
SIB volume (the internal gross tumor volume + a 5 mm margin,
to a total dose of 66-72 CGE given at 2.2-2.4 CGE/fraction),
with the dose to the planning target volume (the internal gross
tumor volume + an 8 mm margin for clinical target volume + 5
mm) kept at 60 CGE over 30 fractions. In an early report of 15
patients (6 given IMRT and 9 given IMPT) in that trial,*® the
highest doses to the SIB were 72 Gy in the IMRT group and 78
CGE in the IMPT group. 9 patients (6 IMRT, 3 IMPT) received
an SIB dose of 72 CGE, which translates to a biologically effec-
tive dose of 89.3 CGE, and 6 patients (all given IMPT) received
an SIB dose of 78 CGE, for a biologically effective dose of 98.3
CGE. In terms of dose-limiting (grade =>3) toxicity, 1 of the 9
patients given an SIB of 72 CGE developed esophagitis, and 2
of 6 patients given 78 CGE developed pneumonitis, one (Grade
3) at 3 months after treatment and the other (Grade 5, possibly
related to treatment) at 2 months after treatment. At a median
follow-up time of 25 months (range, 4.3-47.4 months), only one
patient had developed a marginal recurrence.* The SIB dose
of 72 CGE was determined to be safe for use in the random-
ized Phase II portion of this trial, which is currently accruing
patients (NCT01629498). Another important ongoing trial,
RTOG 1308 (NCT01993810), is, as noted previously, a Phase
III randomized trial comparing photons and protons for locally
advanced NSCLC. Both PSPT and IMPT are allowed in this trial.
Challenges in insurance coverage for proton therapy in general
and for clinical trials in particular are leading to imbalances in
patient numbers in each arm; indeed, one randomized clinical
trial to compare stereotactic ablative (photon) radiation therapy
with stereotactic ablative proton therapy had to be closed before
the accrual goal was reached because of the high rate of insur-
ance denial for trial coverage and the lack of volumetric image
guidance (NCT01525446).

FUTURE CONSIDERATIONS
In the future, effective use of IMPT to improve outcomes for
patients with locally advanced NSCLC depends on real-time
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volumetric image guidance, effective management of tumor and
normal organ motion, and accurate modeling of particle-matter
interactions and set-up uncertainties. Relative to photon therapy,
interactions between proton particles and matter are more chal-
lenging to model, and they depend more strongly on heteroge-
neities in tissue density and motion. Uncertainties in treatment
planning are more pronounced for IMPT than for PSPT, as the
individual fields can generate significant dose gradients within
the treatment volume. Many proton therapy treatment systems
available today use simple analytical algorithms to calculate dose
rather than Monte Carlo algorithms. However, these analyt-
ical algorithms can miscalculate dose to the target by as much
as 31%, as compared with 12% with Monte Carlo algorithms.*’
More and more centers are adapting Monte Carlo algorithms as
a routine dose calculation algorithm.

The effective use of IMPT for locally advanced NSCLC also
depends on a better understanding of the radiobiology of protons.
Interested readers should refer to a comprehensive review on the
topic of variable RBE by Willers and colleagues.®® Until recently,
a generic RBE value of 1.1 has been used for preclinical research
and clinical practice in proton therapy. However, the capacity
for proton beams to cause biological damage was recently found
to be substantially higher near the distal, high-LET region®'~*
for tumors as well as normal tissues. This finding is supported
by observations from laboratory studies demonstrating differ-
ential DNA damage along the beam path, with increased cell
kill in the distal regions of the proton beams.'***>* Preclin-
ical in vitro data also show that defects in certain DNA repair
pathways in many types of cancer are associated with increased
RBE.> Even though clinical data on variable RBE are sparse
at this time, early evidence is emerging. For example, Peeler and
colleagues noted higher rates of change in MRI characteristics
after proton therapy than after photon therapy in patients with
ependymoma.”® Recalculations of the proton dose and LET
distributions in these patients with Monte Carlo algorithms
showed significant correlations between LET, dose, and regions
of imaging change in these patients. These image changes may
well indicate early radiation injury, and as such they could be
used as a biomarker of different types of damage after different
types of radiation. Underwood and colleagues also reported that
changes in parenchymal lung density on CT images implied that
the proton RBE for lung density is greater than 1.1.% As noted
earlier, higher uptake of fludeoxyglucose in the normal lung
after radiation for lung cancer was noted for patients treated
with protons than for those treated with photons in the random-
ized lung trial,*>** and Monte Carlo calculation of these proton
plans and assessment of correlations between the LET, dose, and
regions of image changes are ongoing. On the other hand, no
apparent increase was observed in brainstem necrosis in pedi-
atric patients treated with proton therapy.®’ In clinical practice
with heavy ion therapy, biological effects models are routinely
considered in the treatment planning process to limit high-LET
deposition in critical normal tissues, and variable RBE is incor-
porated into every dosimetry model. The need to include vari-
able RBE into clinical dosimetry for protons is increasingly being
recognized, and laboratory, translational, and clinical research
efforts to address this need are currently ongoing.
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The effective use of IMPT for locally advanced NSCLC also
depends on a better understanding of the immunomodulatory
effect of protons. Cancer immunotherapy with immune check-
point modulators such as anti-PD1 or anti-PDL1 agents is
considered to be a breakthrough in the treatment of lung cancer.
Radiotherapy can enhance the effect of immunotherapy by
transforming tumors into an “in situ vaccine,” which immuno-
therapy then amplifies into a stronger systemic immune response
via blood and lymphatic transport, overcoming the immuno-
suppressive characteristics of the tumor microenvironment.®!
Both proton and photon irradiation of cultured cancer cell
lines was shown to induce comparable upregulation of surface
molecules involved in immune recognition (histocompati-
bility leukocyte antigen, intercellular adhesion molecule 1, and
the tumor-associated antigens carcinoembryonic antigen and
mucin 1). Proton radiation mediated the cell-surface expression
of calreticulin, which increased tumor-cell sensitivity to killing
by cytotoxic T lymphocytes. Protons also were found to upreg-
ulate calreticulin in cancer stem cells in a manner similar to that
in non-cancer stem cells. These findings may shed light on the
rationale for using proton therapy in combination with immuno-
therapy as first-line treatment, or as next-line therapy for patients
in whom radiation therapy alone has failed, or for patients with
limited treatment options.> On the other hand, proton irradi-
ation was found to cause more complex, incompletely repaired
DNA damage, resulting in both acute and persistent increases in
oxidative stress in the lungs in a lung cancer—susceptible mouse
model (K-ras¥*!),%% and mice treated with protons had increases
in number and size of initiated and premalignant lesions and
adenomas that were often infiltrated with inflammatory cells.®>%*
Mice treated with protons also had shorter median survival times
and increased rates of carcinoma relative to unirradiated controls
and photon-treated mice. These findings suggest that exposure
to proton irradiation enhances the progression of premalignant
lesions to invasive carcinomas through persistent DNA damage,
chronic oxidative stress, and immunosuppression.®*** They
further suggest that additional research to decipher the effect of
protons on immunomodulation as well as their long-term effects
will be critical for optimizing proton therapy.

Another line of investigation for both photon and proton therapy
involves their effects on lymphocytes, especially CD8+ T cells,
which are critical for the antitumor effects of radiation therapy
given with immunotherapy.®® Lymphocytes are highly radio-
sensitive; their numbers start to decline as soon as the first frac-
tion of radiation treatment, continue to decline until the end
of the treatment, and begin to recover shortly after radiation
is completed. The nadir lymphocyte count has been found to
correlate with tumor volume and with the low dose bath (using
lung V5 as a surrogate). Most interestingly, lymphocyte nadir is
also highly correlated with progression-free survival and overall
survival.® This latter finding has been confirmed in several other
types of cancer, including esophageal cancer, liver cancer, and
small cell lung cancer, suggesting that lymphopenia may be a
common factor that affects overall survival across different types
of cancer.””7* Proton therapy can significantly reduce the low-
dose bath at all disease sites and therefore may be an effective
way to avoid radiation-induced lymphopenia. Active research
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is ongoing to clarify the potential role of proton therapy in this
regard.

SUMMARY

Proton therapy has unique dosimetric characteristics in terms of
Bragg peak, with no exit dose beyond the target. Clinically, proton
therapy has shown great potential in treating a variety of types of
cancer, and recent preclinical and clinical studies are beginning
to shed light on the clinical implications of variability in RBE.
Preclinical studies on the mechanisms by which protons modu-
late the immune system have provided a rationale for combining
proton therapy with immunotherapy, although considerably

BJR

more research is needed to understand both the short-term and
the long-term effects of proton therapy. With the expansion in
number of proton therapy centers worldwide comes a great need,
and great opportunities, for basic scientists, clinical oncologists,
and medical physicists to work together to translate the unique
physical characteristics of proton therapy into effective clinical
use, to the ultimate benefit of cancer patients.
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