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Proton beam therapy (PBT), because of its unique physics of no—exit dose deposition
in the tissue, is an exciting prospect. The phenomenon of Bragg peak allows protons to
deposit their almost entire energy towards the end of the path of the proton and stops
any further dose delivery. Braggs peak equips PBT with superior dosimetric advan-
tage over photons or electrons because PBT doesn’t traverse the target/body but is
stopped sharply at an energy dependent depth in the target/body. It also has no exit
dose. Because of no exit dose and normal tissue sparing, PBT is hailed for its potential
to bring superior outcomes. Pediatric malignancies is the most common malignancy
where PBT have found utmost application. Nowadays, PBT is also being used in the
treatment of other malignancies such as carcinoma prostate, carcinoma breast, head
and neck malignancies, and gastrointestinal (Gl) malignancies. Despite advantages of
PBT, there is not only a high cost of setting up of PBT centers but also a lack of defin-
itive phase-Ill data. Therefore, we review the role of PBT in current day practice of
oncology to bring out the nuances that must guide the practice to choose suitable

= PBT patients for PBT.

Introduction

It is said that no other branch of medicine has benefit-
ted more from technological innovations in the last two
decades as the branch of oncology. The same is reflected
in intensified research in radiation oncology in the last
two decades.! It is estimated that up to 60 to 70% patients
requiring cancer treatments need radiation therapy.? Over
a century, technical advancements in radiation oncology,
like three-dimensional conformal radiotherapy (3D-CRT),
intensity modulated radiotherapy (IMRT), volumetric mod-
ulated radiotherapy (VMAT), and image-guided radiother-
apy (IGRT) have facilitated the delivery of photon therapy
with precision. However, the dose deposited in the sur-
rounding normal tissues albeit less still remains a concern
in photon therapy.? Proton beam therapy (PBT), because of
its unique physics of no-exit dose deposition in the tissues,
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is an exciting prospect.*> PBT was first proposed by Wilson®
in 1946. Later, the Lawrence-Berkeley National Laboratory
published their first PBT patient series.” Thus far, PBT has
used in the clinical setting for over 60 years, and has been
applied to 10s of thousands of patients with different types
of cancers.®

The clinical benefits of PBT include a potential for fewer
side effects compared with photon therapy. However, the
exact role of PBT remains controversial. This is primarily due
to a nonexistence of clear cut benefit for every clinical situ-
ation and the high treatment costs associated with the cost
of proton facility building and maintenance. More research,
studies and discussions are required to address the use of PBT
in several types of cancer because of the potential of main-
taining a relatively higher quality of life of patients while
achieving cure. The aim of this review was to report the char-
acteristics and current developments in PBT.
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Biology of Proton Beam Therapy

All through the history of radiation therapy, patients have
been treated with photon beams which are gamma rays or
X-rays. Both gamma rays and X-rays are physically one and
the same thing and differ only in their method of genera-
tion, where gamma rays are generated from naturally radio-
active elements like Cobalt-60 and the X-rays are produced
via man-made linear accelerators. The growth of radiation
oncology has been on various ways of administering these
photon beams. These photons have been used with basic
shielding of critical areas in early years or later by beam shap-
ing with 3D-CRT. Now, these photons are used by modulating
their deposition on the target by firing them in a controlled
manner from all directions with a sophisticated computer-
ized controlled planning and execution, this is the principle
behind IMRT and VMAT. These photons have been used for
treatment not just by employing better shielding and modu-
lation but also by altering the dose and fractionation which
can give a beneficial biological effect, for example, hypofrac-
tionation, hyperfractionation, integrated boost techniques,
and stereotactic body radiotherapy (SBRT).

Now with PBT, we have a different beam altogether
from the traditional photon beam. It is for this reason that
it behaves very differently from photons. While the tradi-
tional photons are almost weightless, the proton is almost
800 times heavier than electron. This large mass gives a pro-
ton its momentum that gets quickly dissipated after travel-
ing a defined distance in patient’s body, this stops the proton
from travelling a large distance in the patient’s body. This
leads to a sharp rise in energy deposition toward the end of
the path of the proton and stops any further dose delivery.
This phenomenon is referred to as the Bragg peak.® Bragg'’s
peak equips PBT with superior dosimetric advantage over
photons or electrons because PBT doesn’t traverse the tar-
get/body but is stopped sharply at an energy-dependent
depth in the target/body. It also has no exit dose (=Fig. 1).
Conversely, when treated with photons the normal tis-
sues do receive low radiation doses and the benefit of PBT
can clearly lie in particularly minimizing low dose areas to
normal tissues.
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Fig. 1 The dose produced by a native and by a modified proton beam
in passing through tissue, compared with the absorption of a photon
or X-ray beam
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The relative biological effectiveness (RBE) of protons
can be defined as the ratio of the dose of a reference beam
(Cobalt-60 beam) required to produce a specific effect in a
biological system to the physical dose of proton radiation
required to produce the same effect. Its value is not fixed,
but for 70 to 250 MeV, protons range typically from 0.9 to
1.9, with an accepted “generic” value of 1.1 in clinical proton
therapy.'°

The traditional PBT is riddled with uncertainties.!® There
are uncertainties in range or depth of Bragg’s peak, uncer-
tainties in biological effectiveness due to variable deposition
of energy, uncertainties in dose delivery due to variations in
interactions with different electron densities of tissues (e.g.,
electron density of bones is high and is very low for lungs),
and then there are uncertainties of doses delivered due to
position of mobile organs.!® However, with the current day
pencil beam scanning, these are getting minimized for better
treatments with lesser uncertainties.

PBT for different cancers is described below:

1. Prostate cancer: According to Cancer Research UK,!" there
is an estimated 17 million new cases of cancer glob-
ally. The top four cancers occurring worldwide are lung,
breast, bowel, and prostate cancer (CaP), respectively. Due
to the long survival and relatively higher doses of radia-
tion therapy, there was an interest in PBT for treatment
of CaP for a possible further decrease in doses to normal
tissues and better quality of life. Several dosimetric stud-
ies have demonstrated that proton therapy for prostate
cancer could lower the mean dose to the rectum and
bladder compared with VMAT.'>'* However, due to the
close anatomic relation of bladder and rectum, there is no
advantage in terms of the sparing these organs from the
high dose volume. In a retrospective study, Takagi et al'®
evaluated long-term outcomes of proton therapy in
prostate cancer with a median follow-up of 70 months.
Almost 99% of the patients received a dose of 74 Gy. For
the low-, intermediate-, high-, and very-high-risk groups,
the 5-year failure-free biological recurrence was 99, 91
86, and 66%, respectively, and the 5-year cancer-specific
survival was 100, 100, 99, and 95%, respectively. Grade 2
or higher late gastrointestinal (GI) and genitourinary tox-
icities were reported to be 3.9 and 2%, respectively.

Study by Kase et al'® reported results of a dosimetric
study comparison between passive-scattering proton
beam (PSPT) and intensity-modulated PBT (IMPT) and
reported a further decrease in doses to some organs at
risk (OARs).

Therefore, while there is dosimetric data of a numerical
decrease in doses to surrounding areas, the high-dose
areas which are a primary concern in CaP treatment do not
get affected. The exact clinical value of further decrease
in low-dose areas with PBT needs to be evaluated. One
important aspect of studies on PBT in CaP™'7 is the fact
that the target volume in all of them is just the prostate
and surrounding tissues with the extent of depending on
risk assessment. However, most studies with IMRT and
IGRT include not just the prostate and surrounding tissues
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as per assessment but also include pelvic nodal stations
although the same is debatable and an ongoing trial
RTOG (radiation therapy oncology group) 0924 seeks to
resolve the same.'® Also, an ongoing phase-III trial, The
Prostate Advanced Radiation Technologies Investigating
Quality of Life (PARTIQoL) comparing PBT to IMRT is ongo-
ing to evaluate quality of life, toxicity in low, and interme-
diate risk CaP.’® There is also some concern with regards to
the interfraction uncertainties introduced by organ filling.

The results for hypofractionated RT (HRT) reported in
RTOG 0415 (70 Gy at 2.5 Gy/fractions),?® the CHHiP trial
(60 Gy at 3Gy/fraction),” and HYPRO study (64.6 Gy at
3.4 Gy/fraction)? established the hypofractionated regi-
men in the treatment of carcinoma prostate. ChhiP trial
reported grade 2 or worse bowel and bladder adverse
events at 11-9 and 11-7% in the 60 Gy group. RTOG 0415
reported in hypofractionated arm grade-3 GI toxicity at
4.6% and grade-3 genitourinary toxicity at 6.4%. All the
reported results were noninferior between conventional
and hypofractionated arm.?>-2?

A study?® from Japan reported results on 526 patients
receiving either conventional fractions for low and high
risk CaP (74 Gy/37 fractions and 78 GY/39 fractions) or
hypofractionated proton therapy (HFPT) for low risk CaP
(60 Gy/20 fractions and 63 Gy/21 fractions). The authors
reported acute genitourinary toxicities greater than grade 2,
rates at 5.9% for HFPT. While these results were better for
HFPT as compared with conventionally fractionated PBT,
the absolute rates are quite comparable as reported in
photon based hypofractionated studies.?*? These findings
were corroborated in the single arm phase-2 study?* on
HFPT for low- and intermediate-risk CaP.

As of date, it may be wise to refer patients with low risk
CaP, very large and odd-shaped prostate or ones requiring
high doses to critical areas (for e.g., a large avid perirectal
lymph node) for PBT because the benefit of numerically
lower doses will likely be more when the overall volumes
are high or are closely related to critical structures.
Hypofractionated approach in itself may not justify PBT
in view of similar toxicity outcomes for photons and PBT
based studies as discussed above.

. Pediatric cancers: PBT, as we know, achieves better target
coverage with lower volumes of normal tissues receiving
lower doses. It can result in up to 50 to 70% reduction in
the integral dose as compared with photon beam radio-
therapy.? Although there has been a significant progress in
RT technology,? the concerns about acute and long-term
side effects remain. This issue assumes more importance
in pediatric age-group due to the ongoing development of
organs and tissues and a relatively longer life expectancy
in childhood cancer survivors which makes them vulnera-
ble to the effects of radiation on growth, intellectual devel-
opment, endocrine organ function, and secondary cancer
development. Therefore, the pediatric radiation dose to
normal tissues should be reduced as much as possible
where PBT is valuable.?’-! For this reason, PBT may be use-
ful for the treatment of pediatrics cancers. A retrospective
observational study of pediatric patients who received

PBT was reported in 2017. The 5-, 10-, and 20-year rates
for grade 2 or higher late toxicities were 18, 35, and 45%,
respectively, and those for grade 3 or higher late toxicities
were 6, 17, and 17%, respectively. No malignant secondary
tumors occurred within the irradiated field.*? Colaco et al
showed that the tumor control rate and survival outcomes
in proton therapy for treating pediatric patients diagnosed
with central nervous system cancer were comparable to
that of photon therapy with significant reduction in acute
and late toxicities. There was also decrease in the sever-
ity of endocrine, neurological, intelligence quotient, and
quality of life deficits including lesser ototoxicity.>3*

While there is no doubt that the dosimetric advantage
of PBT may be best suited for pediatric age group, it is
worth mentioning that critical clinical data on the long-
term effectiveness, and harms associated with the use of
PBT in most pediatric cancers is not available. There is still
need for high quality research in this matter.

As of date, it may be wise to refer the pediatric age
group for PBT except for the tumors needing small doses
like Wilms’ tumor.

. Breast cancers: While adjuvant radiation therapy for

breast cancer (CaB) is important for local control and
survival benefit,* it is a known fact that long-term car-
diovascular toxicities and second cancers induced by RT
may counteract the survival benefit.>*3’ PBT can reduce
the mean dose to heart to approximately 0 to 0.5 Gy for
left-sided breast cancer.® A systematic review published
in 2019 recommends the mean heart dose to be less than
2.5 Gy.* A recent systematic review reported doses using
modern radiotherapy practices (photon based).” They
reported that the mean heart dose for left-sided breast
cancer, reported by 84 studies (studies published between
January 2014 and September 2017) was 3.6 Gy, compared
with a review of those previously reported (5.4 Gy). They
further reported that the regimens employing breathing
control in any position had a significantly lower mean
heart dose (1.7 Gy) compared with regimens without
breathing control (4.5 Gy; p < 0.0001).

Therefore, it can be appreciated that the modern day
regimens are already keeping the dose to heart at an
acceptable level. Furthermore, it was reported in a recent
paper that the estimated absolute risk of cardiac mortal-
ity from modern radiotherapy were approximately 1% for
smokers and 0.3% for nonsmokers.*!

In the recent years, relative success of accelerated par-
tial breast irradiation (APBI) and PBI has also reduced the
target volumes in breast for the radiation oncologist. This
decreases the scatter dose to the heart even further.#24?

Keeping all the above in perspective, we can realize
that the lower dose to heart possible with PBT may not be
clinically useful for most cases.

To further determine and evaluate its cardiovas-
cular effects, an ongoing prospective phase-II trial
(NCT01758445) on patients receiving PBT for stage-II/III
breast cancers has been undertaken.

However, it will be wise to consider PBT for special
situations. For example, an early-stage tumor on left side
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especially in the inner/central quadrant** or a locally
advanced breast cancer on left side requiring internal
mammary node radiation.*® In above-mentioned or any
other situations, physical properties of PBT may help some
patients, especially where modern radiotherapy tech-
niques may not be yielding enough dosimetric benefits.

. Hepatocellular carcinoma: Hepatocellular carcinoma
(HCC) is a primary liver cancer believed to originate from
primary stem cells. The treatment of choice is surgery but
most patients are seen in an inoperable stage* and then
the intent of treatment becomes palliative by prolonging
the liver function for as long as is possible. The problem
with delivering RT to this tumor is the inherent radio-
sensitivity of the surrounding normal liver parenchyma.
This problem is partly solved by SBRT using photon beam.
Méndez Romero et al‘ reported local control rates at
1 and 2 years for the whole group (which included liver
metastases) were 94 and 82%. A Korean group reported that
higher RT doses (cumulative and per fraction) are required
to achieve the same tumor control probability for larger
lesions.*’ This is where benefit of PBT can be explored. A
dosimetric study has shown that IMPT (intensity modu-
lated PBT) could decrease the dose delivered to organs at
risk compared with IMRT-based SBRT.* This allows us the
possibility to increase the dose given to the tumor without
increasing radiation-induced liver damage.**4° Sugahara
et al reported their results of a retrospective study>® on
22 patients with large HCC (median size: 11 cm, range:
10-14 cm). The patients were treated with proton therapy
to a dose of 72.6 cGyE and they demonstrated promising
result with a 2-year local control (LC) of 87%, 2-year overall
survival (OS) of 36%, 2-year progression-free survival (PFS)
24% with no grades 3 to 5 late toxicities. PBT has the
potential to reduce radiation-related hepatotoxicity and
allow for tumor dose escalation; however, due to the ret-
rospective nature of the data, true survival benefit cannot
be commented upon unless phase-3 trials are undertaken.
The reason for the latter is the fact that even the benefits of
liver transplant are not seen beyond certain size criteria.>!
The same is likely attributable to the fact that larger sized
tumors are more aggressive.>> NRG-GI003 (NCT03186898)
is a recently opened phase-IIl randomized trial that will
determine if PBT will confer an OS advantage compared
with photons in unresectable HCC patients.

Lastly, a recent publication from Japan examined
83 recurrent HCC cases after initial PBT. There were
multiple dose-fractionation combinations for both pri-
mary and reradiation therapy (reRT; determined by tumor
location within the liver), with 60 GyE in 10 fractions and
72.6 GyE in 22 fractions being the most common. Two-
year survival was 88%, and no patient experienced grade 3
or higher adverse events.*

Currently, those patients with an upfront large tumor
size that requires SBRT may be referred for IMPT based
proton therapy if a sufficient dose to target is not achiev-
able without significant damage to liver parenchyma.
Also, a recurrent HCC amenable to SBRT will benefit with
superior dosimetry of PBT.
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5. Head and neck tumors: The most common of these are

squamous cell carcinomas of head and neck (HNSCC).
RT is an important treatment modality for HNSCC. PBT
has shown an advantage to minimize doses to the brain
stem, salivary glands, spinal cord, pharynx, and larynx in
comparison with RT including newer techniques of IMRT
and VMAT.>**%7 A case-matched dosimetric analysis of
25 patients reported significant reduction to doses to
OARs when IMRT was compared with IMPT.>® Ramaekers
et al>® explored the cost-effectiveness of IMPT with IMRT
in HNSCC using NTCP models and comparative planning
studies. At 12 months, the predicted occurrence of xero-
stomia and dysphagia was found to be lower with IMPT
(22 and 18%) than with IMRT (44 and 23%). However, PBT
does not improve survival outcomes as compared with
IMRT.%° One site which may particularly benefit with PBT
is nasopharyngeal (NPC) and sinonasal carcinoma because
of its special anatomic location with its close proximity to
eyes, neural structures, and cranial nerves. The advantage
on dosimetry for proton therapy over IMRT is a significant
reduction of normal tissue volumes receiving lower radi-
ation doses.®"%? A recent report by Lewis et al®® reported
their findings on nine NPC patients who were treated with
PBT and concurrent cisplatin-based chemotherapy. They
reported a 2-year LC and OS was 100 and 88.9%, respec-
tively. No patients had acute grade-4 or -5 toxicities. They
reported only grade-2 mucositis in eight patients and
grade 3 in one patient. These outcomes are quite encour-
aging due to low-adverse events with LC and OS results
that are similar to prior reports of IMRT.**

While the dosimetric advantage can be appreciated in
the available dosimetric studies, there is no prospective
phase-3 study toward use of PBT in head and neck cancers.
A prospective randomized study between PBT and IMRT
comparing the toxicity as a primary outcome is currently
recruiting (NCT01893307). Therefore, to judge the need
for PBT for any particular case, a model-based approach
is recommended where existing NTCP models are used
to choose those patients who stand to benefit in terms of
avoiding toxicity, and thereby decreasing their morbidity
and costs.565

PBT, due to its potential advantages, may result in
clinically meaningful reductions in toxicities and com-
plications in reRT for HNSCC. Many series including two
prospective studies have been published in this regard to
date. The results are dependent on patient selection, rates
of salvage surgery, use of concomitant chemotherapy,
and histology of the tumor. ReRT is not devoid of toxic-
ity, most series report similar acute toxicity and mortality.
One of the initial report regarding PBT (n = 34) with recur-
rentoral cavity cancer utilized concurrent intra-arterial
chemotherapy.®® With a retreatment median dose of
50 GyE-2-year LC was 62% and 2-year OS was 42%.
Although no patient experienced grade 4 and 5 toxicities,
several suffered grade-3 mucositis (32%), dermatitis (29%),
and dysphagia (35%). One multi-institutional retrospec-
tive study®’ (n = 92) evaluating reirradiated passive scat-
ter proton therapy (PSPT) reported 1-year locoregional
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control of 75%, and OS rate of 65.2%. Authors reported that
acute grade-3 adverse events from PBT reRT were lower
than historical IMRT reRT series. A median of 34 months
elapsed between treatments. Another series from MD
Anderson Cancer Center (n = 60) reported the rates of
locoregional failure free and OS at 1 year 68.4 and 83.8%,
respectively.® The median interval from initial to retreat-
ment was 47 months. The rate of feeding tube placement
was 10% and grade-3 dysphagia and xerostomia was seen
in three and two patients respectively. The authors cor-
related clinical target volume >50 cm® with greater risk of
grade >3 toxicities. McDonald et al®® evaluated 61 patients
with full-dose initial (median: 65-66 Gy). At a median
15-month follow-up, the LRR was 20%, but the 2-year OS
markedly differed from the previous study (33% in this
series). Grade-3 mucocutaneous toxicities were seen in
eight patients and 1 person died of RT-induced brainstem
edema leading to a fall and hematoma. On multivariate
analysis, factors portending risk of local failure included
presence of gross (versus microscopic) disease, and size of
the gross tumor volume. ReRT dose, when analyzed as a
continuous variable, independently correlated with local
control. ReRT in HNSCC has always been dismal clinical
scenario with varied outcomes and toxicity and PBT results
do look exciting. A recent publication by multi-institution
reirradiation (MIRI) collaborative group’® reported results
on 412 recurrent or second primary HNSCC patients reir-
radiated with IMRT. They reported encouraging results
with 2-year survival of up to 62% in recursive partitioning
analysis (RPA) class-I patients. The overall rates of acute
grade-3 toxicity were 19% and cumulative incidence of late
toxicities was 14.2%. This study although retrospective,
reports results of a large cohort of patients and results may
be considered equivalent to PBT results discussed above.

SBRT with photons is an emerging modality for treat-
ment of recurrent HNSCC. A recent publication’ reported
a 2-year survival for patients with tumor size less than
25 cc where more than 35 Gy dose could be safely given.
The acute grade-4 toxicity reported in group receiving
SBRT was less than 1%.

Therefore, it can be appreciated that survival outcomes
for recurrent HNSCC patients depends upon time to
recurrence, operability, and size or volume and presence
of organ dysfunction. Toxicity reports for non-PBT thera-
pies of IMRT and SBRT are not dismal and are may be even
equivalent.

However, the heterogeneity within recurrent HNSCC
cases forbids us to generalize and recommend any one par-
ticular modality (IMRT, SBRT, or PBT) for RT. The decision
may be empirically based on closeness to critical struc-
tures. Ideally MIRI RPA class I must receive fractionated RT
(preferably with chemotherapy)’ and if such a planning
target volume (PTV) is reasonably close to critical struc-
tures (especially neural), then the same may not be possi-
ble with IMRT and PBT may be preferable. Regarding MIRI
RPA class Il where PTV that may be too close to the critical
structures, and it is not possible to consider the patient
for fractionated RT, then we can go for SBRT if the volume

is less than 35 cc or for fractionated PBT with concurrent
chemotherapy.

ReRT with PBT in this scenario has a high potential for
minimizing toxicities and as systematic randomized study
with suitable RPA class groups with QOL analysis is much
needed.

. Skull base chordoma: Chordoma is a rare, locally aggres-

sive, slow-growing primary bone tumor. It occurs typically
on either end of the notochord, which during development
transforms into the sacrum and the skull base. Traditionally,
they have been addressed with surgery, but the extent of
surgical resection at the skull base is often limited by the
surrounding critical neurovascular structures. Subtotal
resections are, therefore, common and residual tumors are
meant to be treated by radiation therapy.”? Chordoma cells
are considered relatively radioresistant when treated with
conventional fractionated external beam protocols, and
therefore, high doses are warranted.” Due to its proxim-
ity to neural tissue and the higher dose requirement, PBT
is evolving as the postoperative treatment of choice.”*”®
A review reported results of 416 cases of advanced or
incompletely resected tumors comparing photons to
PBT, PBT showed better results with the best long-term
(10 years) outcomes with relatively few significant com-
plications considering the high doses delivered with this
therapeutic modality.”® Another review conducted in 2018
concluded that despite advances in proton therapy, recur-
rence rates in skull base chordoma remain high.”” Large
case series demonstrated that unfavorable tumor con-
trol was often linked to high residual volumes (>23 cm?)
and brainstem involvement.”®%° Authors recommended
that due to the radioresistant behavior of this neoplasm,
a delivery of a dose of at least 74 Gy (RBE) to the tumor
bed and other sites of gross disease is recommended. As
an alternative to PBT, modern technology in conformal
photon irradiation can offer encouraging control rates. In
arecent report on 24 patients treated with IMRT and IGRT
to a median dose of 76 Gy, the overall 5-year loco-regional
control (LRC) was 65.3%.8! Larger tumor volume of tumor
(>60 cc)and reirradiation were significant prognostic fac-
tors predict inferior survival.®

Due to the close proximity to brain stem, it is very
challenging to treat these patients with an ideal dose of
76 cobal grey equivalent (CGE) even with modern tech-
nology for photon beam RT therefore PBT seems to be a
very exciting clinical tool. However, due to the very same
reason of close proximity with the dose and range uncer-
tainties of PBT, it may not always be possible to control
dose to brain stem so easily. This is due to the fact that the
dose needed to treat chordomas and chondrosarcomas is
a high dose of greater than 70 CGE and the dose tolerable
to brain stem is just a maximum voxel dose of 60Gy. This
steep fall-off may not always be possible due to their close
proximity. However, PBT may still be our best hope for
better dosimetry in this critical location. Also, prospective
trials are currently being conducted to compare the bio-
logical effectiveness and safety of carbon-ion therapy with
PT for skull base chordomas.™
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7. GI tumors: PBT has been explored in gastrointestinal tract

tumors with the aim to reduce toxicities. In a study from
Florida, 22 patients were treated with proton therapy
and concomitant capecitabine (1,000 mg per orally twice
daily) for resected (n = 5); marginally resectable (n = 5)
and unresectable/inoperable (n = 12) biopsy-proven pan-
creatic and ampullary adenocarcinoma.®* Proton doses
ranged from 50.40 to 59.40 CGE. Median follow-up was
11 months. No patient demonstrated any grade-3 toxic-
ity during treatment or during the follow-up period and
grade-2 GI toxicity was eliminated (p = 0.0009) in patients
treated with plans that avoided anterior and left lateral
fields which were associated with reduced small bowel
and gastric exposure. Mizumoto et al reported 51 patients
with esophageal cancer who were treated between 1985
and 2005 using proton beams with or without photons.?
There was no treatment interruption and the overall 5-year
actuarial survival rate was 21.1% and the median survival
time was 20.5 months. The 5-year local control rate for all
51 patients was 38.0% and the median local control time
was 25.5 months. Studies have evaluated role PBT in recur-
rent GI neoplasms. Ono et al reported the results of mul-
ticenter retrospective study in Japan with 202 (including
90 inoperable) esophageal cancer patients.’> The 3-year
and 5-year OS was 66.7 and 56.3%, respectively. The 5-year
LRC was 64.4%. This study suggests that PBT for esopha-
geal cancer was not inferior in efficacy and had lower rates
of toxicities in comparison to photon radiotherapy.

These studies report encouraging results with PBT for

GI cancers. Though lower grade-2 toxicities are inspir-
ing, a randomized study with an assessment of quality of
life shall be very helpful in recommending PBT for these
patients.
. Lung cancers: PBT is associated with more uncertainty
due to finite range of proton beam and motion for tho-
racic cancers. It is less forgiving in moving lung cancer
due to the Bragg peak’s sensitivity to motion, anatomy,
and density changes. Although PBT is improving rapidly
as more research is performed with the implementation
of four-dimensional computed tomography (CT)-based
motion management and IMPT.®¢ In the middle of 1990s,
the Loma Linda University lung cancer program devel-
oped techniques for managing early-stage NSCLC using
PBT, they intensified the dose to 70 Gy (RBE) over 10 frac-
tions.®” This led numerous proton centers in Japan and
United States to consider hypofractionated and acceler-
ated PBT to manage stage-1 NSCLC.%8-%0

A study compared PSPT, IMPT, and photon-based
radiotherapy to deliver SABR, 50 Gy in four fractions in
centrally located stage-I NSCLC, and reported significant
reduction of radiation doses to critical structures.’® Other
studies reported that the proton-based SBRT plans deliv-
ered a lower radiation dose to lungs, esophagus, bron-
chial tree, and spinal cord.>®*> PBT was noted to deliver a
slightly higher radiation dose to the skin and chest wall
when less than three beams were used but was overcome
by use of a greater number of proton beam fields or arc
therapy. As expected, PSPT is not better for dose reduction
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for esophagus, lung receiving 20 Gy, or higher. However,
optimized PSPT better controls lung V5 and spares bet-
ter than contralateral lung, spinal cord, heart, and integral
dose compared with photon plans.*%

A major limitation to proton therapy in early NSCLC was
the lack of volumetric image guidance, thereby requiring
slightly larger PTV margins for uncertainty.

While the doses to OARs is lower with PBT (especially
with IMPT) the clinical outcomes remain similar and
therefore PBT may be better suited for patients where
lowering the volumes of normal tissues that receive the
low doses shall be clinically meaningful. For example,
patients with larger early stage tumors, smaller overall
lung volume, tumors located more centrally, or those that
are close to the brachial plexus. Also, like always PBT may
be considered for patients who don’t meet dosimetric
constraints with photon based SBRT.

A phase-II study of 44 patients with stage-III NSCLC
who received 74 CGE via conventional fractionation (two
CGE per fraction) with weekly concurrent carboplatin
and paclitaxel, reported no grade-4 or -5 toxicities, and
minimal grade-3 toxicities. % The median survival was
29.4 months, as compared with 20.3 months of 74 Gy
arm in RTOG 0617. Two similarly designed studies that
included fewer patients, demonstrated equally excellent
outcomes.””* An ongoing phase-III study RTOG 1308 com-
paring IMRT to proton therapy in stage-III NSCLC seeks to
evaluate OS as its primary objective. A randomized study
to compare IMRT with IMPT using an integrated boost
approach to boost GTV to 72 Gy, while keeping PTV dose
to 60 Gy with concurrent chemotherapy is ongoing. Two
studies are currently exploring hypofractionation with
concurrent chemotherapy including a single institutional
study and a multicenter study being done through the
Proton Collaborative Group (PCG).

Due to these controversies of range uncertainty and
motion management, there is much debate in the oncol-
ogy community about which lung cancer patients benefit
significantly from proton therapy. PBT could be the answer
to successful dose escalation especially in large treatment
volumes encountered in stage three NSCLC. Often such
patients are taken up for neoadjuvant chemotherapy to
no particular survival benefit with a higher toxicity.* PBT
should be particularly beneficial to patients who have
poor pulmonary function, cardiovascular disease, recur-
rent disease, or other individuals at high-risk to develop
severe side effects in general (such as the elderly).

. Reirradiation with PBT: Locoregional recurrences within

the previously irradiated fields are common even with the
advancement in radiation techniques, newer systemic thera-
pies, and improved surgical techniques. Reirradiation is chal-
lenging in effective and safe dose delivery and the dosimetric
advantage of proton therapy makes it an exciting option to
reirradiate with minimal toxicity to normal tissues.

In a study by Dionisi et al,'® 17 recurrent NPC were
treated by PBT with median reirradiation dose of 60 Gy
RBE (range: 30.6-66) with median follow-up of 10 months.
53% of patient underwent concomitant chemotherapy.
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No adverse grade-3 acute toxicity seen and late grade-3
toxicity seen in 23.5%, with hearing impairment in 17.6%.
Two patients developed grade-2 soft tissue necrosis and
grade-5 carotid blowout occurred in one patient. Overall
survival was 54.4% and local control was 66.6%.

Retrospective study on PBT with IMPT reirradiation of
thoracic malignancies with definitive intent was done by
Ho et al. The study included 27 patients. 93% of patients
received IMPT for thoracic cancer recurrence and 7%
patients received sequential PBT after a course of SABR.
A median dose of 66 Eq. D2 Gy (range, 43.2-84 Gy). The
median time to reirradiation was 29.5 months and median
follow-up for all patients was 11.2 months (25.9 surviv-
ing patients). The 1-year LRFS and PFS were 84 and 76%,
respectively. Late grade-3 pulmonary toxicity developed
in two patients and grade 4-5 toxicities was not seen in
any patient.'!

Fifty patients (2011-2016) who received PBT reirradia-
tion for breast cancer got registered in the PCG.!”? Median
follow-up of 12.7 months (range: 0-41.8) and 60 Gy
(range: 10-96.7) of median prior RT dose were given.
Median reirradiation dose was 55.1 Gy (range: 45.1-6.3 Gy)
and 110.6 Gy (range: 70.6-156.8) of median cumu-
lative dose. Median interval between RT courses was
103.8 months (range: 5.5-430.8). A total of 84% regional
nodes was included in reRT in which 66% were internal
mammary node (IMN). At 1 year, LRFS was 93%, and OS
was 97%. Grade-3 events occurred in patient with body
mass index (BMI) more than 30, IMN reirradiation and
bilateral breast cancer with acceptable toxicity in spite of
median cumulative dose exceeding 110 Gy.

Fifteen patients with isolated, locally recurrent pan-
creatic cancer were treated with PBT were analyzed from
2010 to 2015. Median follow-up was 15.7 months (range:
2-48 months). Concurrent chemotherapy was received by
67% of the patients and median PRT dose was 59.4 Gy (range:
37.5-59.4 Gy) with median time interval of 26.7 months
(range: 7-461.3 months). Acute > grade-3 toxicities was
seen in 13% of patients. One-year OS was 67% and “in-field”
failure-free survival at 1 year was 87%. LPFS and DMES at
1 year was 72 and 64%, respectively, with a higher median
survival found with concurrent chemotherapy.!®?

Fifteen patients of recurrent rectal and anal cancer were
analyzed using a hyperfractionated or accelerated reRT by
PBT from 2007 to 2017 with a median prior pelvic RT dose
of 50.4 Gy (range: 25-80 Gy) and median time interval of
4.7 years (range: 1.0-36.1 years). Total reRT dose was 39
to 45 Gy (RBE) along with concurrent chemotherapy to all
patients. As compared with photon therapy PBT achieved
lower mean pelvic bone marrow dose and acute or late
grade-4 toxicity was not seen in any patients.'*

In a prospective study, 14 patients were enrolled
for thoracic reirradition between 2010 and 2014. All
14 patients had history of thoracic radiation and newly
diagnosed or locally recurrent esophageal carcinoma. All
patients received proton beam reirradiation. The median

reirradiation dose was 54.0 Gy (RBE; range: 50.4-61.2 Gy)
and median cumulative dose was 109.8 Gy (range:
76-129.4 Gy). Concurrent chemotherapy was received by
eleven patients. The median interval between radiation
courses was 32 months (range: 10-307 months) and the
median follow-up was 10 months (range: 2-25 months).
This study'® showed comparable acute and late toxicity
with good local control with maximum radiation related
grade-2 toxicity of 64%.

The potential advantage of PBT in reirradiation of
meningioma is due to lower integral brain dose. Sixteen
patients were retrospectively analyzed who received
prior median dose of 54 Gy (range: 13-65.5 Gy). Median
time from prior RT to PBT, reRT was 5.8 years (range: 0.7-
18.7 years) and median PBRT dose was 60 Gy (RBE; range:
30-66.6 Gy). Median follow-up was 18.8 months. Patients
with initially grade-I tumors and longer interval between
prior RT and PBRT had improved PFS. Late grade-3 toxicity
was 31% and 13% developed radionecrosis with good
intracranial control.!%

The results with reirradiation for HNSCC were discussed
in the relevant section. The other studies reviewed above
report reasonably good outcomes with toxicities that
are not unacceptably high. The reRT is generally the last
option as it is generally advised only when the no other
options are beneficial or feasible for a patient. In such a
scenario, PBT results are indeed encouraging though high
quality phase-3 data with a focus on QOL shall help oncol-
ogists make data-driven choices for their patients.

Conclusion and Future Directions

The physical properties of protons provide PBT with unique
dosimetric advantages with only few disadvantages. PBT
therefore remains a promising treatment which has already
shown many positive results. However, the most important
benefit that comes is in reduction of low dose volumes which
means that the volumes of normal tissues receiving less than
50% of prescribed dose are lesser for PBT but not necessarily
the high-dose volumes.>> Therefore, we cannot always pre-
sume superior outcomes with PBT even though it may be
intuitive to do so. It is for this reason that we should encour-
age phase-3 trials to compare the modalities so that robust
data can be obtained for a more scientifically sound decision
making for our patients. It is also important to examine long-
term clinical outcomes with PBT to truly understand the ben-
efits of PBT.

However, radiation oncology is a branch where tools and
techniques always makes a difference and therefore there
must be a careful consideration for PBT treatment for pedi-
atric cases and for complex cases in adults where dosimetry
may be unsuitable to the planned treatment in terms of cov-
erage and sparing of normal tissues.
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