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Abstract

Radiation therapy (RT) plays an essential role in the management of esophageal cancer. Because
the esophagus is a centrally located thoracic structure there is a need to balance the delivery of
appropriately high dose to the target while minimizing dose to nearby critical structures. Radiation
dose received by these critical structures, especially the heart and lungs, may lead to clinically
significant toxicities, including pneumonitis, pericarditis, and myocardial infarction. Although
technological advancements in photon RT delivery like intensity modulated RT have decreased
the risk of such toxicities, a growing body of evidence indicates that further risk reductions are
achieved with proton beam therapy (PBT). Herein we review the published dosimetric and clinical
PBT literature for esophageal cancer, including motion management considerations, the potential
for reirradiation, radiation dose escalation, and ongoing esophageal PBT clinical trials. We also
consider the potential cost-effectiveness of PBT relative to photon RT.

Introduction

Esophageal cancer remains one of the deadliest cancers despite progress in the treatment
of this disease over the past several decades. Worldwide there are an estimated 456,000
new esophageal cancer cases and 400,000 deaths annually (1). Although the incidence of
esophageal cancer in the United States is lower than in many Asian and African countries,
the annual number of expected American deaths from esophageal cancer (approximately
16,000) still rivals the predicted number of new diagnoses (approximately 18,000) (2).
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For patients with locally advanced esophageal cancer deemed suitable for surgery, the
standard treatment recommendation is neoadjuvant chemoradiation (CRT) followed by
esophagectomy. This is based on prospective data showing superior local control (LC)

and overall survival (OS) compared with esophagectomy alone (3). For those who are not
surgical candidates definitive CRT is recommended, which results in a significantly greater
likelihood of survival at 5 years compared with radiation therapy (RT) alone (4). Thus, RT
plays a central role in the treatment of locally advanced esophageal cancer regardless of
surgical appropriateness.

Radiation therapy for esophageal cancer is challenging because of the central location of the
esophagus within the thorax, resulting in a need to delicately balance minimizing radiation
dose to nearby critical structures (ie, heart, lung, and spinal cord) while maintaining an
effectively high dose to the target. Lung and heart doses in particular have been shown to
increase the likelihood of pneumonitis, post-operative pulmonary complications (5, 6), heart
wall motion abnormalities, coronary artery disease, pericarditis, and myocardial infarction
(7-9).

Technological advances in RT delivery have led to an evolution in the treatment of
esophageal cancer over the last half century by achieving increasingly better normal tissue
sparing while maintaining accurate dose delivery to the target. In the era of 2-dimensional
(2D) planning, generous treatment ports were used to ensure adequate target coverage, but
2D RT also exposed significant volumes of normal tissues to high doses and led to serious
complications. Increasing conformity around the target resulting in superior normal tissue
sparing was later achieved using 3-dimensional conformal RT (3D-CRT), and this was
subsequently improved upon even further with the advent of intensity modulated radiation
therapy (IMRT) (10-12). For example, Chandra et al (10) found that 7-field IMRT compared
with 3D-CRT significantly reduced the percentage of lung receiving at least 10 Gy (V10)
from 40.4% to 29.2% (P=.01), V20 from 19.3% to 13.5% (P=.01), and mean lung dose
(MLD) from 14.8 Gy to 11.8 Gy (~=.01). This decrease in normal tissue dose achieved with
IMRT has been suggested to result in clinically meaningful outcomes (13, 14). A study from
MD Anderson Cancer Center reported a propensity score—adjusted comparison of long-term
clinical outcomes between 3D-CRT and IMRT. Intensity modulated RT was associated with
significantly higher OS, but there was no difference in cancer-related deaths or pulmonary-
related deaths. The key difference was seen in the patients who received 3D-CRT, who

had a significantly higher risk of cardiac-related deaths (~=.049) and other-cause deaths
(72.6% vs 52.9%, A<.0001) (13). These data highlight that treatment outcomes are not only
dependent on the ability to deliver adequate radiation dose to esophageal cancers, but that
the overall health of the patient is directly affected by treatment-related toxicity. These
toxicities could be further reduced using advanced treatment delivery technologies, such as
IMRT and proton beam therapy (PBT). In fact, the physics of PBT is ideally suited for
tumors of the esophagus as compared with photon RT because of the significantly reduced
exit dose through the heart and lungs.

Proton beam therapy has historically been used to treat select cancers; however, a
growing collection of studies suggest that PBT is not only safe and effective in treating
esophageal cancer, but that the side-effect profile may also be improved over traditional
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photon-based techniques. Herein we review published dosimetric and clinical PBT literature
for esophageal cancer, including some of the exciting potential applications of PBT that
capitalizes on the toxicity sparing effects of PBT. We also consider the potential cost-
effectiveness of PBT relative to photon-based techniques.

Dosimetric Comparison of Proton Versus Photon Therapy

Proton beam therapy has traditionally been delivered using a passive scattering technique,
in which placing scattering material in the path of the proton beam spreads out a proton
beam while compensators and collimators are used to conform dose to the target. The
potential benefits of passive scattering proton therapy (PSPT) over 3D-CRT for esophageal
cancer were suggested by a comparative treatment planning study published in 1998 (15).
Both radiation modalities provided excellent target coverage, although sparing of the heart,
lungs, spinal cord, and kidneys favored PSPT for all patients. The mean tumor control
probability increased by a mean 20%-units (2%- to 23%-units) using the best proton plan,
assuming a 5% normal tissue complication probability. On the basis of these data the
authors predicted that radiation dose escalation above 40-50 Gy(RBE [relative biological
effectiveness]) would be more feasible using protons. Passive scattering proton therapy was
shown in a recently published dosimetric comparison with 3D-CRT to also be advantageous
when prescribing a total dose of 60 Gy(RBE) in 30 fractions (16). Passive scattering

proton therapy was delivered using an anterior—posterior/posterior—anterior (AP/PA) beam
arrangement for most patients, whereas 3D-CRT was given using AP/PA and oblique beams
to limit the spinal cord dose. Significant normal tissue sparing was achieved using PSPT,
including lung VV5-V20, mean lung dose, and heart V30-V50 (/<.001), and this translated
into reduced cardiac and pulmonary morbidity based on normal tissue complication
probability calculations. Dose escalation using PBT is more thoroughly discussed below.

Passive scattering proton therapy has been shown to reduce normal tissue dose compared
with IMRT. Zhang et al performed a comparative planning study of 2-beam PSPT

(AP/PA), 3-beam PSPT (AP/posterior obliques), and IMRT for distal esophageal or
gastroesophageal junction (GEJ) cancer (17). The prescription dose was 50.4 Gy(RBE) in 28
fractions. Although target volume coverage was similar between all plans, PSPT delivered
significantly less dose to the lung than IMRT. Not surprisingly, the ability to spare the lungs
from doses less than 20 Gy(RBE) was better using 2 versus 3 proton beams, whereas heart
sparing was superior using 3 beams because of the ability to deliver more dose posteriorly.
The risk of postoperative pulmonary complications was estimated to be 18.5% using IMRT,
compared with 5% using 2-beam PSPT and 11% using 3-beam PSPT. The identification of
several feasible beam arrangements can allow for personalization of PBT by accounting for
patients’ baseline cardiac and/or pulmonary health and anatomy, and then choosing which
beam arrangement is preferred to maximize sparing the organ most at risk from radiation
toxicity. Another important aspect of this study was evaluation of dosimetric effects due to
motion using 4-dimensional (4D) CT scans compared with 3D average CT scans. Target
coverage was suggested to differ by at least 2% according to the presence of diaphragmatic
motion and stomach filling, highlighting the need to account for and minimize differences in
anatomy on a day to day basis to the greatest extent possible when using proton therapy for
esophageal cancer.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2024 February 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chuong et al.

Page 4

Investigators from Loma Linda University performed a dosimetric comparison of 3D-CRT,
IMRT, and PSPT for 10 patients with either distal esophageal or GEJ cancers (17). The
prescription dose was 50.4 Gy(RBE) in 28 fractions. The 3D-CRT plans consisted of a
4-field box, IMRT plans used a step-and-shoot approach with 6-9 beams, and PSPT plans
were generated using 2 beams at lateral and oblique angles. Compared with IMRT and
3D-CRT, PSPT provided similar target coverage but delivered significantly reduced dose to
various volumes of the liver, spinal cord, lung (including V5, V20, and mean dose), and
heart (including V25, V40, and mean dose). Not only was the whole heart dose evaluated,
but dose to individual substructures of the heart, including the left anterior descending
artery, left ventricle, and pericardium, was also determined. Passive scattering proton therapy
was the best at limiting dose to these substructures. For example, the mean left anterior
descending artery dose between PSPT, IMRT, and 3D-CRT plans was 0.4 Gy(RBE), 17.6
Gy(RBE), and 15.1 Gy(RBE), respectively, which may reduce the risk of late clinically
significant cardiac morbidity (18).

Although PSPT essentially eliminates exit dose to normal tissues compared with photon
therapy, the deposition of high doses proximal to the target is not as highly conformal.
Pencil beam scanning, which is also commonly referred to as intensity modulated proton
therapy (IMPT), is a more recent technological advancement in which magnets steer the
proton beam to cover, or “paint,” the target volume layer by layer. Pencil beam scanning
utilization is increasing because of its ability to deliver a dose distribution that conforms

to both the distal and proximal edges of the target volume. A study from Mayo Clinic
showed significantly improved sparing of the lungs, heart, kidneys, liver, and small bowel,
although spinal cord and skin dose were higher using either 1-field (single PA) or 2-field
(posterior obliques) pencil beam scanning compared with IMRT in patients with distal
esophageal cancer (19). Welsh et al. evaluated IMPT and IMRT plans for patients with distal
esophageal cancer who were prescribed 65.8 Gy(RBE) to the GTV and 50.4 Gy(RBE) to
the PTV in 28 fractions (20). Intensity modulated RT was delivered using a simultaneous
integrated boost, whereas IMPT was delivered using 3 unique beam arrangements: AP/PA,
left posterior oblique/right posterior oblique (LPO/RPO), and AP/LPO/RPO. All 3 IMPT
beam arrangements provided greater sparing of the heart, lungs, liver, and spinal cord
compared with IMRT. Similar to the data presented above from Zhang et al, cardiac
sparing was increased when LPO/RPO beams were used. Figure 1 illustrates the dosimetric
advantages of IMPT compared with IMRT for treatment of distal esophageal cancer.

A study from MD Anderson Cancer Center compared motion robust IMPT, PSPT, and
volumetric modulated arc therapy (VMAT) plans for 11 patients with distal esophageal or
GEJ cancer (21). All plans were prescribed a total dose of 50.4 Gy(RBE) in 28 fractions,
and 100% of the internal clinical target volume was required to receive the prescription
dose. The mean dose conformity index for the internal clinical target volume was 0.55, 0.55,
and 0.45 for motion robust IMPT, VMAT, and PSPT, respectively (21). Intensity modulated
proton therapy was associated with significant reductions in mean dose to the heart and liver
compared with PSPT (Table 1).
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Motion Management Considerations for Proton Beam Therapy

The dose distribution using PBT is affected to a much greater extent by changes in tissue
density than photon RT. As a result there is concern about using PBT in the presence

of significant target motion. This especially pertains to targets in the thorax and upper
abdomen, including the distal esophagus, that move as a result of diaphragmatic excursion.
Furthermore, motion generally affects the dose distribution for IMPT to a greater degree
than PSPT. Although IMPT has better dose conformity than PSPT and delivers less integral
dose than IMRT, the clinical implementation of IMPT for distal esophageal cancer is
challenging, with the concern of dosimetric uncertainty caused by respiratory motion. In
general, changes of radiologic path length, as measured by water equivalent thickness
(WET), of the proton beam could result in substantial change in dose distribution (22, 23).
Although the range of motion for the GTV in distal esophagus is typically a few millimeters,
diaphragmatic motion is larger and on the order of centimeters (24, 25). Because the
diaphragm moves during respiration, this results in changes to the WET in the beam path,
which can cause significant interplay effects.

Various motion management strategies have been proposed, and some have been
implemented (26—36). For PSPT, motion robust treatment planning strategies were evaluated
by Pan et al (37) on the basis of the average, inspiration, and expiration CT scans. This
analysis concluded that a 1- to 3.5-cm smearing margin on the inspiration CT scan was the
most robust (37). For IMPT, a study from Mayo Clinic reported on the benefit of using
maximum monitor unit threshold-based repainting, which was especially useful when using
a 1-field (PA) approach (38). Yu et al (39) reported a strategy to select IMPT beam angles
that are robust to diaphragmatic motion. Motion robust beam angles were determined by
examining the change of WET along the beam path during a full cycle of free-breathing
motion at various angles. The beam angles that yielded the smallest value of the maximum
temporal change of WET were considered to be the most robust. They concluded that the
most motion robust beam angles are generally posterior with median gantry angle of 200°
(range, 180°-220°), because these beam angles pass through a relatively less mobile portion
of the diaphragm. The study also determined that motion robust optimization based on

the average image sets of 4D CT and the 2 extreme phases of 4D CT (the end of inhale

and exhale phases) was able to significantly reduce the motion-induced dose uncertainty
for target volume coverage. The motion-induced dose uncertainty was evaluated by both
the overall dose uncertainty after multiple fractions, and the dose uncertainty induced by
interplay effect in any single fraction. For the IMPT plans calculated with a conventional
optimization algorithm, the average dose uncertainty over the whole course was more than
1 Gy(RBE) for the dose-volume parameter D95 (the minimum dose received by 95% of
the treatment volume), and it was reduced 50% with the motion robustness optimization.
The average dose error due to interplay effects in any one fraction was also reduced with
the motion robustness optimization [from 0.6 to 0.4 Gy(RBE)]. These results suggest that
IMPT plans for distal esophageal cancers that are relatively insensitive to respiratory and
diaphragmatic motion can be developed.
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Clinical Experience of PBT for Esophageal Cancer

Reported clinical experiences for PBT have been limited to single-institution studies. One

of the initial case reports came from the University of Tsukuba (40), with the recent update
from the same group in 51 patients with esophageal squamous cell carcinoma (ESCC)
treated between 1985 and 2005 (41). Most patients had locally advanced disease; 27 patients
(53%) were clinically node positive, whereas 34 (67%) had clinical stage T3 or T4 disease.
The median primary tumor length was 6 cm (range, 2-15 cm). Thirty-three were treated to

a median dose of 46 Gy(RBE) with photon with a PBT boost to 80 Gy(RBE) [range, 70-90
Gy(RBE)], and 18 patients were treated with PBT alone [median dose of 79 Gy(RBE), range
62-98 Gy(RBE)]. No patients were treated with concurrent chemotherapy. No treatment
interruptions were attributed to RT, such as esophagitis or hematologic toxicities. Only 6
patients (11.7%) developed grade 3 esophagitis, and the majority of patients experienced
only low-grade toxicities. One patient developed an aspiration pneumonia and had to
discontinue therapy, and 1 patient died of esophageal hemorrhage at the site of the primary
tumor. The 5-year OS was 21.1%, and median survival was approximately 21 months.

The 5-year LC rate was 38%. Because concurrent CRT is the standard of care for most
patients, the University of Tsukuba group also recently reported their initial experience in

40 patients treated with definitive PBT and concurrent chemotherapy with cisplatin and
5-fluorouracil (42). Twenty-one patients (53%) were clinically node positive, whereas T3/T4
disease was diagnosed in 15 patients (28%). The patients were treated to 60 Gy(RBE) after
an initial 40-50 Gy(RBE) to a larger AP/PA field arrangement. There were no grade 3 or
higher cardiopulmonary toxicities reported. The 3-year OS was 70%, and 2-year disease-free
survival (DFS) and locoregional control rates were 77% and 66%, respectively.

In contrast to ESCC, esophageal adenocarcinomas (EACs) demonstrate different clinical
outcomes, toxicities, and operability after concurrent chemotherapy and PBT. The treatment
using PBT and concurrent chemotherapy for EAC was reported in 2 single-institution
experiences from MD Anderson Cancer Center. The first was in 62 consecutive patients
reported in 2012 (43). Most patients had EAC (76%), stage I1-111 disease (84%), and

were prescribed a median dose of 50.4 Gy(RBE) in 28 fractions. Nearly 50% underwent
preoperative therapy. The majority of the acute side effects were esophagitis, nausea,
anorexia, and radiation dermatitis. Grade 3 toxicities were seen in <10%, with 2 cases

of grade 2 and 3 radiation pneumonitis. The pathologic complete response (pCR) rate

was 28%. Post-operative complications were mostly pulmonary (6.5%), cardiac (atrial
fibrillation in 8%), and wound complications (3.2%). The 3-year overall, relapse-free,
distant metastasis-free, and locoregional-free survival rates were 51.7%, 40.5%, 66.7%, and
56.5%, respectively.

Neoadjuvant PBT compared with photon RT may reduce the incidence and severity of
postoperative complications, including pulmonary, cardiac, gastrointestinal (Gl), and wound
complications related to reduction in radiation dose to the lungs, heart, stomach, and
anterior/lateral skin and soft tissue. A second study from MD Anderson reported the
outcomes of preoperative CRT in 444 patients treated between 1998 and 2011 (5). During
this period, 208, 164, and 72 patients were treated with 3D, IMRT, or PBT, respectively.
The investigators evaluated the incidence and the clinical predictors of the most common
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postoperative complications (pulmonary, cardiac, wound, and GI) within 30 days of surgery.
A number of factors predicted for pulmonary, Gl, and cardiac complications, but the type of
radiation modality used was the only factor associated with pulmonary or GI complications.
On multivariate analysis, only radiation modality and preradiation diffuse capacity of the
lung for carbon monoxide were independently associated with pulmonary complications.
For GI complications, radiation modality only trended toward significance. There was a
significant increase in pulmonary complications for 3D-CRT compared with IMRT (odds
ratio [OR] 4.10; 95% confidence interval [CI] 1.37-12.29) or 3D-CRT compared with PBT
(OR 9.13; 95% CI 1.83-45.42), but a trend for IMRT being worse compared with PBT (OR
2.23; 95% CI 0.86-5.76). When dosimetric factors such as the MLD and mean heart dose
were added to the multivariable regression model, MLD replaced radiation modality as the
strongest predictor of pulmonary complications. The results suggest that although radiation
modality was predictive of post-operative pulmonary complications, it was the ability of the
individual radiation technologies to deliver a lower MLD that was most predictive of lower
pulmonary complications. The median hospital length of stay was also significantly different
after PBT, IMRT, and 3D-CRT (8 vs 10 vs 12 days, respectively, A<.0001) (44). Combining
photon and proton data from 3 institutions, investigators at MD Anderson, Mayo Clinic, and
University of Maryland examined the impact of preoperative RT modality (proton, n=111,
vs photon, n=471) on postoperative outcomes in a retrospective study of 582 patients with
esophageal cancer treated with trimodality therapy between 2007 and 2013 (45). Proton
beam therapy was associated with lower rates of postoperative complications (41% vs 56%,
P=.005), including pulmonary (14% vs 28%, P=.003), cardiac (12% vs 19%, P=.10), GI
(19% vs 22%, P=.5), and wound (5% vs 15%, P=.002) complications. Mean hospital length
of stay was 9 days for PBT and 12 days for photon RT (/£<.0001). Mortality rates at 90 days
after surgery were 4.2% for photon RT and 0.9% for PBT (P=.15).

Proton beam therapy may also reduce certain treatment-related toxicities during or shortly
after CRT. In the aforementioned multi-institution study of 582 patients with esophageal
cancer treated with photon (n=471) or proton (n=111) CRT, proton CRT was associated
with lower incidences of acute grade =2 nausea (29% vs 50%, A<.001), fatigue (27% vs
33%, A<.001), and hematologic toxicity (2% vs 26%, £<.001) (46). This was despite greater
treatment intensity (higher rate of induction chemotherapy and higher RT dose) in patients
who received proton (vs photon) CRT. The improved tolerance of proton-based CRT for
esophageal cancer observed in these studies suggests that intensification of treatment (such
as RT dose escalation and/or additional systemic therapy agents) should be explored.

The literature suggesting that clinically meaningful improvements for esophageal cancer
patients may be achieved with PBT have exclusively used PSPT. Although the evidence
supporting the expanded use of IMPT is currently limited to dosimetric comparisons,

the potential to further reduce normal tissue dose beyond what is achievable with PSPT

has garnered increasing interest. Clinical outcomes of IMPT for esophageal cancer are
needed, and prospective evaluation is ongoing, as will be discussed in greater detail below.
We should remain cognizant of the larger effect of motion on dose delivery in IMPT
compared with PSPT plans; motion robust IMPT planning techniques are promising, as
mentioned above. Furthermore, although image guidance for PBT is currently limited to 2D
imaging, the increasing availability of cone-beam CT for PBT is expected to allow for better
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assessment of tumor motion, improve treatment accuracy, and potentially permit safe use of
more selective treatment uncertainty margins.

Incorporating PBT into Dose Escalation

The value of radiation dose escalation for esophageal cancer has been debated for many
years. The Radiation Therapy Oncology Group 94-04/INT 0123 study conducted by Minsky
et al (47) compared a group of unresectable and primarily ESCC patients (85%) who were
randomized to either 50.4 Gy and 64.8 Gy with concurrent 5-fluorouracil and cisplatin and
demonstrated a lack of benefit to the high-dose irradiation arm for both local recurrence and
OS rates. Notably, of the 11 deaths in the high-dose arm, 7 occurred before receiving at least
50.4 Gy. Moreover, an outdated radiation technique was used (2D treatment planning and
larger margins than are now considered to be standard). The potential benefit of radiation
dose intensification using modern radiation technique has yet to be clearly shown, although
emerging data suggest that there may be a rationale to consider this treatment approach.

Minsky et al (47) demonstrated no OS benefit to dose escalation in the definitive setting

for ESCC, although multiple retrospective studies suggest a benefit to escalating radiation
doses for both ESCC and EAC. In a study by Zhang et al (48) that evaluated 69 patients
with unresectable ESCC and EAC who underwent CRT, those who received >51 Gy had
significantly higher 3-year LC, DFS, and OS. The clinical complete response rate was
doubled in the higher dose group, to 46% from 23% in the lower dose group (P=.048),

but there was a greater proportion of ESCC in the higher dose arm (81% vs 61%),
demonstrating both a likelihood of the responsiveness of ESCC to higher radiation doses
and the difficulty in escalating doses to the more distal EACs without the use of more
advanced radiation technologies (ie, no IMRT was used in this study to spare cardiac tissue)
(49). Similarly, He et al (49) asked a similar question about dose escalation in the definitive
management of ESCC and found that doses of >50.4 Gy decreased local failures (17.9% vs
34.3%, P=.024) but did not improve the complete response rate when delivered with modern
techniques and concurrent chemotherapy. Additionally, the improvement in LC came at the
cost of increased toxicity without impacting OS (49).

Early outcomes from 2 prospective chemoradiation dose escalation trials in unresectable
esophageal cancer patients have been recently presented (50, 51). A phase 1/2 trial at MD
Anderson Cancer Center used a simultaneous integrated boost to prescribe 50.4 Gy to
regions of subclinical disease and 63 Gy to gross disease, all in 28 fractions (50). This study
included 38 patients (T3 84%, N1 34%, N2 24%) with 50% ESCC. With median follow-
up of 16.8 months, grade 3 toxicity included esophagitis (8%), dysphagia (24%), nausea
(5%), and anorexia (8%). No grade 4 or higher toxicity was reported. Locoregional failure
occurred in 37%, which is favorable compared with historical control. Outcomes of a phase
2 trial from Shantou University were also recently reported, including 59 ESCC patients
(T3/4 78%, N1 72%) (51). Fifty-four grays in 1.8-Gy fractions was prescribed to a larger
region for microscopic disease coverage, whereas the primary tumor was simultaneously
prescribed 66 Gy in 2.2-Gy fractions, all in 30 fractions. Grade 3 nonhematologic toxicity
was 27%, although 2 patients experienced grade 5 esophageal ulcer/fistula. With median
follow-up of 19 months, 1- and 2-year local and regional control were 94.3% and 90%,
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and 90.7% and 88.3%, respectively. These 2 trials provide support for continued evaluation
of dose escalation in unresectable esophageal cancer patients. Two prospective randomized
dose escalation trials are currently underway, one in France (CONCORDE, NCT01348217)
and one in the Netherlands (ART DECO, NTR3532).

For neoadjuvant therapy, there also seems to be evidence of a dose—response relationship
(52). A meta-analysis of 26 trials demonstrated a higher likelihood of pCR with increasing
doses of RT (53). According to the available literature, escalating doses of RT can improve
PCR rates; however, with studies of limited sizes it is challenging to demonstrate an OS
benefit (54). The ability to achieve a pCR using CRT may obviate the need for surgery,
because surgery in combination with CRT for ESCC provides primarily a LC benefit without
improvement in OS over CRT alone (55, 56). Multiple studies have demonstrated that the
pCR rates of ESCC are superior when identical doses of neoadjuvant CRT are administered
to both EAC and ESCC histologies, with some improvement in OS for ESCC when surgery
and CRT are combined (57). Rates of locoregional recurrence after neoadjuvant CRT and
surgery are 14% compared with 34% without CRT (58); therefore, dose escalation may
reduce the need for surgery by achieving a durable pCR. Using this rationale, there may be
room for improvement in intensification of radiation dose using PBT.

Using PBT is a logical next step for assessing the potential merits of dose escalation for
esophageal cancer, and several studies suggest that this is feasible. Koyama et al (59)

used PBT alone or as a boost after photon RT without chemotherapy for the definitive
management of ESCC. Fiducial markers were implanted at the proximal and distal edges
of the primary tumor. Fraction sizes ranged from 2.5 to 3.7 Gy(RBE) given once daily
(owing to limited proton machine availability), and photon RT was delivered in 1.8- to
2.0-Gy fractions daily. Overall mean total doses were 77.7 Gy(RBE) for T1 tumors and 80.7
Gy(RBE) for T3-T4 tumors. Results were very promising for early stage T1 lesions, with
5-year DFS of 100% and 49% for T2-T3 tumors. Local recurrences in the more advanced
groups occurred in the middle of the tumor site and at the margin of the field. Another series
from Sugahara et al (60) included 46 ESCC patients. Proton beam therapy was delivered up
to 89.5 Gy(RBE) [median 82 Gy(RBE)] and combined photon/proton plans delivered up to
87.4 Gy(RBE) [median 76 Gy(RBE)] also without concurrent chemotherapy. The complete
response rate for T1-T2 tumors was 100%, for T3 was 85%, and for T4 was 20%. Overall,
48% of patients developed esophageal ulcers, which were observed to occur 2—-14 months
after the start of treatment. Mizumoto et al (61) evaluated 51 ESCC patients treated without
chemotherapy and with median doses of PBT to 79 Gy(RBE) [range, 62-98 Gy(RBE)] and
mixed photon/proton plans with a median of 80 Gy(RBE) [range, 70-90 Gy(RBE)]. Nearly
80% of these patients had a complete response within 4 months of finishing RT. Finally,
another regimen incorporated a hyperfractionated concomitant proton boost to a median
dose of 78 Gy(RBE); median survival was 31.5 months (61).

The Potential of PBT for Reirradiation

Because of its capability to better spare normal tissues, PBT is likely better suited than
photon RT for reirradiation of locally recurrent or persistent esophageal cancer. However,
the clinical outcomes of reirradiation using PBT are limited to a single report of 11 patients
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(62). Five of 11 patients were locally controlled at a median follow-up of 11.3 months.
Eight patients died with a median OS of 13 months. One case of grade 4 esophagopleural
fistula occurred, and 3 patients developed neutropenic fever. One patient had late esophageal
stenosis that required a permanent feeding tube. These results suggest that durable LC

may be achieved after PBT reirradiation with acceptable toxicity and indicate the need for
continued study of reirradiation for esophageal cancer.

Cost-Effectiveness of PBT

Any consideration of proton beam therapy must carefully balance the increased costs
associated with delivery of PBT against any incremental improvement in outcomes. The
2015 Medicare reimbursement rate for daily delivery of complex PBT is $1071.95 (Current
Procedural Terminology (CPT) code 77,525) versus $421 (Healthcare Common Procedure
Coding System (HCPS) code G6015) for delivery of complex hospital-based IMRT. Over
a course of 23-28 fractions that are typically used for esophageal cancer, this will result

in a substantial increase in initial treatment costs. To determine whether this increase in
treatment costs is warranted, formal cost-effectiveness analyses are necessary.

Studying cost-effectiveness of PBT for esophageal carcinoma has been difficult, in

part owing to the paucity of published clinical outcomes and toxicity data (42). Cost-
effectiveness studies most commonly consist of modeling studies (eg, Markov or Monte
Carlo simulations) that are based on known probabilities for experiencing specific outcomes
(survival, toxicity) (63). The probability of experiencing an outcome is extracted from
published literature, and costs are typically estimated according to Medicare reimbursement
figures. A main output measure of such analyses is quality-adjusted life-years (QALYS),
which accounts for both the quality and quantity of life after a specific treatment (eg, PBT vs
photons). In a cost-effectiveness analysis, the costs associated with each incremental QALY
gained from each treatment, termed the incremental cost-effectiveness ratio, is additionally
evaluated. The incremental cost-effectiveness ratio is a surrogate for whether a modality is
termed “cost-effective” by payers and policy makers, and has been informally proposed as
the $50,000/QALY “willingness to pay” threshold, although this value has been debated
extensively (64).

No study to date has formally evaluated the cost-effectiveness of PBT for esophageal
cancer, but recently published data from a multi-institutional comparative effectiveness

of PBT versus photon therapy raises the possibility to perform such an analysis (45).
Although OS was not significantly different between the cohorts, use of PBT was associated
with decreased acute Gl and hematologic toxicities after CRT (45), significantly reduced
post-operative Gl, pulmonary, and wound complications (5, 44), and a 25% reduction

in postoperative length of hospital stay (44). Because there are significant medical costs
associated with each of these, future cost-effectiveness studies are required to analyze the
incremental lifetime costs of PBT that account for both treatment and posttreatment costs.

Medicare reimbursement for PBT decreased by nearly 10% in 2015, and will likely decrease
further in the next few years with the development of a single-room proton facility. Formal
economic evaluation of PBT for esophageal cancer will be performed as a secondary
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endpoint of the ongoing randomized study of PBT and IMRT, and will provide further
insight into this important issue.

Clinical Trials

Despite promising clinical results from the previously mentioned single-institution
experiences of esophageal PBT, prospective trials comparing PBT with standard photon
technologies like 3D-CRT or IMRT will be necessary to provide high-quality evidence
demonstrating the value of PBT. There are currently 4 active clinical trials in the United
States evaluating the role of PBT for esophageal cancer. These include a phase 2 trial from
Loma Linda University (NCT01684904) (“A Phase Il Trial of Proton Chemotherapy for
Resectable Esophageal or Esophagogastric Junction Cancer”), a phase 1 dose escalation trial
from University of Pennsylvania (NCT02213497) (“Dose Escalation of Neoadjuvant Proton
Beam Radiotherapy With Concurrent Chemotherapy in Locally Advanced Esophageal
Cancer”), and a prospective observational study from the Mayo Clinic (NCT02452021)
(Pencil Beam Scanning Proton Radiotherapy for Esophageal Cancer). Last, there is an
accruing randomized trial from MD Anderson Cancer Center that began in the spring

of 2012 (NCT01512589) (“Phase 11B Randomized Trial of PBT versus IMRT for the
Treatment of Esophageal Cancer”). The central hypothesis is that PBT can reduce severe
side effects of treatment with or without improving the progression-free survival time.

The primary endpoint is “total toxicity burden” and progression-free survival. The total
toxicity burden is the patient’s overall severe adverse events using a composite scoring
system that is a collective score of multiple types of rare but severe adverse events that

the patients may experience over time during and after the treatment course. Secondary
objectives include () patient-reported outcomes of symptoms during and after treatment
using the M. D. Anderson Symptom Index and the EQ5D quality of life questionnaires;

(9 clinician-reported toxicities using Common Terminology Criteria for Adverse Events
v4.0; (3) QALY comparison; and (4) cost—benefit economic analysis. Any patient with
nonmetastatic esophageal cancer eligible for CRT could enroll. The randomization to PBT
or IMRT is stratified according to whether patients () are deemed resectable or unresectable
before starting therapy; (2) received induction chemotherapy; (3) have stage I-11 versus stage
I11 disease; (4) have adenocarcinoma or squamous carcinoma; and (5) are younger or older
or equal to 65 years of age. Patients randomized to PBT can receive either PSPT or IMPT,
and for IMRT, various techniques including VMAT could be used. Four-dimensional CT
simulation is required for all patients, with standard target delineation and daily kilovoltage
imaging setup. The prescription dose is 50.4 Gy(RBE) in 28 daily fractions. Patients are
followed until progression of disease or death, whichever comes first. Several interim
analyses are planned to compare the total toxicity burden and PFS of PBT versus IMRT,
with early closure if there are significant difference in any of these co-primary endpoints.
The target accrual is 180 patients. As of August 2015, 79 patients were registered and
randomized, but only 62 patients were treated on the trial. The most common reasons for not
being treated on study were denial of insurance coverage (13 of 17, 76%, 11 were from the
proton group) and patient preference (either wanting PBT after being randomized to IMRT
[n=2] or wanting IMRT after being randomized to PBT [n=2]). This study will hopefully
clarify the role of PBT for the treatment of esophageal cancer.
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There is a growing body of evidence to suggest that the dosimetric benefits of PBT

may result in clinically significant reduction in acute and long-term treatment-related
toxicities compared with photon RT. Radiation and/or chemotherapy intensification, as well
as reirradiation, are promising future applications of PBT for esophageal cancer. Strong
consideration should be given to enrolling eligible patients to available esophageal PBT
clinical trials.
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Fig. 1.

Significant normal tissue sparing is achieved with Proton Beam Therapy (PBT), which
in this case is done with Intensity Modulated Proton Therapy, compared with intensity

modulated radiation therapy (IMRT) for distal esophageal cancer.
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Motion robust IMPT achieves improved heart, lung, and liver sparing compared with PSPT and VMAT for

esophageal cancer

Parameter Motion robust IMPT PSPT VMAT P
Heart mean [Gy(RBE)] 99+31 123+3.2 .001
17.1+42 .001
Heart V40 (%) 92+44 13.9+48 .001
85+5.0 3
Lung mean [Gy(RBE)] 3.0+0.9 44+13 .001
6.3+13 .001
Lung V5 (%) 11.4+34 18.7+5.6 .001
36.0+8.8 .001
Lung V20 (%) 57+17 7.9+23 .002
81+19 .001
Liver mean [Gy(RBE)] 40+25 35+16 13
98+31 .002
Liver V30 (%) 54+3.0 6.0+28 .04
70+26 .01

Abbreviations: IMPT = intensity modulated proton therapy; PSPT = passive scattering proton therapy; RBE = relative biological effectiveness;
VMAT = volumetric modulated arc therapy.

Values are mean + standard deviation.
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