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Purpose: Carbon ion radiotherapy (CIRT) is an emerging radiotherapy modality with
potential advantages over conventional photon-based therapy, including exhibiting a
Bragg peak and greater relative biological effectiveness, leading to a higher degree of
cell kill. Currently, 13 centers are treating with CIRT, although there are no centers in the
United States. We aimed to estimate the number of patients eligible for a CIRT center in
the United States.

Materials and Methods: Using the National Cancer Database, we analyzed the
incidence of cancers frequently treated with CIRT internationally (glioblastoma,
hepatocellular carcinoma, cholangiocarcinoma, locally advanced pancreatic cancer,
non—small cell lung cancer, localized prostate cancer, soft tissue sarcomas, and specific
head and neck cancers) diagnosed in the United States in 2015. The percentage and
number of patients likely benefiting from CIRT was estimated with inclusion criteria from
clinical trials and retrospective studies, and that ratio was applied to 2019 cancer
statistics. An adaption correction rate was applied to estimate the potential number of
patients treated with CIRT. Given the high dependency on prostate and lung cancers
and the uncertain adoption of CIRT in those diseases, the data were then reanalyzed
excluding those diagnoses.

Results: Of the 1 127 455 new cases of cancer diagnosed in the United States in 2015,
there were 213 073 patients (18.9%) eligible for treatment with CIRT based on inclusion
criteria. When applying this rate and the adaption correction rate to the 2019 incidence
data, an estimated 89 946 patients (42.2% of those fitting inclusion criteria) are eligible
for CIRT. Excluding prostate and lung cancers, there were an estimated 8922 patients
(10% of those eligible for CIRT) eligible for CIRT. The number of patients eligible for
CIRT is estimated to increase by 25% to 27.7% by 2025.

Conclusion: Our analysis suggests a need for CIRT in the United States in 2019, with
the number of patients possibly eligible to receive CIRT expected to increase during the
coming 5 to 10 years.
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Introduction

Cancer remains one of the most significant health issues in the United States, where cancer-related mortality is the second
leading cause of death [1]. The American Cancer Society (Washington, DC) estimates 1 762 450 new cancer diagnoses and
606 880 cancer deaths projected in the United States in 2019 [1, 2]. Radiation therapy remains an important treatment
modality, with approximately one third of all cancer patients receiving radiation as first-line treatment and one half receiving
radiation during the course of their treatment [3, 4]. Given the widespread use of radiation therapy in the treatment of cancers,
multiple techniques have been developed to improve the therapeutic ratio by decreasing dose to healthy tissues and thus
reducing toxicities.

Carbon ion radiotherapy (CIRT) is one of these evolving radiotherapy modalities that have several potential advantages over
conventional photon-based radiotherapy. Carbon ions have greater linear energy transfer and relative biologic effectiveness
compared with megavoltage photons, creating more double-strand breaks and DNA destruction (“cluster damage”), leading to a
greater degree of cell kill. Additionally, CIRT has a lower oxygen enhancement ratio and is thus more effective in hypoxic
environments. In addition, CIRT exhibits the physical advantage of a Bragg peak, where there is little dose deposited proximal and
distal to the target, with the greatest amount of energy released at a certain depth [5, 6]. Together, the radiobiologic and physical
properties of CIRT may help achieve the goal of reducing the dose to healthy tissues, although clinical data remain limited.

Currently, there are 13 centers in 5 countries (Japan, Germany, Austria, China, and ltaly) treating patients with CIRT, with
more under development [5, 7, 8]. Currently, there are no centers operating with CIRT in the United States, although there has
been increased interest in recent years. The University of Texas Southwestern recently opened a phase lll trial randomizing
patients to CIRT (NCT03536182 [9]), and Albert Einstein College of Medicine, in collaboration with the Shanghai Proton and
Heavy lon Center, recently completed accrual for a phase | trial investigating CIRT (NCT03403049 [10]). The precise role and
the need for CIRT in the United States remain controversial, particularly within the context of the larger debate in the United
States regarding the cost of health care [11].

There have been multiple studies investigating the need of CIRT and heavy particle therapy in other countries, including in
Japan, Korea, ltaly, and Iran [12—15]. Furthermore, Pommier et al [16] estimated patient recruitment for a carbon ion center
using both geographic and oncologic variables. Currently, there are no studies, to our knowledge, investigating the number of
potential patients who may be eligible for CIRT in the United States.

Materials and Methods

This analysis was performed using National Cancer Database (NCDB), a joint project of the Commission on Cancer of the
American College of Surgeons (Chicago, lllinois) and the American Cancer Society. The NCDB includes approximately 70% of
all newly diagnosed patients with cancer in the United States and Puerto Rico from American College of Surgeons—certified
cancer programs.

To estimate the number of patients eligible for CIRT in the United States, the incidence of the most frequently treated
cancers with CIRT were determined for the year 2015, the most recent year available in the NCDB. The number of patients
eligible for CIRT was then estimated for each disease site, based on inclusion criteria from previously published protocols and
retrospective studies from Germany and Japan. The following disease sites were included: glioblastoma (based on the
CLEOPATRA protocol, using CIRT as a boost [17]), hepatocellular carcinoma (PROMETHEUS-01 protocol/NCT01167374
[18]), cholangiocarcinoma (J-CROS study [19]), locally advanced pancreatic cancer (PHOENIX and CIPHER/NCT03536182
studies [9]), early and locally advanced non—small cell lung cancer (multiple retrospective studies [20—23]), localized prostate
cancer (multiple retrospective studies [23-26]), soft tissue sarcomas (multiple retrospective studies [27, 28]) and head and
neck cancers, including salivary gland cancers (COSMIC protocol/NCT01154270 [29]), sinonasal cancers (NCT01220752 and
retrospective studies [30]) and nasopharyngeal cancers (multiple retrospective studies [31, 32]). Further histologic
classification (such as adenoid cystic carcinoma or mucosal melanoma) of the general disease sites was possible given the
limitations of the various databases used (Table 1).

The proportion of patients eligible for CIRT, based on the year 2015, was then applied to the current estimated 2019 cancer
incidence based on the American Cancer Society estimates [1, 2] to determine the number of patients diagnosed in 2019 who
could benefit from CIRT. An adaptation-rate correction, based on Japanese and Korean treatment data, was then applied to
each disease site to better estimate the number of patients likely to receive CIRT [12, 13, 33]. For example, in Korea, an
estimated 10% of patients with salivary gland cancers who are eligible for CIRT will be treated with that modality. There are an
estimated 4154 patients who met the eligibility criteria for CIRT in the United States in 2019, before the application of the
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Table 1. Inclusion criteria based on previous carbon ion radiotherapy studies.

Disease site Study, source Inclusion criteria
Glioblastoma CLEOPATRA study; Combs et al, 2010 [17] ¢ Unifocal, supratentorial glioblastoma
¢ Treatment with temozolomide
* Previous photon irradiation
¢ Age older than 18 y

Cholangiocarcinoma J-CROS study; Kasuya et al, 2019 [19] ¢ Intrahepatic or perihilar cholangiocarcinoma
¢ Treated with chemotherapy
* No surgery allowed

Non—small cell lung cancer Miyamoto et al, 2003 [20] * Stage | non-small cell lung cancer
Miyamoto et al, 2007 [21] ¢ Locally advanced non-small cell lung cancer
Yamamoto et al, 2017 [22] e Squamous cell, adenocarcinoma, or large cell of the lung

Hayashi et al, 2019 [23] Inoperable or refusing surgery

Localized sarcomas

Extremity, pelvis, or spine location
No history of previous radiation
Inoperable

Soft tissue sarcoma Sugahara et al, 2012 [27]
Kamada et al. 2002 [28]

Sinonasal cancers Koto et al, 2014 [30] Definitive carbon ion therapy
Medically inoperable
¢ Age 15-79

* No previous radiation

Abbreviation: UTSWMC, University of Texas Southwest Medical Center.

adaption correction, with an estimated 415 patients estimated to receive CIRT after the correction of 10%. Because prostate
and lung cancers are the most common disease sites in the United States and the expected use of CIRT in those diseases in
the United States is unknown, the analysis was repeated omitting those disease sites to provide a lower estimate of patients
with diseases benefiting the most from CIRT.

As development and commissioning of a CIRT center in the United States will take years before treating the first patients,
the number of patients eligible for CIRT was estimated with data from Pan et al [34], who estimated the number of patients
receiving radiotherapy as a primary treatment in 2025. The estimation of increased use was then applied to the estimated
number of patients benefiting from CIRT in 2019 to derive the 2025 statistics.

Results

There were approximately 1 127 455 patients diagnosed with cancer in the United States in 2015. Of the disease sites
selected for analysis, there were 332 672 cases (29.5%). Approximately 213 073 patients (64.0% of those with selected
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Table 2. Estimated number of patients potentially eligible from carbon ion radiotherapy in 2015 and 2019.

2015 cases in Patients eligible for Estimated 2019 Estimated patients eligible
Disease site the United States, No. CIRT in 2015, No. (%) cases [1, 2], No. for CIRT in 2019, No. (%)

Glioblastoma 19 840 4335 (21.8) 23 820 5205 (21.9)

Hepatocellular carcinoma 18 735 13 872 (74.0) 42 030 31 120 (74.0)

Pancreas 35 188 17 786 (50.5) 56 770 28 695 (50.5)

Prostate 104 072 85 710 (82.4) 174 650 143 836 (82.4)

The number of 2015 cases was estimated based on our analysis of the NCDB. The number of patients eligible in 2015 was based on inclusion criteria using trials for Asia and
Europe. The estimated number of eligible patients in 2019 was based on taking the percentage of patients eligible in 2015 and applying that to the 2015 data. Please see the text for
details regarding the specific calculation.

disease sites; 18.9% of all patients diagnosed in 2015) were eligible for CIRT based on the inclusion criteria in 2015. When
applying the above ratio of eligible patients (18.9%) to the 1.7 million patients estimated to be diagnosed with cancer in 2019,
approximation 359 243 newly diagnosed cancer patients were eligible to receive CIRT in 2019 based on the inclusion criteria
(Table 2; Figure 1). After applying the disease-site specific correction for adaption rates based on previous analysis, and
described in table 3, [13], the estimated number of patients treated with CIRT is 89 946 (Table 3). The three disease sites with
the largest potential population were the prostate (61 849 patients; 35.4%), non—small cell lung cancer (18 174 patients;
20.2%), and hepatocellular carcinoma (3734 patients; 4.2%).

After excluding the patients with prostate cancer (104 072 and 143 836 cases in 2015 and 2019, respectively) and lung
cancer (127 272 and 129 816 in 2015 and 2019, respectively), given the high incidence and alternative effective treatment
options available, there were approximately 44 592 patients in 2015 and 81 438 patients in 2019 estimated to be eligible for
treatment with CIRT before applying the adaptation rate. After applying the adaptation rates, approximately 8922 patients were
eligible for CIRT in 2019 (Figure 2). Most patients remaining had hepatocellular carcinoma, followed by soft tissue sarcoma.

The number of patients potentially eligible for CIRT is expected to continue to grow for a total number of 114 823 patients in
2025 and 11 883 when excluding prostate and lung cancer, based on disease-specific growth estimates. The results are
summarized in Table 4. For example, in 2019, there are an estimated 4306 patients with locally advanced pancreatic cancer
who meet eligibility criteria for CIRT and 706 after the adaptation calculation. Based on an estimated 23% growth of eligible
pancreas patients, and applying the same adaption correction, there will be an estimated 706 patients who eligible for CIRT in
2025.

Discussion

Based on our analysis, approximately 9000 patients were eligible for CIRT in 2019, with that estimate increasing to
approximately 90 000 with the inclusion of prostate and non—-small cell lung cancers. Not surprisingly, prostate and non—small

Figure 1. Estimated total number of patients potentially eligible for

carbon ion radiotherapy in 2019 by disease site.
M Glioblastoma

M Hepatocellular Carcinoma
M Cholangiocarcinoma

M Pancreas

W Sarcoma

W Head and Neck

W Lung

W Prostate
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Table 3. Estimation of adaptation rates of carbon ion radiotherapy in the United States.

Estimated patients GHMC NIRS Korean us
eligible for adaption GHMC adaption NIRS adaptation Korean estimation
Disease site CIRT in 2019, No. rate [12, 13] estimation rate [13, 33] estimation rate [13] estimation for 2019
Glioblastoma 5205 — — — — — — 10412

Hepatocellular carcinoma 31 120 0.25 7780 0.12 3734 0.12 3734 3734

Pancreas 28 695 = = 0.02 574 0.02 574 574

Prostate 143 836 0.15 21 575 0.43 61 849 0.43 61 849 61 849

Abbreviations: CIRT, carbon-ion radiotherapy; GHMC, Gunma University Heavy lon Medical Center; NIRS, National Institute of Radiological Sciences.
®Based on an estimate of 0.20 adaptation rate.

cell lung cancer comprise most of the patients, although traditionally less-common and difficult-to-treat diseases, such as
nasopharyngeal/sinonasal tumors, cholangiocarcinoma, and locally advanced pancreatic cancers, may derive a particular
benefit from CIRT when given either as definitive treatment alone or as a boost and comprise a large subset of potential
patients.

The numbers of patients that are eligible for CIRT are similar to the numbers previously reported as estimates from other
countries. In our study, approximately 5.1% (89 946 of 1 762 450) of all patients (0.5% when excluding prostate and lung) of
all patients diagnosed with cancer in the United States in 2019 are eligible for CIRT. The National Center for Oncological
Hadron Therapy (Pavia, Italy) found that 3694 patients, comprising 6% of newly diagnosed cancer patients in ltaly, were
eligible for CIRT [14]. Similarly, Mayer et al [35] reported that 5.6% of all patients newly diagnosed with cancer, approximately
2044 patients per year, are eligible for hadron therapy [35]. In Japan, Tsuijii [36] reported that approximately 15% of patients
receiving radiation are eligible for charged-particle radiotherapy. Another study performed by Gunma University Heavy lon
Medical Center found that approximately 2% of patients newly diagnosed with a variety of cancers, approximately 1527
patients, were eligible for CIRT in Gumna and the neighboring prefectures [12, 13]. In a multistep probabilistic spatial model,
taking into consideration various geographic and oncologic factors, Pommier et al [16] estimated the recruitment for CIRT for a
center in France. Assuming the presence of 2 CIRT facilities, the estimated number of patients per year was 1771 when
restricted to France with 1466 additional patients when expanded to the United Kingdom, Spain, and Portugal. Notably, many
of these comparative studies included disease sites, such as prostate and lung, based on regional treatment patterns.

Given our estimate of approximately 9000 patients eligible for CIRT per year in the United States, it becomes important to
consider the number of centers needed to meet a potentially high demand. Pommier et al [16] noted a reference value of
approximately 888 patients per year for a single center in France when only recruiting those patients from France. Based on
the estimate of approximately 900 patients per year from Pommier et al and assuming that every patient recruited is treated,
the US has a patient population (approximately 9000 patients eligible per our data) to support 10 CIRT centers. It is necessary
that those centers be geographically diverse to allow access for the greatest number of patients because traveling in the US
generally takes more time than through a country in Europe. Furthermore, by developing randomized protocols in the United

Figure 2. Estimated number of patients potentially eligible for carbon
ion radiotherapy in 2019 by disease site, excluding prostate and lung
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Table 4. Estimated potential number of patients eligible for carbon ion radiotherapy in the United States in 2025.

Estimated patients Estimated percentage Estimated patients US estimation
Disease site eligible for CIRT in 2019, No. of growth [by Pan et al ], % eligible for CIRT in 2025, No. for 2025, No.
Glioblastoma 5205 13 5881 1176

Hepatocellular carcinoma 31120 22 37 967 4556

Pancreas 28 695 23 35 295 706

Prostate 143 836 30 186 986 80 404

Abbreviation: CIRT, carbon-ion radiotherapy.

States, we can more accurately estimate the number of centers needed, and if the technique provides a cost-effective
treatment modality in the US payment model.

One of the greatest barriers to adoption of CIRT in the United States is the high cost of development and operation of CIRT
facilities. Peeters et al [37] estimates the capital cost of constructing a combined particle-therapy center to be approximately
€138.6 million (approximately $164 million as of September 2020) with high operational costs. Furthermore, the National
Institute of Radiological Sciences (Chiba, Japan) estimates approximately 1826 million yen per year (approximately $17
million) in operating costs and depreciation, with a personnel cost of $150 million yen ($1.4 million) [38]. The overall
construction and operating costs remain a limiting factor in the United States, especially given the ever-changing
reimbursement landscape [11]. Given the relatively high cost of particle therapy compared with photon irradiation, developing
appropriate reimbursement remains a potential pitfall to the adoption of CIRT in the United States. As a specialty, radiation
oncology has seen a decrease in reimbursements over the past decade because freestanding clinics experienced Medicare
cuts of approximately 20% between 2009 and 2014 [39]. To compound that problem, the prior authorization process will likely
lead to denials of a large percentage of patients eligible for CIRT, with 32% of adult patients being denied proton therapy in 1
study [40].

Additionally, the Centers for Medicare and Medicaid Services Innovation Centers developed a new radiation-oncology
alternative payment model that emphasizes value-based payments as opposed to volume-based payments [39]. This will
likely lead to the adoption of more cost-effective and hypofractionated techniques, which may further limit the adoption of
heavy ion therapy in the United States.

Although the initial and treatment costs of CIRT remain high, there are several articles suggesting the cost-effectiveness of
CIRT in certain disease sites, including skull-base chordomas, in international systems [41—43]. Because the US health care
system has a unique system of reimbursement, the cost effectiveness of this expensive treatment remains unknown, although
the data from other treatment centers can likely be extrapolated to the US. The exact cost effectiveness of CIRT in the United
States will likely be a complex interaction of disease site specificity, endpoint selection, geographic location of the treating
center, and current reimbursement model, which can all only be fully understood upon treatment of the initial cohort of patients
with CIRT.

There are several other factors that are barriers to adoption of CIRT in the United States. To address some of these
limitations, Lazar et al [44] coined the mnemonic RESIDUE to help discuss the challenges associated with adoption of CIRT.
Briefly, they suggested the following additional factors need to be addressed: radiobiologic knowledge to address uncertainty
in fraction sizes and dose; operational and financial expenses; size, weight, and cost of accelerators and gantries; integrating
technology to advance delivery of treatment; defining the patient population who may benefit most; determining the
uncertainties of effective dose and range at the end of the Bragg peak; and evidence of cost effectiveness [44]. Currently, there
is considerable uncertainty with dosimetric planning, with 3 different models for calculating relative biologic effectiveness
available, each yielding a different dose and fractionation scheme [45]. In addition, CIRT exhibits a fragmentation tail, which
creates greater dose uncertainty distal to the Bragg peak compared with proton irradiation [46]. Additionally, most centers
treating with CIRT use fixed-beam arrangements because rotating gantries are not widely available [5, 7, 8]. There is also a
greater degree of motion uncertainty when treating with CIRT compared with photon or proton-based irradiation [47]. Together,
these limitations will need to be addressed before CIRT becomes more widely used in the United States.
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Another current barrier to adoption in the United States is the lack of current randomized data to suggest a benefit of CIRT,
although the development of a CIRT center in the United States has the potential to further develop new protocols and to
advance preclinical research. Currently, early clinical prospective and retrospective studies have suggested both the safety
and the efficacy of CIRT for a variety of disease sites, although there remains few phase Il protocols [48-60]. Based on those
early studies, multiple protocols are currently enrolling patients internationally [61]. Developing US-based protocols can further
establish the role of CIRT in our heterogeneous patient population and can fully elicit whether the benefits of CIRT remain a
cost-efficient option. Centers developing randomized studies do involve a substantial amount of risk that CIRT is neither safe
nor more effective, despite having a significantly higher cost than more-conventional treatments. Additionally, treating with
CIRT in the United States will allow further development of CIRT in combination with new treatment modalities, including
immunotherapy, FLASH radiotherapy, and other advanced modalities; many of which are already under investigation [11].
Additional prospective data are needed to further evaluate and define the potential number of patients eligible for, the potential
adoption of, and the potential clinical benefit of, CIRT in the US population.

Despite these estimates, our study has several notable limitations. First, the data were collected from the NCDB, with
the standard limitations of using a large, centralized database. The NCDB reportedly includes up to 70% of all patients with
cancer in the United States, although there are a significant number of patients that are omitted who may be eligible for
CIRT. Additionally, in an effort to anticipate the potential need in 2019 and 2025, data were obtained from other sources,
and precise estimations using those data sources were unable to be obtained. For instance, the 2019 incidence data
reported only on “lung and bronchus” cancers, including both non—small cell and small cell lung cancers. Although
including those other disease sites leads to an overestimation, including the 2019 data provides a more up-to-date
estimate of the number of patients eligible based on the current cancer incidence. One of the greatest areas of benefit for
CIRT is in the setting of oligometastatic disease, although the number of patients presenting with oligometastatic disease is
not readily available using the large databases. Second, our estimations likely overestimate the use of CIRT because we
used Japanese and Korean adaptation rates. Our study depends heavily on the adaption rates and use patterns of Japan,
in which a larger proportion of patients with a given disease are near carbon facilities. For instance, in Japan, the adaption
rate for sarcoma is approximately 80%, a number that is potentially unattainable in the US population, given distance of
people from treatment centers. Furthermore, those geographic limitations greatly reduce the number of patients potentially
treated with heavy ion therapy, although that is difficult to quantify. Furthermore, our study also estimates the rates of CIRT
in 2025 based on growth rates from the year 2019, which may overestimate the cancer burden in 2025. Most patients
eligible for CIRT have either localized prostate cancer or early stage non—small cell lung cancer, and many of those
patients are likely to receive other forms of effective, definitive treatment. Third, our study was also unable to include
patients requiring retreatment with radiation for recurrent disease, which is one of the populations that may derive the
greatest benefit from CIRT. Despite those limitations, our study provides estimates of the number of patients that can
benefit from CIRT. In addition, we do not consider other potential benefits of carbon therapy, outside the scope of the
Japanese and Korean research.

Conclusions

Our study estimated the number of patients eligible for carbon ion radiotherapy in the United States to be 8922 to 89 946
patients, comprising approximately 5% of newly diagnosed cancers in 2019. This estimate will likely continue to grow, with an
estimated 11 883 to 114 823 patients eligible for carbon ion radiotherapy in 2025, based on inclusion criteria.
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