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LEARNING OBJECTIVES

After completing this course, the reader will be able to:

1. Evaluate the published results of particle therapy in the treatment of lung cancer and discuss their implications for

the treatment of stage I and stage III NSCLC.

2. Using the available evidence to date, assess the current role of particle therapy in the treatment of lung cancer.

3. Identify relevant outstanding issues and address these issues with an action plan for further research.

@ This article is available for continuing medical education credit at CME.TheOncologist.com.

ABSTRACT

Background. The societal burden of lung cancer is high
because of its high incidence and high lethality. From
a theoretical point of view, radiotherapy with beams
of protons and heavier charged particles, for exam-
ple, carbon ions (C-ions), should lead to superior re-
sults, compared with photon beams. In this review, we
searched for clinical evidence to justify implementa-

tion of particle therapy as standard treatment in lung
cancer.

Methods. A systematic literature review based on an
earlier published comprehensive review was performed
and updated through November 2009.

Results. Eleven fully published studies, all dealing
with non-small cell lung cancer (NSCLC), mainly stage
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I, were identified. No phase III trials were found. For pro-
ton therapy, 2- to 5-year local tumor control rates varied in
the range of 57 %—87 %. The 2- and 5-year overall survival
(OS) and 2- and 5-year cause-specific survival (CSS) rates
were 31%-74% and 23% and 58%-86% and 46 %, re-
spectively. Radiation-induced pneumonitis was observed
in about 10% of patients. For C-ion therapy, the overall
local tumor control rate was 77 %, but it was 95% when
using a hypofractionated radiation schedule. The 5-year
OS and CSS rates were 42% and 60%, respectively.

Particle Therapy in Lung Cancer

Slightly better results were reported when using hypofrac-
tionation, 50% and 76 %, respectively.

Conclusion. The present results with protons and
heavier charged particles are promising. However, the
current lack of evidence on the clinical (cost-)effective-
ness of particle therapy emphasizes the need to investi-
gate the efficiency of particle therapy in an adequate
manner. Until these results are available for lung can-
cer, charged particle therapy should be considered
experimental. The Oncologist 2010;15:93-103

INTRODUCTION

The societal burden of lung cancer is high because of its
high incidence and high mortality in all countries world-
wide [1-3]. The majority of all lung cancers (80%) are cat-
egorized as non-small cell lung cancer (NSCLC).

Different treatment options are available and often com-
bined treatment is suggested. For stage I-II NSCLC, sur-
gery, in some subgroups followed by chemotherapy, is the
first treatment choice. For stage III NSCLC, chemoradia-
tion is standard, which is, in some cases, combined with
surgery. There has been significant progress with radiother-
apy (RT) in the past years, as a result of more advanced
technology, better staging, insights into radiation (molecu-
lar) biology, and combined modality approaches.

A major problem in the treatment of lung cancer re-
mains its poor local tumor control [4, 5]. Theoretically, an
RT dose >84 Gy, delivered in 2-Gy fractions, is necessary
to obtain local tumor control in 50% of patients [6]. How-
ever, delivery of high-dose RT is limited because of com-
plications in the surrounding normal tissues.

RT can be delivered with photons (x-rays) from linear
accelerators [7] or with charged particles. The present paper
deals only with beams of protons [8, 9] or carbon ions (C-
ions) [10—12], because these are the particles most com-
monly used in clinical practice. In the literature, these
particles are called charged particles or sometimes also had-
rons.

From a theoretical point of view, because of the shape of
their dose distribution, a therapeutic gain should be
achieved with charged particles. This has been shown for
virtually any localized tumor that is rather large or has an
irregular shape [13-24]. Accordingly, particle therapy
should help minimize the incidence and severity of pulmo-
nary, heart, and esophageal injury. Charged particle beams,
as compared with conventional photon beams, have a com-
pletely different dose distribution. Initially, there is little
buildup of dose with depth and then, rapidly, the dose builds
to a peak. This effect of energy deposition toward the end of

the beam path is known as the Bragg peak and is character-
istic of protons and carbon ions (Fig. 1).

The dose delivered with particles is prescribed in Gray
equivalents (GyE) or cobalt Gray equivalents (CGE), often
used with protons. GyE and CGE are equal to the measured
physical dose in Grays multiplied by the relative biological
effectiveness (RBE) specific for the beam used. The RBE is
the ratio of the dose of radiation required to produce a cer-
tain biological effect with photons relative to the dose re-
quired to produce the same effect with another form of
ionizing radiation, such as protons or heavier ions. An RBE
value of 1.1 is generally accepted for clinical use with pro-
ton beams. The RBE of C-ions is not a constant value but
depends on a variety of factors (e.g., dose, energy, tissue,
etc.), and for dose-reporting purposes a value of 3 is often
used [25]. The depth of the Bragg peak depends on the par-
ticle type and its energy. The Bragg peak associated with
charged particle beams is advantageous when attempting to
treat a tumor that directly overlies vulnerable normal tissue.

Therapy with protons or C-ions could benefit all pa-
tients referred for RT, and even more for those patients with
comorbidities such as lung or heart disease. However, at
present, the precise role of particle therapy in lung treat-
ment is still unclear. This article, therefore, aims to system-
atically review the currently available evidence on the
clinical effectiveness and cost-effectiveness of particle
therapy in lung cancer.

METHODS

Search Strategy and Selection Criteria

The present review is based on a comprehensive systematic
literature review by Lodge et al. [26] updated for lung can-
cer by Pijls-Johannesma et al. [27] through July 2007, and
updated through November 2009 for the present article.
The following electronic databases were used: CINAHL,
EMBASE, and MEDLINE. Search terms (using free text
words as well as MESH terms) related to lung cancer and
charged particle treatment were used alone or in combina-
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Figure 1. Simplified depth dose distributions of photons and
heavier charged particles compared with the ideal dose distri-
bution. Heavier charged particles like protons and carbon ions
(C-ions) show an inverted depth-dose profile compared with
photons exhibiting a maximum (Bragg peak) at the end of the
range, approaching the ideal dose profile. Beyond this Bragg
peak, the dose decreases within a few millimeters to a low
value. In contrast to protons, C-ions exhibit a dose tail (dashed
line) at the distal side of the Bragg peak.

Depth in patient

tion. These included the following terms: neoplasm, cancer,
carcinoma, lung cancer, proton, ion, charged particle, and
hadron. There was no limit applied to publication year, lan-
guage, or study design. Studies on animals only were ex-
cluded. After identifying search results, only studies in the
English, French, or German language that investigated pro-
tons and/or C-ions in the treatment of lung cancer with at
least 20 patients and a follow up of 2 years were included. In
addition, the literature on cost issues was systematically re-
viewed. The search methodology is described elsewhere
[28] and has been updated through November 1, 2009.

Key Outcomes and Quality Assessment

Two independent reviewers assessed the trials, both for the
quality of the methods and for the results of key outcomes,
which were identified and tabulated. Two reviewers (M.P.J.
and J.G.) extracted data independently to ensure validity,
whereas a third reviewer (D.D.R.) was responsible for re-
solving discrepancies.

We attempted to collect the following data from study
reports: study design, particle type, initial disease stage, to-
tal tumor dose, fractionation, overall RT treatment time, lo-
cal tumor control, survival, side effects (including the
scoring system used), and quality of life (QoL) assessment.

A detailed listing of patient, treatment, and outcome as-
pects was performed with the literature reporting patient se-
ries of at least 20 patients and a follow-up period =24
months. In cases in which publications were entirely or
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partly based on the same patient data, only the largest pa-
tient population was further analyzed.

RESULTS

Search Results

The original search retrieved 5,089 search hits. Of those
hits, 185 relevant papers regarding different types of cancer
were identified as potentially relevant [26]. Of those 185
references, 134 duplicates and clearly irrelevant references
were excluded. Through manual searches of the reference
list and specialist journals and correspondence with au-
thors, no additional references were identified. After we ap-
plied the above-mentioned restrictions, and selected only
studies dealing with lung cancer, 11 references [8—12, 29—
33] were retrieved. An update of the literature [28] on the
cost aspects of particle therapy yielded another five papers
[34-38]. However, none of those papers reported cost-
effectiveness of particle therapy. Because no new data were
found, this subject is not discussed further in this paper.

Description of the Studies

Eleven studies were identified, all for histologically proven
NSCLC [8-12,29-33]. Of these 11 studies, five (n = 214)
investigated protons—one phase II study [29], two pro-
spective studies [8, 30], and two retrospective studies [9,
32]. The remaining six studies, all prospective and all per-
formed at the same institution, investigated C-ions (n =
210)[10-12,31, 33, 39]. Study characteristics are tabulated
in Table 1.

The prospective study of Bush et al. [8] had two treat-
ment groups. One group of patients was treated with pro-
tons only, whereas the other was treated with both
photons and protons. Thirty-seven stage I-IIIA patients
were assigned to one of the treatment groups according
to pulmonary reserve and cardiac function. Patients in
the first group of the study were given proton beam RT
that covered only the gross tumor volume as identified
on the planning computed tomography scan. Those patients
received 10 daily fractions of 5.1 CGE for a total of 51
CGE in 2 weeks. The second group of the study included
patients judged suitable for elective mediastinal irradia-
tion (45 Gy) based on their lung function. A lung capac-
ity test revealed that these patients had a forced
expiratory volume in 1 second >1 liter and no evidence
of severe cardiac insufficiency. Concomitant with the
last 16 photon treatments, a proton boost to the primary
tumor was given, with a total tumor dose of 73.8 CGE in
5 weeks.

The phase II study of Bush et al. [40] included only pa-
tients with stage I disease (n = 68). They were given 10 pro-
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Table 1. Patient and treatment characteristics

29); Japan, Chiba

2000); 52.8 CGE/
4 fr/1 wk (IA);
60.0 CGE/4 fr/1
wk (IB)

brain, bone scan,
bronchoscopy, PET

Study Fractionation
(characteristics); Chemo schedule TTD/n Patient selection
location Beam, energy therapy of fr/OTT criteria/risk factors  Staging Stage distribution
Bush et al. (1999) [8] 1) Proton; 2) photon + No 1) 51 CGE/10 fr/2 NSCLC stage I-IITA;  Histology, chest radiograph, Stage I, 27; stage II, 2;
(prospective, n = proton wks; 2) photons, medically inoperable/ contrast-enhanced CT, stage ITIA, 8
37); U.S., Loma 45 Gy/25 fr + refused surgery pulmonary function testing,
Linda protons, 28.8 bronchoscopy, routine blood
CGE/16 fr/5 wks work
Bush et al. (2004) Proton No 51 CGE/10 fr/2 NSCLC stage I; Thoracoabdominal CT, Stage IA/IB, 29/39
[40] (phase II, n = wks (n = 22); 60 medically inoperable, pulmonary function testing,
68); U.S., Loma CGE/10 fr/2 wks ~ n = 63; refused PET (n = 46)
Linda (n = 46) surgery,n =5
Shioyama et al. Proton, 250 MeV Partial, n = Median, 76 NSCLC; medically Histology, chest radiograph, ~Stage IA/IB, 9/19; stage
(2003) [9] 6 (12%) Gy/median, 22 inoperable/refused CT, routine blood work ITA/IIB, 3/6; stage IITA/
(retrospective, n = fr/median, 43 surgery IIIB, 1/7; stage IV, 1;
51); Japan, Tsukuba days recurrent, 5. Histology:
SCC/adenocarcinoma/
large cell, 33/17/1
Nihei et al. (2006) Proton, 150-190 MeV  No 70 CGE/20 fr/A-5 NSCLC stage I; NR Stage IA/IB, 17/20.
[32] (retrospective, wks (n = 3); 80 medically inoperable, Histology:
n = 37); Japan, CGE/20 fr/4-5 n = 23/refused SCC/adenocarcinoma/other,
Chiba wks (n = 17); 88 surgery, n = 14. 15/15/7
CGE/20 fr/4-5 Tumor size, =5 cm;
wks (n =16);94  pO,, =60 torr;
CGE/20 fr/4-5 Zubrod PS score, 0-2
wks (n=1)
Hata et al. (2007) Proton, 155-200 MeV  No 50 Gy/10 fr/2 wks  NSCLC stage I; Thoracoabdominal Stage IA/IB, 11/10.
[30] (prospective, (n = 3); 60 Gy/10 medically inoperable, ~CT/ultrasonography PET Histology:
n = 21); Japan, fr/2 wks (n = 18)  n = 9/refused SCC/adenocarcinoma/large
Tsukuba surgery, n = 12 cell, 6/14/1
Koto et al. (2004) C-ion, 290-350-400 No 59-95 CGE/18 NSCLC stage I Thoracoabdominal CT, Stage IA/IB, 41/41.
[10] (phase I/II, n = MeV fr/6 wks (n = 48); enhanced MRI of brain and ~ Histology:
81); Japan, Chiba 68-79 CGE/9 fr/3 bone, bone and gallium SCC/adenocarcinoma/large
wks (n = 34) scintigraphy, PET, cell, 37/44/1
bronchoscopy
Miyamoto et al. C-ion, 290-350-400 No 59-95 CGE/18 NSCLC stage I Similar to Koto et al. (2004)  Stage IA/IB, 41/41.
(2003) [11] (phase MeV fr/6 wks (n = 48); [10] Histology:
/11, n = 81); Japan, 68-79 CGE/9 fr/3 SCC/adenocarcinoma/large
Chiba wks (n = 34) cell, 37/44/1
Miyamoto et al. C-ion, 290-350-400 No 72 CGE/9 f1/3 NSCLC stage I Similar to Koto et al. (2004)  Stage IA/IB, 30/21.
(2007) [31] (phase II, MeV wks [10] Histology:
n = 50); Japan, SCC/adenocarcinoma,
Chiba 19/32
Nishimura et al. C-ion, 290-350-400 No 59-95 CGE/18 NSCLC stage I Similar to Koto et al. (2004)  Stage IA/IB, 24/20.
(2003) [12] (phase MeV fr/6 wks [10] Histology:
I/I1, n = 43); Japan, SCC/adenocarcinoma,
Chiba 24/20
Miyamoto et al. C-ion, 290-350-400 No 52.8 CGE/4 fi/1 NSCLC stage I CT scan of chest and upper ~ Stage IA/IB, 42/37.
(2007) [39] (phase MeV wk (IA); 60.0 abdomen, enhanced MRI of ~ Histology:
/11, n = 79); Japan, CGE/4 fr/1 wk brain, bone scan, SCC/adenocarcinoma/large
Chiba (IB) bronchoscopy, PET cell/adenosquamous,
24/53/2/1
Sugane et al. (2009) C-ion, 290-350-400 No 72 CGE/9 ft/3 NSCLC stage I; CT scan of chest and upper  Stage IA/IB, 12/17;
[33] (phase II, n = MeV wks (all, 1999— elderly, aged =80 yrs abdomen, enhanced MRI of ~ Histology:

SCC/adenocarcinoma/other,
11/17/1

Abbreviations: CGE, cobalt Gray equivalent; C-ion, carbon ion; CT, computed tomography; fr, fraction; MRI, magnetic
resonance imaging; NR, not reported; NSCLC, non-small cell lung cancer; OTT, overall treatment time; PET, positron
emission tomography; PS, performance status; SCC, squamous cell carcinoma; TTD, total treatment dose.

ton fractions in 2 weeks, with a total dose of 51 CGE for the
first 22 patients and 60 CGE for the last 46 patients.

One retrospective study from Japan [9] evaluated 51
stage I-IV patients. Fractionation regimens for proton
therapy varied as a result of irregularly allocated beam
time. The median fraction size and total doses were 3.0
CGE (range, 2-6 CGE) and 76 CGE (range, 49-93
CGE), respectively. The median overall treatment time
(OTT) was 43 days (range, 10-76 days). The other ret-

rospective study, also from Japan, evaluated 37 stage I
patients [32]. The tumor size of all patients was =5 cm in
diameter and all patients had a Zubrod performance sta-
tus score of 0—2. Ten of those 37 patients were enrolled
in an earlier phase I dose-escalation study (70-90 CGE
in 20 fractions) at the same institution. The remaining 27
patients were treated with either a dose of 88 CGE (20
fractions of 4.4 CGE; n = 13) or a dose of 80 CGE (20
fractions of 4 CGE; n = 14).
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A recent prospective study from Japan [30] investigated
21 stage I NSCLC patients. The first three patients were
treated with a total dose of 50 CGE in 10 fractions over 2
weeks. When no therapy-related toxicities of grade =3
were observed for 3 months, the total dose was escalated to
60 CGE, also in 10 fractions over 2 weeks. The survival,
local progression-free survival (PFS), and disease-free sur-
vival (DFS) rates were calculated according to the Kaplan—
Meier method.

Koto et al. [10] conducted a prospective phase I/II dose-
escalation study with C-ions in stage I NSCLC patients to
investigate the incidence of in-field recurrences. The study
was carried out using two different protocols. The first-
stage phase I/II trial used 18 fractions over 6 weeks in 47
patients and the second one delivered nine fractions over 3
weeks in 34 patients. Dose escalations from 59.4 CGE to
95.4 CGE in incremental steps of 10% and from 68.4 CGE
to 79.2 CGE in 5% increments were done in the two stages
of the trial, respectively.

From the latter study, Miyamoto et al. [11] reported re-
sults for local control (LC) and survival, which were ob-
tained using the Kaplan—Meier method.

In an update of that phase II trial [31] of 50 patients re-
ceiving nine fractions of 8 CGE over 3 weeks, survival, lo-
cal PFS, and DFS rates were also calculated according to
the Kaplan—-Meier method.

The same study population was also used in a study by
Nishumura [12]. We included that study because the report
focused on the pulmonary side effects of C-ion therapy,
which were not mentioned in the previous studies.

Finally, Sugane et al. [33] performed a subgroup analy-
sis of the above study population in which only patients
aged =80 years were included.

LC and Survival

The 2-year LC and overall survival (OS) rates in the first
published prospective study [8] with protons were 87% and
31%, respectively (Table 2). The DFS rate at 2 years was
63% for the total group, 85% for stage I patients, and 19%
for stage IIIA patients. The phase II study of Bush et al.
[40], with an OTT of 2 weeks, reported a 3-year LC rate of
74%, which differed between stage IA (87%) and stage 1B
(49%) tumors. Overall, the OS rate at 3 years was 44%,
whereas the OS rate was 27% in the patient group that re-
ceived 51 CGE and 55% in the patient group receiving 60
CGE. The disease-specific survival (DSS) rate at 3 years
was 72%.

In a retrospective study by Shioyama et al. [9], the
5-year LC rate was 57% for stage I NSCLC patients (n =
28). The LC rate for the remaining patients with stage II-IV
NSCLC in that study was unclear. For all patients, the
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5-year OS and DFS rates were 29% and 37%, respectively,
whereas the 5-year DSS rate was 46% for 37 stage I-II pa-
tients and the 2-year DSS rate was 70% for nine stage
III-1V patients. In another retrospective study, Nihei et al.
[32] reported 2-year locoregional PFS rates of 79% in stage
IA NSCLC patients and 60% in stage IB NSCLC patients,
whereas the 2-year local PFS and OS rates were 80% and
84%, respectively. Hata et al. [30], who also used an RT
schedule with an OTT of 2 weeks, found a local PFS rate at
2 years of 95% in stage I patients. The reported 2-year OS
and cause-specific survival (CSS) rates were 74% and 86%,
respectively.

The LC and 5-year OS/CSS rates in the Miyamoto et al.
[11] study with C-ions, which only included stage I patients
(n = 81), were 74% and 42%/60%, respectively. Koto et al.
[10] concluded that LC was dose dependent and determined
the optimal therapeutic dose based on their findings. With a
median follow-up period of 40.6 months (range, 4.9-86.9
months), the survival rate was 45.7% for all stage I patients.

In an update of their study (» = 50), Miyamoto et al.
[31] reported 5-year LC and OS/CSS rates of 95% and 50%/
76%, respectively.

Within the same study population as that evaluated by
Miyamoto et al. [31], Sugane et al. [33] investigated a co-
hort of elderly patients (aged =80 years; n = 29). The
5-year LC rates were 95.8% for the total group) and 100%/
91.7% for stage IA/stage IB NSCLC patients. The OS and
CSS rates were 30.7% and 53%, respectively.

Side Effects and QoL

Treatment-related toxicity is depicted in Table 2. After pro-
ton therapy, acute grade 2 pneumonitis was reported in two
studies [8, 30] at rates of 5% and 5.7%, whereas one study
reported grade 3 toxicity for only one patient (2%) [9]. The
incidence of late grade 2 toxicity was in the range of 8%—
10% [30, 32] and grade 3 toxicity was reported in one study
(8%) [32].

After C-ion treatment, Miyamoto et al. [11] reported
acute side effects (grade =3) in 3.7% of the patients and late
side effects (grade =3) in 1.2% of the patients, according to
the Radiation Therapy Oncology Group/European Organi-
zation for Research and Treatment of Cancer scoring sys-
tem. In an update of that study [31], no acute severe lung
toxicity was reported and grade 2 late lung toxicity was
found in only 4% of patients.

Sugane et al. [33], who investigated elderly patients
aged =80 years, reported no severe acute or late side effects
in that subgroup of patients (n = 28).

QoL was not reported in any of the above-mentioned
studies.
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Table 2. Treatment outcome and side effects per study

Side effects (scoring

(phase II)

Shioyama et al. (2003)
[9] (retrospective)

Nihei et al. (2006) [32]
(retrospective)

Hata et al. (2007) [30]
(prospective)

Koto et al. (2004) [10]
(phase I/1I)

Miyamoto et al. (2003)
[11] (phase I/IT)

Miyamoto et al. (2007)
[31]
(phase II)

Nishimura et al. (2003)
[12] (phase I/IT)

Miyamoto et al. (2007)
[39] (phase I/IT)

Sugane et al. (2009)
[33] (phase II)

IA), 49% (stage IB); 3-yr OS: 44% (total
group), 27% (51 CGE), 55% (60 CGE);
3-yr DSS: 72%; 3-yr metastatic relapse
rate: 31%

5-yr LC: 57% (stage I all), 89% (stage
IA), 39% (stage IB); 2-yr/5-yr OS: 62%/
29% (total group); 5-yr DFS: 37%; 2-yr/
5-yr CSS: 72%/47% (total group), 66%/
46% (stage I/IT), 70%/0% (stage III/TV)

1-yr/2-yr local PES: 91%/80%; 1-yr/2-yr
disease PFS: 73%/58%; 2-yr OS: 84%;
2-yr locoregional RFS: 79% (stage 1A),
60% (stage IB)

2-yr local progression-free rate: 95%
(total group), 100% (IA), 90% (IB); 2-yr
disease-free rate: 79% (total group), 89%
(IA), 70% (IB); 2-yr OS: 74% (total
group), 100% (IA), 47% (IB); 2-yr CSS:
86% (total group), 100% (IA), 70% (IB)

Local recurrence: 23%. Pattern 1 (n = 4),
upper region on tumor margin; pattern 2a
(n = 13), center of tumor; pattern 2b

(n = 2), near-center of tumor

LC: 74% (total group); 5-yr OS: 42%
(total group); 5-yr CSS: 60% (total
group)

5-yr LC: 95%; 5-yr CSS: 76%; 5-yr OS:
50%

Post-treatment pulmonary reactions, 95%

5-yr LC: 90% (total group), 98% (1A),
80% (IB); 5-yr lung-cancer specific
survival: 68% (total group), 87% (IA),
42% (IB); 5-yr OS: 45% (total group),
62% (1A), 25% (IB)

5-yr LC: 95.8% (total group), 100% (IA),
91.7% (IB); 5-yr OS: 30.7% (n = 28),
21.2% (1B, n = 17); 5-yr CSS: 53%

Study (design) Treatment outcome system) Follow-up
Bush et al. (1999) [8] 2-yr LC: 87% (total group); 2-yr actuarial ~Grade 2 pneumonitis, Median, 14 months
(prospective) OS: 31% (total group), 39% (stage I), 5.7% (range 3-45)
13% (stage IITA); 2-yr DFS: 63% (total
group), 85% (stage I), and 19% (stage
1IIA)
Bush et al. (2004) [29]  3-yr LC: 74% (total group), 87% (stage No grades or percentages ~ NR

specified

Acute lung toxicity: grade
=1, 92%; grade 2, 6%;
grade 3, 2% (CTC)

Acute grade 1, 84%. Late
(mainly radiation
pneumonitis and pleural
effusion): grade 1, 68%;
grade 2, 8%; grade 3, 8%
(CTC version 2)

Acute: hematological
grade 1-2, 14%; mild
dermatitis grade 1, 20%;
pneumonitis grade 2, 5%.
Late toxicity: grade 2,
10% (RTOG/EORTC)

Not specified

Acute grade 3, 3.7%; late
grade 2, 1.2% (RTOG/
EORTC)

Acute lung toxicity: grade
1, 2%; grade 2, 2%. Late:
grade 1, 96%; grade 2,
4% (RTOG/EORTC)

Clinical meaning unclear
because only CT
reactions were reported

No grade =3 acute or late
toxicity (RTOG/EORTC)

Acute lung toxicity: none.
Late: grade 1, 96%; grade
=2, 0% (RTOG/EORTC)

30 mos (range, 18-153
mos)

Median, 24 mos (range,
3—-62 mos)

Median, 25 mos (range,
10-54 mos)

Median, 41 mos (range,
5-87 mos)

Median, 53 mos

Median, 59 mos (range,
6—83 mos)

NR

Median, 39 mos (range,
2.5-72.2)

From 1999-2007

Abbreviations: CSS, cause-specific survival; CTC, Common Terminology Criteria; DFS, disease-free survival; DSS,
disease-specific survival; NR, not reported; OS, overall survival; PFS, progression-free survival; RFS, relapse-free survival;
RTOG/EORTC, Radiation Therapy Oncology Group/European Organization for Research and Treatment of Cancer.

DISCUSSION

For theoretical advantages, protons and C-ions show great
promise, because they may enable lowering the dose to nor-

mal tissues or allow radiation dose escalation and hence

yield higher tumor control probabilities [41]. On top of that,
C-ions, having a higher RBE than protons or photons, may
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Table 3. Definition of terms

Hypofractionation

Stereotactic radiotherapy (SRT)

Intensity-modulated radiation therapy
(IMRT)
Photons (x-rays)

Charged particle

Hadron

Hypofractionation is a radiation schedule with large fractions/shorter overall
time, and usually smaller volume. Until its current iteration, hypofractionation is
associated with higher risk of late effects and commonly used for palliation.

Stereotactic radiotherapy (SRT) is a form of stereotactic radiosurgery that uses a
linear accelerator (Linac) to deliver highly focused radiation with extreme
accuracy to treat tumors in specific parts of the body, such as the spine, lung,
and liver. SRT is only used for small tumor volumes.

Intensity-modulated radiation therapy is a type of conformal radiation, which
shapes radiation beams to closely approximate the shape of the tumor.

Photons are electromagnetic radiation, such as light, that propagates in the form
of waves and has no mass.

In physics, a charged particle is a particle with an electric charge. It may be
either a subatomic particle or an ion. However, in the presented paper, charged
particle refers only to protons and carbon ions.

A hadron is a subatomic particle that interacts strongly with other subatomic
particles. Hadrons are made of quarks; they are divisible and, by atomic
standards, heavy. This contrasts with photons (x-rays), which are without mass.
For therapeutic purposes, the following are defined as hadrons: protons, pions,

argon).
Electrons

Relative biologic effectiveness

Cobalt Gray equivalent/Gray
equivalent

neutrons, light ions (e.g., carbon, helium, oxygen), and heavy ions (e.g., neon,

Electrons are also subatomic particles. Unlike hadrons, they are fundamental
(cannot be split into other particles) and have a small mass.

The relative biological effectiveness (RBE) for a given test radiation is
calculated as the ratio of the dose of a reference radiation, usually x-rays, and
the dose of the test radiation required to produce the same biological effect.

Gray The Gray (Gy), which equals J/kg, is the unit of absorbed radiation dose, which
represents the amount of radiation required to deposit 1 joule of energy in 1
kilogram of any kind of matter.

The cobalt Gray equivalent (CGE) or Gray equivalent (GyE) dose is equal to the
absorbed dose in a tissue of an organ multiplied by a weighting factor, which
differs according to the nature of the radiation energy. Proton energy is
considered to be 1.1 times more harmful than cobalt and x-ray radiation in terms
of its biological effectiveness.

further increase the effectiveness of charged particles be-
yond that of protons [42]. Although new health technolo-
gies are ultimately aimed at improving treatment outcome,
the ultimate goal from a health economist point of view is to
improve efficiency over standard care (i.e., better LC
and/or survival, less morbidity/better QoL against accept-
able costs) [43].

In this review, we searched for clinical evidence that
protons or C-ions would benefit patients with lung cancer.
Using a systematic approach, 11 fully published studies, all
dealing with NSCLC (mainly stage I), were identified
[8—-12, 29-33]. Studies on proton therapy were performed
in Japan and the U.S., whereas only data from Japan are
available for studies on C-ions.

In the identified studies, a wide variety of RT schedules
was used, making comparisons of results difficult. Further-
more, in all identified studies, systemic chemotherapy ap-
peared to not be a part of the treatment package, which
could indicate that tumor volumes and consequently treat-
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ment volumes were small. In addition, the use of different
staging and follow-up procedures, more specifically the use
of positron emission tomography imaging, or not, increases
the complexity of these comparisons. Nevertheless, the re-
sults, at least for stage | NSCLC, seem to be better than what
is generally achieved by conventional photon RT [44—46].
However, they seem inferior to what may be achieved with
hypofractionated stereotactic RT (SRT) using photons (see
Table 3), with which LC rates =90% were reported in sev-
eral phase I/Il studies [47-51]. Nevertheless, because LC is
defined differently in different studies, comparison of this
outcome among different studies is difficult, and any com-
parisons should be interpreted with caution. In general, the
LC rates for proton therapy of 87% (2-year) [8], 74% (3-
year) [29], and 57% (5-year) [9] are not higher than those
achieved with SRT with photons [47-51]. Yet the local PFS
rate of 95% that was reported by Hata et al. [30] using pro-
tons is equivalent to the results of Timmerman et al. [52]
using photons (updated by Fakiris et al. [47]). The CSS and
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OS rates achieved with proton therapy are equivalent to, or
even inferior to, those reported in SRT series using photons
[47, 49-51], with weighted means for 2-year and 5-year
CSS rates of 80% and 72% and for 2-year and 5-year OS
rates of 59% and 44%, respectively [26]. The better results
with protons reported by Hata et al. [30], compared with the
other proton series described in this review paper, could be
explained by a higher biological dose resulting from the hy-
pofractionated RT schedule, with high fraction doses (5-6
CGE) and a short OTT (2 weeks). An equivalent RT sched-
ule was used by Bush et al. [40]. The 2-year CSS rate from
this latter study was also better than those from other proton
series (72% versus 58%—66%). This result is in line with
earlier publications on small cell lung cancer showing ad-
vantages using schedules with a short OTT or short time
from the start of any treatment until the end of radiotherapy
[53, 54].

Treatment with C-ions, in particular, as reported in the
recent study of Miyamoto et al. [31], seems to result in bet-
ter LC (5-year LC rate, 95%). Their 5-year OS rate is some-
what higher than that of photon studies [50, 51] (50%
versus 30% and 47%, respectively), and the 5-year CSS rate
is comparable with the best achievements in photon therapy
[51] (76% versus 78%). However, because these C-ion out-
comes were found in only one study with 50 patients, they
should be interpreted with caution.

In all the included studies, the incidence of reported se-
vere side effects was relatively low. Taking the most recent
publications into account, the percentages of late toxicities
were similar in the group of patients receiving proton ther-
apy (and even lower after treatment with C-ions) and in the
group of patients receiving SRT— proton therapy, 10%
(grade 2) [30]; C-ion therapy, 4% (grade 2) [31, 39]; photon
SRT, 9%(grade 2-5; range, 5%—-27%) [47, 52, 55, 56].
Even in a subgroup of elderly patients, C-ion radiotherapy
seemed to be a safe treatment modality [33]. Because of the
relatively low number of patients evaluated so far, the re-
sults regarding late severe toxicities after particle therapy
should be interpreted with caution.

We could not draw any conclusions about QoL, because
it was not reported in any of the included studies.

The cost of proton therapy is about 2.4 times higher than
that of conventional RT with photons [57]. C-ions are more
expensive than protons, mainly because of the considerably
higher investment cost of a C-ion facility (about 1.5 times
higher than a proton facility). However, because of the pos-
sibility of treating with fewer fractions in the case of lung
cancer, the treatment costs for lung cancer with C-ions are
not necessarily higher than the treatment costs for proton
therapy [58]. Nevertheless, as compared with conventional
RT with photons, it is necessary to determine whether these
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higher costs are worthwhile in light of the expected advan-
tages [28]. Because decisions need to be made on whether
or not to invest in proton or C-ion centers, evidence is
needed on whether, and for which indications, particle ther-
apy is a cost-effective treatment modality. This puts the in-
troduction of new (expensive) irradiation treatments, such
as particle therapy, in a difficult situation: firm data on ef-
fectiveness can be obtained only after the implementation
and clinical evaluation of the treatment, which in the case of
RT often implies that important capital investments must be
made. Yet data on effectiveness will only become available
years after the necessary investment in equipment, build-
ings, and highly qualified personnel. As mentioned above,
effectiveness data on particle therapy treatments are lack-
ing; regardless, sufficient financing is necessary to perform
clinical research and ensure the eventual dissemination of
evidence-based treatments into clinical practice.

Recently presented results are promising. In our opin-
ion, we mainly expect a gain in delivering high doses to the
tumor volume while optimally sparing the surrounding tis-
sues.

Preliminary results from a group of stage III NSCLC
patients treated with chemotherapy and concurrent pro-
ton beam therapy showed that they had less toxicity than
patients treated with photon intensity-modulated radia-
tion therapy (IMRT) (Table 3) [59]. There was signifi-
cantly less fatigue in patients treated with protons when
all grades of fatigue were compared (p = .04), as well as
when the analysis was limited to grade =2 fatigue (p <
.001). The authors suggested that the greater conformal-
ity with proton therapy than with IMRT may result in less
myelotoxicity. Distant disease is a major problem in ad-
vanced lung cancer, and by limiting the myelosuppres-
sion associated with RT it may be possible to decrease
the number of patients who require a break from chemo-
therapy or a dose reduction. It may also be possible to
escalate the concurrent dose of chemotherapy or allow
other agents (e.g., biological agents) to be added to the
chemoradiation, which could potentially improve out-
comes. Pneumonitis is another important toxicity that
could potentially be decreased with the use of protons.
From the results of a subsequent study, it appears that
protons do reduce the irradiated volume of the normal
lung and have the potential to decrease the rate of radia-
tion-induced pneumonitis over that seen with IMRT
[60]. These results suggest that protons could reduce the
risk for radiation-induced pneumonitis and may again al-
low further dose escalation, thereby leading to better LC.
It would be interesting to extend the current review with
these data as soon as follow-up data are available.

Because of the overwhelming theoretical data on the
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beneficial properties of protons and light ions [13-18, 20—
23], as well as some promising recent results, further invest-
ment in the infrastructure needed to perform large trials in
patients with different lung cancer stages is warranted. Ac-
cording to Brada et al. [61], the current lack of evidence for
the benefit of charged particles should provide a stimulus
for an effort to identify suitable tumor targets with the great-
est potential benefit in measurable and, particularly, clini-
cally relevant endpoints. Well-designed model-based trials
using validated models are essential and can predict the
magnitude of the benefit. The perceived and largely theo-
retical benefit should be confirmed by clinical evidence
from well-designed prospective studies, convincingly dem-
onstrating superior outcomes. Prospective data collection
should start now in the few operational centers in order to
determine the results with regard to side effects, QoL, and
other endpoints achieved with the currently used RT tech-
niques.

In the meantime, the complexity introduced by tumor
motion and radiation-induced tumor volume changes must
be recognized [62—65].

In this era of evidence-based medicine, more evidence
is required before particle therapy can become the standard
treatment for (subsets of) lung cancer patients.
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CONCLUSION

The present results with protons and heavier charged parti-
cles are promising regarding better LC and less RT-induced
side effects. However, because of a lack of evidence on the
clinical efficacy and cost-effectiveness of proton and C-ion
therapy, there is a current need to investigate efficiency in
an adequate manner with high-quality methodology. Be-
cause it is doubtful whether randomized clinical trials are
possible or even ethical [43, 66], well-designed model-
based trials using validated models should be performed to
predict the magnitude of the benefit. Until more evidence is
available, proton and C-ion therapy in lung cancer should
be considered experimental.
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