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Fig. 5. Kaplan-Meier estimates of overall survival in patients who died due to liver
failure without tumor recurrence.

hepatic insufficiency (PHI) {20]. In the current study, ICG R15 was
also found to be a prognostic factor in all patients and in those with
Child A liver function. Multivariate analysis also showed that a low
ICG R15 was associated with good survival in all patients and in
Child A cases. PBT may be conducted for Child C cases {27}, but
most patients who receive PBT have Child A liver function. [26].
In the current study, 78% of the cases were Child A. However, some
patients had a high ICG R15 despite being in the Child A category,
and ICG R15 significantly affected prognosis in these patients.
These results indicate that ICG R15 is an important predictor of
prognosis after PBT.

The risk of PHI was difficult to evaluate because PHI rarely
occurs even with poor liver function of Child B or C {27,331 In
the current study, however, the risk of liver failure was low in cases
with pretreatment ICG R15 <39%, whereas there was an increased
risk of death due to liver failure without tumor recurrence after
PBT (7 of 28 patients) for cases with pretreatment ICG R15
>40%. Five of 7 patients who died due to hepatic failure with a
high ICG R15 had a poor Child-Pugh class (B/C), but 2 were
Child-Pugh class A. All patients with Child-Pugh class B/C who died
due to hepatic failure (n=6) had a high ICG R15 (33-76, median
45). That is, patients with a high ICG R15 should be monitored
especially carefully, even if they have Child-Pugh class A liver
function.

Makuuchi et al. {40-42] developed criteria for hepatectomy
using ICG R15, in which ICG R15 <10% is an indication for triseg-
mentectomy, 10-19% indicates left lobectomy or right monoseg-
mentectomy, 20-29% indicates subsegmentectomy, 30-39%
indicates limited resection, and >40 indicate that only enucleation
can be performed. Using these criteria, hepatic resection can be
performed safely with almost zero mortality. Hemming et al.
showed that ICG R15 was useful for prediction of the risk of liver
failure and mortality after surgery {43]. In an analysis of 101
patients who underwent major hepatic resection, Fan et al. [44]
found a mortality rate of 13.8% and defined an ICG R15 of 14% as
a cut-off in short-term analysis. Lau et al. suggested that ICG R15
was the only test that discriminated between survivors and non-
survivors {45}, with cut-offs of 14% and 23% for major hepatectomy
and minor hepatectomy, respectively. In our hospital, PBT is used
to irradiate the area of the tumor plus a 10-mm margin. Normal
liver affected by PBT is basically limited to within the irradiated
area and damage caused by PBT is probably similar to that caused
by limited resection.

Using Makuuchi’s criteria, only enucleation can be performed
for such patients. With a minimum treatment margin, PBT may
be similar to enucleation. However, the risk of liver failure is

increased when ICG R15 is higher and the median survival time
of patients with ICG R15 >40% was only 16 months. This is a poor
prognosis compared to that of patients with normal liver function,
but it should be noted that the prognosis of patients who cannot
receive any treatment is only a few months {46,47]. Cabibbo
et al. found that the median survival times of untreated HCC in
Child-Pugh A, B and C cases were 9.8, 6.1, and 3.7 months, respec-
tively. Therefore, the results in this study suggest that PBT for
patients with high ICG R15 is acceptable. However, the median sur-
vival time of patients who died of liver failure without tumor
recurrence was 9 months (median 8-10). This suggests that the
treatment period is excessive in such cases and shorter-term treat-
ment may be necessary in these cases. Thus, a further study is
required to clarify the significance of ICG R15.

In conclusion, our results suggest that a high ICG R15 predicts a
poor prognosis and a higher risk of PHI, even in Child A cases. Pre-
treatment ICG R15 is an important predictive factor for outcome
after PBT for HCC, especially in cases with Child-Pugh A liver
function.
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Introduction

For stage I non—small-cell lung cancer (NSCLC), surgical
resection is typically performed, yielding a2 60% to 80% survival
rate.” Stereotactic body radiotherapy (SBRT) has previously been
used for patients with medically inoperable stage I NSCLC and
more recently for operable tumors. For stage I NSCLC patients
treated with SBRT consisting of photons and protons, the 3-year
overall survival (OS) rate was reported to be 57% to 86%"" and

the 3-year local control rate was reported to be 74% to 95%.%*%#7
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Outcomes and Prognostic Factors After PBT for Stage I NSCLC

Treatment outcomes for SBRT have been reported to not differ
between tumors that are diagnosed pathologically and those diag-

nosed solely based on clinically data,'”"’

and this procedure has
been shown to be a safe and radical treatment for operable stage 1
NSCLC."***

In addition to peripherally located tumors, use of SBRT has also

14,15

recently been reported for centrally located tumors. However,
the protocol for performing SBRT for centrally located tumors
remains controversial. High-dose proton beam therapy (PBT) has
been used to treat peripherally and centrally located tumors in our
hospital. The purpose of this study was to determine the disease
control rate and prognostic factors associated with recurrence of
centrally and peripherally located stage 1 NSCLC treated using

high-dose PBT.

Patients and Methods
Patients and Tumor Characteristics

From February 1997 to September 2011, 74 patients with stage
I NSCLC received PBT at our hospital and were followed for at
least 6 months after PBT until August 2012. These patients were
evaluated retrospectively. The median age at the time of treatment
was 75 years (range, 51-86 years). Patients fell into the following
Eastern Cooperative Oncology Group performance status (PS)
groups: PS = 0 (n = 44), PS=1 (n = 21), PS =2 (n = 8), and
PS = 3 (n =1). Sixteen patients (21.6%) had cardiovascular

* disease, 33 (44.6%) had respiratory disease, and 32 (43.2%) had
other cancers.

Of these patients, 80 centrally or peripherally located stage I
NSCLCs, based on the tumor, node, metastases (TNM) classifica-
tion defined by the 7th International Union Against Cancer, were
identified and treated. Overall, 68 patients (92%) had a single tu-
mor, and 6 (8%) had 2 tumor masses. Sixty-four tumors (80%)
were histologically confirmed, and the remaining 16 (20%) were
diagnosed using tumor markers, computed tomography (CT), and

positron emission tomography (PET). Centrally located tumors

Table 1
 Characteristic Value
 Total Number of Tumors 80
Clinical Stage
~ Stage [A 59 (74%)
Stage B 21 (26%)
_ Histology.
Adénocarcmoma 32 ’(4’0%’)
k:Sq‘uamous cell carcinoma 26 (33%)
 Non—smal-cell carcinoma 6 (8%)
Unproven 16 (20%)
 Tumor Location -
Céntrahy located tumor 21 ‘(26%)
~ Peripherally located tumor 59 (74%)
 Tumor Site ‘
st
' 54-5 and S7-10

Abbreviation: S = Iung segment.
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were defined as tumors irradiated in parts of the mediastinum or
located more central than the lobar bronchus, which definition did
not absolutely equal T2a criteria. Overall, 21 tumors (26%) were
centrally located and 59 (74%) were peripherally located. The
median tumor diameter was 22 mm (range, 10-48 mm). Charac-
teristics of these 80 tumors are summarized in Table 1.

Proton Beam Therapy

At our hospital, the following 2 treatment protocols are com-
monly used, depending on tumor location: 72.6 Gy (RBE) in 22
fractions and 66 Gy (RBE) in 10 or 12 fractions.”'® The 72.6 Gy
(RBE) protocol was used for centrally located tumors, and the 66 Gy
(RBE) protocol was used for peripherally located tumors. The
photon equivalent dose was defined as the physical dose (Gy) % the
relative biological effectiveness (RBE) of the proton beam, which was
assigned a value of 1.1 in this study."” The biologically effective dose
(BED) of 72.6 Gy (RBE) in 22 fractions calculated with an ¢/B
ratio of 10 Gy was 97 Gy, (RBE), and the dose of 66 Gy (RBE) in
10 or 12 fractions was 110 Gy, (RBE) or 102 Gy, (RBE).

The clinical target volume (CTV) encompassed the gross tumor
volume with a 5- to 8-mm margin in all directions.”'* An addi-
tional 5-mm margin was included in the caudal axes to compensate
for uncertainty due to respiration-induced organ motion. Two or
3 beams were used, and an addidonal margin of 5 to 10 mm was
added to cover the entire CTV by enlarging the multileaf collimator
and adjusting the range shifter. Proton beams of 155 to 250 MeV
were generated using a synchrotron accelerator, and were delivered
during the expiratory phase under a respiration-gated system.’®

Follow-up and Evaluations

Follow-up examinations, including measurement of tumor
marker levels and imaging, were performed periodically at intervals
of 3 to 6 months. Acute and late treatment-related complications
were assessed using the National Cancer Institute Common
Toxicity Criteria for Adverse Events (v.4.0) and the Radiation
Therapy Oncology Group (RTOG)/European Organization for
Research and Treatment of Cancer (EORTC) late radiation
morbidity scoring scheme. Recurrence, survival, and general con-
dition of patients after PBT were also evaluated. Recurrences were
holistically identified according to detection of clinical changes in
levels of tumor markers and imaging results such as CT and

PET.*”

Statistical Analysis

Data were collected and analyzed retrospectively. Survival and
local control rates were estimated using the Kaplan-Meier method.
To analyze prognostic factors for recurrence, Cox regression analysis
was used to evaluate difference in age at time of treatment, sex (men
vs. women), PS (0-1 vs. 2-4), cardiovascular disease, respiratory
disease, T factor (T1 vs. T2a), histology, tumor diameter, lung
segment of tumor site (lung segment 1-3 and segment 6 vs. segment
4-5 and segment 7-10), and tumor location (centrally vs. periph-
erally located tumors) which is same meaning of radiation dose
difference (72.6 Gy [RBE] vs. 66 Gy [RBE]). Data analysis was
performed using the Ekuseru-Toukei software package (version
2010; Social Survey Research Information Co, Ltd); values of
P < .05 were considered significant.
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At the last follow-up, 55 patients (74%) were alive and 19 (24%)
had died. The median follow-up petiod was 31.0 months (range,
7.3-104.3 months). The OS rate was 76.7% at 3 years and 65.8%
at 5 years (Fig. 1). The disease-specific survival rate was 83.0% at

3 years and 73.8% at 5 years. The progression-free survival (PES)
rate was 58.6% at 3 years and 52.5% at 5 years. During the follow-
up period, 30 of 74 patients (40.5%) experienced disease recur-
rence. Sites of recurrence included local (n = 11), regional lymph
nodes (n = 16), lungs (n = 6), and other (n = 15).

Tumor and patient characteristics were compared between tu-
mors with and without disease recurrence. The univariate analysis
showed that age, tumor diameter, and radiation dose were signifi-
cant prognostic factors for disease recurrence (Table 2). The
multivariate analysis was performed among these 3 factors. The
most significant factor was radiation dose (P = .014) and the next
was age (P = .039), although the tumor diameter did not show
significant correlation (P = .20).

Local Control Rate and Risk Factors

Local recurrence developed in 11 of 80 tumors (13.8%). The
local control rate was each 81.8% at 3 and 5 years (Fig. 2). The
3-year local control rate was 86.2% for stage IA tumors and 67.0%
for stage IB tumors. Acute treatment-related Grade 2 complications
included 2 cases (2.5%) of skin reaction and 1 case (1.3%) of
esophagitis, and grade 3 complications included 1 case (1.3%) of
pneumonitis. The RTOG/EORTC late radiation morbidity scoring
Grade 3 complications included 1 case (1.3%) of pneumonitis and
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1 case (1.3%) of skin ulcer; the skin ulcer occurred in an area that
was irradiated twice because of a local recurrence and a regional
lymph node recurrence. The only Grade 4 complication was rib
fracture, which occurred in 11 (13.8%) patients. The patients had
no severe pain.

Tumor and patient characteristics were compared between tu-
mors with and without local recurrence (Table 2). The analysis
showed that only radiation dose was a significant prognostic factor
for local recurrence (P = .026). The local control rates for tumors
irradiated at each radiation dose are shown in Figure 3. The 3-year
local control rate was 63.9% for centrally located tumors irradiated
with 72.6 Gy (RBE) and 88.4% for peripherally located tumors
irradiated with 66 Gy (RBE); this difference was statistically
significant (log-rank test; 2 = .017). Tumor diameter was not a
significant prognostic factor for local control. The local control
rates for tumors with a diameter < 3 cm vs. those with a diameter
> 3 cm are shown in Figure 4. Three centimeters was selected as a
cutoff value because it demarcates stage IA tumors from stage IB
tumors. No significant differences were observed between
tumors < 3 cm vs. > 3 cm in diameter for either tumors irradiated
with 72.6 Gy (RBE) or 66 Gy (RBE) (log-rank test, P = .57 and
P = .54, respectively).

Discussion

In the present study, in which the radiation dose was 72.6 Gy
(RBE) in 22 fractions and 66 Gy (RBE) in 10 or 12 fractions, the
3-year OS and local control rates were 76.7% and 81.8%, respec-
tively. Previously, patients with peripherally located stage I NSCLC
tumors treated at our hospital experienced a 2-year OS rate of 74%
and a 2-year local control of 95%.” In another study conducted
at our hospital that included centrally and peripherally located tu-
mors, patients experienced a 97.8% 2-year OS rate and a 97.0%
2-year local control rate, with a median follow-up period of only
17.7 months.”® The present study had a longer follow-up period of
31.0 months. We reevaluated the outcomes of stage I NSCLC
patients in light of this prolonged follow-up period, the inclusion of
patients with centrally and peripherally located tumors, and changes
in the TNM classification criteria. In stage I NSCLC treated with
SBRT of photon and proton, the 3-year OS rate was reported as
57% to 86% " and the 3-year local control rate was reported as
74% t0 95%.7“**" The OS and local control rates of SBRT in the
present study are greater than those associated with conventional
radiotherapy, for which the local control rate is approximately
50%; the present rates are consistent with those of previous SBRT
studies.

The present study identified prognostic factors for recurrence
after high-dose PBT. Radiation dose (72.6 Gy [RBE] vs. 66 Gy
[RBE]) was decided depending on tumor location. Although tumor
diameter was only significantly associated with disease recurrence,
radiation dose was a significant factor in analyses for disease
recurrence and local recurrence. Additionally, in multivariate anal-
ysis for disease recurrence, radiation dose was most significant.
Therefore, radiation dose appears to be the most significant prog-
nostic factor for tumor control in patients with stage 1 NSCLC
treated using high-dose PBT.

Some previous studies have indicated that outcomes are not
significantly different between patients with centrally and
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Outcomes and Prognostic Factors After PBT for Stage I NSCLC

Local Recurrence ,; ,  Disease Recurrence
Tumor With Local | Tumor Without Local | |  TumorWith |  Tumor Without
_ Factor Recurrence (n = 11) | Recurrence (n = 69) | P | Recurrence (n = 31) | Recurrence (n = 49)
 Age at Time of Treatment | k | - -
Median years (range) 76 (66-82) 74 (51-86) 2 75 (53-86) 73(51-86) | 030
Men vs. Women 110 5415 o 247 me. ] B
 Performance Status i s -
01w 24 10 61:8 99 265 454 089
Cardiovascular Disease ‘ k ' - :
 Yesws. o 29 15:54 93 427 1336 41
k Réépiratory Disease T :
Yes vs. no 74 29:40 10 1516 29:20 24
Stage
Stage 1A vs. stage B 6:5 53:16 057 20:11 39:10 o
Tumor Diameter o :
Median, mm (range) 30 (16-42) 22 (10-48) A1 30 (12-42) 21 (10-48) 020
Radiation Dose (Tumor
- Location) = ‘ :
72.6 Gy (RBE) vs. 66 Oy 6:5 15:54 026 13:18 8:41 010
(RBE) (centrally vs.
peripherally located)
:Tum:or Site
~S1-3and S6 vs. $4-5 56 46:23 15 17:14 34:15 15
~and §7-10
Histology
~ Adeno vs. SqCC vs. cancer 4:4:1:2 22:28:5:14 .85 10:12:3:6 16:20:3:10 .69
VS, unproven

Abbreviations: adeno = adenocarcinoma; RBE = relative biological effectiveness; S = lung segment; SqCC == squamous cell carcinoma.

peripherally located tumors, with more than 90% achieving local
control with minimal irradiation-associated complications.'*' >
However, other studies reported a high risk of long-term late
complications of SBRT in patients with centrally located tu-
mors,”>** with 1 study reporting a 2-year severe complication rate
of 46%.%* In addition to parallel organs, such as the normal lung,
serial organs, including the trachea, bronchial tree, and esophagus
close to the tumor are at risk." Thus, decreasing the radiation dose
of all of these internal organs must be considered at the time of
irradiation of centrally located tumors. In the present study, to
reduce the risk of late complications, different protocols were used
for centrally vs. peripherally located tumors. As a result, the rate of
Grade 3 to 4 complications in internal organs was low. Previously, a
BED;; > 100 Gy was reported to be necessary for achieving
optimal tumor control.'” For centrally located tumors, Chang
et al. reported that 40 Gy in 4 fractions (BED10; 80 Gy) resulted in
lower local control (57%), and 50 Gy (BEDjq; 112.5 Gy) resulted
in no recurrences during the median follow-up period of 17
months.”* In addition, Haasbeek et al. reported that 60 Gy in 8
fractions (BEDjq; 105 Gy) yielded a 3-year local control rate of
92.6%, and that peripherally located tumors treated with the same
protocol had similar outcomes.’” In the present study, the radiation
dose was decided depending on tumor location; the BED;4 of 72.6
Gy (RBE) for centrally located tumors was 97 Gy;o (RBE), and the
dose of 66 Gy (RBE) for peripherally located tumors was 110 Gy
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(RBE) or 102 Gy, (RBE). Although the use of SBRT for centrally
located tumors remains controversial, 97 Gy (RBE) of BED g has
been shown to result in a lower tumor control rate. In addition, the
analysis of prognostic factors for tumor control detected that radi-
ation dose was most significant. Thus, further evaluation of this
treatment method for centrally located tumors is warranted.
Tumor diameter has been previously reported to be a significant
prognostic factor in this patient population.”® Dunlap et al. showed
that increasing tumor diameter was correlated with worse local
control and shorter OS.** All of the tumors in their study were
peripherally located, and the median irradiated dose was 60 Gy in
3 to 5 fractions (median BED;g; 150 Gy). These investigators
observed a lower local control rate for T2 tumors than for T1
tumors: the 2-year local control rate was 90% for T1 tumors and
70% for T2 tumors. Bush et al. showed that high-dose PBT, in
which radiation dose was 70 Gy in 10 fractions (BED; 127Gy),
yielded a 4-year local control rate of 91% for T1 tumors and 75%

3

for T2 tumors.”” In contrast, in the present study, tumor diameter
was not significantly associated with local recurrence, and local
control rates did not differ between patients with tumors < 3 cm vs.
> 3 cm, even when centrally and peripherally located tumors were
evaluated separately. Radiation dose was a more significant prog-
nostic factor than tumor diameter.

The outcome of SBRT consisting of protons and photons has

been reported to not differ for medically inoperable stage I
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NSCLC.”® Meanwhile, because of the presence of a Bragg peak,
which is a characteristic of PBT, Kadoya et al. reported that PBT
was more advantageous than SBRT consisting of photons when
treating tumors with a relatively large planning target volume (PTV)
or several tumors.” Register et al. also reported that the > 95%
PTV coverage and maximum tolerated dose of protons were better
than those of photons.”” In contrast, Seco et al. reported that
protons had proximal-range uncertainty for a spread-out Bragg
peak, although there were fewer hot spots than with photons.”’ The
proton range uncertainties result in larger planning margins for
protons. In a clinical report, Bush et al. showed 75% local control
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rate for T2 tumors, although 52% of these T2 tumors were > 5 cm in
diameter.”” Considering that SBRT is generally limited to < 5 cm
tumors, their results in larger tumors seemed to be improved.
Therefore, when a sufficient radiation dose with a BED > 100 Gy
and a sufficient margin can be given to tumors considering the range
uncertainties, PBT might provide better coverage of the PTV
compared with SBRT consisting of photons, potentially limiting the
possibility of different control rates associated with tumor diameter.

In addition, PBT plans significantly reduce the mean maximal
dose to the aorta, bronchial plexus, heart, pulmonary vessels, and
spinal cord for centrally located tumors, because of the spread-out
Bragg peak.3 Y In the present study, the local control rate for cen-
trally located tumors was lower than that for peripherally located
tumors, although the severe complication rate was low, likely
because of the different radiation doses used to avoid late severe
complications.

In conclusion, radiation dose was shown to be the most signifi-
cant prognostic factor for tumor control in patients with stage 1
NSCLC treated using high-dose PBT. Tumor diameter was not

Clinical Lung Cancer March 2014
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significant for local control, which was only significantly associated
with disease recurrence. Further evaluation of high-dose PBT for
centrally located tumors is warranted.

Clinical Practice Points

o For stage I NSCLC, SBRT was given a better outcome compared
with conventional radiotherapy. Recently, SBRT of photon and
proton has been used for not only peripherally located tumors
but also centrally located tumors. The prognostic factor for local
control of tumors including centrally located tumors was recently
discussed.

The new finding of this study was reevaluation and determina-
tion of the treatment outcome and prognostic factors of stage I
NSCLC irradiated using high-dose PBT. Although tumor
diameter was only significanty associated with disease recur-
rence, radiation dose was a significant factor in analyses for
disease recurrence and local recurrence. Additionally, in multi-
variate analysis for disease recurrence, radiation dose was most
significant. Therefore, radiation dose appears to be the most
significant prognostic factor for tumor control in patients with
stage I NSCLC treated using high-dose PBT. Further evaluation
of high-dose PBT for centrally located tumors is warranted.
The results of the study indicated that the tumor diameter
was not statistically significant for tumor local control in the
patients with stage I NSCLC treated using high-dose PBT. This
result suggested that when a sufficient radiation dose with a
BED > 100 Gy and a sufficient margin can be given to tumors
considering the range uncertainties, PBT might provide better
coverage of the PTV compared with SBRT consisting of pho-
tons, potentially limiting the possibility of different control rates
associated with tumor diameter.
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The purpose of this study was to compare the parameters of the dose-volume histogram (DVH) between
proton beam therapy (PBT) and X-ray conformal radiotherapy (XCRT) for locally advanced non-small-cell
lung cancer (NSCLC), according to the tumor conditions. A total of 35 patients having NSCLC treated with
PBT were enrolled in this analysis. The numbers of TNM stage and lymph node status were IIB (r = 3), ITA
(n=15) and B (n=17), and NO (n=2), N1 (n=4), N2 (n=17) and N3 (n=12), respectively. Plans for
XCRT were simulated based on the same CT, and the same clinical target volume (CTV) was used based on
the actual PBT plan. The treatment dose was 74 Gy-equivalent dose (GyE) for the primary site and 66 GyE for
positive lymph nodes. The parameters were then calculated according to the normal lung dose, and the irradi-
ation volumes of the doses (Vx) were compared. We also evaluated the feasibility of both plans according to
criteria: V5 242%, V20 2 25%, mean lung dose > 20 Gy. The mean normal lung dose and V5 to V50 were sig-
nificantly lower in PBT than in XCRT. The differences were greater with the more advanced nodal status and
with the larger CTV. Furthermore, 45.7% of the X-ray plans were classified as inadequate according to the cri-
teria, whereas 17.1% of the proton plans were considered unsuitable. The number of inadequate X-ray plans
increased in cases with advanced nodal stage. This study indicated that some patients who cannot receive

photon radiotherapy may be able to be treated using PBT.

Keywords: proton therapy; locally advanced NSCLC; dose escalation; DVH

INTRODUCTION

Radiotherapy plays an important role in the treatment of
locally advanced, unresectable non-small-cell lung cancer
(NSCLC). In order to achieve the maximum survival benefit
with radiotherapy, the dose-response relationship and its
combination with chemotherapy has been investigated since
the 1980s. Several successful dose-escalation studies with
concurrent chemotherapy have been undertaken worldwide
and have led to improved tumor control and survival at doses
above 70 Gy [1-8]. However, the Phase Il study by RTOG
showed no survival benefit with a dose of 74 Gy compared
with 60 Gy [9]. While Cox et al. reported that pulmonary or
cardiopulmonary effects of radiotherapy could affect the
outcome, the reason for this was unclear [10]. Meanwhile,
Chang et al. successfully administered chemo-proton therapy

for unresectable Stage IIl NSCL.C with a dose of 74 GyE, and
reported a median survival time of 29.4 months [11]. We con-
sider that PBT will be key to safe dose escalation for locally
advanced NSCLC due to the sharp energy peak, called the
Bragg peak.

The dosimetric comparison of protons and photon radio-
therapy for early stage NSCLC has been widely discussed,
and some reports of early-stage NSCLC have shown that
PBT also significantly reduces the normal lung dose
[12-17]. However, there have been few investigations of the
differences in dose distribution for advanced NSCLC
[17, 18]

In this report, we simulated proton therapy using a high radi-
ation dose at 74 GyE for unresectable locally advanced
NSCLC and compared the parameters of the dose—volume his-
tograms (DVHs) for PBT and photon conformal radiotherapy

© The Author 2014, Published by Oxford University Press on behalf of The Japan Radiation Research Society and J apanese Society for Radiation Oncology.
This is an Open Access article distributed under the terms of the Creative Commons Aftribution License (http:/creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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(XCRT), based upon the tumor condition, i.e. stage, lymph
node status, and target volume.

MATERIALS AND METHODS

Patient characteristics

A total of 35 cases of inoperable locally advanced Stage IIB
and III NSCLC were enrolled in this analysis. The TNM
stage was Stage IIB in three patients, IIIA in 15, and IIIB in
17. The nodal stage was NO, N1, N2 and N3 in 2, 4, 17 and
12 patients, according to the TNM classification of malig-
nant tumors, sixth edition. The tumor was located in the
upper lobe in 24 patients and in the middle and lower lobe in
11 patients. All patients were treated with proton beams of
155-250 MeV generated using a synchrotron accelerator
(Hitachi Inc., Ibaraki, Japan) at the Proton Medical Research
Center. This study was approved by our institutional review
board, and written informed consent was obtained from all
patients.

Treatment planning

For treatment planning, chest CT images were obtained in
5-mm thick slices, with the patient in a body cast in the treat-
ment position (Engineering System Co., Matsumoto, Japan),
during the end-expiratory phase using a respiratory-gated
system (DAR-3000, Shimadzu, Kyoto, Japan). The dose cal-
culation for PBT and XCRT was performed using the same
CT series for each patient with the pencil beam method for
PBT (proton treatment planning software ver. 2, Hitachi Inc.,
Ibaraki, Japan) and with superposition on for XCRT (Xio
ver. 4, Elekta, Stockholm, Sweden). Proton beams of 155-
250 MeV and X-ray irradiation of 10 MV were used in the
treatment plans. The treatment planning system for PBT
automatically estimated the conditions required for beam
delivery, which include a ridge filter, a range shifter, a colli-
mator and bolus. The beam delivery system created a homo-
geneous dose distribution at the prescription dose using the
spread-out Bragg peak of the proton beams. The concept of
dose delivery, for both the target and normal tissues, was
exactly the same for PBT as for XCRT; the daily fraction-
ation dose was 2 Gy, and the primary site and positive lymph
nodes were irradiated at 74 Gy and 66 Gy, respectively.

We defined the clinical target volume (CTV) as the pri-
mary tumor and clinically positive lymph nodes. Prophylac-
tic lymph nodes were not included in the CTV. Clinically
positive lymph nodes were defined as nodes 21 c¢m as visua-
lized on a CT scan or as PET-positive lymph nodes. CTV-p
was defined as the primary tumor alone. The planned target
volume (PTV) and PTV-p encompassed the CTV and
CTV-p, respectively, with a 5-10-mm margin in all direc-
tions and an additional 5-mm margin in the caudal direction
(to compensate for respiratory motion), and the coverage of
PTVs was provided for by more than 95% prescribed
doses. To ensure this coverage, we set up ~5-mm distal and
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proximal margins for PTVs at PBT. The total normal lung
volume was the total lung volume reduced by the tumor
volume (gross tumor volume: GTV) and atelectasis. The
median CTV was 228.5 cm® (range: 34.4-555.5 cm3), and the
median total normal lung volume was 3426.4 cm® (range:
1219-5179 cm?).

For PBT, both 66 GyE and an additional 8 GyE were
delivered via two to three ports in the optimal direction to
maintain a tolerable spinal dose (~40 GyE) to PTV and
PTV-p, respectively. For XCRT, an initial 44 Gy dose was
delivered via the anterior and posterior ports for PTV, and
22 Gy was then irradiated using oblique fields to avoid the
spinal cord. Finally, we applied a booster dose at § Gy to
PTV-p. A typical treatment plan of XCRT and PBT is shown
in Fig. 1.

Analysis
The DVH of the lung was calculated during planning for
both PBT and XCRT, and the relationship between tumor
factor (TNM stage, T stage, N stage, CTV) and dosimetric
factors (i.e. mean lung dose (MLD) and the percentage
volume of the whole lung receiving more than a certain dose
(Vx)) were analyzed by a two-sample r-test and the correl-
ation coefficient. We also evaluated the feasibility of the
plans according to the criteria reported for the increasing
risk of radiation pneumonitis, as follows: V5242% [19],
V20 225% [20], MLD 2 20 Gy [21].

All statistical analyses were performed using statistical
software (SPSS, IBM Inc., NY, USA), and P-values <0.05
were considered statistically significant.

RESULTS

Mean lung dose

The relationship between the MLD and lymph node status or
stage is shown in Fig. 2. The average MLD for NO-1, N2,
N3 in PBT and XCRT was 7.80 Gy vs 12.25 Gy (P =0.01),
10.41 Gy vs 14.17 Gy (P <0.001), and 12.20 Gy vs 18.00
Gy (P<0.001), and the average MLD for Stage IIB,
IIA and IIIB was 9.05 Gy vs 11.61 Gy (P =0.07), 9.70 Gy
vs 13.68 Gy (P<0.001) and 11.62 Gy vs 17.08 Gy
(P <0.001), respectively. The MLD in the PBT was signifi-
cantly lower than that of XCRT for all stages and nodal
status. The CTV volume was also a significant factor affect-
ing MLD (coefficient factor (r)=0.376, P =0.013) (Fig. 3).
The larger the CTV, the greater the difference in MLD
between the PBT and the XCRT plans.

Lung volume receiving more than a certain

dose (Vx)

The results of V5, V10, V20, V30, V40 and V50 in accord-
ance with nodal stages are shown in Fig. 4. The irradiated
normal lung volume increased significantly with the
advanced nodal stage. Furthermore, in Fig. 4, both lines in
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Fig. 1. Comparison of dose distributions for TIN3MO lung cancer between XCRT (A/B) and PBT (C/D). (A) An initial
44 Gy of XCRT was delivered via the anterior and posterior ports. Note the difference in dose to the spinal cord between
XCRT and PBT. (B) Sum plan of XCRT. After 44 Gy, an oblique field was needed to avoid the spinal cord in XCRT. (C) In
PBT, areduction of the dose to the spinal cord to less than 50% allows using the anterior and posterior ports until 66 GyE to

the CTV1. (D) Sum plan of PBT.
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Fig. 2. The relationship between the mean lung dose and N stage for each modality of PBT and XCRT.

the PBT and XCRT appear to be nearly parallel in the NO to
N2 patients, but not in the N3 patients. This means that the
differences in the lung doses between the XCRT and PBT
are greater in the N3 patients compared with the NO-2
patients, especially for the dose to the lower to middle lung
lobes. The irradiated normal lung volume also increased
significantly with the advanced TNM stage (Fig. 5). The cor-
relation between CTV and the differences in Vx (Vx in XCRT
— Vx in PBT) was also observed in V30-V50 (P=0.391,
0.454, 0.266, 0.046, 0.019 and 0.030 for V5, V10, V20,
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V30, V40 and V50, respectively). Thus, the differences
between PBT and XCRT were observed, and while the
differences were greater at lower doses, the correlation of
Vx differences with CTV was stronger for larger doses;
i.e. V30-V50.

Feasibility of the plan

Table 1 summarizes the number of inadequate plans for
photon radiotherapy and PBT. According to the criteria of
V5242% [19], V20225% [20] and MLD 220 Gy([21],
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45.7% of the XCRT plans were classified as inadequate,
whereas only 17.1% of the proton plans were not suitable.
The number of inadequate XCRT plans increased according-
ly with the advanced nodal stage.

DISCUSSION

Radiation pneumonitis is a significant concern during radio-
therapy for patients with lung cancer. The risk of radiation
pneumonitis correlates closely with the volume dose of the
normal lung. Tsujino et al. found that V20 correlated signifi-
cantly with the incidence of radiation pneumonitis. They
reported that the incidence of severe radiation pneumonitis
was significantly higher in patients with V20225% [20].
Marks et al. analyzed the findings of previous studies and
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suggested that an MLD of 20-23 Gy with conventional frac-
tions was appropriate to limit the risk of radiation pneumon-
itis t0<20% [21]. Furthermore, Wang et al. analyzed
patients with NSCLC that were treated with concurrent che-
moradiotherapy and showed a significantly lower frequency
of Grade 3 or worse radiation pneumonitis for patients with
V5 <42% compared with those patients with V5>42% [19].
Therefore, radiotherapy can be more difficult for larger
tumors, with increasing risk of radiation pneumonitis in the
treatment of locally advanced NSCLC.

Chemoradiotherapy is now standard treatment for unre-
sectable locally advanced NSCLC. However, the feasible
doses for concurrent chemoradiotherapy remain controver-
sial. Even though a Phase III study (RTOG 0617) was not
able to show any survival benefit by dose escalation, the
toxicities were considered tolerable, and survival was
improved in many prospective studies [1-3, 8].

Meanwhile, proton beams are now popular for various
cancers because of their excellent dose localization, and they
can be applied to many patients with a variety of malignan-
cies. Some authors have reported favorable results for PBT
for advanced NSCLC [22-24]. Chang et al. reported that the
median survival for patients with Stage I NSCLC was 29.4
months with concurrent chemo—proton therapy using a dose
of 74 GyE, with no Grade 4 non-hematologic toxicities [22].
Oshiro et al. reported that while the median survival was
21.3 months, Grade>3 lung toxicities were observed in
three patients, and no severe esophagitis was observed in the
standalone PBT for 57 patients with Stage III NSCLC [24].
These results suggest that PBT has a great potential for pro-
ducing a survival benefit with less toxicities, which may be a
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Table 1. The numbers of inadequate plan in XCRT and PBT
according to the criteria of V5 242% [19], V20 225% [20]
and MLD > 20 Gy [21]

Group XCRT PBT P-value
All (n=35) 16 (45.7%) 6 (17.1%) 0.01
NO-1 (n=6) 1(16.7%) 0 (0.0%)

N2 (n=17) 5 (29.4%) 2 (11.8%)

N3 (n=12) 10 (83.3%) 4 (33.3%) 0.013

result of its excellent dose localization, as noted above. To
the best of our knowledge, there have only been two reports
suggesting dosimetric advantages for PBT in advanced
NSCLC. Chang et al. compared dose distribution in XCRT
(63 Gy) with PBT (74 GyE) plans and reported that V5,
V10 and V20 were significant lower in PBT plans. Stuschke
et al. compared intensity-modulated proton therapy (IMPT),
photon intensity-modulated radiotherapy (IMXT) and tomo-
therapy in six patients and found that MLD and V10 and
V20 were lowest for the IMPT plans [18]. Our study also
showed dosimetric advantages of proton compared with
photon radiotherapy in the treatment of advanced NSCLC,
especially for more advanced lymph node stages, and some
patients who received PBT could not be treated with photon
radiotherapy. Furthermore, a significant correlation was
revealed between the CTV and MLD, V30, V40 and V50 in
our study, which suggested that PBT is more advantageous
for a larger CTV to reduce doses to the normal lung, espe-
cially for critical doses >20 Gy. Thus, PBT appears to
be more advantageous for patients with more advanced
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NSCLC, and can provide treatment opportunities for some
patients with fewer options.

However, there are some limitations to our study. While
DVHs were investigated in the initial plan, some plans were
changed practically as a consequence of tumor shrinking.
Furthermore, the calculation algorithm differed between PBT
and photon radiotherapy in this study. Our results reflect a
practical propensity for a dose—volume relationship, but com-
parison of adoptive plans after refinement (using a Monte
Carlo algorithm) will be necessary for precise analysis in the
future.

In conclusion, PBT can reduce the normal lung dose com-
pared with XCRT, especially in the advanced nodal stage,
and more locally advanced patients can be treated by this
modality using PBT.
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The aim of this report is to present the preliminary results of a Phase II study of high-dose (74 Gy RBE)
proton beam therapy (PBT) with concurrent chemotherapy for unresectable locally advanced non-smali-cell
lung cancer (NSCLC). Patients were treated with PBT and chemotherapy with monthly cisplatin (on Day 1)
and vinorelbine (on Days 1 and 8). The treatment doses were 74 Gy RBE for the primary site and 66 Gy RBE
for the lymph nodes without elective lymph nodes. Adapted planning was made during the treatment. A total
of 15 patients with Stage IIl NSCLC (IIIA: 4, IIIB: 11) were evaluated in this study. The median follow-up
period was 21.7 months. None of the patients experienced Grade 4 or 5 non-hematologic toxicities. Acute
pneumonitis was observed in three patients (Grade 1 in one, and Grade 3 in two), but Grade 3 pneumonitis
was considered to be non-proton-related. Grade 3 acute esophagitis and dermatitis were observed in one and
two patients, respectively. Severe (2 Grade 3) leukocytopenia, neutropenia and thrombocytopenia were
observed in 10 patients, seven patients and one patient, respectively. Late radiation Grades 2 and 3 pneumon-
itis was observed in one patient each. Six patients (40%) experienced local recurrence at the primary site and
were treated with 74 Gy RBE. Disease progression was observed in 11 patients. The mean survival time was
26.7 months. We concluded that high-dose PBT with concurrent chemotherapy is safe to use in the treatment

of unresectable Stage Il NSCLC.

Keywords: proton therapy; radiotherapy; lung cancer; Phase II study; chemo—proton therapy

INTRODUCTION

The prognosis of unresectable advanced non-small-cell lung
cancer (NSCLC) remains poor despite advances in radiother-
apy and medication. Concurrent chemoradiotherapy is the
first treatment choice for unresectable advanced NSCLC. In
the 2000s, dose escalation studies were encouraged, and
doses > 70 Gy were delivered with concurrent chemotherapy
[1-6]. The prognoses were favorable in many Phase VI
studies, with median survivals of > 20 months and toxicities
that appeared tolerable [3-6]. However, in the Phase IIT
study, there was no apparent survival benefit [7]. While the
reason was unclear, cardiopulmonary toxicities were sus-
pected as potential contributors [8]. Proton beam therapy
(PBT) has been utilized in advanced lung cancer [9-11].

Proton beams can reduce the doses for normal lung tissues
because of the penetration energy peak, the ‘Bragg peak’.
Therefore, we hypothesized that high-dose PBT with concur-
rent chemotherapy might be well tolerated and lead to favor-
able results. We initiated a Phase II study in 2010 to evaluate
the safety and efficacy of high-dose PBT with concurrent
chemotherapy for unresectable or medically inoperable
advanced NSCLC. Herein, we report the preliminary results.

MATERIALS AND METHODS

Patients

This Phase II study was approved by the ethics board of
Tsukuba University, and written informed consent was
obtained from each patient. Patients with unresectable or

© The Author 2014. Published by Oxford University Press on behalf of The Japan Radiation Research Society and Japanese Society for Radiation Oncology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http:/creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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medically inoperable, histologically or cytologically con-
firmed Stage II and Stage III NSCLC (according to the TNM
classification of malignant tumors, 7th edition) were enrolled
between February 2010 and January 2013. Disease in all
cases was staged using computed tomography (CT) of the
chest and abdomen, magnetic resonance imaging (MRI) of
the brain, and bone scintigram one month prior to enroll-
ment. 2-[18F]-fluoro-2-deoxy-D-glucose-positron emission
tomography (FDG-PET) was not essential in this study.
Other eligibility criteria included age between 20 and 70
years, performance status (PS) of 0-1, adequate principal
organ function with serum white blood cell count (WBCs) 2
3000/ul, neutrophil cells (NTRs) 2 1500/ul, platelets (PLTs) 2
100 000/pl, hemoglobin (Hb)29.0 g/dl, serum creatinine
(Cre)< 1.2 mg/dl, creatinine clearance (Ccr) 2 60 ml/min
(according to the Cockeroft—Gault equation), serum alanine
aminotransferase (ALT) < 100 U/l, aspartate amino transfer-
ase (AST)< 100 U/l, total bilirabin (T-Bil) < 1.5 mg/dl,
forced expiratory volume after 1.0 s (FEV1.0)20.75 1, and
arterial oxygen pressure (PaO,) 2 60 Torr.

Patients with contralateral hilar lymph node metastasis,
intrapulmonary metastasis in the same lobe, obvious intersti-
tial pneumonitis on imaging, or uncontrollable hypertension
and diabetes were excluded. Patients who had undergone
thoracic radiotherapy or chemotherapy in the past five years,
patients with lung cancer within the past two years and those
with a malignant tumor at another site were also excluded.

Proton beam therapy
For treatment planning, chest CT images were obtained in
5-mm thick slices in the treatment position, with a respiratory-
gated system during the end-expiratory phase. The gross target
volume (GTV) was defined as the primary tumor and clinical-
ly positive lymph nodes. The clinical target volume (CTV)-1
encompassed the primary tumor and the locoregional lymph
nodes where clinically positive lymph nodes existed.
Prophylactic lymph nodes were not included. Clinically posi-
tive lymph nodes were defined as nodes 2 1 cm on a CT scan
or as PET-positive lymph nodes. The planned target volume
(PTV)-1 covered the CTV-1 with a 7-10-mm margin in all
directions and an additional 5-mm margin in the caudal dir-
ection to compensate for respiratory motion. CTV-2 was
defined as only the primary tumor, and PTV-2 was settled as
well. The treatment doses of 74 Gy RBE in 37 fractions and
66 Gy RBE in 33 fractions were delivered to PTV-2 and
PTV-1, respectively. The targets were delineated as maximal
contour on the lung and mediastinum window. The RBE of
the proton beam was assigned a value of 1.1 [12]. Adapted
planning was made with reduction in tumor volume.
Treatment beams were delivered during the end-expiratory
phase using a respiratory gating system controlled by a laser
range finder that monitors the movement of the patient’s
body surface. The patient’s body was immobilized using a
custom-shaped body cast (ESFORM, Engineering System
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Co., Matsumoto). Prior to each treatment, the patient’s pos-
ition was confirmed by fluoroscopy.

The termination criteria of PBT were as follows:
WBCs < 1000/ul, NTRs < 500/ul, PLTs <5000, fever = 38°
C. PBT was stopped when radiation pneumonitis was
observed, and the patients were withdrawn from this study
when PBT could not be reinitiated within 14 d, or disease
progression was observed.

Chemotherapy
All patients received monthly concurrent cisplatin (CDDP)
and vinorelbine (VNR) as intravenous infusions during PBT.
CDDP was administered at 80 mg/m” on Day 1 and VNR
was administered at 20 mg/m* on Days 1 and 8. The two
courses of chemotherapy were administered during PBT.
While neoadjuvant (induction) chemotherapy was not
allowed, adjuvant (consolidation) was allowed in this study.
The discontinuance criteria of VNR on Day 8 were as
follows: WBCs < 3000/ul, NTRs < 1500/ul, PLTs < 100 000/
ul, infectious fever up 238°, ALT = 100 U/l, AST 2100 U/],
T-Bil 2 1.5 mg/dl, and non-hematologic toxicity > Grade 3.
The continuance criteria for the second course were:
WBCs 23000/ul, NTRs 2 1500/ul, PLTs 2 100 000/ul, Cre <
1.2 mg/dl, Cer 2 60 ml/min, ALT <100 U/I, AST <100 U/,
T-Bil < 1.5 mg/dl and PS < 1. The second course of CDDP
and VNR was reduced to 60 mg/m* and 15 mg/m?, respec-
tively, when VNR was skipped during the first course, or
toxicities were observed during the first course, as
follows: WBCs < 1000/ul, NTRs < 500/ul, PLTs < 25 000/ul,
Cre> 1.6 mg/dl and non-hematologic toxicity > Grade 3.
Chemotherapy was stopped when the tumor progressed,
severe (2 Grade 3) toxicities of pneumonitis, kidney, liver or
peripheral nerve were observed, if the second course could
not be initiated within 14 d of the scheduled date, or if the
patient refused chemotherapy.

Follow-up

Patients were evaluated at least weekly during treatment, and
every 2-3 months after the PBT for 1 year, and 3—-6 months,
thereafter. Acute and late toxicities were defined as evaluated
and graded according to the Common Terminology Criteria for
Adverse Events (CTCAE) version 3 [13]. Acute toxicities were
defined as occurring during and within 6 months after the
chemo-—proton therapy, and late toxicities were defined as those
appeared 6 months after the completion of chemo—proton
therapy. The survival and recurrence were calculated from the
date of the start of chemoradiotherapy.

The response rate was evaluated and classified into com-
plete response (CR), partial response (PR), progressive
disease (PD) and stable disease (SD), according to the modi-
fications of the Response Evaluation Criteria in Solid
Tumors (RECIST) [14]. Local recurrence was defined as an
increase in tumor size > 20%, or significant positive accumu-
lation on the PET imaging.
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Statistical analysis

The primary endpoint was toxicity, and the secondary end-
points were overall survival, progression-free survival, local
control rate and response rate. The survival was analysed
using the Kaplan—Meier method (SPSS, IBM Inc., NY,
USA).

RESULTS

A total of 17 patients were enrolled in this study, and two
patients were withdrawn. Obstructive pneumonia could not
be controlled in one patient, and the chemotherapy agents
were changed before the start of treatment. The other patient
could not continue with the PBT because of the Great East
Japan Earthquake, and photon radiotherapy was used as an
alternative. Therefore, 15 patients were evaluated in this
study.

The characteristics of the 15 patients are presented in
Table 1. Four and 11 patients had Stage IITA and I B
disease, respectively, and all patients had unresectable
NSCLC. The median CTV volume was 191.3 cm>.

At the time of analysis, nine patients were alive. The
median follow-up period for the survivors was 21.7 months
(range: 7-39 months). The mean survival time was 26.7
months (95% confidence interval (CI): 19.5-33.9 months),
and the 2-year overall survival time was 51% (95% CI: 21.7-
80.3%) (Fig. 1). The median progression-free survival was
10.2 months (95% CI. 8.0-12.4 months), and the 1- and
2-year progression-free survival rates were 24.2% (95%
CI: 1.0-48%) and 16.1% (95% CI: 0-36.6%), respectively
(Fig.. 2). The acute toxicities are presented in Table 2.
Among the non-hematologic acute toxicities, Grade 3 pneu-
monitis was observed in two patients and was diagnosed as
infectious pneumonia and obstructive pneumonia on the
basis of clinical course and image findings. No severe radi-
ation pneumonitis was observed. Grade 3 esophagitis and
skin reactions were observed in one and two patients, re-
spectively. Among the hematologic toxicities, severe
(2 Grade 3) leukocytopenia, neutropenia and thrombocyto-
penia were observed in 10 patients, 7 patients and 1 patient,
respectively. In particular, Grade 4 neutropenia was observed
in four patients (26.7%). The full doses of the first and
second courses of chemotherapy were completed in 13
(87%) and eight (53%) patients, respectively.

Late toxicities were evaluated in 13 patients. One patient
experienced Grade 3 radiation pneumonitis, and another patient
experienced Grade 2 radiation pneumonitis. Grade 1 vasculitis
and skin atrophy were also observed in one patient each.

The tumor response upon completion of PBT was PR in 6
and SD in 9. Disease progression was observed in 11 patients
during the follow-up period. The first progression site was
local in six patients, bone metastasis in two patients, and
brain, intrapulmonary and lymph nodes outside the irradiation

field in one patient each. All of the local recurrences occurred
in the primary tumors, not in the lymph nodes. The course of
each patient is shown in Table 3.

Table 1. Patient characteristics

Age
Median (range) 60 (40-68)
Sex
Male 13
Female 2
Stage
il 0
A
B 11
Pathology
Adenocarcinoma
Squamous cell carcinoma

Non-small-cell carcinoma

— N W

Adenoidcystic carcinoma
Clinical target volume

Median (range) (cc)
Status

Alive 9

Dead 6
Local recurrence

Yes

No 9

191.3 (33.1-817.3)

1.0
0.9 1
0.8 4
0.7 9

0.6 7

ival rate

2> 0.5 4

ur

0.4 4
0.3 4
0.2 1

.1 o
0.0

0 12 24 36
Months

Fig. 1. Overall survival of patients.
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Fig.2. Progression-free survival of patients.
Table 2. Acute toxicities
Toxicity grade
0 1 2 3 4 5
Bone Marrow
Leukocytopenia 1 2 2 100 0 0
Neutropenia 2 1 5 3 4 0
Hemoglobin reduction 1 12 2 0 0 0
Thrombocytopenia 13 1 0 1 0 0
Lung
Cough 14 1 0 0 0 O
Pneumonitis 12 1 0 2 0 0
Dyspnea 14 1 0 0 0 0
Gastrointestinal
Appetite loss 13 2 0 0 ]
Nausea 14 1 0 0 0 0
Esophagitis 7 3 4 1 0 o
Weight loss 14 0 1 0 0 0
Other
Dermatitis 4 4 2 0 0
Hyperbilirubinemia 14 1 o 0 O
Singultation 14 1 0 0

“Infectious pneumonitis and obstructive pneumonia were
suspected according to imaging and clinical course.

DISCUSSION

Dose escalation with concurrent chemoradiotherapy for
advanced NSCLC is controversial. The median survival time
was 16-26 months in Phase I/Il studies of high-dose
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radiotherapy in combination with concurrent chemotherapy
[1-6]. However, in a Phase III study, the one-year survival
rate was 70.4% in the 74 Gy arm, which was much inferior
to the 60 Gy arm (80%) [7]. The reason for the negative
results in the Phase III study is not clear. However, Cox ef al.
suggested the contribution of cardiopulmonary toxicities {8].

Excellent dose localization of proton beams can reduce
normal tissue doses. Roelofs et al. suggested that PBT gave
the lowest dose to organs at risk (lung, esophagus, spinal cord
and heart) compared with 3D conformal radiotherapy and
intensity-modulated radiotherapy, while maintaining doses of
70 Gy to the target [15]. Nichols et al. evaluated the dose dis-
tribution in eight patients with Stage III disease and found that
PBT led to about a 30% reduction of the normal lung volume
receiving 20 Gy (Vy) in all patients [16]. Therefore, reduction
of the toxicity is anticipated by the use of proton beams, even
though high doses are delivered to the tumor. However, there
have been few reports of high-dose chemo-proton therapy
[17, 18]. Recently, Chang et al. reported a Phase II study with
high-dose chemo—proton therapy using 74 Gy RBE and
weekly carboplatine and paclitaxel. In this study, the median
survival period was 29.4 months and the toxicities were con-
sidered acceptable [17].

In our series, CDDP and VNR were used as a chemother-
apy regimen, according to the studies by the Cancer and
Leukemia Group B (CALGB) [19] and Sekine et al. [20]. In
the Phase II study by CALGB, gemcitabine (GEM), PTX
and VNR were compared as additional agents used with
CDDP for concurrent chemoradiotherapy at a dose of 66 Gy.
There was a significant difference in median survival time
(MST) between the three agents. However, esophagitis and
platelet depletion and granulocytopenia occurred frequently
in the GEM and PTX groups, respectively [19]. Sekine et al.
reported the MST of 30.4 months for unresectable Stage III
NSCLC treated concurrently with 60 Gy of photon radiother-
apy and CDDP and VNR chemotherapy [20]. Therefore, we
conducted chemoradiotherapy with CDDP and VNR, as per-
formed previously (unpublished data), and continued this
regimen. We found that radio-toxicities were relatively mild
and well tolerated using PBT of 74 Gy with CDDP and
VNR. However, nearly half of the patients were unable to
complete chemotherapy, and myelosuppression occurred fre-
quently under this chemotherapy regimen.

Meanwhile, local recurrence in the primary lesion was
observed in six patients (40%) in our series. This occurred
more often than the finding of 5% reported by Hoppe et al.
[18] and of 20.5% reported by Chang et al. [17], and this may
be due to the fact that the tumors were large and at an
advanced stage (IIIB disease in the most patients) in our study
with a mean CTV of 191.3 cm® (almost twice the CTV
reported by Chang et al. (median: 101.3 cm?). Of the 19
patients in the study by Hoppe et al., 16 had Stage IIIA
disease [18]. In addition, Chang et al. set CTVs as the GTVs
(defined as maximum image verified across all phases of the
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Table 3. Clinical course of each patient

No. Stage CT\; #1 CDDP + #2 CDDP + Local Adjuvant (#3, Local Progression Treatment for Ovel:all Cause of
(em”®) VNR VNR effects 4) chemo recurrence recurrences survival (M)  death
1 mB 222.2  VNR skip Reduced SD No Yes Local chemo 19.8 Cancer
1B 65.7 Full skip SD Yes No None - 38.8 Alive
3 A 939 Full Reduced PR No Yes Marginal & none 21.7 Cancer
Local
4 IIIA 478.8  Full skip PR No Yes Local chemo 11.8 Cancer
5 1B 537.1 VNR skip Reduced SD No Yes Local none 10.8 Cancer
6 1IB 155.8 Full Reduced PR No No None - 30.5 Alive
7 1B 192.6 Full Full PR Yes No Lymph nodes chemo, RT* 21.7 Alive
8 1B 167.1  Full Full PR Yes No Brain chemo RT 314 Alive
9 1B 376.2 Full Full SD Yes Yes Local chemo RT 31.7 Alive
10 HIB 190.0  Full Full SD Yes No Bone RT 6.7 Cancer
11 A 1851 Full Full SD Yes No None - 8.2 cvp'
12 1B 817.3 Full Reduced SD No No Intrapulmonary chemo 13.1 Alive
13 1B 389.7 Full VNR skip PR Yes Yes Local chemo 15.5 Alive
14 1B 33.1 Full Full SD Yes No Bone chemo 16.3 Alive
15 1A 170.7  Full Full SD No No None - 6.5 Alive

CTV =clinical target volume, CDDP = cisplatin, VNR = vinorelbine, SD = stable disease, PR = partial response, chemo = chemotherapy including molecularly targeted drug,
RT =radiotherapy, CVD = cerebrovascular disease.
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4D CT) plus 8 mm margins [17]. Tumor size may have been
assessed differently because additional uniform CTV margins
were not added to the GTVs on the CT images obtained at the
expiratory phase in our study. In five of the six patients who
experienced local recurrence the CTV was > 222 cm®. The one
patient with a CTV of 99 ¢cm” exhibited marginal recurrence.
In contrast, there was no in-field lymph node recurrence, even
though 66 Gy RBE was delivered in this region. Therefore, it
would appear that while 66 Gy RBE was sufficient to control
lymph nodes, there are limitations to its ability to control large
tumors, even with the high dose of 74 Gy RBE.

Because of the short follow-up period, survival has not been
assessed to date. However, the current mean survival time of
26.7 months is comparable with previous reports of Phase /Il
high-dose concurrent chemoradiotherapy. Most of our patients
experienced disease progression, and many received adjuvant
therapy, including chemotherapy, molecular-targeted agents,
and photon radiotherapy. We consider that improvements in
survival for advanced NSCLC could be achieved by multi-
modality therapy, and our study suggests that 74 Gy RBE of
PBT with concurrent CDDP and VNR is safe and useful in the
multimodality therapy for unresectable NSCLC.
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