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This study investigated the maximum tolerated dose (MTD) of S-1 with concurrent radiotherapy in patients
with head and neck cancer, based on the frequency of dose-limiting toxicities (DLT). S-1 was administered
orally at escalating doses from 40 mg/m? b.i.d. on the days of delivering radiotherapy, which was given at a
total dose of 64—70 Gy in 32-35 fractions over 6-7 weeks. A total of 12 patients (3 patients at 40 mg/m?, 6
patients at 60 mg/m?, and 3 patients at 80 mg/m*) were enrolled in this trial. At the dose of 80 mg/mz, two
of the three patients developed DLT (Grade 3 anorexia and rhabdomyolysis) due to S-1, so the MTD was
determined to be 80 mg/m?. Among the 12 enrolled patients, 9 (75%) showed a complete response and 3
(25%) showed a partial response. The overall response rate was 100%. The recommended dose of S-1 with

concurrent radiotherapy is 60 mg/m?.

Keywords: head and neck cancer; chemoradiotherapy; S-1; Phase I study

INTRODUCTION

Platinum-based chemotherapy has been the chief regimen
used in studies of concurrent chemoradiotherapy (CCRT)
[1]. However, platinum-based regimens cannot be adminis-
tered to patients with features such as advanced age, renal
dysfunction, or refusal of hospitalization. Therefore, chemo-
therapy that can be delivered to such patients during radio-
therapy is required.

S-1 is a novel oral drug, which is a combination of
tegafur, 5-chloro-2,4-dihydroxypyridine (gimeracil), and
potassium oxonate (oteracil) at a 1:0.4:1 molar concentra-
tion ratio [2]. Tegafur is hydroxylated and converted to
5-FU by hepatic microsomal enzymes. After intravenous in-
jection, more than 85% of 5-FU is rapidly catabolized by
the enzyme dihydropyrimidine dehydrogenase (DPD) [3].
Gimeracil is a competitive inhibitor of DPD that prevents
the rapid degradation of 5-FU, and acts to maintain effect-
ive 5-FU levels in the plasma and tumor tissue. It is 180
times more potent than uracil, the DPD inhibitor found in
uracil-tegafur (UFT), so an effective concentration of 5-FU

is maintained in both the plasma and tumor tissue after S-1
administration [4]. We previously found that gimeracil also
has a radiosensitizing effect by inhibiting the repair of
double-stranded DNA breaks [5]. Oteracil is a competitive
inhibitor of orotate phosphoribosyltransferase (OPRT),
which inhibits phosphorylation of 5-FU in the gastrointes-
tinal tract and thus reduces serious gastrointestinal toxicity
associated with 5-FU therapy [6].

The antitumor effect of S-1 has already been demonstrated
in patients with a variety of solid tumors, including advanced
gastric cancer [7], colorectal cancer [8], non-small-cell lung
cancer [9], and head and neck cancer [10]. Thus, S-1 has
shown promising antitumor activity against head and neck
cancer, and is much more convenient than continuous intra-
venous S5-FU infusion as it is administered orally.
Radiotherapy could be combined with S-1 therapy in patients
for whom platinum-based chemotherapy is not applicable.
Therefore, we conducted a Phase I trial to determine the
maximum tolerated dose of S-1 with concurrent radiotherapy
in patients with head and neck cancer, based on the fre-
quency of dose-limiting toxicities (DLT).

© The Author 2013. Published by Oxford University Press on behalf of The Japan Radiation Research Society and Japanese Society for Therapeutic
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MATERIALS AND METHODS

Eligibility

Patients with histopathologically proven squamous cell carcin-
oma of the head and neck were eligible for this study. They
were required to be at least 20 years old, to have an Eastern
Cooperative Oncology Group performance status of 2 or less,
and to have adequate organ function (leukocytes > 3500/mm>,
platelets > 100 000/mm?, hemoglobin > 9.0 g/dl, normal serum
creatinine and blood urea nitrogen, serum glutamic oxaloace-
tic transaminase (GOT) <100 U/l, serum glutaminic pyruvic
transaminase (GPT) <100 U/l, and serum albumin 2 3.0 g/dl).
Patients were excluded if they had received prior systemic
therapy or radiotherapy, had another active malignancy, active
infection, active gastric/duodenal ulcer, severe concurrent
disease, or mental disorder.

This study was performed according to the guidelines of
the Declaration of Helsinki (as amended in Edinburgh,
Scotland in October 2000) and its protocol was approved
by the Institutional Review Board of Sapporo Medical
University School of Medicine. All patients gave written
informed consent before being enrolled in this study.

Treatment

Fig. | shows the treatment schedule. Radiotherapy was
initiated on Day 1 of the study using 4 MV photons.
A fractional daily dose of 2.0 Gy (5§ days/week) at the iso-
center was given till a total dose of 64-70 Gy had been
administered. Treatment planning was performed with a CT
simulator (Asteion; Toshiba Medical Systems, Tokyo,
Japan) for all patients, and the dose distribution was calcu-
lated with a 3D treatment planning system (Xio; CMS
Japan KK, Tokyo, Japan).

S-1 (Taiho Pharmaceutical Co., Tokyo, Japan) was admi-
nistered orally twice a day after meals every day, except on
the weekends and holidays when radiotherapy was not per-
formed. Each capsule of S-1 contained 20 or 25 mg of
tegafur, and individual doses were rounded down to the
nearest amount less than the dose calculated according to
the body surface area, using the two available formulations.

The initial dose of S-1 was 40 mg/m?/day (Level 1), and
the dose was escalated to 60 mg/m?/day (Level 2) and 80
mg/m?/day (Level 3). The initial dose level of S-1 (40 mg/

Tweek 2week Jweek

Sweek

m?*/day) was selected because it was deemed to be safe
based on our prior experience of S-1 (50 mg/body/day)
chemoradiotherapy (CRT).

Evaluations during CRT included a weekly history, phys-
ical examination, hematology and biochemistry, and assess-
ment of toxicity. DLT was defined as Grade 3 or 4
nonhematologic toxicity (excluding Grade 3 radiation
mucositis and dermatitis), Grade 4 hematologic toxicity oc-
curring during treatment or within two weeks after complet-
ing treatment, or requirement for suspension of either S-1
or radiation therapy for seven days or more. If mucositis
became severe, we managed it with appropriate analgesics
and mucosal protective agents in order to alleviate the
symptoms. If none of the three patients experienced any
DLTs at a given dose level, the dose of S-1 was escalated
for the next cohort of three patients. If one of the initial
three patients experienced a DLT, three more patients were
added at that dose level. Dose escalation continued if DLTs
were only observed in one or two out of six patients. If
three or more patients experienced DLTs at a dose level,
the previous dose level was defined as the maximum toler-
ated dose (MTD). Thus, if two or three of the initial three
patients experienced DLTs, the starting dose level would be
the MTD.

RESULT

Patient characteristics

A total of 12 patients were enrolled in this study between
April 2008 and December 2009. The characteristics of the
eligible patients are outlined in Table 1: Nine of the
patients were men and three were women, with a median
age of 71 years. None of the patients had received prior
chemotherapy or radiation therapy.

Toxicity

All treated patients (n=12) were assessed for toxicities.
The toxicities observed during treatment or within two
weeks of completing treatment are listed in Table 2. Three
patients were treated with S-1 at dose Level 1 (40 mg/m?/
day) and six patients at dose Level 2 (60 mg/m?*/day). Of
the latter, one experienced rapid-onset Grade 1 thrombo-
cytopenia with a systemic maculopapular rash. After the

Sweek & week Tweek

st Ll os1 [ os1 || s | | s

2.0 Gy/fraction

| os1 ] s

total dose 64-70 Gy/6-7 weeks

Fig. 1. The treatment schedule: S-1 was administered by the amount at each level on the day with the radiation
therapy. Radiation therapy was delivered as a total dose of 64-70 Gy in 3235 fractions over 6—7 weeks.
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Table 1. Background of the patients

Case Age Sex Tumor site Classified TNM S-1 RT Eq. Sgm Efficacy

Level 1

1 59 M Supra glottic TINOMO 40 (60) 70 9.2 CR

2 62 M Supra glottic T2NOMO 40 (60) 68 9.2 CR

3 55 F Oropharynx T2NIMO 40 (50) 70 10.5 CR

Level 2

4* 79 M Neck L/N TxN3MO 60 (80) 70 10.0 PR
64 M Glottic T2NOMO 60 (90) 70 6.0 CR
70 M Hypopharynx T2NIMO 60 (80) 70 13.5 CR

T* 79 F Buccal membrane TINOMO 60 (80) 66 8.3 CR

8 83 M Supra glottic T2NOMO 60 (80) 66 8.3 CR

9 76 M Subglottic T2NOMO 60 (90) 66 10.6 CR

Level 3

10 72 F External auditory canal T4NOMO 80 (100) 64 7.7 PR

11* 69 M Supra glottic T2NOMO 80 (120) 70 9.2 PR

12% 77 M Hypopharynx T2N2bMO 80 (120) 66 16.0 CR

S-1=dose of daily S-1 mg/m2 (mg/body), RT =total radiation dose (Gy), Eq. Sqm =equivalent square meter of radiation field
g/body y), Eq. »q q q

length (cm), * = patient who experienced dose-limiting toxicity.

dose of S-1 was reduced, there was no improvement of
these symptoms, so S-1 was stopped. In addition, one
patient experienced Grade 3 mucositis at a radiation dose of
approximately 20 Gy.

Of the initial three patients treated with S-1 at dose Level
3 (80 mg/m*/day), one experienced Grade 4 anorexia and
one experienced an increase of serum CPK due to rhabdo-
myolysis caused by S-1.

After treatment was stopped, these adverse events all
improved. There were no Grade 2 or higher events in any
of the patients.

Response and survival

At the initial evaluation immediately after CRT, a complete
response was seen in 9 (75%) of all 12 patients and a
partial response was seen in 3 (25%). Stable disease or pro-
gressive disease was not encountered. During a median
follow-up period of 35 months (range, 3-45 months),
distant metastases developed in 1 patient and local failure
occurred in 1 patient. '

DISCUSSION

The main goal of this study was to find the dose of S-1 that
could be safely combined with radiotherapy in patients
with head and neck cancer. Radiation alone is the standard
treatment for T1 or T2 glottic cancer and TINOMO naso-
pharyngeal cancer [11]. However, treatment with radiation

alone does not achieve satisfactory results in patients with
other head and neck tumors that are T1-2 and NO [12].
Concurrent chemoradiotherapy might be one possibility for
improving the outcomes for these patients [13], so we
included head and neck cancer patients with T1-2NOMO
tumors other than cancer of the glottis or nasopharynx in
this study.

Because severe mucositis is one of the major complica-
tions of radiotherapy for head and neck cancer, it is often
difficult to determine whether CRT or RT has caused it, so
Grade 3 mucositis was excluded from DLT assessment in
this study. Instead, we defined DLT as suspension of treat-
ment for more than 7 days, so that it included severe muco-
sitis which prevented patients from taking S-1. We think
that oral administration of S-1 is important, because its
main benefit is that we can treat patients on an ambulatory
basis.

In general, the intensity of the side effects depends on
the size of the radiation field. In this study, the average
equivalent square meter (Eq.Sqm) field length was 9.9 cm
(range, 6.0-16.0 cm). At dose Level 3, the Eq.Sqm of the
patient with a DLT was 16 cm. This patient developed
Grade 3 mucositis that might have been due to a large radi-
ation field. However, the reason for discontinuing S-1 was
the increase of serum CPK. In patients with early head and
neck cancer, the planning target volume is localized to the
primary tumor, so the radiation field is smaller than for that -
of advanced head and neck cancer. If the average radiation
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Table 2. Toxicities

NCI-CTC
Grade =Grade 3
0 1 2 3 4
Level 1: n=3 (S-1 40 mg/m?)
Leukopenia 2 1
Hemoglobinpenia 3
Thrombocytopenia 3
Dermatitis 1 11 33%
Mucositis 1 2
Dysphagia 3
Diarrhea 3
Level 2: n=6 (S-1 60 mg/m?)
Leukopenia 2 31
Hemoglobinpenia 1 4 1
Thrombocytopenia 4 2
Dermatitis 15 83%
Mucositis 11 3 1 17%
Dysphagia 3 2 1 17%
Diarrhea 6
Level 3: n=3 (S-1 80 mg/m?)
Leukopenia 1
Hemoglobinpenia 1
Thrombocytopenia 3
Dermatitis 3
Mucositis 1 11 33%
Dysphagia 1 33%
Diarrhea 1

field was smaller than that used in this study, the MTD
may be higher than our result. However, CRT is generally
not indicated for early head and neck cancer, which is
usually treated with small-field radiotherapy.

The rationale for CCRT is that chemotherapy agents may
act as radiation sensitizers in addition to contributing their
own antitumor effect [14]. In this study, we set up the ad-
ministration schedule for S-1 expecting that gimeracil and
5-FU would act as sensitizers for radiotherapy. Therefore,
we considered that the administration of S-1 on each day of
radiotherapy was essential and we used the following
schedule: S-1 was administered every day except on hos-
pital holidays when radiotherapy was not delivered.

Chemoradiation schedules with S-1 that have previously
been reported all included some weeks of planned S-1 sus-
pension during radiotherapy. Tsuji ez al. reported the resulis
of an S-1 dose escalation study with 2 weeks of S-1

103

K. Nakata et al.

administration followed by 2 weeks off S-1, and then 2
more weeks of S-1 administration during radiotherapy (total
dose: 60 Gy). They reported that the recommended dose
(RD) of S-1 was 80 mg/body/day with their schedule [15].
Sato ez al. reported that the RD of S-1 was 65 mg/m?/day
when radiation was given to a total dose of 60 Gy and S-1
was administered every day for 2 weeks and then was sus-
pended for 1 week [16]. In addition, Tsukuda et al. reported
that the RD of S-1 was 80-100 mg/body/day when radi-
ation was given to a total dose of 60-70.2 Gy, and S-1 was
administered every day for 2 weeks and was then sus-
pended for 1 week [17]. Furthermore, Harada et al. reported
the results of an S-1 dose escalation study that had almost
the same schedule as our study. They stated that the RD of
S-1 to be 65 mg/m*/day with administration on 5 days per
week [18]. The difference from our study is that their total
radiation dose was only 40 Gy because they were giving
preoperative concurrent chemoradiotherapy. There have
been other reports on Phase III trials of radiotherapy with
S-1 [19-23] or the combination of S-1 and cisplatin/neda-
platin [24--26] for head and neck cancer. These studies have
demonstrated that S-1 and concurrent radical radiotherapy
is safe and well tolerated by patients with complications
and is a patient-friendly treatment. In the CRT schedules of
all these studies, some weeks of planned interruption of S-1
administration occurred during radiation therapy. To the
best of our knowledge, therefore, this is the first Phase I
trial of concurrent S-1 and radical radiotherapy for head
and neck cancer, in which S-1 was administered continu-
ously during the period of radiotherapy.

In this study, oral S-1 and concurrent radiotherapy were
well tolerated and feasible. The MTD was reached at dose
Level 3 (80 mg/m*day), so we concluded that the RD
of S-1 with concurrent radiotherapy is 60 mg/m?*/day.
Compliance with the regimen was satisfactory and all
patients completed their planned radiotherapy. Evaluation
of efficacy was not the primary objective of this small
Phase I study. To evaluate the long-term outcomes and po-
tential late complications of our regimen, we will continue
to accumulate patients and follow them over the long term.
We are currently conducting a Phase II study of S-1 and
concurrent radical radiotherapy in patients who are not suit-
able for platinum-based chemoradiotherapy.

CONCLUSION

In conclusion, this study showed that S-1 and concurrent
radical radiotherapy is feasible and well tolerated in patients
with head and neck cancer. The RD of S-1 with concurrent
radiotherapy was determined to be 60 mg/m*body on
every day of radiation delivery. This combination therapy
may be an attractive alternative to conventional CRT using
infused 5-FU for head and neck cancer because of its con-
venience and feasibility.
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Abstract. DNA double-strand break (DSB) is one of the most
serious forms of damage induced by ionizing irradiation.
Non-homologous end-joining (NHEJ) is a key mechanism
of DNA DSB repair. The immunohistochemical analysis of
proteins involved in NHEJ may have potential as a predictive
assay for tumor radiosensitivity. We examined the correlation
between the expression of proteins involved in DNA DSB in
biopsy specimens and the results of chemoradiotherapy in
hypopharyngeal cancers. Fifty-seven patients with previously
untreated squamous cell carcinoma of the hypopharynx were
treated between March 2002 and December 2009. Most patients
(75%) had stage III or IV disease. The chemotherapy consisted
of cisplatin plus SFU or S-1. A tumor dose of 50 Gy was
usually administered to the primary tumor and regional lymph
nodes. Doses of 10-20 Gy were usually added to the primary
tumor with reduced fields after 50 Gy. The 5-year disease-free
survival rate was 100% for patients in stage I, 90% in stage 11,
64% in stage III and 50% in stage IV. In stages I-III, patients
with a lower expression of Ku70 or XRCC4 tended to have
better locoregional control. These results indicated that a lower
expression of Ku70 or XRCC4 may be correlated with higher
radiosensitivity. Two patients had distant metastasis alone, of
which one had 0% expression of Ku70 and the other had 0%
expression of Ku86. The absence of Ku70 or Ku§6 expression
indicates low DNA-PK activity. Low DNA-PK activity due to
a low expression of Ku may result in the genetic alteration of
cancer cells, leading to a higher tendency of distant metastasis.
This finding suggests that proteins involved in NHEJ may
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have an impact on the treatment results of chemoradiotherapy
in hypopharyngeal cancer.

Introduction

Hypopharyngeal carcinoma is a difficult carcinoma to treat due
to the fact that it is often diagnosed at a late stage and that it has
an aggressive natural history. The standard operation is a total
pharyngolaryngectomy. This procedure can have a negative
impact on the well-being of patients as it involves tracheotomy
and loss of natural voice, which may lead to social isolation,
loss of employment and depression. Chemoradiotherapy
(radiotherapy plus concurrent chemotherapy) has become
the standard of care for patients with unresectable squa-
mous cell carcinoma of the head and neck (1) and for organ
preservation (2,3).

The repair of various types of DNA damage is critical for cell
survival. Of these, DNA double-strand break (DSB) is under-
stood to be one of the most serious forms of damage induced
by DNA-damaging agents such as ionizing irradiation (4).
Non-homologous end-joining (NHEJ) is a key mechanism of
DNA DSB repair (5). In the NHEJ pathway, DSBs are rejoined
at an appropriate chromosomal end, either directly or following
DNAend processing,and DNA-dependent proteinkinase (DNA-
PK) is important in DNA DSB repair by NHEJ throughout the
cell cycle (6). DNA-PK is a serine/threonine kinase, which is
composed of the DNA-PK catalytic subunit (DNA-PKcs) and
the heterodimer of Ku70 and Ku86. DNA-PK binds DSBs in
DNA, and phosphorylates and activates DNA-binding protein,
including XRCC4 and DNA ligase IV, p53 and several tran-
scription factors. Subsequently, ligase IV repairs DNA DSB (7).
Therefore, DNA-dependent protein kinase (DNA-PK) is impor-
tant in DNA DSB repair. The immunohistochemical analysis
of proteins involved in DNA DSB repair such as Ku70, Ku86
and XRCC4 may have potential as a predictive assay for tumor
radiosensitivity (8.9).

In this study, we investigated the correlation between the
expression of proteins involved in DNA DSB and the results
of chemoradiotherapy for hypopharyngeal cancers in patients
admitted to the Sapporo Medical University. We also examined
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Table I. The treatment results according to stage.

HAYASHI et al: Ku AND XRCC4 EXPRESSION IN HYPOPHARYNGEAL CANCER

Stage Number of Locoregional Locoregional Distant metastasis
patients recurrence alone recurrence and alone
distant metastasis
I 4 0 0 0
II 10 1 0 0
I 8 0 1 1
v 35 10 6 1

the expression of Ki-67, a nuclear protein that is expressed in
cycling cells.

Patients and methods

Patients. Fifty-seven Japanese patients with previously
untreated squamous cell carcinoma of the hypopharynx were
treated at the Sapporo Medical University between March
2002 and December 2009.

The patient population consisted of 48 men and 9 women.
The mean age was 63 years (range, 33-82). The distribution
according to the subsites of the hypopharynx was 48 piriform
sinus, 7 postcricoid area and 2 posterior pharyngeal wall.
With regard to TNM stage (7th edition), 4 patients had stage I
disease, 10 had stage II, 8 had stage III and 35 had stage IV
disease (Table I). Most patients (75%) had stage III or IV
disease.

Patients with distant metastasis at the first admission were
excluded from this study.

This study was approved by the ethics committee of
Sapporo University. Patient consent was obtained either from
the patient or the patient's family.

Treatments. In 51 of the 57 patients, chemotherapy was
administered concurrently with radiotherapy. Six patients were
treated with radiotherapy alone. The chemotherapy consisted
of FP (cisplatin plus SFU) or S-1. FP was used in 39 patients
and S-1 in 12 patients. FP consisted of cisplatin 40-60 mg/m?
intravenously and SFU 400-700 mg/body/day for 4 days by
continuous venous infusion. S-1 (50-80 mg/body) was orally
administered during periods of radiotherapy.

Radiation was administered using a 4 MV photon linear
accelerator. The primary tumor, jugular and retropharyngeal
nodes were treated with lateral parallel-opposed photon fields.
An appositional anterior field was used to irradiate the supra-
clavicular and paratracheal nodes. A tumor dose of 50 Gy
(25 fractions/5 weeks) was administered to the primary tumor
and regional lymph nodes. Doses of 10-20 Gy were usually
added to the primary tumor with reduced fields after 50 Gy.

Immunohistochemical staining of various proteins in hypo-
pharyngeal cancer tissues.Formalin-fixed, paraffin-embedded
specimens from biopsy were used. Immunohistochemical
staining was carried out using methods described in a previous
study (10). Anti-Ku70, Ku86 or XRCC4 rabbit polyclonal
antisera, which have been described previously (10,11), were
used. Ki-67 staining was performed with MIB-1 monoclonal

rabbit antibody (Dako, Copenhagen, Denmark) using methods
described previously (12). The number of cells that stained
positive for Ku70, Ku86, XRCC4 and Ki-67 were determined
by scoring 3 microscopic fields of 300 tumor cells each, without
prior knowledge of radiosensitivity or treatment outcome, and
determining the percentages of cells that were positive for the
expression of Ku70, Ku86, XRCC4 and Ki-67.

Statistical analysis. The median follow-up time to the last
contact or mortality was 30 months, with a range of 0 to
93 months. The cut-off for analysis was November 2011.
Patients alive at the cut-off date had a median follow-up time
of 45 months. Overall and disease-free survival were calcu-
lated by the Kaplan-Meier method. Differences were analyzed
by the log-rank test. A significance level of 0.05 was used
throughout. Locoregional recurrence refers to recurrence in
the hypopharynx and/or regional lymph nodes.

Results

Overall and disease-free survival rates. The overall 5-year
survival rate in patients treated with chemoradiotherapy was
100% in stage I, 83% in stage II, 30% in stage III and 50% in
stage IV (Fig. 1A). The difference in the overall 5-year survival
between stages I-II and stages III-I'V was significant (P=0.02).
The 5-year disease-free survival rate in patients treated with
chemoradiotherapy was 100% in stage I, 90% in stage II, 64%
in stage III, and 50% in stage IV (Fig. 1B). The difference in
disease-free survival between stages I-II and stages III-IV was
significant (P=0.02).

Treatment results according to stage. Table I shows the
treatment results according to stage. Only 3 of 22 patients
experienced locoregional recurrence and/or distant metastasis
in stages I-III compared to 17 of 35 patients in stage IV. Most
patients with distant metastasis also experienced locoregional
recurrence, although two patients had distant metastasis alone.

Immunohistochemical staining. The staining of Ku70, Ku86,
XRCC4 and Ki-67 was nuclear with none of the normal
epithelial cells or malignant cells exhibiting cytoplasmic
or membrane immunoreactivity. The staining was diffuse
throughout the cell nucleus (Fig. 2).

Analysis of results of immunohistology and survival. The
percentage of cells that expressed Ku70, Ku86, XRCC4 and
Ki-67 in different tumors was analyzed (Table II).
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Figure 1. (A) Overall and (B) disease-free survival in patients with hypopharyngeal cancer according to stage.

Figure 2. Expression of (A) Ku70, (B) Ku86 and (C) XRCC4 antigen in hypo-
pharyngeal cancer tissues. Original magnification, x400.
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Figure 3. Correlation between the expression of (A) Ku70 and Ku86. (B) Ku70
and XRCC4 and (C) Ku86 and XRCC4.
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Table II. The percentage of cells that expressed Ku70, Ku86,
XRCC4 and Ki-67.

HAYASHI et al: Ku AND XRCC4 EXPRESSION IN HYPOPHARYNGEAL CANCER

Table IV. The correlation between the expression of XRCC4
and locoregional control according to stage.

Expression Mean + SD (%) Median (%) Range (%) A, StagesI, Il and I

Ku70 52+30 50 0-98 Percentage of Number of Number of Recurrence

Ku86 37431 29 0-98 XRCC4 positivity patients recurrences rate (%)

XRCC4 77+23 86 33-98

Ki-67 37423 31 14-97  <I8% 7 0 0
>78% 11 2 18
B, Stage IV

Table III. The correlation between the expression of Ku70 and &

locoregional control according to stage. Percentage of Number of ~ Number of Recurrence
XRCC4 positivity patients recurrences rate (%)

A, Stages I, IT and III

P f  Numberof Numberof R <78% it > %

ercentage of umber o umber o ecurrence g0 23 10 43

Ku70 positivity patients recurrences rate (%)

<35% 10 0 0

>35% ? 2 22 distant metastasis was accompanied by locoregional recur-
rence but two patients had distant metastasis alone (Table I).

B, Stage IV In patients with both distant metastasis and locoregional
recurrence, there was no apparent correlation between the

Percentage of Number of ~ Number of ~ Recurrence  expression of these proteins and distant metastasis. By contrast,

Ku70 positivity patients recurrences rate (%) in two patients with distant metastasis alone, one patient had
0% expression of Ku70 and the other had 0% expression of

<35% 9 3 33 Ku86 (Fig. 3A). There were four patients with 0% expression

>35% 23 11 43 of Ku70 or Ku86. None of the four patients experienced locore-

We examined whether there was a correlation between
the expression levels of proteins involved in NHEJ. A signifi-
cant correlation was found between the percentage of cells
expressing Ku70 and Ku86 (r=0.44; P=0.009; Fig. 3A), Ku70
and XRCC4 (r=0.39; P=0.004; Fig. 3B), and Ku86 and XRCC4
(r=0.54; P<0.0001; Fig. 3C).

The mean percentage of cells expressing Ku70 in the local
control group was 49% and that in the local failure group was
57%. The mean percentage of cells expressing Ku86 in the
local control group was 39% and that in the local failure group
was 34%. The mean percentage of cells expressing XRCC4 in
the local control group was 76% and that in the local failure
group was 79%. The mean percentage of cells expressing
Ki-67 in the local control group was 35% and that in the local
failure group was 41%.

An analysis of the correlation between the expression
of these proteins and locoregional control was performed
according to stage. In stages I-I11, patients with a lower expres-
sion of Ku70 (<35%) tended to have better locoregional control
(Table III). In stages I-III, patients with a lower expression of
XRCC4 (<78%) tended to have better locoregional control
(Table IV). However, this tendency in Ku70 and XRCC4 was
not significant due to the small numbers. There was no such
tendency in patients with stage I'V (Tables IIT and IV).

We also analyzed the correlation between the expression of
Ku70, Ku86, XRCC4 and Ki-67 and distant metastasis. Nine
patients experienced distant metastasis. In seven patients the

gional recurrence. Two patients developed distant metastasis.
Discussion

The estimates of overall and disease-free survival at 3 years
in all patients were 78 and 63%, respectively (Fig. 1A and B).
These treatment results were comparable with other studies
using chemoradiotherapy (13,14).

‘We examined whether there was a correlation between the
expressions of proteins involved in NHEJ. A significant corre-
lation was found between the percentage of cells expressing
Ku70 and Ku86 (Fig. 3A), Ku70 and XRCC4 (Fig. 3B), and
Ku86 and XRCC4 (Fig. 3C). The results of Ku70 and Ku86
were in agreement with our previous results, demonstrating
that the expression of Ku70 and Ku86 paralleled each other
in breast cancer tissues (15). These results indicated that
there was a concerted expression of Ku70 and Ku86 in breast
cancer tissues. Hosoi et al reported that Ku70 and Ku86 have
consensus Spl recognition elements in their promoter region
and that Spl may influence the concerted expression of Ku70
and Ku86 (16). To the best of our knowledge, the correlation of
the expression of XRCC4 with that of Ku70 or Ku86 is a new
finding. However, the mechanism of the concerted expression
of these proteins remains to be determined.

Patients with a lower expression of Ku70 or XRCC4 tended
to have better locoregional control in stages I-1II (Table III).
Komuro ef al reported results of 96 patients with advanced
rectal carcinoma treated with preoperative radiotherapy (8).
The lower expression of Ku70 or Ku86 in preradiation biopsy
specimens of tumor samples was correlated with better objec-
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tive responses, suggesting that low expression of Ku70 or Ku86
may be correlated with high radiosensitivity.

There was no such correlation between the expression of
Ku70 or XRCC4 and locoregional control in patients with
stage IV (Tables II and III). Patients with stage I'V had a large
primary tumor and/or large lymph node metastases. In such a
situation, the large number of tumor cells and hypoxic tumor
cells may affect radiocurability and obscure the effect of Ku70
or XRCC4 expression.

Ki-67 is a nuclear protein that is expressed in cycling cells.
For patients treated with radiotherapy, the tumors with a high
Ki-67 labeling index demonstrated good local control in squa-
mous cell carcinomas of the head and neck (17), esophageal
cancer (18) and uterine cervical cancer (19). However, no such
correlation was found between the Ki-67 labeling index and
locoregional control of hypopharyngeal cancer treated with
chemoradiotherapy in our results. This observation indicated
that chemoradiotherapy may be effective for tumors that
included non-cycling cells.

There were two patients with distant metastasis alone,
one of whom had 0% expression of Ku70 and the other a 0%
expression of Ku86. There were four patients with 0% expres-
sion of Ku70 or Ku86 (Fig. 2A). None of the four patients
experienced locoregional recurrence but two developed distant
metastasis alone. These results may be associated with our
previous results which demonstrated that breast cancer cells
with a lower expression of Ku70 or Ku86 had aggressive cancer
phenotypes such as a higher nuclear grade and positive axil-
lary lymph node metastasis (15). Genes involved in DNA DSB
repair are involved in the maintenance of genomic stability
(20). We previously demonstrated that DNA-PK activity is
associated with chromosomal instability (21). An absence
of Ku70 or Ku86 expression indicates low DNA-PK activity.
Such low DNA-PK activity resulted in the genetic alteration of
cancer cells, leading to higher tendency of distant metastasis.

In conclusion, patients with a lower expression of Ku70
or XRCC4 tended to have better locoregional control in
stages I-III, but there was no such tendency in patients with
stage IV. In two patients with distant metastasis alone, one
patient had 0% expression of Ku70 and the other had 0%
expression of Ku86. This finding suggests that proteins
involved in NHEJ may have an impact on the treatment results
of chemoradiotherapy in hypopharyngeal cancer.
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Purpose: To investigate the incorporation of functional lung image-derived low attenuation area
(LAA) based on four-dimensional computed tomography (4D-CT) into respiratory-gated inten-
sity-modulated radiotherapy (IMRT) or volumetric modulated arc therapy (VMAT) in treatment
planning for lung cancer patients with chronic obstructive pulmonary disease (COPD).
Methods and Materials: Eight lung cancer patients with COPD were the subjects of this study.
LAA was generated from 4D-CT data sets according to CT values of less than than —860
Hounsfield units (HU) as a threshold. The functional lung image was defined as the area where
LAA was excluded from the image of the total lung. Two respiratory-gated radiotherapy plans
(70 Gy/35 fractions) were designed and compared in each patient as follows: Plan A was an
anatomical IMRT or VMAT plan based on the total lung; Plan F was a functional IMRT or
VMAT plan based on the functional lung. Dosimetric parameters (percentage of total lung
volume irradiated with >20 Gy [V20], and mean dose of total lung [MLD]) of the two plans
were compared.

Results: V20 was lower in Plan F than in Plan A (mean 1.5%, p = 0.025 in IMRT, mean 1.6%,
p = 0.044 in VMAT) achieved by a reduction in MLD (mean 0.23 Gy, p = 0.083 in IMRT,
mean 0.5 Gy, p = 0.042 in VMAT). No differences were noted in target volume coverage
and organ-at-risk doses.

Conclusions: Functional IGRT planning based on LAA in respiratory-guided IMRT or VMAT
appears to be effective in preserving a functional lung in lung cancer patients with COPD.
© 2012 Elsevier Inc.
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Introduction

One of the most severe complications in radiotherapy for lung
cancer is radiation pneumonitis (RP). Reduction of the incidence of
severe RP requires a reduction of the lung dose, such as V20 which
is defined as the percentage of pulmonary volume irradiated to >20
Gy. It is also one of the significant dosimetric risk factors for the
incidence and severity of RP (1). Chronic obstructive pulmonary
disease (COPD) is a recognized risk factor for RP (2). There has
been a worldwide increase of the prevalence of COPD and as the
population ages, the incidence of COPD is expected to increase (3).
Pulmonary emphysema (PE) is a subtype of COPD, and defined
pathologically as a group of diseases that demonstrate anatomic
alterations in the lung, characterized by enlargement of airspaces
distal to the terminal bronchioles, accompanied by destructive
changes of alveolar walls (4). These lesions are seen as low-
attenuation arcas (LAAs) on CT scans, and are established
findings on the imaging diagnosis of COPD (5, 6). Kimura ef al.
reported a correlation between the incidence of RP and the extent of
LA As in the whole lung fields (7). From these results, the functional
lung image-derived LAA based on four-dimensional computed

tomography (4D-CT) was developed for planning of radiation -

treatment to reduce the risk of RP in patients with COPD.

Several authors have described functional imaging modalities
for planning of radiation treatment, such as ventilation imaging
with 4D-CT (8) and single-photon emission computed tomography
(SPECT) lung perfusion imaging (9). All of these authors showed
that functional lung regions could be identified with imaging and
then avoided with IMRT treatment planning techniques. Matsuoka
(6) suggested that paired inspiratory and expiratory CT imaging
can be used to define LAA volumes in patients with COPD.
Therefore, these two approaches were combined in order to
address the respiratory problem. This study investigated the ability
of functional lung image-derived LAA based on 4D-CT, and its
incorporation into respiratory-gated intensity-modulated radio-
therapy (IMRT) or volumetric modulated arc therapy (VMAT) in
treatment planning for lung cancer patients with COPD.

Methods and Materials
Patient background

In this study, 8 male patients with lung cancer were enrolled who
had undergone 4D-CT scanning and definitive radiotherapy at
Hiroshima University from 2009 to 2010. Pathological diagnosis,
stage (Union International Contre le Cancer [UICC] 7th edition),
and the primary tumor location are summarized in Table 1. All
patients received [18F] fluorodeoxyglucose—positron emission
tomography (FDG-PET) for staging.

Functional lung image-derived LAA based on 4D-CT

At first, 4D-CT scans were acquired with 2.5-mm-thick slices
using multi detector-row CT (MDCT; LightSpeed, GE Medical
systems, Waukesha, WI) in cine mode with the Varian Real-time
Position Management (RPM) Respiratory Gating system (Varian
Medical Systems, Palo Alto, CA). After image acquisition, the CT
image data set was sorted into 10-phase bins of the respiratory
cycle, and phase by phase evaluation was performed on
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a workstation (AdvantageSim, GE Healthcare, Princeton, NJ). The
10-phase set consisted of 0 to 90% in steps of 10%, and 0 or 90%
was in the end-inspiratory phase and 50% in the end-expiratory
phase. All 10-phase CT data sets were imported into the Eclipse
treatment planning system (Varian Medical Systems, Palo Alto,
CA). Several authors reported that the threshold CT value for the
detection and quantification of LAA ranged from -850 to -950 HU
(10, 11). Matsuoka et al. concluded that the threshold of -860 HU
correlated closely with airway dysfunction in COPD on paired
inspiratory and expiratory CT (6). Therefore LAAs were gener-
ated from 10-phase 4D-CT data sets according to CT values lower
than -860 Hounsfield units (HU) as a threshold on Eclipse.

For respiratory gated planning in this study, three expiratory
phases (40-60%) were selected with the phase gating method.
Figure 1 shows the three steps involved in making the functional
lung image-derived LAA based on 4D-CT in Case 1: (I) acqui-
sition of LAA at each phase (the threshold of -860HU); (2) fusion
of LAA at three expiratory phases (40—60%), and trimming the
ROI as LAA image (40—60%); and (3) the functional lung image
was defined as the area where LAA image (40—60%) was
excluded from fusion images of the total lung volumes on each of
the 40—60% phases.

This technique did not use any sort of deformable image
registration algorithm in any of the steps.

Respiratory gated IMRT and VMAT planning with
functional lung image

In this simulation study, two respiratory-gated radiotherapy plans
were designed and compared for each patient as follows: (1) Plan
A was an anatomical IMRT or VMAT plan based on the total lung;
(2) Plan F was a functional IMRT or VMAT plan based on the
functional lung. RapidArc (Varian Medical Systems, Palo Alto,
CA) was used as VMAT. In this study, IMRT was defined as fixed,
nonrotational IMRT, and VMAT was defined as rotational IMRT.
All dose calculations were done on the full expiration (50%) phase.

For target delineation of each plan, a physician delineated the
target volume on each 10-phase CT image. Gross tumor volume
(GTV) included the primary tumor and metastatic lymph nodes,
and clinical target volume (CTV) margin of 3 to 5 mm was added
to GTV according to the pathology. Elective nodal irradiation was
omitted (so-called “involved-field”). Internal target volume (ITV)
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1) Acquisition of LAA at each phase

(the threshold of -860HU)

LAA (40% phase)

LAA (50% phase)

LAA (60% phase)

2} Fusion of LAA at 40-60% phase
and trimming the ROI LAA image {40-60% phase)

3) LAA image (40-60% phase) is
excluded from total lung volume

Functional lung (40-60% phase)

Fig. 1. Three steps to make the functional lung image-derived low attenuation area (LAA) based on four-dimensional computed

tomography (4D-CT) in Case 1.
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(PTV) margin of 5-10 mm was added allowing for reproducibility
of respiratory motion and setup error to ITV.

The IMRT plans consisted of five coplanar fixed beams with
gantry angles of 20°, 320°, 240°, 180°, and 135° at the right lung,
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Fig. 2. Comparison of V5-30 and fV5-30 in Plans A and F
using intensity-modulated radiotherapy (IMRT) and volumetric
modulated arc therapy (VMAT) (mean == SD). The p values shown
are only for statistically significant differences.
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and 340°, 40°, 120°, 180°, and 215° at the left lung. The VMAT
plans consisted of two coplanar arcs with gantry angles were
moved 220° from 180° to 40° in the right lung, and from 180° to
320° in the left lung in clockwise and counter clockwise direc-
tions. Treatment plans were delivered using 6-MV photons
generated by a linear accelerator (Clinac iX, Varian Medical
Systems, Palo Alto, CA) with continuous changes in the gantry
speed, multi-leaf collimator position, and dose rate. The colli-
mator angle was fixed at 45° throughout the arc. The same beam
arrangements were used for both plans.

A total dose of 70 Gy in 35 fractions to 95% of the PTV was
prescribed. The prescribed dose was calculated with a hetero-
geneous dose calculation algorithm (the Eclipse anisotropic
analytical algorithm; AAA). Table 2 shows the dose constraints
for each structure. The constraints on the total lung were used
in Plan A, and those on the two functional lung regions were
used in Plan F. V20 or functional V20 (fV20) was calculated by
lung-PTV and its dose constraints were defined as less than 10-
30%. Therefore the background of patients included all stages.
The minimal value of V20 which could be achieved in the
anatomical plan of each patient was selected according to the
field size of each patient, and the value of fV20 was also the
same. Several IMRT and VMAT plans were made to maintain
clinical acceptability, and the plans which most suitably satis-
fied the dose constraints in Table 2 were selected for Plans A
and F.

Data analysis and statistical methods

The dosimetric parameters of Plans A and F using respiratory
guided IMRT and VMAT planning were evaluated by exam-
ining the following: (/) Lung V5-30 and fV5-30: the
percentage of total or functional lung volumes irradiated with
>5 to 30 Gy; (2) Lung MLD and functional MLD (fMLD):
mean dose to total or functional lung; (3) mean dose, homo-
geneity index (HI), and conformity index (CI) of PTV; HI =
maximum dose of PTV/minimum dose to PTV; CI = treated
volume/PTV; it is implied that treated volume completely
encompasses the PTV; (4) mean or maximum dose of organ-at-
risk (heart, esophagus, and spinal cord); and (5) monitor units
for each plan.

For comparison of statistical significance, the Mantel—Haenzel
XZ or t-test was used. All statistical analysis was performed using
StatMate for Windows (StatMate version 4.01; ATMS, Tokyo,
Japan). Statistical significance was defined as p < 0.05.
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Fig. 3.

Comparison of V5 and fV5 in intensity-modulated radiotherapy (IMRT) and volumetric modulated arc therapy (VMAT) of Plan F

according to planning target volume (PTV). The p values shown are only for statistically significant differences.

Results
Details of target characteristics

The details of target characteristics used in both plans are pre-
sented in Table 3.

Comparison of dosimetric parameters for lung

Figs 2A and B show the mean percentage volumes of total lung
(A) or functional lung (B) receiving >5, >10, >20 and >30 Gy
(V5, V10, V20, V30, and fV5, V10, V20, V30, respectively) for
both IMRT and VMAT. Compared with Plan A, Plan F reduced
V20 in IMRT (mean 1.5%, p= 0.025), in VMAT (mean 1.6%,
p = 0.044), V30 in IMRT (mean 1.0%, p = 0.026), in VMAT
(mean 1.3%, p = 0.048) and fV30 in IMRT (mean 1.3%, p =
0.048). Small reductions were noted in MLD (mean 0.23 Gy, p =
0.083 in IMRT, mean 0.5 Gy, p = 0.042 in VMAT) and fMLD
(mean 0.3 Gy, p = 0.106 in IMRT, mean 0.5 Gy, p = 0.092 in
VMAT).

On the other hand, compared with IMRT, VMAT reduced
fV20 in Plan A (mean 2.0%, p = 0.027), and in Plan F (mean
1.3%, p = 0.027), but increased V5 in Plan A (mean 16.4%, p =
0.027), in Plan F (mean 15.1%, p = 0.005); V10 in Plan A (mean
8.4%, p = 0.021), in Plan F (mean 7.7%, p = 0.040); fV5 in Plan
A (mean 19.0%, p = 0.001), in Plan F (mean 18.7%, p = 0.001)
and fV10 in Plan A (mean 9.3%, p = 0.025), in Plan F (mean
8.4%, p = 0.045). Significant increases were also seen in MLD
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(mean 1.1 Gy, p = 0.013 in Plan A, mean 0.8 Gy, p = 0.010 in
Plan F) and fMLD (mean 1.1 Gy, p = 0.037 in Plan A, mean
0.9 Gy, p = 0.002 in Plan F).

Fig 3 shows V5 and fV5 in IMRT and VMAT of Plan F
according to PTV. Compared with PTV < 250 cc, IMRT and
VMAT significantly increased V5 and fV20 in PTV > 250 cc. In
addition, compared with IMRT, VMAT also increased V5 and fV5
in PTV > 250 cc significantly (p = 0.0096 in V5, p = 0.0032 in
fvs).

Comparison of dosimetric parameters for PTV and
organs at risk

Table 4 (upper) shows the dosimetric parameters for PTV, organ-
at-risk and monitor units (MU) between Plans A and F. There were
no differences of PTV mean dose, HI, CI, mean or maximum dose
to organ-at-risk, such as heart, esophagus and spinal cord and MU
between Plans A and F in both IMRT and VMAT.

Table 4 (lower) shows the dosimetric parameters for PTV,
organ-at-risk and MU between IMRT and VMAT. Compared with
IMRT, VMAT improved HI and CI of PTV, especially in Plan F
(p = 0.040) without change in mean dose to PTV. However, there
was no difference in mean or maximum doses to heart and spinal
cord between IMRT and VMAT, and VMAT increased mean dose
to esophagus (mean 3.9 Gy, p = 0.002 in Plan A, mean 3.6 Gy,
p = 0.003 in Plan F) in both Plans A and F. However, IMRT
resulted in greater MU than in VMAT in both Plans A and F (p =
0.008 and 0.003).

Figure 4 shows dose distribution in Case 4.
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Discussion

-

This study showed that planning of functional image-guided
radiotherapy based on LAA can improve the dosimetric parame-
ters for lung without a major change of PTV coverage and
increasing other organ-at-risk doses. IMRT appears to be a good
treatment planning based on favorable outcomes and maintenance
of dosimetric predictors of toxicity at acceptable levels for
patients who have larger tumors with difficult geometry in critical
locations (12). However, inasmuch as reductions in MLD, V20,
and V10 have been shown by IMRT, it can also increase the
volume of lung receiving low doses, such as V5, which may
potentially increase lung toxicity (13, 14). For delivering safe
IMRT for lung cancer, it is important for dosimetric factors to be
carefully considered. In fact, severe radiation pneumonitis may be
easily induced by a lower dose in patients with COPD, which
seldom comprises normal lung tissue (7). It is especially in these
patients that the functional IMRT described here may contribute to
minimize the effect of lower doses.

Several authors have reported on functional imaging modali-
ties for planning of radiation treatment. Ventilation imaging is one
of the modalities, which is generated from CT image volumes of
the thorax representing exhale and inhale phases obtained from
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components of the 4D-CT sets using a deformable image regis-
tration algorithm (8, 15). Yaremko et al. reported generation of
high functional regions, comprising the 90th percentile of the
functional volume and 10% of the lung volume where the highest
ventilation occurred. IMRT plans were generated using
constraints on the high-functional regions. This method led to the
result in which the mean dose to the high-functional region was
reduced by 2.9 Gy (8). Yamamoto et al. also reported the effec-
tiveness of the ventilation imaging-based functional planning
(15). In their study, functional lung was divided into high-,
moderate-, and low-functional regions, and the average reductions
of the mean dose in the high-functional lung were 1.8 Gy for
IMRT and 2.0 Gy for VMAT. This was achieved by using
constraints on each region, for patients who had high-function
lungs adjacent to the PTV.

SPECT lung perfusion imaging is the other functional imaging
modality, which provides information about the function of
pulmonary vascular and alveolar subunits. Shioyama et al. re-
ported that the functional plans reduced the median dose of the
50th and 90th percentile hyperperfusion lung to 2.2 and 4.2 Gy,
respectively, compared with anatomic plans by incorporating
perfusion information in IMRT planning (9).

An advantage of these modalities is that several degrees of
functional regions can be described according to the degree of
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Dose distribution of Case 4. (A) Intensity-modulated radiotherapy (IMRT) plan A, (B) IMRT plan F, (C) volumetric modulated

arc therapy (VMAT) plan A, and (D) VMAT plan F show isodose line >20 Gy (blue) and functional lung area (green). The isodose line >20
Gy was decreased at the functional lung in VMAT Plan F (red arrows).

its regional volume change or perfusion distribution. However,
the regional physiologic accuracy has not been validated in the
ventilation imaging because of the uncertainty regarding the
use of deformable image registration. In addition, the use of
SPECT lung perfusion imaging is limited by the need for
separate imaging sessions or fusions in radiotherapy planning.

The functional lung image-derived LAA based on 4D-CT of
this study focused only on describing nonfunctional lung regions.
The advantages of this method are as follows: (/) Actual lung
function may be easily recognized especially in patients with
COPD by using LAA-based images. (2) Our LAA approach can
be done simply, without the need of a sophisticated deformable
image registration algorithm. (3) This method may be less
affected by respiratory motion because of the respiratory-gated
technique. Consequently, there was limited description of
several degrees of functional regions. However, CT quantitation
using LAA is already an established tool for in vivo assessment
of COPD, and has been correlated with pulmonary function (10,
11). Especially in CT findings of patients with COPD, LAA
appears as areas of decreased lung attenuation because of an air-
trapping phenomenon, which is characterized by progressive air
way obstruction and airflow limitation that are not reversible with
the administration of bronchodilator drugs (16). Therefore
Zaporozhan et al. reported that PE volumes measured from
expiratory MDCT scans better reflect abnormalities in pulmonary
function tests in patients with severe PE than those from inspi-
ratory scans (17). Considering the better reproducibility of lung
motion, expiratory phases of 4D-CT were selected for this study.
A problem remains in that 4D-CT data acquisition by this
method is affected by respiratory motion. Thus, the proper
thresholds of CT values for the detection and quantification of
LAA and the correlations with pulmonary function using this
method need to be evaluated. Nevertheless, the advantage of this
respiratory gated method is that it can reduce not only the
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artifact of respiratory motion but also the total lung dose to
a minimum.

Fixed-beam IMRT and VMAT plans were also compared. An
advantage of VMAT over IMRT is the improvement of target
conformity and the potential reduction in delivery time, especially
in stereotactic body radiotherapy for lung cancer, which requires
a large number of beams and monitor units (18). On the other hand,
Schallenkamp et al. reported that larger volumes of lungs treated
with lower doses may be more critical in predicting adverse events
than smaller volumes treated with higher doses, especially when
using the IMRT technique which delivers low doses of radiation to
large lung volumes (19). Yamamoto et al. reported that functional
IMRT and VMAT planning had a similar impact on each other for
high-functional lung dose, PTV metrics, and doses to other critical
organs (15). In our comparison with IMRT, although VMAT reduced
fV20 and MU and improved HI and CI of PTV, VMAT increased
the low-dose areas in both plans, especially in patients with large
PTV. Increasing the low-dose area of lung using VMAT in patients
with large PTV needs to be approached with caution.

The use of functional lung image-derived LAA into respiratory-
gated IMRT or VMAT in planning for lung cancer patients may
remove the uncertainties of quantifying LAA because of respira-
tory motion, and may result in further reductions of total and
functional lung doses in functional planning. However, several
problems need to be addressed for clinical use. Prospective clinical
trials will be necessary to determine whether treatment results, such
as survival and complications, are improved by using this func-
tional avoidance treatment planning.

Conclusion

In conclusion, functional IGRT planning based on LAA in
respiratory-guided IMRT or VMAT appears to be effective in
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preserving a functional lung in lung cancer patients with COPD.
Further investigations are needed, including those to clarify
several technical problems mentioned above, and to conduct
prospective clinical trials.
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Abstract. Background: Little is known about the occurrence
and consequences of epidermal growth factor receptor gene
(EGFR) mutations and the fusion of the echinoderm
microtubule-associated protein-like 4 (EML4) and anaplastic
lymphoma kinase (ALK) genes in locally advanced non-small
cell lung cancer (NSCLC). Patients and Methods: We
retrospectively examined 37 patients with locally advanced
NSCLC treated with definitive thoracic radiotherapy (TRT).
Characteristics were compared among patients classified
positive for EGFR mutations, EMLA-ALK rearrangement, or
patients who were double-negative for these changes.
Results: We identified 11 (29.7%) patients with EGFR
mutations and 3 (8.1%) with an EMIA-ALK rearrangement.
Progression-free survival of patients with EGFR mutation-
positive NSCLC was similar to the one of those with double-
negative disease (13.1 and 18.6 months). The incidence of
local recurrence was higher in EGFR mutation—positive
patients with NSCLC than in double-negative NSCLC.
Conclusion: EGFR mutations and the EML4-ALK
rearrangements were detected in substantial proportions of
patients with locally advanced NSCLC. The efficacy of TRT
was limited in patients with EGFR mutations.

Lung cancer remains the most common cause of cancer-
related mortality worldwide (1). Non-small cell lung cancer
(NSCLC) is a heterogeneous disease that accounts for ~80%
of lung cancer cases, and about one-third of individuals with
newly-diagnosed NSCLC present with locally advanced
disease that is not amenable to curative resection (2). The
current standard of care for patients with unresectable locally
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advanced NSCLC is concurrent chemotherapy and definitive
thoracic radiation therapy (TRT); however, most treated
individuals experience disease recurrence, with the 5-year
survival rate being only ~20% (3-5). Further improvement of
treatment outcome for patients with locally advanced
NSCLC will require the development of more effective
combined-modality therapies.

The recent identification of mutations in the epidermal
growth factor receptor gene (EGFR) in individuals with
NSCLC, with these mutations occurring in 25 to 50% of Asian
patients with metastatic NSCLC, has opened-up new options
for the treatment of this disease (6-8). Several pivotal phase IIT
trials have revealed that first-line treatment with EGFR tyrosine
kinase inhibitors (EGFR-TKIs), rather than chemotherapy,
confers a progression-free survival (PFS) and quality of life
benefit in patients with metastatic NSCLC who harbor EGFR
mutations (9-12). However, the frequency of EGFR mutations
in individuals with locally advanced NSCLC remains unclear.
It is also unclear whether patients with EGFR mutations
manifest responses to TRT, including chemoradiotherapy,
similar to those of patients with wild-type EGFR.

Even more recently, a novel fusion protein with
transforming activity that is generated as a result of a
chromosomal translocation involving the echinoderm
microtubule-associated protein-like 4 gene (EML4) at
chromosome 2p21 and the anaplastic lymphoma kinase gene
(ALK) at 2p23 has been identified in a subset of NSCLC
cases (13). Individuals with metastatic NSCLC who harbor
the EML4-ALK rearrangement have shown a marked
clinical response to a novel inhibitor of ALK tyrosine kinase
activity. EML4-ALK has been detected in 4 to 5% of
patients with advanced NSCLC, but little is known of the
frequency of this fusion gene in individuals with locally
advanced disease.

In the present retrospective study, we determined the
frequency of EGFR mutations and the EMIL4-ALK
rearrangement in a cohort of patients with locally advanced
adenocarcinoma of the lung and we evaluated the clinical
responses of these patients to TRT.
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