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2.6. Response and toxicity criteria

Tumour response to therapy was evaluated according to
RECIST, and was classified into four categories: complete
response (CR), partial response (PR), stable disease (SD)
and progressive disease (PD). All target lesions were re-
.evaluated with the same imaging studies as used in the
pretreatment evaluation. A minimum of 6-week-interval
from the start of therapy was required for establishing SD.
All of the evaluation was confirmed or corrected by external
reviews of the CT scans. Toxicity during the entire course of
the therapy was evaluated, and the worst event was scored
according to the National Cancer Institute Common Toxicity
Criteria (NCI-CTC) version 2.0.

2.7. Statistical and ethical considerations

The primary endpoint of the study was to assess the overall
response rate (ORR), and the secondary ones were to eval-
uate toxicity and survival data consisting of median survival
time (MST), median progression free survival (PFS) and 1-
year survival rate. Calculated minimum sample size was 43
based on Simon’s two-stage optimal design with target and
threshold response rate of 25 and 10%, respectively, with
a and 8 errors of 0.05 and 0.20, respectively, and a final
sample size of 48 was determined. The first stage required
at least 2 or more patients of 18 to have confirmed CR or
PR before proceeding to the second stage. In the second
stage, if a total of 7 or more among 43 assessable patients
achieved CR or PR, then the primary endpoint would have
been met. Survival time was measured from enrollment into
the study, and was analysed by Kaplan—Meier method. After
completing the study, some unplanned sub-set analyses on
response rate and survival were performed. The study was
approved by our institutional review board. It was registered
to the clinical trial registration system of UMIN-CTR with the
identification number of CO00000084 on 29 August 2005.

3. Results

3.1. Patient characteristics

From February 2002 to November 2005, 48 patients were
enrolled, and their characteristics are listed in Table 1.
The majority of the patients (81%) were male, and 60%
had adenocarcinoma. Prior chemotherapies were platinum-
based in 41 patients (86%) and non-platinum in 7 patients.
Thirteen patients (27%) were treated with thoracic irradi-
ation of curative or palliative intent. Twenty-four patients
(50%) achieved tumour response including one CR and 23
PR, and the other 24 patients showed no response to the
front-line treatment. As one patient died due to tumour pro-
gression after enrollment and before starting chemotherapy,
47 patients were eligible for evaluation of response rate and
toxicity, whereas all 48 were analysed for survival.

3.2. Treatment delivery and dose reduction

Chemotherapy was administered for a median of six cycles
(ranging from 0 to 15), and median duration of chemother-

Table 1  Patients characteristics N
Characteristics No. of patient” ~ Year %
- (n=48) o
Sex . . : -
Male 39 . 81
- Female 9 o 19
Age : o
Median - 62
Range '36-73
2 S
0 29 ] . 60
1 18 ’ © 38
2 1 2
Histology ) A _
Adeno 29 ’ 60
Squamous © 14 29
Large 3 ' 6 .
NSCLC? 2 ' 4
Prior chemotherapy
Cisplatin-containing 20 42
Carboplatin-containing 21 44
Non-platinum 7 15
Prior radiotherapy
Thoracic, curative intent 12 25
Thoracic, palliative 1 2
Other than thoracic 7 15

@ NSCLC not further specified.

apy was 49 days (ranging from 0 to 168 days). Median dose
intensity was 49 (ranging from 24 to 65) mg/(m? week) for
irinotecan, and 20 (ranging from 10 to 25) mg/(m? week) for
cisplatin.

Dose reduction of irinotecan was done in three patients
because of grade 3 diarrhoea in 1 patient at the third cycle
(three cycles were administered and discontinued because
of recurrence of grade 3 diarrhoea in this patient), grade
3 diarrhoea plus grade 4 neutropenia in one patient at the
third cycle (four cycles were administered and discontinued
because of recurrent grade 3 diarrhoea in this patient), and
grade 4 thrombocytopenia in one patient at the fourth cycle
(six cycles were administered and discontinued because of
recurrent grade 3 thrombocytopenia in this patient). Cis-
platin was not reduced in dose in any of the cases. No patient
required delivery omission due to unresolved toxicity.

3.3. Antitumour activity

ORR was 26% (12/47) with a 95% confidence interval (Cl)
of 13—38%, with no CR, 12 PR, 30 SD and 5 PD. Unplanned
subset analyses demonstrated that response rates of the
second-line treatment were comparable between respon-
ders and non-responders to the front-line therapy (29% or
7/24 versus 22% or 5/23, p=0.74 by x? test), whereas PD by
the second-line therapy was seen significantly more often
in the non-responders (22% or 5/23) than the responders
(0/24), with a p value of 0.02. Similarly, patients with a
longer interval (3 or more than 3 months) from the last
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administration of the first-line chemotherapy to the study
enrollment and ones with a shorter interval (less than 3
months) had comparable ORRs (28% or 9/32 versus 27%
or 4/15, p=0.92 by x? test). Patients treated with non-
platinum-based front-line therapy showed a trend of better
response rate (57% or 4/7) than patients with platinum-
based front-line therapy (20% or 8/40) without statistical
significance (p=0.06 by x? test).

3.4. Toxicity

Toxicities affecting patients with grade 3 or 4 are listed in
Table 2, together with the grading of elevated serum cre-
atinine. The most frequent grade 3 or 4 toxicities were
neutropenia, anaemia, and nausea. Grade 3 or 4 diarrhoea
was seen in 11% of the 47 assessable patients. Elevated
serum creatinine was observed in 15 patients, 11 of them
with grade 1 and 4 with grade 2. Out of 42 patients with a
pre-treatment serum creatinine level of grade 0, elevated
creatinine was seen in 10 of them, 8 (19%) with grade 1 and
2 (4%) with grade 2. In contrast, 2 out of 5 patients with
a pre-treatment creatinine level of grade 1 upgraded to 2
(Table 2). There was no treatment-related death.

3.5. Third-line therapy and survival

Thirty-six out of the 47 patients underwent third-line
therapy. Fifteen of them were again treated with a
platinum-containing regimen, and 20 were treated with a
non-platinum regimen alone; gefitinib was administered at

Table 2 Toxicity and its frequency (n=47)

Toxicity Grade?
1 2. 3 4 %3
L ' : and 4)
Haematolog1cal -
Leucocytopenla 4 14 5 3717
Neutropenia ° 7 9 5 30
Neutropenic fever T - 6 0 13
Hypohaemogloblnemra 1 13 11 37 30
Thrombocytopema 00 2 1 6
‘Non- haematologmalb , . B
. Nausea - .- .13 7 10..0 21 .
Vomitting - 4 4 4.0 .9
Fatigue 6 8 6 1 2
Diarrhoea v 13 8 5 0. 1
Colitis - o "0 2. 0 4
Infectron w/o COl'It'lS 0 -0 1 0 2
,Increased serum creatlmne B P I
- Total-. T M1 -4 -0 0 0.
Pretreatment Cr level B
- Grade 0 (n=42) - 8§ -2° 0-0 .0 -
-.-Grade 1-(n=5) - 3 2 0o .0 - 0.

a The worst grade during entire chemotherapeutic courses m
each patient.’

b _Only non- -haematological toxicities mcluding grade 3 and/or
4 are listed. -

112

—_

>

-

©
1

n=48

MST: 11.0 m (95% CE R.2-13.1)

o
o
1

0.6+

0.4

Ovecrall Survival (Fraction)

0.24

T T T
10 20 30 40 50
Time Since Study Start (months)

n=48

Median: 3.2 m (95% C1: 2.8-4.0)

Progression Free Survival (Fraction) @

0 T T T ) T T T T
2 4 6 8 10 12 14 16

Time Since Study Start (months)

Fig. 1 Kaplan—Meier survival curves of the 48 patients
treated with second-line chemotherapy consisting of weekly
irinotecan and cisplatin for OS (A) and PFS (B) times starting
from study enrollment.

least once for 20 patients, and one patient was treated by
thoracic radiotherapy alone. At a median follow-up interval
of 11 months, five cases were still alive and censored (sur-
vival times of these five patients exceeded MST); median PFS
and MST were 3 (95% Cl: 3—4) and 11 (95% Ci: 8—13) months,
respectively, and 1- and 2-year survival rates were 46% and
15%, respectively. Fig. 1 shows the Kaplan—Meier curves of
overall survival (OS) and PFS. Unplanned analyses demon-
strated that responders and non-responders to the front-line
chemotherapy had comparable MST (11 months in both
groups, p=0.50 by Log-rank test) and comparable median
PFS (4 months versus 2 months, respectively, p=0.12) by the
present second-line chemotherapy. Similarly, patients with
a longer interval (3 or more than 3 months) from the last
administration of the first-line chemotherapy to the study
enrollment and ones with a shorter interval (less than 3
months) had comparable MST (11 months in both groups,
p=0.70) and comparable median PFS (4 months versus 2
months, respectively, p=0.09) by the present second-line
chemotherapy. '

4. Discussion

Most patients with advanced NSCLC treated with chemother-
apy suffer from recurrence, and survival benefit of the
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Table 3 Summary of reported phase il studies with irinotecan as a second-line therapy for NSCLC

First author

MST -
_(month)

PFS/TTP

ORR
@

Pts No.

Intervat
(week)

Irinotecan

Pretreatment
% Platinum

Year

One-year
survival (%)

{month) ~

95% Cl

Combined agent, its dose and

schedule

Schedule

(mg/m?)

Dose
60

Non-platinum

ND ND .. ND
8 8 30
ND 8 34

657
9-35
13-32

3
22
23

16°
44
74

4
3
3

CDDP (30mg/m?, days 1, 8 and 15) .

CDDP (80 mg/m2, day 8)

Days 1, 8 and 15

Days 1 and 8
Days 1t and 8

100, 110
100, 110

Taxane + Gem

DTX based

100%

23%
0%

1999
2001
2005

Nakanishi [19]
Kakalyris [20]

Georgoulias et al. [21]

CDDP (80 mg/m?, day 8)
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2 Date extracted from a patient population including smalt-cell lung cancer.

b No survival benefit over CDDP alone (randomized phase 11).
4 No response and survival benefit over DTX alone (randomized phase II).

€ No survival benefit over DTX alone (randomized phase It).

Abbreviations—ND: not described; misc: miscellaneous; CDDP: cisplatin; VNR: vinorelbine; DTX: docetaxel; Gem: gemcitabine; Cape: capecitabine; ORR: objective response rate; .Cl:
¢ No survival benefit over irinotecan alone (randomized phase II).

confidence interval; PFS: progression free survival; TTP: time to progression; MST: median survival time.

standard second-line chemotherapy is limited. Therefore,
more active regimens for second-line chemotherapy are
eagerly awaited.

The present study was designed to address the clinical
relevance of a new regimen as a second-line chemother-
apy for patients with NSCLC. The combination of weekly
irinotecan and cisplatin yielded a high response rate of
26% (12/47) with a 95% confidence interval of 13—38%. It
should be emphasized that the response rates of the present
second-line treatment were comparable between respon-
ders (29% or 7/24) and non-responders (22% or 5/23) to
the initial chemotherapy, whereas PD was seen exclusively
in non-responders to the initial treatment. Survival data
was also promising, with median PFS of 3 months, MST
of 11 months, and 1-year survival rate of 46%, when cal-
culated from enrollment to the second-line study. Again,
there were no statistically significant differences in MST
and PFS between responders and non-responders to the
first-line chemotherapy. In addition, ORR, MST and PFS by
the present second-line chemotherapy were comparable
between patients with a longer (=3 months) interval from
the last administration of the front-line chemotherapy to
the study enrollment and patients with a shorter (<3months)
interval, suggesting that the present second-line treatment
might be effective independent of the outcome of the first-
line chemotherapy.

Although toxicities were not insignificant, consisting of
neutropenia, neutropenic fever, anaemia, nausea and diar-
rhoea, they were manageable without hospitalization in
most cases, and median cycles administered were 6 in a
median treatment period of 49 days with relatively high
dose-intensity. This treatment delivery may be equivalent
to a dose intensity of two cycles of standard combination
consisting of irinotecan (60mg/m?, days 1, 8 and 15) and
cisplatin (80mg/m?, day 1). In addition, it is noteworthy
that there was not even a single case of grade 3 or 4 serum
creatinine. That is to say, weekly cisplatin administration
at a dose of 25 mg/m? required only 1000 ml hydration each
week, ensuring a convenience for outpatient treatment.

Thirteen phase |l studies [19—-31] regarding irinotecan-
containing second-tine chemotherapy for patients with
NCSLC were found, and they are summarized in Table 3.
Among them, three studies employed regimens consisting
of irinotecan and cisplatin (the top three lines of Table 3),
and reported promising response rates and survival data sim-
ilarly to ours. In addition, they disclosed better response
rates than other studies employing non-platinum regimens
in Table 3. It should be pointed out that patients in the stud-
ies by Nakanishi et al. {19] and Kakolyris et al. [20] included
patients who had been pretreated with cisplatin. Although
a direct comparison of different phase il studies cannot be
justified in terms of drawing any definitive conctusions, this
observation may suggest a relevance of including platinum
in second-line treatment even when the patients had been
pretreated with platinum. Definitive conclusions need to be
reached on the basis of carefully designed phase i1l studies.
The most important finding in the series of phase Il studies
listed in Table 3 is that chemotherapeutic regimens inctud-
ing irinotecan yielded a reproducibly high response rate and
promising survival data in the clinical setting of second-line
chemotherapy for NSCLC. The present regimen consisting of
convenient weekly irinotecan plus cisplatin showed a good

113



258

Y. Takiguchi et al.

response rate, MST and 1-year survival rate, and they were
equally observed regardless of tumour response to pretreat-
ment.

In conclusion, the present phase Il trial with weekly

irinotecan and cisplatin as a second-line chemotherapy
for patients with pretreated NSCLC provided encourag-
ing response rate, survival data, and tolerable safety
profile, in concordance with the reproducible excellent
tumour response and survival data in the previous studies.
Unplanned subset analyses demonstrated possible non-
cross resistance to the front-line chemotherapy. Given this
promising information regarding the regimen, further stud-
ies in previously treated patients with NSCLC, especially for
patients refractory to previous therapy, are warranted.
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Abstract
Purpose. The aim of this study was to assess the radio-
sensitivities and homogeneous efficacy in the spread-out
Bragg peak (SOBP) for lung cancer cell lines exposed to
carbon ions.
Materials and methods. The dose-dependent survival
rates of seven cell lines exposed to carbon ions, fast
neutrons, and photons were obtained using colony-
forming assays in vitro. The relative biological effective-
ness (RBE) of carbon ions and fast neutrons to photons
was determined by comparing the doses at the 10% and
" 1% survival levels. ‘
Results. The RBEs at 13, 40, 50, and 80keV/um were
1.20-1.29, 1.55-1.80, 1.57-2.00, and 1.69-2.58, respec-
tively, at the 10% survival level. The RBE of 290 MeV
carbon ions increased with increasing linear energy
transfer. The biological dose (relative physical dose x
RBE) distributions in the SOBP did not statistically
differ at the proximal, mid, or distal points at the 10%
(p = 0.945) and 1% (p = 0.211) survival levels, respec-
tively; however, deviation of the biological dose at 10%
and 1% survival were 3%-16% and 6%-24%, respec-
tively. Furthermore, 290 MeV carbon ions at 80keV/um
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in the SOBP were nearly equivalent to 30MeV fast
neutrons.

Conclusion. Our results demonstrate nearly homoge-
neous effectiveness in the SOBP, although we are aware
of the deviation in some cell lines.

Key words Lung cancer - Radiosensitivity - Fast
neutron - Heavy particle ion - Carbon ion

Introduction

Lung cancer is one of the most common malignant dis-
eases in Japan. Most of the lung cancers are either dis-
seminated or too locally advanced for resection. Many
patients with locally advanced lung cancer are treated
with photon radiotherapy with or without anticancer
drugs. However, the prognosis remains disappointing
despite combination therapy,' and one of the reasons for
this appears to be poor local control rates. High linear
energy transfer (LET) radiation offers several biological
advantages over photons, such as increased relative
biological effectiveness (RBE) and a decreased oxygen
enhancement ratio, among others. In recent years, high
LET radiotherapy, such as fast neutrons, has also been
used for lung cancer treatment to achieve better local
control. However, although fast neutron radiotherapy is
an innovative modality theoretically, the treatment-
related complications were as severe as those with photon
therapy, and the clinical results were disappointing
owing to poor depth-dose distribution.”

Heavy particle ions have properties of biological
effectiveness similar to those of fast neutrons and show
good depth-dose distribution, avoiding normal tissue
damage. They therefore seem to be the best modality.’
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The development of heavy ion radiotherapy first started
at the University of California Lawrence Berkeley Labo-
ratory in 1975; however, a neon ion phase I/II clinical
trial for lung cancer appeared to show no superior
benefit, and the technique was entirely discontinued in
1992.% In Japan, a clinical trial of lung cancer irradiation
using a heavy ion medical accelerator in Chiba (HIMAC)
at the National Institute of Radiological Sciences (NIRS)
started in 1994, and good local control rates have been
reported.” However, there is little biological informa-
tion for lung cancer cell lines. The purposes of the present
study were to (1) investigate the radiosensitivity of lung
cancer cell lines in vitro and ascertain the homogeneous
biological characteristics in the spread out Bragg peak
(SOBP) and (2) compare the RBEs with that of fast
neutrons.

Materials and methods
Cell lines and cultures

Seven human lung cancer cell lines were used in the
present study. Four cell lines were established at our
institution: IA-5, large cell carcinoma; MOR, adenocar-
cinoma; KUB, small cell carcinoma; and KH, small cell
carcinoma. Three human lung cancer cell lines were kind
gifts from the Riken Cell Bank (Tsukuba, Japan): HLC-
1, adenocarcinoma; LC-2/ad, adenocarcinoma; and
RERF-LC-Al, squamous cell carcinoma.’ All the cell
lines were grown as adherent monolayers or suspension
cultures in Ham’s F10 medium supplemented with 10%
heat-inactivated fetal calf serum and antibiotics (penicil-
lin G 100 units/ml and streptomycin sulfate 100 mg/ml).
The cells were trypsinized with 0.1% trypsin or 0.25%
trypsin plus 0.1% ethylenediaminetetraacetic acid
(EDTA). The population doubling time was determined
by counting the celis at daily intervals.

Irradiation

Cells were irradiated at various doses. Photons were
delivered under conditions of 200kV and 20mA
(Shinaigo 250, Shimadzu Corporation, Kyoto, Japan).
Carbon-12 ions were accelerated up to 290 MeV/u using
the HIMAC synchrotron. A ridge filter for carbon ion
radiotherapy, designed to produce the flat biological
effect of a 6-cm SOBP,'° was used. The relations between
physical dose, biological dose, and LET of the ridge filter
are shown in Fig. 1. The irradiation points were at the
positions of the plateau point, proximal peak, mid peak,
and distal peak with LETs of 13, 40, 50, and 80 keV/um,
respectively. The dose rate was approximate 3 Gy/min.
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Fig. 1. Depth-physical dose, biological dose, and linear energy
transfer curves for 290-MeV carbon ion irradiation. Carbon ions
were delivered at the positions of the plateau peak (), proximal
peak (2), mid peak (3) and distal peak (4) at 13, 40, 50, and 80 keV/
um, respectively

Details of the irradiation system appear in the report by
Kanai et al." .

Fast neutrons were delivered at d-Be 30 MeV at the
NIRS cyclotron facility. The dose rates were 0.8 Gy/min
for photons and 0.5Gy/min for fast neutrons. All irra-
diation was performed at the NIRS. The same experi-
mental setup was used for all irradiation sessions, and
the irradiation was performed at room temperature in
each case.

Cell survival assays

The radiosensitivities of the cell lines were established
from radiation survival curves consisting of at least five
dose points. Each dose point was assayed by at least
three separate experiments, with each assay consisting of
three replicate plates. Clonogenic cell survival following
irradiation was determined by adherent colony assays or
soft agarose clonogenic assays for nonadherent cells.
Following trypsinization, the cell densities were adjusted
to obtain 50-100 colonies/flask at all doses. Adherent
cells(HLC-1, LC-2/ad, RERF-LC-Al, IA-5) were plated
in 3ml of medium in 60-mm petri dishes (Falcon 3002)
or 25cm’ flasks (Nunc) for 4-6h prior to irradiation to
allow cell attachment. Nonadherent cells (MOR, KUB,
KH) were irradiated in suspension in Ham’s F10 medium
supplemented with 10% heat-inactivated fetal calf serum
and then plated in 0.33% Noble agarose (Difco) contain-
ing a base layer of 0.5% agarose in medium in 60-mm
petri dishes. Immediately after irradiation, the cells were
cultured for 1-4 weeks depending on the cell line in a
humidified 5% CQO, atmosphere at 37°C, with no renewal
of the medium. Colonies were fixed in 10% formalin
and stained with 1% methylene blue. Colonies of more



274

Radiat Med (2007) 25:272-277

than 50 cells were counted as survivors. The colonies in
the agar dishes were examined under a dissecting
microscope.

Data analysis

Surviving fractions were calculated and expressed as the
fractional reduction in the yield of colonies compared
with untreated cells. The RBEs of carbon ions and fast
neutrons compared to photons were determined by com-
paring the doses at the 10% and 1% survival levels. Cell
survival curves were analyzed by fitting the data to the
linear-quadratic model, S = exp(-aD - bD?). Spearman’s
test was applied to correlate the radiosensitivities of each
cell line. Friedman’s ¢’r test was applied to evaluate dif-
ferences in the RBEs in the SOBP. P < 0.05 was consid-
ered to indicate statistical significance. The biological
dose is defined by a physical dose multiplied by the RBE,
and the coefficients of 13, 40, 50, and 80keV/um were
1.0, 1.4, 1.25, and 1.0, respectively.

Results

The survival curves of HLC-1, LC-2/ad, RERF-LC-Al,
and IA-5 cells are shown in Fig. 2, and those of IA-5,
MOR, KUB, and KH cells are shown in Fig. 3.

The population doubling times, colony-forming effi-
- ciencies, doses, and RBEs at 10% survival following
exposure to photons, carbon ions, and fast neutrons are
shown in Table 1. The RBEs of carbon ions for four cell
lines at the plateau (13 keV/um) were 1.20-1.29. Further-
more, the RBEs in the SOBP elevated with increasing
LET, and the RBEs of carbon ions for all seven cell lines
at 80 keV/um were 1.69-2.58. The RBEs of fast neutrons
for four cell lines were 1.63-1.93.

The RBEs at 1% survival following exposure to
photons, carbon ions, and fast neutrons are shown in

Table 2. The RBEs of carbon ions for four cell lines at
the plateau (13keV/um) were 1.07-1.24. Furthermore,
the RBEs in the SOBP elevated with increasing LET,
and the RBEs of carbon ions for all seven cell lines at

HLC-1 LC-2/ad RERF-LC-Al 1A-5

2 4 6 8 2 4 24 [] 2 4 6
T T T T T T T ¥ g

Surviving fraction
o
L

o

Fig. 2. Dose-response curves for cell survival following irradiation
by photons (open circles) and carbon ions at 13keV/um (triangles),
40keV/ium (diamonds), 50 keV/um (squares), and 80keV/um ( filled
circles)

MOR KUB KH

Surviving fraction

Fig. 3. Dose-response curves for cell survival following irradiation
by photons (open circles), carbon ions at 80keV/um ( filled circles),
and fast neutrons (squares)

Table 1. Dose and relative biological effectiveness at 10% survival of carbon ions and fast neutrons

Dose at 10% survival (Gy)

Carbon

Cell line DT (hs.) PE (%) Photon 13keV/um 40keV/pm 50keV/um 80keV/um Neutron
HLC-1 44 3511122 5.25 4.39 [1.20]" 3.16 [1.66] 2.87 [1.88] 248 [2.12)

LC-2/ad 72 9.0+23 2.92 2.26 [1.29] 1.62 [1.80] 1.47 [2.00] 1.13 [2.58]

RERF-LC-Al 20 43.0+22.2 5.38 4.26 [1.26) 3.23[1.67] 3.04 [1.77] 2.71 [2.00]

1A-5 32 19.015.0 2.70 2.20[1.23] 1.74 [1.55] 1.72 [1.57] 1.32 [2.05] 1.40 [1.93]
MOR 66 182+7.6 4.00 2.141.87] 2.45[1.63]
KUB 98 9.9+3.7 2.38 1.41 [1.69] 1.41 [1.69]
KH 75 214142 2.52 1.42{1.77] 1.34 [1.88]

DT, doubling time; PE, plating efficiency
®Relative biological effectiveness at 10% survival
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Table 2. Dose and relative biological effectiveness at 1% survival of carbon ions and fast neutrons
Dose at 1% survival (Gy)
Carbon
Cell line DT (hs.) PE (%) Photon 13keV/um 40keV/um 50keV/um 80keV/um Neutron
HLC-1 44 3514122 783 7.35[1.077  4.83[1.62) 4.5711.71] 4.07(1.92]
LC-2/ad 72 9.0+2.3 5.36 431[124]  3.11[1.72) 2.65 [2.02] 2.27[2.36]
RERF-LC-Al 20 43.0+£22.2 8.08 6.93 [1.17] 4.70 {1.72] 4.43[1.82) 4.28 [1.89]
IA-5 32 19050 470 4.05[1.16]  3.46(1.36] 3.30[1.42) 2.53[1.86] 2.74[1.72)
MOR 66 182+7.6 7.48 4.26 [1.76] 4.83 [1.55]
KUB 98 99+£3.7 4.57 2.80 [1.63] 2.57 [1.78]
KH 75 214442 435 2.77[1.57) 2.65[1.64]
DT, doubling time; PE, plating efficiency
“Relative biological effectiveness at 1% survival
80keV/um were 1.57-2.36. The RBEs of fast neutrons A
for four cell lines were 1.55-1.78. 5 s- 13keV/pum
The correlations with survival after exposure to % P
photons and carbon ions at 13 and 80keV/um atthe 10%  § - Y=0.83X-0.10 /,/ °
and 1% survival levels are shown in Fig. 4A and B, } ' (P=0100).
respectively. There were positive correlations at each 3 3 o
LET; that is, the cells radioresistant to photons were also 5 N /-5/ T
radioresistant to carbon ions. g4 T Sl o w.
' T}.le b.lologlcal dose (Felatlve physical dose x RBE) £ — :"”?QAM; Y'°;:3},3'7')3 e
distributions for the cell lines at the 10% and 1% survival ! -
levels in the SOBP are shown in Fig. 5A and B, respec-
tively. The relative biological dose did not differ statisti- X ) 3 K S
cally at the proximal, mid, or distal point at the 10% Dose at 10% survival by photon (Gy)
(p = 0.954) and 1% (p = 0.211) survival levels, respec-
tively. However, deviation of the biological dose at B
10% and 1% survivals were 3%—-16% and 6%-24%, - |0 {3keVium
respectively. % ' 7
The RBEs at 80keV/um were nearly equivalent to 'é 8- o /_///
those of fast neutrons (Fig. 3). g Yoosox0Ts o
3 6 /./' o
'g‘ - !.’ﬂ'///;;};vmm
Discussion I N T
P Y=0.49X+0.34
& 1+ (P=0.060)
Heavy particle ions have the property of good depth-
dose distribution, and their high biological effectiveness . . : : '
is similar to that of fast neutrons.>® The biological depth- 2 . 6 8 10

dose distributions of heavy particle ions are superior to
those of protons. Such dose distributions indicate that it
may be possible to impart more energy to the tissues of
a deep-seated tumor than to the tissues through which
the treatment ions may pass. Each type of heavy particle
ion has various characteristics. The depth-dose distribu-
tions of carbon and neon ions are superior to those of
other heavy particle ions. In particular, carbon ions give
a good depth-dose distribution but have the disadvan-
tage of high LET radiation compared to other heavy
particle ions biologically.

120

Dose at 1% survival by photon (Gy)

Fig. 4. A Relations between the doses of photons and carbon ions
(13 and 80keV/um, respectively) at 10% survival. There is a posi-
tive correlation between the sensitivities to photons and carbon
ions at 13 and 80keV/um. The results for HLC-1 { filled circles),
LC-2/ad (open circles), RERF-LC-Al (open squares), 1A-5 (¢rian-
gles), MOR ( filled squares), KUB ( filled diamonds), and KH (open
diamonds) cells are shown. B Relations between the doses of
photons and carbon ions (13 and 80keV/um, respectively) at 1%
survival. There is a positive correlation between the sensitivities to
photons and carbon ions at 13 and 80keV/um. The results for
HLC-1, LC-2/ad, RERF-LC-Al, IA-5, MOR, KUB, and KH cells
are shown (same symbols as in A)
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Fig. 5. A Biological dose (relative physical dose x RBE at 10%
survival) distributions in the spread-out Bragg peak (SOBP) in our
institution are nearly homogeneous (same symbols as in Fig. 4).
The results for HLC-1, LC-2/ad, RERF-LC-A1, and IA-5 cells are
shown. B The biological dose (relative physical dose x RBE at 1%
survival) distributions in the SOBP in our institution are nearly
homogeneous. The results for HLC-1, LC-2/ad, RERF-LC-Al,
and 1A-5 cells are shown

RBEs of carbon ions have been reported by some
authors.'™" Kagawa et al.”* also reported that the RBEs
for the HSG cell line were 1.23 at the plateau and 1.68-
2.56 in a 6-cm SOBP. Suzuki et al.'® reported that the
RBEs of 13.3keV/um and 77keV/um for 16 human
cell lines were 1.06-1.33 and 2.00-3.01, respectively.
However, there is little information regarding the bio-
logical effectiveness of 290 MeV/u carbon ions for lung
cancer cell lines, and we have now clarified that the
RBEs at 80keV/um were 1.69-2.58 for cancer cell
lines.

1t is well known that the RBEs of heavy particle ions
elevate with increasing LET up to about 100keV/
um.'>"™'® A ridge filter is used for clinical treatment to
create a homogeneous biological effect. The ridge filter
used at the NIRS is designed to spread out the Bragg
peak and to be flat at the 10% survival level of HSG
cells.'"™® Homogeneous effectiveness for HSG cells''®
and some cell lines has been reported. However, to the
best of our knowledge, there has been little available
information for lung cancer cell lines. Thus, we have
now revealed that nearly homogeneous biological effec-
tiveness is obtained in the SOBP in the case of lung
cancer cell lines.

As shown in Fig. 4A,B, the relation between photons
and carbon ions at 80 keV/um revealed that the radiore-
sistant cells to photons were also radioresistant to carbon
tons. Therefore, no selective benefits were observed
among different histological cells for carbon ions over
photons in the present study, consistent with a previous
report.'®

Some reports have been published concerning the
biological effectiveness of carbon ions, and their rela-
tionship with fast neutrons. Kanai et al.'"’ reported that
the RBE of carbon ions at 80keV/um for the HSG
cell line was equal to that of fast neutrons. Kubota
et al.,” using plateau-phase cultures and a spheroid
method, reported that the RBE at 75-80keV/um
for carbon ions (135 MeV/u) was comparable to 13 MeV
fast neutrons for human osteosarcoma cells. Our
data are similar to these results and indicate approxi-
mately compatible biological effects between carbon
ions in the SOBP and 30MeV fast neutrons for lung
cancer cell lines. As a result, the biological and clinical
data for fast neutrons for lung cancer could be applied
to those for carbon ion therapy for lung cancer
patients. '

The present experiments were performed using a
single study design under oxic conditions. Further studies
under hypoxic conditions and in vivo studies are there-
fore required. However, we were able to show a good
depth-dose distribution and that the biological effective-
ness of carbon ions was equivalent to that of fast neu-
trons, indicating that carbon ion radiotherapy may be
useful for lung cancer therapy. Argon ions have the best
advantages for hypoxic cells, but their dose distribution
is poorer than those for carbon or neon ions."”*"* Curtis
et al."’ speculated that carbon ions may be the most
advantageous charged-particle species for the treatment
of deep-seated hypoxic tumors, and that argon ions may
be superior for the treatment of poorly oxygenated
tumors close to the body surface. Further studies inves-
tigating the use of other heavy particles for lung cancer
cell lines are needed.
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Conclusion

Nearly homogeneous effectiveness was observed in the
SOBP for human lung cancer cell lines. However, we are
aware of the deviation of the biological effectiveness
within the SOBP in some lung cancer cell lines.
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