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Simple Summary: Lung cancer is a leading cause of cancer-related death. Stereotactic body ra-
diotherapy (SBRT) is the standard treatment for inoperable early-stage non-small cell lung cancer
(NSCLC). Carbon ion radiotherapy (CIRT) is a safe and effective treatment for early-stage NSCLC.
However, there is no direct comparison study between these treatments. The present study aimed to
compare oncologic outcomes after CIRT and SBRT for early-stage NSCLC in a single-institutional
and contemporaneous cohort. We demonstrated favorable overall survival and local control in the
CIRT group compared to those in the SBRT group using log-rank tests and Cox regression analyses
for 89 patients. In addition, these results were validated in propensity score-adjusted analyses. The
present retrospective comparison study showed a positive efficacy profile of CIRT, which is beneficial
in the management of early-stage NSCLC.

Abstract: Lung cancer is a leading cause of cancer-related deaths worldwide. Radiotherapy is an
essential treatment modality for inoperable non-small cell lung cancer (NSCLC). Stereotactic body
radiotherapy (SBRT) is the standard treatment for early-stage NSCLC because of its favorable local
control (LC) compared to conventional radiotherapy. Carbon ion radiotherapy (CIRT) is a kind
of external beam radiotherapy characterized by a steeper dose distribution and higher biological
effectiveness. Several prospective studies have shown favorable outcomes. However, there is no
direct comparison study between CIRT and SBRT to determine their benefits in the management of
early-stage NSCLC. Thus, we conducted a retrospective, single-institutional, and contemporaneous
comparison study, including propensity score-adjusted analyses, to clarify the differences in oncologic
outcomes. The 3-year overall survival (OS) was 80.1% in CIRT and 71.6% in SBRT (p = 0.0077). The
3-year LC was 87.7% in the CIRT group and 79.1% in the SBRT group (p = 0.037). Multivariable
analyses showed favorable OS and LC in the CIRT group (hazard risk [HR] = 0.41, p = 0.047; HR = 0.30,
p = 0.040, respectively). Log-rank tests after propensity score matching and Cox regression analyses
using propensity score confirmed these results. These data provided a positive efficacy profile of
CIRT for early-stage NSCLC.

Cancers 2021, 13, 176. https:/ /doi.org/10.3390/ cancers13020176

https:/ /www.mdpi.com/journal /cancers


https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0001-5137-1862
https://orcid.org/0000-0003-4899-1715
https://orcid.org/0000-0002-6703-3144
https://doi.org/10.3390/cancers13020176
https://doi.org/10.3390/cancers13020176
https://doi.org/10.3390/cancers13020176
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers13020176
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/2072-6694/13/2/176?type=check_update&version=2

Cancers 2021, 13, 176

20f12

Keywords: non-small cell lung cancer; radiotherapy; stereotactic body radiotherapy; carbon ion
radiotherapy; outcomes; comparison

1. Introduction

Lung cancer is a leading cause of cancer-related deaths worldwide [1]. Lobectomy with
mediastinal lymph node dissection is the standard treatment for early-stage non-small cell
lung cancer (NSCLC), while radiotherapy plays an essential role in managing inoperable
cases [2]. Stereotactic body radiotherapy (SBRT) contributes to better local control (LC) and
overall survival (OS) compared with conventional radiotherapy [3]. Thus, SBRT has mostly
replaced conventional radiotherapy as the standard approach for inoperable patients with
early-stage NSCLC. Some studies showed that SBRT for operable stage I NSCLC was
comparable with lobectomy [4]. Carbon ion radiotherapy (CIRT) is a type of external
beam radiotherapy with a stronger tumor-cell-killing ability per physical dose due to its
higher relative biological effect and sharper dose distribution than photon radiotherapy [5].
Previous studies demonstrated safe and effective outcomes of CIRT for early-stage NSCLC
when compared with the literature on SBRT [6-9]. The safety of CIRT was also seen in older
patients with interstitial lung disease [10-12]. These results were supported by a dosimetric
analysis comparing CIRT and SBRT, showing that the dose distribution of CIRT exhibited
better target conformity and spared organs at risk, including the lungs [13]. Comparison
studies between CIRT and SBRT to confirm the benefits of CIRT are required. However,
only literature comparisons are available, which makes the utility of CIRT vague. One
reason for the lack of an institutional comparison study is that few facilities are available for
performing both techniques. Thus, we analyzed the clinical outcomes of CIRT and SBRT
for early-stage NSCLC in a single-institutional and contemporaneous cohort to compare
the effectiveness of these treatments.

2. Results
2.1. Patient Characteristics of the Entire Cohort

A total of 89 patients meeting the inclusion criteria were identified in our database.
Sixty-two patients underwent CIRT, and 27 underwent SBRT. Patient characteristics are
summarized in Table 1. The numbers of younger patients and T2a diseases were signifi-
cantly larger in the CIRT group. The median follow-up periods in the entire cohort, CIRT
group, and SBRT group were 60.5 months (range, 2.0-120), 64.4 months (range, 2.0-120),
and 39.1 months (range, 2.1-89.3), respectively.

2.2. Clinical Outcomes of the Entire Cohort

A total of 31 patients died during the final follow-up. The causes of death in the CIRT
and SBRT groups were as follows: NSCLC, 15% (9/62) and 19% (5/27); noncancerous lung
disease (e.g., pneumonitis, acute exacerbation of chronic obstructive pulmonary disease
(COPD)) were 4.8% (3/62), and 15% (4/27); other causes or unknown were 9.7% (6/62) and
15% (4/27), respectively. Fisher’s exact tests were performed to test the difference between
the CIRT and SBRT groups and showed no statistically significant difference (the NSCLC,
p = 0.75; noncancerous lung disease, p = 0.19; the other or unknown, p = 0.48). Grade 3
or worse acute toxicity was not observed in the CIRT and SBRT groups. One patient in
each treatment group (1.6% for CIRT and 3.7% for SBRT) developed grade 3 radiation
pneumonitis. Grade 4 or worse late toxicity related with the treatment was not observed.

The 3-year and 5-year OS rates were 80.1% (95% confidence interval (95% ClI), 70.7-90.9%)
and 73.4% (95% CI, 63.0-85.5%) in the CIRT group, and 71.6% (95% CI, 54.7-90.3%) and
46.3% (95% CI, 28.8-74.3%) in the SBRT group, respectively. A log-rank test showed that
CIRT was significantly associated with higher OS rates than SBRT (p = 0.0077) (Figure 1A).
A Cox regression analysis also showed favorable OS in the CIRT group compared with the
SBRT group (hazard risk (HR), 0.41 (95% CI, 0.17-0.99), p = 0.047) (Table 2).
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Table 1. Patient characteristics of the entire cohort (1 = 89).
Characteristic Overall,n =891 CIRT, n = 621 SBRT, n=271 p-Value 2
Age 74 (66,80) 72 (64,79) 77 (73,82) 0.032
Sex 0.8
Male 63 (71%) 43 (69%) 20 (74%)
Female 26 (29%) 19 (31%) 7 (26%)
ECOG PS >0.9
0 42 (47%) 29 (47%) 13 (48%)
1 45 (51%) 31 (50%) 14 (52%)
2 2 (2.2%) 2 (3.2%) 0 (0%)
CCI 0.12
0 36 (40%) 28 (45%) 8 (30%)
1 11 (12%) 8 (13%) 3 (11%)
2 23 (26%) 16 (26%) 7 (26%)
3 10 (11%) 5 (8.1%) 5 (19%)
4 6 (6.7%) 5 (8.1%) 1(3.7%)
5 1(1.1%) 0 (0%) 1(3.7%)
6 2 (2.2%) 0 (0%) 2 (7.4%)
Pa’Ehologl'cal 509
diagnosis
Adenocarcinoma 48 (54%) 33 (53%) 15 (56%)
Squamous cell 26 (29%) 19 (31%) 7 (26%)
carcinoma
Clinical 15 (17%) 10 (16%) 5 (19%)
T stage 0.009
la 41 (46%) 23 (37%) 18 (67%)
1b 29 (33%) 21 (34%) 8 (30%)
2a 19 (21%) 18 (29%) 1 (3.7%)
Brinkman Index 572 (0,1,120) 511 (0,1,085) 600 (50,1,335) 0.2
Smoking 0.3
Never 32 (36%) 25 (40%) 7 (26%)
Past/ Current 57 (64%) 37 (60%) 20 (74%)
COPD 0.7
No 62 (70%) 42 (68%) 20 (73%)
Yes 27 (30%) 20 (32%) 7 (26%)
Interstitial
. 0.2
pneumonia
No 86 (97%) 61 (98%) 25 (93%)
Yes 3 (3.4%) 1(1.6%) 2 (7.4%)
Treatment year 0.065
2010-2012 42 (47%) 25 (9.7%) 17 (3.7%)
2013-2015 47 (53%) 37 (9.7%) 10 (3.7%)

1 Statistics presented: median (IQR); 1 (%); 2 Statistical tests performed: Wilcoxon rank-sum test; chi-square
test of independence; Fisher’s exact test; Abbreviations: CIRT, carbon ion radiotherapy; SBRT, stereotactic body
radiotherapy; ECOG PS, Eastern Cooperative Oncology Group Performance Status; CCI, Charlson Comorbidity

Index; COPD, chronic obstructive pulmonary disease.

The 3-year and 5-year progression-free survival (PFS) rates were 60.4% (95% CI, 49.3-74.1%)
and 55.3% (95% CI, 44.0-69.4%) in the CIRT group, and 62.5% (95% Cl, 44.9-87.2%) and
29.8% (95% CI, 14.8-60.0%) in the SBRT group (Figure 1B). These differences were not sta-
tistically significant (p = 0.14) (Figure 1B). A Cox regression analysis showed no statistically

significant differences (Table 2).
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Figure 1. Kaplan-Meier curves for the entire cohort (n = 89). (A) Overall survival, (B) progression-free survival, and (C)

local control. Colored regions show 95% confidence intervals.

The 3-year and 5-year LC rates were 87.7% (95% CIL, 79.6-96.7%) and 85.5% (95% CL,
76.6-95.4%) in the CIRT group, and 79.1% (95% CI, 62.7-99.8%) and 55.3% (95% CI, 34.3-89.1%) in
the SBRT group (Figure 1C). A log-rank test showed that CIRT was significantly associated
with higher LC rates than SBRT (p = 0.037) (Figure 1C). A Cox regression analysis showed
favorable LC in the CIRT group than in the SBRT group (HR, 0.30 (95% CI, 0.097-0.95),

p = 0.040) (Table 2).
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Table 2. Cox regression analysis (1 = 89).
Variables Subgroup Overall Survival Progression-Free Survival Local Control
HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value
Treatment SBRT refgrglce 0.047 refgrgilce 0.0 refgrsetr;ce 0.040
CIRT ; ’ )
(0.17-0.99) (0.29-1.3)) (0.097-0.95)
T stage Tla-1b reference 0.00095 reference 0.0023 reference 0.48
T2a 5.5 32 1.7
(2.0-15) (1.5-6.8) (0.4-6.9)
CCI 0-2 reference 0.00015 reference 0.019
36 6.0 2.5
(2.4-15.3) (1.2-5.5)

CIRT, carbon ion radiotherapy; SBRT, stereotactic body radiotherapy; CCI, Charlson Comorbidity Index.

2.3. Propensity Score-Adjusted Analyses

Propensity scores were estimated by binomial logistic regression using available
covariates, including age, sex, Eastern Cooperative Oncology Group Performance Status
(ECOG PS), Charlson comorbidity index (CCI), smoking status, Brinkman index, the
presence of COPD, presence of interstitial pneumonia (IP), T stage (UICC 7th edition),
pathological diagnosis, and calendar year of treatment. The c-statistic value was 0.832. The
distributions of propensity scores before and after matching are shown in Figure S1A,B.
Characteristics of the matched patients are summarized in Table 3. The median follow-up
periods in the entire matched cohort, CIRT group, and SBRT group were 50.5 months (range,
5.9-117), 63.9 months (range, 14.6-117), and 26.8 months (range, 5.9-89.3), respectively.

Table 3. Patient characteristics of the matched cohort (n = 30).

Characteristic Overall, n =301 CIRT, n =151 SBRT,n=151 p-Value 2
Age 76 (70,82) 74 (66,82) 76 (71,79) >0.9
Sex >0.9
Male 23 (77%) 11 (73%) 12 (80%)
Female 7 (23%) 4 (27%) 3 (20%)
ECOG PS 0.7
0 14 (47%) 8 (53%) 6 (40%)
1 16 (53%) 7 (47%) 9 (60%)
2 0 (0%) 0 (0%) 0 (0%)
CCI 0.6
0 8 (27%) 4 (27%) 4 (27%)
1 4 (13%) 3 (20%) 1 (6.7%)
2 8 (27%) 3 (20%) 5 (33%)
3 7 (23%) 3 (20%) 4 (27%)
4 2 (6.7%) 2 (13%) 0 (0%)
5 0 (0%) 0 (0%) 0 (0%)
6 1(3.3%) 0 (0%) 1(6.7%)
Pat.hologl.cal 50.9
diagnosis
Adenocarcinoma 15 (50%) 8 (53%) 7 (47%)
Squamous cell 11 (37%) 5 (33%) 6 (40%)
carcinoma
Clinical 4 (13%) 2 (13%) 2 (13%)
T stage >0.9
la 15 (50%) 7 (47%) 8 (53%)
1b 13 (43%) 7 (47%) 6 (40%)
2a 2 (6.7%) 1 (6.7%) 1 (6.7%)
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Table 3. Cont.
Characteristic Overall,n =301 CIRT, n =151 SBRT,n=151 p-Value 2
Brinkman Index 778 (0, 1,100) 760 (33, 950) 900 (0, 1,415) 0.6
Smoking >0.9
Never 9 (30%) 4 (27%) 5 (33%)
Past/Current 21 (70%) 11 (73%) 10 (67%)
COPD >0.9
No 22 (73%) 11 (73%) 11 (73%)
Yes 8 (27%) 4 (27%) 4 (27%)
Interstitial
. >0.9
pneumonia
No 30 (100%) 15 (100%) 15 (100%)
Yes 0 (0%) 0 (0%) 0 (0%)
Treatment year 0.26
2010-2012 12 (40%) 4 (33%) 8 (67%)
2013-2015 18 (60%) 11 (61%) 7 (39%)

1 Statistics presented: median (IQR); 1 (%); % Statistical tests performed: Wilcoxon rank-sum test; Fisher’s exact
test; chi-square test of independence; Abbreviations: CIRT, carbon ion radiotherapy; SBRT, stereotactic body
radiotherapy; ECOG PS, Eastern Cooperative Oncology Group Performance Status; CCI, Charlson Comorbidity
Index; COPD, chronic obstructive pulmonary disease.

Log-rank tests were performed in the matched cohort. The 3-year and 5-year OS rates
were 93.3% (95% CI, 81.5-100%) and 71.8% (95% CI, 51.8-99.6%) in the CIRT group, and
55.0% (95% CI, 32.2-93.8%) and 34.4% (95% CI, 14.1-80.9%) in the SBRT group, respectively,
which were statistically significantly different (p = 0.043) (Figure 2A).

The 3-year and 5-year PFS rates were 59.3% (95% Cl, 38.7-90.7%) and 51.9% (95%
CI, 31.4-85.5%) in the CIRT group, and 47.2% (95% ClI, 25.3-88.2%) and 18.9% (95% CI,
5.45-65.4%) in the SBRT group, respectively, which were not statistically significantly
different (p = 0.20) (Figure 2B).

The 3-year and 5-year LC rates were both 92.3% (95% CI, 78.9-100%) in the CIRT
group, and 70.7% (95% CI, 47.2-100%) and 42.4% (95% CI, 18.7-96.5%) in the SBRT group,
respectively, which were statistically significantly different (p = 0.022) (Figure 2C).

Finally, we performed Cox regression analyses using propensity scores as covariates.
Favorable OS, PFS, and LC in the CIRT group were observed (HR, 0.34 (95% CI, 0.14-0.83%),
p =0.018; HR, 0.41 (95% CI, 0.19-0.88%), p = 0.022; HR, 0.19 (95% CI, 0.059-0.61%), p = 0.0051,
respectively) (Table 4).

Table 4. Cox regression analysis using the propensity scores as covariates (1 = 89).

Variabl Overall Survival Progression-Free Survival Local Control
ariables
HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value
Treatment reference reference reference
0.34 0.018 0.41 0.022 0.19 0.0051
(0.14-0.83) (0.19-0.88) (0.059-0.61)
. 14 3.3 8.0
Propensity scores (0.31-6.4) 0.66 (0.86-13) 0.082 (0.79-82) 0.78

CIRT, carbon ion radiotherapy; SBRT, stereotactic body radiotherapy.
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Figure 2. Kaplan—-Meier curved for the matched cohort (n = 30). (A) Overall survival, (B) progression-free survival, and

(C) local control. Colored regions show 95% confidence intervals.

3. Discussion

To the best of our knowledge, this is the first report comparing the oncologic outcomes
following CIRT and SBRT for early-stage NSCLC in a single-institutional and contempora-
neous cohort. CIRT was statistically significantly associated with higher OS and LC rates
than those of SBRT in log-rank tests. Cox regression analyses also showed favorable OS
and LC in the CIRT group. In addition, propensity score-matching and Cox regression
analyses using propensity scores as covariates certified these results. Grade 3 radiation
pneumonitis was observed in one patient each in the two groups.
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There are several prospective studies regarding SBRT for early-stage NSCLC. In the
Japan Clinical Oncology Group (JCOG) 0403 study, 48 Gy in four fractions over 4 days were
delivered to patients with TINOMO NSCLC, and the 3-year OS and PFS were 59.9% and
54.5%, respectively [14]. A recent meta-analysis estimated 3-year OS following SBRT to
be 63% [15]. Our SBRT procedure was performed according to the JCOG 0403 study. Our
results on SBRT showed 3-year OS and PFS rates of 71.6% and 62.5%, respectively, which
are almost consistent with these studies.

CIRT for early-stage NSCLC was surveyed in a few prospective trials. In these studies,
the 3-year OS and LC were 76-86% and 86-90%, respectively [6-9]. Our findings also seem
to be consistent with these previous studies. Our single-institutional and contemporane-
ous comparison study validated the clinical advantages of CIRT over SBRT, previously
estimated only by the literature comparisons.

It is noteworthy that the LC rate after CIRT was favorable despite disease progression.
In our baseline cohort, the number of patients with T2a disease was significantly larger in
the CIRT group than in the SBRT group (29% vs. 3.7%, p = 0.009). However, the LC rate
after CIRT was significantly higher than in the SBRT group (5-year LC, 85.5% vs. 55.3%,
p = 0.037). Cox regression and propensity score-adjusted analyses were consistent with
this result. Previous studies supported our findings. In CIRT, the 2-year LC of T2b—4NOMO
NSCLC was 81% [16], which suggested that CIRT was effective even for larger tumors. In
contrast, local failures after SBRT were observed in 25% (7/28) of the patients with T2NOMO
NSCLC [17], while 12% (20/169) of TINOMO disease developed local failure [14]. These
results suggest that LC following SBRT could decrease in patients with larger tumors. Taken
together, the superiority of CIRT in LC may be more apparent when treating larger tumors.

Furthermore, OS was favorable in CIRT in the present study. However, a previous
systematic review and meta-analysis for Stage I NSCLC showed no statistically significant
difference in OS between CIRT and SBRT [18]. A possible explanation for these results
could be that the literature on CIRT included in their systematic review had a limited
population from a single institution. Additionally, only medical inoperability was adjusted
as a confounder in their study, but other factors, such as age, performance status, histologic
type, and tumor size, which were considered prognostic factors in other studies [8,19,20],
were not adjusted in their research. This situation may have affected their results. In our
study, the numbers of younger patients and locally advanced tumors were significantly
larger in the CIRT group. To eliminate potential bias derived from prognostic factors, we
performed propensity score-adjusted analyses, which showed the survival advantages
of CIRT.

When interpreting our findings, we should consider the difference in the prescribed
clinical doses between CIRT and SBRT. In the present study, CIRT of 52.8 or 60.0 Gy (relative
biological effectiveness (RBE)) and SBRT of 48 Gy were delivered. At first glance, the
higher dose of CIRT seemed to be one of the reasons for the favorable outcomes following
CIRT. However, we should acknowledge that the Gy (RBE) does not always represent
a biologically equivalent dose to the absorbed dose in photon radiotherapy. In clinical
practice using CIRT, a fixed RBE of 3.0 is generally utilized for convenience. However, the
actual RBE could be affected by various factors including linear energy transfer, tissue types,
and endpoints of concern, which makes it difficult to determine the exact equivalent dose
of CIRT to photon radiotherapy. Accordingly, we should not conclude that the favorable
outcomes were caused by the difference in the prescribed clinical doses. In future studies,
including a randomized controlled trial comparing CIRT and SBRT, the prescribed doses
should be considered based on the biological and physical aspects.

There are some limitations to our study. First, we cannot exclude potential sources of
bias due to unmeasured confounders, even with propensity score-adjusted analyses (e.g.,
medical operability, respiratory functions, gene mutations, distance to hospital, income,
and other unknown confounders). Second, the lack of information regarding medical
operability status made it difficult to compare surgical treatment and CIRT/SBRT. We
consider that these comparisons are future issues, since these are required in the manage-
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ment of operable patients. Finally, dose escalation may improve the prognosis of SBRT, as
shown in a previous meta-analysis [21]. In addition, there are various SBRT procedures
regarding prescribed dose fractionations, prescribed points, gating, and treatment devices.
Optimizing these factors may lead to a better prognosis.

4. Materials and Methods
4.1. Study Design

The present study is a retrospective cohort study that compared oncologic outcomes
after CIRT and SBRT for early-stage peripheral NSCLC. We identified patients who met
the inclusion criteria from our database and evaluated OS, PFS, and LC rates after these
treatments. Univariate and multivariable analyses were performed to test differences in
these outcomes. In order to make these results more robust, we performed propensity
score-adjusted analyses, including propensity score-matching and multivariable analyses
using propensity scores as covariates.

4.2. Patients

From our database, we identified patients who met the following criteria: (i) patholog-
ically or clinically diagnosed NSCLC; (ii) clinical T1a—2aNOMO (Union for International
Cancer Control (UICC), 7th edition) and peripheral disease; (iii) treated with CIRT or SBRT
at Gunma University Hospital (Gunma University Heavy lon Medical Center) between
2010 and 2015. Each patient chose between CIRT and SBRT, based on the patient’s pref-
erence after being informed. The appropriateness of the treatment was confirmed by the
institutional cancer board, attended by pulmonologists, respiratory surgeons, radiation
oncologists, and diagnostic radiologists.

4.3. Carbon Ion Radiotherapy

Details of the CIRT technique have been reported previously [9]. Briefly, the patient
is immobilized in the supine or prone position with rotations of +15° to the superior—
inferior axis with a thermoplastic shell (Shellfitter; Sanyo Polymer Industrial, Nara, Japan)
and a pillow made of water-sclerogenic polymers (Moldcare; ALCARE, Tokyo, Japan).
A respiratory-gated computerized tomography (CT) image with 2 mm thick slices was
taken after exhaling. A four-dimensional CT scan was also performed to assess respiratory
motion and reconstruct four-dimensional images of each respiration phase. The gross
tumor volume (GTV) was delineated in the lung window. The clinical target volume
(CTV) was generated by adding a 5 mm margin into the pulmonary parenchyma to the
GTV. The inner margin was determined from the four-dimensional CT, with a 3 mm setup
margin. A margin calculated as the square root of the sum of squares of the inner and setup
margins was added to the CTV to create the planning target volume (PTV). The clinical
dose distribution was based on the physical dose multiplied by the relative biological
effectiveness (RBE) of 3.0, according to a previous report [5]. XiO-N treatment-planning
software (Elekta/Mitsubishi Electric) was used to calculate the passive scattering carbon-
ion dose distribution. The total prescribed dose was 52.8 Gy or 60.0 Gy (RBE) for the
isocenter in four fractions over a week, with a fractional dose of 13.2 Gy or 15.0 Gy (RBE)
at four treatment sessions per week. Respiratory-gated irradiation with a gating level of
<30% of the wave height around peak exhalation was applied at each treatment session.

4.4. Stereotactic Body Radiotherapy

SBRT was performed according to the protocol of the JCOG 0403 study [14]. CT images
with 2.5 mm thick slices were taken during normal quiet breathing, and four-dimensional
CT images were also taken. The inner margin was estimated as the sum of the primary
tumor in each phase. The CTV was defined as the inner margin plus a 5 mm margin in all
lung parenchyma directions. The PTV was defined as CTV plus a 3 mm margin for setup.
The isocenter was located at the PTV center, and the dose was prescribed to the isocenter.
The total dose was 48 Gy in four fractions a week, with a fractional dose of 12.0 Gy.
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4.5. Follow-Up and Evaluation

After the treatment, the patients were followed up with blood tests, including tu-
mor markers and CT scans or chest X-rays. In the case of patients who refused regular
follow-ups at our hospital, their clinical course was obtained via telephone, letters, and
patient referral documents. According to the Response Evaluation Criteria in Solid Tumors
guidelines version 1.1 [22], the tumor response to the treatment was evaluated. Adverse
events were evaluated based on the Common Terminology Criteria for Adverse Events
(CTCAE) version 5.0 [23]. OS, PFS, and LC were defined as the periods from the first day
of irradiation to death from any cause, disease progression at any site or death from any
cause, and tumor regrowth or recurrence in the PTV, respectively, or the last follow-up.
When considering LC, patients who died were censored at the date of death.

4.6. Statistical Analysis

We calculated OS, PFS, and LC rates from the first day of irradiation using the Kaplan-
Meier method. The log-rank test was used to evaluate the associations of these endpoints
with the treatment modalities. These endpoints were compared between subgroups using
the Cox proportional hazards regression model to estimate the HR and its 95% CI. Co-
variates were determined based on prognostic factors proposed in the literature and the
number of events.

Propensity score-adjusted analyses were performed to minimize overt selection bias.
Propensity scores were estimated by binomial logistic regression using available covariates,
including age, sex, ECOG PS, CCI, smoking status, Brinkman index, the presence of
COPD, the presence of IP, T stage, pathological diagnosis, and calendar year of treatment.
Propensity score matching was performed by one-to-one nearest-neighbor matching using
a caliper width of 0.25 times the pooled standard deviation of the propensity scores’ logit
without replacement. Cox regression analyses using propensity scores as covariates were
also performed to make our results more robust.

A p-value < 0.05 was considered statistically significant. All statistical analyses and
visualization were performed using R 3.6.2 [24].

5. Conclusions

In summary, a favorable efficacy profile of CIRT for early-stage NSCLC compared
with SBRT was shown via this single-institutional and contemporaneous comparison study.
For more reliable evidence, a randomized controlled trial is warranted in future.
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4/13/2/176/s1, Figure S1: Distributions of the propensity scores.

Author Contributions: Conceptualization, J.-i.5., T.A., and Y.M.; formal analysis, Y.M. and S.K.; data
curation, YM., S K., and T.A.; writing—original draft preparation, YM., S.K,, T.A., and N.K.; writing—
review and editing, YM., T.A., N.O., K.S. (Kei Shibuya), K.S. (Katsuyuki Shirai), HK., ].-i.S., and T.E,;
supervision, T.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The present study was designed and performed according
to the principles outlined in the Declaration of Helsinki and the Guidelines of Good Clinical Practices.
The institutional ethics review board of Gunma University approved our study (ID: HS2018-171).

Informed Consent Statement: The need for written informed consent was waived due to the study’s
retrospective observational nature, but all the participants or their relatives had the opportunity
to opt-out.


https://www.mdpi.com/2072-6694/13/2/176/s1
https://www.mdpi.com/2072-6694/13/2/176/s1

Cancers 2021, 13, 176 11 of 12

Data Availability Statement: The supporting data are not publicly available due to their containing
information that could compromise the privacy of research participants.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA. Cancer |. Clin. 2018, 68, 7-30. [CrossRef] [PubMed]

National Comprehensive Cancer Network (NCCN) Guidelines; Non-Small Cell Lung Cancer Version 8. 2020. Available online:
https:/ /www.ncen.org/professionals/physician_gls/pdf/nscl.pdf (accessed on 4 October 2020).

Ball, D.; Mai, G.T.; Vinod, S.; Babington, S.; Ruben, J.; Kron, T.; Chesson, B.; Herschtal, A.; Vanevski, M.; Rezo, A.; et al. Stereotactic
ablative radiotherapy versus standard radiotherapy in stage 1 non-small-cell lung cancer (TROG 09.02 CHISEL): A phase 3,
open-label, randomised controlled trial. Lancet Oncol. 2019, 20, 494-503. [CrossRef]

Chang, J.; Senan, S.; Paul, A.; Mehran, R.; Louie, A.; Balter, P.; Groen, H.; McRae, S.; Widder, J.; Feng, L.; et al. Stereotactic ablative
radiotherapy versus lobectomy for operable stage I non-small-cell lung cancer: A pooled analysis of two randomised trials. Lancet
Oncol. 2017, 16, 630-637. [CrossRef]

Kanai, T.; Endo, M.; Minohara, S.; Miyahara, N.; Koyama-Ito, H.; Tomura, H.; Matsufuji, N.; Futami, Y.; Fukumura, A.; Hiraoka,
T.; et al. Biophysical characteristics of HIMAC clinical irradiation system for heavy-ion radiation therapy. Int. |. Radiat. Oncol.
Biol. Phys. 1999, 44, 201-210. [CrossRef]

Koto, M.; Miyamoto, T.; Yamamoto, N.; Nishimura, H.; Yamada, S.; Tsujii, H. Local control and recurrence of stage I non-small
cell lung cancer after carbon ion radiotherapy. Radiother. Oncol. 2004, 71, 147-156. [CrossRef] [PubMed]

Miyamoto, T.; Baba, M.; Yamamoto, N.; Koto, M.; Sugawara, T.; Yashiro, T.; Kadono, K.; Ezawa, H.; Tsujii, H.; Mizoe, J.E.; et al.
Curative treatment of Stage I non-small-cell lung cancer with carbon ion beams using a hypofractionated regimen. Int. J. Radiat.
Oncol. Biol. Phys. 2007, 67, 750-758. [CrossRef]

Miyamoto, T.; Baba, M.; Sugane, T.; Nakajima, M.; Yashiro, T.; Kagei, K.; Hirasawa, N.; Sugawara, T.; Yamamoto, N.; Koto, M.;
et al. Carbon ion radiotherapy for stage I non-small cell lung cancer using a regimen of four fractions during 1 week. J. Thorac.
Oncol. 2007, 2, 916-926. [CrossRef]

Saitoh, J.I; Shirai, K.; Mizukami, T.; Abe, T.; Ebara, T.; Ohno, T.; Minato, K.; Saito, R.; Yamada, M.; Nakano, T. Hypofractionated
carbon-ion radiotherapy for stage I peripheral nonsmall cell lung cancer (GUNMAOQ701): Prospective phase II study. Cancer Med.
2019, 8, 6644-6650. [CrossRef]

Sugane, T.; Baba, M.; Imai, R.; Nakajima, M.; Yamamoto, N.; Miyamoto, T.; Ezawa, H.; Yoshikawa, K.; Kandatsu, S.; Kamada, T.;
et al. Carbon ion radiotherapy for elderly patients 80 years and older with stage I non-small cell lung cancer. Lung Cancer 2009,
64, 45-50. [CrossRef]

Karube, M.; Yamamoto, N.; Nakajima, M.; Yamashita, H.; Nakagawa, K.; Miyamoto, T.; Tsuji, H.; Fujisawa, T.; Kamada, T.
Single-Fraction Carbon-Ion Radiation Therapy for Patients 80 Years of Age and Older with Stage i Non-Small Cell Lung Cancer.
Int. ]. Radiat. Oncol. Biol. Phys. 2016, 95, 542-548. [CrossRef]

Nakajima, M.; Yamamoto, N.; Hayashi, K.; Karube, M.; Ebner, D.K.; Takahashi, W.; Anzai, M.; Tsushima, K,; Tada, Y.; Tatsumi, K,;
et al. Carbon-ion radiotherapy for non-small cell lung cancer with interstitial lung disease: A retrospective analysis. Radiat. Oncol.
2017, 12, 1-9. [CrossRef]

Ebara, T.; Shimada, H.; Kawamura, H.; Shirai, K.; Saito, J.I.; Kawashima, M.; Tashiro, M.; Ohno, T.; Kanai, T.; Nakano, T.
Dosimetric analysis between carbon ion radiotherapy and stereotactic body radiotherapy in stage I lung cancer. Anticancer Res.
2014, 34, 5099-5104. [PubMed]

Grutters, ].P.C.; Kessels, A.G.H.; Pijls-Johannesma, M.; De Ruysscher, D.; Joore, M.A.; Lambin, P. Comparison of the effectiveness
of radiotherapy with photons, protons and carbon-ions for non-small cell lung cancer: A meta-analysis. Radiother. Oncol. 2010, 95,
32-40. [CrossRef] [PubMed]

Nagata, Y.; Hiraoka, M.; Shibata, T.; Onishi, H.; Kokubo, M.; Karasawa, K.; Shioyama, Y.; Onimaru, R.; Kozuka, T.; Kunieda, E.;
et al. Prospective Trial of Stereotactic Body Radiation Therapy for Both Operable and Inoperable TINOMO Non-Small Cell Lung
Cancer: Japan Clinical Oncology Group Study JCOG0403. Int. |. Radiat. Oncol. Biol. Phys. 2015, 93, 989-996. [CrossRef] [PubMed]
IJsseldijk, M.A.; Shoni, M.; Siegert, C.; Wiering, B.; van Engelenburg, K.C.A.; Lebenthal, A.; ten Broek, R.P.G. Survival After
Stereotactic Body Radiation Therapy for Clinically Diagnosed or Biopsy-Proven Early-Stage NSCLC: A Systematic Review and
Meta-Analysis. J. Thorac. Oncol. 2019, 14, 583-595. [CrossRef] [PubMed]

Shirai, K.; Kawashima, M.; Saitoh, J.I.; Abe, T.; Fukata, K.; Shigeta, Y.; Irie, D.; Shiba, S.; Okano, N.; Ohno, T; et al. Clinical
outcomes using carbon-ion radiotherapy and dose-volume histogram comparison between carbon-ion radiotherapy and photon
therapy for T2b-4NOMO non-small cell lung cancer-A pilot study. PLoS ONE 2017, 12, 1-14. [CrossRef] [PubMed]

Onimaru, R.; Onishi, H.; Ogawa, G.; Hiraoka, M.; Ishikura, S.; Karasawa, K.; Matsuo, Y.; Kokubo, M.; Shioyama, Y.; Matsushita,
H.; et al. Final report of survival and late toxicities in the Phase i study of stereotactic body radiation therapy for peripheral
T2NOMO non-small cell lung cancer (JCOG0702). Jpn. J. Clin. Oncol. 2018, 48, 1076-1082. [CrossRef] [PubMed]

Matsuo, Y.; Shibuya, K.; Nagata, Y.; Takayama, K.; Norihisa, Y.; Mizowaki, T.; Narabayashi, M.; Sakanaka, K.; Hiraoka, M.
Prognostic factors in stereotactic body radiotherapy for non-small-cell lung cancer. Int. |. Radiat. Oncol. Biol. Phys. 2011, 79,
1104-1111. [CrossRef] [PubMed]


http://doi.org/10.3322/caac.21442
http://www.ncbi.nlm.nih.gov/pubmed/29313949
https://www.nccn.org/professionals/physician_gls/pdf/nscl.pdf
http://doi.org/10.1016/S1470-2045(18)30896-9
http://doi.org/10.1016/S1470-2045(15)70168-3
http://doi.org/10.1016/S0360-3016(98)00544-6
http://doi.org/10.1016/j.radonc.2004.02.007
http://www.ncbi.nlm.nih.gov/pubmed/15110447
http://doi.org/10.1016/j.ijrobp.2006.10.006
http://doi.org/10.1097/JTO.0b013e3181560a68
http://doi.org/10.1002/cam4.2561
http://doi.org/10.1016/j.lungcan.2008.07.007
http://doi.org/10.1016/j.ijrobp.2015.11.034
http://doi.org/10.1186/s13014-017-0881-1
http://www.ncbi.nlm.nih.gov/pubmed/25202098
http://doi.org/10.1016/j.radonc.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19733410
http://doi.org/10.1016/j.ijrobp.2015.07.2278
http://www.ncbi.nlm.nih.gov/pubmed/26581137
http://doi.org/10.1016/j.jtho.2018.12.035
http://www.ncbi.nlm.nih.gov/pubmed/30721798
http://doi.org/10.1371/journal.pone.0175589
http://www.ncbi.nlm.nih.gov/pubmed/28399182
http://doi.org/10.1093/jjco/hyy141
http://www.ncbi.nlm.nih.gov/pubmed/30277519
http://doi.org/10.1016/j.ijrobp.2009.12.022
http://www.ncbi.nlm.nih.gov/pubmed/20472343

Cancers 2021, 13,176 12 of 12

20.

21.

22.

23.

24.

Spratt, D.E.; Wu, A.].; Adeseye, V.; Din, S.U.; Shaikh, F.; Woo, KM.; Zhang, Z.; Foster, A.; Rosenzweig, K.E.; Gewanter, R ; et al.
Recurrence Patterns and Second Primary Lung Cancers after Stereotactic Body Radiation Therapy for Early-Stage Non-Small-Cell
Lung Cancer: Implications for Surveillance This work was presented at the 56th Annual Meeting of the American Society for
Radiation Oncology (ASTRO); September 14-17, 2014; San Francisco, CA. Clin. Lung Cancer 2016, 17, 177-183. [CrossRef]
Zhang, ].; Yang, F; Li, B.; Li, H.; Liu, J.; Huang, W.; Wang, D.; Yi, Y.; Wang, ]. Which is the optimal biologically effective dose of
stereotactic body radiotherapy for stage i non-small-cell lung cancer? A meta-analysis. Int. ]. Radiat. Oncol. Biol. Phys. 2011, 81,
305-316. [CrossRef]

Therasse, P.; Arbuck, S.G.; Eisenhauer, E.A.; Wanders, J.; Kaplan, R.S.; Rubinstein, L.; Verweij, J.; Van Glabbeke, M.; Van Oosterom,
A.T,; Christian, M.C; et al. New guidelines to evaluate the response to treatment in solid tumors. J. Natl. Cancer Instig. 2000, 92,
205-216. [CrossRef] [PubMed]

NCI Common Terminology Criteria for Adverse Events (CTCAE) v5.0 Data File. Available online: https://evs.ncinih.gov/ftpl
/CTCAE/About.html (accessed on 30 May 2020).

R Core Team R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria.
Available online: https:/ /www.r-project.org/ (accessed on 22 May 2020).


http://doi.org/10.1016/j.cllc.2015.09.006
http://doi.org/10.1016/j.ijrobp.2011.04.034
http://doi.org/10.1093/jnci/92.3.205
http://www.ncbi.nlm.nih.gov/pubmed/10655437
https://evs.nci.nih.gov/ftp1/CTCAE/About.html
https://evs.nci.nih.gov/ftp1/CTCAE/About.html
https://www.r-project.org/

	Introduction 
	Results 
	Patient Characteristics of the Entire Cohort 
	Clinical Outcomes of the Entire Cohort 
	Propensity Score-Adjusted Analyses 

	Discussion 
	Materials and Methods 
	Study Design 
	Patients 
	Carbon Ion Radiotherapy 
	Stereotactic Body Radiotherapy 
	Follow-Up and Evaluation 
	Statistical Analysis 

	Conclusions 
	References

