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Abstract

Background: The aim of the study was to evaluate the efficacy of ste-
reotactic body radiotherapy (SBRT) using the CyberKnife-M6 (CK-
M6) with lung optimized treatment (LOT) module in patients with 
primary lung cancer and lung metastases.

Methods: Forty-two lesions from 35 patients were treated between 
2019 and 2022. Four-dimensional computed tomography images 
were obtained when the patients were in a free breathing modality. 
Tracking modality was selected prospectively according to the vis-
ibility of the target. The median prescribed dose was 48 Gy in four 
fractions (fx) (28 - 55 Gy/1- 7 fx). The median age was 68 years (47 - 
82 years), and 43% of cases were adenocarcinoma. The median lesion 
size was 15 mm (6 - 36 mm).

Results: Complete, partial and stable responses were obtained as 
26%, 62%, and 9.5% at a median of 2 months (1 - 6 months), and 
35.5%, 47.5% and 5% at the 12th month evaluation, respectively. 
Grade 3 and higher toxicity was not observed in any case. The mean 
and 2-year overall survival (OS) was 31.5 months and 54%, and the 
local recurrence-free survival (LRFS) was 29.6 months and 51%, 
respectively. In univariate analysis, target lesion type, complete re-
sponse (CR), and higher esophagus maximum dose were favorable 
factors for OS and LRFS (P < 0.05). The CR at 12th month evaluation 
remained significant in multivariate analysis in terms of OS (hazard 
ratio = 8.602, 95% confidence interval: 1.05 - 70.01; P = 0.044).

Conclusions: A mean LRFS of 29.6 months and OS of 31.5 months 
were obtained in patients with primary and metastatic lung cancer. 
With a median treatment time of 25 min, motion-managed strategy 

with CK-M6-LOT-based SBRT is an effective, safe, and comfortable 
treatment method for lung cancer.
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Introduction

Stereotactic body radiotherapy (SBRT) is a non-surgical treat-
ment option for early-stage lung cancer and lung metastases 
[1, 2]. SBRT provides good local control (LC) with low toxic-
ity rates. Timmerman et al reports 55 patients with peripherally 
located, early-stage lung cancer received 60 - 66 Gy in three 
fractions (fx) with linear accelerator (LINAC)-based SBRT 
[1]. The 3-year LC, overall survival (OS), and progression-free 
survival (PFS) were reported as 98%, 56%, and 48%, respec-
tively with an acceptable grade 3 - 4 toxicity (16%). In a study 
of 327 pulmonary oligometastases, 17% of which were from 
lung cancer, CyberKnife (CK)-based SBRT was utilized as a 
treatment method, and the 2-year LC, OS, and PFS rates were 
85%, 63%, and 36%, respectively, with a grade 3 toxicity of 
only 2% [2].

Compared with LINAC-based SBRT, CK technology ena-
bles real-time tumor tracking, reduces setup errors due to tu-
mor motion, increases tumor coverage, and reduces normal tis-
sue damage [3, 4]. Invasive respiratory management requires 
insertion of a fiducial, but can lead to complications such as 
pneumothorax, marker migration, and arrhythmia [4]. The syn-
chrony respiratory tracking system and lung optimized treat-
ment (LOT) module of the CK device provides the selection of 
the fiducial-free tracking modality, tracking, or compensation 
of the target movement according to the visibility of the tumor 
[3, 5]. In addition to fixed collimators and IRIS variable aper-
ture collimators, the efficacy and reliability of InCise Multileaf 
generating variably shaped dose-intensity modulated beamlets 
have been shown, especially in inhomogeneous organs such as 
the lungs [6]. In a study of 115 patients with inoperable lung 
cancer treated with fiducial-free CK-LOT-based SBRT, 2-year 
LC and OS were 76% and 61%, respectively, and grade 3 tox-
icity was 1% [4]. Khadige et al reported a 2-year LC of 88% in 
95 patients with inoperable primary or metastatic lung cancer 
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treated with motion-directed CK-based SBRT [7].
The next-generation CyberKnife Model 6 (CK-M6) sys-

tem (Accuray, Sunnyvale, CA, USA) provides faster optimiza-
tion and better plan quality with the updated treatment plan-
ning system (Precision 2.0, Accuray, Sunnyvale, CA, USA) 
including a VOLO optimizer [8]. In addition, the number of 
node positions, beams, segments, and monitor units (MUs) has 
been reduced, and the treatment is completed faster.

In SBRT applications, the dose distribution within the tar-
get volume is expressed as various dose-volume parameters, 
such as percentage of coverage, maximum dose of target vol-
ume (Dmax), conformity index (CI), new CI (nCI) and homo-
geneity index (HI) [9, 10].

In this study, it was aimed to evaluate efficacy, dosimetric 
factors, side effects, LC, and OS in patients with primary lung 
cancer or lung metastases who underwent CK-M6-LOT-based 
SBRT.

Materials and Methods

In this analysis, the results of 42 lesions from 35 patients are 
presented. Written informed consent was obtained from all 
patients. The study was approved by the local ethics commit-
tee (number: 2018-7/6). Patients with primary lung cancer or 
metastases to the thorax (i.e., lung or lymph nodes) originat-
ing from lung cancer were included in the study. The inclu-
sion criteria were diagnosis of non-small cell lung cancer, ≥ 18 
years of age; Karnofsky performance status of ≥ 60, and size 
of lesion of ≤ 5 cm. Staging or restaging was performed with 
computed tomography (CT) imaging of the chest and abdomen 
and/or 18F-fluorodeoxyglucose positron emission tomography/
computed tomography (PET/CT) before SBRT. The diagnosis 
of lymph node (LN) metastasis was confirmed by endobron-
chial ultrasonographic biopsy in two patients. The decision to 
treat with SBRT was taken after discussion with the institu-
tional tumor board.

All patients wore a synchrony vest (Accuray, Inc) and 
were imaged in the supine position, hands by their sides, and 
in a free-breathing modality. Simulation images were acquired 
using an axial cine mode 16-slice four-dimensional CT scan-
ner (Lightspeed RT16, GE Healthcare Technologies, Wauke-
sha, WI) with a 1.25 mm slice thickness. Gross tumor volumes 
(GTVs) were generated using the full-inhaled and full-exhaled 
phases of the respiratory cycle on the CT images transferred to 
the treatment planning system. A tumor visualization test was 
performed prospectively on the CK-M6 for patients who had a 
peripheral lesion. Two-view tracking was selected if the target 
was tracked with two X-ray projections (A and B) placed at 
a 45° angle, one-view tracking was selected if tracked with 
only one camera (A or B), and zero-view tracking or Xsight 
spine tracking was used if the target was not tracked by two 
cameras. Internal target volume was obtained with a clinical 
target volume (CTV) margin of 2 mm in all directions. Plan-
ning target volume (PTV) were created with a margin of 3 mm 
for two-view, 3 mm in-plane and 5 mm out-plane for one-view, 
and 5 mm for zero-view tracking. Organs at risk (OAR) were 
contoured under the guidance of RTOG 0236 [9]. The treat-

ment dose and number of fractions were selected based on the 
size and location of tumor, and the patient characteristics. The 
American Association of Physicists in Medicine Task Group 
101 guidelines were considered for OAR dose restrictions. 
Treatment plans were created based on exhaled CT images us-
ing the Monte Carlo algorithm, and homogeneity was correct-
ed to cover 95% of the prescribed dose of PTV. Patients were 
treated daily or every other day using the InCise2 Multileaf on 
the CK-M6 device. A pair of orthogonal kilovoltage X-ray im-
ages were taken at time intervals ranging 20 s to 60 s according 
to tracking methods.

Quality assurance was evaluated using EBT3 Gafchromic 
film dosimetry. For absolute point dose measurements, 30 × 
30 cm2 water equivalent plate phantoms (PTW, Freiburg, Ger-
many), 0.015 cm3 precision volume calibrated PinPoint ioni-
zation chamber (model 31014; PTW, Freiburg, Germany) and 
PTW Unidos electrometer (PTW, Freiburg, Germany) were 
used. The calculated and measured dose was compared, and 
the percentage dose difference was recorded.

Patients were followed up with imaging and physical ex-
amination every 3 months for 2 years and then with decreasing 
intervals. Response was evaluated by chest CT and/or PET/
CT at 3 months after SBRT, based on RECIST 1.1 criteria. 
The maximum standard uptake value (SUVmax) for a lesion 
was recorded before and after SBRT in the evaluated patients. 
Toxicity was evaluated by Common Terminology Criteria for 
Adverse Events version 5.0.

Statistical analysis

SPSS version 21 software (IBM Corp., Armonk, NY, USA) 
was used for statistical analysis. The normality of the distribu-
tion of variables was assessed with the Shapiro-Wilk test. Con-
tinuous variables were reported as median (range) values. OS 
was defined as the time from the end of SBRT to the last con-
trol or death, and local relapse-free survival (LRFS) was de-
fined as the time from the end of SBRT to local recurrence or 
the last control or death. The log-rank and Kaplan-Meier tests 
were used for survival analysis. To identify risk factors, the 
variables were investigated using univariable Cox regression 
analyses. Then, the variables meeting the P < 0.25 threshold 
were included in the multivariable Cox regression analyses. 
The hazard ratio and 95% confidence interval were summa-
rized. Categorical variables were compared between groups 
by using Chi-square and Fisher-Freeman-Halton tests. Cor-
relation analysis was performed to examine the relationship 
among dosimetric parameters, and the Spearman correlation 
coefficient was reported. Type I error rate was set at 5% for 
statistical significance. P value < 0.05 was considered statisti-
cally significant.

Ethical compliance

The study was conducted in compliance with the ethical stand-
ards of the responsible institution on human subjects as well as 
with the Helsinki Declaration.
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Results

Patient characteristics

Between April 2019 and February 2022, 42 lesion of 35 pa-
tients were treated. The median age was 68 years (47 - 82 
years), 40% of whom were ≥ 70 years old. The most com-
mon histology observed was adenocarcinoma in 43% of pa-
tients (Table 1). Two cases were diagnosed radiologically. The 
median lesion size was 15 mm (6 - 36 mm) and the median 
SUVmax value was 5 (0 - 15.25) for 35 lesions before SBRT. 
All but two patients had a history of comorbidities. There was 
a history of surgery, radiotherapy (curative, palliative, or post-
operative), or systemic treatment in 13, 8, and 10 patients, 
respectively before SBRT. In addition, a total of 11 cases re-
ceived systemic therapy together with surgery or radiotherapy. 
Due to coronavirus disease 2019 (COVID-19) pandemic, pul-
monary function tests were only evaluated in 22 cases. The 
median diffusion capacity of the lung for carbon monoxide 
was 54% (42-88%).

Clinical and dosimetric outcomes

SBRT was applied to the primary tumor in 22 cases, to one LN 
metastasis each in five cases, to one metastasis each in five 
cases, to a total of seven metastases in two cases, and to the 
primary tumor and two LN metastases in one case. In addition 
to seven centrally located LN lesions, one primary lung lesion 
was also centrally located and received 52.5 Gy/7 fx, and local 
recurrence was not seen at follow-up (Fig. 1). Two-view, one-
view, and zero-view tracking were applied to 12% (n = 5), 31% 
(n = 13), and 57% (n = 24) for all lesions, and 15% (n = 5), 
38% (n = 13), and 47% (n = 16) for peripheral lesions, respec-
tively (Table 2). The median prescription dose for all lesions 
was 48 Gy/4 fx (28 - 55 Gy/1 - 7 fx). The median biological 
effective dose (BED10) was 105.6 Gy (48 - 151.2). The median 
beam on time (BOT) was 25 min (12 - 42 min). The median 
duration of treatment was 7 days (1 - 14 days). OAR tolerance 
doses were not exceeded in any of the cases. The percentage 
difference of measured and calculated dose was < ± 5% for all 
treatment plans.

Patients were evaluated on February 1, 2023, with the me-
dian 20 months (2 - 46 months) follow-up time. Complete re-
sponse (CR), partial response (PR), and stable responses were 
found in 26%, 62%, and 9.5%, respectively in 41 lesions at a 
median of 2 months (1- 6 months) (Table 1, Fig. 2). The me-
dian SUVmax value was 1.9 (0 - 4.8) for 37 lesions at the first 
evaluation after SBRT. At the 12th month evaluation, CR, PR, 
stable response, and local progression were found in 35.5%, 
47.5%, 5%, and 12% of cases respectively for 42 lesions. CR 
was seen at median 6 months (3 - 12 months) in seven pa-
tients with PR or stable response at first evaluation. During 
the follow-up period, local recurrence developed in 10 lesions 
(24%) at median of 11 months (3 - 29 months). Local recur-
rence developed in 17% (4/23 cases), 33% (4/12 cases), and 
28% (2/7 cases) in patients with primary lung, metastatic lung, 

and LN lesions, respectively. Fifteen patients died at a median 
of 15 months (2 - 22 months) due to existing cardiac morbidity 
(one case), COVID-19 pneumonia (two cases), lung infection 
(three cases), progression (four cases), and unknown reason 
(five cases). The mean, 1-, and 2-year OS were 31.5 months, 
85.7%, and 54%, and the mean, 1-, and 2-year LRFS were 29.6 
months, 76.7%, and 51%, respectively (Fig. 3).

Acute grade 1 - 2 erythema was observed in three patients 
(8.5% of cases) during treatment. Acute and late grade 1 - 2 
pulmonary side effects were seen in 8.5% and 20% of cases, 
respectively. Grade 3 - 4 side effects were not observed in the 
follow-up period.

Endpoints and statistics

In the univariate analysis, smoking pack-year ≥ 40 (P = 0.026), 
target lesion type (i.e., primary lung or LN metastasis, P < 
0.001), CR at first evaluation (P = 0.044), CR at 12th month 
evaluation (P = 0.002), esophagus maximum dose ≥ 11.69 Gy 
(P = 0.044), and SUVmax before SBRT ≥ 5 (P = 0.018) were 
favorable factors in terms of OS (Table 3). Target lesion type 
(P < 0.001), CR at first evaluation (P = 0.043), CR at 12th 
month evaluation (P = 0.034), esophagus maximum dose ≥ 
11.69 Gy (P = 0.020), and SUVmax before SBRT ≥ 5 (P = 
0.027) were found to be significant in terms of LRFS. In the 
multivariate analysis, only CR at 12th month evaluation (haz-
ard ratio = 8.602, 95% confidence interval: 1.05 - 70.01, P = 
0.044) were favorable for OS. The correlation of dosimetric 
parameters were evaluated against each other. While there was 
a negative correlation between CI with nCI and beam number 
(P = 0.022 and P = 0.032), other dosimetric factors were posi-
tively correlated with each other (P < 0.05) (Table 4).

Discussion

This study was conducted to evaluate the efficacy of CK-M6-
LOT-based SBRT in patients with primary and metastatic lung 
cancer.

In the RTOG 0236 study that applied LINAC-based 
SBRT, the 3-year LC was 98%, and SBRT was accepted as 
the standard treatment in patients with early-stage inoperable 
lung cancer [1]. It has also been reported that SBRT is an al-
ternative to surgery in patients with lung metastases. Metas-
tasis of lung cancer to the lung has been reported at a rate of 
20-40% in patients [4, 7, 11]. Compared with primary lung 
tumors, responses are reported to be worse in lung metastases 
treated with SBRT. Janvary et al reported that 130 primary and 
secondary lung tumors were treated with CK-based SBRT us-
ing fiducial or direct tumor tracking [11]. Two-year LC was 
80% for primary tumors and 53% for lung metastasis, and it 
was reported that LC increased (80% vs. 54%) if BED10 was 
112.5 Gy or above. Acute and late ≥ grade 3 toxicity was 2% 
and 5%, respectively in their study. Khadige et al applied CK-
based SBRT to 95 patients with stage I or metastatic lung can-
cer using fiducial, Xsight spine tracking, or Xsight lung track-
ing methods [7]. In their study, which used a margin of 2 mm 
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Table 1.  Clinical Characteristics

Features Median (range) (%)
Median age (years) 68 (47 - 82)
Male-to-female ratio 29 to 6
Karnofsky performance status 90 (70 - 100)
Histology (n = 35)
  Adenocarcinoma 15 (43%)
  Squamous cell carcinoma 10 (28.5%)
  Adenosquamous cell carcinoma 1 (3%)
  Large cell neuroendocrine carcinoma (LCNEC) 2 (5.5%)
  LCNEC + small cell lung carcinoma (SCLC) 2 (5.5%)
  SCLC 1 (3%)
  Non-small cell lung carcinoma 2 (5.5%)
  Histological diagnosis absent 2 (5.5%)
Stage before SBRT (AJCC 2018) (n = 35)
  I 20 (57%)
  II 0 (0%)
  III 5 (14%)
  IV 10 (29%)
Tumor size (mm) (n = 42) 15 (6 - 36) (mean 22.5 ± 1.88)
  Primary lung lesion (n = 23) 17 (10 - 36) (mean 26 ± 2.44)
  Metastatic lung lesion (n = 12) 12 (6 - 30) (mean 15 ± 1.90)
  Lymph node metastasis (n = 7) 13 (10 - 20) (mean 18 ± 1.36)
Lung lesion (n = 35)
  Right 20 (57%)
  Left 15 (43%)
Lymph nodes (n = 7)
  4R 3 (43%)
  4L 1 (14%)
  5 1 (14%)
  6 1 (14%)
  7 1 (14%)
Prescription dose (Gy/fx) (n = 42) 48 Gy/4 fx (28 - 55 Gy/1- 7 fx)
  Primary lung lesion (n = 23) 50 Gy/5 fx (40 - 55 Gy/4 - 7 fx)
  Metastatic lung lesion (n = 12) 48 Gy/4 fx (28 - 55 Gy/1 - 7 fx)
  Lymph node metastases (n = 7) 36 Gy/6 fx (30 - 42 Gy/5 - 6 fx)
BED10 (Gy) (n = 42) 105.6 (48 - 151.2) (mean 118 ± 5.63)
  Primary lung lesion (n = 23) 105.6 (80 - 151.2) (mean 131 ± 10.19)
  Metastatic lung lesion (n = 12) 105.6 (48 - 151.2) (mean 97 ± 10.19)
  Lymph node metastases (n = 7) 57.6 (48 - 72) (mean 71 ± 0.21)
Response at a median 2 month (1 - 6) (n = 42)
  Complete 11 (26%)
  Partial 26 (62%)
  Stable 4 (9.5%)
  Unevaluated 1 (2.5%)
Response at 12th month (n = 42)
  Complete 15 (35.5%)
  Partial 20 (47.5%)
  Stable 2 (5%)
  Progression 5 (12%)

SBRT: stereotactic body radiotherapy; BED: biologically effective dose.
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for CTV and 3 - 5 mm for PTV, 2-year LC was reported to be 
increased in patients with tumor diameter ≤ 35 mm (92% vs. 
54%). In another study, Hayashi et al showed that small size (< 
25 mm) was significant in terms of LC and survival in patients 
undergoing CK-based SBRT [12]. On the other hand, Bahig et 
al reported that the imaging accuracy was ≥ 80% in patients 
with tumor size > 36 mm, and the risk of failure decreased 
by 63% for each 1-cm increase in tumor size [3]. They also 
emphasized that Xsight lung tracking requires tumors with a 
minimum diameter of 15 mm and adequate tumor density in 
order to visualize it. Survival and LC benefits have also been 
seen in patients with oligometastatic LN metastases who re-
ceived SBRT [13]. In a review of 196 cases, 65% of tumors of 
which were from lung cancer, the 5-year LC was reported as 
77% with 21 - 60 Gy in a 3 - 11 fx regimen [14].

The LOT module of CK-M6 provides comfortable treat-
ment with noninvasive motion management strategy. In the 
study by Francia et al, two-view, one-view, and zero-view 
tracking were applied to primary and metastatic lung cancer 
patients at a rate of 18%, 27%, and 55%, respectively, and 
fiducial-free CK-LOT-based SBRT was reported to be effec-
tive with high compliance [4]. In a study of 106 patients with 
early-stage lung cancer who underwent an older version (ver-
sion 9.5) of CK-based SBRT with Xsight lung tracking, 2-year 
LC and OS were 88% and 77%, and despite the use of a 3 - 8 
mm margin, grade 2 radiation pneumonia (RP) was observed 
in only 3% of cases at a median of 12 months (5 - 22 months) 
[15].

The definition of CTV in SBRT applications is controver-
sial. Yang et al reported that although 2-mm CTV margin is 
used in patients who underwent CK-based SBRT using two-
view tracking, the PTV margin required at least 4 mm for 

100% coverage [16]. In our study, although a 2-mm CTV mar-
gin was used, ≥ grade 3 pulmonary toxicity was not observed 
in any of cases, and 1-year LC was achieved in 76.7% of cases.

It has been reported that the minimum BED10 equiva-
lent should be 100 Gy in terms of radiobiological efficiency 
in SBRT applications [1, 2]. In contrast, the medium to high 
BED10 (83.2 - 146 Gy) was reported to be more beneficial in 
terms of survival, in the meta-analysis by Zhang et al [17]. The 
best regimen is reported as 48 Gy/4 fx in terms of tumor con-
trol and normal tissue complication probability [18]. Hayashi 
et al reported that the GTV dose could be increased while the 
PTV margin dose could be stabilized with CK-based SBRT, 
and although the median BED10 for PTV was 86 Gy, 2-year 
LC was 89% [12]. In our study, all LN metastases had a BED10 
value ≤ 100 Gy, and it was thought that good survival and LC 
were associated with the presence of oligometastatic disease, 
small volume, and high fraction numbers.

The dose distribution within the target volume was ex-
pressed by various dose-volume parameters, such as percent-
age of coverage, Dmax, CI, nCI and HI [9, 10]. Widder et al re-
ported that if the percentage of prescription isodose decreased 
(50-80%), a faster dose reduction beyond the target dose and 
better lung protection would be achieved [19]. It has also been 
reported that numbers of MUs are a surrogate for treatment 
time and CI [20]. If a large MUs value per beam (indirectly 
fewer beam) is used in dose calculation, it is beneficial as it 
increases the coverage and nCI in patients with small respira-
tory motion, and by reducing the inter-fraction dose variation 
in patients with large respiratory motion. In the 21-patient re-
port of our study, the negative correlation between median pre-
scription isodose and HI was considered an indicator of better 
OAR protection [21]. In the updated results that included 35 

Figure 1. Organ at risk and isodose distribution in a case with centrally located primary lung lesion
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patients, there was a negative correlation between CI with nCI 
and the number of beams, and it was seen that CI was closest 
to the ideal value (< 1.1) as the number of beams increased. 
Positive correlation between other dosimetric parameters was 
associated with appropriate dose selection and better planning 
quality.

The duration of treatment is important in SBRT appli-
cations; and if the fraction time increases, the efficiency de-
creases by 10 - 40% [22]. New optimization techniques such 
as VOLO shorten treatment time with better dose distribution 
and node reduction, and a reduction of MUs, number of beams, 
and Dmax of OAR [23]. A recent study of 142 early-stage lung 

cancer treated with CK-G3 model-based SBRT highlighted 
that LC and OS increased in patients with BOT ≤ 45 min [24]. 
In our study, with the new version of CK (CK-M6), the median 
BOT was 25 min (12 - 42 min), which was excellent in terms 
of efficacy and patient comfort.

Grade ≥ 3 lung toxicity has been reported as 1.1-8.1% in 
CK-based SBRT studies, and tumor size, target volume, loca-
tion and lung volume doses have been reported as prognostic 
factors [15, 25]. Temming et al reported that CK-based SBRT 
was used as risk-adapted fractionation according to tumor lo-
cation, and the 2-year of LC and OS were 88% and 77%, re-
spectively [15]. In their study, grade 1 and 2 RP was 27% and 

Table 2.  Dosimetric Features

Features (n = 42) Median (range, %)
Tracking method
  Two-view 5 (12%)
  One-view 13 (31%)
  Zero-view 24 (57%)
Node number 37 (4 - 60)
Beam number 38 (22 - 128)
Segment number 47 (25 - 82)
Beam on time (min) 25 (12 - 42)
Duration of treatment (day) 7 (1 - 14)
Dose (Gy) 48 (30 - 55)
Fraction number 4 (1 - 7)
ITV volume (cc) 9.64 (1.89 - 52.34)
PTV volume (cc) 21.27 (5.57 - 82.70)
PTV isodose (%) 82.75% (74.50-99.00%)
PTV 95% (cGy) 4,801 (2,800 - 5,842)
PTV coverage (%) 95% (94-100%)
Conformity index 1.13 (1.01 - 1.77)
New conformity index 1.19 (1.07 - 1.47)
Homogeneity index 1.21 (1.10 - 1.32)
Monitor units 16,924.5 (6,223.7 - 35,236.4)
Total lung volume (cc) 2,777.85 (1,402.00 - 6,345.44)
Lung 1500cc (Gy) 1.31 (0.00 - 4.72)
Lung 1000 cc (Gy) 2.22 (0.19 - 7.24)
Mean lung dose (Gy) 2.74 (0.70 - 7.20)
Lung V5 (%) 16.55% (0.00-49.40%)
Lung V20 (%) 2.55% (0.00-7.50%)
Ipsilateral mean lung dose (Gy) 5.74 (0.98 - 13.50)
Heart max dose (Gy) 4.88 (0.09 - 41.50)
Esophagus max dose (Gy) 11.69 (0.00 - 41.06)
  For central lesions (n = 8) 21.67 (9.99 - 41.06)
  For peripheral lesions (n = 34) 7.91 (0.00 - 3,103)
Spinal cord max dose (Gy) 7.37 (0.97 - 20.46)

ITV: internal target volume; PTV: planning target volume.
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3%. Conversely, in the HILUS study, which included centrally 
located tumors, a 7 Gy × 8 fx regimen was used, and high 
tumor control was achieved (2-year LC 83%), but grade 3 - 
5 toxicity increased (34%), and treatment-related death was 
found at a rate of 15% [26]. In the meta-analysis of Vogelius et 
al, advanced age, mid-lower lobe location, existing pulmonary 
comorbidity, and sequential chemotherapy were reported as 
unfavorable factors in terms of RP, while smoking was found 
to be protective [27]. This could be explained by a lower in-
flammatory radiation response in smokers.

In terms of LC and survival, smaller tumor size, good per-
formance status, non-squamous cell carcinoma histology, le-
sion SUVmax ≤ 5, the presence of oligometastases, response, 
and BED10 values have been reported as favorable factors in 
many studies [4, 11, 12, 26]. In a Spanish study, for early-stage 

lung cancer, CR was 54% with CT or PET/CT at 3 months 
following SBRT, and only CR was associated with local and 
distant control [28]. Increased glucose metabolism on PET/
CT was also reported to be significant for CR (59% vs. 31%). 
In our study, CR was 26% and 35.5% at first evaluation and 
12-month evaluation, and no late grade 3 - 4 toxicity was 
observed. We could not assess inflammatory markers, but in 
smokers ≥ 40 pack-year, BED10 was higher (68% vs. 35.7%, P 
= 0.051) with trends for significance in terms of OS. Better OS 
and LC seen in patients with SUVmax ≥ 5 before SBRT were 
associated with higher CR (44.4% vs. 6.3%, P = 0.006) and the 
presence of nodal metastasis (38.9% vs. 0%, P = 0.009). Better 
OS and LC seen in patients with maximum esophageal dose 
> 11.69 Gy were thought to be indirectly related to the other 
prognostic factors. Additionally, in univariate analysis, having 

Figure 2. A case with lymph node (4L) metastasis treated with 39 Gy/6 fx. (a) PET/CT image before treatment. (b) Complete 
response with PET/CT at 4 months after treatment. PET/CT: positron emission tomography/computed tomography.
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Figure 3. Overall and local recurrence-free survival for all patients.

Table 3.  Univariate and Multivariate Analysis of Factors Influencing Overall Survival

Significance in univariate analysis OS (mean, months, 95% CI) P value LRFS (mean, months, 95% CI) P value
Patients (n = 35) 31.55 (26.01 - 3708) 29.67 (23.52 – 35.82)

85.7% (1-year) 76.7% (1-year)
54.1% (2-year) 51.4% (2-year)

Smoking pack-year (case) 0.026* 0.057
  ≥ 40 (n = 20) 35.52 (29.00 - 42.03) 34.62 (27.57 - 41.66)
  < 40 (n = 12) 23.10 (15.09 - 31.10) 21.83 (12.83 - 30.83)
Target lesion < 0.001* < 0.001*
  Primary lung (n = 23) 31.95 (25.89 - 38.01) 30.90 (24.37 - 37.44)
  Metastatic lung (n = 12) 14.00 (9.77 - 18.22) 9.02 (5.64 - 12.40)
  Lymph node (n = 7) 42.57 (36.35 - 48.79) 40.42 (30.31 - 50.53)
Response (2nd month) 0.044* 0.043*
  Complete (n = 11) 40.18 (32.92 - 47.44) 39.02 (30.29 - 47.74)
  Partial (n = 26) 27.02 (20.96 - 33.08) 25.46 (18.92 - 32.00)
  Stable (n = 4) 19.50 (5.39 - 35.57) 14.00 (0.00 - 31.07)
Response (12th month) 0.002* 0.034*
  Complete (n = 15) 43.73 (39.41 - 30.43) 36.88 (29.28 - 44.49)
  Partial (n = 20) 21.54 (15.21 - 27.87) 23.12 (15.59 - 30.65)
  Stable (n = 2) 14.50 (0.00 - 29.20) 16.00 (3.52 - 28.47)
  Progression (n = 5) 22 (13.41 - 30.58) 8.20 (3.19 - 13.20)
Esophagus max (Gy) 0.044* 0.020*
  < 11.69 (n = 19) 23.63 (16.82 - 30.43) 17.64 (11.33 - 23.95)
  ≥ 11.69 (n = 23) 34.45 (28.06 - 40.85) 33.67 (26.86 - 40.48)
SUVmax before SBRT 0.018* 0.027*
  < 5 (n = 17) 25.00 (17.32 - 32.67) 21.66 (12.76 - 30.56)
  ≥ 5 (n = 18) 37.60 (31.43 - 43.77) 36.01 (28.75 - 43.26)
Significance in Cox regression analysis Hazard ratio (95% CI)
Response (12th month) 8.602 (1.05 - 70.01) 0.044*

*P < 0.05. SUVmax: maximum standard uptake value; CI: confidence interval; SBRT: stereotactic body radiotherapy; OS: overall survival; LRFS: 
local recurrence-free survival.
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a primary lung lesion, LN metastasis, and CR were found to 
be favorable factors in terms of survival. The CR remained 
significant in multivariate analysis in terms of OS.

The weaknesses of the study are that a heterogeneous pop-

ulation includes primary and metastatic cases with variable to-
tal dose and fraction regimens. The small size of the study was 
due to the COVID-19 pandemic. An advantage of the study 
is that the most appropriate tracking modality can be selected 

Table 4.  Correlation Coefficients Among Dosimetric Variables (Spearman’s Rank-Order Correlation)

Parameters Node number Beam number Segment 
number Monitor units Beam on time ITV med (cc) PTV (cc)

Beam number P < 0.001 P < 0.001 P < 0.001 P < 0.001
r = 0.940 r = 0.896 r = 0.547 r = 0.495

Segment number P < 0.001 P < 0.001 P < 0.001 P = 0.026
r = 0.860 r = 0.896 r = 0.663 r = 0.356

Monitor units P < 0.001 P < 0.001 P < 0.001 P = 0.002
r = 0.582 r = 0.547 r = 0.663 r = 0.456

Beam on time P < 0.001 P < 0.001 P = 0.026
r = 0.506 r = 0.495 r = 0.356

CI median P = 0.022
r = -0.353

nCI median P = 0.032
r = -0.332

Heart 15 cc P < 0.001 P < 0.001 P < 0.001 P = 0.008
r = 0.490 r = 0.516 r = 0.679 r = 0.401

Heart max P = 0.025 P = 0.023 P < 0.001 P = 0.046
r = 0.368 r = 0.373 r = 0.577 r = 0.330

Lung 1500 cc P = 0.009 P = 0.006 P < 0.001 P = 0.002 P < 0.001 P < 0.001 P < 0.001
r = 0.398 r = 0.415 r = 0.559 r = 0.456 r = 0.525 r = 0.497 r = 0.585

Lung 1000 cc P = 0.006 P = 0.002 P < 0.001 P = 0.002 P < 0.001 P < 0.001 P < 0.001
r = 0.417 r = 0.459 r = 0.626 r = 0.456 r = 0.512 r = 0.510 r = 0.596

MLD P = 0.001 P < 0.001 P < 0.001 P = 0.004 P < 0.001 P = 0.002 P < 0.001
r = 0.482 r = 0.533 r = 0.624 r = 0.438 r = 0.576 r = 0.471 r = 0.565

Lung V5 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P = 0.006 P = 0.001
r = 0.549 r = 0.578 r = 0.781 r = 0.503 r = 0.415 r = 0.486

Lung V10 P = 0.001 P < 0.001 P < 0.001 P < 0.001 P = 0.004 P = 0.006 P < 0.001
r = 0.475 r = 0.523 r = 0.754 r = 0.501 r = 0.431 r = 0.419 r = 0.494

Lung V20 P = 0.014 P = 0.007 P < 0.001 P < 0.001 P < 0. 001 P < 0.001 P < 0.001
r = 0.376 r = 0.411 r = 0.701 r = 0.546 r = 0.538 r = 0.563 r = 0.588

Lung V30 P = 0.013 P = 0.009 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001
r = 0.381 r = 0.397 r = 0.651 r = 0.515 r = 0.586 r = 0.559 r = 0.578

Ipsilateral lung MLD P < 0.001 P < 0.001 P < 0.001 P = 0.004 P = 0.008 P < 0.001 P < 0.001
r = 0.529 r = 0.578 r = 0.776 r = 0.431 r = 0.405 r = 0.502 r = 0.593

Ipsilateral lung V10 P = 0.007 P = 0.002 P < 0.001 P = 0.046 P = 0.018 P = 0.022 P = 0.003
r = 0.409 r = 0.462 r = 0.617 r = 0.309 r = 0.363 r = 0.354 r = 0.443

Ipsilateral lung V20 P = 0.007 P = 0.004 P < 0.001 P = 0.041 P = 0.002 P = 0.006 P < 0.001
r = 0.408 r = 0.430 r = 0.583 r = 0.316 r = 0.457 r = 0.415 r = 0.501

Ipsilateral lung V30 P = 0.019 P = 0.016 P < 0.001 P = 0.048 P < 0.001 P = 0.004 P < 0.001
r = 0.360 r = 0.369 r = 0.517 r = 0.307 r = 0.538 r = 0.430 r = 0.524

r: Spearman’s correlation coefficient; ITV: internal target volume; PTV: planning target volume; CI: conformity index; nCI: new conformity index; MLD: 
mean lung dose; Vx: lung volume receiving x Gy.
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before treatment and applied prospectively.
In conclusion, the LOT module of the CK-M6 allows for 

fiducial-free motion management strategies. In our study, ex-
cellent LC with a mean survival of 31.5 months was observed 
for primary and metastatic lung cancer. With a median treat-
ment time of 25 min, noninvasive CK-M6-LOT-based SBRT 
was found to be an effective, safe, and comfortable treatment 
method. The importance of dosimetric findings and treatment 
time in terms of LC and survival in patients with lung cancer 
treated with CK-M6-based SBRT should be evaluated with 
further studies.
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