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Objectives: This prospective, observational, non-
randomized multicentric study was conducted to
compare efficiency and toxicity using different modal-
ities of stereotactic body radiation therapy (SBRT)
in early-stage peripheral non-small cell lung cancer
(NSCLC).

Methods: From 9 April to 11 December, 106 patients were
treated according to the local equipment availability for
peripheral NSCLC with SBRT: 68 by linear accelerator
equipped for SBRT and 38 by Cyberknife". Multivariate
analysis and propensity score analysis using Inverse
Probability Treatment Weighting (IPTW) were under-
taken in an effort to adjust for potential bias due to
non-randomization.

Results: 2-year local control rates were 97.0% (95% ClI:
[90.6%; 99.4%]) with SBRT by Linac vs 100% (95% CI:
([100%; 100%]) with Cyberknife” (o = 0.2839). 2-year PFS
and 2-year OS rates were 52.7% (95% Cl [39.9%;64.0%])

INTRODUCTION

Stereotactic body radiation therapy (SBRT) is recognized
as a standard-of-care treatment for inoperable patients
with early peripheral stage non-small cell lung cancer
(NSCLC). SBRT provides excellent local control up to 90%
at 3 years with small rates of acute and late toxicity.' ™ SBRT
can be delivered using either a conventional non-robotic

versus 54.1% (95% Cl [36.8; 68.6%]) (p = 0.8582) and
65.1% (95% Cl: [51.9%; 75.5%] versus 83.9% (95% ClI:
[67.5%; 92.4%] (p = 0.0831) using Linac and Cyberknife”
respectively. Multivariate regression analysis indicates
no significant effect of SBRT treatment type on PFS or
OS. Local relapse could not be modeled due to the small
number of events (n = 2). Acute and late toxicity rates
were not significantly different. After IPTW adjustment,
results were unchanged.

Conclusions: No difference in efficiency or toxicity was
shown after SBRT of peripheral NSCLC treatment using
Linac or Cyberknife".

Advances in knowledge: This is the first large prospec-
tive non-randomized study focusing on peripheral local-
ized NSCLC comparing SBRT using an appropriately
equipped linac with Cyberknife’. No significant differ-
ence in efficiency or toxicity was shown in this situation.

linear-accelerator (Linac) equipped for SBRT or dedicated
equipment such as the Cyberknife” (Accuray, Sunnyvale,
CA). No randomized study has been published to compare
these two approaches. Randomization between these
technologies is not in practice feasible as the availability
of equipment differs by institution and most institutions
do not have both type of equipment. However, the study
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question remains interesting and relevant as many radiation
departments are embarking on an SBRT program and have to
choose between a conventional linear-accelerator equipped for
SBRT or dedicated equipment. Data on prospective evaluations
comparing both approaches in term of medical results are thus
awaited. This study was conducted to evaluate and prospectively
compare both efficiency and toxicity using two different modal-
ities of SBRT in early-stage peripheral NSCLC in a large French
multi-centric national study.

METHODS AND MATERIAL

Study population

Patients >18 years, with a good WHO performance status
(<2), diagnosed with a non-metastatic peripheral NSCLC (T1
or T2), larger dimension <5 cm, without any node involve-
ment on CT-scan and PET scan (NO) were eligible. Periph-
eral tumors were defined as further than 15 mm from large
vessels, spinal cord and main bronchus. NSCLC was proven as
often as possible. Non-proven lesions were eligible providing
the following strict criteria were met: size progression on two
successive scans, positive PET scan, negative bronchoscopy in
term of bacteriology, and contra-indication for trans-thoracic
biopsy assessed by a radiologist. A written multidisciplinary
staff report was required to approve the exclusive SBRT
treatment option. Surgery was not possible due to comor-
bidities or patient refusal. Patients with previously operated
tumors, previous thoracic irradiation, previous or concur-
rent primary malignancies (except basocellular skin cancer or
cervical cancer in situ or complete remission for more than 5
years), pregnant females and life expectancy <6 months were
excluded. No chemotherapy was allowed during SBRT. All
patients provided written informed consent.

Study design

A prospective, observational and multicentric national study (
ClinicalTrials.gov; NCT00870116) was designed to provide a
non-randomized clinical and economic evaluation of various
SBRT modalities. Eligible patients were treated according to
local equipment availability. The study design is presented on
Figure 1. The study was opened in 16 departments but only 11
of them included at least one patient in the cohort. This study
was funded by the French National Cancer Institute (INCa).

Study endpoints

The primary clinical endpoint was the local control rate 2 years
after SBRT on thoracic scan, defined as complete response,
partial response or stable disease using RECIST criteria. Local
progression was defined as both regrowth in PTV on thoracic
scan and PET accumulation.

Secondary clinical endpoints were acute and late toxicities
using National Cancer Institute (NCI) Common Toxicity
Criteria (CTC) V3 classification, 2 year-progression-free
survival (PFS) and overall survival (OS) after the time of regis-
tration. The study was conducted in accordance with the ethical
principles for medical research involving human subjects
developed in the Declaration of Helsinki by the World Medical
Association. The study received approval in France from the

Claude et a/
Figure 1. Study design. M: months ; W : week.
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National Ethics Committee (N° 00-1142) and the National
Committee for Protection of Personal Data (N°09-016).

Statistics

Crude analysis

A preliminary analysis of the original dataset was performed
as followed: OS and PFS functions were calculated using the
Kaplan-Meier method® and compared between the two arms
using a log-rank test.® Because there were possible competi-
tive events to local relapse, the competing risk approach was
used to estimate local relapse-free survival.” The cumulative
incidence function developed by Kalbfleisch and Prentice® and
non-parametric Gray’s test’ were used to estimate and compare
cumulative incidence function between the two arms. Event-
free survival probabilities were reported as (1 - [cumulative
incidence probability]).

Adjustment for potential bias due to non-
randomization

Both standard multivariate analyses and the Inverse Prob-
ability of Treatment Weighting (IPTW) method using the
propensity score were also implemented in order to control the
potential selection bias associated with non-randomization.
Including those two complementary methods allows to
improve the robustness of the results.'®' The propensity
score is the probability of treatment by Cyberknife” condi-
tional on observed baseline characteristics. We determined
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Figure 2. Dotplot of standardized differences for the covariates included in the propensity score before and after matching.
Before matching, histology, sex, tumor stage, total radiation dose and antecedent of thoracic surgery appeared unbalanced

between treatment groups (standardized difference >20%).
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the probability of receiving treatment with a Cyberknife” by
fitting a logit model to age, gender, histology, tumor stage,
history of thoracic surgery, use of corticotherapy, total radia-
tion dose and comorbidities. The IPTW method balanced the
covariates of the two groups by weighting all the patients by
the inverse of the propensity score. The stabilized weighted
of the Inverse Probability Weighting proposed by Robins'?
was used in order to reduce the volatility of the weights and
to preserve the sample size in pseudodatasets.'® The balance
of covariate distribution checking after propensity score was
achieved by comparing standardized differences of the treat-
ment groups before and after IPTW. Standardized differences
were reported in Figure 2. A standardized difference (d) >20%
for a given covariate indicated a strong imbalance. The adjusted
Kaplan-Meier Estimator (AKME), proposed by Xie and Liu
was applied in order to compare survival distributions.'* The
significant difference in survival curves for the two groups was
tested to take into account the non-independence of the data
after using IPTW using the Cox test.'® The adjustment of the
treatment effect in standard multivariate regressions analyses
was performed on the same set of co-variables included in the
propensity score analysis.

Radiation modalities

The inclusion period was supposed to be 2 years initially and
was extended by one more year, due to a slower recruitment
rate than expected. 80 patients treated with SBRT with a linac
and 20 patients treated with a Cyberknife” were expected. In
addition, 20 patients treated with conformal radiotherapy
(66 Gy, 2 Gy / fraction) were expected for the clinical part of
the study only, in case SBRT was not possible for any reason.
Radiotherapy had to be delivered within two months after the
inclusion in every arm.

50
Standardized difference (%)

60 70 80 90 100

SBRT delivered by cyberknife”

A vacuum pillow was recommended for all the patients. Four
tracking strategies were available for lung tumors treated
with Cyberknife®, according to local investigator protocols:
(i) X-Sight Lung with which the tumor was tracked by both
cameras, (ii) Spine Tracking when the tumor was not visible on
both views, in which case tracking was based on the proximal
vertebra, (iii) the one-view tracking when the tumor was seen
by only one camera and (iiii) a fiducial tracking requiring a
fiducial implantation before SBRT treatment. The gross tumor
volume (GTV) was delineated on a CT scan. A 5- to 8-mm
margin was added to the GTV to form the planning target
volume (PTV) according to local investigator discretion. All
treatment plans were performed on the exhale CT scan using a
Ray-Tracing algorithm. Photon beam energy was 6 MV. A total
dose of 60 Gy in four fractions, 15 Gy per fraction, was deliv-
ered to the 80% isodose 2 to 3 days per week over a 2-week
period. Delivering a dose of 60 Gy in 3 fractions of 20 Gy
each to the 80% isodose was also secondarily allowed as some
Cyberknife” investigators wanted to follow another interna-
tional study (STARS study) recommendations which required
3 fractions of treatment.'®

SBRT delivered by linac

Patients were immobilized using custom devices (i.e., Stereotactic
Body Frame, Bodyfix...) according to local preference. Breathing-
adapted radiation therapy was required according to the local equip-
ment availability (treating the entire track of tumor motion using
four-dimensional computed tomography (4DCT), abdominal
compression, gating, active breathing control, or tracking). Either
CT-scans with 3 mm slice width (end of inhalation phase and expi-
ration phase) or 4D CT-scans were required. The PTV was defined
again as the GTV (=internal target volume (ITV) considering
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Table 1. Patient and treatments characteristics

Claude et a/

Number of patients (%)
Cyberknife n = 38 CBCT n =468 Total n =106 p-value

Age, years

Mean + SD 74.2 (8.7) 72.7 (8.1) 73.2 (8.3) 0.3433

Median (min-max) 74.9 (55.7-90.5) 73.4 (54.5-84.1) 74.8 (54.5-90.5)
Sex

Male 34 (89.5%) 55 (80.9%) 89 (83.9%) 0.2477
Histology

Not histologically proven 11 (28.9%) 27 (39.7%) 38 (35.8%) 0.2243

Adenocarcinoma 12 (31.6%) 20 (29.4%) 32(30.2%)

Epidermoid carcinoma 15 (39.5%) 16 (23.5%) 31(29.2%)

Other 0 (0%) 4.(5.9%) 4(3.8%)
Tumor stage” 0.2243

Stage IA 25 (65.8%) 50 (74.6%) 75 (71.4%)

Stage IB 13 (34.2%) 16 (23.9%) 29 (27.6%)

Stage TTA 0 (0%) 1(1.5%) 1(0.9%)

History of thoracic surgery 6 (15.8%) 18 (26.5%) 24 (22.6%) 0.5293

Cardiovascular disease 26 (68.4%) 42 (61.8%) 68 (64.1%) 0.4931

Past-pulmonary disease 33 (86.8%) 57 (83.8%) 90 (84.9%) 0.6772

Other comorbidities 27 (71.1%) 48 (70.6%) 75 (70.7%) 0.9598

Corticotherapy during RT 9 (23.7%) 21 (30.9%) 30 (28.3%) 0.4301
GTVin cm3

Median (min-max) 10.5 (2.0-129.0) 9.0 (0.0-89.0) 9.0 (0.0-129.0) 0.2486
PTVincm3

Median (min-max) 34.00 (2.00-337.0) 32.50 (5.00-130.0) 33.5(2.0-337.0) 0.9869
Number of fractions

Median (min-max) 3.0 (3.0-5.0) 4.0 (3.0-9.0) 4.0 (3.0-9.0) <0.0001

Total radiation dose on PTV 60 (37-60) 48 (36-60) 48 (36-60) <0.0001

in Gy

Median (min-max)

ECOG, Eastern Cooperative Oncology Group; GTV, Gross Tumor Volume; PTV, Planning Target Volume.

(a) 14 missing data.
Zaccording to 6th TNM IASLC stage classification.

CT-scan modalities) with 5 to 8 mm margins according to local
technique. A fiducial implantation before SBRT treatment could be
necessary according to the local equipment used. A total dose of 60
Gy in four fractions, 15 Gy per fraction, was to be delivered to the
80% isodose, 2 to 3 days per week over a 2-week time period. Due
to high doses to critical organs, the dose could be reduced to 48 Gy
in 4 fractions of 12 Gy at the physician’s discretion. Photons beam
energy was 4-10 MV.

Follow-up

Follow-up was performed using thoracic scans 1, 3, 6, 12, 18 and
24 months after the end of SBRT and PET-CT at 12 and 24 months
(Figure 1). Pulmonary Function Tests were done 3, 12 and 24
months after SBRT. Median follow-up was 25.1 months. Since one

institution has reported data more than 24 months after SBRT, a
maximum follow-up of 26 months has been retained for the anal-
ysis for all patients to avoid a bias (potential negative impact of
this center due to a longer reporting period). While the study was
funded for a 2-year follow-up, no longer follow-up was prospec-
tively recorded.

RESULTS

Patients and tumors characteristics in the
unweighted population

From April 2009 to December 2011, 113 patients were accrued:
nine centers enrolled <10 patients, one center enrolled 12
patients, and one enrolled more than 20 patients. Three patients
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Figure 3. Kaplan-Meier curves according to the arm of treatment (crude results) 3a: Local relapse-free survival 3b: Progression-

Free Survival 3c: Overall Survival.

i

Localrelapse-free survival
[LS——

()
were not treated due to death (hypoxemic pulmonary infection, accelerator and 9 (23.7%) treated with a Cyberknife®. Figure 3
one patient), or treatment were not technically feasible (two shows Kaplan-Meier curves. 2-year local control, progression-
patients). Two major deviations were noticed: one patient with free survival and overall survival rates are reported in Table 2.
lymph node involvement (N1) and one patient with previous
thoracic irradiation. Four patients were treated using conformal Adjustment for potential bias due to non-
radiotherapy and 106 patients were treated with SBRT: 68 by randomization
linear accelerator (7 Novalis True Beam®/ExacTrac’ and 61 Linac Multivariate regression analysis indicates no significant effect of
with CBCT) and 38 patients with Cyberknife”. The small sample treatment type on PES (p = 0.1710) or on OS (p = 0.3041). Local
of patients treated with conformal radiotherapy was not general- relapse could not be modeled due to the small number of events
izable and therefore excluded from the present analysis. Patient (n=2).
and tumor characteristics are summarized in Table 1.
After IPTW adjustment, all standardized differences of weighted
The median age was 75 years. Most of the patients were males comparisons were <20%, indicating that the distributions of
(84%), active or former smokers (94%), with a NSCLC stage IA baseline patients and tumor characteristics were similar between
(71%). 25% of the patients had a Grade 3 dyspnea and higher treatment groups (Figure 2). Conclusions were unchanged after
at baseline and the median forced expiratory volume in 1 s IPTW adjustment or multivariate analyses on local control (p =
(FEV1) was 1.37 L. Histology was unproven in 36% of the cases. 0.5703), PFS (p = 0.2875), and OS (p = 0.2446).
GTVs and PTVs were not significantly different between SBRT
by accelerator and Cyberknife”. The median energy used was 6 Acute toxicity
MV. Median prescription isodose was 80%. While total radiation Crude analysis
dose was signiﬁcanﬂy different between the two groups, statis- No difference was found between the rate of acute tOXiCity (grade
tical methods were used to correct this observed bias (for details >3) in the two groups (p = 0.1657). The details of acute grade
please see Methods: Statistics). 30 patients (27%) received corti- 23 toxicities are presented in Table 3. Of the 29 patients who
costeroids, but only one had an initiation of this treatment during presented dyspnea (grade 23), it should be noted that it was
SBRT (inhaled corticosteroids). No patient received concomitant already described at baseline in 20 of them. Similarly, cough
chemotherapy. Four premature discontinuations of SBRT were (grade 23) was already reported at inclusion for all four patients
reported for undercurrent illness (n = 1), subject decision (n = who presented cough during the follow-up.
2), and physician decision (n = 1). ) _ )
Adjustment for potential bias due to non-

Recurrence and survival randomization
Crude analysis After IPTW adjustment, the occurrence of acute toxicities was
Within 26 months after inclusion, a local relapse was observed also not significantly different between groups (p = 0.1849).
in two patients treated with SBRT by linac. A distant relapse
occurred in 19 (27.9%) of the SBRT patients treated with a linear
Table 2. Recurrence and survival

2 Crude analysis After IPTW adjustment

year rates

[95% CI] Linear accelerator Cyberknife’ p Linear accelerator Cyberknife’ p

Local control 97.0% [90.6%:99.4%] 100.0% [100%;100%] 0.2839 95.6% [90.0%100.0%] 100.0% [100%;100%] 0.5703

PFS rates 52.7% [39.9%:64.0%] 54.1% [36.8; 68.6%] 0.8582 53.23% [40.3%:66.2%] 36.9% [13.7%:60.1%] 0.2875

(0N 65.1% [51.9%;75.5%] 83.9% [67.5%:;92.4%] 0.0831 65.9% [53.4% ;78.4%) 83.5% [65.8% ;100.0%] 0.2446
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Long-term toxicity

Crude analysis

Thirty-eight patients (55.9%) reported at least one long-term
Grade 2 or above toxicity in the Linac group, vs 20 (52.6%) in
the Cyberknife” group (p = 0.7471) within the 2 years following
SBRT. The detailed results are shown in Table 3. Dyspnea (grade
>2) was reported in 49 patients but 31 of them had it at base-
line. Similarly, 5 of the 13 patients with a cough (grade >2) had it
already in the initial assessment.

Adjustment for potential bias due to non-
randomization

After IPTW adjustment, the occurrence of long-term toxicities
was also not significantly different between the two groups (p =
0.4554).

P-
value

DISCUSSION

To our knowledge, this study is the first prospective study
comparing SBRT using an appropriately equipped linac with
dedicated equipment such as Cyberknife” (Accuray, Sunnyvale,
CA). Randomization is not easily achievable as the availability
of equipment is different in the participating institutions and
most of them do not have both types of equipment. Median
total radiation dose was significantly different between the two
groups (median dose 60 Gy in three fractions in Cyberknife”
group versus 48 Gy in four fractions in Linac group) for histor-
ical reasons and physicians practices. However, the robustness
of the results against bias, including this radiation dose differ-
ence, was assessed by two complementary methods to control
selection bias in observational studies such as this, the regres-
sion adjustment and the propensity score analysis.!” Overall
2-year-local control is not significantly different in this situ-
ation of peripheral NSCLC between the Cyberknife” or SBRT
linear-accelerator treated patients. These results confirm the
high rate of local control, of above 90%, reported in the liter-
ature considering both techniques independently for T1-T2
peripheral localized NSCLC and providing high biological
equivalent dose (>100-105 Gy - BED10), especially for T2
tumors.'® While the study was designed and funded only for
a 2-year follow-up after SBRT, no results are available in term
of long-term local control. This is regrettable as local recur-
rence may occur later. Of note, the radiation dose difference
which was observed in this series did not lead to a signifi-
cant difference in term of local control despite a higher dose
in Cyberknife arm. The main studies reporting SBRT after
Cyberknife” treatment are summarized in Table 4, together
with the most recent prospective studies reporting SBRT using
a Linac, 19-26:28-33

2 Grades 3
1 Grade 1

=68

Linacn

2 Grade 2 (both
transitory)
1 Grade 3
3 Grade 2

®

Cyberknife n
=38
2
4

As shown in Table 4, historical comparisons show small
differences in local control rates considering both strategies.
Of note, while patient immobilization for Cyberknife™ treat-
ment is usually simpler and more comfortable for the patient
as compared to those used for SBRT delivered by a Linac, the
local control remains excellent thanks to an optimized tracking
strategy. However, the feasibility and compliance of SBRT
was excellent even in the Linac arm, despite more invasive
respiratory breathing-adapted systems (e.g., diaphragmatic

Esophagitis*®
Bone (rib) pain®

After IPTW, After Inverse Probability Weighting adjustment; N, number of patients; Pt/pts, patient, patients.

“Not clearly related to SBRT but declared as adverse event by the local investigator.
b1grade 2 at 18 months post SBRT and 1 gradeGrade 2 at 6 months post SBRT.

Table 3. (Continued)
CAll transitory no rib fracture.
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Cyberknife® or Linac for SBRT in NSCLC?

compression). Unfortunately, the quality of life study which
was initially planned within this project was not feasible due
to a poor rate of patient response.

Considering PFS and OS, no significant effect of treatment
type was shown. More specifically, the 2-year PFS and OS rates
are similar to those reported in the literature (Table 3), inde-
pendent of the equipment used to deliver the treatment, while
relapses are mainly due to distant metastases, and death to
metastatic progression or comorbidities.’***

The treatment tolerance was excellent in both arms, with no
difference in terms of acute or late toxicity. As shown in the liter-
ature, acute toxicity is quite rare after SBRT in peripheral lung
cancer.”® No skin toxicity over Grade 2 was reported in either
arm. The most frequent acute symptoms were dyspnea and
cough but most of the patients already had these symptoms at
inclusion, due to frequent respiratory comorbidities. As for late
toxicity, the most common events in the literature are radiation
fibrosis (RF) in 4-8% of the cases®? and rib pain (incidence about
11-15%) or fractures in 2-3% of the patients (*** especially
for tumors close to pleura®). In this series, we confirm that late
RF over Grade 1 is reported in less than 3%, while late rib pain
remains more frequent (5 to 11% in our series) but is usually
transitory. Of note, no rib fracture was reported at 2 years in this
series, but they often happen later, usually more than 2 years
after SBRT.?” No significant difference was shown between the
two strategies in term of toxicity. However, the study population
included selected patients with only localized peripheral lesions.
This point is crucial and it would be very interesting and helpful
to mount a study comparing the different strategies of SBRT in

other situations of lung cancers. For instance, proximal lesions
or re-irradiation were not included in this study and can lead
to additional treatment planning difficulties and toxicities as
compared with peripheral tumors.*® Cyberknife” technology
may be helpful in such situations dealing with doses to central
critical organs, but a comparison, for example, with treatment
using SBRT with Arctherapy may be relevant to discover the best
option for these situations. Finally, economic data will be shortly
reported in another paper.

CONCLUSION

In this large prospective non-randomized study focusing on
peripheral localized NSCLC, no difference inefliciency or
toxicity was shown after SBRT treatment using Linac equipped
for SBRT or Cyberknife”.
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