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Abstract

This multicenter observational study compares minimally invasive surgery (MIS) and stereotactic ablative
radiotherapy (SABR) in treating clinical stage IA non-small-cell lung cancer (NSCLC). Using propensity score
matching, the analysis of 1014 patients demonstrates superior overall survival (OS), freedom from recurrence
(FFR), and locoregional control (LRC) with MIS, though at the cost of higher early treatment-related mortality.
Findings suggest that MIS should be prioritized when feasible, while SABR remains a valuable option for high-
risk surgical candidates. These results contribute to informed clinical decision-making in early-stage NSCLC
management.

Background: Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related death globally, with stage
IA NSCLC presenting a unique opportunity for curative interventions. The efficacy of minimally invasive surgery (MIS)
vs. stereotactic ablative radiotherapy (SABR) remains debated due to limited direct comparative data. Methods: This
multicenter observational study analyzed data from 1014 patients diagnosed with clinical stage IA NSCLC (2015-2021)
and treated with MIS (including VATS and RATS) or SABR. After propensity score matching, 234 patients (117 per group)
were included. Matching balanced age, ECOG performance status, Charlson Comorbidity Index, lung function, and
histological subtype to compare overall survival (OS), freedom from recurrence (FFR), and recurrence rates. Results:
The mean follow-up was 35 months for MIS and 33 months for SABR. The matched cohort (n = 234) showed superior
5-year locoregional control (LRC) rates for MIS (93%) vs. SABR (88%). FFS at 2 and 5 years was higher for MIS
(98.5% and 90.3%) than SABR (82.1% and 77.9%; P = .010). OS was significantly higher in MIS, with a hazard ratio
of 1.60 (95% CI: 1.11-2.31). Early mortality rates were 2.6% for MIS at 30 and 90 days. SABR exhibited no 30-day
mortality and a 90-day rate of 1.7%. Conclusion: MIS is associated with higher OS, LRC and FFR, but higher treatment-
related mortality compared to SABR for stage IA NSCLC. This study supports the preference for surgical interventions
where feasible. While future randomized controlled trials may provide more insights, this observational study contributes
valuable evidence to guide clinical decision-making.
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Introduction

Lung cancer is the leading cause of cancer-related death world-
wide, and non-small-cell lung cancer (NSCLC) is the most
commonly diagnosed type. Stage IA disease is a significant subgroup
of NSCLC, accounting for around 20% of diagnoses. 13

In recent decades, the landscape of surgical treatment for early-
stage NSCLC has been transformed by minimally invasive surgery
(MIS) techniques. Video-assisted thoracoscopic surgery (VATS)
and robotic-assisted thoracoscopic surgery (RATS) have emerged
as new benchmarks.” These approaches have been associated with
shorter hospital stays, fewer complications, and similar oncologic
outcomes compared to traditional thoracotomy.”® Furthermore,
studies comparing VATS and RAT'S with open surgery have revealed
no significant differences in long-term outcomes such as overall
survival (OS) and disease-free survival (DFS), confirming their
appropriateness in the surgical management of NSCLC.”»'?

Parallel to these surgical advancements, stereotactic ablative radio-
therapy (SABR) has become an important treatment for Stage IA
NSCLC. Initially used for inoperable patients, it is now an option
for operable patients declining surgery.''"> Known for its high local
control rates and minimal toxicity,'""> SABR offers a noninvasive
alternative to surgery, especially beneficial for those at high risk
of postoperative complications or with significant co-morbidities.
Recent studies have further examined its role in operable patients.
Onishi et al. reported 5-year survival rates of 72% for stage IA and
62% for stage IB, comparable to historical surgical data.'” Seo et al.
demonstrated that in a virtual randomized phase III trial, lobectomy
conferred a survival benefit in younger patients, but no significant
difference was observed in patients aged 75 and older, suggesting a
role for SABR in older operable patients.!® These findings highlight
the need for further prospective comparisons to clarify the role of
SABR in operable NSCLC.

The optimal treatment for stage IA NSCLC - MIS or SABR -
remains debated, largely due to a lack of direct comparative data.
Although randomized controlled trials (RCTs) including ROSEL
(NCT00687986)," STARS (NCT00840749),'® and ACOSOG
Z4099/RTOG 1021 (NCT01336894)"” were initiated to compare
outcomes, patient accrual challenges have impacted their effective-
ness. The SABRTooth study (NCT02629458)% illustrates these
difficulties well. This study aimed to compare SABR with surgery
in a cohort of patients at high risk of surgical complications. Of
318 patients assessed, only 24 were randomized, reflecting signifi-
cant barriers to traditional RCT recruitment in this patient group.'’

A combined analysis of the STARS and ROSEL trials, respond-
ing to these challenges, showed a significant 3-year overall survival
advantage for SABR, while maintaining equivalent progression-free
survival rates.”’ However, these results should be interpreted with
caution due to small sample sizes and potential selection biases.
Observational studies face further challenges as they often include
biases from confounding by indication, with healthier patients
typically chosen for surgery and those with greater comorbidities
tending towards SABR, thus complicating efficacy assessments.

To address these complexities, our study first examines the
oncological outcomes of different MIS techniques, comparing

VATS and RATS in the treatment of stage IA NSCLC. While both
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techniques are widely used, few studies have directly compared their
long-term survival and recurrence outcomes in this setting. Our
findings contribute valuable insights into the relative effectiveness
of these minimally invasive approaches and inform decision-making
for both surgeons and oncologists.

Additionally, we provide a propensity score-matched comparison
between MIS and SABR for clinical stage IA NSCLC, offering a
more robust analysis than prior retrospective studies. By applying
propensity score matching, we aimed to reduce confounding by
balancing key baseline characteristics, simulating the equivalence of
groups in a randomized controlled trial. This methodology strength-
ens the validity of our findings and enhances the clinical relevance
of our comparisons.

Methods
Study Design

This multicenter observational study aimed to compare the
outcomes of MIS with SABR in patients with clinical stage 1A
NSCLC. Data from January 2015 to December 2021 were retrieved
and analyzed from comprehensive institutional databases in London
and Bologna. Patient data, including clinical and treatment details,
were extracted from electronic medical records. Study variables
included demographic information (age, gender), clinical charac-
teristics (Eastern Cooperative Oncology Group [ECOG] perfor-
mance status, Charlson comorbidity Index [CCI]), lung function
tests, clinical TNM stage, and specific treatment details. For MIS
patients, data on the surgical approach (VATS/RATS), type of resec-
tion, pathological TNM stage, histopathological data, and R status
were collected. For the SABR cohort, details on dose (gray, Gy),
fractions, duration (days), and fractionation schedule were analyzed.

Participants

The initial selection criteria included all patients diagnosed with
clinical stage IA NSCLC between 2015 and 2021, aged over 18,
treated with either MIS or SABR. Exclusion criteria were incom-
plete clinical data, synchronous tumors, suspected metastasis from
a second malignancy, tumors larger than 3 cm, clinical stage II or
higher, and non-NSCLC histology. This refined the initial cohort
of 1993 subjects down to 1014, resulting in 384 SABR and 630
MIS (321 VATS and 309 RATS) patients (Figure 1).

Treatment Details

For the SABR cohort, treatment planning was performed using 4-
dimensional computed tomography (4DCT) to generate an internal
target volume (ITV) from a clinical target volume (CTV) defined
by the PET-positive primary tumor. A 5 mm margin was added to
form the planning target volume (PTV). Treatment was delivered
using conformal or arc 6MV photon therapy, with daily cone beam
CT (CBCT) verification to ensure accurate positioning. SABR treat-
ments were planned using the ARIA Radiation Treatment Planning
System and delivered on Varian TrueBeam linear accelerators.

For the MIS cohort, all patients underwent anatomical VATS or
RATS lung resection. Surgical approaches varied, with VATS proce-
dures performed through 2 or 3 ports following the Copenhagen
technique, and RATS procedures using the Xi Da Vinci system
(Intuitive™ US) with 4 ports and a utility port. CO, insufflation
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Figure 1 | Study design.
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at 6 mmHg was routinely used in all RATS procedures to improve
visualization and facilitate lung collapse. A systematic lymph node
dissection was performed in all surgical cases to ensure accurate
pathological staging.

Outcome Measures

Study outcomes were freedom from recurrence (FFR), overall
survival (OS), and recurrence (local, regional, or distant). FFR
was defined as the time from the start of treatment to the first
documented recurrence. OS was measured from the start of treat-
ment to death from any cause. Local recurrence was defined as
a lesion at the ipsilateral lung staple line(s) for MIS patients
and unequivocal growth at the treated site for SABR patients.
Regional recurrence was defined as tumor progression adjacent to
the planning target volume, surgical resection margin, and/or in the
ipsilateral hilum or mediastinum.

Subanalysis of Surgical Approaches (VATS vs. RATS)

To further refine our understanding of MIS outcomes, a
dedicated subanalysis within the MIS cohort was conducted to
evaluate the impact of surgical approach, VATS vs. RATS, on recur-
rence rates and survival outcomes. This subanalysis focused on
assessing how different surgical methods within the MIS category
influence postoperative outcomes, including the types of resections
performed (lobectomies, bilobectomies, segmentectomies, wedge
resections) and their subsequent effect on recurrence and survival.

Statistical Analysis

The primary objective was to compare OS and FFR between
SABR and MIS groups, both pre- and postpropensity score match-
ing. Secondary objectives included analyzing recurrence rates and
patterns and comparing outcomes based on the type of surgery
within the MIS group, and performing a detailed comparison of

VATS and RATS approaches regarding recurrence and survival.

Data are presented as mean and range for continuous variables
and as frequencies and percentages for categorical variables. Categor-
ical data were compared using the chi-square test or Fisher’s exact
test when the assumptions for chi-square were not met. Continuous
variables were compared using the Mann—Whitney U test when the
assumptions for parametric tests were not met.

Survival analysis was performed using the Kaplan—Meier method
to calculate OS, FFR and recurrence rates, with the Log Rank
test comparing survival distributions between treatment groups
and specifically between VATS and RATS within the MIS cohort.
To ensure comparability between the 2 treatment cohorts and
adjust for potential confounders due to nonrandom patient assign-
ment, a Propensity Matched Score (PMS) approach was employed.
The Covariate Balancing Propensity Score (CBPS) algorithm was
utilized for this purpose, ensuring that the balance between compre-
hensive matching and maintaining a robust sample size was
achieved. This method optimizes the inclusion of relevant covari-
ates while mitigating the risk of significantly reducing the sample
size, thus preserving the study’s power. Key baseline variables for
the propensity score estimation included age, ECOG performance
status, CCI, lung function (Forced Expiratory Volume in 1 second
[FEV1%] and Transfer Factor for Carbon Monoxide [TLCO%],
both expressed as percentages of predicted normal values), and histo-
logical subtype. These variables were chosen due to their clini-
cal relevance and potential impact on treatment selection and
outcomes. Matching was conducted using the nearest neighbor
algorithm in a 1:1 ratio.

Results were reported as hazard ratios (HR) with 95% confidence
intervals (CI) and P-values from the likelihood ratio test. Statistical
significance was set at P < .05.

In addition to these analyses, a multivariate Cox regression analy-
sis employing a forward stepwise conditional method was performed
to estimate the effects of clinical and pathological parameters on
OS, including age, gender, CCI, lung function, clinical stage, and
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histology. The stepwise procedure used significance levels of 0.05 for
entering and 0.10 for removing the respective explanatory variables
to determine the independent risk factors.

All statistical analyses, except propensity score matching, were
conducted using SPSS (version 15.0, SPSS, Inc., Chicago, IL, USA).
A Pvalue of <.05 was considered statistically significant. R software
(version 3.6.2) with CBPS, Matchlt, survey, and rms packages were
used for propensity score matching.**

Ethics

The study was conducted with the approval of the Institutional
Review Boards (IRB) of all participating centers, ensuring adherence
to ethical standards and guidelines for research involving human
data. Considering the retrospective nature of our analysis, the IRB
granted a waiver for the requirement of informed consent. Data were
collected in a manner that ensures anonymity and confidentiality,
with all identifiers removed prior to analysis. This process upholds
the ethical principles of the Declaration of Helsinki.

Results
Prepropensity Scove Matching Analysis

Initial analysis revealed expected significant differences between
the SABR and MIS cohorts, notably in age, comorbidity burden,
lung function and performance status. For a comprehensive view
of these differences and associated outcomes, refer to the Supple-
mentary Materials, which include demographic and clinical charac-
teristics before matching (Table S1), as well as the results for this
population (Graph S1).

Surgical Cohort Analysis (630 Patients)

In the original surgical cohort, which forms the basis for
our comparison with SABR treatments, 429 patients underwent
lobectomy (68.1%), 6 bilobectomy (1.0%), 136 segmentectomy
(21.6%), and 58 wedge resection (9.2%). Among these, the distri-
bution of procedures between VATS and RATS approaches provides
insight into surgical preferences and outcomes within the MIS
group: lobectomies were the most common, comprising 63.9% (205
cases) for VATS and 72.5% (224 cases) for RATS. Segmentectomies
were more frequent in RATS (23.9% or 74 cases) compared to
VATS (19.3% or 62 cases) and wedge resections were more preva-
lent in VATS (15.6% or 50 cases) compared to RATS (2.6% or 8

cases).

Recurrence and Survival Analysis in Surgical Approaches

The recurrence and survival data within these surgical approaches
are crucial for our comparative analysis with SABR. Specifically,
RATS demonstrated a significantly lower recurrence rate (4.5%)
compared to VATS (15.3%). While Kaplan—Meier survival curves
indicated no significant difference in overall survival (OS) between
VATS and RATS over a 60-month period, a statistically signifi-
cant difference in freedom from recurrence (FFR) was observed at
the same follow-up, favoring the RATS approach (Figure 3). These
findings are integral to understanding the relative effectiveness of
each surgical technique as part of the broader evaluation of MIS vs.

SABR for treating clinical stage I NSCLC.
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Postpropensity Score Matching Analysis

Following propensity score matching, the study focused on a
cohort of 234 patients (117 each in SABR and MIS groups) with
balanced patient characteristics as summarized in Table 1. The
follow-up periods for MIS and SABR were 35 months and 33
months, respectively. The mean age for MIS and SABR patients was
81 years and 74 years, respectively, and both groups had a median
Charlson comorbidity score of 6. The distribution of clinical T stage
between the 2 groups was: T1a in 10.3% of MIS patients and 20.5%
of SABR patients, T1b in 56.4% and 51.3%, and T1c in 33.3% and
28.2%, respectively.

Pathological confirmation of NSCLC was obtained for all 117
SABR-treated patients via CT-guided biopsy. Adenocarcinoma
histology was more common in the surgical group (76.1%) than
in the SABR group (59.8%).

Of 117 SABR patients within the propensity-matched cohort,
4% received 54 Gy in 3 fractions over 5 to 8 days, 69% received
55 Gy in 5 fractions over 10 to 14 days, 25% received 60 Gy
in 8 fractions over 10 to 20 days, and 2% received 45 Gy in 6
fractions. As per established UK practice, 55 Gy in 5 fractions is
used for peripheral tumors with a PTV abutting the chest wall,
while peripheral tumors away from the chest wall receive 54 Gy in
3 fractions. Central tumors were treated with 60 Gy in 8 fractions.
The prescribed doses resulted in a biologically effective dose (BED)
calculated with an /B ratio of 10 exceeding 100 Gy in all but the 2
patients, who received 45 Gy in 6 fractions, a dose reflecting routine
clinical adjustment for high-risk patients.

Among the 117 patients in the MIS group, 42 underwent sub-
lobar resection (33 segmentectomy, 9 wedge resection) and 75 had
lobar resection (74 lobectomy, 1 underwent bilobectomy). A system-
atic lymph node dissection was performed in all patients and 12
(10.3% of the surgical cohort) were found to have unsuspected
nodal disease. 6 had N1 disease and 6 had N2 disease.

Recurrence Rates and Patterns

There was a significantly lower recurrence rate in the surgical
group than in the SABR group (Table 2). The 5-year locoregional
control (LRC) rates were 93% for MIS and 88% for SABR. The
median time to any recurrence was 15 months for MIS-treated
patients and 9.5 months for those in the SABR cohort.

Survival Outcomes

Kaplan—Meier estimates (Figure 2) for OS and FFR post-
treatment demonstrated a survival advantage for the surgical group.
The difference in survival outcomes was statistically significant, with
a hazard ratio (HR) of 1.60 (95% CI: 1.11-2.31). Similarly, MIS
treatment resulted in superior FFR, with 2-year and 5-year estimates
0f 93.5% and 90.3%, respectively, compared to 82.1% and 77.9%
for the SABR group (P =.010).

Mortality Rates

The 30- and 90-day mortality rates following MIS were 2.6%. All
3 carly mortality cases in our MIS cohort occurred in patients over
80 years old (ages 80-81) with high CCI scores of 7-9. Two patients
underwent VATS, and 1 underwent RATS. In the SABR cohort, no



Gender
Male
Female

Age (years), mean*
CCl, mean
ECOG performance status*

0

1

2

3
FEVA (% predicted), median*
TLCO (% predicted), median*
Clinical T stage

la

Ib

lc
Histological subtype*

Adenocarcinoma
Squamous
NSCLC, NOS
Other

Surgery SABR P-Value
N =117 N =117
47 (40.2%) 53 (45.3%) 509
70 (59.8%) 64 (54.7%)
81 74 .000
6.29 6.41 633
052
14(12.0%) 12/(10.3%)
62 (53.0%) 51(43.6%)
40(34.2%) 44 (37.6%)
1(0.8%) 10 (8.5%)
92 78 000
69 59 000
093
12(10.3%) 24(20.5%)
66 (56.4%) 60 (51.3%)
39(33.3%) 33 (28.2%)
89 (76.1%) 70 (59.8%) 025
26 (22.2%) 38 (32.5%)
1(0.9%) 7(6%)
1(0.9%) 2(1.2%)
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Table 1 = Characteristics of All Propensity-Matched Patients

Abbreviations: CCI = Charlston co-morbidity index; ECOG = Eastern Cooperative Oncology Group; FEV1 = forced expiratory volume in 1 second; TLCO = transfer factor for carbon monoxide;

NSCLC = non—small-cell lung cancer; NOS = not otherwise specified.

*Variable used to compute propensity scores.

Table2  Recurrence rates and Patterns of All Propensity Matched Patients

Surgery SABR P-value

N =117 N =117

Recurrence 020
Yes 9(7.7%) 22 (18.8%)
No 108 (92.3%) 95 (81.2%)

Recurrence Type 047
Local 3(33.3%) 3(13.6%)
Regional 3(33.3%) 7(31.8%)
Distant 3(33.3%) 12 (54.6%)

mortality was observed during the 30-day period post-treatment,
and the 90-day mortality rate was 1.7%.

Challenges in Propensity Score Matching for
Adenocarcinomas

Due to a significant numerical imbalance between treatment
groups, specifically regarding histological subtypes, performing
propensity score matching exclusively on adenocarcinomas was not
feasible. This limitation prompted further analysis of the role of
histological subtype in treatment outcomes.

Multivariate Cox Regression Analysis on Overall Survival
(0S)

A multivariate Cox regression analysis was performed to address
the impact of adenocarcinoma as a histological subtype on overall

survival and to accommodate the limitations in propensity score
matching due to significant numerical imbalance between the 2
treatment groups.. This analysis revealed that 5 variables signifi-
cantly influenced OS (Table 3). Among these, histology, specifi-
cally the presence of adenocarcinoma, was identified as a signifi-
cant independent variable (HR 1.226, P = .002), underscoring its
substantial prognostic impact on survival outcomes

Discussion

Our study conducted a comparative analysis between Minimally
Invasive Surgery and Stereotactic Ablative Radiotherapy for treat-
ing clinical stage IA non—small-cell lung cancer. Our findings
suggest that MIS offers better outcomes, lower recurrence rates,
and improved overall survival, making a compelling case for choos-
ing MIS when both modalities are viable options. Interestingly, we
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Figure 2 Kaplan—-Meier estimate of overall survival and freedom from recurrence (unadjusted) in patients treated with minimally

invasive surgery or stereotactic ablative radiotherapy.
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observed a higher rate of local recurrence with MIS compared to
SABR, though the small number of local recurrence events in both
groups and differing definition between groups limits the ability to
draw definitive conclusions. Within the MIS cohort, RATS showed

a trend towards lower recurrence rates, highlighting the poten-
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tial benefits of particular advanced surgical approaches for certain
patients.

Chang et al.”® highlight the robust performance of SABR in
operable patients, with impressive overall survival rates and minimal
severe toxicity. However, it also notes a higher rate of regional
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Figure 3 Kaplan—-Meier estimate of overall survival and freedom from recurrence (unadjusted) in patients treated with VATS or

RATS.

94.7%
10 Approach
VATS
—TIRATS
70% '
08 —+
®
F
g o8 71.6%
w o
© p=0.625
Z
K
2 04
g
3
o
02
00
0 12 24 36 48 60
0OS (months)
Patients At Risk
VATS 321 301 277 235 178 124
RATS 309 292 227 89 46 24
98% 95.9% 95.1%
1D 95.1% 95.1% Approach
VATS
~IT1RATS
s 96.1% 91.4% L
4 v 87.4% 83.9% 83.2%
=
2
E 06
(7]
©
2 p=0.001
3
3 04
&
-
(3]
02
00
0 12 24 36 48 60
FFR (months)
Patients At Risk
VATS 321 292 261 217 158 114
RATS 309 287 219 83 4 22

recurrence following SABR, a finding echoed in our study. This
is consistent with the study by de Reuter et al.,”* which found
superior overall and progression-free survival for patients treated
with minimally invasive lobectomy compared to SABR. However,
lung cancer-specific survival was similar between the 2 modalities.
These results further support our conclusion that MIS, and possi-
bly more so RATS than VATS, offers significant benefits in terms
of survival and recurrence rates. Moreover, the systematic review

and meta-analysis by Wang et al.”> further supports our conclu-
sions, showing significant long-term benefits of surgery over SABR,
particularly in 3-year and 5-year OS, cause-specific survival, and
recurrence-free survival. In contrast, the prospective cohort study
by Henschke et al.” reported no significant difference in 10-year
lung cancer-specific survival between surgery and SABR (90% vs.
88%, P = .55) and no difference in all-cause survival after propen-

sity score matching (P = .74). These differing findings highlight the
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Table 3  Results From Multivariate Cox Regression Analyses
Multivariate Cox P-Value
Regression
Gender 0.009
Charlson Co-morbidity <0.001
Index
FEV1% 0.030
TLCO% 0.002
Histological subtype 0.002

Hazard Ratio Confidence Interval
(95%)
0.601 0.412-0.878
1.278 1.106 - 1.478
1.009 1.001-1.017
0.982 0.972-0.993
1.226 1.081-1.391

Abbreviations: FEV1 = forced expiratory volume in 1 second; TLCO = transfer factor for carbon monoxide.

ongoing controversy surrounding the optimal treatment for early-
stage NSCLC and reinforce the importance of tailoring treatment
decisions to individual patient circumstances.

Our observed 30- and 90-day mortality rates of 2.6% follow-
ing MIS are within the range reported in prior studies of elderly
NSCLC patients. Berry et al. found that among patients aged >75
years undergoing MIS lobectomy, the 30-day mortality was 4.3%.?
Similarly, Mun & Kohno et al. reported that among octogenari-
ans undergoing VATS for clinical stage I NSCLC, the operative
mortality was 3.6%,”® which is comparable to our findings. Our
findings suggest that age and comorbidities are key factors influenc-
ing perioperative mortality, with all 3 early mortality cases occurring
in patients over 80 with a high CCI score.”” These results emphasize
the importance of careful patient selection when considering surgery
vs. SABR in early-stage NSCLC.

A key strength of our investigation is the comprehensive inclu-
sion of detailed clinical data from a real-world series, enhanced
with modern staging and long-term follow-up. We have carefully
adjusted for known confounding factors based on clinical expertise
and existing literature to ensure as reliable a comparison as possible
between the two treatments. This study cannot confirm whether any
of the patients treated with SABR were operable, as this information
was not available for the SABR cohort.

The application of propensity score matching was designed to
best approximate a randomized controlled trial environment by
balancing observed covariates between treatment groups as closely
as possible. The inherent tension between matching patients across
multiple variables whilst maintaining a sufficiently large sample size
for meaningful results presents a challenge and may introduce bias..
Our study represents a pragmatic balance using just over 30% of
the SABR patients and an equal number of matched MIS patients
to retain a substantial group for analysis, though it is acknowledged
that some degree of imbalance inevitably persists. Most notably, the
higher proportion of adenocarcinomas within the surgical group and
the inability to perform exclusive matching for this histology due
to numerical imbalances add complexity to interpreting outcomes.
This is particularly relevant given the substantial prognostic impact
of adenocarcinoma vs. other histology on survival outcomes, as
evidenced in our Cox regression analysis and the wider literature.
Additionally, lung function was appreciably worse in the SABR
group compared to the MIS group (likely the main factor influenc-
ing the decision for SABR for many) which could affect outcomes
independent of cancer recurrence.
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The potential for residual confounding remains as propensity
score matching can only adjust for specific measured variables and
cannot account for those unknown or unmeasured factors which
are assumed evenly distributed within a prospective, randomized
study. One such factor is the inherent selection bias where SABR
is often chosen for patients at higher-risk owing to frailty, unquanti-
fied comorbidity, or physician preference. Whilst we adjusted for
measurable criteria including PS, CCI, and lung function, there
will be residual differences in patient risk profiles that could impact
survival and recurrence outcomes. Future studies incorporating
more granular risk stratification methods, such as frailty indices or
biomarker-driven decision models, may help to further minimize
confounding effects.

The comparison between treatment groups is further complicated
by discrepancy between clinical and pathological staging accuracy.
Surgical cases undergoing lymph node resection and confirmed
as pNO postresection provide unequivocal evidence of no nodal
involvement—a level of diagnostic assurance that SABR-treated
cases lack. Patients with clinical stage I disease would not routinely
undergo hilar and mediastinal lymph node evaluation beyond PET
imaging, leading to potential staging inaccuracies. 10% (12/117)
of the surgical clinical stage I cohort were found to have occult
nodal disease and thus pathologically upstaged; SABR patients could
reasonably be expected to have a similar level of occult metastases,
thereby underestimating the true extent of disease.

The higher regional and distant recurrence rates observed in the
SABR group may, in part, be attributed to this limitation.. Further-
more, surgical patients diagnosed with unexpected nodal involve-
ment (pN1/pN2) become eligible for adjuvant therapies, again
potentially reducing recurrence risk.

Additionally, MIS anatomical resection inherently removes intra-
pulmonary lymphatic drainage pathways, reducing the risk of
locoregional recurrence. In contrast, SABR targets the primary
tumor and does not include microscopic disease that may be present
in intrapulmonary lymphatic vessels and nodes, again potentially
contributing to an increased risk of both regional and distant recur-
rence. Future prospective studies incorporating advanced imaging
techniques or liquid biopsy approaches, may help to improve risk
stratification and refine treatment selection for SABR candidates.

The promising results seen with RATS underscore the importance
of considering the feasibility and accessibility of MIS techniques.
The Roman study,” the first of its kind to prospectively compare
RATS with traditional VATS in the treatment of early-stage



NSCLC, demonstrated that RATS provided a significantly greater
extent of lymph node dissection without increasing the complica-
tion rate. This more extensive lymph node dissection could explain
the improved freedom from recurrence (FFR) observed with RATS
compared to VATS, as it might lead to more thorough removal of
microscopic disease.

This finding is supported by recent data from Fabbri et al.,’
who demonstrated that RATS was associated with a significantly
higher number of lymph node stations harvested compared to VATS
(median 7 vs. 5; P < .001), which may contribute to the observed
reduction in recurrence rates (21.8% for VATS vs. 6.2% for RATS;
P < .001). Additionally, the study reported a significant DFS advan-
tage for RATS over VATS at 3 and 5 years. These findings suggest
that the improved lymphadenectomy in RATS may play a pivotal
role in reducing both locoregional and distant recurrence.

Similarly, preliminary data from the RAVAL trial further support
these findings, reporting a higher median number of lymph node
stations sampled in RATS compared to VATS (6 [5-7] vs. 5 [4-
6], P = .02), as well as a greater median number of lymph nodes
examined (10 [8-13] vs. 8 [5-10], 2 = .003).”! This more compre-
hensive nodal staging in RATS may allow for better identification
of occult disease and subsequent treatment adjustments, potentially
leading to improved oncologic outcomes.

The OS difference between RATS and VATS was not statis-
tically significant, which might be attributed to several factors,
including differences in patient selection and shorter follow-up time
with RATS which was introduced later than VATS. This limited
follow-up period might not yet capture long-term survival differ-
ences. While RATS may provide better disease control through
enhanced nodal dissection, longer follow-up and additional prospec-
tive studies are needed to determine whether these benefits trans-
late into a survival advantage. Furthermore, the implementation of
RATS is limited by its higher costs, longer operating times, and
the need for additional specialized training, which may restrict its
widespread adoption despite its potential oncologic benefits.

Looking ahead, the landscape of NSCLC treatment continues to
evolve with the introduction of newer surgical and radiotherapeutic
techniques. The outcomes of ongoing randomized controlled trials
(RCTs) such as STABLE-MATES (NCT02468024), POSTILV
(NCT01753414), and VALOR (NCT02984761) are highly antic-
ipated. Notably, the VALOR study has already randomized nearly

350 participants,’

marking significant progress in addressing the
comparative effectiveness of SABR and surgery in operable patients.
Until these results become available, retrospective studies like ours
are crucial in guiding clinical decision-making, offering insights
into the relative benefits of MIS and SABR based on current

evidence.

Conclusion

In summary, our multicenter observational study demonstrates
the superiority of minimally invasive surgery, particularly robotic-
assisted techniques, over stereotactic ablative radiotherapy for treat-
ing clinical stage IA NSCLC. This advantage is evident in terms
of survival outcomes and recurrence rates, reinforcing the primary
role of surgery in managing early-stage lung cancer for operable
patients.
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However, the choice between MIS and SABR should not be
viewed as a one-size-fits-all decision. Given the variability in patient
characteristics—including age, comorbidity burden, pulmonary
function, and individual treatment preferences—a personalized
treatment approach is essential. While our findings suggest that MIS
is preferable for eligible patients, SABR remains a valuable alterna-
tive for those at higher surgical risk or with preferences for noninva-
sive management.

As we anticipate results from ongoing randomized controlled
trials, real-world evidence such as ours provides critical insights
for tailoring treatment strategies. Future research should further
explore decision-making frameworks that integrate patient-specific
risk factors and quality-of-life considerations into clinical practice.

Clinical Practice Points

s Treatment Choice: Minimally invasive surgery (MIS), including
video-assisted thoracoscopic surgery (VATS) and robotic-assisted
thoracoscopic surgery (RATYS), is associated with superior overall
survival (OS), freedom from recurrence (FFR), and locoregional
control (LRC) compared to stereotactic ablative radiotherapy
(SABR) in patients with stage I NSCLC.

Mortality Consideration: MIS presents higher 30-day and 90-day
treatment-related mortality rates than SABR. Patient selection

should carefully weigh surgical risks against potential survival
benefits.

Advanced Technigues: Among MIS approaches, robotic-assisted
techniques (RATS) may offer further benefits in freedom from

recurrence.

Personalized Care: Treatment decisions should be tailored based on
patient factors such as age, comorbidities, pulmonary function,
and preferences, supported by multidisciplinary input.

* Future Directions: As we await insights from ongoing randomized
controlled trials, current findings emphasize the need for balanced
decision-making and further comparative research to optimize
early-stage NSCLC treatment.
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Figure S1 Kaplan—-Meier estimate of overall survival freedom from recurrence (unadjusted) in all patients treated with minimally

invasive surgery or stereotactic ablative radiotherapy prepropensity score matching.
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Table 81 = Characteristics of All Patients Prepropensity Matching

Surgery SABR P-value
N =630 N =384
Gender
Male 240 (38.1%) 196 (51%) .000
Female 390 (61.9%) 188 (49%)
Age (years), mean 70 75 .000
CCl, mean 5.14 6.30 .000
ECOG performance status .000
0 194 (30.8%) 26 (6.8%)
1 307 (48.7%) 180 (46.9%)
2 127 (20.2%) 149 (38.8%)
3 2(0.3%) 29 (7.5%)
FEV1 (% predicted), 89 68 .000
median
TLCO (% predicted), 71 535 .000
median
Clinical T stage 128
la 110 (17.5%) 80 (20.8%)
lb 333 (52.8%) 203 (52.9%)
lc 187 (29.7%) 101 (26.3%)
Histological subtype
Adenocarcinoma 503 (79.8%) 101 (62.7%) .000
Squamous 109 (17.3%) 49 (30.4%)
NSCLC, NOS 7(1.1%) 9(5.6%)
Other 11(1.7%) 2(1.2%)
Radiological diagnosis 0 223

Abbreviations: CCI = Charlston co-morbidity index, ECOG = Eastern Cooperative Oncology Group, FEV1 = forced expiratory volume in 1 second, TLCO = transfer factor for carbon monoxide,
NSCLC = non—small-cell lung cancer, NOS = not otherwise specified.
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