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Abstract

Objectives: Robotic-assisted segmentectomy (RAS) has proven to be safe and feasible for early-stage
lung cancer; nonetheless, its oncologic efficacy and long-term outcomes are still debated. We aimed
to explore whether RAS could be an alternative to robotic-assisted lobectomy (RAL) in early-stage
NSCLC, focusing on long-term outcomes such as 10-year cancer-specific survival (CSS), cumulative
rate of relapse (RR), and local recurrence (LR). Methods: Patients undergoing RAS for early-stage
NSCLC (clinical stage I) were analyzed from August 2007 to August 2023. A 1:3 propensity score-
matched analysis was performed among patients undergoing RAL, based on demographic
characteristics and pathological stage. Primary endpoints were CSS, RR, and LR. Results: A total of
40 patients undergoing RAS were retrospectively enrolled. After matching 120 patients undergoing
RAL, no significant differences were found in postoperative complications, median operative time,
or length of hospital stay. Patients undergoing RAS had comparable 10-year CSS (p=0.90) and RR
(p=0.99) to those undergoing RAL, whereas 10-year of cumulative incidence of local recurrence (LR)
was 11.0% (95% CI: 3.4% — 23.7%) for RAS patients, and 2.8% (95% CI: 0.5% — 8.9%) for RAL patients
(p = 0.08). Additionally, RAL provided a significantly higher number of N1 and N2 lymph node
retrievals (p < 0.0001 and 0.06, respectively), as well as a higher number of N2 stations (p = 0.0001).
Conclusion: Based on our experiences, even though RAS can ensure excellent long-term outcomes in
selected cases of early-stage NSCLC, comparable to RAL, the local recurrence rate was higher in the
RAS group.

Keywords: lung segmentectomy; robotic-assisted thoracic surgery; sublobar resection; long-term
outcomes; lung cancer

1. Introduction

Lung cancer remains one of the leading causes of cancer-related mortality worldwide, with non-
small-cell lung cancer (NSCLC) accounting for approximately 85% of all lung cancer cases [1]. For
patients with early-stage NSCLC, surgical resection has always been considered the treatment of
choice, offering the best chance for long-term survival [2]. Traditionally, lobectomy has been the gold
standard for the surgical management of this tumor [3], but thanks to an attentive screening program,
it has spread worldwide. To a more frequent identification of small lung tumors, the thoracic surgery
community has been pushed into developing more and more less invasive and extensive resections.
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In this setting, considering the latest publication of the JCOG0802 and CALGB 140503 trials, lung
segmentectomy has been recently proven to be a valid alternative to lobectomy in selected patients with
NSCLC <2 cm, with acceptable long-term outcomes without significant functional impairment [4,5]

Furthermore, the minimally invasive approach has largely replaced open surgery for almost
every elective procedure, and technological innovations and technical developments have provided
a significant boost in this direction, ultimately enabling the use of robotic platforms worldwide. The
robotic platform offers enhanced precision, superior dexterity, and three-dimensional visualization,
potentially leading to better surgical outcomes compared to traditional thoracoscopic techniques
[6,7], particularly in the case of sublobar resection [8].

Robotic-assisted segmentectomy (RAS) is, in fact, a recent evolution in the field of minimally
invasive thoracic surgery; however, despite its growing adoption, the long-term efficacy of RAS,
particularly its oncologic outcomes, remains unclear.

This study aims to explore whether RAS can serve as an alternative to RAL in early-stage
NSCLC, with a specific focus on long-term outcomes, including 10-year cancer-specific survival
(CSS), cumulative rate of relapse (RR), and local recurrence (LR).

2. Materials and Methods

A retrospective analysis of 1,040 patients who underwent robotic anatomical lung resection for
early-stage NSCLC between August 2007 and August 2023 was performed at the European Institute
of Oncology in Milan. Forty patients underwent RAS, and each patient was retrospectively matched
with three patients undergoing RAL over the same period, by propensity score matching (1:3) based
on demographic characteristics (age, sex), pathological features (tumor size and grade, histology,
tumor site), and pathological stage, following 8th TNM staging system.

Inclusion criteria were: clinical stage IA and IB NSCLC (less than 4 cm in size, NO and no evident
pleural involvement) according to the 8th edition of the TNM staging system in lung cancer; intent-to-
treat anatomical segmentectomy or lobectomy with radical lymphadenectomy, performed by robotic
approach; no preoperative induction therapy; no previous history of concurrent malignant disease or
other previous primary lung cancer. We excluded from the study all patients with one or more of the
following conditions: histology other than NSCLC; incomplete preoperative staging; incomplete
lymphadenectomy; or anatomical resection other than anatomical segmentectomy or lobectomy.

The decision to perform anatomical segmentectomy or lobectomy was based on the patient’s
fitness for surgery (respiratory function, previous lung surgery) and the surgeon’s choice.

All segmentectomies were “simple” segmentectomy following the definition proposed by
Handa et al [9].

Data were collected retrospectively from patients’” medical records, including demographic
information, operative details, postoperative outcomes, and long-term follow-up data.

The study was approved by the Institutional Review Board (UID 4367) of our Institution, and all
patients provided informed consent to undergo surgery and for their data to be used in research.

2.1. Preoperative Assessment

Preoperative staging was based on a total-body computed tomography scan (CT scan) and
positron emission tomography with fluorodeoxyglucose (PET) scan. Whenever possible, suspected
lymph node involvement was verified with endobronchial ultrasound-guided transbronchial needle
aspiration (EBUS-TBNA) or mediastinoscopy. Staging and functional exams were always performed
within 5 weeks before surgery.

2.2. Surgical Procedures

All patients underwent segmentectomy or lobectomy via robotic approach along with systematic
lymph node dissection, under general anesthesia and single-lung ventilation. The four-arm robotic
approach, as described elsewhere [10], was applied. Briefly, a 3-cm utility incision was made in the
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fourth or fifth intercostal space, anteriorly, along with three additional 8-mm ports: one for the camera
in the seventh or eighth intercostal space along the mid-axillary line, and two others at the seventh or
eighth intercostal space in the posterior axillary line and in the auscultatory triangle at the sixth
intercostal space, respectively. Until 2015, da Vinci S and SI systems (Intuitive Surgical Inc., Sunnyvale,
CA, USA) were applied, whereas the da Vinci Xi system was introduced thereafter. Pulmonary arteries,
veins, and bronchi were resected either with a mechanical stapler (EndoGIA 30 vascular and 30 or 45
parenchyma) or with a robotized stapler (EndoWrist 30 or 45 vascular and parenchyma). The segmental
plane was completed with inflation of the lobe. Patients with N1 involvement or with positive margins
on frozen section underwent lobectomy and were excluded from the analysis.
Operating time was measured from the first incision to the final closure of the wound.

2.3. Postoperative Follow-Up

Patients were followed with a physical examination, chest X-ray, and blood tests 1 month after
surgery. Subsequent follow-up consisted of a physical exam plus chest and upper abdomen CT scans
every 4 months for 3 years, then every 6 months until the fifth year, and annually thereafter.

Recurrences in the hilar/mediastinal nodal area or lung tissue near the previous resection were
recorded as local. New pulmonary nodules or pleural lesions on the same or opposite side were classified
as regional, while any lesions found outside the thoracic cavity were considered distant metastases.

Postoperative complications were defined as any complication occurring within 30 days after
surgery and were categorized using the Thoracic Morbidity and Mortality classification system [11].
Postoperative death was defined as mortality occurring within 30 days after surgery or during
hospitalization.

2.4. Statistical Analysis

Absence of normality was confirmed using the Shapiro-Wilk test for all continuous variables
considered in the analysis, which were described as median and range and compared using a non-
parametric median test. Categorical data were expressed as numbers and frequencies and were
compared using the Chi-squared test. CSS was defined as the time from the date of surgery to the
date of death due to lung cancer; instead, relapse was defined as the occurrence of local, regional, or
distant lesions related to the treated lung cancer. Deaths from unrelated causes were treated as
competing events. Survival outcomes, including CSS and RR, were analyzed using the Kalbfeisch-
Prentice method [12], and compared by Gray’s test [13]. Statistical significance was defined as a p-
value of less than 0.05. Analysis was performed using SAS software v. 9.4 (SAS Institute, Cary, North
Carolina, United States).

3. Results

Forty patients who underwent RAS and fulfilled the inclusion criteria were propensity score
matched (1:3) with 120 patients undergoing RAL. The median age of patients in the RAS group was 64.5
years (range, 50-85 years), compared to 66 years (range, 43-83 years) in the RAL group (p = 0.69). In the
RAS and RAL groups, 22 patients (55.0%) and 53 patients (44.2%), respectively, were male (p = 0.23).

In the segmentectomy group, 17 patients had S6 segmentectomy, 17 patients underwent apico-
dorsal segmentectomy (left S1+52+S3), three patients underwent lingulectomy (left S4+55), and three
patients had a right apico-ventral segmentectomy (right S1+52).

Adenocarcinoma was the most common histology in both cohorts (87.5% and 87.5%,
respectively; p = 1.00), and most tumors were graded as G2 (60.0% and 68.3%, respectively; p =0.63).
The median tumor size was 12.5 (6-34) mm in the RAS group, compared to 15 (6-32) mm in the RAL
group (p = 0.64). The majority of tumors were at stage I of the disease in both groups (90.0% and
96.7%, respectively; p = 0.17).

The characteristics of patients, operative details, and pathological features for matched RAS and
RAL cohorts are detailed in Table 1.
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Table 1. Patients’ characteristics, surgical details, and pathological features among matched RAS and RAL cohorts.

Segmentectomy* Lobectomy P-Value
N=40 (25%) N=120 (75%)
Age 0.69
Median [range] 64.5 [50 — 85] 66 [43 — 83]
IQR 62-72 62-70
<60 6 (30.0) 14 (70.0)
60-69 22 (22.7) 75 (77.3)
70+ 12 (27.9) 31 (72.1)
Sex 0.23
Men 22 (29.3) 53 (70.7)
Women 18 (21.2) 67 (78.8)
Conversion 1.00
No 39 (25.0) 117 (75.0)
Yes 1(25.0) 3 (75.0)
Side 0.46
Right 14 (21.9) 50 (78.1)
Left 26 (27.1) 70 (72.9)
Site 0.31
Upper 24 (28.2) 61 (71.8)
Lower 16 (21.3) 59 (78.7)
Histology 1.00
Adenocarcinoma 35 (25.0) 105 (75.0)
Squamous 2 (25.0) 6 (75.0)
Other 3(25.0) 9 (75.0)
Tumor grade 0.63
Gl 11 (29.7) 26 (70.3)
G2 24 (22.6) 82 (77.4)
G3 5(29.4) 12 (70.6)
Tumor size 0.64
Median [range] 12.5[6 - 34] 15[6 - 32]
IQR 8-17 11-18
<15 mm 28 (25.7) 81 (74.3)
>15-30 mm 10 (21.7) 36 (78.3)
>30-40 mm 2 (40.0) 3 (60.0)
Clinical stage 0.007
la 26 (37.1) 44 (62.9)
1b 10 (16.7) 50 (83.3)
1c 1( 5.0) 19 (95.0)
2a 3(30.0) 7 (70.0)
Pathological stage 0.17
Stage I 36 (23.7) 116 (76.3)
Stage II 3 (60.0) 2 (40.0)
Stage III 1(33.3) 2 (66.7)
Adjuvant therapy 1.00
No 39 (25.3) 115 (74.7)
Yes 1(16.7) 5 (83.3)

Matched for age, sex, histology (exact), pT, pN, tumor size, tumor grade, tumor side, tumor site, using propensity
score. * Segmentectomy included: 17 S6 segmentectomies, 17 left apico-posterior segmentectomies, three

lingulectomy, and three right apico-dorsal segmentectomies. IQR: Interquartile range.

Only one patient (2.5%) in the RAS group was converted to thoracotomy for pleural adhesions.
In contrast, three patients (2.5%) in the RAL group were converted to open surgery (one for bleeding
and two for pleural adhesions).
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3.1. Short-Term Outcomes

The short-term outcomes of the matched RAS and RAL cohorts are presented in Table 2.

Table 2. Short-term outcomes and lymph node retrieval of the matched RAS and RAL cohorts.

Segmentectomy Lobectomy P-Value
N=40 (25%) N=120 (75%)
Operative time
Median [range] 159 [95-224] 167 [70-348] 0.27
IQR 150-182 138-193
N1 resected
Median [range] 4[0-17] 9 [0-27]
IQR s 37 6-13 <0001
N2 resected
Median [range] 3[0-15] 5[1-32] 0.06
IQR 2-5 3-7 ’
Total N1+N2 resected
Median [range] 9 [1-20] 15 [4-44]
IOR 6-13 11-19 0.0004
N1 stations
Median [range] 2 [0-4] 2 [0-5] 018
IQR 23 23 :
N2 Stations
Median [range] 2 [0-5] 3[1-5]
IOR 13 23 0.0001
Total N1+N2 stations
Median [range] 4[1-7] 5[2-8]
IOR 35 16 0.0004
Length of stay
Median [range] 4[3-21] 5[3-35] 010
IQR 3-55 4-6 ’
ICU
No 40 (27.6) 105 (72.4)
Yes 0( 0.0 15 (100.0) 0.02
Postoperative complications
No 30 (24.6) 92 (75.4)
Yes 10 (26.3) 28 (73.7) 0.83
Minor 8 (24.2) 25 (75.8)
Major 2 (40.0) 3 (60.0) 0.59

Bold p-value indicates a statistically significant difference with a p-value less than 0.05. IQR: interquartile range.

The median operative time for RAS was 159 (95-224) minutes, which was slightly shorter but
not statistically significant compared to the median operative time for RAL, 167 (70-348) minutes (p
= (.27). The median length of hospital stay was shorter in the RAS group, with a median of 4 days
(range, 3-21 days), compared to 5 days (range, 3-35 days) in the RAL group (p = 0.10). Notably, none
of the patients in the RAS cohort experienced a postoperative Intensive Care Unit (ICU) stay, whereas
15 (12.5%) patients in the RAL cohort did (p = 0.02). The 30-day mortality rate was 0% in both groups,
with a 30-day morbidity rate of 25% in the RAS group and 23.3% in the RAL group (p = 0.83). In
particular, into the RAS cohort, 2 (5.0%) patients experienced major complications such as severe
pulmonary embolism in 1 case (grade IV) and sputum retention requiring bronchoscopy in another
patient (grade IIla); 8 (20.0%) patients experienced minor complications such as pulmonary
atelectasis in 2 cases (grade I), wound hematoma in 1 case (grade II), pleural effusion in 1 patient
(grade II), two atrial fibrillation (grade II), and 2 cases of prolonged air leak (grade II).

In terms of lymph node harvesting, the RAS group had significantly lower median numbers of
N2 nodal stations sampled compared to the RAL group: 2 [0 - 5] and 3 [1 - 5], respectively, p=0.0001),
whereas the median number of N1 stations harvested was overlapping between the two groups (RAS

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2 (0-4) vs. RAL 2 (0-5); p = 0.18). Additionally, the median number of lymph nodes retrieved was
significantly lower in the RAS group compared to the RAL group, both in station N1 and N2 (p <
0.0001 and p = 0.06, respectively) (Table 2).

3.2. Long-Term Outcomes

The overall median follow-up was 60 months [range 1 to 190]. In particular, the median follow-
up for the RAS group was 118 months [range 6 to 190].

The 10-year CSS rate was 91.8% (95% CI: 79.9%-97.9%) in the RAS group and 90.1% (95% CI: 77.5%-
97.2%) in the RAL group (p = 0.90) (Figure 1). 5-year of RR was 13.1% (95% CI: 4.7% — 25.9%) in the RAS
group and 18.0% (95% CI: 10.8% — 26.7%) in the RAL group; 10-year of RR was 22.4% (95% CI: 10.3% —
37.4%) for RAS patients, and 18.0% (95% CI: 10.8% — 26.7%) for RAL patients (p = 0.99) (Figure 2).

1007 — e
g 80
£ 60
=
2
Z 40 -
=
;g 20 - Segmentectomy
g_ Lobectomy
£ 0+ Gray’s test p=0.90
T e T . T
0 5 10
Number at risk
Segmentectomy 40 31 19
Lobectomy 120 49 7
Cancer-specific survival (95% Cl)
5-year 10-year
Segmentectomy 91.8(79.9-97.9) 91.8(79.9-97.9)
Lobectomy 94.5 (87.3-98.3) 90.1(77.5-97.2)

Figure 1. Cancer-specific survival.
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Segmentectomy 40 29 16
Lobectomy 120 44 7
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5-year 10-year
Segmentectomy 13.1 (4.7-25.9) 22.4(10.3-37.4)
Lobectomy 18.0 (10.8-26.7) 18.0 (10.8-26.7)

Figure 2. Cumulative incidence of relapse cancer-specific survival.

Within the RAS cohort, 8 (20%) patients had recurrences: 5 (12.5%) patients experienced local
recurrences (LR) (4 on lung parenchyma and one on ipsilateral mediastinal nodes), 2 (5%) patients
developed regional recurrence on contralateral lung parenchyma, and 1 (2.5%) patient developed
distant recurrence on the bone. Within the RAL matched group, 17 (14.2%) patients experienced
recurrences: 2 (1.7%) patients had local recurrence with hilar lymph node relapses, 8 (6.7%) patients
presented regional recurrences (2 ipsilateral pleural lesions and six contralateral pulmonary nodules),
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and 7 (5.8%) patients had distant metastasis, mainly brain recurrences. 5-year of LR was 7.9% (95%
CL: 2.0% - 19.3%) in the RAS group and 2.8% (95% CI: 0.5% — 8.9%) in the RAL group; 10-year of LR
was 11.0% (95% CI: 3.4% — 23.7%) for RAS patients, and 2.8% (95% CI: 0.5% — 8.9%) for RAL patients
(p =0.08) (Figure 3).

100

Segmentectomy
< 80 Lobectomy
o Gray’s test p=0.08
g o YSIESEP
[
=4
2 40
(]
=
B 20
£ r——-
E o
(&}
R e
0 5 10
Number at risk
Segmentectomy 40 29 16
Lobectomy 120 44
Cumulative incidence (95% Cl)
5-year 10-year
Segmentectomy 7.9( 2.0-19.3) 11.0( 3.4-23.7)
Lobectomy 2.8( 0.5- 8.9) 2.8( 0.5- 8.9)

Figure 3. Cumulative incidence of local recurrence (LR).

4. Discussion

Lung segmentectomy has recently been proven to be a valid alternative to lobectomy in selected
patients with NSCLC <2 cm [4,5]. In the early 2010s, the first reports of experiences in RAS appeared
in the literature, yielding encouraging results [14,15]. Since then, several studies have consecutively
demonstrated its safety and feasibility [16-19], which explains the increasing use of the robotic
approach for segmentectomies [20-22]. The short-term outcomes of RAS are encouraging and not
only comparable to those provided by VATS or open surgery, but also superior [16,19,23,24].
Recently, RAS has been demonstrated to be a feasible alternative to RAL for conserving lung function
in patients with respiratory-compromised lung cancer [25], but achieving favorable oncological
outcomes remains the top priority for thoracic surgeons. The NCCN guidelines [2] emphasized that
both VATS and RATS were viable options for patients without anatomical or surgical
contraindications, provided that the fundamental oncologic principles and dissection techniques of
thoracic surgery are not compromised. Nonetheless, the oncologic efficacy and long-term outcomes
of this procedure remain under investigation, primarily due to the limited median follow-up, which,
in the literature, currently does not exceed 5 years [16,26]. The recently published Phase 3 clinical
trial, JCOGO0802, demonstrated the benefits of segmentectomy versus lobectomy in terms of overall
survival for patients with small peripheral NSCLC, even though the proportion of patients with local
relapse was almost double for segmentectomy compared to lobectomy (10.5% vs 5.4%, p = 0.0018) [4].

Additionally, in the CALGB 140503 trial, published in The Lancet one year later, the authors
concluded that sublobar resection was not inferior to lobectomy in terms of disease-free survival
(DFS), and overall survival (OS) was similar between the two procedures [5]. To date, both trials
confirmed lung segmentectomy as a valid alternative to lobectomy in selected patients with
peripheral NSCLC < 2 cm, in terms of oncological outcome, but without any consistent data on the
surgical approach (VATS vs RATS vs open approach). Even in our study, RAS offers excellent long-
term outcomes for selected patients with early-stage NSCLC, comparable to RAL; the 10-year CSS
rate was as high as 92% in the RAS group, underscoring the oncologic efficacy of RAS in achieving
durable disease control in selected cases. In particular, in the 5 years of follow-up, our 5-year survival
rate seems to be in line with those reported in the literature, even if slightly worse than the 100% 5-
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year OS found by Zhou and colleagues [16], who included only stage IA, but better than the 55% 5-
year CSS reported by Nguyen and colleagues [26], who included also patients with pN+ or pT2, as in
our study. However, it is essential to note that the rate of LR was significantly higher in the RAS
group (12.5%) compared to the RAL group (1.7%) (p = 0.08).

The lower rate of ICU stays observed in the RAS group compared to the RAL group suggests a
favorable safety profile, likely attributable to the less extensive nature of segmentectomy compared
to lobectomy.

The morbidity rates were comparable between the RAS and RAL groups, indicating that RAS does
not increase the risk of postoperative complications compared to RAL. These findings align with the
results reported in the literature [24]. However, the 30-day morbidity rate observed in our cohort appears
to be slightly higher than that reported in the literature, which ranges from 10% to 24% [17]. Nonetheless,
the great majority of our postoperative complications were minor, not requiring specific treatment. These
findings support the growing adoption of RAS as a viable surgical option for selected patients with early-
stage NSCLC, particularly those for whom preservation of lung function is a priority.

One of the key differences observed between RAS and RAL was the extent of lymph node
dissection. RAS resulted in significantly lower lymph node retrieval and station sampling, which is
consistent with the less extensive nature of segmentectomy. However, this lower nodal retrieval did
not result in worse long-term survival or higher relapse rates, suggesting that the oncologic control
achieved with RAS is adequate despite the lower extent of lymph node dissection.

The ability of RAS to achieve comparable survival outcomes with less extensive dissection may
offer significant benefits in terms of reduced surgical morbidity.

The findings of this study highlight the potential of RAS to combine the benefits of minimally
invasive surgery with effective oncologic control, making it an attractive option for selected patients
with early-stage disease.

The retrospective nature of this study and its relatively small sample size are notable limitations
that must be taken into account when interpreting these results. The lack of randomization poses
another limit, as it prevents the establishment of causality. Although propensity score matching was
employed to reduce selection bias, the possibility of residual confounding cannot be completely ruled
out. Furthermore, the study population consisted primarily of patients with early-stage NSCLC,
which may limit the generalizability of the findings to patients with more advanced disease or those
with neoplasms other than NSCLC. Finally, the long period considered in the study, influenced by
technical and technological developments without taking into account the learning curve, may have
introduced an inherited selection bias.

Prospective randomized trials are needed to confirm the long-term outcomes of this study and
to explore further the comparative efficacy of RAS and RAL in different patient populations.
Additionally, while the study provides valuable insights into the 10-year outcomes of RAS, a longer
follow-up is necessary to fully assess the durability of these outcomes.

5. Conclusions

RAS is an effective and safe surgical option for selected patients with ES-NSCLC, offering
excellent long-term outcomes with 10-year CSS comparable to RAL. However, lymph node dissection
was less extensive in the RAS group, and the incidence of LR was definitely higher compared to RAL.
Future research should focus on larger, prospective studies to validate these findings and to explore
the potential benefits of RAS in broader cohorts. As robotic surgical technology continues to advance,
it is likely to play an increasingly important role in the management of early-stage NSCLC, offering
patients less invasive yet effective treatment options.
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Abbreviations

The following abbreviations are used in this manuscript:

CSS: Cancer-Specific Survival

RR: rate of relapse

ICU: Intensive Care Unit

NSCLC: Non-Small Cell Lung Cancer
RAL: Robotic-Assisted Lobectomy
RAS: Robotic-Assisted Segmentectomy
CI: confidential interval

SD: Standard Deviation

LR: local recurrence
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