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Background and Objective: Robotic-assisted thoracic surgery (RATS) has increasingly been applied
to primary lung cancer treatment. Given the many facilities provided by the robotic platform in the
manipulation of tissues and precision of movements, there is continuous enquiring about its contribution to
the improvement of surgical outcomes. Also, the possibility to perform complex resections in a minimally
invasive way using a robotic approach starts to become possible as the centers’ learning curve expands. We
propose to perform a review of the current status of robotic surgery for lung cancer focusing on key frontier
points: sublobar resections, quality of lymphadenectomy, complex resections, postoperative outcomes, and
innovative technologies to arrive.

Methods: We performed a narrative review of the literature aggregating the most current references
available in English.

Key Content and Findings: According to the current data, the flourishing of the robotic platform seems
to be in line with the spread of sublobar resections. The technological benefits inherent to the platform, also
seem to promote an increase in the quality of lymphadenectomy and a shorter learning curve when compared
to video-assisted thoracic surgery (VATS) with equivalent oncological results. Its application in complex
resections such as bronchial sleeve already presents consistent results and new technology acquisitions such
as three-dimensional reconstructions, augmented reality and artificial intelligence tend to be implemented
collaborating with the digitization of surgery.

Conclusions: Robotic surgery for lung cancer resection is at least equivalent to the VATS approach
considering the currently available literature. However, more practice time and prospective clinical trials are
needed to identify more exact benefits.
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Introduction

The first robotic lung lobectomy was reported in
mid-2000 (1). After two decades, several researchers have
investigated the feasibility, safety, and surgical outcomes of
robotic lung resections (2,3). The oncological resections
were the most important field for the application of this
technique. The impulse generated by the outstanding
postoperative outcomes related to the minimally invasive
approach by video-assisted thoracic surgery (VATYS) served
as a solid starting point to introduce the robotic platform
worldwide (4,5). The so-far supposed benefits generated
by the machine-surgeon interactions would still have to be
proved superior to negative factors such as cost, operation
room management complexity, and the breaking paradigm
of the surgeons outside the surgical field.

The years have passed, and thoracic robotic surgery
experiments great spread over the world (6). According to
a report from the U.S. Department of Health and Human
Services, from 2009 to 2013, the percentage of robot-assisted
lobectomies increased from 1% to 11% of all lobectomies,
while VATS remained at 33% and open lobectomies
decreased 20% (7,8). Some important factors responsible for
the rapid dissemination of robotic-assisted thoracic surgery
(RATYS) is the great acceptance of the platform capable to
bring all the consolidated benefits of minimally invasive
approach without technical difficulties imposed by VATS.
The migration from an open technique to a VAT approach
requires radical changes in surgeons’ strategies and skills.
The loss of precision due to the lack of wristed instruments,
the antiparallel optic position in the multiport approach,
or the restricted working space on the uniportal technique
are some of the difficulties experienced by surgeons when
performing VATS procedures. These problems prolong the
learning curve and make it difficult for centers with lower
surgical volumes to adopt the technique (9). A few reports
on the learning curve for robotic lobectomies signalize
20-30 procedures to achieve proficiency while the literature
about VATS lobectomy varies from 50 procedures for
multiport approach going to 140 for uniportal surgery
(10-12). That shorter learning curve may be due to more
intuitive surgical field manipulation provided by the 3D
visualization, and a more ergonomic surgeon position.
Also, the parallel instrument-optic position and the wristed
instruments permit an easier migration from open to
minimally invasive since the surgeon is capable to mimic the
open approach. However, after the establishment of RATS as
a safe technique for oncological early-stage lung resections,
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there is a necessity to analyze the performance in key points
of oncological treatment.

Therefore, we analyzed the literature about the
performance of the robotic platform on the trend migration
from lobectomy to sublobar resections, lymphadenectomy,
and complex lung surgery to understand the impact of
RATS on surgical lung cancer treatment for the next years.
The aim of this paper is to review the actual statement of
robotic thoracic surgery for lung cancer treatment and focus
on the most recent questions about sublobar resections,
lymphadenectomy, complex lung resections, and future
perspectives. We present the following article in accordance
with the Narrative Review reporting checklist (available at
https://jtd.amegroups.com/article/view/10.21037/jtd-22-
635/rc).

Methods

We performed a narrative review with the current published
data regarding robotic surgery for primary lung cancer
treatment. The major points to be revised were the impact
of the robotic platform on the sublobar resection indication,
the outcomes of lymphadenectomy, the statement on
complex lung resections by robotic approach, and the next
frontiers for robotic lung cancer surgery.

The authors conducted a literature search to identify all
English-written published papers on the digital platforms
PubMed, Google Scholar, and Scielo. For that, the authors
used the terms: “Robotic” and “Lung Cancer” with “AND”
divisor as detailed in Tible 1. Those terms resulted in 1,186
papers that after applying the filters for inclusion and
exclusion criteria resulted in 211 papers. Finally, after review
and selection consensus, 59 papers completely analyzed by
the authors were included in this narrative review.

The changing trend: from lobectomy to
segmentectomy

It is known that anatomical segmentectomy requires greater
skill from the surgeon in bronchovascular dissection when
compared to lobectomy. The reasons for that increased
complexity are the progressive reduction in vessels and
bronchial caliber, more frequent anatomical variations,
oncologically need to correctly define the intersegmental
margins, and a more restricted surgical working field due
to the intraparenchymal dissection. The robotic platform
seems to perfectly fit the needs required to improve surgical
precision in sublobar procedures bypassing the inherent
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Iltems Specification

Date of Search

Databases and other sources searched
Search terms used

Timeframe

Inclusion and exclusion criteria

February 1%, 2022 to August 1%, 2022

PubMed, Google Scholar, and Scielo

“Robotic and Lung Cancer”, “RATS and Lung Cancer”
May 1%, 2002 to April 30", 2022

English-written published clinical trials, meta-analyses, randomized controlled trials, reviews,

and systematic reviews. Publications that presented just with technique description,
anesthetic considerations, “tips and tricks” or that does not meet the scope proposed by the
review were excluded after the title and abstract reading

Selection process

The two authors conducted equally the paper selection and the full-text review of the final

relevant literature to reach a consensus and to discuss the data results

difficulties previously mentioned. The ability to visualize
three-dimensionally, the greater precision and refinement
of movements, the ability to angulate the forceps with
multiple degrees of freedom, the stability and control of
the optics by the surgeon himself, and multiple instruments
manipulation, masterfully contemplate the needs required
for procedures with such a degree of precision.

The reliable performance of the platform in sublobar
resections has already been reported by Cerfolio ez 4/. in
their initial experience with the first one hundred cases
planned for robotic anatomic segmentectomy (13). Most
patients were submitted to curative lung cancer surgery
(79%) by a completely robotic four-arm approach and all
achieved RO resection with a median of 19 lymph nodes
dissected. There were no conversions for the open approach
and 7% needed intraoperative change for a lobectomy due
to inadequate margin or nodule localization issues. The
results of that work were similar to those observed in our
published experience with the first 49 patients operated (14).
At that time, we used a three-arm approach described by
Ninan and Dylewski with some minor adaptations due to
the initial implementation status and cost issues in Brazil (15).
There were also neither conversions to an open procedure
nor lobectomy. The median operative time was 160 minutes
and the postoperative complication rate was 18.3%. The
most frequent complication was prolonged air leak (8.1%)
however, the median pleural drainage time was 2 days with
a length of stay of 3. Those papers just reported isolated
results of technique performance without the intent to
compare with the more consolidated access by VATS.
Some retrospective database analysis was performed to
compare the early outcomes of RAT'S segmentectomy with
VATS. Zhang et al. showed results of a large retrospective
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analysis with 774 patients, 298 operated by RATS and
476 by VATS, for early-stage lung cancer treatment (16).
The groups were matched by propensity score and results
showed no significant difference in operative time (RATS
147.91 min/VATS 149.23 min; P=773), blood loss (RAT'S
50 mL/VATS 100 mL, P=0.177), overall complications
(RAT'S 17.9/VATS 14.8%; P=0.340), and length of stay
(RATS 4 days/VATS 4 days; P=0.417). Nevertheless, the
RATS group presented a significantly higher number of
lymph nodes and stations dissected (P<0.01) compared
with VATS, which is an important trend to define better
the pathological stage and adjuvant strategy. A meta-
analysis published by Ma ez al. with publications comparing
postoperative outcomes of anatomical resections by RATS
and VAT performed a subgroup analysis dividing lobectomy
and sublobar resections. Although in the lobectomy group
the RATS approach was associated with lower conversion
rate, a great number of harvested lymph nodes and dissected
stations, shorter postoperative chest tube duration, lower
overall complication rate, and recurrence, in the sublobar
resection group those differences were not significant (17).
More recently Kneuertz et a/. published data from the
National Society of Thoracic Surgeons General Thoracic
Surgery Database, comparing early outcomes of sublobar
resections for stage I disease performed by VATS, RATS,
and open approach (18). Despite the minimally invasive
group (VATS and RATS) presented with a significantly
lower postoperative complication rate (RATS 31.3%, VATS
28.8%, open 38.3%; P<0.001) and length of stay (RATS
4.3 days, VATS 4.4 days, open 5.2 days; P<0.001) the RATS
group showed a higher rate of home discharge with chest
tube and pneumothorax after chest tube removal. Those
results showed a non-inferiority of the RATS approach
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Table 2 Summary data from literature reports on robotic anatomic segmentectomy outcomes

Stud Number of Comparative RATS Operative time Conversion  Prolonged Complication Length of
Y patients intent approach (minutes) rate air leak rate stay (days)
Cerfolio 2015 (13)  Total: 100, None 4-arm complete 88 (46-205) No Not reported 9% 3 [2-9]
NSCLC: 79 portal conversion
(79%) was needed
Terra 2019 (14) Total: 49, None 3-arm complete 160 (60-313) No 8.1% 18.3% 3 [1-30]
NSCLC: 34 portal conversion
(69.3%) was needed
Zhang 2019 (16) 774, just RATS: 257 4-arm complete RATS: RATS: 0.4% Not reported RATS: 17.9% RATS: 4
NSCLC portal 147.91+52.42 [3-5]
patients VATS: 257 VATS:  VATS:1.2% VATS: 14.8% VATS: 4
149.23+49.66 [3-5]
Propensity score P=0.773 P=0.624 P=0.340 P=0.417

matching
Kneuertz 2022 (18) 3,680, just RATS: 737 Not reported
NSCLC
patients VATS: 2,279
Open: 664
IPTW

RATS: 238.61 Not reported RATS: 8.1% RATS: 31.3% RATS: 4.3
(92.08)

VATS: 220.63 VATS: 6.6% VATS: 28.8% VATS: 4.4
(75.17)

Open: 227.01 Open: 7.0% Open: 38.3% Open: 5.2
(79.87)

P=0.40 P<0.001 P<0.001

This table summarizes the papers that analyses the performance of robotic segmentectomies. RATS, robotic assisted thoracic surgery;
NSCLC, non-small cell lung cancer; VATS, video assisted thoracic surgery; IPTW, Inverse probability of treatment weighting.

over VATS and reassure the benefit of minimally invasive
procedures.

At the same time, we see the emergence of a trend
towards the application of sublobar resections as the standard
treatment for early lung lesions. This trend arises with the
evolution of tomographic imaging techniques that made the
diagnosis of early lung lesions possible and with the evolution
of resection techniques that allow superior performance
of anatomical sublobar surgeries by the oncological rigors.
This evolution comes to oppose the dogmas established
almost two decades ago by the Lung Cancer Study Group
(LCSG), which in another scenario, established lobectomy
as the gold standard treatment for lung cancer (19). The
recently published results from JCOGO0802 comes to rectify
the previous studies by showing consistent improvement
in overall survival after sublobar anatomical resections for
patients with stage IA (<2.0 cm and consolidation-to-tumor
ratio of 0.25 or more) NSCLC (20). However, it is a fact
that this paradigm shift brings surgeons closer to minimally
invasive and more precise surgery and the number of
robotic sublobar resections must increase in the next years.
Confirming this, Gergen et al. reported an increased number
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of segmentectomies for stage I lung cancer patients after the
first-year introduction of a robotic program. The overall
number of sublobar anatomic resections raised from 8.6% to
25% (P=0.01) and the rate of segmentectomies indicated for
RATS approach raised from 16.7% to 88.2% (P=0.003) (21).
Zhou et al. also presented similar results with a significant
increase not only in total numbers of sublobar anatomic
resections but also a significant rise in number of the
considered complex sublobar resections: any segmentectomy
excluding lingular-sparing (Left S1+S2+S3), lingulectomy,
S6 and, basilar segmentectomy (22). In the period from
2015-2019 they performed 222 anatomic segmentectomies
(37% RATS; 18% VATS and 47% open) with a subgroup
analysis showing that the incidence of complex resection in
RATS group was 45% vs. 22% in VAT'S group (P<0.001) (22).

The presented literature on this topic represents the
actual scenario of lung-sparing curative surgery for lung
cancer (Table 2). We believe, by data support, that the
robotic approach has an important role in that framing
change by providing more precision, and comfort for
the surgeon with no inferior postoperative results when
compared to VATS. Those qualities are important to
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Figure 1 Robotic wedge resection after percutaneous lesion marking with ICG. (A) Lesion marked with a mixture of biological glue,

methylene blue, and ICG; (B) lesion is seen by the Firefly®; note the margin was provided by the ICG; (C) specimen seen with natural light;

(D) specimen seen with Firefly®. ICG, indocyanine green.

provide surgeons with more trust to perform challenging
anatomically resections. Also, the possibility to improve
precision by including new technologies such as multimodal
imaging segmentectomy which involves intraoperative
navigation with 3D tomography reconstructions and
indocyanine green fluorescence to define the intersegmental
plane, steps up the role of robotic platforms and will be
discussed further in this article (Figure I).

The quality of lymphadenectomy

Lymphadenectomy is a key point for prognostic definition
in non-small cell lung cancer. An adequate lymph node
dissection allows the correct pathological staging and
the ideal choice of postoperative therapy, impacting
overall survival and disease-free survival (23). With the
advancement of chemotherapeutic and immunotherapeutic
clinical treatments within different adjuvant and
neoadjuvant strategies, the need for an ideal and extended
lymphadenectomy has been increasingly discussed (24,25).
Additionally, unsettling data was published by Edwards
et al. showing that just 46% of resected lung cancer
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has adequate lobe-specific systematic nodal dissection
following the guidelines recommended by the International
Association for the Study of Lung Cancer (IASLC) (26).
In view of this, the comparison between the different
minimally invasive techniques and their ability to facilitate
access to lymph node stations has become the focus of
several studies. Results such as lymph node upstaging rate,
number of resected lymph nodes, and number of dissected
stations are used as indicators to compare the quality of
lymphadenectomy by RATS, VATS, and thoracotomy.
Although all these outcomes are extensively used in the
papers, it is worth mentioning that the number of dissected
lymph nodes is subject to some biases, mainly those related
to the dissection of the specimen and lymph node count
by the pathologist. However, the number of lymph nodes
removed and examined after surgery is historically related
to survival. Higher number of resected lymph nodes
provides a greater staging accuracy by a lower chance of
missing metastatic disease (22,23). Even though lymph node
upstaging is more objective since it directly represents the
potential change in disease stage.

Toker et al. reported equivalent results comparing RAT'S,
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VATS, and open in the dissection of N1 and N2 stations (27).
RATS vyielded significantly more lymph nodes in total
(mean 14.9+6.5; P=0.0007) and a significant difference in
the number of dissected N1 in the RATS (mean 6.8+3.7;
P<0.0001). Wilson er al. evaluated the rate of lymph node
upstaging as an outcome indicator of the quality of robotic
lymphadenectomy (28). In this multicentric database analysis,
pathological upstaging was evidenced in 10.9% of the
302 patients operated on early-stage NSCLC, 6.6% for
pN2, and 4.4% for pN1. Zirafa et al. reported analysis of
212 patients (106 RATS, 106 open) submitted to lobectomy
and hilar-mediastinal dissection observing no difference
in the number of lymph nodes dissected or upstaging rate
between groups (29). Although, in this study, the RATS
group presents a higher rate of NO to N2 upstaging (RATS
9.4%; Open 2.8% P=0.045). However, the analysis of the
upstaging rate should consider not only the access route but
also consider possible confounding factors such as the T
stage and the clinical staging protocols to which the patient
was submitted. For this, studies using propensity-matching
scores were carried out. Kneuertz et a/. reported the results of
911 patients (254 robotic, 296 VATS, and 261 open)
evidencing an upstaging rate of 21.8% for open surgery,
16.2% for RATS and 12.3% for VATS (P=0.03) (30).
The number of resected stations (N1+N2) was similar
between open surgery (4.0) and RATS (3.8) but lower in
VATS (3.6) (P=0.001). The significant difference in the
frequency of upstaging observed was only for N1 stations,
with no difference for N2. However, in the multivariate
analysis considering the invasive mediastinal staging and
the clinicopathological characteristics as covariates, the
upstaging rate by RATS was equivalent to open staging
while VATS continued with a lower frequency of upstaging
when compared to the conventional access with an OR of
0.50 (95% CI: 0.29-0.85). Tang et al. performed a large
database analysis including 7,452 pairs of patients matched
between open surgery and RATS for treatment of early-
stage lung cancer, showing no significant difference in the
upstaging rate between the two modalities (11.0% and 11.6%
respectively, P=0.28) (31). However, patients undergoing the
RATS technique had a greater number of resected lymph
nodes when compared to open surgery (10 vs. 8, P=0.001).
The ROMAN study, an Italian randomized multicentric trial
comparing VATS vs. RATS on surgery outcomes observed
a significant improvement in the number of hilar lymph
nodes (7, IQR 5-10 vs. 4, IQR 2-7; P=0.0003) and lymph
node station (6, IQR 4-6 vs. 4, IQR 3-5; P=0.0002) resected
on RATS group (32). However, no technique was superior
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in terms of nodal upstaging (P=0.72), and we also should
remember that those lymph node evaluations were secondary
outcome analyses.

A meta-analysis published by Zhang ez a/. evaluated
twenty-six studies comparing 45,733 patients (14,271 by
RATS and 31,462 by VATS) submitted to lobectomy or
segmentectomy for lung cancer treatment. There was no
difference in the number of lymph station (P=0.73; 95%
CL -0.98 to 0.68; I'=99%) dissected. However, the number
of lymph node dissected was higher by RATS them VATS
(P=0.0006; 95% CI: 0.51 to 1.86; ’=98%) (3). Aiolf et al.,
in another meta-analysis including thirty-four studies and
183,426 patients (88,865 open, 79,171 VATS, and 15,390
RATS) reported similar results with a significantly higher
number of lymph nodes and lymph nodes stations by RATS
when compared to VATS (mean difference =2.18, 95% CI:
0.52-3.92), but no difference between RATS and Open
(mean difference =0.73, 95% CI: -1.06-2.55) (33). No meta-
analysis of upstaging rate data was found in the search for
this review which may be the result of the high degree of
heterogeneity evidenced among the papers included in this
type of study. Although the data show a greater number
of resected lymph nodes and sampled stations in patients
operated by RAT'S, these results do not translate into gains
in late oncological outcomes. It is noteworthy that evidence
of long-term outcomes depends on a long period of follow-
up, which limits the analysis in most studies related to lymph
node sampling. Another important point when correlating
lymph node sampling data and survival outcomes are the lag
between the advances in adjuvant clinical therapy and the
time of surgery in study analysis. The increasing possibilities
of clinical treatment for postoperative node-positive patients
and the changes in clinical staging reinforce the lymph
node upstaging following surgery as a good predictor of the
effectiveness of complete medical care.

These papers serve at least to prove the non-inferiority of
RATS lymphadenectomy over an open approach. Regarding
the discussion about which would be the best minimally
invasive route for better results in lymph node dissection,
we can observe a trend towards a greater number of lymph
nodes dissected robotically. However, studies with greater
power of evidence and robust statistical methods to eliminate
bias are needed. The fact is that the quality of lymph node
dissection does not seem to depend primarily on the access
route used, but on the surgical experience and mindset
regarding the need for a wide lymphadenectomy for better
oncological results and adjuvant treatment possibilities.
Okusanya et al. evaluate the association between robotic
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Table 3 Summary data of lymph node dissection and nodal upstaging comparing different approaches
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Study Patients Numsirszitséztions Numbe;g;z/;?g; nodes up())sﬁ;:g N1 upstaging N2 upstaging
Toker 2016 (27) RATS: 106 RATS: 4.9+1.5 RATS: 14.9+6.5 Not reported Not reported Not reported
VATS: 68 VATS: 4.6+1.2 VATS: 11.7+4.7
Open: 96 Open: 4.6+1.4 Open: 12.0+6.4
P=0.32 P=0.0007
Zirafa 2018 (29) RATS: 106 RATS: 4.95 +1.2 RATS: 14.42+6.99 RATS: 20.8% RATS: 11.3%  RATS: 9.4%
Open: 106 Open: 4.22 +1.58 Open: 14.32+7.34 Open: 17.9%  Open: 15.1% Open: 2.8%
P=0.001 P=0.926 P=0.602 P=0.417 P=0.045
Kneuertz 2019 (30)  RATS: 391 RATS: 3.8+0.07 RATS: 11.8+£0.4 RATS: 16.2% RATS: 10% RATS: 5%
VATS: 338 VATS: 3.6+0.08 VATS: 11.8+0.4 VATS: 12.3% VATS: 8% VATS: 3%
Open: 324 Open: 4.0+£0.08 Open: 11.92£0.5 Open: 21.8% Open: 15% Open: 7%
P=0.001 P=0.95 P=0.03
Tang 2020 (31) RATS: 7,452 Not reported RATS: 10 RATS: 11% Not reported Not reported
VATS: none Open: 8 Open: 11.6%
Open: 50,186 P<0.001 P=0.28
Gallina 2021 (35) RATS: 237 Exact values not RATS: 15+7.01 RATS: 21.1% RATS:10.1% RATS: 11.0%
reported however
VATS: 110 P>0.5 VATS: 9+5.7 VATS: 13.6%  VATS: 7.3% VATS: 6.4%
Open: 158 Open: 13+11.6 Open: 25.3% Open: 9.6% Open: 15.9%
P=0.0001 P=0.1 P=0.2 P=0.04
Veronesi 2021 (32) RATS: 38 RATS: 6 (IQR 4-6) N1: VATS: 4 (IQR 2-7), RATS: 11.4%  RATS:5.7% RATS: 5.7%
VATS: 39 VATS: 4 (IQR 3-5) RATS: 7 (1QR 5-10) (P=0.0003) VATS: 14.3%  VATS: 5.7% VATS: 8.6%
Open: none P=0.0002 N2: VATS: 5 (IQR 3-7), P=0.72 P>0.5 P>0.5
RATS: 7 (IQR 5-10) (P=0.0001)
Kneuertz 2022 (18)  RATS: 737 RATS: 4.80 RATS: 10.14+7.24 RATS: 6.2%  No significant ~ RATS: 2.9%
VATS: 2,279 VATS: 3.80 VATS: 8.436.82 VATS: 5.6% dif;fﬁ:/ifi;f;er VATS: 2.2%
Open: 664 Open: 4.02 Open: 8.07+6.40 Open: 8.6%, analysis Open: 3.4%
P=0.001 P<0.001 P=0.05 P=0.15

This table summarizes the papers that performed comparative analyses about lymph node dissection. VATS, video assisted thoracic

surgery; RATS, robotic assisted thoracic surgery; IQR, interquartile range.

lobectomy hospital volume and nodal upstaging using the
National Cancer Data Base (NCDB) from the American
Cancer Society and the Commission on Cancer (CoC) of the
American College of Surgeons (ACS) (34). They observed a
trend in the number of lymph node harvests and upstaging
by the hospital’s robotic surgery volume. On multivariable
analysis, high-volume robotic centers (=53 procedures)

had higher nodal harvest (12.6 vs. 6.8, P<0.001) and nodal-
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upstaging rates (13.4 vs. 10.3, P<0.001) than low-volume
hospitals (<12 procedures).

It’s said that the main message of that revision (1able 3)
is that surgeons should value a widely adequate
lymphadenectomy regardless of the access route (18,27,29-
32,35). The benefits of the robotic platform regarding the
quality of lymphadenectomy compared to VATS require
more time to be effectively proven, but the technique already
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Figure 2 Robotic right bronchoplasty. (A) We can see the great exposure during anterior bronchial wall opening provided by the robotic

platform; (B) opening the posterior bronchial wall; (C) suturing the bronchial stumps; (D) the multiple degrees of freedom facilitate the

suturing process.

has solid results when compared to the current standard of care.

Robotic surgery for complex resections

As the experience of the robotic surgeon community
advances, robotic-assisted lung resections have increasingly
been established as a reliable option for early-stage lung
cancer resections. The expertise gained in standard
lobectomies and others medium-complexity surgeries that
are typically indicated for VATS brings the possibility of
pushing forward the limits of robotic surgery indications
for procedures that otherwise would be indicated for open
surgery. Based on the already known benefits of the robotic
platform to increased precision and lung manipulation in
restricted operatory fields, we are seeing reports with great
results in sleeve resections, stage III disease after neoadjuvant
treatment, and other complex resection (Figure 2).

Central lesions are often considered major challenges in
oncological lung surgery. In a single surgeon experience,
Cosgun er al. reported the sleeve lung resection as a
benchmark procedure to evaluate the proficiency in lung
resections by robotic approach (36). Setting the first
successful sleeve resection as the benchmark to divide early
and late procedures on a series of 197 cases of lung resection
they observe a significant improvement in the mean number
of dissected lymph nodes and cases of extended resections
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(central lesions, mediastinal invasion, sleeve resection, and
chest wall invasion) in the late procedure group. Jiao, et al.
has the largest reported experience with sleeve lobectomy
resections using a robotic approach (37). The technique
used in 67 patients consisted of a three-arm approach
without gas inflation and a utility incision of 3 cm. The
overall operative morbidity was 20.9% and atelectasis
was the most common complication. No mortality was
reported, and the multivariate analysis showed that age
>70 years, comorbidities, and surgeon’s early experience
were significant morbidity risk factors (P=0.011; P=0.002
and P=0.007 respectively). Geraci, et a/. published a series of
23 consecutive cases submitted to sleeve resections for lung
cancer treatment by a totally robotic approach (38). In that
series, most patients need a lobe resection (82%) and two
were submitted to a bronchial and artery sleeve resection
(double-sleeve). A very low morbidity rate (9%), no death,
and a 100% rate of RO resection with just one conversion
were reported. However, the authors call attention to strict
selection criteria with an extensive preoperative evaluation
leading to a sleeve indication rate of just 2.1% (22 of 1,061)
of the total surgical group series. Therefore, consistently
positive results presented in those series supports the safety
application of robotic platform on sleeve resections.
Another challenge is lung resections after neoadjuvant
therapy. The post-induction inflammatory state creates
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Figure 3 A case of an extremely central lesion requiring an arterioplasty to avoid pneumonectomy. (A) 3D reconstruction for preoperative

planning; (B) proximal and distal vascular control with tourniquets; (C) opening the artery and resecting the tumor; (D) final aspect of

arterial closure.

a hazardous surgical field with bleeding dissection,
fibrosis, and dense pleuropulmonary adhesions. Some
data exists comparing VATS with the open approach after
induction therapy showing so significant differences in
major endpoints like survival and morbidity. However,
the VATS group was associated with a fewer number of
lymph nodes dissected, which is a major concern in that
population (39). Cerfolio et al. looked at 223 patients with
N2 disease operated by RATS (40). Just 15.2% received
neoadjuvant therapy. In that cohort, the complete resection
rate was 98.1% in the neoadjuvant group with no mortality,
and the major complications (10.1%) were comparable
with those in adjuvant patients. The conversion rate was
15% on the neoadjuvant resections, but most were for
oncologic reasons, due to extensive mediastinal lymph
node involvement. In a larger series Park ez 4l. reviewed
428 patients with Stage II-IITA NSCLC who underwent
lobectomy after neoadjuvant therapy (41). Of those
patients, 31 were submitted for minimally invasive surgery
17 by robotic approach. No comparison results between
VATS and RATS were made, and there was no significant
difference between the minimally invasive group and open
on rates of operative complications, the extent of resection,
and the final pathologic stage.

Recently, neoadjuvant treatment with immunotherapy
begins to be a new trend. Bott et 4/. looked at the outcomes
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of 20 stage I-IIIA patients who received neoadjuvant
Nivolumab (42). A minimally invasive approach was initially
attempted on 13 patients however just 6 (46%) were
completed by the proposed access (3 VATS and 3 RATYS).
There was no perioperative mortality and 50% morbidity,
the most common of which was atrial fibrillation. The
primary causes for conversion were hemorrhage, dense
adhesions, and inflamed mediastinal and hilar nodal stations.

Those reviews signalize the increasing application of the
robotic approach on complex lung resections. As long as
the surgeon team becomes more confident and comfortable
with the platform the benefits imposed by the technological
improvement begin to supplant the fear of bleeding in
those minimally invasive complex surgeries (Figure 3) (43).
However, it is important to emphasize that the selection
of robotic cases must consider the surgery team’s learning
curve. Initial experience is usually adopted with simpler
procedures such as thymectomies or lower lobectomies. The
performance of complex procedures such as arterioplasties,
complex segmentectomies, bronchoplasty and tumors
with chest-wall invasion should be reserved for teams with
experienced surgeons. Another key point is joint training
with the bed-side team for possible emergency situations. In
this regard, training with catastrophe simulation involving
cardiac arrest, massive hemorrhage and situations that
require rapid undocking and surgery conversion is vital to
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improve safety.

Postoperative outcomes

Since the spread of robotic lung cancer resections, we
observe arisen concern about perioperative complications
directly caused or facilitated by the technique. The
interposition of a machine between the once inseparable
binomial “surgeon-patient”, justifies the need for a carefully
protocolized technique learning workflow and clinical
studies evaluation. The technique standardization for
anatomic lung resections and the initial industry regulation
on the platform use were critical to improving the reliability
among the surgical society. However, once intraoperative
safety was granted, the results on postoperative outcomes
become the focus of academic research. Therefore, some
retrospective analyses were produced in recent years
evaluating major and minor complications, and oncological
outcomes.

Our initial experience in Brazil was recently published
after the outcome analysis of 154 patients treated for non-
small cell lung cancer by a robotic approach (44). Most
of the patients were stage I disease and were submitted
to a lobe resection (86.3%). Postoperative complications
(major and minor) occurred in 20.4% and prolonged air
leak was the most frequent (9.5%), however, we had a short
median pleural drainage time of 2 days. There was one
death (0.5%), 12 days after a lobectomy due to complicated
pneumonia. Although its series includes most of the patients
from the initial robotic surgery experience, the numbers
are similar to those presented in worldwide literature. A
large retrospective, multicenter, analysis was performed by
Cao et al. with 1264 patients and the Clavien-Dindo grade
III or higher events were analyzed (45,46). The overall
major complication rate was 4.3% and the most frequently
observed was pneumonia (1.2%) followed by prolonged air
leak (0.9%). The entire study’s mortality rate was 0.6%,
and among patients that developed major complications,
the 30-day mortality rate was 15%. The characteristics
associated with an increased risk for major complications
were male sex, FEV1, DLCO, neoadjuvant therapy, and
extended resections. The disease stage was not identified
as a major risk factor for complications, however, 74.1% of
patients were in clinical stage 1. Li er 4/. published results
of 121 patients analyzed with clinical stage IIB-IITA (47).
The comparative results between VATS [85] and RATS [36]
showed a similar morbidity rate between the groups (13.9%
for RATS wvs. 15.3% for VATS; P=0.84). However, the
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RAT'S group presented a shorter length of stay (4 vs. 5 days,
P<0.01) and a higher number of lymph nodes harvested (13
vs. 10, P<0.01).

Reddy et al. selected 23779 patients (9360 VATS; 2994
RATS) who received lobectomy from Premier Healthcare
database (48). More than 80% of data was from primary lung
cancer treatment and all patients come from high-volume
centers (more than 20 minimally invasive lobectomies per
year). After applying propensity-matching they observed
that the RATS group performed with significantly
better postoperative (30.7% vs. 36.6%, P=0.0097), and
30-day (33.4% wvs. 39.3%, P=0.0128) complication rate.
It’s important to mention that in this study the conversion
rate to open surgery was significantly higher in VATS
group (8.0% vs. 4.8%, P=0.007). Servais et al. analyzed
the conversion rate issue using The Society of Thoracic
Surgeons General Thoracic Surgery Database (49). A total
of 27,695 minimally invasive lobectomies were analyzed and
the conversion rate from VAT'S group was 11% against 6%
of RATS group (P<0.001). The major reason for conversion
was anatomy issues which may indicate greater ease in
dealing with anatomy using the robotic platform. However,
emergency conversions were significantly more frequent
in the RATS group, with a greater need for intraoperative
blood transfusion. Despite negative outcomes, these data
may also reflect the surgeon’s greater safety and confidence
in insisting on a minimally invasive approach when using the
robotic platform.

A systematic review with metanalysis made by Agzarian
et al. selected 20 papers that compare the surgical outcomes
between VATS and RATS (50). It found no difference
regards blood loss, prolonged air leak, length of stay,
conversion to thoracotomy rates, and nevertheless the
operative time was quite long for RATS (64.28 vs. 61.69 min)
when considering the learning curve, the early RATS
experience was like early VAT'S cases. An earlier metanalysis
performed by Wu et al. compilated 25 studies comparing
RATS wvs. VATS outcomes for lung cancer resection
culminating in a pool of 50.404 patients (51). The RATS
group had significantly lower 30-day mortality (OR: 0.55;
95% CI: 0.38-0.81; P=0.002), but also no difference in
overall postoperative complication rate was observed (OR:
1.01; 95% CI: 0.87-1.16; P=0.94) (1able 4) (3,17,50-53).

Regarding major oncological long terms outcomes,
Cerfolio er al. report data from a multi-institutional
retrospective review involving 1,339 patients from important
centers for the diffusion of robotics technique (54). The
S-year stage-specific survival rate was: 83% for stage IA,
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Figure 4 The two most disseminated platforms. (A) Versius (CMR Surgical) with its modular arms disposition, 3D monitor, joysticks, and

3D glasses; (B) da Vinci (Intuitive) in its Xi model with four-arms connected by a single tower and the surgeon immersed in the console.

77% for stage 1B, 68% for IIA, 70% percent 1IB, 62%
IIIA, and 31% for stage IIIB disease. All survival rates were
significantly higher than those reported in the literature
(TASLC), which can be explained by the fact that only
centers with high volume and expertise in thoracic oncology
were included in this study. However, it is worth mentioning
the high 5-year survival for patients with stage IITA
disease which may reflect a better intraoperative staging,
allowing the identification of patients who benefit from
complementary treatment. The systematic review made by
Wu et al. showed a significant longer disease-free survival
(HR: 0.76; 95% CI: 0.59-0.97; P=0.03) and lower 30-days
mortality for RATS surgery (OR: 0.55; 95% CI: 0.38-0.81;
P=0.002) with no significant heterogeneity detected on both
analyses. However, the overall survival rate was similar for
both techniques (HR: 0.77; 95% CI: 0.57-1.05; P=0.10) (51).
Zhang et al. published similar results of long-term outcomes
in a more recent meta-analysis. There was also no difference
in overall-survival (P=0.22; 95% CI: 0.90-1.02; I’=0%) and a
slightly better disease free survival in RATS group (P=0.01;
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95% CI: 1.11-2.57; I’'=23% (3). It’s important to mention
that the papers included in those metanalyses consisted
of retrospective analysis and most of them represent an
important part of data from early experience RATS cases
mainly when long-term outcomes are analyzed.

Next frontier in robotic surgery

The actual robotic surgery practice is based on the use of
the da Vinci® platform (Intuitive Surgical Inc. Sunnyvale,
CA, USA) (55). Recently we are witnessing the emergence
of many new players in this hectic technological market.
The CMR Surgical (Cambridge, United Kingdom)
platform named Versius® is already approved for use in
Europe, Australia, and Brazil (Figure 4). The giant of
healthcare, Medtronic (Minneapolis, Minnesota, EUA),
is in final staging testing HUGO®. However, despite
minor differences regarding the construction of the arms
and distribution of the parts, all platforms share the same
basic principle: the intermediary of a machine between
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Figure 5 An example of preoperative planning with 3D-CT reconstruction for precise sublobar anatomic resection. (A) 3D reconstruction of

the right lung with the segmental division of the right lower lobe (S6, S8, S9, and S10; S7 can be seen behind the S9); (B) 3D reconstruction

of vessels and bronchi; (C) we routinely use the tridimensional image to plan the resection and navigate during surgery using the Tilepro®; (D)

the intersegmental plane is defined using the Firefly® after the injection of ICG. CT, computed tomography; ICG, indocyanine green.

the surgeon and the patient. That singularity represents
the major disruption of robotic surgery in healthcare.
A mechanical assistant in the operating room opens
possibilities for data collection and analysis in inhuman
proportions, making it possible to integrate with artificial
intelligence systems, intraoperative navigation technologies,
and even automation of surgical processes.

Nowadays, despite the use of the term “robotic surgery”,
the real situation is not a procedure performed by an
autonomous mechanical device, but a “robotic-assisted”
procedure. Undoubtedly, it’s easy to imagine that one of the
next evolutionary steps in robotic surgery is the automation
of processes or the emergence of active interactions where
the machine is no longer a mere reproducer of movements
and starts to “suggest” better strategies or actively “alert”
about some dangerous situations. For that, it’s necessary
to improve the machine learning algorithms that make
possible the development of artificial intelligence. The
machine learning process used in robotic surgery is
dependent on reinforcement learning processes a machine
learning strategy based on training the robot to perform
some surgical steps (e.g., vessel dissection) that encourage
positive behavior (e.g., tumor resection) and disincentivize

© Journal of Thoracic Disease. All rights reserved.

the negative ones (e.g., bleeding), as formalized in a
reward function (56). With that, the algorithms will try
different sequences of actions until the reward function is
appropriately optimized and the system can achieve the best
performance. However, development of that technique is
dependent on a large amount of data, and surgical imaging
since the great number of anatomical variations and the
multiple intraoperative surgery situations (57).

Therefore, the use of robotic platforms is the only
actual way to collect all necessary data to improve its
own reinforcement learning processes. Using parallel
technologies, the data acquisition process became
possible, and surgery took on an increasingly digital
profile. Recording and systemically peer review surgery
evaluation programs like C-SATS (Johnson & Johnson;
New Brunswick, Nova Jersey, EUA), and Touch Surgery™
(Medtronic; Minneapolis, Minnesota, EUA) provide
sufficient intraoperative videos to be applied to machine
learning and algorithm development. The use of 3D
reconstruction from CT scans (Figure 5) and Tilepro®
(Intuitive Surgical Inc. Sunnyvale, CA, USA) promotes
the creation of large image databases that could help
robots improve their anatomical knowledge (58). All
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those technologies could be integrated with large clinical
databases providing the necessary amount of integrated data
to perform outcome predictions and set the best strategy for
each patient.

As with all cutting-edge technology, the cost added to
robotic surgeries is a negative factor. However, in micro-
cost analyzes such as that performed by Shanahan ez 4/. the
cost difference is only €515 between VATS and RATS. The
major contributor to cost increase is Intuitive® consumable
materials (instruments, robotic staplers, etc...) which
correspond to 63% of the increased value (59). In cost-
effectiveness analysis made by Heiden et a/. the difference
between RATS and VATS when analyzed from a societal
perspective was $247.77, resulting in an Incremental cost-
effectiveness ratio of $113,388.80 per quality-adjusted
life-years (60). In this case, RATS was cost-effective for a
$150,000 willingness-to-pay (WTP) threshold or higher.
They reported that RAT'S is cost-effective, even for lower
WTP threshold ($50,000), if the rate of planned minimal
invasive procedures was 73.6%. It means that considering
a rate of 30% of open lobectomies, if the adoption of the
RAT'S approach can reduce the rate of open surgery by 3.6%
it becomes cost-effective. They also conclude that RATS is
more cost-effective in high-volume centers since there is a
diminishing per-patient-cost of the robot, reduced number
of robotic instruments used, operating room time, and
length of stay. All those variables make RATS lobectomy
cost-effective when compared to VATS. Considering
that we have an increasing number of RATS procedures
and dissemination of new platforms on market, the cost
reduction for RATS procedures is just a matter of time.

Summary

Robotic lung resection for primary lung cancer treatment
has already established itself as a reliable approach and,
above all, in a great expansion reality. The benefits of
greater freedom of movement and surgical precision reflect
in surgeon autonomy and, consequently, the feeling of
intraoperative safety. These characteristics are transposed
to the study’s main results such as a greater number of
dissected lymph nodes, an increase in the number of
complex surgeries, and great results in postinduction
resections that demands a more laborious dissection.
Furthermore, the robotic platform serves as a means by
which the digitization of the surgical process will take place.
Allowing the integration of other technological areas such
as artificial intelligence and advanced imaging resources, the
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role of robotic surgery in lung cancer treatment is not only
important in the present but also a fundamental part of the
future.
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