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Hôpital Avicenne, France

*Correspondence:
Alberto Testori

alberto.testori@cancercenter.
humanitas.it

Specialty section:
This article was submitted to

Thoracic Oncology,
a section of the journal
Frontiers in Oncology

Received: 19 January 2022
Accepted: 07 April 2022
Published: 27 May 2022

Citation:
Mangiameli G, Cioffi U and Testori A

(2022) Lung Cancer Treatment:
From Tradition to Innovation.

Front. Oncol. 12:858242.
doi: 10.3389/fonc.2022.858242

MINI REVIEW
published: 27 May 2022

doi: 10.3389/fonc.2022.858242
Lung Cancer Treatment:
From Tradition to Innovation
Giuseppe Mangiameli 1,2, Ugo Cioffi3 and Alberto Testori 1*

1 Division of Thoracic Surgery, IRCCS Humanitas Research Hospital, Milan, Italy, 2 Department of Biomedical Sciences,
Humanitas University, Milan, Italy, 3 Department of Surgery, University of Milan, Milan, Italy

Lung cancer (LC) is the second most commonly diagnosed cancer and the primary cause
of cancer death worldwide in 2020. LC treatment is associated with huge costs for
patients and society; consequently, there is an increasing interest in the prevention, early
detection with screening, and development of new treatments. Its surgical management
accounts for at least 90% of the activity of thoracic surgery departments. Surgery is the
treatment of choice for early-stage non-small cell LC. In this article, we discuss the state of
the art of thoracic surgery for surgical management of LC. We start by describing the
milestones of LC treatment, which are lobectomy and an adequate lymphadenectomy,
and then we focus on the traditional and innovative minimally invasive surgical approaches
available: video-assisted thoracoscopic surgery (VATS) and robotic-assisted
thoracoscopic surgery (RATS). A brief overview of the innovation and future perspective
in thoracic surgery will close this mini-review.
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INTRODUCTION

Lung cancer (LC) is the second most commonly diagnosed cancer and the primary cause of cancer
death worldwide in 2020 (1). These epidemiological data explain the growing interest in the
prevention, early detection by screening programs, and development of new treatments for LC
(2–4).

Whereas small cell LC (SCLC) patients are rarely treated by surgery, early-stage patients affected
by non-SCLC (NSCLC) typically undergo surgery for resection and cure (2).

In this article, we discuss the state of the art of thoracic surgery in the surgical management of
early NSCLC. We start by describing the principles of surgical therapy that should remain the
milestones of NSCLC treatment: lobectomy and adequate lymphadenectomy (5, 6). Across time and
under the impulse of technological innovation, different approaches have been developed from
classical thoracotomy to minimally invasive surgery. Actually, the most common minimally
invasive approaches are video-assisted thoracoscopic surgery (VATS) and robotic-assisted
thoracoscopic surgery (RATS). These approaches have been developed in order to improve
short-term outcomes, minimize pain, and maintain the same oncological results. In this mini-
review, we describe several aspects of both open and minimally invasive surgery approaches, and we
conclude with a brief overview of the future perspectives in thoracic surgery.
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PRINCIPLES OF RESECTION SURGERY

One of the most important principles in oncological lung
thoracic surgery is the multidisciplinary discussion of surgical
cases. Several studies have shown that the best oncological
outcomes are directly associated with multidisciplinary
approaches (7). As a consequence, LC should be exclusively
treated in centers with a multidisciplinary team composed of
healthcare professionals dedicated to lung disease. Surgical
volume and hospital volume are other principles that should
be respected in the oncological and surgical management of LC.
Several studies have shown that patients undergoing NSCLC
resection in hospitals that perform a large number of such
procedures can survive longer than patients who undergo such
surgery in hospitals with a low volume of lung resection
procedures. Likewise, the number of procedures performed by
the surgeon is an important factor capable of predicting a better
surgical outcome (8). Thus, only thoracic surgeons who perform
LC surgery in highly specialized centers should be concerned
about this surgery.

Surgery is the preferred local treatment modality that should
be proposed for patients affected by early-stage NSCLC (9). LC
surgery should be performed according to rigorous principles:

1. In all patients affected by NSCLC scheduled for surgery, an
anatomic pulmonary resection should be preferred in the
majority of cases. Lobectomy is the gold standard anatomic
resection for NSCLC in patients who can tolerate the size of
lung resection.

2. Sub-lobar resections (SLRs) such as segmentectomy or wedge
resection should be performed in selected patients having a
poor pulmonary reserve or other major comorbidities that
contraindicate lobectomy or in peripheral nodules ≤2 cm
presenting specific characteristics (pure histology, ≥50%
ground-glass appearance on CT, or a long doubling time
(≥400 days) confirmed by radiologic surveillance). However,
in these cases, segmentectomy should be preferred to wedge
resection.

3. Adequate lymphadenectomy is a fundamental part of NSCLC
surgery. Hilar (N1) and mediastinal (N2) node resection and
mapping should be routine components of LC resections. A
minimum of three N2 stations should be sampled, or a
complete mediastinal lymph node dissection (MLND)
should be performed (6).

Interestingly, the scientific community continued to explore
the role of SLR such as wedge resection or segmentectomy in
treating LC. Indeed several retrospective studies demonstrated
that SLR compared to lobectomy has no difference in overall
survival or disease-free survival when performed in sub-
centimeter tumors even in patients with good pulmonary
function (9, 10, 11).

However, it should be clarified that in the literature there is
evidence showing that, in treating small-sized NSCLCs,
segmentectomy has been considered superior to wedge
resections in the prognosis of early-stage NSCLC (12–14).
Furthermore, some authors reported that overall and
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LC-specific survivals were significantly better among patients
who underwent segmentectomy than with wedge resection in
many stages of IA NSCLC (15). Nevertheless, two prospective
randomized trials are currently ongoing (16) in order to provide
evidence for the role of SLR in comparison to lobectomy. In the
same manner, even if in current surgical guidelines the role and
the extension of the lymphadenectomy are currently available, an
accurate lymphadenectomy is not always performed. Several
studies showed that patients randomized to complete MLND
have less additional postoperative morbidity as compared with
those undergoing random LN sampling (LNS), and generally,
MLND does not increase the length of stay (17–21).
Furthermore, about 15% of pN+ patients had mediastinal LN
metastasis that did not follow a lobe-specific lymphatic diffusion,
justifying a radical dissection of mediastinal nodes to avoid
misdiagnosis of metastatic nodes, not lobe-specific lymphatic
stations (22).

In conclusion, definitive management of LC for a cure
necessitates anatomical resection of the entire involved lobe
with hilar and MLND in patients who can tolerate the
resection. Thus, performing a complete MLND is relatively
harmless and low risk and remains the best “sampling” even in
clinical stage I NSCLC to correctly stage patients and to offer
them an evidence-based adjuvant therapy and, furthermore, an
R0 resection.
OPEN SURGERY

Lobectomy, defined as the surgical removal of the entire lobe of
the lung, has traditionally been performed through a
thoracotomy approach. The outcome of the procedure is
largely dependent on patient selection. Patients with forced
expiratory volume in 1 s (FEV1) of less than 800 cm3 or
diffusion capacity of carbon monoxide (DLCO) of less than
40% are considered high-risk patients. In these patients, sub-
lobar resection or non-operative therapy should be proposed (9).
Rib-spreading thoracotomy has been the standard procedure
since the first endeavors in thoracic surgery. So for conventional
lobectomy procedures, a rib retractor is the mainstay surgical
tool (23). Thoracotomy provides excellent exposure to the
pulmonary hilum and allows direct two-handed surgical
techniques for exposure, retraction, and sharp dissection.
Different incisions to access the pleural cavity have been
standardized through time by different surgical groups. Table 1
shows all the most common thoracotomies performed in lung
surgery and their relative advantages and disadvantages.

In performing any kind of thoracotomy, it is important to
choose the most appropriate and least traumatic surgical
incision, adhere to meticulous surgical techniques, and avoid
intercostal nerve injury or rib fractures. Unfortunately, rib
fracture is a common occurrence during thoracotomy; thus,
the rib spreader should be progressively and slowly opened to
minimize the risk of fracture. In order to prevent fracturing, the
ribs may be intentionally divided or “shingled” posteriorly at the
costovertebral angle or anteriorly at costo-chondral articulations
according to the type of performed thoracotomy (24).
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In conclusion, the first principle in making a thoracic incision
is that adequate exposure must be achieved, especially during the
most technically challenging part of the operation. The second
principle is that chest-wall function and appearance should be
preserved to the extent possible. The choice of incision is aided
by a thorough understanding of the surface anatomy and a
comprehensive review of the radiographic images that are
obtained preoperatively. Finally, independent of the chosen
approach, the oncological results after anatomical open
lobectomy (OL) for the early-stage NSCLC are good. The
completeness of resection, stage, and LN involvement are the
primary predictors of survival after resection. The 5-year overall
survival rate was reported to range between 73.8% and 78.9%
(25). Furthermore, OL is usually associated with a significant risk
of postoperative complications occurrence. Depending on the
surgical series, up to 35% of patients may experience some form
of postoperative complication after an OL. The most common of
these are minor and include atrial arrhythmia and prolonged air
leak, but more serious complications including respiratory
failure can occur and increase in frequency with decreased
baseline pulmonary function. The operative mortality following
lobectomy is reported to be 1% to 3%, with pneumonia and
respiratory failure as the overwhelming causative factors (26).

To date, stage I NSCLC is still treated by OL, but in the
coming years, minimally invasive approaches will probably
overcome this traditional approach.
VIDEO-ASSISTED
THORACOSCOPIC SURGERY

VATS has been the first non-rib-spreading thoracic procedure
described. It differs from a mini-thoracotomy by the lack of rib
spreading and complete thoracoscopic visualization as opposed
to visualizing the procedure directly through the incisions (27).
Through time, many studies have reported a higher incidence of
morbidity and less favorable outcomes when thoracotomy is
compared to non-rib-spreading procedures (28). The neuralgic
pain caused by irritation of the intercostal nerves, which is
naturally exacerbated by rib spreading, is the leading cause of
postoperative morbidity after thoracotomy. It usually leads to
poor respiratory effort and subsequent atelectasis or pneumonia.
The advantages of the non-rib-spreading technique are
immediately related to a reduction of acute postoperative pain
as reported in several studies, as after no spreading procedure a
lower amount of medication is required, and usually, a higher
proportion of patients present a very low postoperative pain
profile. Furthermore, several studies confirmed a reduction in the
occurrence of chronic pain and a longer and better quality of life
when thoracotomy was compared to the non-rib-spreading
technique (29).

Initial thoracoscopic procedures were reported in the early
20th century (30), but the widespread use of the VATS technique
did not occur until the 1980s with improvement in video
technology, the introduction of double-lumen endotracheal
tubes, and the mechanical surgical stapler allowing to securely
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divide pulmonary parenchyma, bronchi, and vessels through
small incisions (31–33).

The first VATS lobectomy reports emerged in the 1990s,
documenting the safety and outlining technical aspects of the
approach (34). The VATS approach to lobectomy for NSCLC
typically involves a varying number of small incisions (two- to
four-port sites) and a 5- to 8-cm access incision (utility port). To
date, various approaches to performing VATS lobectomy have
been reported in the literature (see Table 2) (23, 35–39).
Nevertheless, the posterior VATS approaches never really
became widely performed, and most centers use a utility
incision measuring about 3–5 cm generally positioned
anteriorly with one or two adjunctive ports (40). Uni-portal
VATS is also an adopted technique to perform lobectomy with a
long incision ranging from 2.5 to 5 cm, which should be selected
according to patients’ chest size, the lobe of the lung, the
diameter of the tumor, and body mass index (41–43).

Independent of the chosen approach, VATS lobectomy has
the same oncological operation as the open approach, with the
removal of the pulmonary lobe containing the tumor with
individual ligation of each of the bronchovascular structures
and removal of hilar and mediastinal LNs. In the past decade,
numerous large series have reported recurrence and survival data
that are equivalent to OL. Furthermore, the largest series of
lobectomy by VATS describe a similar pattern of perioperative
complications as the open approach but at reduced rates (44).
Other consistently demonstrated advantages of VATS lobectomy
over OL are earlier recovery, better quality of life, increased
delivery of adjuvant therapy, less impact on pulmonary function
tests and the immune system, decreased pain, and reduced length
of stay (45).
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Thus, according to several guidelines, VATS or minimally
invasive surgery (including RATS) should be strongly considered
for patients with no anatomic or surgical contraindications, as
long as there is no compromise of standard oncological and
dissection principles of thoracic surgery (6, 46).

However, despite the undoubted advantages, VATS
lobectomy spreading is not ubiquitous. It is currently estimated
that the VATS lobectomy rate is 30%–40% in the United States,
30% in Europe, 50% in Italy, 65% in Denmark, and 29% in Great
Britain and Ireland (47). Several factors can explain the slow
transition from thoracotomy to video-assisted surgery, despite
the obvious advantages. One of these is surely the demanding
learning curve and skill acquisition to face unexpected
intraoperative complications, such as bleeding. Another
explication is that VATS has become the technique of choice
in the early stages of LC, which actually account for about 25% of
surgical NSCLC cases.
ROBOTIC-ASSISTED
THORACOSCOPIC SURGERY

The introduction of RATS is undoubtedly the most recent
significant addition to the field of thoracic surgery that, as an
“innovative technological bomb,” has changed the entire
paradigm of the traditional approach to surgery. Early
experience with da Vinci robots (Intuitive Surgical, Sunnyvale,
CA, USA) showed that this minimally invasive approach is
feasible and safe (48). The spreading of RATS results from
having aspects comparable to but, at the same time, has several
TABLE 2 | Minimally invasive surgical techniques to perform lobectomy.

VATS Characteristics

Anterior approach (I) 4th intercostal space utility incision is directly over the hilum (to easily clamp the major vessels in case of the
major bleeding)

(II) The surgeon does not need to change his/her position or the site of incision if a conversion is required

(III) Major vessels are the first structures to be transected

(IV) Reproducibility

Copenhagen, three ports (34)
D’Amico, two ports (35)
Gonzales-Rivas, uni-port (36)

Posterior approach (I) The surgeons are placed posterior to the patient

(II) Utility incision is made at the 6th or 7th intercostal space anterior to latissimus dorsi muscle

(III) Camera port is made through the auscultatory triangle, instead of lower anterior incision

(IV) Thoracoscopy is 0° rather than 30°

(V) The order of dissection is from the posterior to anterior, by opening up the fissure first to identify and isolate
pulmonary arterial branches

Edinburgh, three ports posterior approach (37)

Purely thoracoscopic lobectomies (38) (I) No utility incisions

(II) Completely portal procedure
RATS Advantages compared to VATS
Utility thoracotomy without capnothorax (I) Binocular visualization: excellent high-definition three-dimensional view of the operating field (fine dissection with

precision and accuracy)

(II) Robotic instruments have a greater precision, a superior range of motion (degrees of freedom), and improved
ergonomic characteristics

(III) Motion scaling and zoom capabilities

Park (three arms) (39)
Veronesi (fours arms) (40)

Completely portal with capnothorax (IV) Carbon dioxide insufflation favoring further collapse of the lung provides a larger working area.
Cerfolio (fours arms) (41)
Cerfolio-modified techniques (42)
VATS, video-assisted thoracoscopic surgery; RATS, robotic-assisted thoracoscopic surgery.
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advantages as compared to VATS. Like VATS, RATS allows
anatomical thoracic resections through smaller non-rib-
spreading incisions resulting in less operative trauma for the
patient. All advantages typical of RATS are reported in Table 2.

The current approach for a robotic lobectomy consists of
similar lateral decubitus positioning as the open or VATS
approach. The main difference compared to open or VATS
lobectomy is that during a RATS procedure, the surgeon is not
at the bedside and not even sterile. The surgeon controls a three-
dimensional (3D) high-definition camera and instruments that
can fit through 8-mm ports from a remote console (48).

A robotic system was used for the first time in performing a
lobectomy for treating primary NSCLC in 2002 (49). From this
first report, several surgical series have confirmed that this
minimally invasive approach is safe. Different techniques of
RATS lobectomy have been described and can be resumed in
two groups: without insufflation with a utility thoracotomy or
completely portal with carbon dioxide insufflation (capnothorax)
(see Table 2) (50–53).

During RATS lobectomy, the hilar and fissural dissections are
similar to those of VATS and open approaches. The
bronchovascular structures are dissected and individually divided
with staplers, as with other approaches. The stapler is usually
introduced by utility incision or by assistant’s port. Finally, the
specimen is generally removed from the chest through the utility
incision or through a widened assistant’s port when a completely
port-based robotic lobectomy is performed (53).

To date, no randomized controlled studies have compared the
different surgical approaches of lung surgery: thoracotomy,
VATS, and RATS. The initial series of patients undergoing
robotic lobectomy for NSCLC demonstrate safety, feasibility,
and similar morbidity and mortality rates compared with OL or
VATS approaches (54). A recent prospective randomized control
trial compared the perioperative outcome and surgical radicality
of the robotic approach with those of traditional VATS in the
treatment of early-stage NSCLC and confirmed that RATS was
not superior to VATS considering the perioperative outcome for
early-stage NSCLC, but the robotic approach allowed an
improvement of LN dissection (55). Concerning the
oncological benefits of robotic surgery, longer follow-up data
should be awaited. At the same time, initial reports show
comparable stage-specific survival rates between the VATS and
robotic approaches (56). Probably the only limitation to a
widespread diffusion of RATS is the high cost even if several
studies have demonstrated that RATS appears to have an overall
cost–benefit due to the significant decrease in length of hospital
stay as compared to open surgery (48). It is estimated that in
2015 approximately 15% of the lobectomies were performed with
a robotic system in the United States (57).
INNOVATION AND FUTURE PERSPECTIVE
IN THORACIC SURGERY

Several innovations have been recently introduced and probably
will support the spread of robotic surgery. They can be summed
up in the following:
Frontiers in Oncology | www.frontiersin.org 5
1. Introduction of robotic EndoWrist staplers. Stapler division
of the hilar structures is considered one of the most
important and potentially hazardous steps during a
lobectomy. To date, with the Xi Da Vinci system, many
surgeons needed to also use a 12-mm assistant port for
stapling. For some surgeons, the delegation of this task to
the assistant is considered a risk. With the introduction of the
Xi Da Vinci System, a 12-mm port can be used for
the introduction and firing of the robotic EndoWrist
stapler. The introduction of the robotic stapler allows the
surgeon to operate with absolute autonomy managing by
themselves the vascular section safely and efficiently. The
operating surgeon’s ability to control the stapler from the
console represents a critical technical advancement, as it can
allow a growing number of surgeons to explore RATS and
perhaps to transition from open or video-assisted lobectomy
to RATS in the near future (58).

2. Development of the “single-site” technology. It represents the
first desirable goal for robotic thoracic surgery. A thoracic
uni-portal dispositive is in development, and it is expected to
be commercialized in a few years (59).

3. Diffusion of fluorescence-guided surgery. Fluorescence is a new
technology that has evolved concurrently with robotics.
Recently, a new optical system was created and incorporated
into the da Vinci platform, and it can be utilized to perform
fluorescence-guided surgery using intravenous administration
of the indocyanine green, allowing identification of the
intersegmental plane in anatomic lung segmentectomies (53).

4. Electromagnetic navigational bronchoscopy and real-time
3D imaging. Electromagnetic navigation bronchoscopy is a
minimally invasive, image-guided approach to access
peripheral lung lesions, allowing biopsy, staging, fiducial
placement, and dye marking in a single procedure.
In the near future, the use of intraoperative imaging and the
development of real-time 3D imaging and real-time image-
guided therapy combined with a navigation system could
allow to minimize unnecessary resection of healthy lung
tissue in frail patients. Several clinical applications of these
innovative tools have already been described (60).

5. Commercialization of new robots. Some companies
(Medtronic and Johnson & Johnson with Google) are about
to commercialize new robots. Their placing on the market
could reduce the costs related to this technology, produced
until now by a single company, and improve its widespread
use. In the same manner, the introduction of a technology
capable of receiving tactile feedback could finally improve the
adoption of RATS as a minimally invasive approach of choice
considering that RATS allows for performing the same
surgical maneuvers that a surgeon usually performs during
open surgery (53).
CONCLUSION

In conclusion, even today, lobectomy is the gold standard
surgery that should be proposed for treating early-stage
May 2022 | Volume 12 | Article 858242
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NSCLC in patients who can tolerate anatomical lung resection.
An adequate lymphadenectomy is a fundamental part of NSCLC
surgery; a complete MLND allows for correctly staged patients
and offers them an evidence-based adjuvant therapy and an R0
resection. Open thoracotomy is actually the most common
approach among surgical groups for treating early-stage
NSCLC. At the same time, minimally invasive surgery is
already being utilized and is increasingly adopted in surgical
practice, allowing several advantages compared to OL (less pain
and better quality of life) in maintaining the same rate of
postoperative complications and of short- and long-term
oncological results. Probably, RATS lobectomy, thanks to its
technological widespread use and an expected cost reduction,
Frontiers in Oncology | www.frontiersin.org 6
will become a minimally invasive approach of choice in the
near future.
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