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Abstract: Lung segmentectomy is becoming more popular to carry out through minimally invasive
approaches (video- and robot-assisted surgery). It was first performed for infectious pathologies, and is
considered to be an acceptable alternative to lobectomy in early stage lung cancer disease, in patients with
limited respiratory functions. It requires indeed a very thorough analysis of the patient’s individual anatomy,
and a deep three-dimensional understanding of the vessels and bronchus orientation. Another operative
challenge is locating the target lesion within the segment to make sure that the resection margins are
acceptable from an oncological point of view. The surgical robot provides some advantages that can help
us overcome many of the difficulties we encounter. In this article, we summarize different multi-images

techniques in robot-assisted lung segmentectomies.
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A few words on lung segmentectomy

While lobectomy is the gold standard treatment option
for non-small cell lung carcinoma (NSCLC) today, lung
segmentectomy is considered a valuable option in the treatment
of early stage NSCLC, for lesions measuring less than 2 cm
(T1a), notably in patients with multiple and important
comorbidities, limited pulmonary functions, and geriatric
groups.

Recently published comprehensive meta-analyses and
systematic reviews showed not only the non-inferiority in
survival between lobectomy vs. segmentectomy groups in
the aforementioned groups of fragile patients, but also the
lower rates of postoperative mortality and morbidities in
segmentectomy than in lobectomy (1,2).

In regards to surgical techniques, segmentectomy by
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open thoracotomy was traditionally performed by dissecting
and ligating the target segmental vessels and bronchus, then
identifying the intersegmental plane by peeling the segmental
vein. In the past, we also emphasized on the importance of
palpating the lesion in order to secure the resection margins.

However, since video-assisted thoracoscopic approach
was recommended for early stage NSCLC, we start noticing
a changing trend from open to minimally invasive strategies,
this limits the surgeon’s ability to palpate the parenchyma
in a comprehensive manner (hence the need of new ways to
visualize the target lesion), and witnessed a shift towards the
use of mechanical staplers when it comes to intersegmental
plane, even in open approaches.

This type of surgery can be very challenging to achieve

due to the many anatomical variation that the surgeon could
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encounter, the difficulties in locating small size lesions and
ground-glass opacities (GGOs), and finally securing enough
margins around the lesion.

To overcome these difficulties, multi-images techniques
were developed and reported in the medical literature.

In our review, we explore multi-images techniques in robot-

assisted lung segmentectomy.

3D reconstruction of the pulmonary artery (PA),
first reports

The segmental anatomy can indeed very complex and variable
from one person to another, Gossot ez al. explored some of the
anatomical variations encountered by their team in a series of
390 full thoracoscopic segmentectomies (some during surgery,
and others on 3D reconstructions preoperatively), the authors
reach a conclusion that there is not a “standardized” anatomy,
but only “variations” (3).

In order to overcome this, authors started using 3D
reconstruction. Watanabe ez 4/. were one of the first to report
on the use of 3D-CT pulmonary angiography 3D-CTPA) to
evaluate the PA branches in a series of 14 patients. They had a
very high successful rate (98%) when the results were compared
to intra-operative findings. In fact, it only missed 2 branches
out of 86, both had very small diameter (less than 1.5 mm).

They suggest that this 3D navigation might enhance intra-
operative security, and reduce surgery-related morbidity (4).

This report was followed by a larger series by Fukuhara
et al. (5), they evaluated the role of 3D reconstruction of the
PA in 49 patients undergoing VAT'S lobectomy for stage I lung
cancer.

The model also has a remarkable success rate (95.2%) when
results were compared to the intraoperative findings. Only 7
out of 146 branches were not detected, all of which were less
than 2 mm in diameter. These reports highlight the accuracy
of 3D-CTPA, and its possible role in enhancing intraoperative
security as no case was converted to open thoracotomy for
bleeding. However, they underline that care must be taken as
small branches are not always detected.

Adding veins

After these reports on the efficacy of 3D-CT in studying the
PA, Oizumi et al. (6) published a case report to evaluate the
role of 3D simulation in case of thoracoscopic anatomical
lung segmentectomy, where in contrast to open thoracotomy
segmentectomy, surgeons cannot hold the lesion with their

hands while dissecting the intersegmental plane; a technique
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that helps the surgeon secure good margins around the tumor.

In fact, they developed a 3D volume rendering of the PA
and veins as well. Thus, enabling the operator to identify the
intersegmental vein, thus the plane, and eventually securing the
resection margin in minimally invasive segmentectomy.

The 3D reconstruction was done by the surgeon, and took
around 10 minutes to be achieved.

Volonté et al. (7) followed by reporting on the usefulness of
3D reconstructions in the planning of a left S6 segmentectomy
for an 0.6 mm lesion by small thoracotomy. They used the
open-source version of Osirix® software (Pixmeo SARL,
Switzerland) to reconstruct pulmonary vessels, those were
transferred later to an iPad, which in turn was put in a plastic
sterile cover and used on the operative field.

They highlighted the importance of such techniques not
only in enhancing the safety of the procedure but also in
teaching intrapulmonary anatomy for surgical residents and
young surgeons.

More reports continued to be published combining 3D
reconstructions of the vessels as well as the bronchi (8-10) for

anatomical lobar and infra-lobar lung resections.

Robot-assisted surgery

In the recent years, robot-assisted surgery has gained increasing
popularity in the field of thoracic surgery.

In fact, 3D high quality camera, tremor filtering, and the 7
degrees of movement help achieving precise dissections.

What is more interesting are the endless possibilities that
this system offers by the integration of 3D models intra-
operatively, and recently, the ability to switch to near infra-
red (NIR) vision to visualize the indocyanine green (ICG),
which can be used in multiple manners; the first is to visualize
the intersegmental mental by injecting it intravenously after
the target segmental vessels have been identified and stapled
(11,12), or trans-bronchially as reported by Sekine ez al. (13),
the second is to use it as an endobronchial dye marker
using radial endo-bronchial ultrasound (r-EBUS) (14) or
electromagnetic navigational bronchoscopy (ENB) (15).

In France, we can clearly notice increasing numbers of
segmentectomies in the past 10 years, as well as a shift towards
video- and robot-assisted approaches to achieve this type of
surgery (Figure 1). Data are extracted from Epithor database
(Figure 1) (16).

Robot-assisted segmentectomy and dye marking

In 2014, Bolton et al. (17) published a retrospective review of
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Segmentectomy by approach in France 2009-2019
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Figure 1 Number of segmentectomies in France between 2009 and 2019 according to surgical approach.

their institutional database of patients who underwent ENB
localization of lung nodules for robot-assisted resections
between August 2012 and April 2013.

In 14 out of the 19 identified patients, a transbronchial
biopsy was first done, followed by pleural dye marking using
methylene blue dye. The remaining five patients had dye
marking only.

Three out of the 14 biopsied patients had malignant
diseases, thus surgical resection was carried out without the
need for wedge resection. On the other hand, diagnostic
segmentectomy was achieved in 4 patients, where the lesion
was too deep for a wedge resection.

The remaining patients required a diagnostic wedge
resection. The bronchoscopic procedure added a median time
of 28 minutes to the overall time of the surgery. No cases
were converted to open thoracotomy, and no complications
were reported in relation to the placement of the dye marker.
Success rate was 100%.

Krimsky ez /. (18) also reported on ENB dye marking
with methylene blue (n=11) and Indigo carmine dye (n=10) in
21 patients. However, the success rate was a bit lower (81%).
There was no visible dye in three cases and the dye extravasated
in one case, rendering the lesion impossible to visualize. No
procedure related complications were reported, and all dye
marking were followed up by video- or robot-assisted wedge
resections.

In 2017, Abbas et al. (15) published their experience of
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51 patients who underwent combined ENB dye marking of 54
nodules followed by infra-lobar anatomical resections. They
used methylene blue, either alone or in addition to ICG and
Isovue. In 2 cases, it was necessary to add a fiduciary. The
success rate was that of 98.1%.

Minimally invasive surgery was performed in 49 of 51; by
robotic-assisted thoracoscopic surgery (RATS) in 47 patients,
and VAT in 2. Two patients had conversion to thoracotomy
because of adhesions.

Geraci et al. (19) then published one of the largest
series regarding ENB dye marking using ICG for robotic
segmentectomy in 2019. A total of 245 patients who underwent
planned robotic segmentectomy between January 2010 and
October 2018 were included, of these, 93 had pleural dye
marking using ICG by ENB, and all of them had received
intravenous ICG to delaminate the resection margins, and the
intersegmental plane. The lesions were successfully identified
in 80 out of 93 cases, making a success rate of 86%.

In regards to pleural dye marking, they used 0.5 mL of 25 mg
of ICG diluted in 10 mL of sterile water, this was rinsed by
0.5-mL saline, remaining at least 4 mm from the pleural
surface. The remaining (9.5 mL) was injected intravenously
after segmental artery ligation.

An RO margins were obtained in 100% of the cases.

As we can conclude, the success rate of pleural dye marking
is between 80% and 100% (15,17-20), and was in general
superior to 95% in the majority of the series reported in the
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medical literature.

Meanwhile, despite its relatively good results, this technique
presents some limitations including specific operative room
preparations that ENB requires, and expensive disposable
materials.

Another endobronchial approach was reported by Lachkar
et al. (14) in 2018 using r-EBUS and virtual bronchoscopy for
pleural dye marking. Between April 2016 and June 2017, all
anticipated difficult minimally invasive infra-lobar resections
of peripheral lesions were marked using this method. Twenty-
five lesions (including 6 GGOs), were resected in 22 patients
by VATS wedge resection (n=11), or RATS (n=11; 10
segmentectomies and 1 wedge resection).

The dye was visible on the pleural surface in 24 cases.
Diagnosis and RO margins were obtained in all. It’s noteworthy
to say that the same operative precision was judged impossible
by the operator in 21 cases if it was not for the pleural dye

marking.

Building a multi-modal system for robot-assisted
segmentectomies

Creating our multimodal approach to robot-assisted
segmentectomy started back in 2014-2015, when we started a
pilot study to evaluate 3D models usefulness in the operative
planning, and enhancing efficiency and safety of robot-assisted
segmentectomy (21). All included patients had contrast-
enhanced chest CT scan with infra-millimetric slices (0.6 mm).
A precise injection timing protocol was used to ensure
visualization of the PA and pulmonary veins.

All images were anonymized, and sent electronically to a
specialized private company (Visible Patient™", Strasbourg,
France) for 3D reconstruction (21,22).

After a few days, we received the resulting 3D images,
those could be visualized either on an iPhone or an iPad using
VP PLANNING app, or a personal computer. This can also
be projected at the robotic console using Tile-Pro Mode©
(Intuitive Surgical, California, USA).

During the aforementioned period, a total of 9 segmentectomies
(1 right S1, 2 basal segmentectomies, 1 left S1+2, 3 right and
left S6, 1 right S2 and 1 left S4+5) were performed with a pre-
operative 3D model. No difference between the anatomy on
the reconstructions and surgical dissection was found, that’s to
say 100% of anatomical accuracy.

In 2018, we published our experience based on 114 robotic
segmentectomies performed between January 2012 and
October 2017. Back then, 55 of them were done between 2014
and 2017 using 3D reconstruction, little by little, we came
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into the conclusion that such 3D models are reliable, help the
surgeon know beforehand the anatomic variation, predefine
the resection strategy, and evaluate the resection margins
beforehand, thus it improves the safety and the results of such
difficult surgeries (22).

However, in that series, we missed one lesion that was too
close to the intersegmental plane. For this reason, we decided
to integrate pleural dye marking using radial endobronchial
ultrasound and virtual bronchoscopy into our multimodal
system, this is proved to be a useful way to extend resection
margins, and help us perform extended segmentectomies.

The procedure starts with uploading the CT scan into a
virtual bronchoscopy program (LungPoint® Planner), and after
carefully studying the frontal, coronal and sagittal sections,
the pulmonologist marks the target lesion, in order for the
software to construct a route. This technique doesn’t provide
real-time navigation, the operator memorizes, and can consult
it on the computer at all times in case of doubt while achieving
the endobronchial navigation.

The procedure consists of directing the bronchoscope
following the predefined route, and upon arriving in the last
accessible bronchus, the guide sheath with r-EBUS probe is
inserted into the working channel, towards the target nodule
till it reaches the subpleural space.

The probe is then removed and 1 mL of methylene blue
(5 mg/1 mL) was injected and rinsed with 20 mL of air.

In fact, the purpose is to mark the nodule’s area, rather than
the nodule itself, therefore helping the surgeon to quickly
locate the resection zone. When NIR camera became available
at the operative room with newer generation robots, we started
doing double dye markings using 0.5 mL of methylene blue
and 0.5 of ICG, thus the surgeon has full visibility on the lesion
during normal as well as infra-red vision.

With the availability of NIR, we also started identifying the
intersegmental plane using intravenous injections to ICG, after
having identified and ligated the segmental artery and vein.

Thus, our multimodal systems in robot-assisted
segmentectomies developed from 3D images integration to
include the use of endobronchial dye marking and IV injection
of ICG to delaminate the intersegmental plane (Figure 2).

In 2019, we published our results of robot-assisted
segmentectomies for lung metastases using this system (23),
the series consisted of 168 patients operated of suspected lung
metastases between 2012 and 2018. The majority (161 patients)
were operated using minimally invasive techniques.

The number of patients operated by RATS was (n=55).
Surgical resections were in the forms of single (n=5) or multiple

wedges (n=3), segmentectomies (n=30), and lobectomies (n=17).
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Figure 2 The multimodal system for robot-assisted segmentectomy in the case of right S2 segmentectomy for a 0.9-cm lesion. (A) CT scan
highlighting the lesion; (B) 3D modulization of the lesion; (C) virtual bronchoscopy route planning; (D) intraoperative view of the double
pleural dye marking; (E) Intraoperative view combined with 3D model to visualize the unique anatomy of the patient using Tile Pro on the

robotic console.

3D reconstruction was used in 11 segmentectomies. In 4 cases for renal cell carcinoma where the bronchial limits were R1.
where the lesion was close to the intersegmental plane, we used
pleural dye marking in addition to 3D reconstruction to secure

. Conclusions
the margins.
In 54 patients, resection margins were RO. The only The authors believe that lung segmentectomy is a key surgery
incomplete resection occurred in the case of segmentectomy to master by thoracic surgeons in the current era of technical
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innovation, ground glass nodules, and small lung carcinoma.
Endobronchial dye marking, 3D reconstructions, integration

and the use of ICG in surgical robots can help the surgeon

overcome many difficulties when it comes to this challenging

surgery.
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