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Background: We have developed a surgical navigation system that presents virtual thoracoscopic images
using computed tomography (CT) image data, as if you are observing intra-thoracic cavity in synchronization
with the real thoracoscopic view. Using this system, we made it possible to simultaneously visualize the ‘area
of lung cancer before induction therapy’ and the ‘optimal resection line for obtaining a safe surgical margin’
as a virtual thoracoscopic view. We applied this navigation system in the clinical setting in operations for lung
cancer patients with chest wall invasion after induction chemoradiotherapy.

Methods: The proposed surgical navigation system consisted of a three-dimensional (3D) positional
tracker and a virtual thoracoscopy system. The 3D positional tracker was used to recognize the positional
information of the real thoracoscope. The virtual thoracoscopy system generated virtual thoracoscopic
views based on CT image data. Combined with these two technologies, patient-to-image registration was
performed in two patients, and the results generated a virtual thoracoscopic view that was synchronized with
the real thoracoscopic view.

Results: The operations were started with video-assisted thoracic surgery (VATS), and the navigation
system was activated at the same time. The virtual thoracoscopic view was synchronized with the real
thoracoscopic view, which also simultaneously indicated the ‘area of lung cancer before induction therapy’
and the ‘optimal resection lines for obtaining a safe surgical margin’. We marked the optimal lines using
an electric scalpel, and then performed lobectomy and chest wall resection with a sufficient surgical margin
using these landmarks. Pathological examinations confirmed that the surgical margin was negative. No
complications related to the navigation system were encountered during or after the procedures.
Conclusions: Using this proposed navigation system, we could obtain a ‘CT-derived virtual intra-
thoracic 3D view of the patient’ that was aligned with the thoracoscopic view during surgery. The accurate
identification of areas of cancer invasion before induction therapy using this system might be a useful for

determining optimal surgical resection lines.
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Introduction

Induction therapy followed by surgical treatment is
sometimes performed and considered as a valid treatment
option for lung cancer patients complicated with chest
wall invasion (1,2). Induction therapy has been reported
to be useful for eradicating micro-metastasis, sparing vital
structures, obtaining a safe and secure surgical margin,
and extracting occult metastasis by prolonging surgical
treatment, and is associated with improved compliance
in comparison to adjuvant therapy. However, surgeons
have not been able to grasp ‘the area of the tumor before
induction therapy’ or ‘the distance between the resection
line and the edge of the original tumor’ intraoperatively
because the effectiveness of induction therapy makes the
original area of the tumor ‘invisible’.

We have developed a surgical navigation system that
presents virtual thoracoscopic images [using high resolution
computed tomography (HRCT) image data], as if you
are observing the intra-thoracic cavity in synchronization
with the real thoracoscopic view. This system also enables
the visualization of the tips of the forceps on the virtual
image. This system enabled the ‘area of lung cancer
before induction therapy’ and the ‘optimal resection line
for obtaining a safe surgical margin’ to be visualized as a
virtual thoracoscopic view in synchronization with the real
thoracoscopic view. We applied our navigation system in the
clinical setting, in the treatment of two lung cancer patients
with chest wall invasion after induction therapy.

Methods
Patients

In 2017, 10 lung cancer patients with chest wall invasion
received surgical treatment at Nagoya University Hospital.
Our surgical navigation system was applied in the treatment
of 2 of the 10 patients; these patients were enrolled in
the study (Table 1). The patients also received induction
chemoradiotherapy prior to surgical treatment. All
information on radiological and pathological variables was
collected from the patients’ medical records. This study
protocol was approved by the institutional review board of
the university hospital (UMIN000020820).
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Concept of our surgical navigation system

Our surgical navigation system was produced with the aim
of visualizing the ‘area of lung cancer before induction
therapy’ and the ‘optimal resection line for obtaining a
safe surgical margin’ as a virtual thoracoscopic view in
synchronization with the real thoracoscopic view. This
navigation system consisted of three-dimensional (3D)
positional tracker and a virtual thoracoscopy system. The
3D positional tracker was used to recognize the positional
information of the thoracoscope. The virtual thoracoscopy
system generated the virtual thoracoscopic views based on
HRCT image data. Combined with these two technologies,
patient-to-image registration was performed; the results
showed that virtual thoracoscopic views were generated
in synchronization with the real thoracoscopic view. The
system configuration is shown in Figure 1A.

Based on previous reports that the optimal surgical
margin was over 2 cm for reducing the risk of local
recurrence (3,4), we considered that a safe surgical
margin should be a distance of >2 c¢m from the tumor.
Thus, optimal resection line was indicated on this virtual
thoracoscopic view at a distance of 2 cm from the area of
the original tumor. The primary end-point of this study
was the achievement of a pathologically negative surgical
margin.

Treatment strategy using our surgical navigation system

Treatment was performed in the following steps:

%  STEP 1: HRCT scans of the enrolled patients were
obtained prior to any treatment.

% STEP 2: To emphasize the important anatomical
structures in the virtual thoracoscopic view,
segmentation was performed using the HRCT
data. The area of lung cancer before induction
therapy and the optimal resection line for obtaining
a safe surgical margin were extracted and drawn on
the virtual thoracoscopic view.

%  STEP 3: The surgical navigation system was started
via two-port video-assisted thoracic surgery (VATS),
prior to surgical treatment. The patient-to-image
registration was performed for the synchronization
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Table 1 Patients’ characteristics

Nakamura et al. Clinical application of a surgical navigation system based on virtual thoracoscopy for lung cancer patients

A Neoadjuvant CRT Adi t Stat
Case 9e Sex Histology c-stage Procedure yp-stage djuvant - Status
(years) Chemo regimen RT dose Response therapy ~ (POM)
Case 1 76  Male Adenocarcinoma 1B CDDP +VNR 4 40 Gy SD LUL + 1-4th CW 1B None  NER 27
course
Case 2 60 Male Adenocarcinoma 1B CDDP + VNR 4 40 Gy SD RUL + 2-4th CW 1IIB None  NER 24

course

CRT, chemoradiotherapy; RT, radiotherapy. POM, post-operative months; CDDP, cisplatin; VNR, vinorelbine; SD, stable disease; LUL, left
upper lobectomy; CW, chest wall resection; NER, no evidence of recurrence; RUL, right upper lobectomy.
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between real and virtual thoracoscopic view,
thereafter we were able to see real and virtual
thoracoscopic view in synchronization which also
indicated ‘area of lung cancer before induction
therapy’ and ‘optimal resection lines for obtaining a
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safe surgical margin’.
STEP 4: Landmarks for the optimal resection line
on the chest wall, which were determined using a

°,
°

surgical navigation system, were engraved using an
electric scalpel attached to a forcep.
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% STEP 5: Lobectomy combined with chest wall
resection via thoracotomy was performed using the
landmarks of the optimal resection line to obtain a
sufficient surgical margin.

Positional information

We use the Polaris Spectra optical tracking system (NDI,
Warterloo, Ontario, Canada) as a 3D positional tracker. The
Polaris system enabled the position of a thoracoscope or
forceps to be detected using reflective passive markers that
were attached to the respective instruments (Figure 1B). We
established the relationship between the attached reflective
passive markers and the real thoracoscope or forceps tip in
advance of the surgical navigation system using the NDI
6D Architect (NDI, Waterloo, Ontario, Canada) software
program. The positional information was continuously sent
to the virtual thoracoscopy system during navigation.

Patient-to-image registration

To generate virtual thoracoscopic views synchronized with
real thoracoscopic views, the navigation system requires
thoracoscope camera position in the preoperative HRCT
image coordinate system. The positional information
of the thoracoscope and forceps is measured by the 3D
positional tracker. Therefore, we transform the positions of
the thoracoscope and forceps in the 3D positional tracker
coordinate system into their positions in the preoperative
HRCT image coordinate system using patient-to-image
registration. The patient-to-image registration computes
a transformation matrix from the 3D positional tracker
coordinate system to the preoperative HRCT image
coordinate system. We use the point pairs matching
registration method to obtain this transformation matrix.

We selected six or more anatomical landmarks as
fiducials for registration. These landmarks were located at
some anatomical points of the chest (e.g., on the external
body or intra thoracic cavity) and were recognized via the
3D positional tracker. The navigation system performed
patient-to-image registration using the positional
information of these fiducials.

Virtual thoracoscopic views

The proposed navigation system generated virtual
thoracoscopic views using preoperative HRCT images and
was based on the virtual endoscopy system introduced by
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Mori et al. (5). Virtual endoscopy visualizes the human body
based on medical images of hollow organs as a simulated
endoscopic view. The virtual thoracoscopic views could
be visualized in real time using the fast volume rendering
method by exchanging data from multiple CT images (6).
"To emphasize important anatomical structures in the virtual
thoracoscopic view (e.g., the original area of the tumor or
the optimal surgical resection line), the proposed navigation
system allowed the segmented anatomical regions to be
highlighted with different colors (Figure 1C). These specific
anatomical structures were manually segmented by tracing
HRCT images or virtual thoracoscopic views prior to
surgery.

The proposed navigation system provides virtual
thoracoscopic views synchronized with the real
thoracoscopic views after the patient-to-image registration.
The navigation system then obtains the positions of the
thoracoscope and forceps in the preoperative HRCT image
coordinate system by transforming the positions of the
thoracoscope and forceps measured in the 3D positional
tracker using the transformation matrix calculated in the
patient-to-image registration. The virtual endoscopy in the
navigation system generates virtual thoracoscopic views
that correspond to the real thoracoscope positions using
transformed positional information.

The evaluation of registration accuracy

Registration error was defined as a difference between ‘the
distance from one point of the optimal resection line to the
nearest edge of tumor after induction therapy in the virtual
thoracoscopic view’ and ‘the distance from a landmark
engraved by an electric scalpel to the nearest edge of the
tumor on the resected specimen’.

Results

Our surgical navigation system was applied in the treatment
of two patients who had lung cancer complicated by chest
wall invasion. They received induction chemotherapy
combined with concurrent radiotherapy prior to surgical
resection (Figure 2). We planned upper lobectomy combined
with chest wall resection. The operations were started
with two-port VATS, and the surgical navigation system
was activated at the same time (Figures 3,Video I). After
registration between each anatomical landmark and the
fiducials of the 3D-CT image data, the virtual thoracoscopic
view synchronized with the real thoracoscopic view. The
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Figure 2 Images of the computed tomography before and after induction chemoradiotherapy. (A) Chest computed tomography shows lung

adenocarcinoma complicated with chest wall invasion in a 60-year-old male before any treatments. (B) Chest computed tomography shows

lung adenocarcinoma with chest wall invasion after induction chemoradiotherapy. The primary sites of lung cancer were slightly reduced

within the SD range according to the RECIST criteria.

virtual thoracoscopic view also simultaneously indicated the
‘area of lung cancer before induction therapy’ and ‘optimal
resection lines for obtaining a safe surgical margin’. Before
thoracotomy, we marked the optimal lines using an electric
scalpel (Figure 3B). These landmarks allowed us to perform
lobectomy and chest wall resection with a sufficient surgical
margin. A pathological examination revealed that the
surgical margin was negative.

The mean time for using surgical navigation system
was 22 min. The registration error in cases 1 and 2 was 0.9
and 0.6 cm, respectively. No complications related to the
navigation system were encountered during or after the
procedures.

Discussion

Our surgical navigation system was successfully applied
in the clinical setting in the treatment of two lung cancer
patients with chest wall invasion. This system visualizes

© Journal of Thoracic Disease. All rights reserved.

the ‘area of lung cancer before induction therapy’ and the
‘optimal resection line for obtaining a safe surgical margin’
in synchronization with a real thoracoscopic view. These
provisions improved the surgeon’s confidence by ensuring
that a sufficient surgical margin was attained.

Induction therapy followed by surgical treatment is
sometimes considered for patients with locally advanced
lung cancer and is widely accepted as an effective treatment
strategy (1,2). The recent development of new drugs
for lung cancer (e.g., immune checkpoint inhibitors and
molecular targeted therapy) has markedly improved the
prognosis of patients. The number of salvage surgery
operations for patients with advanced-stage lung cancer
may increase with the combined use of these new agents
in induction therapy. There are two important issues that
the surgeon must remember when treating patients who
have undergone induction therapy. First, the surgeon
must consider the tissue vulnerability of the intrathoracic
organs and must operate more carefully than usual. Second,
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Figure 3 Intraoperative view using current surgical navigation system. (A) The surgical navigation system was activated at the start of two-

port video-assisted thoracic surgery (VATS). A virtual thoracoscopic view (left monitor) was shown beside the real thoracoscopic view
(right monitor) in synchronization. The virtual view indicated the area of the tumor before induction therapy (yellow mass) and the optimal

resection line for obtaining a safe surgical margin (green), The location of the forceps was also indicated in the view (green arrow). (B)

Landmarks for the optimal resection line on the chest wall, which was determined using the surgical navigation system (orange arrows), were

engraved using an electric scalpel. Lobectomy combined with chest wall resection via thoracotomy was performed using these landmarks.

is that the original area or position of the tumor may be
difficult to grasp visually, because of the effectiveness of
induction therapy. The disappearance of the tumor may
cause surgeons to hesitate or become anxious when making
decisions regarding the surgical resection line. Our surgical
navigation system may be a solution to this problem.

The clinical application of intraoperative surgical
navigation systems based on CT image data has already been
reported, especially in the neurosurgery and gastrointestinal
surgery fields (7-10). Hayashi ez a/. reported the clinical
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application of a surgical navigation system for gastric
surgery (11). Their navigation system could provide a virtual
laparoscopic view of the patient anatomy using preoperative
HRCT image data; the virtual laparoscopic view was
provided in real time beside the real laparoscopic view
during surgery. As a result, their navigation system enabled
the accurate identification of vascular anatomy, which
could be used intraoperatively as a guide for gastrectomy.
Their technique was applied in our navigation system for
thoracic surgery. This system which used preoperative
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HRCT image data to create a virtual thoracoscopic view,
could be applied in the clinical setting. Furthermore, our
navigation system could provide additional information in
the virtual thoracoscopic view that was not visible in the
real thoracoscopic view.

Surgical navigation systems have not been employed in
the thoracic surgery field because positional information can
be unstable and may not be detected by the system in the
thoracic cavity. The lungs and most neighboring structures
are not fixed and are easily displaced during surgery by the
beating heart or the collapse of the lung due to differential
lung ventilation as a result of the operation. The current
surgical navigation system was applied for patients with
lung cancer complicated by chest wall invasion, because the
tumors were fixed to their chest walls. This system could also
be useful for improving a surgeon’s confidence of obtaining
a sufficient surgical margin in the treatment of lung cancer
patients who have not received induction therapy or for
patients with mediastinal tumors. We plan to extend the
clinical application of our navigation system to such patients.
Furthermore, in patients with other cancer, when tumors
are fixed or have invaded their body walls, the current
navigation system can be applied to surgery for other organs.
After accumulating a number of lung cancer patients, we are
planning to apply this system to patients with other cancers.

We recognized the need to make this surgical navigation
system more accurate and reliable for thoracic surgeons;
thus, the correction of the registration error and positional
deviation are important tasks.

In conclusion, this surgical navigation system allowed us
to obtain a ‘CT-derived virtual intra-thoracic 3D view of
the patient’ that was aligned and synchronized with the real
thoracoscopic view. This system, which can identify areas of
cancer invasion before induction therapy, might be useful
for deciding optimal surgical resection lines.
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