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Introduction

Abstract. In minimally invasive surgery, the white-light thoracoscope as a standard imaging tool is facing chal-
lenges of the low contrast between important anatomical or pathological regions and surrounding tissues.
Recently, the near-infrared (NIR) fluorescence imaging shows superior advantages over the conventional
white-light observation, which inspires researchers to develop imaging systems to improve overall outcomes
of endoscopic imaging. We developed an NIR and white-light dual-channel thoracoscope system, which
achieved high-fluorescent signal acquisition efficiency and the simultaneously optimal visualization of the
NIR and color dual-channel signals. The system was designed to have fast and accurate image registration
and high signal-to-background ratio by optimizing both software algorithms and optical hardware components
for better performance in the NIR spectrum band. The system evaluation demonstrated that the minimally detect-
able concentration of indocyanine green (ICG) was 0.01 M, and the spatial resolution was 35 pm. The in vivo
feasibility of our system was verified by the preclinical experiments using six porcine models with the intravenous
injection of ICG. Furthermore, the system was successfully applied for guiding the minimally invasive segmen-
tectomy in three lung cancer patients, which revealed that our system held great promise for the clinical trans-
lation in lung cancer surgeries. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.22.6.066002]

Keywords: fluorescence image-guided surgery; minimally invasive surgery; thoracoscope; indocyanine green; lung cancer surgery;
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recent preclinical and clinical applications already proved the

Lung cancer remains the leading cause of cancer-related death
worldwide, resulting in 1.4 to 1.6 million deaths annually.'
Because of a better postoperative recovery versus open surgery,
minimally invasive surgery (MIS) was the prior choice of sur-
gical interventions.* However, current MIS highly relies on the
intraoperative color imaging guidance with conventional thora-
coscopy system. Although the white-light system plays a crucial
role in MIS, surgeons still have to face the challenge of discrimi-
nating important anatomical and pathological structures from
their surrounding tissues, because frequently, they both have
similar morphology, texture, and color in white-light images.>™
Therefore, a new imaging technology with better ability of iden-
tifying the region of interests is desired for guiding MIS.

In recent years, thoracoscopy incorporating advanced near-
infrared (NIR) fluorescence imaging technologies has the poten-
tial to provide highly sensitive and specific imaging guidance of
surgically interested regions.'®'2 Different from the color imag-
ing, NIR fluorescence imaging only illuminates certain regions
inside the field-of-view (FoV) and provides pathological infor-
mation several millimeters beneath the tissue surface, which
results in many advantages in the intraoperative usage.'> Some
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feasibility and benefits of NIR image-guided MIS, such as its
application in colorectal surgery,'*!” bladder cancer,'3 chol-
ecystectomy,? liver cancer,?! and gastric cancer.?
Furthermore, NIR fluorescence imaging also showed its poten-
tial in minimally invasive lung cancer surgery (MILCS).'3**-%
Vivek et al. successfully detected lung sentinel lymph node with
a self-developed fluorescence endoscopic system.'> However,
the optimization of the endoscopic NIR imaging system in sen-
sitivity and ergonomic clinic design for improving MILCS in
clinical practices remains extremely underexplored. For exam-
ple, in lung cancer surgery, segmentectomy is commonly con-
sidered to be a better choice than lobectomy for achieving a
complete resection as well as preserving more lung function,?®?’
but it is still a clinical challenge for surgeons to find clear inter-
segmental planes during MILCS. Moreover, the iatrogenic injury
of thoracic duct may cause chylothorax and reoperation of a
patient in MILCS, whereas it is hard to distinguish the thoracic
duct from its surrounding tissues with current white-light thora-
coscope.?®?° Thus, the endoscopic NIR imaging technology may
be a new choice for solving all these clinical issues in MILCS.
In this study, we designed a two-camera system for the chal-
lenge of satisfying the optimal visualization of color imaging, the
maximization of NIR light collection efficiency, and ergonomic
clinic design. Aiming for the clinical translation, this fused NIR
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and white-light thoracoscope (FFWT) system was specially
designed for imaging indocyanine green (ICG) (excitation:
778 nm and emission: 830 nm), since it is the only FDA approved
NIR dye. After a series of evaluation, the FFWT system demon-
strated very high NIR collection efficiency in the emission wave-
length of ICG. Its minimal detection concentration of ICG was
about 10 times higher than the published system for MILCS.!?
It also achieved quick and robust image registration because of
its unique design of the mechanical structure and optical pathway.
With the help of ICG, our system successfully identified interseg-
ment planes and thoracic ducts in six porcine models. Further-
more, we recruited three lung cancer patients to verify the per-
formance of the FFWT system in image-guided MILCS. The
preliminary results proved that it can effectively identify interseg-
ment planes with signal-to-background ratio (SBR) of
21.5 £ 0.3 dB. All these experiments revealed that the newly
developed FFWT system holds great promise for helping sur-
geons to achieve more accurate lung segment resection and
avoid iatrogenic injuries in MILCS.

2 Materials and Methods

First, to achieve simultaneous color and NIR dual-channel thor-
acoscopic imaging, we designed the imaging components of
FFWT (Fig. 1) based on the following four aspects.

(a)

1. Optical path design: A clinically approved rigid thor-

acoscope optimized for capturing both visible and NIR
light was specially selected to fit in the system
(HOPKINS II 26003AGA, Karl Storz, Tuttlingen,
Germany). For simultaneously acquiring color and
NIR images, we specially developed an optical path to
achieve the optimal performance for both color imag-
ing (400 to 650 nm) and ICG (excitation: 778 nm, and
emission: 830 nm) imaging, since ICG was the only
FDA approved NIR dye. Meanwhile, we presented a
solution to achieve real-time image registration by
designing the optical path for the same FoV of color
and NIR cameras and applying quick robust algo-
rithms for color and NIR images registration. Further-
more, the components’ size and weight were opti-
mized to satisfy real-time ergonomic clinical applica-
tion and long-time handheld use.

. Imaging acquisition: To ensure high sensitivity, small

size, and light weight of imaging camera, we, cooper-
ating with Microview Inc., developed a light-weight
science complementary metal oxide semiconductor
(SCMOS) NIR camera (weight: 250 g, HK-A5100-
GM17, Microview, Beijing, China). Meanwhile, to
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Fig. 1 The design of the imaging component and a picture of the FFWT system. (a) The schematic
illustration of the imaging system. The NIR excitation light source and white-light source for illumination
were coupled into thoracoscope fiber port through a multimode bifurcated fiber bundle. The fiber assign-
ment was shown in the cross-sectional view, where the blue square represents excitation-light fiber, and
white circles represent white-light fibers. Photons were collected from the thoracoscope and divided by a
dichroic sheet. Light wavebands between 810 to 870 nm and 400 to 650 nm were separated by the
dichroic sheet and captured by the NIR and color cameras, respectively. The aperture size of the
color imaging was controlled as shown at the top-right corner of (a). (b) The picture of the entire
FFWT system. The picture on the bottom right corner shows that the imaging system can be handheld
with the ergonomically-designed handle. The display screen was connected with a mechanical arm with
multidegree of freedom. The handheld component, light sources, screen, and control station were all
installed in a trolley, so the FFWT system can be easily moved from one operation room to another.
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acquire color/NIR images with the same FoV, we cus-
tomized a color camera (HK-A5100-GC17, Microview,
Beijing, China) with the identical cell size of the NIR
camera.

3. Ilumination design: To provide simultaneous white
and NIR excitation light and reduce light coupling loss,
we developed a custom multimode bifurcated fiber bun-
dle (Banglei Optoelectronic Technology Co. Ltd.,
Guangdong, China) to connect the white-light and exci-
tation light source. Meanwhile, we specially developed
a light stick and a uniform fiber to expand the facula
area of NIR excited light, because the excited light
was a point source.

4. Software development: In order to display color, NIR,
and fused images in video rate, the software was devel-
oped with parameters of automatic adjustment func-
tion, image-processing algorithms, and quick image-
registration algorithms.

2.1 Optical Path Design

A self-developed light splitter was used for simultaneously
acquiring color and NIR images. This module comprised a
dichroic sheet (DMLP650, Thorlabs Ltd., Newton, New Jersey)
and a set of relay lens. The dichroic sheet was used to divide
light into two beams. One light beam with the wavelength
between 810 and 870 nm was transmitted to the NIR camera.
The other light beam with the wavelength between 400 and
650 nm was reflected to the color camera. To ensure the same
FoV of color and NIR cameras, an adjustable structure was
designed for mounting the dichroic sheet and reducing the
mechanical error. Furthermore, the relay lens consisted of three
sets of lens and filters, which were assembled for focusing the
collected light on the camera sensor. Because the light transmis-
sion rates of the selected dichroic sheet and aspheric lens
reached more than 95% in each favorable wavelength band
(Fig. 2), the aperture size design ensured sufficient depth-of-
view, reduced stray light, and increased brightness contrast of
color imaging, and the whole light splitter was assembled in a
very small cylindrical chamber (internal diameter: 2 cm and
internal length: 4 cm), the loss of the optical signal caused by
light-splitting was minimized.
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Fig. 2 The light transmission rate of utilized lens in the light-splitting
module. The green and blue lines separately showed the light trans-
mission of white-light and NIR-light enhancement aspheric lens. Both
wavelengths (wavelength: 300 to 850 nm and 810 to 870 nm) reached
above 99%. The black and red lines, respectively, represent the trans-
mission efficiency and reflection efficiency of the dichroic sheet. Both
reached above 95%.

Journal of Biomedical Optics

066002-3

Besides that, the light-splitting module was coupled with a 0-
deg direction of view, 70-deg visual field, 10-mm diameter, and
31-cm length thoracoscope. We compared several commercially
available rigid thoracoscopes provided by different manufac-
turers (Karl Storz, Olympus, and Stryker), and they were all
clinically approved. Finally, the one with the best performance
in the NIR spectrum was selected for experiments.

2.2 Imaging Acquisition

For the thoracoscopic imaging system design, it is difficult to
choose a high-sensitivity, light-weight, and small-size camera.
To balance the weight/size and sensitivity, we cooperated with
Microview Inc. and developed a light-weight SCMOS NIR cam-
era (weight: 250 g, HK-A5100-GM17, Microview, Beijing,
China), which meets the requirement of sensitivity. Meanwhile,
because NIR and color cameras were designed to have exactly
the same cell size and pixel number (Table 1) and combined with
the dichroic beam splitter, the dual-channel imaging inherently
had the same FoV. This hardware feature ensured fast and accu-
rate NIR and color imaging registration. Furthermore, the
SCMOS NIR camera with high NIR-light imaging sensitivity
facilitated weak fluorescent signal collection within 50-ms
exposure time at each frame. Besides all these features, both
cameras were very compact and light in weight (Table 1). To
reduce the signal noise during acquisition, two filters (wave-
length: 400-650 nm and 810-870 nm) were fixed in front of
two cameras, respectively [Fig. 1(a)]. The acquired raw data
were transmitted to the computer in the control station through

Table 1 Key parameters of the newly developed FFWT system.

Category Specification Description

NIR camera Resolution 2560 x 2160 pixels
Cell size 6.5 um x 6.5 um
Size 5.6 x 6x6 cm?
Weight 250 g

Color camera Resolution 2560 x 2160 pixels
Cell size 6.5 um x 6.5 um
Size 5.6 x 6 x6 cm?
Weight 250 g

Handheld imaging system Length 58 cm

with the thoracoscope
Weight 1.15 kg

NIR excitation light Type SMA coupled

laser diode

Wavelength 785 nm
Power Oto5W

White light Type Light-emitting diode
Wavelength 400 to 650 nm
Power 300 W

June 2017 « Vol. 22(6)
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the gigabit-per-second wires, so that the requirement of high-
speed data transfer was guaranteed. As a result, the system
could achieve real-time high-SBR dual-channel imaging with
the frame rate above 20 fps.

2.3 lllumination Design

To simultaneously acquire color and NIR images, the NIR exci-
tation light and white light were coupled into the thoracoscope.
The NIR excitation light source (MW-SGX-785, Changchun Lei
Shi Optoelectronic Technology Co. Ltd, Changchun, Jilin,
China) used a 785-nm laser with continuously adjustable power
from O to 5 W. The white-light illumination was provided by a
300-W LED light source (Kenon Nova 300, Karl Storz,
Tuttlingen, Germany) in the visible light window. A customized
3-m long multimode bifurcated fiber bundle was used to couple
the NIR and white-light sources. It was 4.8 mm in diameter, and
a NIR excitation-light fiber (400 ym in diameter) was in the
center of the bundle surrounded by multiple white-light fibers
(Fig. 1). This multimode bifurcated fiber bundle was connected
to the thoracoscope using standard endoscopic light source
coupling.

2.4 Software Development

In order to realize the real-time intraoperative image registration,
storage, and display, a customized software was developed. The
image processing pipeline was shown in Fig. 3. The parameters
controlled by our software includes exposure time, light inten-
sity gain, and image binning for acquiring high-contrast
dynamic images. All data collected from color and NIR cameras
were transmitted into the computer through standard gigabit-
per-second wires. Benefited from the system structure design,
color and NIR images have the same FoV and pixel number.
As a result, the dual-channel imaging registration was easy,
quick, and accurate without using a complicated coregistration
algorithm. Furthermore, the entire interface of the software can
be upgraded and extended, so other algorithms can be also
added into the software.

2.5 System Characteristics
2.5.1 Optical characteristics

The spatial resolution of FFWT was measured by imaging a tar-
get board (USAF 1951, Thorlabs Ltd.) at the distance of 25, 50,
and 75 mm. Images were analyzed by finding whether the ver-
tical stripes lost the contrast with adjacent lines. The same

Com

Control

method was used to analyze the horizontal resolution. After
these, the spatial resolution limit of the system was determined.

2.5.2 Sensitivity characteristics

The sensitivity characteristics of FFWT were tested by using a
series of ICG (Yichuang Pharmaceutical Limited Liability
Company, Dandong, China) solutions (1, 0.1, 0.01 gM). Mean-
while, for testing the background noise, the images of the phos-
phate buffered saline (PBS) solution at the same conditions were
also obtained as a reference. The ICG and PBS solutions were
placed in four 1.5-ml eppendorf (EP) tubes and imaged at 100-
ms exposure time. To avoid the disturbance between high dose
solution and low dose solution, we separately measured each
ICG solution alone. Then, all images were analyzed by an
image processing software (ImageJ, National Institutes of
Health, USA). We delineated the region of interest (Rol) on
the tips of EP tubes with ICG and PBS solutions and calculated
the mean fluorescence intensity of each Rol using ImagelJ soft-
ware. Then, the SBR in dB was calculated in Eq. (1):

1
SBR = 20 log =%, (1)
Ipps

where I1cg denotes the mean fluorescence intensity of the ICG
solution and Ipgg denotes the mean fluorescence intensity
of PBS.

2.6 In Vivo Preclinical Experiments in Porcine
Models with FFWT

The feasibility of FFWT was validated through in vivo animal
experiments. The identification of the thoracic duct (n = 3) and
intersegmental plane (n = 3) was performed in six 3- to 5-
month-old miniature porcine models (30 to 35 kg). All experi-
ments were approved by the Johnson & Johnson Beijing
Medical Science Centers. Before surgery, the pigs were anes-
thetized with 2% isofluorane and monitored by a physiological
monitor. Pulmonary segmentectomy experiments were per-
formed using 12-mg ICG with a concentration of 5 mg/ml
through marginal ear vein injection. FFWT was used to image
the pulmonary segment during the surgery. Real-time color,
NIR, and fused images of the intersegmental plane were
displayed on the screen and recorded as video data. After that,
thoracic duct experiments were performed by injecting 1 mg
ICG subcutaneously at a concentration of 5 mg/ml into the

puter
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Fig. 3 The software pipeline of the FFWT system. The software provided the function of controlling
expose time, gain, and mirroring of cameras. The color and fluorescence images were stored and
fused, and then the color, fluorescence and fusing images were displayed for intraoperative identifying
important anatomical or pathological features in real time.
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Fig. 4 System characteristics evaluation. (a) A USAF 1951 test target
color image collected by the FFWT system at a working distance of
25 mm. (b) The local enlarged image of (a). The three to six stripes did
not lose the contrast with adjacent lines in vertical and horizontal
directions (red outline). The corresponding spatial resolution of
three to six stripes was 35 um. (c) and (d) The optical resolution of
FFWT was separately 63 and 79 ym at the working distance of 50
and 75 mm. (e) The fused images of different ICG solutions (1,
0.1, and 0.01 M) and one PBS solution at the exposure time of
100 ms. (f) The SBR bar chart of different ICG solutions.

right leg, and the thoracic duct imaging was performed around
13 min later.

2.7 In Vivo Clinical Experiments in Lung Cancer
Patients with FFWT

To evaluate the feasibility of the FFWT system in NIR image-
guided segmentectomy, we recruited three patients previously
scheduled for white-light thoracoscopic surgery. All patients
signed the informed consent. This study was approved by the
institutional ethics committee of Peking University People’s
Hospital (2015PHB157-01) and registered at ClinicalTrials.
gov (NCT02611245). The study’s inclusion criteria were as fol-
lows: (i) existing pulmonary nodules and prepared for thoracic
surgery, (ii) no history of allergy to ICG, and (iii) aged between
18 and 75 years. The exclusion criteria were as follows: (i) pre-
operative liver dysfunction, (i) known allergy to ICG, and
(iii) with other uncontrollable complications. First, patients were
intravenously injected with 0.4 mg/kg ICG after ligating the
segmental pulmonary arteries. Then, we performed NIR image-
guided segmentectomy with FFWT (Fig. 6). The surgical pro-
cedure was recorded in video rate. For each patient, we calcu-
lated the SBR of selected frames in each video.
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3 Results

3.1 System Parameters

The parameters of FFWT were shown in Table 1. NIR camera
and color camera have high resolution for acquiring high-quality
images and the same cell size for imaging identical FoV.
Moreover, two cameras with light weight and small size ensured
user friendly operation.

3.2 Optical Resolution

We measured the optical resolution of FFWT at different distan-
ces (25, 50, and 75 mm), which were shown in Figs. 4(a)—4(d).
The red outline part of Fig. 4(a) was magnified and placed in
Fig. 4(b), which shows that the group number three, element
six stripe did not lose the contrast with adjacent lines in vertical
and horizontal directions. Therefore, the system’s vertical and
horizontal resolution was determined to be 35 pm at a working
distance of 25 mm. Furthermore, the spatial resolution of our
system was 63 um at the working distance of 50 mm [Fig. 4(c)]
and 79 pum at the working distance of 75 mm [Fig. 4(d)].

3.3 System Sensitivity

Figures 4(e)-4(f) show the sensitivity measurements of FFWT.
The fused images of four EP tubes at the exposure time of 100 ms
were shown in Fig. 4(e). Figure 4(f) plots the quantitative calcu-
lation of SBR (13.8 £0.3, 8.3 £ 0.9, and 5.3 £ 0.7 dB) at the
concentration of 1, 0.1, and 0.01 uM. The minimal detectable
ICG concentration of this system was 0.01 pM with the SBR
of 5.3 +0.7 dB.

3.4 In Vivo Feasibility Verification in Porcine Models

Figure 5 shows the preclinical imaging of FFWT in six porcine
models. To demonstrate the applications of the system for intra-
operative lung cancer surgery guidance, the scenarios of thoracic
duct visualization and intersegmental plane delineation were
conducted. The representative color, NIR, and fused images
of lung thoracic duct and pulmonary segments were shown
in Fig. 5.

Figures 5(a) and 5(b) show the color and NIR images of the
thoracic duct. The damage of thoracic duct leads to a serious
complication (chylothorax) and reoperation of chylothorax
patients. However, it is hard to distinguish the thoracic duct from
surrounding tissues due to the thoracic duct with similar shape
and color in comparison to surrounding tissue.’=! With the
NIR fluorescence imaging method, Fig. 5(c) shows the fused
image that clearly indicated the location of the thoracic duct,
which was difficult to distinguish from surrounding tissues in
Fig. 5(a) only. This revealed that FFWT was feasible to visualize
the thoracic duct and effectively avoid its unnecessary damage
intraoperatively.

Meanwhile, pulmonary segmentectomy is a safe and mini-
mally invasive technique in the lung cancer surgery. It has the
potential to preserve lung function and reduce hospital costs,
however, the identification of intersegmental plane requires
the surgeons with a wealth of clinical experience and lacks a
simple and effective technique to distinguish the targeted and
nontargeted segments.?® Figures 5(d)-5(f) are the color, NIR,
and fused images of pulmonary segments collected by our dual-
channel imaging system. Due to the lack of contrast between the
ligation part and nonligation part, it is hard to identify pulmonary
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Fig. 5 Preclinical experiment results of the FFWT system. (a)—(f) Representative color, fluorescence and
fused images of lung thoracic duct and intersegmental plane obtained by the system. (g) The average
SBRs of the lung thoracic duct and intersegmental plane were 18.2 + 0.5 and 21.5 + 0.3, respectively.

Scale bar: 2 mm.

segments in the color image [Fig. 5(d)], whereas the boundary is
easily seen in the fused image [Fig. 5(f)]. Furthermore, we use
the SBR, which is defined as the ratio of the fluorescence signal
in thoracic duct/ pulmonary segments to its surrounding tissues
to evaluate NIR imaging effect and system performance. The
quantitative measurements of the average SBR for lung thoracic
duct and intersegmental plane in NIR images are 18.2 + 0.5,
and 21.5 £ 0.3 dB, respectively [Fig. 5(g)].

3.5 In Vivo Near-Infrared Image-Guided
Segmentectomy in Lung Cancer Patients

In lung cancer surgery, segmentectomy is an important surgical
option, but surgeons lack an efficient way to define intersegmen-
tal plane with the conventional white-light thoracoscopy.® To

o w4 0

address this clinical challenge, we performed NIR imaging
guided segmentectomy using the FFWT system. Three patients
with early-stage lung cancers were recruited in this preliminary
study. As shown in Fig. 6, the high SBR (19.6 £ 0.8 dB) of the
fluorescent signal enabled easy and objective identification of
the intersegmental plane, which revealed the potential of the
clinical translation for using the system in MILCS.

4 Discussion

We have developed a color and NIR dual-channel thoracoscope
system, namely FFWT, for real-time image-guided MIS. The
system is capable of high-sensitivity NIR light collection, simul-
taneous optimized color and NIR dual-channel imaging, and
ergonomic clinical application mainly based on the following
four designs:

Fig. 6 Intraoperative imaging guided clinical segmentectomy using the FFWT system. The system pro-
vided surgeons a well-defined intersegmental plane with the SBR of 19.6 + 0.8 dB (Video 1, MOV,
913 KB [URL: http://dx.doi.org/10.1117/1.JB0O.22.6.066002.1]).
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1. Optimal design of aperture size for maximizing the
NIR light collection, ensuring sufficient depth of
view, reducing stray light, and increasing brightness
contrast of color imaging.

2. A self-developed compact optical path design, which
applied the optical elements with transmission rates
above 95%, assembled the whole light splitter in a
very small cylindrical chamber (internal diameter:
2 cm and internal length: 4 cm) to minimize the
light loss and system size.

3. A solution for achieving real-time and robust image
registration, which designed two cameras with the same
FoV and applied quick image registration algorithms.

4. The structure design, components size, and weight
were optimized to satisfy real-time ergonomic clinical
application and long-time handheld use.

Although a number of studies have already verified the sig-
nificant clinical value of the NIR fluorescence image-guided
MIS, most fluorescence thoracoscope systems are facing chal-
lenges of limited sensitivity and unpractical long exposure
time.*>** For normal clinical thoracoscopes, they have relatively
small aperture and high signal loss for NIR-light transmission,
so it is difficult to optimize the NIR fluorescence imaging in
clinical MIS applications, where the high-sensitivity, high-con-
trast, and real-time imaging are highly needed. Currently, Liu
et al.'s designed a single-channel endoscope system with a filter
wheel to switch fluorescence and white-light imaging, and
applied it for the highly specific detection of colonic adenomas.
However, the single-channel imaging system had to acquire
color and fluorescence images sequentially, which limited its
usability in a clinical environment. Instead, Vivek et al. designed
a dual-channel endoscopic imaging system to obtain white and
NIR light information simultaneously. The system employed a
prism-based two-CCD camera with both monochrome and color
chips 1/3 in."* But the problem of this system was the limited
sensitivity, which resulted in long exposure time for acquiring
enough fluorescent signals. Different from Vivek, Glatz et al.'*
used an electron-multiplying CCD camera with high NIR quan-
tum efficiency to overcome the challenge of low fluorescent sig-
nal collection efficiencies. As a result, it indeed achieved high-
quality fused fluorescence and color imaging, but the over-
weight and oversize structure made it difficult to satisfy the
clinical application requirements.

In this study, the dual-channel FFWT system was specially
designed for ICG imaging in the real surgical conditions. A great
amount of effort was carried out in the optical path design, im-
aging acquisition, illumination design, and the software devel-
opment of the system, so that several critical challenges for the
clinical translation of this optical imaging technology,?®3+%
such as the optimal NIR and white light simultaneous imaging,
the minimization of the fluorescence signal loss, the minimiza-
tion color and NIR images registration time with real-time expo-
sure, as well as the reduction of the total size and weight for
long-time handheld, were all effectively overcome or improved.

In addition, the feasibility of the FFWT system was evaluated
through an in vivo preclinical porcine study and clinical lung
cancer patient study. Although some researchers have applied
the ICG-fluorescent imaging technique in segmentectomy, they
used a single-camera fluorescence thoracoscope, which is in-
convenient to acquire color and NIR images sequentially.?3~2%3
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Sekine et al.>” designed a color and NIR dual-channel imaging
system applying for open segmentectomy. However, the dual-
channel imaging system has not been tested in the thoracoscopic
segmentectomy. The results indicated that FFWT not only iden-
tified the intersegmental plane with high SBR but also did not
disturb the clinical flow by simultaneous color and NIR imaging
guidance. However, since this study only recruited three lung
cancer patients in the preliminary clinical trial, the performance
of the FFWT system for imaging the thoracic duct and pulmo-
nary segments needs to be further verified in a much larger pop-
ulation. The application of using the system and ICG for
intraoperative imaging of lung cancer nodules is also needed
to explore in the future.

In summary, the newly developed FFWT system can provide
real-time NIR, color, and fused imaging simultaneously in
MILCS. It demonstrated high sensitivity for ICG signal detection
and offered high optical contrast for fast and objective identifica-
tion of the thoracic duct and pulmonary segments intraoperatively
in both preclinical porcine and clinical patient experiments. We
believe that this advanced dual-channel optical imaging technol-
ogy holds great promise for intraoperative guidance in clini-
cal MILCS.
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