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Abstract: Fluorescence imaging in the second near-infrared window (NIR-II, 900-1880 nm) offers high signal-
to-background ratio (SBR) , enhanced definition, and superior tissue penetration, making it ideal for real-time
surgical navigation. However, with single-channel imaging, surgeons must frequently switch between the surgi-
cal field and the NIR-II images on the monitor. To address this, a coaxial dual-channel imaging system that com-
bines visible light and 1100 nm longpass (1100LP) fluorescence was developed. The system features a custom-
ized coaxial dual-channel lens with optimized distortion, achieving precise alignment with an error of less than
+0. 15 mm. Additionally, the shared focusing mechanism simplifies operation. Using FDA-approved indocya-
nine green (ICG), the system was successfully applied in dual-channel guided rat lymph node excision, and
blood supply assessment of reconstructed human flap. This approach enhances surgical precision, improves opera-
tional efficiency, and provides a valuable reference for further clinical translation of NIR-II fluorescence imaging.
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Introduction

Fluorescence imaging is widely used in clinical sur-
gery as an real-time navigation technique due to its ease
of use and lack of ionizing radiation''*. Compared to visi-
ble light, fluorescence imaging in the near-infrared
(NIR) window offers reduced scattering, better clarity,
deeper tissue penetration, and a higher signal-to-back-
ground ratio (SBR), leading to its rapid adoption in vari-
ous surgical procedures, including coronary angiogra-
phy, tumor resection and lymph node clearance™"". The
first near-infrared window (NIR-I, 700-900 nm) was ini-
tially used, as it can be detected with mature silicon-
based cameras. However, many biological tissues, such
as liver and intestine, emit bright autofluorescence in
this range, which can seriously interfere with target de-
tection'". Besides, the limit definition and penetration
depth of NIR-I imaging are insufficient to meet the de-
mands of bioimaging applications' ',

In recent years, fluorescence imaging has expanded
to the second near-infrared window (NIR-IT, 900-1880
nm) , significantly enhancing image clarity and tissue
penetration while greatly reducing autofluorescence to
nearly absent levels"™"". NIR-II technology allows for
more precise identification of lesions, enabling their com-
plete removal with minimal damage to surrounding nor-
mal tissue, thus supporting for more precise surgery ',
Nowadays, NIR-II fluorescence imaging has been suc-
cessfully applied in some clinical settings for liver tu-
mors, gliomas, and orthopedic surgeries, enhancing sur-
gical efficiency and patient outcomes'> >,

However, surgeons often need to switch between the
NIR-IT image on the monitor and the surgical field, and
correlate fluorescent regions with anatomical structures.
This frequently switching decreases operational efficien-
cy and complicates delicate procedures™. A simple so-
lution is to develop a dual-channel imaging system that
combines visible and NIR-II imaging. Early systems
placed visible and NIR-II imaging units side by side, but
this non-coaxial setup introduced parallax”. Our previ-
ous work achieved coaxial imaging using a dichroic mir-
ror and separate lenses, which eliminated parallax but
faced challenges in aligning the two channels across the
entire field of view due to different distortions of the lens-
es. Additionally, the separate focusing mechanisms com-
plicated the operation””.

In this work, we demonstrate the significant advan-
tage of 1100 nm longpass (1100LP) fluorescence imag-
ing in terms of SBR over the NIR-I window. We devel-
oped an advanced coaxial dual-channel imaging system
for visible light and 1100LP fluorescence. To achieve
precise alignment of the two channels, we customized a
lens with coaxial design and optimized lens distortion.
The alignment error between the two channels was mea-
sured to be less than +0. 15 mm. Moreover, the shared
focusing lens simplifies the focusing process. Using the

FDA-approved indocyanine green (ICG) dye as NIR-II

fluorescence probe, we were able to visualize liver and
blood vessels as small as 0. 44 mm in a rat through intact
skin. In rat, dual-channel guided lymph node (LN) exci-
sion was successfully performed. The system allows the
operator to quickly localize target and precisely resect.
Finally, the system was used to assess the blood supply
of a reconstructed human flap. The system helps to accu-
rately assess the neovascularization and provides specific
areas of necrotic foci. Our work provides a valuable refer-
ence for the clinical translation of NIR-II fluorescence im-

aging.
1 Experiments

1.1 Materials and animal handling

ICG used for animal experiments was purchased
from Meilunbio and dissolved in deionized water before
use. All animals were obtained from the Laboratory Ani-
mal Center of Zhejiang University. Female Sprague-Daw-
ley rats (350 g) were used in all animal experiments,
which were conducted under the approval of the Laborato-
ry Animal Ethics Committee of Zhejiang University (Ap-
proval Number: ZJU20220283).

1.2 Comparison of imaging performance among
visible light, NIR-I fluorescence, and 1100LP fluo-
rescence

A 250 pL solution of ICG (1 mg/mL) was adminis-
tered via subcutaneous injection into one hind paw pad.
After lymphatic uptaking, ICG subsequently labeled the
retroperitoneal LN. Visible light images were captured
by a mobile phone’s camera. NIR imaging was conduct-
ed using a lab-built NIR macroscopic fluorescence imag-
ing system. This system incorporates a 690 nm continu-
ous wave (CW) laser as the excitation light source. The
laser beam, after collimation, undergoes lens expansion
and diffusion through ground glass to produce a uniform
illumination on the subject. Fluorescence was collected
using an infrared antireflection lens (focal length: 35
mm, Tekwin, China) positioned above the subject. The
collected light then passed through filters, and focused
on the NIR camera sensor.

For NIR-I imaging, we employed a combination of
750 nm long-pass (LP) filter (FELHO0750, Thorlabs,
USA), a 900 nm short-pass (SP) filter (FESH0900,
Thorlabs, USA), and a silicon-based camera (sensitivi-
ty range: 400-1100 nm, GA1280, Tekwin, China).
The excitation light power density was set at 6 mW/cm’,
with an integration time of 2. 5 ms.

For NIR-II imaging, we utilized a 1100 nm LP filter
(FELH1100, Thorlabs, USA) and an InGaAs-based
camera (sensitivity range: 900-1700 nm, 640x512,
SW640, Tekwin, China). The excitation light power
density was set at 16 mW/cm’, with an integration time of
50 ms.

1.3 Spectral measurements

ICG spectral measurements were performed using a
lab-built spectral analysis system. Excitation light from a
CW semiconductor laser was collimated and directed at
the edge of a cuvette containing 0. 1 mg/mL ICG solu-
tion. Fluorescence emitted from the ICG near the cuvette
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wall was collected by a 25 objective (Olympus, Japan)
and passed through filters to eliminate excitation light in-
terference. The fluorescence was then coupled into a fi-
ber by a collimator and transferred to a spectrometer for
detection.

Due to the limited sensitivity range of a signal spec-
trometer, we analyzed the NIR-I and NIR-II spectra sepa-
rately. For the NIR-I spectrum, we employed a 665 nm
laser as the excitation light source, a 750 nm LP filter
(FELHO750, Thorlabs, USA), and a visible-near-infra-
red spectrometer (sensitivity range: 360-1100 nm,
PG2000, Ideaoptics, China). For the NIR-II spectrum,
we used an 808 nm laser for excitation, a 950 nm LP fil-
ter (FELH0950, Thorlabs, USA) , and a near-infrared
spectrometer  (sensitivity ~ range:  900-2400 nm,
NIR2200, Ideaoptics, China).

1.4 Construction of the coaxial visible and NIR-II
imaging system

We developed a coaxial visible and NIR-II dual-
channel imaging lens (focal length: 34 mm; f-number: f/
5 for visible light and /3. 2 for NIR-II). The optical as-
sembly primarily consists of a focusing lens group, a di-
chroic prism, and two lens groups for visible light and
NIR-II light, respectively. The focusing lens group en-
able simultaneous focusing for both channels. The di-
chroic prism deflects visible light while transmitting NIR-
IT light. The visible and NIR-II lens groups are individu-
ally utilized for light focusing and aberration correction
for each channel. In the design process, both channels
were engineered to have the same magnification, with
careful minimization of inter-channel distortion differenc-
es. This design allows for precise alignment of dual-chan-
nel raw images after simple processing, such as rotation,
translation (to account for mechanical assembly errors) ,
and scaling.

During imaging, excitation light from the laser is ex-
panded and homogenized before illuminating the target.
The visible and NIR-II light are then collected by the
lens and separated into two paths. The visible light im-
age is captured by an RGB camera (4096x2160, BIG-
EYE10000KPA, ToupTek, China) , while the NIR-II
light passes through a 1100 nm LP filter before imaging
on the SW640 camera. The entire system is mounted on
a tripod for mobility. After capturing images from the two
channels, image enhancement (Auto Level) was applied
to the raw data. The NIR-II image was then converted
from grayscale to RGB, where the NIR-II signal was as-
signed to the green channel. The brightness of both the
visible light and NIR-II images was halved, and the in-
tensities of the corresponding RGB channels were added
together to create the merged image.

1.5 Dual-channel alignment error characteriza-
tion

To characterize the alignment error of the dual-chan-
nel system, we imaged a ruler illuminated by a halogen
lamp. The halogen lamp’s emission spectrum includes
NIR-II components, enabling NIR-1I bright-field imag-
ing. Image] was used to draw lines crossing the scales
and obtain intensity profiles. MATLAB was employed to

normalize the two intensity curves and identify the posi-
tions of minima points less than 0. 35. The distance be-
tween corresponding minima points in the two channels
was considered as the alignment error of the dual chan-
nels.

1.6 Rat blood vessels imaging and dual-channel
guided popliteal LN resection surgery

For rat blood vessels imaging, abdominal hair was
removed one day prior to imaging. The rat was anesthe-
tized and then intravenously injected with 500 pL of 2
mg/mL ICG solution. Excitation was provided by an 808
nm laser with a power density of 140 mW/cm®. The inte-
gration time for the NIR-II channel was set to 50 ms.

For popliteal LN resection, the hair around the rat’s
popliteal fossa was removed, followed by the injection of
250 pL of 1 mg/mL ICG solution into the hind paw pad.
Under 808 nm excitation (20 mW/cm®) , the popliteal LN
became visible in the 1100LP channel. Guided by the
merged images, the LN was carefully excised.

1.7 Patient recruitment and clinical data collec-
tion

A patient with a degloving injury on the left foot dor-
sum, sustained in a car accident, was treated at Sir Run
Run Shaw Hospital. Due to severe soft tissue contusion,
the patient underwent thorough debridement followed by
replantation of the degloved dorsal skin flap. During a
follow-up examination one week after surgery, visual in-
spection revealed black necrosis at the flap’s edge.

To assess blood supply recovery and identify areas
of necrosis, an NIR fluorescence blood supply assess-
ment was deemed necessary. After providing informed
consent, the patient agreed to undergo this assessment
with NIR-II fluorescence imaging, along with the collec-
tion of basic clinical information.

Following an intravenous injection of ICG (2.5 mg/
mL, 3 mL), imaging was performed using the dual-chan-
nel system with 808 nm laser excitation. The NIR-II cam-
era was positioned approximately 50 em from the target,
with no need to turn off ambient light. The integration
time for 1100LP imaging was approximately 40 ms.
Blood vessels in the dorsal foot began to appear 45 sec-
onds post-injection approximately.

By integrating visible light with NIR-II fluorescence
imaging, necrosis at the flap edge was accurately identi-
fied, leading to targeted debridement of necrotic skin
and subcutaneous tissue. This study was approved by the
Ethics Committee of Sir Run Run Shaw Hospital (Ap-
proval Number: 20220279).

2 Results and discussions

2.1 Comparison of visible light, NIR-I, and NIR-
II fluorescence imaging

ICG is a widely used chromophore and fluorophore
in clinical practices, such as choroidal angiography,
lymphangiography, tumor surgery, and blood supply as-
sessment> ™ Once ICG enters the vasculature, it
could be rapidly metabolized by the liver ™. The emis-
sion peak wavelength of ICG in aqueous solution is ap-

proximately 835 nm, but there is also a considerable
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emission tail in the NIR-II window that extends beyond
1100 nm (see Fig. 1a).

Figs. 1b-d clearly demonstrate the imaging advan-
tages of 1100LP over the visible and NIR-I windows. A
rat’s retroperitoneal lymph node (LN) was labeled via in-
jecting ICG solution into one hind paw pad, followed by
capturing NIR-I and 1100LP fluorescence images under
690 nm light excitation. As shown in Fig. 1b, the LN is
not visible in the visible light image as it is obscured by
surrounding fat tissue. Although the NIR-I image pres-
ents LN’s position and morphology (Fig. 1lc) , it also
shows bright background autofluorescence from hair, cer-
vix, and intestines, which might interfere with the identi-
fication of the labeled target. By contrast, the NIR-II flu-
orescence image only shows the LN in the entire field of
view (Fig. 1d). Fig. le presents the intensity profiles
along the dashed lines in Figs. 1c¢ and d. The calculated
SBRs are shown in Fig. 1f, with hair, cervix, and intes-
tine as the backgrounds. The SBRs of LN in NIR-IT im-
age reaches as high as 13. 07, with a minimum of 9. 94,
whereas in the NIR-I window, they are at most on-
ly 1. 96.

2.2 Development of coaxial visible and NIR-II du-
al-channel imaging system

Two solutions were applied to minimize alignment
errors between the visible and NIR-II imaging channels.
Firstly, we customized a coaxial visible and NIR-II dual-
channel imaging lens. This lens assembly includes focus-
ing lens group shared by both channels, a dichroic prism
for light splitting, and two imaging lens groups for each
channel. The coaxial design in object space effectively
eliminates parallax. Secondly, both channels of the lens
were designed to have the same magnification, and the
distortion differences between channels has been inten-
tionally minimized, ensuring precise alignment across
the entire field of view. Notably, the shared focusing
lens group simplifies operation compared to separated fo-
cusing mechanisms.

Based on the lens, we constructed a coaxial dual-
channel imaging system with visible and 1100LP win-
dows (Fig. 2). The system employs RGB and InGaAs
cameras for capturing the visible and NIR-II images, re-
spectively. Figs. 3a and b show dual-channel images of
a ruler under halogen illumination. By analyzing the rul-
er scales’ overlap between the channels, we quantitative-
ly assessed the system’s alignment accuracy. The blue
and red curves in Fig. 3c represent intensity profiles
along the dashed lines in Figs. 3a and b, demonstrating
precise overlap of all valleys caused by scale lines. The
alignment errors between corresponding valleys of the two
channels, indicated by the orange line in Fig. 3c, are all
controlled within £0. 15 mm, ensuring precise target po-
sitioning.

2.3 Visualization of live rat’s liver and blood ves-
sels through intact skin

A rat was intravenously injected with ICG solution
after abdominal hair removal. Figs. 4a-c show the RGB,
1100LP, and merged images, respectively. The 1100LP

image reveals abundant vascular details that are not visi-

ble in the RGB image. It resolves small blood vessels
with a full width at half maximum (FWHM) of only 0. 44
mm, demonstrating its high spatial resolution (see Fig.
4d). Additionally, despite being obscured by thick
skin, the boundaries of the ICG-accumulated liver can
still be clearly observed. With this system, all above
NIR-II information is intuitively and accurately presented
on visible image layer.

2.4 Dual-channel guided popliteal LN

We performed popliteal LN dissection in a rat to val-
idate the practical feasibility of the dual-channel imaging
system for surgical navigation. Prior to imaging, the pop-
liteal LN was labeled by injecting ICG solution into the
hind paw pad. As shown in Fig. 5a, the fluorescence
clearly indicates the LN's location with skin intact, while
the RGB image provides overall biological context. This
system allows the surgeon to perform surgery without fre-
quently looking down at the surgical field, significantly
improving the surgical efficiency. After the initial expo-
sure, while surrounded by adipose tissue and difficult to
distinguish by the naked eye, the LN was clearly delin-
eated in the merged image (Fig. 5b). The LN was then
successfully dissected with the real-time dual-channel im-
aging guidance. After surgery, the fluorescence signal at
the wound site nearly vanished (Fig. 5c¢). As shown in
Fig. 5d, the excised LN exhibited significantly higher
brightness than normal tissue. Thanks to the precise nav-
igation, only a small amount of normal tissue attached to
the excised LN, minimizing iatrogenic injury.

2.5 Blood supply assessment of reconstructed flap
in patient

After suffering a sudden external force, the skin
might be seriously peeled back, resulting in a degloving
injury. It can expose underlying bone and muscle, signif-
icantly increasing the risk of infection. Flap reconstruc-
tion is a common repair method, but it carries a risk of
tissue necrosis due to potential insufficient blood supply.
In our previous work, we have demonstrated that NIR-II
fluorescence imaging helps to fully assess blood supply
condition of reconstructed human flap. However, such
single-channel imaging technique presents challenges in
accurately correlating fluorescent regions with anatomical
structures.

Herein, we introduced our dual-channel imaging
system into the operating room (Fig. 6a). A patient with
a degloving injury on the dorsum of the left foot was en-
rolled. Due to severe soft tissue contusion, the patient
underwent thorough debridement, followed by replanta-
tion of the degloved dorsal skin flap. One-week post-sur-
gery, black necrosis at the edge of the flap was visually
observed (Fig. 6b). However, the blood supply recov-
ery in the superficial and deep flap may not be consis-
tent. To accurately assess blood supply recovery of the
deep layer and identify specific necrotic foci, we admin-
istered an intravenous injection of ICG (2.5 mg/mL, 3
mL) and performed dual-channel imaging. Fluorescence
of blood vessels in the foot dorsum appeared 45 seconds
after injection approximately. Figs. 6c¢ and d show the
merged images captured 1.5 and 4. 5 minutes post-injec-
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Fig. 1 Comparison of visible light imaging, NIR-I and NIR-II fluorescence imaging: (a) Emission spectrum of ICG. Due to the limitations of
spectrometers’ sensitivity range, the spectrum is presented in two parts. The blue curve was detected by a silicon—based spectrometer (excitation: 665 nm la-
ser, filter: 750 nm LP) , while the red curve was measured by an InGaAs—based spectrometer (excitation: 808 nm laser, filter: 950 nm LP). (b) Visible
light, (¢) NIR-I, and (d) NIR-II images of the rat retroperitoneal region. The retroperitoneal LN was labeled by ICG. The NIR-I image was captured using a
silicon—based camera, a 700 nm LP filter, and a 900 nm SP filter, while the NIR-II image was captured using an InGaAs—based camera and a 1100 nm LP
filter. (e) Normalized intensity profiles along the dashed lines in (¢) and (d). (f) Calculated SBRs from (e). The intensity peak of the LN was taken as sig-
nal, while the intensity of hair, cervix, and intestine served as backgrounds. The NIR-II image (named 1100LP) shows a significantly higher SBR compared

to NIR-I, making LN identification more reliable
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Characterization of alignment error between the two

with a halogen lamp as the illumination source. (¢) Normalized intensity
profiles across the dashed lines in (a) and (b). The valleys of the curves
correspond to the positions of scale lines. The distances between corre-

sponding valleys (scale lines) in the two channels are also shown in (¢)

tion, respectively. The merged images reveal that the
skin at the flap edge remained black without obvious vas-
cular filling (see area marked in yellow dashed line in
Fig. 6¢) , while small vessels were gradually observed
crawling and filling at the medial edge over time (Fig.
6d), suggesting possible neovascularization.

This ICG-based NIR-II and visible light dual-chan-
nel imaging system provided clinicians with intuitive and
valuable information regarding the blood supply status of
the traumatic flap and potential neovascularization. This
information serves as a crucial reference for the patient’s
future treatment decisions, such as whether to proceed
with further debridement or continue observation.

3 Conclusions

In this study, we developed a coaxial dual-channel
imaging system for visible light and NIR-II fluorescence.
The alignment error between the two channels was mini-
mized to within £0. 15 mm, and the system achieved
high resolution, capable of visualizing vessels as thin as
0.44 mm. It was successfully applied to dual-channel-
guided rat LN excision and human flap survival assess-
ment, significantly improving surgical efficiency and di-
agnostic accuracy. Future enhancements could further
expand the system’s capabilities. Replacing the laser ex-
citation source with LEDs might improve safety and porta-
bility, and incorporating a zoom function could better ac-
commodate various imaging needs.
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Fig. 4 Dual-channel imaging of rat abdominal blood vessels
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the popliteal LN. (a) Image of the rat hind leg before resection. Fluorescence clearly indicates the position of the popliteal LN and lymphatic vessels. (b) In-
traoperative image. The LN, enclosed in white adipose tissue, was clearly delineated in merged image. (c¢) Post—excision image of the leg. The fluorescence
signal in the wound site has almost disappeared. (d) Images of LN and normal tissue. The LN exhibits strong fluorescence, while normal tissue shows back-
ground-level intensity. Precise LN excision minimizes damage to the surrounding normal tissue. Excitation: 808 nm CW laser, with a power density of 20
mW/cm®

Fig. 5 Dual-channel-guided rat popliteal LN resection
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Bl6 MMm@EFARRE LEMMAETE(a) FAREMNM R R
Fis (b) BIERAY RGB MR . 7T UL K 0 G A7 JB (IR 3 5 T 59
ICG(¥FEEHN 2. 5 mg/mL,3 mL)J5 (¢) 1. 5 4P A1 (d)4. 5 55p 4
A A% 9 NIR-IL 6 Fl RGB it 5 1% o 7E BlEiL 4 (th B
HELEIE ) R MR FOF S, RUMAEA R . 760 R Lhx
0 DX P TS T HE B, 47 AT BEAT BN M AE TR 2 (a) Sys-
tem setup in the operating room. (b) RGB image of the foot, showing black
necrosis at the flap edge. Merged NIR-II and RGB images captured at
about (¢) 1.5 minutes and (d) 4.5 minutes post—injection of ICG (2.5 mg/
mL, 3 mL). No fluorescence signal is observed at the flap edge (marked by
the yellow dashed line) , indicating insufficient blood supply. Gradual fluo-
rescence emergencies seen within the area marked by the white dashed
line, suggesting the possible formation of small blood vessels.

Fig. 6 Blood supply assessment one week after flap reconstruc-

tive surgery
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