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Review Atrticle

NIR-ll Light in Clinical Oncology:
Opportunities and Challenges

Zeyu Zhang"""’, Yang Du*""", Xiaojing Shi*""”, Kun Wang?, Qiaojun Qu’, Qian Liang®, Xiaopeng Ma*, Kunshan He?,

Chongwei Chi?, Jiangiang Tang®, BoLiu®, Jiafu Ji’ ', JunWang® ', JiahongDong® ', ZhenhuaHu?* " & Jie Tian"*"

Abstract

Novel strategies utilizing light in the second near-infrared region (NIR-1l; 900-1,880 nm
wavelengths) offer the potential to visualize and treat solid tumours with enhanced precision.
Over the past few decades, numerous techniques leveraging NIR-II light have been developed
with the aim of precisely eliminating tumours while maximally preserving organ function.
During cancer surgery, NIR-II optical imaging enables the visualization of clinically occult
lesions and surrounding vital structures with increased sensitivity and resolution, thereby
enhancing surgical quality and improving patient prognosis. Furthermore, the use of NIR-II
light promises to improve cancer phototherapy by enabling the selective delivery of increased
therapeutic energy to tissues at greater depths. Initial clinical studies of NIR-Il-based imaging
and phototherapy have indicated impressive potential to decrease cancer recurrence,
reduce complications and prolong survival. Despite the encouraging results achieved, clinical
translation of innovative NIR-II techniques remains challenging and inefficient; multidisciplinary
cooperation is necessary to bridge the gap between preclinical research and clinical practice,
and thus accelerate the translation of technical advances into clinical benefits. In this
Review, we summarize the available clinical data on NIR-lI-based imaging and phototherapy,
demonstrating the feasibility and utility of integrating these technologies into the treatment
of cancer. We also introduce emerging NIR-IlI-based approaches with substantial potential
to further enhance patient outcomes, while also highlighting the challenges associated with
imminent clinical studies of these modalities.
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Key points

eExtending the clinical imaging spectrum to the second near-
infrared (NIR-Il) window offers greatly improved visualization of
multiple features of cancer, providing a promising approach for
enhancing surgical quality and facilitating oncological research.

*The efficacy of phototherapy can be substantially improved
through the use of NIR-Il irradiation, with the potential to improve
therapeutic selectivity for cancer and facilitate the development of
innovative combination therapies.

eEarly phase clinical studies of NIR-Il image-guided surgery
and phototherapy for solid tumours have demonstrated promising
potential to improve resection rates, reduce complications and
prolong survival.

eFacilitating clinical application will be the primary objective
for the future development of NIR-Il techniques; a cyclical flow
from bench to bedside and back again is necessary to promote
this clinical translation.

eEmerging NIR-II techniques should aim to complement
and enhance existing approaches rather than replace them;
exploiting incremental value is essential to translating these novel
approaches into clinical practice.

eAdvances in NIR-II techniques might greatly facilitate a
paradigm shift in cancer imaging, surgery and phototherapy,
ultimately improving patientoutcomes.

Introduction

Eliminating cancer while optimally protecting non-malignant
tissues is a crucial requirement for successful precision oncolo-
gy'>; this clinical imperative has fostered technical advances in
cancer diagnosis and treatment. Harnessing the power of light,
optical technologies have been extensively used to image and
treat solid tumours*®. Tumours can be visualized using optical
labelling techniques, enabling surgeons to perform precise resec-
tions®. Additionally, for inoperable lesions, light can be utilized as
a therapeutic tool — namely, phototherapy®. Optical technologies

have consistently advanced so that enhanced performance can
be achieved in a variety of oncological applications’®.

Expanding the utilizable spectrum of light from the visible region
to the near-infrared (NIR) window has greatly facilitated the clinical
application of optical technologies®'’. Although optical imaging
with visible light is intuitive to humans, its clinical use is limited by
various factors, including shallow penetration depths and high
background noise (mainly caused by autofluorescence and
ambient interference)""*.With NIR light, however, these limitations
are substantially reduced, resulting in improved image quality and
enhanced therapeutic efficacy”™". Indeed, various innovative
clinical imaging techniques and highly selective phototherapies
have been developed utilizing the light spectrum between 700
nm and 900 nm, also known as the first NIR region (NIR-1)*"°.
Moreover, since 2009, increasing research interest has been
focused on the second, NIR-II, spectral region (wavelengths in the
range 900-1,880 nm)""~*°. Distinct subregions of the NIR-Il window
have been defined based on differential bio-optical characteristics,
including NIR-lla (1,300-1,400 nm)*', NIR-IIx (1,400—1,500
nm)®°, NIR-1Ib (1,500-1,700 nm)* and NIR-llc (1,700-1,880
nm)®. Generally, imaging in the NIR-Il window offers various
advantages, including enhanced contrast, improved spatial
resolution and increased imaging depth without an increase in
excitation power or probe dose™ (Fig. 1). Furthermore, phototherapy
usingNIR-Ilirradiation offers highermaximum permissible exposure
and reduced photon scattering, resultingin enhanced therapeutic
activity against solid tumours®.

Over the past decade, numerous promising NIR-lI-based
techniques for precision cancer imaging and therapy have been
proposed”?’ (Fig. 2). NIR-Il imaging enables the visualization of
various molecular and cellular processes in vivo from macroscopic
to mesoscopic, and to microscopic levels, and artificial intelligence
(Al could potentially be used to further improve image quality,
providing a powerful tool to decipher biological heterogeneity of
cancer'®*. Utilizing novel NIR-II probes, multiple characteristics of
cancers (such as abnormal expression of biomolecules and a low
extracellular pH microenvironment) can be observed with high
resolution in living organisms, and many promising biomedical
applications have been explored'. These probes have shown
great potential for visualizing small tumours, tumour margins and
tiny anatomical structures (such as nerves and microvessels),
which might improve the identification and resection or ablation
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of neoplastic lesions®*'. Through a microscopic view, the spatial
distribution of and interaction between multiple cell types have been
distinguished in vivo using NIR-Il imaging probes, aiding research
on the development of tumours and their microenvironment®*. In
addition to imaging, NIR-II light can be used to provide energy to
perform photothermal therapy (PTT) and/or photodynamic therapy
(PDT) with high selectivity for cancer cells®****. When applied for
PTT, the focal irradiation of cancerous regions with NIR-II light
generates local hyperthermia that induces cancer cell death®.
Notably, photothermal transduction agents (PTAs), that absorb
NIR-Illightand convert it into heat energy, can effectively improve
the photothermal conversion efficiency (PCE) in the irradiated
regions, and further enhanced therapeutic selectivity can be
achieved by integrating PTAs with tumour-targeting moieties®*. In
the context of PDT, NIR-Il irradiation is used for the local activation
of a photosensitizer that converts O, into reactive oxygen species
(ROS) to efficiently kill cancer cells®. NIR-Il-based PTT and PDT
have been extensively studied in preclinical models and found to
have a favourable therapeutic index, demonstrating that precise
targeting of tumour areas and the use of PTAs or photosensitizers
enhances therapeutic activity while minimizing damage to non-
malignant tissues and, thus, adverse effects®** .

Substantial preclinical research is facilitating efforts to exploit
the advantages of NIR-II-based imaging and therapy in clinical
practice. Indeed, several clinical studies have demonstrated
the feasibility and effectiveness of NIR-Il image-guided cancer
surgery, with the exceptional sensitivity of NIR-Il imaging enabling
the detection of clinically occult small lesions and thus improving
resection rates, which results in a lower risk of recurrence
and prolonged survival®***. Clinical implementation of NIR-
Il PTT in the treatment of various cancers is also advancing
progressively*®*. Hence, improving cancer treatment with the
power of NIR-II light is expected and is eagerly awaited by both
scientists and clinicians. Nonetheless, many challenges to the
clinical integration of NIR-II techniques remain to be addressed.For
example, only surgical open-field imaging systems and ex vivo NIR-
Il back-table imaging systems have thus far been tested in humans
(Table 1), and the systems used in clinical studies have relied on the
tail of the fluorescence emission spectra of indocyanine green (ICG)
orIRDye800CW, which predominantly produce NIR-Ifluorescence.

Herein, we review important advances in NIR-Il imaging and
phototherapy of cancer, including preclinical and clinical studies
of emerging technologies such as multispectral imaging, cross-
scale imaging (from open-field macroscopic to mesoscopic and
microscopic techniques) and combination phototherapy, and
summarize the potential clinical utility of such modalities. We also
discuss the challenges and opportunities to broaden the application
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of NIR-Il lightin oncology and promote the translation from bench to
bedside.

Clinical applications of NIR-lI

Fluorescence image-guided surgery

High sensitivity and resolution make NIR-II fluorescence
molecular imaging (FMI) a promising and practical tool for
visualizing small lesions and subtle non-malignant structures.
Notably, the clinically applicable fluorophores ICG and
IRDye800CW have proved effective for NIR-Il FMI****, offering an
opportunity to explore NIR-Il image-guided surgery in patients with
cancer. Several clinical studies have explored potential applications
of NIR-Il FMI, with preliminary results suggesting the potential to
enhance surgical quality and thus improve patient outcomes (Fig. 3
and Table 1).

Achieving radical resection

Radical tumour resection is crucial for the curative treatment of
many patients with solid tumours. Ideally, the primary and metastatic
lesions should be completely removed with a safety margin of
surrounding non-malignant tissue. Yet, achieving this goal
remains challenging with conventional approaches, such as visual
inspection and palpation. NIR-Il FMI has shown remarkable utility in
visualizing malignant lesions and thus enhancing tumour excision*.

The first-in-human study of NIR-II fluorescence image-guided
surgerywas reported in 2020 (ref. 29). This study involved 23 patients
withlivercancerandusedanintegratedvisible, NIR-landNIR-IImulti-
spectral imaging instrument, with ICG as a dual NIR-I/Il imaging
probe. The results of the trial not only verified the feasibility of clinical
NIR-1I FMI, but also demonstrated improved cancer detection. In
comparison with NIR-I FMI, NIR-Il imaging had substantially
greater sensitivity (100% versus 90.6%) and accuracy (91.4%
versus 82.9%)”°. Notably, NIR-Il imaging revealed five small
malignant lesions (including two detected in vivo, the smallest with
a diameter of 0.3 cm) that were missed by preoperative imaging,
three of which were also undetectable with intraoperative in vivo
and ex vivo NIR-I FMI*. The clinical data also highlighted the
importance of imaging depth, giventhat the in vivotumourdetection
rates were 56.4% and 46.2% with NIR-II and NIR-I imaging,
respectively, when deep-seated tumours were not exposed through
incisions in the liver. Therefore, intraoperatively combining NIR-
Il imaging and other modalities (for example, ultra- sonography)
might further improve surgical decision-making and enable more
complete excision of malignant lesions, which might lead to better

Fig.1 Fundamental principles and applications of NIR-Il imaging and phototherapy. a, Key bio-optical characteristics of light in the second near- infrared region
(NIR-Il) include a lower level of scattering in tissues compared with visible and light in the first NIR region (NIR-I), which provides improved imaging resolution,
although imaging performance might be reduced in the 1,400-1,500 nm subregion owing to high absorption of these wavelengths by water. b, In comparison with
imaging using NIR-I light, reduced autofluorescence and scattering by tissues and increased tissue penetration depth empower NIR-II fluorescence molecular
imaging (FMI) with a greater ability to visualize cancer and tiny anatomical structures in vivo. ¢, NIR-Il imaging can, therefore, improve tumour resection and avoid
surgical complications. d, Cross-scale, macroscopic and microscopic NIR-II imaging can also enable dynamic assessment of the tumour microenvironment during
cancer development and therapy. e, With regard to phototherapy, the increased tissue penetration depth and higher maximum permissible exposure (MPE) of NIR-II
versus NIR-I light offer improved phototherapeutic activity. f, Novel combinations of NIR-II phototherapies and other therapeutic modalities can exploit the advantages
of the various therapies for synergistic effects. CDT, chemodynamic therapy; DC, dendritic cell; ICD, immunogenic cell death; PDT, photodynamic therapy; PTT,

photothermal therapy.

4

Nat Rev Clin Oncol. 2024.21: 449-467

Published online: 1 May 2024

Visible MR- MIR-1I
L i

35— L L5

Tissue scattering
{hor exarnple muscle]

L
-
T

— Abeor bance of water

Wigibobes: 200700 nm
MIR-L: TO0=200 nm
MR- 200-1.860 nm
MIE- L 1,.300=1,200 nm
HIR-Ix: 1,400-1,500 nm
NIR-lE: 1.500-1.700 nm
MR-l 1.7300=-1,880 nm

of water (em')

— Absarption coafficiant

o
by
Loumu aisysas Bmesesg

X T T T
400 00 900 W00 1300 1500 1700 1,880

White-Light HIRE-11 FM

[ 8 | )
Hevmaleng
i elinieally
i y accult
.. - \Esions

f Visualiong
Exzitofion

; -
| 2 "a surgical
» I = ‘ margin
N
| =

_ e 1{,.;-\ aaiia
[ [ 4] * \ functional
Clinician Patient Optical MR g s

Mg Ing EYs0Em

e

e
Wimible KIR- RIR-1
] i | 1 1
10 '
g
' |
-3 if
ET
I A
= -
0.2 —~ ‘
AUH} FO0D p= b ] 1_4|I:1|
MR- 'i'l-ﬁ\'!'.ﬂl"lﬁ!h [t T
—— Excitation
®
e &
[ ] M L
Mmpll"wdwmwmw -

Tumow Photosenstizer

b HIR-I

Exgitatian
Tissue

= r
fi Autofluoressense

Flucrescanca
Saarrasing

— Absorption
e B L versae|

Acquined
images

d Croms-scale in vivo imaging

Tumndur

Trentrment

Radiothurapy

Immunotherapy

Fluoriscently
|abmallad
components

im ther tamour
gttty I fu Tl Tty

Enhansamant of & &
Fertonreaction @®———— @
H.G

Tissue heating Y

oto, i

et ol it ® Ho — .4}'-4;

+ DNA damage Joud

Chamatherapy drug

KMIR:
Cytotoxicity ‘ _
Manoparticle s 2

Improved D
anvtitunmous - 1 . - .
immaunity  Dying ; T

cancer  Immature  Mature Toall

call DC




Nat Rev Clin Oncol. 2024.21: 449-467

survival outcomes (Fig. 3a). Nevertheless, false-positive findings
were observed with NIR-Il imaging (overall specificity 88.5%)%°,
which might have reflected the accumulation of ICG in cirrhotic nod-
ules”’. Toenhance theimaging accuracy of malignant hepaticlesions
in patients with cirrhosis, a negative imaging strategy using an intra-
venous nanoscale NIR-II fluorophore consisting of IRDye800CW
conjugated to IgG (IgG-IRDye800CW) has been proposed™.
Although the IgG-IRDye800CW conjugate used did not possess
molecular targeting capabilities towards tumours, this probe
enabled the differentiation of malignantand benigntissues basedon
their differing permeability to nanoscale materials. In a patient with
hepatitis B-related cirrhosis and a single hepatocellular carcinoma
lesion, most of the injected IgG—-IRDye800CW accumulated in the
hepatic parenchyma, while the tumour remained non-fluorescent,
which might be attributable to the generally high retention of
nanoscale materials in the non- malignant liver***'. Consequently,
the boundary between the hepatic parenchyma and tumour could
be clearly distinguished, with a high contrastratioof>10.4,toensure
a clear surgical margin during hepatectomy. Although not specific
tocancerouscells, this NIR-Il FMI strategy presents an effective and
practical approach to achieve the clinical objective of preserving
hepatic function in patients with cirrhosis.

In 2022, data from a study evaluating the feasibility of NIR-II
imageguided glioma surgery were reported®. This new surgical
approach was tested in 15 patients with glioblastoma and four with
WHO grade Il glioma, with in vivo tumour detection rates of 100%
and 75%, respectively, using ICG as the FMI probe™. The complete
resection rate in patients with lesions detected on FMI was 100%
(excluding two patients with glioblastoma who had fluorescence
signalinfiltrating eloquentareas that could not be safely resected)*.
Traditional white-light surgery was performed for comparison in
a separate group comprising 18 patients with glioblastoma and
four with WHO grade Il glioma, with complete resection rates of
50% and 25%, respectively®. Moreover, among the patients with
glioblastoma, NIR-Il image-guided surgery was associated with
significantimprovements in 6-month progression-free survival (PFS)
(100% versus66.7 % withwhite-lightsurgery; P=0.013), median PFS
(9 months versus 7 months; P < 0.0001) and median overall survival
(OS) (19.0 months versus 15.5 months; P = 0.0002)*. Notably, no
iatro- genic effects on neurological function were observed in the
patients who underwent NIR-Il image-guided surgery, according to
evaluations using the National Institute of Health Stroke Scale and
the Karnofsky Performance Scale®.

Both radical resection and functional preservation are also
crucial but challenging objectives of surgery for cystic renal cell
carcinoma, and the use of intraoperative NIR-II imaging to guide
nephron-sparing surgeryhasbeenprovedfeasibleinthis context™. In
astudyinvolving nine patients with benign or malignant cystic renal
masses, |ICG was injected intravenously after exposing the lesion
and NIR-Il negative imaging was then used to visualize and mark
the tumour margins, with the non-malignant renal parenchyma
being illuminated and the lesion area remaining non-fluorescent
owing to lower permeability of the cancerous tissues to ICG™ (Fig.
3b). The fluorescence intensity ratios between the non-malignant
tissue and the lesion reached values as high as 6.37, which is ideal
for delineating the tumour boundaries, and radical tumour resection
with pathological verification of clear margins (R0) was achieved in
allenrolled patients™.

Currently, clinical studies on NIR-Il FMI primarily utilize non-
specific probes, particularly ICG, and novel probes with greater
tumour specificity are needed. A cancer-targeted probe conjugating
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IRDye800CW to a single-chain variable fragment (scFv) of an anti-
EGFR antibody has been used to evaluate the margin status of
primarylung tumours. Fresh resection specimens from ten patients
undergoing surgery owing to high suspicion of lung cancer were
incubated with the EGFR—-IRDye800CW probe for 20 min and
then analysed with NIR-Il imaging during the surgical procedure®.
The results demonstrated a sensitivity of 85.7% and a specificity of
100% for identifying the tumour area (all subsequently confirmed as
invasive adenocarcinomas, 60% of which were stage 1), reflecting
upregulation of EGFR expression in the malignant cells (EGFR
mutation status was not assessed); a total of 60 lymph nodes from
these patientswere alsoanalysed andlymphnode metastases were
detected with 77.8% sensitivity and 92.1% specificity®. Notably,
the same research team has demonstrated that NIR-based imaging
of lung cancers using intravenously administered ICG can yield
different quantitative characteristics depending on the CT features
and histopathological subtype of the tumour™. Using an ex vivo dual
NIR-I/ll imaging system, they found that the signal-to-background
ratio was higher for CT-identified solid nodules than for ground-glass
nodules and also for squamous cell carcinomas compared with
adenocarcinoma. These findings suggest that intraoperative NIR-
Il FMI will have greater accuracy and thus utility in detecting solid
nodules and squamous cell carcinomas. Regardless, this ex vivo
imaging approach might complement intraoperative pathology by
enabling rapid evaluation of safety margins and detection of potential
metastasestoimprove surgical decision-making.

Several clinical studies using other tumour-targeted probes
comprising IRDye800CW conjugated to various antibodies have
revealed outstanding performance in the detection of brain®, head
and neck®, breast”, pancreatic® and rectal cancers® under NIR-
imaging. These efforts will expedite the development and clinical
translation of novel NIR-II probes, and the IRDye800CW-based
probes themselves are also promising candidates for NIR-1I FMI.

Mitigating complications

In the upcoming era of precision surgery, achieving an optimal
balance between complete resection of malignant lesions and
preservation of the surrounding non-malignant tissues will be
imperative. NIR-Il FMI has substantial potential to avoid iatrogenic
injuries by improving the visualization of vital structures, such as
blood vessels and nerves.

Results of clinical trials reported over the past 5 years
demonstrate that NIR-Il FMI can effectively reduce surgical
complication rates, thereby enhancing surgical quality. In a first-
in-human study with results reported in 2022, in vivo intraoperative
ICG-based NIR-I/ll/lla/ llb multispectral FMI was used to visualize
glioma, tumour-feeding arteries and tumour-draining veins
simultaneously in seven patients®® (Fig. 3c). This multispectral
imaging technique enabled the surgeon to precisely block the
tumour-feeding arteries, resulting in a 38% reduction in mean blood
loss volume compared with a retrospective control group (n = 15)*°
(Table 1). Although notdirectly assessedin this study, the substantial
reduction in blood loss could potentially decrease the incidence
of complications such as cranial haematoma. In addition, the
potential of NIR-Il FMI to improve surgical decision-making has
been demonstrated in the setting of microsurgery for orthopaedic
trauma®’. In this study involving 39 patients, NIR-Il FMI following
intravenous injection of ICG enable clear and prompt visualization
of anastomotic vessels and ischaemic areas, which might lead to
lower rates of re-operation and thromboembolic complications.
This NIR-Il FMI approach could potentially be generalized to many
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surgical oncology settings, as exemplified by data indicating
that intraoperative fluorescence angiography decreases the
risk of anastomotic leakage in patients undergoing resection of
gastrointestinal cancers®™.

latrogenic nerve injury is an often serious surgical complication
and a major source of postoperative morbidity®. For example, up to
76% of patients with cervical cancer have bladder dysfunction after
radical hysterectomy, owing to iatrogenic injuries affecting the pelvic
autonomic nerves; therefore, nerve-sparing radical hysterectomy
is recommended as a novel surgical strategy to preserve neural
function while ensuring effective tumour resection®. This strategy
relies on complete discrimination of the nerves intraoperatively,
which is difficult to achieve with visual inspection and palpation
only. The feasibility of ICG-based NIR-II FMI of nerves has been
assessed in a patient with cervical cancer® (Fig. 3d). Benefitting
from the enhanced resolution and contrast afforded by NIR-1I FMI,
this approach is effective for visualizing pelvic autonomic nerves
including the superior hypogastric plexus, hypogastric nerves and
inferior hypogastric plexus bladder branch®. NIR-Il FMI enabled the
surgeons to identify nerves <1 mm thick, which are difficult to see
with the naked eye under white light alone®. Although these studies
remain preliminary, NIR-Il imaging has demonstrated notable
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performance in identifying vital structures such as microvessels
and nerves, indicating potential clinical utility in a range of surgical
applications.

Al-aided decision-making

Al holds great promise for enhancing the clarity of medical
images and for improving the analysis of such images® ®®. In
comparison with conventional analytical tools, Al can provide
more precise and efficient results, consequently improving clinical
decision-making®®’’. Existing data demonstrate that various
tumour characteristics, including biomarker overexpression, can be
extracted from clinical ICG-based NIR-Ilimages using Al algorithms
to more accurately identify malignantlesions during surgery”" " (Fig.
3e).

In one study, a deep convolutional neural network (CNN)
model was designed to classify surgical specimens from
patients with glioma in real time, based on intraoperative NIR-
Il FMI data”. This study involved 23 patients who were injected
with ICG for fluorescence image-guided glioma resection; NIR-II
fluorescence images of 1,874 surgical tissue samples from these
patients were collected for training and validation of the model. The
Al model achieved an area under the curve (AUC) of 0.945 for
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Fig.2 Key advances in NIR-Il imaging and phototherapy of cancer. Important progress in medical imaging using light with wavelengths in the second near-
infrared (NIR-Il) window has been made since 2009, when the first-in-human study of NIR-Il imaging was completed after a decade of preclinical development.
Subsequently, a number of clinical trials investigating the various advantages of NIR-II imaging in the field of oncology have been reported. With regard to NIR-II
phototherapy for cancer, clinical achievements to date have predominantly involved photothermal therapy (PTT). Several NIR-II laser interstitial thermal therapy (LITT)
systems, including NeuroBlate78, Visualase79 and TRANBERGS80, have been approved by the FDA. Additional clinical reagents and applications for NIR-II imaging
and phototherapy of cancer are anticipated in the upcoming decade. Al, artificial intelligence; ICG, indocyanine green; NIR-I, first near-infrared region.
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Table 1 Published early phase studies of NIR-Il imaging and phototherapy in patients with cancer Table 1 (continued) Published early phase studies of NIR-lIl imaging and phototherapy in patients

with cancer

Cancer type Patients (n) Technical approaches used Clinical outcomes Ret,
NIR-1l-based imaging Cancer Lype Fatients (n) Technical approaches used Clinical outcomes Ral.
Liver cancer (mostly 23 ICG (0Sma/kg) intravenously 17 days  NIR-II FMI was asscciated with & higher sensitivity for exvivo tumour 29 NIR-Il-based phototherapy icontinued)
HEV-Telated HCC) before surgery with open-fieldinvive  detection (100% vs 806%) andincressed wmour detection rate Prostate cancer 27 MRI-guicked SB0 nm LITT without At 3 months, 26 patients (96%) hid no evidence of cancer on 77
vigible-light. MIR-1 and NIR-1l imaging In wivo (56.41% ve 46.15%) compared with NIR-1 FMI, and enabled tha photosensitizer, using the Visualase MEI-guided biopsy of the ablation zane; no statistically sigrificant
detection of some tumeours that were not detected on preopenative system change in IPS5; SHIM scores were reduced at 1 month (P=0.03)
Imaging and at 3 months (P=0.05), but showed no significant difference
- : 12 monthe (P=0.38); at 12-month biopsy sampling, cancer was
HCC 1 lgG-conjugated |RDyeB00CW MIR-II FMI clesely delineated the tumour boundaries on a background 48 e : 7 ; T y - in
10 ma) intravencusly 6 davs before of cierhosis, thus enabling precise tumour resection with negative detected '!" 10 DEIBI'IISIE:;J %l 'nf:‘kdln’ﬂll'l the tt‘lﬂ-lﬂ'l'l LD l"lE‘l_'
surgery guided by in vive open-field rmargirs and maximal sparing of the parenchyma (11%], au_adc the ?Hﬂtm zonos in B (30%), and bath in and cutside
vigible-light and NIR-Il imaging the ablation zone in 1 (3.7%)
Glioblastoma or 1 (33 with 126G (1.5mgfkg) intravenously 24h The complete resaction rate was 100% in both the 15 patients 38 : ) . o . . o . L
grade il glioma glioblastama) befure surgery guided by open-field with gliob and the 3 patients with grade lll glioma who CCRQC, leala(;((;:elll (rjenal cgll CarcmF)rl\z:al,J FGtS f‘Iuorescenci.glglggdIstjrgert)l/, FI\I/I:3 ﬂutort(-:‘sg(-:‘ncet moléecula.r Il_rlr_;_:ilrg|lng, H_BY, htgtpelztg:s B V|IrtLr‘1& HC.C’,\“r;;I)aftloctellular
e, -llQh'L MR-l and MIR-II imaging, underwent FG5* ve 50% and 25%‘ MDGCIIH['!' inthe Tt ‘carcmoma, ! , Inaocyanine .green, , Intensive care unit; , Interna |opa rosta e ymptom core,l , laser Interstitia ermal erapy; -1, .II'S near-
w'lh ¢ i i iy ey {WGE: FGS satad .“:I ) I:inIJB PES infrared region (wavelengths in the range 700-900 nm); NIR-Il, second near-infrared region (wavelengths in the range 900-1,880 nm); OS, overall survival; PFS,
:'ng:zz; ;um::;r;ﬁi::'{' IE}' = Ewmedunans I'ﬁD:'lh!ﬂ‘? mﬁmﬁﬁﬁs Eﬁwi:?. ;:E ﬂm& progression-free survival; SHIM, Sexual Health Inventory for Men; WGS, white light-guided surgery.
thve MIRAL§ L P< 00001 and OF {median 19.0 months vs 15.5 manths: P=0.0002) aOne patient without detection of grade Ill glioma by NIR-Il imaging was omitted from this analysis.
in e patients with glioblagtoma; no recurrance was detected in the
patients with grade |1l glioma
Grace |l or IV glioma T 126G (2.5 mgfml, 10ml) bolus Capillaries as small as 182 pm in diameter could be viswalized using G0
intravenously during surgery, MIR-1Io FMI; tumour-feeding arteries wene precisely blocked and
followed by open-field in vive rraximal tumeur resection was achieved in all patients: vascular
l\.'ls.lbl.e-'hg-hl,_ HIR-| and NIE-1 imagirg, IRjury (mean blood loss volume 283, 3ml vs 453 3ml: P= D03E6E) was ) L. . . . . .
including separate imaging of the reduced compared with that in a retrospective control group (n=15) discriminating cancerous from non-cancerous tissues (compared  treatmentof 1,801 colorectal cancerlivermetastasesin603patients,
MIR-Ba and NIR- b subregions with 0.873 fora CNN model based on white light images; P <0.001)  thisapproachwas foundtobe safe and effective in preventing local
Lung cancer (stage -l 10 Fresh resection specimens ware MR-l FMI was used to assess umour margins (achieving 85.7% g3 in the validation set. Importantly,>70% of all classification errors  recurrence (1.2—4.4% of metastases recurred, depending on
adenacarcinoma) incubated with anti-EGFR scFv- m-twirﬂr;ndmﬂ% specificity in identifying the tumaour ;irE_B} and made by neurosurgeons were corrected by the FMI-based CNN  their size), and was also associated with a prom- ising median OS
fﬂ;ﬁfﬁm Ihyl“' “I T.?:E” I::.:F:ﬂm s }”""""[n“””"""" e S aO R algorithm. Remarkably, the CNN models also had the ability to  duration of 3.5 years, 5-year OS of 37% and complication rate of
visible-light and NIR-Il imaging predicttumour grade (AUC 0.810) and Ki-67 expression levels (AUC 1.5%"". Clinical trials have also evaluated the use of MRI-guided
i cancer 02 10 (5.0ma/kg) Intravenously 24h ICG FMI charscterlstics differsd depending on the CT maniiestations. 54 0.625)"", which could potentially assist surgeonsin selecting optimal  LITT for the treatment of localized prostate cancers. Aphase |l study
before surgery, with back-table NE-1  and histopethological substype of the tumour; solid nodules had samplesforfurtherintraoperative pathological evaluation. (NCT02243033)was conducted to evaluate outpatient, transrectally
| &nd NIR-1l imaging superior FMI qualities compared with ground-glass nodules | Similarly, an Al algorithm using multimodal imaging was  delivered MRI-guided laser focal therapy of prostate cancer in
Cervical cancer 1 106 (5.0 ma/fkg) intravenously 245 NIR-1EMI visualized small pelvic autenamic nerves for functional 65 developed to increase the precision of glioma grading”>. The 130 men, with atotal of 198 cancerfocitreated®. The results indicate
before surgery wr::IL open-fieldinvive  preservation through nerve-sparing surgery multimodal dataset was constructed using white-light, NIR-l and  that this approach is safe and feasible, and a40% decrease inmean
viskAe-fioht and iRl imaging NIR-II images that were simultaneously obtained during surgery.  serum prostate-specific antigen levels was observed at 12 months
Cystic renal masses (4 withecRCC)  10G (0.5mg/kg) intravenously during  MIR-II FMI clearly visuslized tumour margins enabling precise 52 Intotal, 1,115 tissue specimens from 24 patients with gliomawere  after MRI- guided LITT™. In another phase Il study (NCT01792024),
Lo ﬂ%fﬂ;ﬂﬂﬁ?ﬁﬁ;ﬁmwa :f;tﬁﬁ'smrms“m”" poct ¥t rmiewiias A oy Dok analysed; all patients had received ICG intravenously 48 h priorto  MRI-guided LITT in 27 patients with prostate cancer had an
— surgery. The Al algorithm was able to predict the histopathological  acceptable morbidity profile and was associated with encouraging
e grade of each specimen within 1 s with an AUC of 0.843 (ref. 72),  short-term oncological outcomes, although longer follow-up is
Colorectal cancer liver fﬁi w-t';:oﬁl MRI-guided 1.064nm LITT without g-ﬂmth Tﬁ: S PSTsCE ER— 13;‘;’: deﬂ:m 0“::9 41 demonstrating the considerable potential of this approach for use  neededtofurtherassess efficacy’’. In 2022, a single-centre, phase |
i mﬂmr P eive o thg_';rgf::a:;:;j:;;i St ;a::mis b in prompt diagnosis. pilot study with a planned enrolment of 20 patients (NCT05698576)
{s5 each, all (2.8 years and 3.8 years after the first LITT treatment) was initiated to assess the safety and tolerability of ablation of
s3em) Phototherapy low-risk or intermediate-risk prostate cancers using an MRI-
Recurment 10 MRl-guided 1064nm LITT without Median O 316 days; neurological funetion improved in 3 patients, A3 ) ultrasonography fusion imaging-guided LITT systemincorporating
glioblastoma phc:tmnahtmr, using the MeuroBlate tremtainedti.rt;I:I;:jn Sandwmﬁg‘;t i:ir:;id-respc‘rmm Phototherapy is mostly used to treat tumours that are the TRANBERG 25 W, 1,064 nmdiode laser. The findings from these
ooy et el Gomipficii e ::::15:;1&02 deemed unresectable or that are not cured after surgery and/or  trigls demonstrate the potential of NIR-Il PPT to treatarange ofsolid
other therapies. The deeper tissue penetration of NIR-Il light, with  tymours safely and effectively, with the promise to improve long-term
Glioma of recurrent 102 {87 with MRI-guided 980nm LITT without The average durations of ICU and hospital stays were 1.8 days and =1 tration di >1 ter than that of NIR-I lightin th
0 ] ; i I - ; a penetration distance=1 cm greater than that o ightinthe  gutcomes
brain metastages brain tumours) photosensitizer, using the Visualase 36 days. respectively: by postoperative day 1, 54% of the patients were ti 15 bl ffecti hototh fd ted . . . 28
System neurglogically stable for discharge; however, 13.7% developed new same lissues -, enables efleclive phototherapy or deep-seate LITT systems including NeuroBlate (12 W, 1,064 nm laser)",
dg:;?tiaﬂalrlllj.mil:‘c:‘m thnsﬁd{fucﬁée:anldwdlmmlu;elv tumo.urs._ The advantages of NlR—ll |rrad|at;§)n for PTT have been  vjisyalase (15 W, 980 nm |aser)79 and TRANBERG (25 W, 1,064
;Iﬂ:ﬂg;ﬂ;;mmmu:sﬁnzaq:ﬁdhmm anﬂmmm studied in mous%models ofll\{er cancers and breast cancer  nm laser)™ have been approved for clinical use by the FDA,
most recent follow-up, and 14 3% died without resolution of symptoms bonet mtetastasets , derr:\onstratlntg deeper tC:SS}t‘ﬁ lgleé‘?t_rat'g“t?nd facilitating their testing in largescale trials. Encouraging results
reater temperature enhancement compared wi -l irradiation. i :
Prostate cancer 150 (198 MRI-guided 980nm LITT without 27 of 131 of evaluable treated lesions (21%) in 20 of 95 men (21%) 7 T e MR diati e hototh tie  ave been demonstrated utiizing the NeuroBlate and Visualase
cancer focl) photosensitizer, using the Visuslase  were positive for clinically significant neoplasia in §-month biopsy erefore, -l irradiation can enhance phototherapeutic  gystems for the treatment of glioma®"*’. The first-in-human trial

sysiem

samples, while 83 of 131 of lesions (63%) In 61 of 95 men (64%)
were negatives  40% decrease in mean serum prostste-specific
antigen levels was cbaerved at 12 months after treatmendt, with no
statistically significant change in IP55 and SHIM scores: no serous
adverse events or morbidity wene reparted

efficacy against deep-seated tumours. Clinical NIR-II PTT studies
have primarily utilized contrast-free laser ablation systems (Table 1).
For example,neodymium-dopedyttriumaluminiumgarnet(Nd:YAG)
lasers have a wavelength of 1,064 nm that can be used to generate
photothermal energy to eliminate cancer cells. These lasers can
also be integrated into MRI-guided laser interstitial thermal therapy
(LITT) systems™. In a study evaluating MRI-guided LITT for the

of the NeuroBlate system was designed to assess safety and
efficacy in patients with recurrent glioblastoma, with thermal dose
escalation. This system enabled controlled thermal ablation of
deep glioblastoma lesions in the ten patients enrolled (the mean
percentage of tumour treated was 78%, range 57-90%) (Fig. 3f),
leading to a median OS duration of 316 days; all but one patient
had steroid-responsive treatment-related oedema, although
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neurological function improved in three patients and remained
stable in six others®. A phase | trial testing the NeuroBlate PTT
system in combination with standard-of-care radiation therapy
and temozolomide in patients with newly diagnosed glioblastoma
was initiated in 2017 (NCT02880410); however, this trial was
terminated after recruiting only three patients, owing to slow
enrolment. The effectiveness of MRI-guided LITT using the
Visualase system for the treatment of intracranial tumours was
demonstrated in a single-centre study involving 102 patients, with
a low incidence of complications observed; most patients were
discharged within 1 day and the 30-day re-admission rate was
5.6%°. However, damage to crucial and eloquent structures
occurred despite MRI guidance, with morbidity reported in 27
of 102 patients, including new-onset neurological deficits in 14,
as well as two perioperative deaths’ (Table 1). Furthermore, a
prospective controlled pilot study demonstrated the feasibility and

Published online: 1 May 2024

safety of adding MRI-guided LITT to biopsy sampling in patients
with primary irresectable glioblastoma, with no delay observed in
referring patients for standard chemoradiotherapy compared with
biopsy sampling alone*’; the efficacy and cost-effectiveness of
this approach is currently being tested in the ongoing multicentre,
randomized phase Il EMITT trial (NCT05318612). These initial
clinical data suggest the potential of NIR-II phototherapy to
improve patient outcomes, and further multicentre randomized
controlled trials are expected. In terms of NIR-ll-based PDT, despite
demonstrating promise preclinically, no clinical studies have been
reported todate.

Emerging NIR-Il technologies

Although NIR-II-based imaging and PTT have shown

|
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Table 2 Summary of emerging NIR-ll-based approaches for cancer imaging and therapy
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Fig.3 NIR-ll image-guided surgery and PTT. a, In vivo second near infrared (NIR-II) imaging during surgery in a patient with liver cancer enabled the detection of
clinically occult lesions (left panel, red arrow) not detected on preoperative imaging as well as the residual lesions (right panel)29. b, For nephron-sparing surgery in
a patient with renal cell carcinoma, the tumour margins were clearly visualized through in vivo quantitative NIR-Il imaging, using a negative imaging approach (red
arrows indicate the cancerous region; ‘v’ indicates vessels and ‘RP’ indicates the renal parenchyma that needed to be preserved)52. ¢, Multispectral NIR-Il imaging in
a patient with glioblastoma enabled the simultaneous visualization of the tumour, tumour- feeding arteries and tumour-draining veins, providing clear guidance to resect
the tumour while preserving the functional tissues60. d, In a patient with cervical cancer, intraoperative NIR-Il imaging with indocyanine green (ICG) visualized pelvic
autonomic nerves (red arrows), facilitating the avoidance of iatrogenic injury through nerve-sparing surgery65. e, Atrtificial intelligence (Al) methods can be applied
to analyse cancer imaging data, extracting abundant diagnostic information to aid clinical decision-making71,72. The white light (WL) and NIR-Il images of glioma
specimens (top panel) were utilized to train an Al model (middle panel) for predicting tumour grade and Ki-67 index; the bottom panel displays a heatmap of the data
used for predicting tumour grade. f, MRI-guided NIR-II laser interstitial thermal therapy (LITT) can enable effective treatment of glioma with minimal neurological
deficits231,232. The red arrows (top panels) indicate the laser fibre used to deliver therapeutic energy into a brain tumour, guided by MRI. The axial images (middle
panel) demonstrate three LITT treatment slices, and the sagittal and coronal images (bottom panel) illustrate the ablation area of cumulative LITT. The tumour contour
is indicated by the light blue lines and the deep blue lines indicate the thermal damage threshold that is equivalent to exposure to 43 °C for at least 10 min. The green
areas represent the limits of temperature detection via magnetic resonance thermometry. MBP, myelin basic protein. Part a adapted from ref. 29, Springer Nature Ltd.
Part b adapted from ref. 52, CC BY 4.0 (https:// creativecommons.org/licenses/by/4.0/). Part c adapted with permission from ref. 60, IEEE. Part d adapted from ref. 65,
Springer Nature Ltd. Part e, top and middle panels, adapted from ref. 71, CC BY 4.0 (https://creativecommons.org/ licenses/by/4.0/). Part e, bottom panel, adapted
with permission from ref. 72, IEEE. Part f, top row, adapted from ref. 231, Springer Nature Ltd; middle and bottom rows, adapted with permission from ref. 232, JNS
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Approaches Oncological applications Primary advantages Stage of Current limitations Refs.
development
Imaging
Cpan-field Visualizing tumouwra and their margins and  High sensitivity, decimetre FOV, Clinicaltrialz  Lack of clinical 2838
(im wivo) FMI wital structures intracperatively real-time imaging standard systems
Endoscopic FMI Minimally invasive diagnosis and surgery Minimal imvasive, millimetre FOW, Preclinical Lack of clinically 143
real-time irmaging applicable systems
Back-table Rapid analysls of tissue specimens during  High sensiiivity, decimetre FOV, Clinical trials  Requires a convenlent 5354
(e viva) FMI surgery applicable to novel probes with approach for probe
an unknown in vivo safety profile adminstration
Wide-lield microscopy  Visualizing multiple oncological or Millimetre FOV in vivo imaging, Praclinical Lirmited resolution MWy 45
pharmaceutical processes real-time imaging for imaging cellular
Processes
Light-sheet 3D analysis of dynamic processes with Sub-millimetre FOV, 3D imaging, Preclinical Meed for high- 33
MICTOSCOpY cellular resolution in vive in wivo imaging, real-time imaging specificily probes
to label multiple cells
Conlocal microscopy 3D visualization of characteristics of cancer  Sub-micrometre resclution, Preclinical Limited speed and 36,93, 230
or organ dysfunction with high resclution ADimaging, high signal-to-background small FOW
ratic. low phototexicity
Photoacoustic Dymamic 30 visualization of cancer Millimetre depth, in vivo imaging, Preclinical Clinical translation 16517001
imaging progression, vascular abnormalities and 3D functicnal imaging of probes is difficult
drug dalivery
Dueal KIR-11 FBI Multimadal imaging without depth Excellant imaging depth, decimetre Preclinical Lack of multimedal 151-156
and CT or MRI lsrmbtation Lhat can }.uwut: sruciural FOW. 3D Lomogra [.'III" clin u_'au-p applu_'al.ﬂr.:
Information probes
Dusal KIR-11 FMI Localiring multiple lesions with high Improved imaging depth (compared  Preclinical Lack of multimodal 158=160
and PET senativity before or during surgery with FMI alane), cecimetre FOA, clinically spplicabdle
enhanced wmour detection rate prebes
Phototherapy
PTT Local tumour ablation Improsed tissue depth (compared Clinical trials  Lack of clinically 41,8181,
with NIR-1 PTT) and therapeutic applicable agents 182,189
afficacy, high selactivity
PDT Localized treatment of wmours Imiproved tissue depth and batter Preclinical Lack of clinically 1668187
cfficacy (compared with NIR-| PTT), applicable agents
high selectivity
PTT andjor Enhancing the antitumour immuna Ability to comert immunalogically Preclinical Lack of clinically 188197
POT+immunotherapy  response and thus improving the efficacy ‘cold” turnours inta hot” tumours applicable agents
of immunot her py
PTT andjor Localized sensitization of cancer cells to Improved thera peutic selectivity, Preclinical Lack of clinically 198
POT+chemotherapy  chemotherapy, thus enhancing therapeutic  fewar adverse effects applicable agents
selactivity
PTT andor Sensitizing cancer cells o radiotherapy by Improved therapeutic efficacy, fewer  Preclinical Lack of clinically 199,200
POT«radictherapy inhibiting DMNA damage repair adverse effects applicable agents
PTT andjor POT+COT  Generate synergistic effects by accelerating Improwes COT effect by enhancing Preclinical Lack of clinically 202204
the genaration of hydroxyl radicals and Fenton reacticn efficiency and applicable agents
other ROS deplating glutathione
PTT andjor POT +50T PTT can promate the ultrasound-triggered  Improved therapeutic efficacy against  Preclinical Lack of clinically 206
cavitation effect, and photosensitizers deep-seated tumours applicable agents

can mediate ultrascund-triggered ROS
generation to enhance therapeutic efficacy

CDT, chemodynamic therapy; FMI, fluorescence molecular imaging; FOV, field of view; NIR-I, first near-infrared region (wavelengths in the range 700-900 nm); NIR-II,
second near-infrared region (wavelengths in the range 900-1,880 nm); PDT, photodynamic therapy; PTT, photothermal therapy; ROS, reactive oxygen species; SDT,
sonodynamic therapy.
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substantial promise in clinical studies, continuous effort is being
dedicated to further improving the precision of these technologies.
Data from preclinical studies underscore the possibilities of
exploiting NIR-II light in a diverse range of oncological applications
(Table 2).

Novel imaging techniques

Revealing occultlesions

Increasing imaging contrast and improving the targeting ef-
ficiency of NIR-II probes might enhance our ability to visualize
clinically occult cancerous lesions. A variety of nanoparticle and
small-molecule fluorophores have been synthesized to achieve
such objectives®™ .

Inorganic nanomaterials such as quantum dots and rare earth-
doped nanoparticles have been widely applied in NIR-II-based
cancer imaging preclinically. These nanofluorophores possess
the benefitsof high quantum yield, great versatility and immunity to
quenching effects™*’. Typically, these nanoprobes passively accu-
mulate intumours owing to the enhanced permeability and retention
effect, and do not require targeting modifications®*. Following
intravenous injection into cancer-bearing mice, such nanoprobes
enabled the high-contrast visualization of tiny cancer lesions (re-
portedly as small as 90 ym in diameter) intraoperatively with a
penetration depth of approximately 8 mm, enabling the detection
of previously occult lesions® ", Inthe past 5 years, aggregation-in-
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duced emission has emerged as a cutting-edge strategy to develop
ultrabright NIR-Il imaging probes, which may further improve the
detection rate of tiny lesions®*. Nonetheless, concerns relating
to long clearance times and potential toxicity (for example, impaired
liver and kidney function)® * present considerable obstacles to the
clinical translation of these nanoprobes™.

Small molecules that are rapidly renally excreted are deemed
favourable for surgical applications®***. Rapid clearance not only
improves the safety of small-molecule probes, but also enables the
probes to be administered and to accumulate at tumour sites withina
few hours of surgery, providing greater flexibility in clinical practice.
Since the first small-molecule NIR-II fluorophore, namely CH1055,
was reported in 2016 (ref. 25), a series of novel small molecules
designed for use in NIR-1I imaging, including DPP-BDT'®,
SCH1100 (ref. 101) and IR-FEP'®, have shown great potential for
clinical translation'®"**.Nevertheless, the fluorescence quantum
yields of most small-molecule probes are lower than those of
inorganic nanoprobes, and their low molecular weight necessitates
the use of conjugative binders for tumour targeting”**'*'%. For
thesereasons, comprehensive assessmentof the combined impact
of small molecules, binders and conjugation approaches is crucial
toachieve optimaltumourimagingoutcomes’.

The varied properties of nanomaterials and small molecules
offer great versatility to NIR-II imaging that can be exploited to
visualize occultlesions in different organs, including tiny metastases
in the liver and lungs®*', primary colorectal cancers and peritoneal
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metastases'?”’, abdominal metastases from ovarian cancer™'®

and lymph node metastases from breast cancer'®’. These
achievements have considerably improved the ability to detect
small lesions with diameters of <1 mm in animal models, lesions
that are typically undetectable with current clinical diagnostic
imaging technologies®"'®.

In the past few years, advanced biosensing imaging strategies
have also been developed to further improve the sensitivity and
accuracy of tumour NIR-I FMI"'*'". The engineered probes can
sense tumour-associated changes in physiological characteristics,
causing variations in fluorescence intensity and spectral
range that aid in lesion identification''*"">. For example, novel
chemiluminescent and phosphorescent biosensing probes have
demonstrated substantial capability to detect cancer-associated
physiological features (such as high levels of H,S productionoran
acidic microenvironment) to produce images with a high contrast
ratio (>100)"*""°. Moreover, NIR-II signals can be quantified
through lifetime imaging or ratiometric imaging'”"®. In these
approaches, specific physiological features of cancer can be
linearly correlated with the lifetime or ratiometric intensity of NIR-
Il signals. A major advantage of lifetime and ratiometric imaging
approaches is that the results are independent of the probe
concentrations"®'?’; therefore, the influence of probe uptake and
clearance is reduced, leading to higher precision in quantitatively
identifying lesions and their margins®*"'®"*'. These emerging
approaches are smoothing the path to precision quantitative
cancerimaging with increased contrast and specificity.

Visualizing forpreservation

Optimally preserving functional anatomical structures is
an important topic in precision surgery. Great efforts have been
made to visualize structures including blood vessels, the biliary
tract, ureters and nerves with NIR-Il imaging®"®*'?*'**. The merits of
NIR-Ilimaging in terms of contrast, resolution and depth make it an
ideal tool to reveal such small and vulnerable structures® '**"'*,

Utilizing probes with high photochemical stability, NIR-
Il imaging especially in the NIR-IIb and NIR-lIc subregions can
substantially improve the ability to map the vascular system and
thus reduce the risk of vascular injury and blood loss during surgery
in animal models®®'?*'**"?7_Similarly, evidence from studies in
animal models indicates that intraoperative visualization of the
biliary tract'®'* and ureters' using novel NIR-Il FMI techniques
might result in reduced surgical com- plication rates and training
times. Therefore, these approaches have the potential to facilitate
a paradigm shift towards precision cancer surgery. In the interim
before novel NIR-II probes are integrated into routine practice, ICG
could serve as an alternative in proof-of-principle clinical studies,
albeitas a non-targeted probe'".

Nerves are more difficult to visualize during surgery than
the aforementioned anatomical structures, and iatrogenic nerve
injury is strongly associated with postoperative complications®'*.
Clinical studies have revealed that in vivo NIR-I imaging using
ICG enables visualization of thoracic sympathetic nerves
and pelvic nerves during thoracoscopic surgery and radical
hysterectomy, respectively'**'**. Under NIR-Il imaging, the ICG-
labelled nerves can be identified with higher clarity®® (Fig. 3d);
however, the imaging specificity remains lower than expected.
Despite the development of a variety of novel FMI technologies
designed to specifically image nerves' "', this field faces
many ongoing challenges. Advances in the development of
nerve-specific fluorescent probes, their routes of administration,
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as well as considerations for future clinical translation efforts,
have been reviewed in detail elsewhere'. In preclinical models,
important improvements in fluorescence-guided nerve-sparing
surgery have been realized through the application of low molecular
weight probes'**'* or dyes conjugated to nerve-binding peptides
(such as NP41 and HNP41) identified using phage display
screens'*>"¥713%1%° ‘Moreover, data from clinical studies using
near-ultraviolet light systems demonstrate the potential to
exploit the autofluorescence of nerves for real-time intraoperative
imaging™"'**. Although few of these studies have used the NIR-
Il window'”’, they have laid the groundwork for utilizing NIR-II-
based neural imaging as a potentially revolutionary tool for more
precise cancer surgery in the future.

Using these high-performance functional probes,
simultaneously imaging vital structures and malignancies is
achievable and represents an important future direction for FMI-
guided surgery. Indeed, integrated multispectral NIR-II imaging
is expected to become a powerful tool to improve the precision of
cancer surgery.

Crossing scales

Aiming to discern multiple anatomical structures or cellular
processes at higher levels of spatial resolution, research efforts
have been extended to integrating NIR-Il FMI into endoscopy and
microscopy. In 2019, an initial study verified the feasibility of per-
forming endoscopic NIR-Ilimage-guided surgery in small animals™.
A prototype endoscope with a dichroic design was used to capture
visible and NIR-II light simultaneously, providing an adjustable view
at millimetre scale (smallest area 4 mm?) and micrometre resolution
(~20 pm)"*. This imaging system enabled successful delineation
of orthotopic colorectal tumours using ICG conjugated to the an-
ti-VEGFA antibody bevacizumab as a targeted probe, although an
impediment was observed owing to the strong attenuation of NIR-II
light within endolaparoscopes'*’. Most existing clinical endolap-
aroscopes are primarily tailored for high-resolution imaging of
visible light, with limited transmittance of NIR light. Therefore, future
progress in this field would be facilitated by the development of high
NIRtransmittance devices to ensure superiorimaging quality.

Regarding NIR-II fluorescence microscopy, various
techniques including wide-field, light-sheet and confocal imaging
have been developed'. Wide-field microscopy offers the largest
field of view (FOV) and the highest time resolution among these
microscopic techniques (Table 1). In preclinical studies, in vivo
wide-field NIR-II fluorescence microscopy has micrometre
resolution, millimetre imaging depths and real-time imaging
capabilities™'**. This technique holds promise for visualizing the
cancer-related vessels and monitoring the retention effects of
cancer drugs'”. Additionally, wide-field NIR-II microscopy could
facilitate bedside evaluation of tissues to improve cancer treatment
by enabling the analysis of various oncological features. For
example, the status of tumour margins and lymph nodes could be
promptly assessed through bedside microscopy of the resected
tissues using molecularly targeted NIR-Il probes'®', enabling
intraoperative optimization of the surgical plan. Light-sheet
microscopy is advantageous in performing 3D imaging of multiple
oncological processes with cellular resolution in real time*®*. This
technique involves the use of planar excitation and acquisition
devices that are arranged orthogonally to decrease background
noise, with only signals in the focal plane being obtainable, with
image acquisition performed section-by-section. Utilizing NIR-II
light-sheet microscopy, in vitro and in vivo volumetric imaging with
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a sub-millimetre FOV and enhanced contrast can be achieved,
which is beneficial for observing various cellular activities in the
tumour microenvironment (TME)*'*¢. NIR-II confocal microscopy
offers superior, sub-micrometre resolution and improved imaging
depths (up to 2.5 mm) with less phototoxicity or photobleaching
in vitro'*. The point-by-point signal acquisition inherent to this
imaging technique can attenuate background fluorescence
and thus maximize the signal-to-background ratio. However,
this approach is unsuitable for real-time imaging and the FOV
is commonly limited to <1 mm? (ref. 150) (Table 1). Therefore,
NIR-II confocal microscopy is typically applied to the analysis
of biological features of tumour and other tissue specimens ex
vivo'. By combining these NIR-II technologies with different
FOVs, cross-scale multispectral in vivo FMI — from macroscopic
to mesoscopic and to microscopic levels — can be achieved with
improved imaging resolution and depth, which will surely facilitate
a deeper understanding of tumour biology, thereby advancing
cancer research.

Combining modalities

Despite the numerous demonstrated merits of NIR-II
imaging, exploration of strategies to leverage the complementary
advantages of this approach in conjunction with other imaging
modalities is imperative for improved clinical outcomes. A typical
strategy involves combining NIR-II FMI with CT or MRI to overcome
the depth limitations of optical imaging. Using innovative dual-
modality probes for NIR-II-CT, combinatorial benefits, including
exceptional sensitivity, superior spatiotemporal resolution
and unlimited imaging depth, can be achieved''. MRl is also
combinable with NIR-II imaging, and NIR-II-MRI dual-modality
imaging has shown potential for improving the management of
patients with cancer. For example, NIR-Il imaging can be used
to evaluate the expression of therapeutic targets as well as drug
delivery and accumulation in tumours, while MRI enables non-
invasive long-term monitoring of the treatment response’®* ">
Thus, the combination of NIR-Il and CT or MRI might enable
more precise and guided therapy, potentially minimizing damage
to non-malignant tissues. Furthermore, these structural imaging
modalities could pro- vide anatomical data as a reference
standard to facilitate the process of NIR-II tomography'**'®.
Indeed, 3D images can be derived from planar NIR-ll images of
tumours through tomographic processing'®*'*. Studies in mouse
models have demonstrated that NIR-Il tomography can be used
to delineate small tumours with morphological precision of up to
80%'*". With the integration of molecularly targeted probes, this
technique is expected to facilitate monitoring and understanding of
the processes mediating tumour growth.

In addition to structural imaging, functional imaging
exemplified by PET can be combined with in vivo NIR-II
imaging using bimodal nanoprobes to pursue precision tumour
delineation and resection'®"**. Specifically, radiolabelled NIR-II
probes can specifically accumulate in lesions through enhanced
permeability and retention effects'®® or molecular targeting'*'®,
enabling the use of PET to non-invasively locate deep-seated
tumours preoperatively and NIR-II imaging to provide real-
time intraoperative guidance for tumour resection, after the
radioactivity has decayed to safe levels. The intriguing discovery
that Cerenkov radiation can produce NIR-Il emission'" has
inspired the use of radiation beams from clinical linear accelerators
or medical radioisotopes to perform dual-modality radio-optical
imaging'®'®®. Imaging of NIR-II Cerenkov luminescence can
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contribute to assessments of geometric accuracy in external beam
radiotherapy'®"'®, with the aim of reducing unintended injury to non-
malignant tissues. The ability of medical radioisotopes to generate
Cerenkov luminescence provides a readily available source of
probes for use in dual PET-NIR-Il imaging, while also presenting a
novel class of utilizable NIR-II probes.

Photoacoustic imaging (PAI) in the NIR-Il window
provides enhanced spatial resolution and greater penetration
depth'®. Different from FMI, PAl involves the use of NIR-Il pulse
lasers to irradiate tissues or probes, resulting in the emission of
acoustic waves that can be visualized through ultrasonographic
imaging'®*. Moreover, diverse agents (for example, semiconducting
polymer nanoparticles) have been developed to amplify PAI
signals, providing excellent imaging performance for tumours
and vasculatures in vivo'®'®. Especially, the 3D multispectral
optoacoustic tomography technique can be used not only to
visualize primary and metastatic tumours, but also to assess
features of the tumour and its TME, such as the vasculature,
acidity and hypoxia'®®'®°. By combining both NIR-Il FMI and PAI,
the vision of clinicians could potentially be further extended. In
preclinical studies, tumour margins and metastases could be
visualized more precisely during surgery guided by dual FMI-PAI
utilizing NIR-1""""" which might ultimately translate into a reduced
risk of disease recurrence. With regard to phototherapy, FMI-PAI
enables monitoring of delivery and release of the drug, assessing
therapeutic response after drug administration, and thus facilitating
timely improvements to the treatment plan'’>""*. Specifically, the
biodistribution of nanoprobes integrating imaging agents with
anticancer drugs can be tracked under FMI-PAI, which aids in
evaluation of the selectivity of drug delivery”>""®. Further- more, the
therapeuticeffectscanbeassessedbymonitoringchanges in tumour
physiological features and size'”'"®. For example, FMI-PAI can
be used to visualize dynamic immunological changes in the TME
during immunotherapy, aiding in the development of personalized
treatment plans'®'®. As research in this field continues to advance,
therapy guided by NIR-II FMI-PAl is anticipated to provide innovative
strategies to revolutionize cancer treatment paradigms.

Novel NIR-lI-based phototherapies

Enhanced PTT and PDT

Emerging technologies with improved performance
demonstrated in preclinical studies have the potential to further
increase the clinical efficacy of NIR-Il phototherapy. Adiverse range
of PTAs have been demonstrated to improve the PCE of NIR-I PTT,
achieving more complete tumour elimination in preclinical models.
The maximum permissible exposure of NIR-Il radiationis three times
that of NIR-I1 (1 W/cm? versus 0.33 W/cm?)"®, consequently enabling
the exploration of more efficient PTAs over a wider range of laser
power densities. Dual acceptor'®' and acceptor—donor acceptor'®
engineering strategies have been used to produce NIR-II-absorbing
PTAs with high PCEs. Moreover, high-PCE hybrid semiconducting
nanozymes (HSNs) have been designed not only to increase the
direct thermal cytotoxicity of NIR-II PTT, but also to photothermally
enhance the generation of cytotoxic hydroxyl radicals by an iron-
chelating Fenton reaction catalyst component of the HSN'®. NIR-
Ilirradiation of these HSNs effectively inhibits breast tumour growth
and metastasistothe lung and liver in mouse models'®. In addition,
phase engineering of nanomaterial PTAs such as transition metal
dichalcogenide nanodots (forexample, MoS,)canbe usedtofurther
improve their PCE, by facilitating the identification of crystal and/or
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amorphous phases associated with optimal NIR-Il absorption'’.

With regard to NIR-II PDT, efficacy can be improved by
alleviating hypoxia in the TME. Hypoxia is a common feature of
tumours that promotes the proliferation, invasion and metastasis
of cancer cells and substantially restrains the activity of PDT,
owing to the limited availability of O, for conversion into ROS by
photosensitizers®. This hypoxia can be overcome or alleviated
using novel hypoxia-tolerant or O,-producing photosensitizers,
resulting in enhanced PDT efficacy. For example, a nanoparticle
photosensitizer containing CQOi6-4Cl enables hypoxia-tolerant
NIR-II PDT (using an 880 nm laser) via the less O,-dependent
‘type I’ pathway (through a photochemical reaction with H,O), as
well as the O,-dependent ‘type II' pathway'®*. Moreover, this agent
alsogenerates highlevels of NIR-Il fluorescence (1,035 nm)that can
be exploited for image-guided PDT'®. By contrast, LSCaFPCe8,
a novel TME-responsive O, self-supplying nanoparticle
photosensitizer, enables efficient alleviation of tumour hypoxia as
well as enhanced production of cytotoxic ROS when activated in
the acidic TME, resulting in selective suppression of tumour growth
without notable systemic toxicity in mouse models; like COi6-4CL
nanoparticles, this nanosystem was also designed to emit NIR-
Il light for imaging guidance of PDT'®®. Furthermore, a probiotic-
based TME-responsive platform, involving the use of Lactobacillus
acidophilus for in situ amorphization of 2D CoCuMo layered double-
hydroxide nanosheets in the acidic TME, has also demonstrated
promising preclinical utility for precision NIR-Il PDT by enhancing
the generation of singletoxygen ('0,)"®".

More precise NIR-Il PTT and PDT might be achieved by
combining targeting and image-guidance strategies. Active
targeting relies on the modification of PTAs or photosensitizers
with moieties that can bind to specific target molecules expressed
on cancer cells. The potential of such an approach has been
exemplified in a preclinical study in which a bi-orthogonal labelling
system was used to enhance the tumour-specific retention of
theranostic nanoparticles, which enabled precise NIR-Il image-
guided PTT'®. Another study demonstrated preferential binding
of biomimetic aggregation-induced emission-based DHTDP
nanoparticles coated with cancer cell membrane to homologous
cancer cells, resulting in tumour enrichment that maximized the
therapeutic outcomes of NIR-Il PTT guided by FMI, PAI as well as
photothermal imaging'®. Subcellular targeting strategies, including
nucleus-targeted'® and mitochondria-targeted strategies'', might
also improve efficacy of NIR-Il phototherapy. Furthermore, physical
forces such as magnetic fields can be used to improve the targeting
of phototherapy agents to tumours, thus enhancing NIR-Il PDT or
PTT andimaging'®.

Combination therapy

PTT or PDT alone is likely to be suboptimal for the treatment of
large and inoperable lesions, and incomplete elimination of cancer
increases the risk of local recurrence and distant metastasis.
However, combining phototherapy with other therapeutic modalities
might result in enhanced antitumour efficacy. Indeed, increasing
research focus is being placed on using NIR-Il PTT and PDT to
reverse immunosuppression and alleviate hypoxia in the TME,
thereby sensitizing cancer cells to immunotherapy, chemotherapy,
radiotherapy, chemodynamic therapy (CDT) and sonodynamic
therapy (SDT)">'®.

The integration of NIR-Il phototherapy withimmunotherapy has
shown substantial potential to enhance the antitumour response
in various preclinical models. For example, PTT can induce
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immunogenic cell death via the generation of tumour-associated
antigens, damagerelated molecular patterns and pro-inflammatory
cytokines, thus increasing T lymphocyte infiltration to enhance the
efficacy ofimmunecheckpoint inhibitors as well as Toll-like receptor
agonists'* ", Theoretically, NIR-Il phototherapy can reprogramme
immune networks in the TME by inducing immunogenic cell
death and maturation of dendritic cells, thereby activating the
immune response to prevent local tumour recurrence and distant
metastasis'”’.

Data indicate that NIR-II phototherapy can sensitize cancer
cells to chemotherapy, thereby improving therapeutic efficacy and
potentially selectivity. For example, in preclinical models, upon NIR-
Il irradiation, doxorubicin included in a platinum nanocrystal-tipped
gold nanorod zeolitic imidazolate framework-8 (DOX-Pt-tipped
Au@ZIF-8) nanoplatform could be precisely released within the
tumourarea'®. Moreover, heat generated through NIR-Il irradiation
of the gold nanorods can enhance the catalase-like activity of
the platinum nanocrystals and thereby relieve tumour hypoxia,
resulting in increased PTT and PDT activity compared with that
of gold nanorods lacking platinum tips'®. Collectively, these
stimulus-responsive properties of the DOX-Pt-tipped Au@ZIF-
8 nanoplatform improved the efficacy of chemophototherapy with
negligible adverse effects'®.

The combination of NIR-II phototherapy with radiotherapy
is expected to reduce adverse effects while improving therapeutic
efficacy. NIR-IIPTTcaninhibit DNAdamagerepairtosensitize cancer
cells to radiotherapy, and PDT can synergize with radiotherapy by
generating ROS". Furthermore, NIR-II light can trigger the surface
plasmon resonance effect to increase O, release, consequently
relieving tumour hypoxia and thus enhancing radiosensitivity and
achieving satisfactory efficacy with reduced levels of non-malignant
tissue damage'®. Hence, NIR-II irradiation might enable precise
control over radiation sensitivity in the treatment field while sparing
surrounding non-malignant tissues, thereby improving the tumour
selectivity of radiotherapy. Besides external X-ray radiation,
combination therapy with radiocisotopes (such as iodine-131)
conjugated to NIR-II PTT nanomaterials (for example, gold nano-
frameworks) has been demonstrated to enhance radiotherapeutic
efficacy in mouse models™®.

Similarly, the combination of NIR-II phototherapy with CDT
can further improve therapeutic efficacy. CDT is a Fenton-type
reaction- mediated cancer treatment strategy. In the mildly acidic
TME, metal ions (such as Fe*, Cu** and Mn?*) can be released from
phototherapeutic agents to promote the catalysis of H,O, into ‘OH,
thereby inducing cancer cell death. Moreover, the thermal energy
from PTT can improve the TME and accelerate "OH production for
enhanced CDT, and the ROS generated during PDT can kill cancer
cells and produce a synergistic effect. The NIR-II photothermal
enhancementofFenton reactionefficiencyand CDTactivityhasbeen
demonstrated in mouse models of cervical cancer”' and breast
cancer’”. TME-activated NIR-Il phototheranostic agents designed
to enhance phototherapy and CDT by increasing ROS generation
and glutathione depletion have provided evidence of such synergy
in preclinical models®***.

Although NIR-II light exhibits deeper tissue penetration
than NIR-I light, this physical limitation still restricts the utility
of NIR-IlI phototherapy. Combining NIR-II phototherapy with
other deeperpenetrating therapeutic methods, such as SDT,
can improve therapeutic activity against deep-seated and/or
large tumours. Similar to PDT, SDT involves the activation of
sonosensitizers to generate toxic ROS, including "OH, H,0,, 'O,
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and superoxide anions (O, ), to kill cancer cells, as well as pyrolysis
of sonosensitizers induced by heat generated through ultrasound-
triggered cavitation’”. The cavitation effect can be promoted by
the thermal energy from NIR-Il PTT, and NIR-Il photosensitizers
can also enhance ultrasound-triggered ROS generation for
improved therapeutic effects against deep-seated tumours. For
example, a defect-rich, gadolinium-doped zinc oxide (D-ZnOx:Gd)
semiconductor sonosensitizer and PTA has been designed for
synergistic NIR-Il PTT and SDT therapy. This ‘nanobullet agent has
demonstrated good photothermal conversion performance, while
the abundant oxygen defect of D-ZnOx:Gd promotes separation
of the electron (e”) and hole (h") of this agent under ultrasound
irradiation, which establishes a strong electric field tt;O%t promotes

ROS generation and thereby enhances the SDT effect™.

Outlook and challenges

Despite the substantial promise of NIR-IlI-based cancer
imaging and therapy, these techniques remain in the early stages of
clinical translation. The primary objectives in the future development
of such techniques should be to facilitate their clinical application
and improve clinical outcomes. To attain these objectives, several
challenges must be met. For example, the discrepancy between the
goals of preclinical research and clinical needs must be addressed.
Most preclinical studies prioritize technological and performance
improvements, exemplified by the pursuit of ultra-high quantum
efficiency probes. However, clinical applications necessitate a
comprehensive consideration of safety, practicality and technical
performance®”’. Therefore, multidisciplinary efforts are necessary
in the early stages of clinical translation to establish a cyclical flow
from bench to bedside and back again, bridging the gap between
clinical requirements and technical developments®®*”. This flow
will help to translate clinical demands into technical solutions,
spawning more clinically oriented studies. Meanwhile, increasing
knowledge of NIR-Il techniques among clinicians could potentially
inspire them to suggest and explore new promising applications for
such techniques. Crucially, the aim of NIR-II-based techniques
should not be to compete with existing approaches being tested
in phase Il/lll trials, but rather complement and enhance them by
adding incremental value. Moreover, another crucial determinant
of successful translation is whether the technical merits can lead to
clinical benefit. Therefore, during both preclinical and clinical stages,
investigators should design and structure studies in a way that
maximizes the likelihood of achieving meaningful improvements in
importantend points, such as decreasing recurrence risk, reducing
complications and prolonging survival.

Another practical challenge relates to the limited availability
of clinical NIR-Il systems and agents. Even if various imaging
systems have been developed in preclinical studies, only open-
field and backtable surgical imaging systems have been tested
in clinical studies to date. More crucially, none of the novel tumour-
targeted NIR-Il probes, PTAs and photosensitizers have been
tested clinically. To overcome this challenge, ‘incremental
innovation’ is strongly recommended. Indeed, innovative NIR-
Il imaging approaches could serve as an incremental patch to
existing clinical systems. Although the composite materials of
NIR-Il detectors and illuminators typically differ from visible-
light or NIR-I imaging devices, the structure of these systems is
largely the same; therefore, existing systems could potentially
be upgraded to become multispectral by incorporating a NIR-
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Il channel. Presently, the financial costs of NIR-Il cameras are
slightly higher than those of NIR-I-based models, potentially
affecting accessibility temporarily. As technologies become
standardized, however, the cost—benefit ratio of clinical NIR-II
systems will improve progressively, similar to the development
trajectory of NIR-I-based platforms. With regard to NIR-Il imaging
and therapeutic agents, the current shortage could be partially
addressed by utilizing compounds clinically approved for use in
NIR-I-based systems, such as ICG, IRDye800CW and methylene
blue****?'°. Indeed, these probes have already facilitated the
implementation of NIR-Il imaging in patients with cancer, and their
functionalization forimproved tumour targeting can further enhance
imaging specificity’**’. Current experience indicates that probes
with a stable chemical structure, rapid excretion and a high level
of tumour specificity are preferable for oncological imaging®*""?*.
Therefore, small-molecule probes such as CH1055 (ref. 25), DPP-
BDT'® and SCH1100 (ref. 101) are prime candidates for future
clinical trials testing NIR-Il imaging systems; medical radioisotopes
associated with NIR-II Cerenkov luminescence are also notable
candidates, if the radiation-related concerns can be adequately
addressed, given that numerous radiotracers have been applied
widely in cancer diagnosis with excellent performance. Initial
trials in patients with cancer have provided valuable insights
into how NIR-Il imaging can be implemented to enhance clinical
decision-making®*®, reduce complications®*®"* and improve
survival outcomes®. As NIR-Il imaging approaches mature and
are standardized, the quality of cancer imaging and surgery
are expected to be further enhanced. Regarding phototherapy,
NIR-II LITT systems such as NeuroBlate and Visualase have
demonstrated impressive efficacy with minimal complications’™®"**.
The availability of these clinical PTT systems might stimulate the
investigation of novel NIR-Il PTAs and photosensitizers, perhaps
prioritizing those that hold potential for combination therapy”'>*".
Furthermore, innovation in the design of theranostic drugs might
enable image-guided surgery and phototherapy to be performed
simultaneously, improving efficiency and precision®**'>*"". These
advances are expected to pave the way for more successful NIR-II
phototherapy in clinical practice.

Additionally, clinical investigations of novel NIR-1l agents
might be facilitated by optimizing their route of administration.
Besides intravenous injection, probes, PTAs and photosensitizers
can be administered locally by many methods that have a lower risk
of toxicity, such as topical spraying®'®?", transcatheter arterial
embolization®® and oral gargling®*"***. Ingeniously utilizing these
methods could not only avert adverse effects, but also strongly
promote theimplementation of multitargetimaging and combination
therapies, given that these emerging applications typically require
simultaneous administration of multiple different agents.

The aforementioned ‘bench to bedside and back’ flow is likely
to be important in optimizing NIR-Il imaging and phototherapy
strategies, by fostering the development of clinically useful NIR-
Il agents. Unquestionably, increasing numbers of first-in-human
studies of novel NIR-Il imaging and phototherapy technologies will
emerge in the next few years. A broadened adoption of NIR-II light
in clinical oncology, integrating more standardized systems and
reagents, should be anticipated.

Looking to the future, ideal cancer imaging techniques will
provide quantifiable, multitarget, adjustable FOV, 3D resolvable
and real-time images; cancer therapy might be revolutionized with
exceptional selectivity for cancer cells and thus fewer adverse
effects. Numerous emerging NIR-Il techniques such as multitarget
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cross-scale imaging®, biosensing imaging’® and combination
therapy (for example, PTT or PDT plus radiotherapy under
NIR-Il image guidance)” are being developed to realize these
future aims, thereby reshaping cancer treatments. Cancer surgery
can benefit from the use of these novel imaging techniques
to visualize multiple different anatomical structures with high
resolution and in real-time”****; thus, both precise radical tumour
resection and function preservation can be achieved with NIR-
Il image guidance. Advanced surgical interventions (for example,
nerve-sparing resections) might become less complicated, leading
to enhanced surgical quality and improved patient outcomes,
as well as shortened surgical training times. Moreover, the
interpretation of optical images might be transformed by exploiting
specific properties of NIR-II fluorescence. Current intensity-
based quantification of imaging data is susceptible to interference
from ambient light and the nonspecific distribution of probes.
Quantification based on the lifetime or ratiometric intensity of NIR-
Il fluorescence might be immune to these artefacts and therefore
holds tremendous potential for the precise analysis of complex
oncological features®'"®. Furthermore, Al methods will probably
enable further enhance image quality and the integration of a wider
range of physiological information®®”"7>**®, For inoperable lesions,
combination therapy has become a promising and practical trend
in cancer treatment, and NIR-Il phototherapy has substantial
potential to synergize with other therapeutics®’**°. The integration
of NIR-Il phototherapy with emerging CDT*"**, SDT**® and
magnetothermal therapy””® approaches also offers the possibility
to optimize cancer therapies through complementary mechanisms.

Conclusions

NIR-Il imaging and therapeutic techniques have contributed
significantly to preclinical research and have entered the clinical
translation stage of development. These advances have shown
the benefits of such techniques in the treatment of operable and
inoperable solid cancers. During surgery, multispectral imaging
integrating NIR-Il can be used to simultaneously visualize lesions
and anatomical structures with improved contrast and resolution,
thus enhancing surgical quality. Multiple molecular processes
in cancer can be clearly observed through a cross-scale view
afforded by the macroscopic, mesoscopic and microscopic NIR-
lI-based imaging techniques. The efficacy of phototherapy
for inoperable lesions can also be enhanced by utilizing NIR-
Il light, and the combination of NIR-II phototherapies with other
treatment modalities presents novel therapeutic strategies. Future
development of successful NIR-Il imaging and phototherapy
approaches will require multidisciplinary efforts from the early
stages of designing clinical systems to the development of imaging
methods and cancer-targeted agents. If these challenges are
addressed, NIR-II light has substantial potential to enhance cancer
treatments and improve clinical outcomes.
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Abstract

Intraoperative fluorescent imaging can provide real-time identifcation of tumours, lymph nodes,
nerves and other healthy and malignant tissues during oncological surgery, contributing
to better surgical outcomes. Various fluorescent probes have been clinically approved for
surgical applications, improving tumour resection precision and preventing iatrogenic injury.
In this Review, we discuss the development and application of fuorescent probes for image-
guided surgery, including systemically and locally applied probes that are either nontargeted
or targeted to specifc tumours and tissues. We discuss the optimization and clinical potential
of these probes, and highlight their current and future applications in oncological surgery.
In addition, we examine the hardware of fuorescence imaging equipment, and discuss how
artifcial intelligence can enable real-time quantifcation to guide surgical decision-making.
Finally, we highlight the remaining challenges in the feld of image-guided surgery, including the
need for standardization to achieve regulatory approval of new probes, and the required team
effort for new probe development.
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Key points

* Fluorescence image-guided surgery offers real-time
intraoperative visualization of tumours and/or nearby healthy
tissues, enabling high-precision tumour resection and prevention
of iatrogenic injury.

» Several fluorescence imaging probes have been clinically
approved for oncological surgery, including non-targeted and
tumour-targeted probes, and various new probes are being
explored at the preclinical stage.

» Hardware improvements and artificial intelligence software
of intraoperative fluorescence imaging systems have improved
imaging quality and enable image quantification, optimized
ergonomics and straightforward human—machine interaction.

* The clinical translation of new fluorescent imaging
probes will require equipment standardization, interdisciplinary
cooperation and technological development.

Introduction

Surgical resection of solid tumours always aims at complete
removal of cancerous tissue and maximum preservation of
healthy tissue, which requires the accurate identification of the
tumour (including the primary tumour and metastases) and nearby
healthy tissue (such as nerves, blood vessels and lymph nodes)
during the operation“z. However, the difference between tumour
and healthy tissue is often unrecognizable by the naked eye
and non-palpable by hands®*. Alternatively, fluorescence image-
guided surgery®™ offers real-time intraoperative visualization of
tumours and nearby healthy tissues.

In intraoperative fluorescence imaging, a fluorescent probe is
first preoperatively or intraoperatively administered into the tissues
of interest. An external light source then illuminates the tissues
during surgery, and the emitted light is captured by a specialized
camera system, providing an optical contrast for surgical
resection®. In clinical practice, fluorescent wavelengths in the
near-infrared (NIR) region are preferred, including the first (NIR-,
700—900 nm) and second (NIR-II, 1,000-1,700 nm) NIR windows.
Compared with visible light, NIR light can visualize deep tissue (up
to 1 cm or more), because it has less optical scattering and less
autofluorescence®®. However, limited imaging depth remains an
issue for deep tissue tumours. Importantly, fluorescence image-
guided surgery depends on the effectiveness (such as targeting
ability, emission spectra and quantum efficiency) of fluorescent
probes, the quality of the intraoperative imaging system and the
cooperation between those two.

Several fluorescent probes, including indocyanine green (ICG)
and methylene blue (MB), are currently approved for fluorescence

image-guidedsurgerybythe USFoodand DrugAdministration (FDA),
the National Medical Products Administration (NMPA) in China and
the European Medicines Agency (EMA)*” (Table 1). In addition,
various fluorescent probes are being explored preclinically and in
clinical trials, including targeted, activatable and hybrid (combining
optical with radionuclide or magnetic signals) probes, with better
optical properties, compared with ICG and MB (Fig. 1). Moreover, flu-
orescentimaging devices have been developedthatallowintraoper-
ative navigationin open and minimally invasive surgeries, including
devices operating with artificial intelligence (Al)°.

In addition to fluorescence imaging, ultrasonography, X-ray
imaging, computer tomography, magnetic resonance imaging
(MRI), y-radiation imaging and Cerenkov luminescence are clini-
cally used for intraoperative imaging; however, these techniques
can interfere with the surgery as they require direct contact with
the tissue, and they are also limited by low sensitivity and/or spec-
ificity, lack of real-time guidance, long radiation exposure and high
costs™’.

In this Review, we discuss the clinical potential of fluores-
cence image-guided surgery, examining the design of intraopera-
tiveimaging probes, imaging equipment and the use of Al, in tumour
resection and foriatrogenic injury reduction.

Intraoperative imaging probes

Intraoperative fluorescence imaging probes can be
classified into nontargeted and targeted probes. Non-targeted
fluorescence imaging probes, mainly fluorophores without further
modification, are passively transported in interstitial fluids and
non-specifically accumulate in tumours, facilitating sentinel lymph
node (SLN) mapping'’, blood flow assessment' and tumour
imaging3. Targeted probes contain fluorophores and targeting
molecules, such as antibodies, peptides, small molecules and
nanoparticles, which bind to overexpressed targets in the tumour
microenvironment (TME)’. Importantly, they show low or non-
detectable off-target accumulation in benign tissues®. Their
specificity contributes to the identification of tumour margins,
micro- satellite lesions and vital structures (Fig. 2). Various
fluorescence imaging probes are currently applied in the clinic
(Table 1), which can be administered systemically or locally.

Systemically applied imaging probes

Systemic administration involves direct introduction of imaging
probes into the body through intravenous injection or infusion,
which is typically performed minutes, hours or days'” before surgery.
Here, a predetermined dose of imaging probe is administered into
the circulation and maintains a stable concentration in blood for
intraoperative imaging.
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Table 1. Clinically applied intraoperative imaging probes

Type Imaging Administration  Applications Advantages Disadvantages
principle routes

102G =MB0-1,M100nm Intrevencus Liver lumaur maging. Optimal tissue penetration, Mon-specific targating. in vivo
flucrescence  injection, lymph node mapping. rere kow light scattering, minimal nstability. rapid body clearance,
imaging peritumoural imaging, cholangiography, levels of autofluor escence salf-quenching, kow quantum yield

wpsction, angagraphy, const rucines miterferance, Lowtoacty
nhalation sungery "

ME -685-M05nm  Intrevencus Ureter imaging. thyroid and Deep tisaue visualization, Low tissue penetraton, high
Aucrescence  injection, parathyroid gland localization, obvious colour difference autoflucrescence Interferanca,
imaging subcutanecus  pancreatic newrcendocrine betwesn tumours and toxicity considerations

injection turncur visualization, surgical  sumrounding tissues Nat weabils for patients with
margin evaluaticn of the hrypersensithity reaction or renal
breast, lymphatic vessel insufficiency, non-specific targeting
mapping ™

Fluorescein =530-570nm  Intravencus Malignant glioma imaging VWidely available, cheap, low rate  Non-specific targeting. surgical
Aucrescance  igaction and resection, retinal of adverse events, high imaging  margina difficult to define,
irmnaging angiograghy™ ™ contrast, bow administration incidence of allergic reactions

doses

S5-ALA 620-710nm Oral Malignant glioma, bladder FDi-approved, cbvious Long time interval between Llocal
fucrescence  administration, cancer intracperative contrast between tumour and administration and anaesthesia
imaging Intravenous imaging and image-guided surrounding tissues, simpls incluction, high rate of skin

injection rasection”™ administration methed, optimal  phetesansitivity, high costs
salaty properties, tumour
margin evaluation

SEM-ID =G85=-T05n/m Intravenous Intracperative detecion Epu:l:lll: 10 CEALA, improrses Srmall clinical sampleé size
flucrescence  administratisn  of colorectal cancer™ intreopenative surgical {26 patianta), lack of evaluation
Imaging decision-making, deep Lesion of different doges and timings

identification, high sensitivity for fluorescence imaging, leck
of quantitative analysis

Cetuximak- Ta0-850nm Intravencus Ex viva detection of malignant  Specifically targeted to EGFR, Srrall clinical sample size

IROyeB00CYW Aucrescence  administration  lymph nodes of head and high TBR, high sensitivity, {12 patients), lack of thorough
Imaging neck cancer™ detection of lesions indeap anmalysis of Imerval ime effects

sactions (1mm), no severe
adverse events

Pandumumab- Ta0=-B50nm Intravenous Intracapesrative imisging of Specillically targeted to EGFR, Possitnlity of false uptake by hesalthy

IRCyeBODCW flucrescence  administratisn  primary lesions, metastatic na severs adverse events, pancraatic cells, small clinical
Imaging lyrmph nodes and micro- high TBR, high specificity, sample size (16 patents), Lack of

metastasis of pancreatic impioves infracperative surgical  quantitative analysis of surgical

cancar’ decision-making margin detection and metastasis
den tification, patient prognosia has
rot been evaluated

Bevacizymabe Ta0-850nm Intravencus Intracperative imaging Specifically targeted o VEGFR,  High false positive ratio, small

IEDyﬁBDDC'I'I Mucrescence admimisiration  of p.:litl..l’lﬂl. |11ﬂaﬂiﬁsis oD SEvere ﬂh‘ﬂ'w“‘ﬂlbﬁ,lllgll -::Iill:u,xlxumpﬂ.l:r.uu{? p.':l'lenlr.:l.
imaging of coloractal cancer TBH, successiul detection on insufffacient data on BoCUrBCY

additional lesions evaluation

cRGD-ZWEQD1 T88-850nm  Introvenous Intraoperative imaging Specifically targeted to Small dinical sample size
Mucrescence  administration  of colon cancer™ integrins, no severs adverse {12 patients), lack of experimental
irmgineg events, rapid elimination data enmargin evaluaton in

theough urine, high THE, minimal  lower rectal tumour cases, further
doges requined eveluation needed in other cancer
Lyes

PLSWTZ-DMI Ta0-850nm Intravesical Intracperative detection of Specilically targeted o Small dinical sample size
Aucrescence  admmistration  nof-muscle mvasive bladder CDAAVE, no sevene adverse {22 patients)
irmaging caner ™ events, simple administration

(intravesical), short
administration tima

BLZA00 =T60-84nm Intravencus Ex vivo detection of cancerous  Specifically targeted to Annexin - Long reaction time, small clinical
Hucrescencs adminisiration bissues in skin cancer AZ aned MMPZ, n0 Severe achverse  sample size (21 patients), lack of
irmaging samples”™ events experimental data on real-time

miaging, low specificity

ECTT 520nm Intravenous Targeted imaging and image-  Targeted to folate recepior, Limited Light penetration, high
flucrescence  administration  guided resection of cvarian non-Loxic, inexpensive, easy auloflucrescence, non-specific
imaging cancar™ production, easy modification signals in collagen-rich healthy

tissue
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Table 1(continued). Clinically applied intraoperative imaging probes
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Typa Imaging Administration  Applieations Advantages Disadvantages
principle routes
OTL3B =70=-815 nm Intravenous Targeted imaging and image-  High affnity and specificty o Limnitesd light penetration, lack of
Husrescsnce administration gusded retechan of ovanan falate recaptar, short terminal overall sunendal éviluatesn, amall
imzging cancer™ half-life, long retention in the clinical sample size (30 healthy
turnour, rapld clearance from volunteers and 12 patients)
plasma
cRGDV-PEG-Cy5.5  -B90-7110nm IntravEnous SLN beopay of head and neck  Highly specfic to integrins, safe,  Lack of quantitative analysis, low
nancparticles flugrescence  administration  melanoma™ deep lymph node detection, spatial resolution, depth-dependent
imzging low-doge sdministration, sensithvity, high rate of skanal
high TBR saturation
ORM-100 -fA5-A30nm IR A Enous Targatad imaging of braast Wl talarated, highly specrtic Actreation by inflammatory tissues,
fluorescence administration  cancer, gastroantestmal cancer, 1o low extracellular pH, high larg administration time intenal
Imnzging oral cancer and head and contrast ratho before surgery, lack of higher-dose
neck cancer’ evaluation
LUMS B75nm IRt ravencuss Ex wive imaging of breast Activated by cathepsin, high Small clinical sarmple size
flunrescence administration  cancer specimens™ THR, high sensitivity, no abvious (15 patients), lack af in vivo analysis
Innzging advernsa svents of Imaging performance, low
positive margin detection rate
AVB-G20 =520-800nm  Intravenous Intraoperative imaging Activated by MMPs, high TBR, Small clinical sample size
fluorascsnce administration  of prmany tumdurs and fo ool advierss avents, (27 patients), lack of quantitative
imaging metastatic lymph nodes high sensitivity anolysis of fluorescence thresholds
of breast cancer™ for differentiating malignant tissues
froen normal Hsswes
Tin-D0The SPECT/CT and  Intravenous Intraoperative imaging and Specifically targeted to CAlX, Small clinical sarmple sire
girentuxirmab- T80-850nm  administration  surgical guidance of renal high specificity, high TBR, (15 patierts), lack of evaluation
IROyveBOOCW fluorescence carcinoma resection” no chvious adverss events of surgical etrategy changes and
Imaging patient prognosis, lbornious
and time-consuming probe
preparation, high cost
“Ga-IRDye800CW-  PETand Intravenous Intrapperative imaging Specifically targeted to GRPR, Small clinical sample slze
B8N TE0-B50 nen admirgtration  and surgical l:juillgm;u- = | |1il=||1 $|-IWI[H.-"I'|-'|". |r|||.1|1.nn:~l.] [I-l pal'wnlﬂ. Lo penelralmon
fluorescence globlastoma resection™ patient prognosis depth, high cost, laborious
imBging and time-consuming probe
praparation
PARPI-FL -510-520nm  Topical Intraoperative imaging of oral  Specifically targeted 1o PARE, Small clinical sample sizes
Muorescence adminigstration  cancer and cersical cancer, short adrministration time, high (12 patients™, 7 human surgical
imBging &x vive imaging of oral, senaitivity, simple administration  beospecimens™ 4 patient cone-
oesophageal, aropharyngeal  (spraying or gargling), high TER,  béopay biospecimens™), lack of
specimens ™ safe quantitative analysis of margin
detection, low spatial resolution
CRHKPRE-Cy5, THO-850nm Topical Intraoperative imaging of Specifically targeted to EGFR Small clinical sample size
ESPNPRE- flunrescence administration  oesophageal cancer and and ErbB2, short administration (22 patients), lack of quantitative
ROyeBOOCW imaging Barratt's neoplasia time, simple administration analysis
(spraying), no severe adverse
events, high sensitivity, low cost,
high imaging contrast
Anti-CO47-FITC, G25nm Intravesical Intraoperative imaging and Specifically targeted to Small clinical sample size (26
anti-CDAP-0Odot,,  fluorescence administration  surgical guidance of bladder CD47, simple administration patients), low penatration, high cost
imaging cances resection” (intravesical), short
adminestration time, high
sensitivity. high TBR
EMI-137 ET0nm Topical Ex vivo evaluation of Specifically targeted to Small clinical sampla size
fluorescence administration  squamous cell carcinoma c-Met, simple administration (10 patients), lack of in vivo analysis
Imisging of bongue spacimens™ (micubation), short wnl systemic THR statishes
administration time, high
contrast, high specificity
EP-HMRG =E30-600nm  Topical Ex. wivo evaluation of Specifically activated by Small clinical sample sizes (44 and
fluorescence administration  oesophageal squamous cell DPP-1V, simple administration 17 resected human specimens” "),
imaging carcinoma and head andneck  (incubation and spraying), lack of in viva analysis before:
cances specimens™® short administration time, resection, unknown safety profila

high sensitivity
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Table 1(continued) Clinically applied intraoperative imaging probes

Type Imaging Administration  Applications Advantages Disadvantages
principle routes
GENG GaSnm Topical £x vivo evaluation of non- Specifically activated by Small clinical sample size
Muoresoance adminstration  melanoma skin cancer cathepsin, high specificity, {55 hurman skin specimens),
imaging specimens' s=mple administration lack of in vivo analysis
{incubation), shor
adrministration time, accurate
evaluation of peripheral margins
Bge-NIR TE9nm Topical Ex wivo evaluation on the Specifically activated by Small clinical sample size
flucrescence administration  keratinocybe carcinoma active cathepsin, simple {20 human skin specimens). lack
irnaging specimen™ administration (incu bation), of in vivo analysis, backgrouwnd

short adminstration time,
high sensitivity

flunrescence in benign lesues,
low penatration depth

5-ALA, 5-aminolevulinic acid; AVB, Avelas Biosciences; CEA, carcinoembryonic antigen; DOTA, tetraazacyclododecane-1,4,7,10-tetraacetic acid; DPP-1V,
dipeptidyl peptidase 1V; EC, folate fluorescein isothiocyanate; EGFR, epidermal growth factor receptor; EMI, Edinburgh Molecular Imaging; FDA, US Food and Drug
Administration; FITC, fluorescein isothiocyanate; GRPR, gastrin-releasing peptide receptor; ICG, indocyanine green; LUM, Lumicell; MB, methylene blue; MMP,
matrix metalloproteinase; NIR, near-infrared; ONM, Onconano Medicine; OTL, On Target Laboratories; PARP, poly(ADP-ribose) polymerase; PARPI, poly(ADP-
ribose) polymerase inhibitor; PEG, polyethylene glycol; PET, photon emission tomography; SLN, sentinel lymph node; SPECT/CT, single-photon emission computed
tomography/computed tomography; SGM, Surgimab; TBR, tumour to background ratio; VEGFR, vascular endothelial growth factor receptor.

Clinically approved non-targeted imaging probes

Non-targeted imaging probes currently approved by the FDA,
EMA and NMPA include ICG, MB, fluorescein and 5-aminolevulinic
acid (5-ALA). These probes are applied in the majority of clinical
applications, with fluorescein being in clinical use since 1948 (ref. "°)
(Fig. 1).

ICG, a water-soluble tricarbocyanine fluorophore, is a
cyanine compound with a hydrodynamic diameter of 1.2 nm and
a molecular weight of 751.4 Da*. The first medical application of
ICGwas in 1955, and it was FDA-approved for retinal angiography
in 1956 (ref. "*). With deep tissue penetration (approximately 1
cm in depth), low light scattering, minimal autofluorescence and
low toxicity, ICG can be applied for liver tumour imaging®, SLN
mapping'® and cholangiography'®, among other fluorescence-
guided medical uses'"®.

MB is a phenothiazine salt with an excitation at 668 nm and
an emissionat688 nm wavelength19, andis safetouseattherapeutic
doses below 2 mgkg™ (ref. *°). It has a distinct biodistribution profile
that can be exploited to identify several types of cancers, such as
parathyroid adenomas, paragangliomas and neuroendocrine
insulinomas, as well as vital healthy structures, including ureters
and the parathyroid gland, by fluorescence imaging'®. Therefore,
MB allows intraoperative detection of certain tumours and healthy
structures®*°. Compared with ICG, MB is limited by low tissue
penetration depth and high auto-fluorescence of background
tissues. In addition, the administration of MB may cause pain, and
possibly fat necrosis, serotonin syndrome and other complications
(for example, rash, coronary vasoconstriction, decreased renal
function and hypertension)*’.

Fluorescein is a visible fluorophore with excitation and
emission wavelengths at494 nm and 521 nm, respectively. Since
1961, fluorescein has been safely used for retinal angiography*® and
brain tumour margin imaging®, because it accumulates in specific
cerebral regions owing to the disrupted blood—brain barrier in the
brain tumour TME, with an average intravenous injection dose of 3-5
mg kg™ (ref.®).

5-ALA and its derivative 5-aminolevulinic acid hexyl ester
promote the synthesis of fluorescent protoporphyrin I1X in the

heme biosynthesis pathway. Owing to the optical properties of
protoporphyrin IX (excitation at 380—440 nm and emission at 620—
640 nm), and its selective accumulation in malignant glioma cells,
5-ALA can serve as a diagnostic agent®'. 5-ALA was first used in
1998 for surgical guidance in malignant glioma excision, and was
approved by the FDA for glioma treatmentin 2017. In addition, 5-ALA
fluorescence cystoscopy outperforms conventional white-light
cystoscopy for the detection of bladder cancer®. However, several
disadvantages limit its widespread application, including a long
waiting time before induction of anaesthesia (on average 2.5-3.5
h), high risk of skin sensitization when exposed to sunlight and high
costs™.

Although in clinical use, these non-targeted probes often show
low tissue uptake and fluorescent signalling, because they were not
originally designed for tumour or specific tissue targeting. Moreover,
their optical properties are not ideal for tumourimaging; for example,
imaging with 5-ALA can be affected by photobleaching and by the
tumour vessel conditions’. Therefore, imaging probes with higher
binding affinities and improved pharmacokinetic features are being
clinically tested.

Targeted imaging probes

Antibody-based fluorescence imaging probes have
dominated the field of fluorescence image-guided surgery®
(Fig. 1). By conjugating fluorophores to an antibody (for example,
bevacizumab®, cetuximab®, panitumumab®” and Surgimab (SGM)-
101 (ref. **)) that specifically binds to molecules overexpressed
in tumour cells (for example, epidermal growth factor receptor
(EGFR), vascular endothelial growth factor receptor (VEGFR),
carcinoembryonic antigen (CEA))', and that has been clinically
evaluated for in vivo cancer detection and ex vivo specimen
analysis®, probes can be targeted to tumours. Antibody-based
imaging probes have high binding affinities to cancer cells and
enable high imaging contrast ratios; for example, cetuximab-
IRDye800CW achieved a mean fluorescence contrast ratio of 4.0
for the detection of glioblastoma in a first-in-human study®. In
addition, only a single, low-dose administration is required for intra-
operative imaging in the clinic; for example, doses of up to 62.5 mg
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Fig.1 Major milestones in fluorescent probe development for oncological
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surgery. Blue boxes represent non-targeted probes, and gray boxes represent

targeted probes. 5-ALA, 5-aminolevulinic acid; AVB, Avelas Biosciences; CEA, carcinoembryonic antigen; DOTA, tetraazacyclododecane-1,4,7, 10-tetraacetic acid;
EC, folate fluorescein isothiocyanate; FDA, US Food and Drug Administration; ICG, indocyanine green; LUM, Lumicell; MB, methylene blue; NIR, near-infrared;
ONM, Onconano Medicine; OTL, On Target Laboratories; PARPI, poly(ADP-ribose) polymerase inhibitor; PEG, polyethylene glycol; SGM, Surgimab.

m 2 ofcetuximab-IRDye800CW correspond to 25% of the therapeutic
dose of cetuximab*', and 0.5 mg kg™ or 1 mg kg™ panitumumab-
IRDye800CW allow in situ imaging of head and neck cancer®.
Furthermore, therapeutic monoclonal antibodies possess a long
circulation half-life and, thus, may promote uptake of imaging
probes by tumours, benefiting the sensitivity and specificity of
cancer detection; for example, panitumumab-IRDye800CW
achieves a sensitivity of 91% for clinical exvivo cancer detection*
Nevertheless, antibody-based fluorescence imaging probes are
limited by their large size and long circulation time, leading to high
background signals and poor tumour penetration, as well as high
costs, restricting their widespread application™

Alternatively, peptides have low immunogenicity, various bind-
ing sites and simple production methods*. For example, the RGD
peptide (<1 kDa), consisting of three amino acids, shows excellent
binding affinity fora subset of integrins (for example, avp1, avf3 and
avp6) expressed in multiple types of cancers. The targeted probe
cRGD-Z2W800-1, which consists of a cyclic pentapeptide and a zwit-
terionic NIR fluorophore, allows colon cancer detection in the clinic,
and its rapid renal clearance also enables intraoperative imaging of
the ureter, preventing accidental iatrogenicinjuries ofthe ureterwhile
performing colon cancer resections*®. BLZ-100, consisting of chlo-
rotoxin (CTX) and ICG, has been preclinically applied to differen-
tiate malignant from benign tissues of adenocarcinoma, soft tissue

sarcoma and fibrosarcoma®. In a clinical trial, BLZ-100 achieved
80% basal cell carcinoma and 100% melanoma detection rates
(NCT02097875)". In addition, bombesin targeting the gastrin-re-
leasing peptide receptor (GRPR), Edinburgh Molecular Imaging
(EMI)-137 targeting c-Met, gastrointestinal heptapeptide targeting
human epidermal growth factor receptor 2 (HER2) and LS301 tar-
getingintegrins are being evaluatedin clinical trials*.

Imaging probes can also be conjugated to small molecules with
short half-lives. For example, fluorescein isothiocyanate (FITC)-
labelled folate (folate-FITC)isusedintheclinicfortargetedimaging of
ovarian cancer. Using an intraoperative multispectral fluorescence
imaging system, the probe achieves a mean tumour to background
ratio (TBR) of 3.1, detecting significantly more tumour deposits,
compared with conventional visible light observation®. Similarly, On
Target Laboratories (OTL)-38, a folate analogue conjugated to an
NIR fluorescence dye, has high binding affinity to folate receptor-a
(FRa), achieving the identification of 29% additional malignant
ovarian cancer lesions that were undetectable through conventional
inspection and palpation™. OTL38 is also being clinically evaluated
for lung cancer (NCT02602119 and NCT02769156) and bladder
cancer (NCT02852252)*°. Demeclocycline (NCT02740933),
IRDye800BK (NCT03387410), 1S-001 (NCT03937505), HS-196
(NCT03333031), TMVP1-ICG (NCT03320772) and Prosense/
VM110 (NCT03286062) are also being clinically tested*.
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Fig.2 Fluorescent imaging probes in image-guided surgery. Clinically used fluorescence imaging probes include non-targeted and targeted probes. Non-
targeted imaging probes are typically fluorescent dyes without further modification. Targeted probes can be antibody-based, peptide-based, small molecule-based
and nanoparticle- based. Through systemic (for example, intravenous injection or infusion) or local (for example, gargling, spraying or intratumoural injection)
administration, fluorescent imaging probes can target cancer lesions. Within tumours, the probes accumulate in malignant tissues through diffusion, receptor binding
or activation. In open or minimal-invasive surgery, fluorescence imaging allows tumour margin assessment, occult lesion detection, metastasis identification and
healthy tissue imaging.
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Nanoparticle-based imaging probes are also being explored for
the detection of cancerous tissue; for example, Onconano Medicine
(ONM)-100, which consists of a pH-sensitive amphiphilic polymer
bound to ICG, can detect tumour resection margins and occult
lesions that are not detectable by conventional clinical methods®".
cRGDY-PEG-Cy5.5 nano-particles target av33 integrin, thereby
allowing SLN visualization with a maximum SLN signal to back-
ground ratio of 40, thus enabling reliable SLN biopsy in the clinic*.
Other nanoparticle-based imaging probes are being explored in
clinical trials, including® Cu-NOTA-prostate-specific membrane
antigen inhibitor (PSMAI)-polyethylene glycol (PEG)-Cy5.5-C’ for
prostate cancer (NCT04167969)" and cRGDY-PEG- Cy5.5-C'for
breastandcolorectalcancer(NCT02106598)®. However, the clinical
translation of nanoparticle-based imaging probes is more time-con-
suming, laborious and expensive compared with other types of
imaging probes, because they typically contain inorganic com-
pounds, micelles, polymers and other nanomaterials that require
more comprehensive investigations in terms of pharmacokinetics,
biodistribution and effectiveness to ensure sufficient evaluation of
biocompatibility and long-term toxicity>.

Activatable imaging probes

Activatable imaging probes, or ‘turn-ON’ probes, can be
specifically activated through chemical reactions with highly
expressed enzymes in the TME*** or by specific TME con-
ditions®*®'. Activatable imaging probes consist of linkers,
quenchers and fluorophores. Cleavage of the linkers by enzymes
causes the release of the quenched fluorescence signal, allowing
the imaging of cancer lesions. For example, Avelas Biosciences
(AVB)-620 and Lumi-cell LUMO15 are activated by matrix
metalloproteinases (MMPs) and cathepsin, respectively, and are
clinically used for breast cancer detection with a high TBR**%.
These probes are also currently investigated in clinical trials for
brain cancer (NCT03717142), prostate cancer (NCT03441464)
and Barret's oesophagus (NCT02584244) detection®. Protease-
activatable imaging probes are also preclinically tested for
visualization of tumour margins® to avoid resection of benign
tissues.

Hybrid imaging probes

Limited tissue penetration depth remains a key challenge
in fluorescence imaging®, in particular for the detection of
deep-lying tumour lesions, which can be addressed by optical
multimodality cancer imaging. Nuclear imaging has unlimited
tissue penetration, and can serve as a complementary tool for
fluorescence imaging®. For example, ICG-*"Tc-nanocolloids
enable radio-guided SLN biopsies® for various cancers®™ ", with
a better detection rate and a fivefold lower administration dose
compared with a single ICG application. However, ICG-*"Tc-
nanocolloids are not targeted to tumours, limiting tumour-specific
imaging. Alternatively, monoclonal antibodies co-labelled with
radionuclides and NIR dyes allow clinical intraoperative cancer
imaging with a high contrast ratio, enabling delineation of tumour
margins, forexample™". In-DOTA-girentuximab- IRDye800CW for
renal carcinoma’"**Ga-IRDye800CW-BBN for glioblastoma’
and "In-Labetuzumab-IRDye800CW for colorectal cancer
(NCT03699332) detection*®. Furthermore, a prostate-specific
membrane antigen (PSMA)-targeted imaging probe allows
both fluorescence and radionuclide imaging, which has been
demonstrated in a preclinical study using metastatic mouse models
for detecting prostate cancer metastases intraoperatively”.
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Locally applied imaging probes

Alternative to systemic administration, imaging probes can be
locally applied by spraying, smearing, gargling or intratumoural
injection. Local administration has the benefits of shorter
administration times (a few seconds to a few hours), simpler
administration and less adverse effects compared with systemic
administration. However, local administration is mainly suitable
for superficial tumours or lesions located in cavity organs, but
not for deep tumours or distant metastatic lesions. Both targeted
and activatable imaging probes have been designed for local
administration.

Targeted local imaging probes

Poly(ADP-ribose) polymerase inhibitor (PARPi)-FL, a
fluorescently labelled inhibitor of poly(ADP-ribose) polymerase 1
(PARP1), which is a key enzyme in cancer invasion path- ways,
can be applied for the diagnosis of oral cancer’. Gargling a PARPi-
FL solution for 60 s allows the clinical detection of cancerous
tissues in the mouth with a TBR > 3 (ref. ™). PARPI-FL has also
been used for the diagnosis of oropharyngeal and oesophageal
epithelial cancers. Here, the fluorescence signal of PARPI-FL can
be correlated to the expression of PARP1 in tumour tissues™. In
addition, locally applied PARPI-FL can be imaged with a hand-held
confocal microscope to enable immediate detection of invasive
cervical carcinomas in situ at the cellular level for the assessment
of cervical cancer tissues in both preclinical and clinical
applications’®. Moreover, fluorescent heptapeptides have been
designed that specifically target both EGFR and human epidermal
growth factor 2 (ErbB2) for Barrett's neoplasia diagnosis’’. Here,
the diagnostic performance and accuracy of the dual-target
multiplex probe were quantitatively compared with single-target
(EGFRorErbB2) imaging using a support vector machine algorithm
and receiver operating characteristic curve analysis, showing
that the area under curve (AUC) reaches 0.97 for multiplex
imaging, which is more accurate than imaging EGFR (AUC =
0.95) or ErbB2 (AUC = 0.94) separately in diagnosing Barrett's
neoplasia”’. In addition, anti-CD47—FITC has been explored for in
vivo bladder cancer diagnosis, showing minimal systemic toxicity,
and EMI-137 has been tested for ex vivo oral tumour detection.
Anti-CD47-FITC and EMI-137 specifically bind to CD47 (90.5%
specificity) and c-Met (90% specificity), respectively, improving
resection efficiency’®".

Activatable local imaging probes

Glutamylprolylhydroxy methyl rhodamine green (EP-HMRG)
can undergo structural changes from a fluorescent ‘off state to an
‘on’ state within several minutes by exposure to dipeptidyl peptidase
IV (DPP-IV). The expression levels of DPP-IV are significantlyh
igherinvarioushumancancersthaninhealthytissues®, and thus
EP-HMRG has been used for in situ detection of oesophageal®
and head and neck squamous cell carcinomas®', with a high
detection accuracy of more than 90%, allowing the diagnosis
of 12 out of 17 patients with head and neck cancer®'. Following
local administration, the quenched activity-based imaging probe
GB119 is activated by cysteine cathepsin in tumour tissues, and
thus enables discrimination between malignant and healthy skin
tissue to accurately identify tumour margins and reduce the re-
excision rate, with a specificity of 89%%. Similarly, the NIR-
quenched, protease-activatable probe 6qc-NIR, in combination
with a fluorescence imaging system that has minimal optical
scattering, allows precise tumour margin evaluation, addressing
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the limitations of bread-loaf histology®’. However, locally applied,
activatable fluorescent imaging probes have mainly been used for
ex vivo specimen evaluation thus far.

Locally applied imaging probes are also being explored in
preclinical animal studies for specifically identifying malignant
lesions. For example, the tumour-activatable fluorescence probe
BMV109 can reliably detect small polyps in mice for in vivo op-
tical pathology using a 1 mm wide-field fibrescope®. Similarly,
the y-glutamyltranspeptidase (GGT)-activatable imaging probe
gGlu-HMRG can guide colon tissue biopsy. After 5 min of local
administration, cancerous lesions show higher fluorescent signals
(approximately tenfold) compared with inflammatory tissues,
indicating the potential of gGlu-HMRG for clinical biopsies®™.

Optimization of imaging probes

Increasing wavelength

Fluorescence imaging in the NIR-I (excitation at 700—900 nm)
window islimited by poortissue penetrationdepth (<1 cm)andstrong
photon scattering, which may interfere with fluorescence image-
guided surgery. Alternatively, probes emitting in the NIR-Il window
(1,000-1,700 nm), that is, short-wave infrared probes, show less
autofluorescence interference and reduced photon scattering®.
Combined with nanomaterials, NIR-II fluorophores can be made
biocompatible and designed with reasonable pharmacokinetics
(such as rapid clearance and minimal accumulation in the
reticuloendothelial system). Shortwave infrared probes are
particularly useful for non-invasive imaging of blood and lymphatic
vessels, hepatobiliary clearance, as well as fluorescence image-
guided surgical navigation in EGFR-positive breast cancer, human
HER2-amplified breast cancer and other applications®*°. For
example, ICG has been used for intraoperative NIR-II fluorescence
imaging of hepatic cancer, achieving a better tumour detection
rate (56.41%)compared withimaginginthe NIR-Iwindow (46.15%),
allowing the identification of intrahepatic metastasis, which cannot
be detected in the NIR-I window®. Importantly, short-wave infrared
probes can be imaged under ambient light conditions, because
the sensor of the imaging system is insensitive to the visible
spectrum. Thus, the lighting inside the operating room does not
need to be controlled”. NIR-II fluorescence imaging has the
potential to substantially improve imaging quality and meet the
requirements for precise surgery.

Improving tumour to background ratio

Tumour contrast in fluorescence imaging can be improved by
increasing the imaging agent dose or detector sensitivity; however,
this approach does not take into account the spatially and
temporally heterogeneous expression levels of targets in the TME.
To increase the TBR, high selectivity betweenmalignantand benign
tissues is required. For example, a multivariate ‘AND-gate’ probe
is activated by the coexistence of lysosomal cysteine cathepsins,
executioner caspases and fibroblast activation protein (FAP)
within tumours, producing a tumour-specific fluorescence signal.
This highly selective ‘AND-gate’ probe achieves high imaging
contrast for primary breast cancer and lung metastasis lesions
(<1 mmdiameter)in4T1 breasttumour-bearing mouse models, and
could thus serve as a useful tool for surgical guidance™. Similarly,
the fluorescence imaging probe Ir-Im-PEG, consisting of a
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macromolecular NIR-I poly(ethylene glycol)-conjugated iridium(lll)
complex, responds to both tumour hypoxia and acidity, allowing
intraoperative detection of primary liver tumours and metastatic
breast tumour lesions as small as 1 mm in tumour-bearing mouse
models, and reporting metabolic information (tissue acidity and
oxygen levels) with minimal background signal. Therefore, Ir-Im-
PEG may enable ultrasensitive intraoperative identification of
cancer lesions with high tumour to background contrast®'.

Implementing quantification

Fluorescence image analysis has mainly focused on qualitative
assessment thus far, which is influenced by the expression levels
of epitopes (of note, epitope expression may vary in different
tumour regions and across tumour types®), tissue conditions
(tumour grade, location, blood and lymphatic conditions canimpact
probe uptake™) and camera performance (pixel size, quantum
efficiency, noise and other technical factors affect sensitivity™).
Therefore, quantitative analysis — that is, determining the
absolute concentration of imaging probes — is required to
allow objective and accurate intraoperative decisions. Magnetic
particle imaging (MPI), which has high sensitivity and unlimited
imaging depth, enables quantitative imaging owing to the linear
correlation between the MPI signal and iron concentration. MPI
could thus serve as a complementary tool for intraoperative
fluorescence imaging®. For example, the magnetic, fluorescent
hybrid nanoparticle Fe;0,@PFODBT-COOH can specifically label
cancer cells, which can then be visualized by both fluorescence
imaging and MPI in cervical tumour-bearing mouse models,
enabling the accurate quantification of tumour cells®. Similarly, the
fluorescence and MPI dual-modality imaging probe SPIO@A-T
enables specific detection and quantitative analysis of metastatic
cancercellsinlymphnodesin4T1 breasttumour- bearing mice, and
could thus be applied for intraoperative guidance of metastatic
lymph node dissection”’.

Clinical potential

Ideally, tumour-targeted imaging probes have high binding af-
finity to cancer-specific targets, remain stable after administration,
emit fluorescence according to their actual concentration in tumours,
rapidly penetrate the tumour, have low off-target binding or no de-
tectable background signal in healthy tissue, are rapidly cleared (in
particular, non-binding imaging probes) and do not cause short-
term or long- term adverse events"**. Nanoparticle-based imaging
probes allow selective targeting, deep tumour penetration and high
retention, and theyexhibitlowtoxicity. In particular, noble metalquan-
tum clusters, which possess fixed finite atoms in an ultra-small
size, can be used for cancer imaging and drug distribution
evaluation. For example, a gold quantum cluster encapsulating
a-lactalbumin (a-LA) enables multimodal imaging, including X-ray
imaging, MRl and fluorescence imaging, fortheimage-guidedresec-
tion of breasttumoursin mice, as well as activation of antitumour im-
munity through rapid surface trans-location of calreticulin in tumour
cells and infiltration of macrophages into breast tumours®. This
imaging probe retains the imaging signal withinthe tumour, enabling
preclinicalimage-guidedsurgery®. Acyclic octapeptide emitting NIR
light (LS301) targets overexpressed phosphorylated annexin A2
(pPANXAZ2), which promotes cancer-associated post-translational
modifications in many solid tumours. LS301 specifically accumu-
lates in tumours (for example, breast cancer, fibrosarcoma, pancre-
atic adenocarcinoma), and its intratumoural distribution correlates
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Regulatory considerations

The following considerations ane key to the clinical translation of
new fluorescent imaging probes intended for preoperative and
intraoperative oncological surgery™.

Praduction methods and quality assurance. Good manufacturing
practices include the production process (for example, synthatic
materials, environmental conditions and synthetic manufacturing
steps) ™, stability assessment (for example, pH, osmolality

and sterility)™ and physicochemical, biopharmaceutical and
pharmacokinetic properties™. Complying with good manufacturing
practices isa preraguisite for the clinical translation of imaging probaes™.

Safety evaluation. Safe operation with imaging probes™ requiresin
vitro cytotoxicity evaluation, acute and long-term toxicity monitoring
(for example, blood routine, blood biochemistry analysis and
histalogical examination) in animal models, and clinical phase |

and |l trials to confirm safety profiles (for example, mass dose,
administration routes, administration frequency and biclogical
half-lives). Motably, the design of clinical trials using new fluorescent
imaging probes must meet US Food and Drug Administration

(FDA) standards and investigational new drug application
recommendations to confirm safety and patient benefits.

well with pANXA2 expression, highlighting the potential of this low
molecular weight imaging probe for targeting pANXA2- express-
ing cancer'®. In addition, antibody fragments (diabodies) and Fab
fragments specifically bind their targets, which can be exploited for
probe targeting and to achieve deeper tumour penetration and fast-
er clearance from non-targeted tissues, compared with antibodies?.
Various molecular imaging probes have shown promise in pre-
clinical studies. However, even if they fulfil all the aforementioned
requirements, safety and effectivenessin the clinicremainaconcern.
Ultimately, to enable clinical translation, fluorescence image-guided
surgery should outperform conventional white-light approaches,
with minimal risk to the patient. Extensive preclinical experiments
should establish manufacturing quality, optical properties, me-
tabolism, pharmacokinetics, acute and chronic toxicities, possible
side effects, and short-term and long-term characteristics of new
fluorescence probes**'®'. Furthermore, their production has to
meet the standards of good manufacturing practices, and adequate
characterization standards need to be established to assess their
structure, function and stability. Targeting ability, safety and phar-
macokinetics need to be evaluated in preclinical studies, providing
the basis for regulatory approval, which requires assessment of ef-
fectiveness, clinical viability and patient benefit. Small-scale clinical
phase | studies can then be performed to monitor in vivo targeting,
short-term and long-term adverse events, patient prognosis and
survival rate, followed by large-scale, multicentre clinical phase Il
and|lltrials'® (Box 1).

Effectivenass. The effectiveness of imaging probes is based on their
binding affinity to cancer targets, which can be evaluated by surface
plasmon resonance imaging, biofilm interference technology,
polarzation-modulated oblique-incidence reflectivity difference and
cell-binding tests. |n addition, cell-specific uptake and preclinical
imaging of animal madels allow evaluation of imaging probe
specificity. Effectiveness also has 1o be proven in small-scala clinical
trials™"

Approval. Clinically used imaging probes need to be formally
approved by the local institutional review board and hospital
pharmacists according to FDA and European Medicines Agency
(EMA) regulations. Prior to their application in patients, imaging
probes must be stored and recorded according to specific guidelines
(including quantity, production time, expiration date and storage
conditions)®.

Long-term monitoring. Following clinicel spprovel, the perfformance
of imaging probes (including clinical outcome and cost-effectiveness)
is continuously assassad by the Centers for Medicare & Medicaid
Services, which influences investment by industry and widespread
use of imaging probes™,

Intraoperative imaging technologies

Intraoperative fluorescent image-guided surgery also relies
on the imaging equipment'®'*, imaging processing and analysis
algorithms'® to enable high image quality, various imaging
capabilities, optimized ergonomics and intelligenthuman—machine
interaction. Fluorescence imaging systems typically contain one
or more light sources, collection and delivery optics, specialized
cameras and dedicated display devices (Fig. 3a). Furthermore,
multimodal intraoperative imaging systems can incorporate
fluorescent imaging components to improve the depth and
sensitivity of lesion detection'”"'*, for example NIR fluorescence
and MPI hybrid imaging (Fig. 3b). Surgeons interact with both the
hardware and Al software algorithms in real time during the entire
operation (Fig. 3c).

Hardware

Various types of imaging equipment have been developed to
achieve intraoperative images with high resolution and signal to
background ratio (SBR).

Single-channel and multi-channel imaging

Single-channel imaging devices are typically designed and
optimized for NIR fluorescence signals and can only provide
monochrome images; for example, the Photodynamic Eye (PDE;
Hamamatsu Photonics, Japan)'®. Although single-channelimaging
can confirm tumour location, it may temporarily halt the surgical
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procedure owing to the lack of anatomical context''’. Alternatively,

a dual-channel imaging system typically consists of a white-light
imaging channel for anatomical information and an NIR imaging
channelforvisualizingthe fluorescencesignaloftheregion ofinterest.
Through dual-image integration, often called ‘image fusion’ or
‘image overlay’, visualization isimproved for intraoperative decision-
making'". For example, dichroic beam-splitters can separate
NIR and white-light images in a video-rate imaging system'".
Alternatively, the PINPOINT system sequentially measures white-
light and NIR channels using a camera sensitive to both visible and
NIR light'™®. Furthermore, multi-channel imaging systems with
more than two channels enable multi-probe imaging, either
simultaneously or by switching between channels using a filter
wheel. For example, the FLARE imaging system providesreal-time
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three-channel imaging, including white light, 700 nm NIR and 800
nmNIR™,

Minimally invasive operation

Opensurgery allows direct visual and tactile feedback, as well
as flexible degrees of freedom; however, it requires surgeons
to make an incision before performing any surgical task'®. Open
fluorescence imaging systems can either be compact and portable,
such as the Iridium""® and Fluobeam""”, or mounted on robotic arms
with wheels, such as the Solaris'"® and FIRE system'". Portable
systems provide more flexible access to tissues with complex
geometries, such as the neck and abdominal cavity, whereas
wheel-based systems have larger surgical fields of view, longer
workingdistancesandmore complex functions.

Hand-held MPI detector
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Fig.3 Intraoperative imaging in oncological surgery. a, A near-infrared (NIR) fluorescence imaging system consists of excitation light sources (NIR and visible),
dedicated cameras and optics (NIR and colour), as well as the display unit (such as augmented reality goggles). b, Fluorescent imaging can be combined with a
hand-held magnetic particle imaging (MPI) system. The MPI detector can locate deep tissue tumours beyond a centimetre depth. When tissues above the tumour
are gradually removed, fluorescence imaging can detect the tumour with high resolution and, in combination with MPI, can provide information for intraoperative
guidance. A hand-held MPI system mainly consists of twin magnet coils, a water-cooling unit, and excitation and receiving magnet coils. The magnetic field simulation
shows the space for receiving magnetic excitation, and the corresponding space, where MPI probes can be detected. ¢, The workflow of imaging-guided surgery
includes intraoperative imaging and sampling. Assessment of the resulting images relies on artificial intelligence (Al) to quantify and identify malignant tissue to guide
decision-making (margin identification) and preserve nearby nerves. In addition, postoperative patient samples are assessed by fluorescence imaging, enabling

pathological diagnosis.
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Minimally invasive surgery results in less trauma, fewer
perioperative complications and shorter hospitalization, compared
with invasive surgery'?’. Unlike in open surgery, where fluorescence
imaging is disturbed by ambient light, minimally invasive surgery is
performedin thedark, resultinginahigherSBR'". Minimallyinvasive
fluorescence imaging devices include laparoscopic, endoscopic
and robotic systems'**'?. For example, in a pilot clinical study,
fluorescence molecular endoscopy has been applied to evaluate
VEGFA-targeted, locally advanced rectal cancer'®. Notably, such
systems typically have lower fluorescence yields, compared with
open systems, owing to safety limitations of the excitation intensity

and lightloss'®.

Cutting-edge intraoperative imaging systems

The ultra-high resolution of 4K imaging can be exploited to
improve imaging in laparoscopic choledochal cyst surgery'®.
In addition, NIR-II imaging has higher optical resolution than
NIR-I imaging, which benefits liver cancer surgery®. To improve
intraoperative visual perception and navigation for surgeons,
wearable imaging systems have been developed, such as the
fluorescence goggle system and the head-mounted display
system'”""?®. Moreover, 3D intraoperative imaging provides real-
time depth information of tissue or tumour structures'”. Such
hardware developments provide the basis for applying augmented
reality (Fig. 3a).

Multimodal intraoperative imaging devices are required to
integrate different imaging modalities. For example, a real-time
fluorescence imaging topography scanning system'° enables
optical and computer tomography imaging. Similarly, freehand
MP!I and fluorescence can be combined for surgical guidance'".
Such a multimodal device has been demonstrated in porcine
surgery, providing intraoperative 3D quantitative visualization of the
distribution of superpara-magnetic iron-oxide nanoparticles, thus
allowing magneticguidance in SLN surgery''. Here, fluorescence
imaging using ICG optimizes visualization and provides additional
confirmation of probe distribution (Fig. 3b). MPI has also been
proposed for intraoperative margin analysis in breast-conserving
surgery. Here, a hand-held magnetic particle detector is used
to identify residual tumours in the breast, and a small-calibre
MPI scanner can rapidly image tumour distribution in resected
specimens'* (Fig. 3b).

Multimodal, multiscale intraoperative fluorescence imaging
was also proposed for fresh specimen evaluation (back-table
fluorescenceguided imaging)'®’. For example, the fluorescence
imaging system SurgVision (Bracco, Milan, Italy) enables
evaluation of the circumferential resection margins status of locally
advanced rectal cancer in fresh surgical specimens, tissue slices
and tissue sections. Here, areas with high fluorescence accurately

correlate with histopathology'**.

Alinintraoperative imaging

Al is being explored for preoperative and intraoperative
multimodality imaging to improve the imaging quality in real time,
and, more importantly, to allow real-time, quantitative analysis and
interpretation of intraoperative images (Fig. 3c).

Al-based image registration and fusion

Preoperative images can be registered and fused with
intraoperative images. For example, the registration of a
preoperative 3D surgical plan with intraoperative fluorescence
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imaging enables the precise localization of intraoperative lesions
in liver surgery™. In real-time fluorescence imaging topography
scanning, preoperative computer tomography images and
intraoperative fluorescence images can be registered using a
point cloud-based alignment method'®. Such multimodal image
registration can provide both functional and structural information
for surgical guidance.

In addition to multimodal image registration, Al-based
fusion algorithms were developed for intraoperative white-light
and fluorescence images. Using an attention-based deep learning
method, multi- channel images can be fused in real time, and
the overall brightness of the overlay images is automatically
adjusted'®. An image feature- based fusion method can also
enable intraoperative augmented reality'*. Here, instead of
hardware-based spectroscopy, Al algorithms are applied for
white-light and fluorescence image fusion, which could also be
implemented in wearable devices.

Al-based image enhancement

Intraoperative fluorescence imaging quality is limited by the
hardware, ambient noise, optical scattering, weak emission signal
and many other factors. Al algorithms can address these issues,
and thus improve imaging quality. NIR-Il fluorescence imaging,
in particular, in the wavelength range of 1,500-1,700 nm (the
NIR-IIb window), has higher resolution compared with the NIR-I
window and the NIR-lla window (1,000—1,300 nm). However,
NIR-IIb imaging requires nanoprobes that have not yet been
approved for clinical applications. To generate a higher-definition
NIR-IIb image from a given NIR-lla image, a deep learning method
adopting the cycle generative adversarial network (CycleGAN)
was developed by training the network with in vivo NIR-Ila and
NIR-IIb images of mice'”. Similarly, Al algorithms can also be
applied for NIR-I image improvement using regular images and
fluorescence microscopy images as training data sets, which has
been demonstrated in intraoperative NIR-lI images acquired in
the clinic’. The imaging SBR can be improved by an optical flow
that accumulates fluorescence signals'. Real-time background
subtraction and delineation of target fluorescence from non-
target autofluorescence can be achieved using a multispectral
open-air fluorescence imaging system and a special algorithm'™.
This combination of hardware and software addresses the
limitations of weak fluorescence, autofluorescence and ambient
light, resulting in a high SBR and nanomolar imaging sensitivity.
Furthermore, a noise-suppressed multi-focus fusion method can
improve intraoperative imaging'*.

Al-based image quantification

Al can also be applied for the quantitative analysis of white-
light and NIR images (NIR-I and NIR-Il). For example, for white-
light images, Al allows the identification of ‘dangerous’ and ‘safe’
zones during dissection in cholecystectomy with a laparoscope'®.
Here, experienced surgeons were first asked to identify thesezones
in 290 surgical videos; the intersection over union of Al for identifying
dangerous and safe zones was 0.71 (£ 0.29) and 0.53 (+ 0.24),
respectively. In addition, the Al model adopting a specially designed
pyramid scene parsing network (PSPNet) could identify anatomical
landmarks, including the hepatocystic triangle, gallbladder and liver,
yielding an intersection over union of 0.65 (£ 0.22), 0.72 (£ 0.19) and
0.86 (£ 0.12), respectively. Therefore, Al has the potential to identify
important anatomic structures within the operative field and assist
surgeons in dissection.
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NIR-lintraoperativeimagingcanalsobeappliedtoimplementan
automated suturing method for robotic soft tissue surgery'*' to guide
the surgical robot in suturing and intestinal anastomosis. During
surgery, a mix of ICG, acetone and cyanoacrylate are placed in the
operative field, serving as probes for white-light images and NIR-I
images (845 + 55 nm), whicharethencollectedandanalysedtoallow
navigation. Interestingly, in ex vivo tissues and living pigs, the auto-
mated algorithm performs better than experienced surgeons with
regards to five metrics of anastomosis. Al also allows intraoperative
tissue classification of colorectal lesions, based on NIR-limages'*.
Here, colonoscopy videos, including white-light and NIR-I images,
from 24 patients (11 with cancer), who were administered ICG, were
first collected. The pathological results were then used as the gold
standard for classifying malignant, benign and healthy tissue. Atotal
of 435 lesion regions of interest could be identified from the videos of
20 selected patients. The mean accuracy of Al was 86.4% at the le-
sion level, showing the potential value of Al in intraoperative screen-
ing of colorectal cancer.

Adeep convolutional neural network model allows real-time
tissue classification of surgical samples in open surgery of glioma'®,
based on NIR-Il intraoperative images. Here, 23 patients with
glioma were injected with ICG before tumour dissection. NIR-II
images (1,000-1,700 nm) of 1,874 surgical samples from these
patients were then used for training and validation of the model. The
Al model achieved an AUC of 0.945 in discriminating cancer from
non-cancer tissue. More interestingly, Al could also predict the Ki-
67 level (a cellular marker for cell proliferation, often correlated with
cancer)andtumourgrade fromthe NIR-Ilimages. This method could
help surgeons select optimal samples for intraoperative frozen
sections.

Clinical application of image-guided
surgery

Fluorescence imaging can support surgical decision-making,
and various probes and imaging methods are applied in the clinic
and in preclinical studies to improve precision cancer surgery.

Complete cancer resection and diagnosis

Complete tumour resection is often the main goal of cancer
surgery. Fluorescence imaging can guide surgeons to remove
otherwise undetectable cancer lesions to enable complete tumour
resection.

Hepatobiliary and pancreatic cancer

Fluorescence-guided hepatic surgery'*, and, in particular,
the use of ICG, is well established in the clinic. In 2021, the
administration routes, dose, observation window and other
properties of ICG reached an international consensus for hepatic
surgery®. In addition, NIR-II fluorescence imaging is clinically
applied for the detection of hepatic cancer®, with an accuracy of
91.43%° for hepatic cancer detection. Fluorescence-guided
surgery can also be applied to detect colorectal cancer liver
metastases'*, allowing the resection of more metastatic lesions
compared with the control group (3.03 versus 2.28) and leading
to a significant reduction of the 1-year recurrence rate to 19%
(versus 47% in the control group). However, cirrhosis remains a
challenge for fluorescent hepatic imaging. Around 90% of hepatic
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cancer is estimated to concomitantly develop with cirrhosis as
comorbidity'*®'’. ICG can be trapped in cirrhotic nodules causing
false positives®®'*, similar to other nanoscale probes® '*. ‘AND-
gate’ probes can address this challenge by requiring co-activation
by multiple factors. Alternatively, cancer-specific small molecular
probes could be applied™'*’; however, hepatic cancer-specific
fluorescent probes remain limited.

Cholangiocarcinoma (bile duct cancer) has a low 5-year
survival rate (~7-20%), and treatment would greatly benefit from
precision surgery'®"'®. Although cholangiocarcinoma cells do
not take up ICG, lymphatic dissection could be achieved by
fluorescence- guided surgery’. Intraoperative ICG injection
into the liver can visualize lymph nodes for resection to allow
accurate staging and to reduce the recurrence risk'**. Similarly,
pancreatic cancer treatment would benefit from accurate lymphatic
dissection. For example, the EGFR-targeted fluorophores
panitumumab-IRDye800 and cetuximablRDye800 allow precise
resection of pancreatic tumours and associated lymphatic
metastases”'*'®*. Clinical data show that pancreatic cancer can
be specifically identified by these fluorophores, with a sensitivity
of 90.3% and a specificity of 74.5%. The sensitivity of lymphatic
metastasis imaging is lower (67.2%)", owing to the low perfusion
efficiency of the probe in lymphatic flow. The probe SGM-101
targeting CEA (highly expressed in multiple types of cancer) can
also guide pancreatic surgery for precise resections in the clinic
(NCT02973672)".

Thoracic cancer

Pulmonary cancer surgery necessitates high precision to
preserve pulmonary function'”'*°. Pulmonary nodules can be
fluorescentlyimaged by injecting 1.0 mg kg™ ICG (24 h prior surgery)
through the peripheral vein'®'®". A study involving 36 patients
showed that ICG fluorescence can localize 9 lesions that were
undetectable by preoperative imaging'®. In patients receiving an
intraoperative peripheral venous injection of ICG (~0.2-0.6 mgkg™),
lesions were indicated by ‘negative staining’ (weak fluorescence
in lesion areas, and strong fluorescence in surrounding healthy
tissues)'®>'®_ Alternatively, ICG can be inhaled to visualize
pulmonary lesions'®. Nebulized inhalation of ICG(0.25mgkg")can
guidesurgeonstolocalize smallground-glass opacity in patients with
lung cancer, with a high negative fluorescence contrast, because
nebulized ICG fills healthy pulmonary alveoli but not pulmonary
lesions (probe filling defect)’.

Molecularly targeted probes have also been explored for
pulmonary cancer surgery. For example, the FDA approved the
FRatargeted OTL38 for clinical use in September 2021, following
its first clinical application in 2017 (ref."®®). OTL38 showed a
sensitivity of 95.6% for pulmonary cancer detection in a study
involving 50 patients (NCT02872701)"". In this trial, OTL38-based
intraoperative imaging also improved surgical outcomes (such
as finding additional pulmonary nodules unknown preoperatively,
locating lesions that surgeons could not find and revealing positive
margins that surgeons thought were negative) for 26% of 110
patients with puimonary cancer'®.

Oesophageal cancer surgery also benefits from fluorescence
imaging. A clinical trial (NCT04173676) with 84 patients
demonstratedthe feasibility of ICG fluorescenceimagingtovisualize
lymph node drainage and guide tumour resection'®. In addition,
early-stage oesophageal cancer can be diagnosed by a dual-target
visualization method”’. By imaging the spatial expression of both
EGFR and ErbB2, a sensitivity of 92% and a specificity of 89% were
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Fig.4 Intraoperative fluorescence imaging of cancer tissue and nerves. a, Preoperative axial T1-weighted magnetic resonance imaging (MRI) detects a left
temporal and parietal glioblastoma. b—d, The glioblastoma-specific dual- modal probe 68Ga-IRDye800CW-BBN precisely visualizes the tumour margin in positron
emission spectroscopy (PET) (panel b), and fluorescence imaging can guide tumour resection (panels ¢ and d). e, The Onconano Medicine (ONM)-100 nanoprobe
can precisely guide the resection of a squamous cell carcinoma in the tongue. f, The ex vivo fluorescence image of the resected specimen can guide the pathological
examination. Molecular pathology assessment is thus intraoperatively achievable. g,h, Fluorescence imaging of thoracic sympathetic ganglions (panel g) and pelvic
obturator and hypogastric nerves (panel h) can reduce iatrogenic injuries. Panels a—d reproduced with permission from ref. 72, lvyspring International Publisher. Panels
e,f adapted form ref. 51, Springer Nature Limited. Panel h adapted form ref. 190, Springer Nature Limited. Panel g image courtesy of Dr. Jian Zhou.

achieved in the detection of oesophageal cancer (NCT03589443).

Gastrointestinal cancer

Lymphadenectomy is required in gastric and colorectal cancer
treatment, because lymph node resection can benefit prognosis.
Injecting non-targeted probes (for example, ICG, MB and fluo-
rescein) into the mucosa or serosa can visualize lymph nodes
to aid in lymphadenectomy under fluorescence observation. In
a double-armed randomized clinical trial with 266 patients, ICG
NIR imaging was investigated for guiding laparoscopic D2 lymph-
adenectomy'’. The results demonstrated that 50.5 + 15.9 nodes
could be retrieved using fluorescence imaging, whereas 42.0 + 10.3
nodes were found by visualinspection. Although thisapproachhasa
sensitivity of 86.8%, the diagnostic value of fluorescence imaging for
the detection of metastaticlymph nodes remains limited owing to the
low specificity of 29.5%'"*""". Thisrandomizedtrial demonstrated the
valueofroutine fluorescence imaging-guided lymphadenectomy for
gastric cancer; however, gastric cancer-specific probes remain lim-

ited. HER2, VEGF and PDL1 may be feasible targets; however, the
heterogeneity of gastric cancer needs to be considered. In addition,
small-molecule probes may be suitable for lymphaticimaging.

Molecularly targeted fluorescence imaging has been used for
precision colorectal cancer surgery since 2015 (ref. '’). In addition,
fluorescence imaging-guided cytoreductive surgery of colorectal
cancer peritoneal metastases is being investigated in clinical trials.
For example, the probe SGM-101 can visualize CEA distribution
and guide resection of colorectal cancer, including metastases
(NCT02973672)**'"*. Moreover, ICG can be applied for colorectal
lymphatic mapping (UMIN000038982)"*"® enabling the
localization of lymph nodes with high precision. Alternatively,
targeted probes, such as SMG-101, could be explored.

Breast and gynaecologic cancer

Non-targeted probes, including ICG and MB, have long been
applied in breast cancer surgery, albeit initially not for real-time
fluorescence imaging. Fluorescence imaging has high sensitivity

34

Nat Rev Bioeng. 2023. 1(3): 161-179

to detect breast cancer margins and SLNs*'**"** in particular, if

ICG and MB are simultaneously applied'”®. The combined spectral
information can provide 88% precision in the detection of SLNs
(NCT03619967)'"®. However, the lesion detection rate of these non-
targeted probes may be reduced by preoperative chemotherapy'”’.
Alternatively, molecularly targeted probes, such as Bevacizumab-
IRDye800CW (targeting VEGF), may be more suitable'”®.

Fluorescentimaging with ICG also allows lymph node mapping
in cervical cancer, with a detection rate of 96%, compared with 46%
of isosulfan blue staining'”®. OTL38, which is targeting FRa, has
also been explored for ovarian cancer imaging'®, revealing 29%
more occult malignant lesions, compared with non-image-guided
surgery (NCT02317705).

Othercancers

Glioma is one of the most malignant cancers, and therefore var-
ious probes and imagingmethods are beingexplored forglioma re-
section. In particular, orally administered 5-ALA (20 mg kg™"'-m?) spe-
cificallyaccumulates in glioma, allowing the guidance of microscopic
surgery by fluorescence imaging in the clinic (clinical trial reference
number in Joint Chinese University of Hong Kong: 2017-314)"".
Intravenously injected ICG also accumulates in glioma lesions,
enabling 100% detection of glioblastoma by NIR-Il imaging, and
extending overall survival by 3.5 months (ChiCTR2000029402)"%’.
By integrating deep convolutional neural networks, non-targeted
ICGfluorescence images can further reveal pathological informa-
tion (for example, Ki-67 expression)'*. Multimodal molecularly tar-
geted imaging further improves glioma resection; for example, the
positron emission tomography (PET)—fluorescence probe *Ga-
IRDye800CW-BBN (targeting the GRPR)" achieves a sensitivity of
93.9% and a specificity of 100% for 42 foci (Fig. 4a—d).

Various probes have been explored for head and neck
cancer. For example, anti-EGFR-antibody—-IRDye800CW
conjugations®**'®"% can be applied to image tumour margins
and lymphatic metastases, and for ex vivo specimen analysis
(NCT01987375 and NCT02415881). Oral, oropharyngeal and
oesophageal epithelial cancers can be targeted by gargling of
probes to image tumour margins with more than 95% sensitivity
and specificity (NCT03085147)°. Alternatively, the pH-activatable
probe ONM-100 (ref. *') can be intravenously administered. Once
it reaches the acidic TME, the probe becomes fluorescent (Fig.
4e,f), allowing the detection of occult lesions (EudraCT 2017-
003543-38).

Fluorescence imaging has also been applied for urinary can-
cer'®'® Forexample,|ICG-basedNIR-lIfluorescenceimagingallows
the identification of tumour margins in nephron-sparing surgery'®.
Here, thelesionneeding removal had cysticrenal masses, whichare
ischaemic compared with the surrounding healthy tissue. Therefore,
a NIR-II negative fluorescence strategy with a high contrast ratio
(>4.8) was employed to delineate the surgical margin. To improve
the resection rate of bladder cancer, the IRDye800-conjugated
probe PLSWT7-DMI targeting overexpressed CD44v6 (ref. '®) can
be peritumourally administered. The probe accumulates in bladder
lesions, allowing the identification of small satellite lesions in benign
suspicious tissues, with more than 91.2% sensitivity and 90%
specificity (ChiCTR-DDD-17012616).

Reducing iatrogenic injury

Many postoperative complications are related to iatrogenic
injury. Fluorescence imaging can be applied to reduce the damaging
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ofhealthy tissues during surgery.

Image-guided nerve preservation

Nerve damage may severely affect surgical outcomes
Nerves can be intraoperatively imaged using fluorescent probes;
for example, intravenous injection of ICG (5 mg kg™") allows
visualization of thoracic sympathetic ganglions and pelvic
nerves'®. Using this approach, obturator, genitofemoral and
hypogastric nerves could be safely and effectively detected at arate
of 100%, 93.7% and 81%, respectively, in patients with cervical
cancer during radical hysterectomy'®”'*' (Fig. 4g,h), improving
clinical outcomes. However, the mechanism of ICG uptake by
nerves is not yet fully understood but should be identified to allow
the development of nerve-specific fluorescent probes.

187,188

Preventing complications

latrogenic injury to healthy tissues, such as the common bile
ducts, may result in severe complications, such as biliary fistula
and chylothorax. Fluorescence visualization of healthy tissues by
intraoperative injection of probes (‘fluorescent stain’) can prevent
complications, forexample, during colorectalanastomosis.

In hepatic surgery, biliary injury can be prevented by
fluorescent imaging using intraoperatively injected ICG to
visualize the biliary duct, even in patients with dense adhesions
around the hepatoduodenal ligament'”’, as demonstrated in
clinical trials (NCT04942665 and NCT04946591). Similarly, the
thoracic duct can be preserved in fluorescent imaging-guided
thoracic surgery using ICG injected into the bilateral inguinal
region'®. High-sensitivity fluorescent imaging can also make
fistula easily detectable, for example, to prevent postoperative
chylothorax. Similarly, anastomotic leaks in colorectal surgery
can be detected by fluorescent imaging. Here, accumulation
of intraoperatively injected probes reflect the blood supply in
anastomotic structures'”'**. Ischaemic structures, which are
typically related to a high risk of an anastomotic leak, present weak
fluorescence'”. In addition, fluorescent imaging is being explored
in many other surgical procedures that require high precision,
including cephalic and eye-sparing surgeries'*>"*.

Outlook

Since ICG was approved by the FDA for medical practice in
the 1950s (ref. '), fluorescence imaging-guided cancer surgery
has been greatly improved, and various fluorescence imaging
technologies and probes have been developed®®'*"%*"® However,
the development of specific tumour-targeted probes lags behind
clinical demand, with only a few being investigated in phase 0
and | clinical trials (Fig. 1). Large-sample clinical trials would be
required to demonstrate patient benefits, that is, significantly
improved, recurrence-free survival.

Importantly, standards need to be established for the imaging
hardware systems and imaging performance interpretation.
Without standardization, each new fluorescent probe needs to be
tested with a specific imaging system in phase Il and Ill clinical
trials to achieve regulatory approval. National or international
standardization would allow the use of standardized imaging
systems for new probes, making clinical trial data comparable" ',
and reducing costs and time. To achieve standardization, high-
fidelity fluorescence imaging (HiFFI) could be applied, that is,
the accurate representation of fluorescent probe biodistribution
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in tissues, independent of a particular imaging system and tissue
conditions'”’. The implementation of HiFFI requires calibration and
assessment of the different parameters affecting fluorescence
imaging performance.

In addition, interdisciplinary teams are required at the early

stage of probe development and translation. Many new complex
fluorescent probes with tumour-targeting ability are designed at
the preclinical stage. However, these probes often have biosafety
concerns, lack of stability, cannot be produced at a large scale and/

or

do not meet clinical demand, making their clinical translation

limited. Therefore, a multidisciplinary team, including biologists,
chemists, engineers, pharmacists and clinicians, should be involved

fromthe early stages of probe design

1,2,4,106

Finally, the development of intraoperative fluorescence

imaging technologies should be accelerated to enable the clinical

tra

nslation of new probes. For example, highly sensitive optical

sensors in NIR cameras can detect signals from nanomolar

concentrations of fluorescence probes

2! Further improvement

of optical sensors, in combination with Al algorithms, may enable
picomolar sensitivity, which will substantially reduce the required
administrationdose of probes. Fluorescence and MPI multimodality
intraoperative imaging may address the limitation of imaging
depth'”"**, and Al methods may allow intraoperative quantification
and interpretation. These technologies will contribute to the
standardization of fluorescence imaging-guided surgery, ultimately
lowering the barrier for the clinical translation of new probes.
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Abstract

Objective: This translational study aims to investigate the clinical benefits of indocyanine
green (ICG) based near-infrared window Il (NIR-Il) fluorescence image-guided surgery (FGS)
on high-grade glioma (HGG) patients.

Methods: Patients were randomly assigned to receive FGS or traditional white light image-
guided surgery (WLS). The detection rate of NIR-Il fluorescence was observed. Complete
resection rate, progression-free survival (PFS), overall survival (OS), and neurological status
were compared. Tissue samples were obtained from the FGS group, with the diagnosis
based on the surgeons and the fluorescence recorded for comparison of diagnostic capability.
Patients with WHO grade Il gliomas or glioblastomas (GBM) were analyzed separately.

Results: 15 GBM and 4 WHO grade Il glioma patients in the FGS group and 18 GBM and
4 WHO grade lll glioma patients in the WLS group were enrolled. The detection rate of NIR-
Il fluorescence was 100% for GBM. The complete resection rate was significantly increased
by the FGS for GBM (FGS, 100% [95% CI 73.41-100] vs. WLS, 50% [95% CI 29.03-70.97], P
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= 0.0036). The PFS and OS of the FGS group were also significantly prolonged (Median PFS:
FGS, 9.0 months vs. WLS, 7.0 months, P < 0.0001; Median OS: FGS, 19.0 months vs. WLS,

15.5 months, P = 0.0002). No recurrence was observed in WHO grade Ill glioma patients.

Conclusions: NIR-Il FGS achieves a much better complete resection rate of GBM than
conventional WLS, leading to greatly improved survival of GBM patients.

Significance: NIR-Il FGS is a highly promising technique worthy of exploring more clinical

applications.

Index Terms:

Near-infrared window Il, Fluorescence image-guided surgery, Glioblastoma, Indocyanine green.
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Introduction

Glioblastoma (GBM) occurs as the most common primary
tumor in the central nervous system'. The 5-year overall survival
rate of GBM patients is only ~5%” °. Maximal safe resection is
recommended as a beneficial approach to improve the overall
survival (OS) and the progression-free survival (PFS), benefiting
the life quality of patients”®, which is strongly recommended for
surgical decision by the European Society for Medical Oncology
(ESMO) and National Comprehensive Cancer Network (NCCN)
guideline of the central nervous system. However, maximal safe
resection of GBM is hardly achieved because the GBM often in-
filtrates into the eloquent area. Besides, distinguishing the tumor
from the non-tumor tissue in the resection margin even in the
non-eloquent area is also difficult’.

Several techniques including intraoperative ultrasound
(iUS), intraoperative magnetic resonance imaging (iMRI), and
neuro-navigation have been applied to assist neurosurgeons to

achieve improved GBM resection during surgery®. Preoperative
magnetic resonance imaging (MRI) based neuro-navigation can
be affected by brain shift and deformation, reducing the accuracy
of locating the tumor after craniotomy’. The iUS suffers limited
resolution and is susceptible to interference from edema and
bleeding during the resection, leading to poor judgment of the
residual tumor. The iIMRI is the only technique that improves the
overall survival of glioma patients, but limitations such as inconve-
nience, time-consuming operation, and high cost restrict its’ appli-
cation in neurosurgery°.

Therefore, a novel real-time imaging technique for precise
intraoperative image-guided neurosurgery is urgently needed'" .
This demand has inspired the investigation of fluorescence im-
age-guided surgery (FGS) techniques. For example, dyes emit-
ting fluorescence in the visible wavelength (400-700 nm) such as
5-aminolevulinic acid (5-ALA) induced protoporphyrin IX (PplX,
Aex = 407 nm, Aem = 620 nm) and fluorescein sodium (FS, Aex
=494 nm, Aem = 512 nm) have been studied for real-time FGS,
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and they have improved the extent of resection (EOR) and PFS
of high-grade glioma patients, including patients with GBM "7*°.
In 2006, a randomized controlled clinical trial demonstrated that
5-ALA based FGS has resulted in 65% of patients achieving
complete resection of the tumor, while 36% of patients achieved
complete resection in the white-light group'’. 5-ALA based fluo-
rescence imaging also has achieved a rather high positive-predic-
tive value (PPV) in tumor detection, facilitating 5-ALA based FGS
to be reliable to visualize the tumor®'. As for FS, studies have
proved that intraoperative bolus injection leads to its accumulation
in areas with blood-brain barrier damage™. In a study of FS based
FGS of high-grade gliomas implemented in 2018, 82.61% of the
46 patients involved achieved complete resection®. FS also has a
higher sensitivity in identifying tumor tissues compared to 5-ALA".
However, the visible-light fluorescence has limitations such as
poor tissue penetration and auto-fluorescence, which may de-
crease the contrast between the tumor and surrounding non-tu-
mor tissue. Therefore, the near-infrared window | (NIR-I, 700-
900 nm) fluorescence imaging has been investigated in gliomas
resection surgery with FDA approved indocyanine green (ICG,
Aex = 760 nm, Aem = 830 nm). Previous clinical studies have
demonstrated that ICG passes the disrupted blood-brain barrier
and accumulates in GBM?™, rendering it a promising optical probe
for intraoperative imaging of GBM. Moreover, ICG injected at a
higher dose and 24 hours ahead of imaging can achieve even
higher sensitivity and negative-predictive value (NPV), which en-
ables surgeons to find more residual tumors™.

Recently, near-infrared window Il (NIR-Il, 1,000-1,700 nm)
fluorescence imaging has been demonstrated to possess sig-
nificant advantages in biological imaging compared with the
conventional NIR-I fluorescence imaging in recent studies.
Low autofluorescence of tissue in the NIR-Il spectrum enables
accurate in vivo detection of the fluorophore. Furthermore,
the low tissue absorption and scattering property of NIR-II
light provide a high contrast image of deeper tissue compared
with fluorescence imaging in NIR-I and visible spectrum. The
outstanding optical imaging properties of NIR-II fluorescence
have led to outstanding performance of NIR-Il imaging in broad
of preclinical applications™ *°. Although numerous studies confirm
that NIR-II out-performs NIR-I fluorescence imaging in pre-clinical
studies using small animal models, research on the clinical ap-
plication of NIR-Il imaging is rare and in infancy, which is mainly
attributed to the lack of clinical approved imaging instruments and
molecular probes. More importantly, until now there is no report
to investigate the clinical impact and treatment efficacy of NIR-
Il image-guided surgery. In recent years, ICG was reported to
have fluorescence in the NIR-II region in addition to the emission
peak in the NIR-I region. This facilitated a fast clinical translation
of NIR-II fluorescence imaging®™. The first clinical application of
NIR-II fluorescence imaging was reported using ICG in a group
of hepatocellular carcinoma patients and proved a better imaging
performance of NIR-Il compared with NIR-I*°.

Herein, we have developed and characterized a novel mul-
tispectral imaging system (visible/NIR-I/NIR-II) suitable for intra-
operative brain tumor imaging. Then a randomized control clinical
trial has been conducted to evaluate medical value and treatment
efficacy of NIR-Il image-guided surgery. More specifically, GBM
patients were randomly assigned as FGS group or white light
image-guided surgery (WLS) group. The outcome of the sur-
gery such as detection rate, complete resection rate, PFS, OS,
and neurological function of GBM patients have been analyzed.
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The medical value and benefits of NIR-Il FGS have been clearly
demonstrated by comparison with conventional surgery under
white light which is the current standard clinical practice.

Materials and Methods

A. Construction of Intraoperative Brain Tumor
Multispectral Imaging System

To perform NIR-Il FGS of gliomas, a novel multispectral
imaging system was developed, which can acquire color (400-
700 nm), NIR-I (700-900 nm), and NIR-Il (1,000-1,700 nm)
images intraoperatively. The imaging system was composed of an
imaging sub-system and a controlling sub-system. The imaging
sub-system was used to achieve the color image and NIR-II/
| fluorescence images, which consisted of a laser generation
unit, a visible light imaging unit, a NIR-l imaging unit, and a NIR-
Il imaging unit. The NIR-II imaging unit contained a camera
(NIRvana: 640, Teledyne Princeton Instruments, USA) using
InGaAs imaging chip, a lens specially designed for shortwave-
wavelength infrared imaging with a high performance (SWIRON
2.8/50, Schneider Kreuznach, Germany), and a long-pass filter
(over 1000 nm, FEL1000 Longpass Filter, Thorlabs, USA). The
NIR-I imaging unit included an electron-multiplying charge-
coupled device (EMCCD, ProEM-HS: 1024BX3, Teledyne
Princeton Instruments, USA), a lens (VHF 35M-MP SWIR,
Spacecom, Japan), and a spectral filter (over 850 nm, FEL0850
Longpass Filter, Thorlabs, USA). A mobile phone (Huawei Enjoy
9, Huawei, China) was connected with the controlling unit to
serve as the visible light imaging unit. The laser generation unit
is composed of an 808 nm laser, a liquid-core optical fiber, and
a collimator. The collimator converted the concentrated light
beam into a dispersed and homogenize light spot. The power of
the laser was set to be 50 mW/cm?. The controlling sub-system
which included a laser distance measurement unit, a controlling
handle, and a computer was set to control the imaging subsystem
to rotate so that images of every side of the tumor cavity were
acquired.

A specialized program was realized using MATLAB
(MATLAB R2018b, The MathWorks Inc., USA) to convert the
fluorescence image from a grayscale image to a pseudocolor
image. A threshold was assigned intraoperatively to indicate the
signal intensity of tumors. Pixels with signal intensity below the
threshold were displayed with no pseudo color to indicate normal
tissue, while pixels with signal intensity above the threshold were
assigned a color from the gradient region of yellow and blue
to indicate tumor tissue. The color of pixels with higher signal
intensity was closer to yellow, while the color of pixels with signal
intensity closer to the threshold was closer to blue.

The multispectral imaging system was 160 cm in the length,
and 60 cm in the width. The height of the imaging system was
adjustable, ranging from 140 to 190 cm. This guaranteed the
changeable imaging distance.

B. Patients’ Characteristics

Patients matching the following criteria were enrolled: (1)
patients aged 18-75 years with suspected newly diagnosed,
untreated gliomas, who were eligible for surgical resection;
(2) patients with KPS over 70; (3) patients with only one solid
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Fig.1 Clinical trial profile. The patient enroliment process (a), and the
schematic diagram of the trial (b), were displayed above.

contrast-enhanced lesion on MRI before randomization, which is
not located in the midline, basal ganglia, cerebellum, or brain stem
of the brain; (4) patients with normal heart, bone marrow, liver,
and kidney function, which are determined by laboratory tests
before surgery (ie. hemoglobin >110g/L, platelet count >100x10°,
total bilirubin level < 1.5 x upper limit of normal (ULN), alanine
aminotransferase/glutagory aminotransferase < 2.5 x ULN;
creatinine < 1.5 x ULN); (5) patients who are compatible with
follow-up; (6) women of child-bearing age receiving a pregnancy
test within 7 days before initiation of treatment with negative
results; (7) male and female patients with fertility agreeing to use
effective contraceptive measures to ensure no pregnancy during
the study period and within 3 months after discontinuation of
treatment; (8) patients volunteered to sign the informed consent
form; (9) patients have complete medical records for analysis.
Exclusion criteria were as follows: (1) patients who are unable to
sign the informed consent form; (2) patients with gliomas that are
not suitable for resection; (3) patients allergic to ICG; (4) patients
with any unstable systemic disease (including active infections,
uncontrolled hypertension, unstable angina, angina pectoris
within the last 3 months, congestive heart failure, occurred within
12 months of enrollment myocardial infarction, severe arrhythmia
requiring medication, liver, kidney or metabolic disease); (5)
patients who are infected with human immunodeficiency virus

Published online: 24 November 2021

(HIV) or with active hepatitis; (6) patients who have participated in
other clinical trials within the past 30 days; (7) patients with mental
illness, cognitive impairment, who are unable to understand
the experimental scheme and side effects and to complete the
experimental arrangements and follow-up. The patients enrolled
were randomly allocated to the FGS group or the WLS group.

Assuming that the complete resection rate of the FGS group
and WLS group are 85% and 40% respectively, the sample
size of each group was required to be 15 (a = 0.05, two-sided
type, and power (1 — B) of 80%. Sample size ratio is 1:1). With a
maximum of 30% incomplete follow-up or dropout expected, 20
patients were planned to be involved in each of the groups.

The protocol was authorized by the Ethics Committee
of Beijing Tiantan Hospital, Capital Medical University. The
clinical trial was registered in the Chinese Clinical Trial Registry
(ChiCTR2000029402). From March 22 to August 23, 2019, 40
GBM patients were enrolled. All patients were given informed
consent for their agreements. Patients were randomly allocated to
the FGS group (n = 20) and the WLS group (n = 20). In the FGS
group, 5 patients were excluded for withdrawing consent before
surgery (n = 2), not meeting histopathological criteria after surgery
(n = 1), and not receiving standard treatment (n = 2). In the WLS
group, 2 patients were excluded for missing radiological data of
postoperative MRI (n = 1) and not meeting the histopathological
criteria after surgery (n = 1). In the end, 15 patients in the FGS
group and 18 in the WLS group met the inclusion criteria of this
trial (Fig. 1(a)). All the patients in both of the groups received
Stupp standard treatment after surgery.

Eight patients with WHO grade Il patients were also enrolled
and analyzed separately.

C. Study Design

Patients all went through MRI examination before surgery.
For the patients assigned to the FGS group, ICG (1mg/kg) was
injected intravenously 48 hours before intraoperative fluorescence
imaging. NIR-Il/I fluorescence images of tumor was acquired in-
traoperatively and the NIR-II fluorescence images were shown to
the surgeons to guide the tumor resection under the microscope.
Tissue samples were obtained for ex vivo fluorescence imaging
and histopathological analysis. For the patients in the WLS
group, placebo was not employed. And the tumor was resected
under the microscope in a conventional manner. The grade of
each patient in both of the group was determined by pathological
analysis of tumor tissue sample after surgery (Fig. 1(b)).

D. Intraoperative NIR-Il/l Fluorescence Imaging
of GBM and Surgery Under the Guidance of NIR-
Il Fluorescence Images

The intraoperative brain tumor imaging system was sterilely
draped before utilization in the operating room. At the beginning
of the surgery, the neuro-navigation based on preoperative MRI
was applied only for determining the position of the incision. Upon
opening of the dura and the exposure of the cortex, the imaging
system was positioned near the operation bed and the working
distance was adjusted to 50 cm. Color images were acquired
under the light in the operating room. Then the light was turned
off and NIR-II/I fluorescence images were acquired with the
exposure time ranging from 500 to 2000 ms. The presence or
absence of NIR-II/I fluorescence was recorded for each patient.
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The detection rate of the fluorescence was calculated as follows:
detection rate = number of patients with tumor fluorescence/
number of patients involved in the FGS group. For patients with
the fluorescence of tumors, the resection extent was displayed by
the NIR-II fluorescence images. The gross tumor was removed
by the surgeons under the microscope referring to the NIR-II
fluorescence images. After the surgeon was satisfied with the
resection, color images and NIR-Il/I fluorescence images were
acquired again to prompt whether the tumor tissue was left.
Tissue with residual NIR-II fluorescence signal was removed with
the consideration of the neurological function reservation.

E. Ex Vivo NIR-Il/l Fluorescence Imaging of
Tissue Samples

Tissue samples with a side length of about 1 cm were
obtained from the gross tumor and the tissues with residual NIR-
Il fluorescence. Color and NIR-Il/I fluorescence images of the
samples set on black cardboard were obtained using our imaging
system in the operating room.

F. Diagnosis of Tissue Samples Based on the
Fluorescence Images and Surgeons in the
Operating Room

The samples were coded whether they were tumor tissue
or normal tissue by three surgeons who were blind to the
fluorescence images while still in the operating room. In the
meantime, the existence or absence of NIR-Il/I fluorescence in
the fluorescence images of each sample was coded by another
surgeon, with the existence of fluorescence marked as tumor
and absence of fluorescence as non-tumor tissue. The diagnosis
based on the surgeons and fluorescence was then compared with
the histopathological diagnosis of the samples obtained after the
surgery, which served as the gold standard.

G. Endpoints

The primary endpoint was the proportion of patients without
residual tumors measured on post-operative MRI. The secondary
endpoints were the PFS 6 months and neurological function 3
months after surgery.

To evaluate the proportion of patients without residual tumor,
the complete resection rate was introduced and calculated as fol-
lows: complete resection rate = the number of patients with com-
plete resection of tumor / the number of patients in each group.
Complete resection was defined as enhancement on T1-en-
hanced MRI with a volume of less than 0.175 cm? measured from
the postoperative MRI obtained within 72 hours after the surgery.

The patients were followed up every 3 months to assess
disease progression. Progression was defined according to the
Response Assessment in Neuro-Oncology (RANO) criteria. PFS
at 3, 6, 9, and 12 months were calculated as the proportion of
patients without progression at a certain time. For example, PFS
at 6 months after surgery (6m-PFS) = number of patients that
don’t have progress at 6 months after surgery/number of patients
involved. When comparing the PFS, the impact of age, sex, neu-
rological function, EOR, IDH, 1p19q, and MGMT promoter meth-
ylation was eliminated through calibration.

To analyze the neurological function, patients were divided
into three groups according to the level of GBM infiltration to the
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eloquent area. Tumors located in non-eloquent areas were de-
fined as eloquent grade |. Eloquent grade Il tumors included the
tumors located near eloquent brain areas. Eloquent grade Il tu-
mors referred to those involving the eloquent brain areas. As the
indexes of neurological function, general physical performance
and neurologic status were evaluated by KPS and the NIHSS re-
spectively. Preoperative (pre-op) evaluation was performed within
7 days before surgery, and postoperative (post-op) evaluation
was completed within 72 hours after surgery (imm. post-op) and 3
months after surgery (3m. post-op).

H. Pre- and Post-Operative MRI

The preoperative MRI was performed within 7 days before
surgery and postoperative MRI within 72 hours and every 3
months after surgery with Dimeglumine Gadopentetate Injection
(0.1 mmol/kg, Beijing Beilu Pharmaceutical Co., Ltd., China)
injected intravenously. All the MRI was performed using a 3.0T
General Electric clinical scanner (Discovery MR750, General
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Fig.2 The description of the multispectral fluorescence imaging system. (a),
The schematic diagram of the multispectral fluorescence imaging instrument. (b),
and (c), the instrument (pointed out by the red arrow) placed in the operating
room and used in NIR-II fluorescence image-guided surgery. (d), NIR-1l/I
fluorescence images of ICG dissolved in FBS of different concentrations. (e), the
correlation function between the fluorescence intensity and the concentrations
were Y = 0.26 x X + 0.18 for NIR-Il and Y = 0.87 x X - 0.40 for NIR-I. (f), NIR-
Il fluorescence imaging has a significantly higher SBR than NIR-I. The minimum
concentration of ICG in FBS that can be detected by the instrument was 64.5 fM
(5 x 10-11mg/ml) for NIR-Il and 3.22 fM (2.5 x 10-12mg/ml) for NIR-I.
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Electric Company, USA) and each slice was 6 mm thick.
Contrast-enhanced T1-weighted (T1W) sequences were used for
volumetric analysis.

I. Histopathologic and Molecular Analysis

The histopathological grade of all the tissue samples was
classified by three neuropathologists who were masked to the
study based on the 2016 World Health Organization (WHO)
Classification of Tumors of the Central Nervous System.

To evaluate the Ki-67 index of samples, immunohistochemistry
staining was performed to the sample. Slices of tissue microarray
sections were scanned using a digital whole slide scanner at 400x
magnification (Aperio AT2, Leica, Germany). The expression of
Ki-67 were analyzed using the Aperio ImageScope (12.3.0.5056,
Leica, Germany). For each tissue section, counting of Ki-67
immunoreactive cells and nonreactive cells were performed on
the whole section. The Ki-67 index = the number of Ki-67 positive
cells / (the number of Ki-67 positive cells + the number of Ki-67
negative cells).

Molecular detection of IDH status, 1p19q codeletion,
and MGMT promoter methylation were recorded according to
Electronic Medical Record.

J. Image Analysis

The tumor volumes were calculated using MRIcron software
(www.nitrc.org). The tumor was manually segmented on each
slice of MR, with the volume on each slice calculated by the soft-
ware. The total tumor volume was the accumulation of volume on
each slice. All tumor volumes were evaluated by three neuro-ra-
diologists who were blinded to the patients’ clinical information.
The EOR = (preoperative tumor volume — postoperative tumor
volume) / preoperative tumor volume x100%.

The region of interest analysis using ImageJ (National In-
stitute of Health, USA) was applied to quantitatively measure
the NIR-II/I fluorescence intensity. The tumor-to-normal tissue
ratio (TNR) of the in vivo fluorescence images and the signal-to-
background ratio (SBR) of the ex vivo fluorescence images were
calculated as follow: TNR = mean signal intensity of the tumor
region / mean signal intensity of the normal tissue region; SBR =
mean signal intensity of the tumor sample region / mean signal
intensity of the blackboard region.

K. Statistical Analysis

The quantitative data included the TNR of intraoperative NIR-
I/l fluorescence images and the SBR of fluorescence images of
the tumor tissues and non-tumor tissues. Quantitative data were
presented as mean * s.d.. A two-sided Mann-Whitney U-test was
employed for data comparisons between two groups. To evaluate
the difference among the pre- and post-operative (imm. and
3m. post-op) NIHSS and KPS, Kruskal-Wallis tests, and Dunn’s
multiple comparisons were applied. Spearman’s correlation
analysis and Pearson’s correlation analysis were applied to
evaluate the correlations between the SBR and the WHO grade
as well as the Ki-67 index of the samples respectively. Clinical
characteristics, including sensitivity, specificity, NPV, PPV, and
accuracy between two groups (NIR-II and surgeon; NIR-Il and
NIR-l), were compared using the Chi-square test and Fisher exact
test. The log-rank test was performed to assess PFS based on
prognostic factors between the two groups.
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Results

A. The Intraoperative Brain Tumor Multispectral
Imaging System

To perform NIR-Il FGS for patients with gliomas, an
intraoperative brain tumor multispectral imaging system was
first constructed, which was capable of NIR-I, NIR-Il, and color
imaging, and was composed of two sub-systems for imaging
and controlling (Fig. 2(a)). The key parameters of the system
were determined and are listed in Table I. The system can be
easily placed in the neurosurgical operating room (Fig. 2(b)) and
conveniently used by neurosurgeons. For the FGS group, the
neurosurgeons depended on the NIR-II fluorescence images to
guide the resection (Fig. 2(c)).

B. Verification of the NIR-Il/l Imaging System
and Tumor Resection Method Under the
Guidance of NIR-Il Images Using Phantoms and
Tumor-Bearing Mice

The imaging system was first verified by the phantom study.
The NIR-II/I fluorescence intensity acquired by the system had

Table 1 Key Parameters for the Intraoperative
Brain Tumor Multispectral Imaging System
Constructed

Instrument featwres Paramciers
I|11:ti.__'i|'.E chanmels NIE=I11, MIE=]
MIRvana: 640, Teledyne Princeton
’ Instrurments (MIR-11)
Device type o e

ProEM-HS: 1024BX3, Teledyne Princeton
Instruments (MIR-T)

Chip image arca 12.80% 10.24
{mm = mim) 1330 13.30
Highest temporal 45,45 (NIR-II)
resolution (ms) 33.33 (MIR-I)
Working distance (cm) 50
h'llrgil::d ficld of view 1066853
fcm* cm) 17.07 % 17.07
Sensor resolution G40 512
(imaging pixels) 1024 = 1024
||'|'|:|.|'._'i|i_5_' fJ.::\J::IlI.IIiL!:I'I {aim ) ‘\: :; [\:lu-”f
92 [NIR-=I}
Sensitivity 64,50 (MIR-I1)
(1CG, M) 3.22 (NIR-I)
1) nm long pass, FEL 1000, Thorabs
i (NIR 11}
{}J“'“:ill filter S50 nm ||.s|1g s, FELOSSN, Thorlabs
(MIR-1)
Laser fiber liquid core optical fiber
: : Customized, made of a spherical glass
Beam expander Beamn diverzsnes 18 mrad
eum divergence 18 mrad
]I!I!Iil.[.:\.' windows MWIR=1T: NIR I' Vizible {Color): O rr]::_‘:.'
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a linear correlation with the ICG concentration (Fig. 2(d)), with
correlation equations to be Y = 0.26xX + 0.18 (R* = 0.96) for NIR-
Iland Y = 0.87xX - 0.40 (R* = 0.97) for NIR-I (Fig. 2(e)). More
importantly, NIR-II fluorescence imaging achieved much higher
SBR compared with NIR-I. For ICG with a concentration of 1.5
x 10° mg/ml, SBR of 86.70 + 5.78 for NIR-Il vs. 37.75 + 1.93 for
NIR-I were obtained (Fig. 2(f)).

Phantom imaging study demonstrated that both NIR-I and
NIR-II imaging can differentiate the four capillaries filled with ICG
solution with no intralipid covered on them (Fig. S1A, row 1).
When the capillaries were submerged 2 mm and 5 mm below the
surface of the intralipid, the four capillaries were still distinguished
by NIR-II/l imaging (Fig. S1(a), row 2, and 3). But when the cap-
illaries were submerged 7 mm below the surface, it became diffi-
cult to distinguish the 2 capillaries with the distance of 5 mm using
both NIR-Il and NIR-I imaging, but the 2 capillaries with the dis-
tance of 10 mm were still distinguished on the fluorescent images
(Fig. S1(a), row 4). When the capillaries were submerged 12 mm
below the surface, the 2 capillaries with a distance of 10 mm were
not distinguished (Fig. S1(a), row 5). The quantitative plot of in-
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tensity across a line of interest showed a higher contrast of NIR-II
than NIR-I to distinguish the capillary from the background signal
(Fig. S1(a), column 3, and 5).

Both NIR-Il and | fluorescence imaging of orthotopic U87MG
tumor-bearing mice showed that ICG can accumulate in the GBM
with good contrast. The fluorescence of the tumor was visualized
even without opening the scalp (Fig. S1(b), column 1), and the
tumor became more obvious upon opening the skull (Fig. S1(b),
column 2). Then the tumor was removed under the guidance of
the NIR-II fluorescence images (Fig. S1(b), column 3, and 4).
Quantitative data of the images showed that the TNR of both NIR-
Il and NIR-I dropped dramatically after the removal of the tumor

(Fig. S1(c)).

C. Intraoperative NIR-Il/l Fluorescence Imaging
and Surgery Under the Guidance of NIR-I
Fluorescence Images

For a participant with GBM, the preoperative T1-enhanced
MRI exhibited enhancement in the left frontal-parietal lobe as

axial coronal sagittal

sagittal

axial coronal

e e
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Fig.3 A typical patient with glioblastoma showing obvious tumor fluorescence intraoperatively. (a), the pre-operative T1-enhanced MRI demonstrated
enhancement in left frontal-parietal lobe (left), and the post-operative T1-enhanced MRI displayed no residual enhancement (right). (b), the color and NIR-II or NIR-I
fluorescence images were acquired upon the opening of the dura, and after all the tissue with NIR-II fluorescence signal was removed. (c), the TNR of NIR-II or NIR-I
decreased sharply after resection. (d), the tissue sample obtained from the tumor (column 1) was imaged ex vivo after surgery and showed obvious NIR-II or NIR-I
fluorescence (column 2 and 3). Post-operative histopathology images confirmed that the sample was tumor tissue (column 4).
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pointed out by the red arrows (Fig. 3(a), left, labeled as pre-op).
The postoperative MRI displayed no enhancement, which indicat-
ed total resection of the tumor (Fig. 3(a), right, labeled as post-op).
After removing the bone flap and the dura, the color image and
NIR-II/I fluorescence images were acquired above the cortex. The
extent of resection can be displayed by the fluorescence images
(Fig. 3(b), row 1, labeled as pre-op). The surgeons then removed
the gross tumor under the assistance of a microscope referring
to the NIR-Il fluorescence image. After the surgeon declared that
the tumor was totally resected, the NIR-Il/I fluorescence images
were acquired again, which displayed no residual NIR-II/I fluores-
cence (Fig. 3(b), row 2, labeled as post-op). Quantitative analysis
showed that TNR of NIR-II were significantly higher than that of
NIR-I (NIR-11 6.50 £ 3.45 vs. NIR-1 4.04 + 2.20, P = 0.0230), which
sharply dropped after the resection (NIR-II, before resection
6.50 + 3.45 vs. after resection 1.05 + 0.22, P < 0.0001; NIR-I,
before resection 4.04 + 2.20 vs. after resection 1.07 £ 0.13, P <
0.0001, Fig. 3(c)). Ex vivo images of tissue samples obtained
from the tumor were acquired during the surgery (Fig. 3(d), col-
umn 1). The tissue samples displayed NIR-Il/I fluorescence (Fig.
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3(d), column 2 and 3), with further histopathological diagnosis
demonstrated the samples to be tumor tissue (Fig. 3(d), column 4).

D. Ex Vivo Fluorescence Imaging and Diagnosis
of the Samples

A total of 235 tissue samples were obtained from the 15 pa-
tients who underwent FGS, including 154 tumor tissue samples
(65.53%) and 81 non-tumor tissue samples (34.47%) according
to the histopathological diagnosis. Tumor tissue samples, clas-
sified into 3 grades (WHO grade I, Ill, and IV) according to the
histopathology, displayed obvious NIR-II/I fluorescence (Fig.
4(b)—(d)), while non-tumor tissue samples displayed no obvious
fluorescence (Fig. 4(a)). The SBR of NIR-II fluorescence imaging
was significantly higher compared with NIR-I (P = 0.0070, Fig.
4(e)). With the analysis of the SBR of the tumor and non-tumor
tissue, it is proved that the tumor had a significantly higher SBR
than non-tumor tissue for both NIR-Il and | (NIR-II P < 0.0001,
NIR-I P < 0.0001, Fig. 4(f)). This indicated the feasibility of using
SBR obtained from ex vivo tissue imaging as a diagnostic indi-
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Fig.4 Fluorescence images of samples. (a), A non-tumor tissue showed no obvious fluorescence of NIR-Il and NIR-I, while tumor tissues of WHO grade Il (b),
WHO grade Il (c), and WHO grade IV (d) showed obvious fluorescence. The histopathology images were displayed at 400 times magnified, and the black scale chart
represented 50 um. (e), SBR of the NIR-II or NIR-I fluorescence images of the 235 samples were plotted (left) and compared (right). (f), significant differences were
found between the SBR of tumor samples (n=154) and non-tumor samples (n=81) for both NIR-Il (P < 0.0001) and NIR-I (P < 0.0001). (g), the ROC of NIR-Il/l SBR
and surgeon's diagnosis was plotted. (h), SBR of samples was correlated with varying WHO grades (NIR-II, r = 0.8203, P < 0.0001 vs. NIR-I, r = 0.7900, P < 0.0001). (i),
scatter plot of log SBR vs. log proliferation index showed a correlation between them (NIR-II, r = 0.2376, P = 0.0030 vs. NIR-I, r = 0.2266, P = 0.0047).
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Table 2 Baseline Characteristics

Variables FGS (n=15) WILS (n = 1H) Fvalue
Ape (Mean, years) 51.73=11.24 53.83=14.73 (6540
Sex (Male/Female) T8 12/6 (L6428
|"'||:-u|'i KPS {Median, mn&z:] D TO-00) G T 1 (W D875
Pre-op MIHSS (Median, range) 1121 L{=21 04210
Pre-op TV {cm’, Mean) 649422547 49.53235.26 (605
IDH 1.0{RD0
mutation 1 2
wilch-type 14 16
1p/ 1% co-deletion o i -
MOMT (. 7970
methvlation i) ]
unmethylation 9 11
Eloquence
Girade V1L 4774 V717 00,7347
detection e (%) 1040,000 - -
complete resection rate (%) 104000 SLHD (L0036
am-PFS 104000 i 67 (0] 34
NIR-11 Nuarescence diagnosis Surgeons” dingnosis Povalue
Sensitivily (%) LM, H1.17 = 000
Speciticity (%) B1.36 T (L0449
PPV (%) 0565 88.03 0182
MW (Ya) 183,100 h%.582 o 0D
Accuracy (%) 97.02 HiLS1 << 000

FGS, fluorescence image-guided surgery; WLS, white light image-guided surgery; KPS, Karnofsky performance score; NIHSS, National Institutes of Health Stroke

Scale; TV, tumor volume; PFS, progression-free survival; NPV, negative-predictive value; AUC, area under the curve.

Table 3 Characteristic Tests of Specimens

Yariahles FGS (n=15) WILS (n = 15) Pvalue
Age (Mean, vears) S51.73=11.24 538341473 (6540
Sex (Male/'Female) T8 126 (L6428
Pre-op KPS (Median, range) D TO=0) SR 7= (W0 y N.8T25
Pre-op MIHSS (Median, range) 1{1-2) 1{(k-2) (4210
Presop TV (cm, Mean) 649422547 495343526 L6295
IDH 1.CHR00
mutation 1 2
wild-Lype 14 16
1p' 1% co-deletion 0 i -
MOGMT 0.7970
|11.;II:|:\.-|:|Ii-.s|1 6 "
unmiethylation i 10
Eloquence
Girade L1V 474 477 07347
detection mte (%) L] - -
complete resection rate (%) 1{H0.00 SLHD (L0036
m-PFS 104000 i 67 .01 34
NIR-11 Nuarescence diagnosis Surgeons” dingnosis Pavalue
Sensitivily (%) 104000 5117 P U000
Speciticity (%) 91.36 Tk (04449
PPV (%) 05 65 55.03 00182
MY (%) JLEERLN] 6852 < D
Accuracy (%) 97.02 B0L51 B .00

SBR, signal-to-background ratio; PPV, positive predictive value; NPV, negative predictive value; AUC, Area Under Curve.
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cator to distinguish tumor from non-tumor tissue. Therefore, the
receiver operating characteristic (ROC) curves were obtained to
compare the diagnostic accuracy of NIR-II or NIR-I imaging and
the surgeons’ diagnosis. The area under curve (AUC) of the NIR-
Il or NIR-I imaging was significantly larger than that of surgeon’s
diagnosis (NIR-II 0.9997 [95% CI 0.9989 - 1.0000] vs. surgeons’
diagnosis 0.8009 [95% CI 0.7384 - 0.8634], difference between
groups 0.1988, P < 0.0001; NIR-1 0.9899 [95% CI 0.9813 -
0.9986] vs. surgeons’ diagnosis 0.8009 [95% CI 0.7384 - 0.8634],
difference between groups 0.1890, P < 0.0001, Fig. 4(g), Tables
Il and Ill). Compared with NIR-I fluorescence imaging, the AUC of
NIR-Il imaging was also significantly higher (NIR-1l 0.9997 [95%
Cl 0.9989 - 1.0000] vs. NIR-1 0.9899 [95% CI 0.9813 - 0.9986],
difference between groups 0.0098, P = 0.0204, Fig. 4(g)). This
result suggested that NIR-Il had the highest diagnostic capability,
followed by NIR-I and surgeon’s intraoperative diagnosis (Fig.
4(9))-

To further compare the diagnostic ability of NIR-II/I fluo-
rescence imaging and surgeons’ diagnosis, the indexes such
as sensitivity, specificity, PPV, NPV, and diagnostic accuracy
were calculated (Table Ill). The NIR-II had significantly higher
sensitivity, specificity, PPV, NPV, and accuracy compared with
surgeons’ diagnoses (sensitivity, NIR-II: 100% [95% CI 97.07 -
100.00] vs. Surgeons: 81.17% [95% CI 74.22 - 86.60], difference
between groups 18.83%, P < 0.0001; specificity, NIR-II: 91.36%
[95% CI 82.96 - 96.01] vs. Surgeons: 79.01% [95% CI| 68.84 -
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86.56], difference between groups 12.35%, P = 0.0449; PPV,
NIR-II: 95.65% [95% CI 91.13 - 98.04] vs. Surgeons: 88.03%
[95% CI 81.57 - 92.48], difference between groups 7.62%, P =
0.0182; NPV, NIR-II: 100% [95% CI 94.09 - 100.00] vs. Surgeons,
68.82% [95% CI 58.79 - 77.36], difference between groups
31.18%, P < 0.0001; accuracy, NIR-II: 97.02 [95% CI 93.86 -
98.67] vs. Surgeons: 80.51% [95% CI 74.96 - 85.08], difference
between groups 16.51%, P < 0.0001. Tables Il and IIl). Besides,
the diagnostic accuracy of the NIR-Il fluorescence imaging was
also significantly higher than that of NIR-I fluorescence imaging
(Tables Il and Il1).

Further investigation indicated a stronger correlation be-
tween SBR of NIR-Il and the WHO grade of tissue samples
compared with NIR-I (correlation coefficient: NIR-II 0.8203, P <
0.0001 vs. NIR-I 0.7900, P < 0.0001, Fig. 4(h)). The correlation
between the SBR and proliferation index represented by the per-
centage of Ki-67 positive cells was also investigated (NIR-II, r =
0.2376, P = 0.0030 vs. NIR-I, r = 0.2266, P = 0.0047, Fig. 4(i)).

E. Detection Rate, Complete Resection Rate,
PFS, and Neurological Function of GBM
Patients

The detection rate of the NIR-II fluorescence imaging in this

trial is 100%, with all the 15 glioblastoma patients showing obvi-
ous tumor fluorescence intraoperatively.
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Fig.5 PFS, OS, and neurological function of patients. (a)-(b), PFS (a) and OS (b) of the FGS group was significantly prolonged compared with the WLS group
(PFS, P <0.0001; OS, P = 0.0002). (c)-(h), KPS (row 1) and NIHSS (row 2) of patients in the FGS group with eloquent grade | lesions (n = 4, column 1), patients with
eloquent grade Il lesions (n = 7, column 2) and patients with eloquent grade Ill lesions (n = 4, column 3).
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Patients underwent FGS showed significantly higher tumor
complete resection rate compared to those underwent routine
white-light surgery (100% [13/13, 95% CI 73.41-100] vs. 50%
[9/18, 95% CI 29.03-70.97], P = 0.0036, Table Il). In the 15 pa-
tients who underwent FGS, two patients had residual fluores-
cence signal intraoperatively, with confirmation by the surgeon
that the fluorescence signal infiltrated to the eloquent areas and
complete resection could not be realized considering the protec-
tion of neurological function. Postoperative enhanced MRI con-
firmed that the 2 patients had residual tumor tissue. For the other
13 patients with total removal of fluorescent tissue, no residual
tumor tissue was observed in postoperative MRI.

The PFS and OS of the FGS group were remarkably pro-
longed compared with the WLS group (PFS, P < 0.0001, Fig.
5(a); OS, P =0.0002, Fig. 5(b)). Median PFS was 9.0 months for
the FGS group and 7.0 months for the WLS group. Median OS of
19.0 months and 15.5 months were achieved by FGS and WLS
groups. Importantly, PFS at 6 months for patients in FGS group
was significantly higher than WLS group (100% [15/15, 95%
Cl 76.14-100.00] vs. 66.67% [12/18, 95% CI 43.57-83.90], P =
0.0134, Table II).

F. Detection Rate, Complete Resection Rate,
PFS, and Neurological Function of WHO Grade
lll Glioma Patients

In addition to GBM patients, the performance of intraoperative
NIR-II fluorescence imaging was also evaluated in patients with
grade lll gliomas. Eight patients were involved and randomly
assigned to the WLS or FGS groups. Fluorescence of tumor was

Table 4 Comparison of Neurological Function
for FGS and WLS Group
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FGS, fluorescence image-guided surgery; WLS, white light image-guided
surgery; KPS, Karnofsky performance score; NIHSS, National Institutes of
Health Stroke Scale; pre-op, pre-operative measurement; imm. post-op, im-
mediate post-operative measurement; 3 m. post-op, 3 months post-operative
measurement.
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observed in 3 of the 4 patients in the FGS group, leading to a
detection rate of 75%.

NIR-Il FGS was performed on the 3 patients with the
fluorescence of tumor, with a complete resection rate of 100% (3/3,
95% Cl 38.25% to 100%) achieved. However, in 4 patients with
grade Il gliomas who underwent WLS, the complete resection
rate was only 25% (1/4, 95% Cl 3.41% to 71.09%). No recurrence
was observed in patients from both of the groups.

G. Reservation of Neurological Function During
Surgery Using NIR-Il FGS

NIR-Il FGS demonstrated the potential to protect neurological
function. After the gross tumor was removed, the residual NIR-II
fluorescence provided the surgeons with precise guidance of the
residual tumor, which helped to discriminate the residual tumor
from surrounding normal brain tissue, and avoided unnecessary
resection. And the samples of tissues with residual fluorescent
signal were diagnosed to be tumor tissues. The median Karnofsky
Performance Scale (KPS) and National Institute of Health Stroke
Scale (NIHSS) 3 months after surgery were 90 and 1, respec-
tively, in both groups. No significant difference was observed in
patients of the FGS group with different grades of eloquent area
infiltration for both KPS and NIHSS (Fig. 5(c)—(h) and Table V).
The same result was observed in patients of the WLS group (Table
V).

Impressively, an important case with WHO grade Il glioma
showed that the intraoperative NIR-II fluorescence images helped
to avoid paralysis. The pre-operative T1-enhanced MRI exhibited
enhancement in the left parietal-frontal lobe (Fig. S2 (a), left, la-
beled as pre-op). The patient was diagnosed to have a high risk
of paralysis of his right limbs after surgery. The post-operative
T1-enhanced MRI displayed no enhancement, which showed
total resection of the tumor (Fig. S2 (a), right, labeled as post-op).
After opening the dura, the position of the tumor was visualized
by the tumor fluorescence penetrating through the intact cortex
(Fig. S2 (b), row 1, labeled as pre-op). Then the gross tumor was
removed very carefully. After that, the color and NIR-II/I fluores-
cence images of the operation field were acquired, displaying the
tissue with residual NIR-II fluorescent signal (Fig. S2 (b), row 2,
labeled as residual). The tissue with residual NIR-II fluorescent
signal was further removed until no NIR-II fluorescence was left
(Fig. S2 (b), row 3, labeled as post-op). The in vivo TNRs of NIR-
Il were higher than those of NIR-I for both pre-op and residual
(Fig. S2 (c)), which indicated that NIR-Il fluorescence images dis-
played the residual fluorescent signal more obviously. The color
and NIR-II/I fluorescent images of the sample from the gross tu-
mor (Fig. S2 (d), row 1) and the tissue with residual fluorescence
(Fig. S2 (d), row 2) also showed obvious ex vivo NIR-Il and NIR-I
fluorescent signal, with the histopathological diagnosis proved the
sample to be WHO grade Il and grade I, respectively. The motor
function of the patient was successfully reserved by the guidance
of NIR-Il imaging (Supplementary movie).

Discussion

In this study, the imaging performance and treatment effica-
cy of NIR-Il based FGS have been evaluated in human glioma
resection surgery using our in-house developed multispectral
imaging system and FDA approved ICG probe. The FGS has
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been demonstrated to be a promising intraoperative real-time im-
aging technique for localizing GBM and residual tumors with high
safety, high sensitivity, and real-time feedback. The properties of
low photon scattering and absorption of tissue render the NIR-
Il fluorescence with a strong capability to detect tumors of larger
depth. More importantly, our study clearly demonstrates that NIR-
Il based FGS achieves significant clinical benefits. The detection
rate of the NIR-Il FGS is 100% in patients with GBM. Moreover,
compared with the WLS technique, the use of FGS lead to a dra-
matically improved complete resection rate (100% [95% CI 73.41-
100] vs. 50% [95% CI 29.03-70.97], P = 0.0036) and significantly
prolonged PFS and OS (PFS, P < 0.0001 and OS, P = 0.0002).
The postoperative KPS and NIHSS measurements of the two
groups also show no damage to the neurological function,
indicating that the FGS is a safe technique and provides
significant benefits to GBM patients.

It has been found that the complete resection rate of the FGS
group is significantly higher than that of the WLS group in our
study. Moreover, ICG based NIR-Il FGS also performs better than
5-ALA, FS based FGS, and ICG based conventional NIR-I FGS in
complete resection rate as reported previously'” ***. In our study,
the patients without residual fluorescence all achieve complete re-
section, demonstrating a complete resection rate of 100% (13/13).
For the rest 2 patients without complete resection, residual tissue
with fluorescence has been observed intraoperatively and re-
served in order to conserve the neurological function of patients.
Signal enhancement has also been observed in the postoperative
enhanced MRI for these two patients. Whereas, complete re-
section rate of 50% (9/18) has been achieved in the WLS group,
which is only half of the FGS group. Furthermore, the ICG based
NIR-II FGS also out-performs 5-ALA and FS according to previ-
ous reports, as complete resection rate of ICG based NIR-I FGS
reported in a study involving 15 patients with GBM is only 53.33%
(8/15)** and that of 5-ALA and FS based FGS is 64.75% (90/139)
and 82.60% (38/46) respectively'” *°. In a recently reported study
of 5-ALA based FGS, only 3 out of 16 patients enrolled achieved
complete resection, resulting in a complete resection rate to be
18.7%. All of them are much lower than the complete resection
rate (100%) of ICG based NIR-Il FGS revealed in this study. The
NIR-II fluorescence imaging technique can provide the surgeons
with an accurate prompt of residual tumor, resulting in improved
EOR and more complete resection. Previous studies suggest that
improved EOR is beneficial to survival’. Therefore, ICG NIR-Il im-
aging with a high complete resection rate of GBM greatly benefit
the survival of patients.

Impressively, the PFS and OS has been prolonged in the
NIR-II FGS group compared with the WLS group, and also with
that of 5-ALA and FS based FGS reported previously. In our study,
the median PFS of the FGS and WLS group was 9.0 months and
7.0 months, respectively. Median OS of 19.0 months and 15.5
months were achieved by FGS and WLS groups. However, medi-
an PFS and OS of 5.1 and 15.2 months in 139 patients for 5-ALA
based fluorescence image-guided surgery were reported’’. The
median PFS and OS of FS based fluorescence image-guided sur-
gery were 7 and 12 months™. In the most recent report of 5-ALA
based fluorescence image-guided surgery, the mean PFS and OS
were reported to be 5 + 3 and 6.3 + 4.6 months®. The 6m-PFS
of the NIR-Il FGS group is reported much higher than that of the
WLS group (100% [95% CI 76.14-100.00] vs. 66.67% [95% CI
43.57-83.90], P = 0.0134), with a difference between the groups
of 33.33%. Compared with 5-ALA based FGS reported, the NIR-
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Il FGS has an even much higher 6m-PFS (100% vs. 41.0% and
46.2%)'"*. For FS based FGS, 6m-PFS has been reported to be
only 56.6%"°, which is 43.4% lower than that of the NIR-Il FGS.
Therefore, the PFS of the ICG based NIR-Il FGS is prolonged
compared with the previously reported 5-ALA and FS based FGS.
It should be pointed out that the uncompleted total Stupp protocol
in previous studies due to the medical condition when the trials
were performed is unignorable when analyzing the survival of
patients. Besides, although significant improvement of survival
has already been achieved in our trial reported in the manuscript,
the increase of 2 months and 3.5 months for PFS and OS is still
less effective. The reasons are older age and IDH wild type of the
patients enrolled in the trial. On the one hand, the mean ages of
patients were 51.73+11.24 for the FGS group and 53.83+14.73
for the WLS group. As reported most recently, such an older age
is a risk factor for shorter OS?. On the other hand, 14 of the 15
patients in the FGS group and 16 in the 18 patients in the WLS
group were IDH wild type, which was reported to have shorter OS
compared with IDH mutant type (IDH wild type, 1.2 years vs. IDH
mutant type, 3.6 years)™.

It is also worthy to note that in the previous study of ICG
based NIR-I FGS, a dose of 5mg/kg has been administrated to
the patients, with no significant acute toxicity observed™. In this
study, the dose of ICG used in the FGS group is dramatically
reduced to 1mg/kg, which is only twice the dose commonly used
in clinical. Moreover, this dose is also much lower compared with
the previous study reported (5mg/kg)”*. No specific adverse event
has been observed. The liver enzymes have been monitored be-
fore and after surgery, with no abnormal value observed. The best
imaging time window has been explored in limited patients with
such a low dose and finally set to be 48 h after injection. Although
the NIR-II performs better and benefits more to the patients, our
study also reveals a limitation of ICG based NIR-II fluorescence
imaging for GBM. As ICG cannot specifically target GBM, the
NIR-II fluorescence imaging based on ICG is also not specific for
glioblastoma. The adjacent non-tumor tissue is possible to uptake
ICG by diffusion or hyperplastic blood vessels, which causes the
existence of false positives. It is reported that a fluorescent probe
based on bombesin has shown high specificity for human glioma
detection®’. Thus, a targeted NIR-II probe will be prepared and
explored in our future studies, which may further improve the clini-
cal value of the NIR-Il imaging technique for glioma detection and
image-guided surgery.

Conclusion

In summary, our study demonstrates the feasibility of using
NIR-Il FGS in GBM resection. The ICG based NIR-II fluorescence
can be observed in all the GBM patients involved in FGS. More
importantly, with the guidance of NIR-Il fluorescence images, the
complete resection rate can be dramatically improved without
damaging neurological functions. The NIR-II FGS technique can
achieve a high 6m-PFS and greatly prolong the PFS and OS of
the GBM patients. Moreover, ex vivo NIR-II fluorescence imaging
outperforms NIR-l imaging and surgeons’ diagnosis under white
light in sample discrimination. It possesses high sensitivity and
NPV and provides a convincing diagnosis of whether the tissue
is a tumor. Overall, NIR-Il FGS is a highly promising technique
worthy of exploring more clinical applications.
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Real-Time Intraoperative Glioma
Diagnosis Using Fluorescence
Imaging and Deep Convolutional
Neural Networks
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Abstract

Purpose: Surgery is the predominant treatment modality of human glioma but suffers difficulty
on clearly identifying tumor boundaries in clinic. Conventional practice involves neurosurgeon’s
visual evaluation and intraoperative histological examination of dissected tissues using
frozen section, which is time-consuming and complex. The aim of this study was to develop
fluorescent imaging coupled with artificial intelligence technique to quickly and accurately
determine glioma in real-time during surgery.

Methods: Glioma patients (N = 23) were enrolled and injected with indocyanine green for
fluorescence image—guided surgery.Tissue samples (N = 1874) were harvested from surgery
of these patients, and the second near-infrared window (NIR-Il, 1000—1700 nm) fluorescence
images were obtained. Deep convolutional neural networks (CNNs) combined with NIR-II
fluorescence imaging (named as FL-CNN) were explored to automatically provide pathological
diagnosis of glioma in situ in real-time during patient surgery. The pathological examination
results were used as the gold standard.

Results: The developed FL-CNN achieved the area under the curve (AUC) of 0.945.
Comparing to neurosurgeons’ judgment,with the same level of specificity >80%, FL-CNN
achieved a much higher sensitivity (93.8% versus 82.0%, P < 0.001) with zero time overhead.
Further experiments demonstrated that FL-CNN corrected >70% of the errors made by
neurosurgeons. FL-CNN was also able to rapidly predict grade and Ki-67 level (AUC 0.810 and
0.625) of tumor specimens intraoperatively.
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Conclusion: Our study demonstrates that deep CNNs are better at capturing important
information from fluorescence images than surgeons’ evaluation during patient surgery. FL-CNN
is highly promising to provide pathological diagnosis intraoperatively and assist neurosurgeons to
obtain maximum resection safely.

Trial registration: ChiCTR ChiCTR2000029402. Registered 29 January 2020, retrospectively
registered
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Gliomas
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surgery. Intraoperative pathological examination of frozen
tissue sections using hematoxylin and eosin (H&E) staining is

Introduction

52

Glioma accounts for 75% of malignant primary brain tumor
in adults’. Among these brain tumor patients, more than half
are glioblastoma which is the most lethal glioma and have a
median overall survival of only 14.6 months”. Although advanced
therapies have been developed for glioma patients, neurological
surgery remains the major treatment modality that plays an
important role in improving survival.

At present, microsurgery under white light is the common
method used in neurosurgery clinic, but it is difficult for
neurosurgeons to clearly identify glioma boundary, resulting in
tumor residual and early recurrence. Therefore, it is crucial to
make quick and accurate diagnosis of dissected tissues during

a conventional and reliable diagnostic approach. But it usually
costs a long time (at least 20—30 min) and requires complicated
procedures to obtain pathological results®. Moreover, it is
not practical to freeze ten or hundreds of samples during the
operation, which limits its applications for intraoperative real-time
diagnosis of tumor especially for multiple tissue samples.

In the past few years, artificial intelligence techniques such
as several deep convolutional neural networks (CNNs) have
been developed for classification of medical images and show
high performance” ™. In coupling with conventional radiological
imaging techniques such as magnetic resonance imaging
(MRI), deep CNNs have also been used in the management
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and diagnosis of glioma to provide the grading "' and genetic
information'’, automate the pathological diagnosis' ', and
help determine prognosis and guide therapy'®. However, all of
these studies are mainly focused on preoperative planning and
postoperative diagnosis and prediction.

Advances in fluorescence imaging have brought real-
time imaging-guided surgery to reality, which greatly increases
complete resection rate in high-grade glioma. Indocyanine green
(ICG) is a safe and economic near-infrared (NIR) fluorescence
imaging agent that has been used in clinic to intraoperatively
visualize glioma with high sensitivity and modest specificity™.
We hypothesize that the application of CNNs to capture features
from fluorescence imaging automatically has the potential to
better provide accurate real-time visual information, and it helps
neurosurgeons to distinguish tumor from non-tumor tissue during
surgery.

Herein, a dataset of NIR fluorescence (FL) and white-light
(WL) images from 1874 specimens obtained from surgery of
glioma patients was constructed (Fig. 1a). Then deep CNNs
combined with the second NIR window (NIR-Il, 1000—-1700 nm)
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fluorescence imaging of ICG (named as FL-CNN) were developed
to distinguish tumor versus non-tumor for all brain specimens,
diffuse lower-grade glioma (DLGG, WHO II-lll) versus glioblastoma
multiforme (GBM, WHO 1V), and low level (<10%) versus high
level (210%, see the “Materials and methods” section) of Ki-
67 for tumor specimens (Fig. 1b). Experiments were conducted
on this dataset to validate the performance of the proposed FL-
CNN. Moreover, the performance of FL-CNN was compared with
WL-CNN (CNNs that take WL images as input), as well as to the
results obtained from three neurosurgeons who read FL and WL
images independently, using the pathological examination results
as the gold standard.

Materials and methods

Study design

Our main research objective was to build CNNs (Fig. 1b,
CNN 1, CNN 2, CNN 3) to distinguish tumor versus non-tumor

a All

b
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S Surgical ]‘
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Fig.1 a Number of specimens per class with pathological examination results as the gold standard. Only tumor specimens had pathological results of tumor grade
and Ki-67. b Specimens were resected by the guidance of NIR-II fluorescence imaging. Specimen images of WL and FL were obtained and fed into the CNNs for
differentiation of tumor versus non-tumor. Images of tumor specimens were then fed into the CNNs for the classification of the grade and Ki-67 level. The prediction
process by the models costed less than 1 s on CPU and can be faster on GPU; therefore, the time spent can be omitted.
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for brain specimens, diffuse lower-grade glioma (DLGG) versus
glioblastoma multiforme (GBM), and low level (<10%) versus
high level (=10%) of Ki-67 for tumor specimens based on their
FL and WL images (FL-CNN and WL-CNN). A Ki-67 cutoff of
10% was chosen because it has been shown that few tumors
with low proliferation rate were under the misclassification with
it*. Therefore, we constructed a dataset consisting of WL and
FL images from 1874 specimens from 23 patients with glioma.
Of all specimens, using the pathological examination results as
the gold standard, 1324 were tumor and 550 were non-tumor. Of
all tumor specimens, 833 were DLGG and 99 were GBM, and
505 were with Ki-67 level <10% and 364 were 210% (Fig. 1a).
The data for three tasks were randomly split into a training set
(70%) and a test set (30%) in patient level. More specifically,
every patient was first assigned to the training set or the test set,
and then all specimens from the patient were assigned to the
corresponding set. The specimens from a given patient appeared
only in the training set or the test set, but not in the two sets at the
same time. The number of specimens per class in the test sets is
provided (Supplementary Fig. S1). Because we split at the patient
level and the numbers of specimens in the patients were uneven,
the proportion of specimens in the test set is not exactly 30%.
After training on the training set, we then evaluated and compared
the performance of FL-CNN, WL-CNN, and neurosurgeons
for the classification of tumor versus non-tumor on the test set.
We further validated our CNNs in new tasks in the diagnosis of
glioma, including the classification of the grade and Ki-67 level of
tumor specimens, which is impossible for neurosurgeons during
surgery.

Study participants

Our dataset contained prospective, de-identified data from 23
patients enrolled from March 22, 2019, to April 22, 2020. Inclusion
criteria included (1) male or female; (2) suspected as malignant
glioma on preoperative contrast enhancement MRI; (3) voluntarily
signed informed consent of surgical treatment and additional
specimen beyond what was needed for routine clinical diagnosis;
and (4) no contraindication of ICG. The study was approved by
the Ethics Committee of Beijing Tiantan Hospital, Capital Medical
University. All patients were given informed consent for their
agreements. This study on patients with glioma was also explored
in a clinical trial (ChiCTR2000029402) in China.

Imaging system

The imaging unit of the intraoperative brain tumor imaging
system consisted of a laser generator sub-system and a NIR-
Il and color image combined imaging instrument. The NIR-II
imaging sub-system was composed of a cooled InGaAs charge-
coupled device (CCD, NIRvana: 640, Teledyne Princeton
Instruments) camera, a high-performance lens corrected for
shortwave-wavelength infrared (SWIR) wavelength range
(SWIRON 2.8/50, Schneider Kreuznach), and a spectral filter
(FEL1000 longpass filter, Thorlabs) assembled with the lens
through an adapter. The detector in NIR-Il camera was Peltier-
cooled to minimize thermally generated noise. The laser
generator sub-system consisted of a laser, an optical fiber, and a
collimator. The output wavelength of the laser was 808 nm, which
was applied as the excitation light for NIR-II fluorescence imaging.
The collimator converted the gathered light beam from the end of
the fiber into a dispersed light spot with relatively homogeneous
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energy in it. The power of the laser was set as 50 mW/cm?. The
NIR-II fluorescence image and the color image were acquired
simultaneously. Besides the imaging unit, a controlling unit was
also fitted in the system. This unit consisted of a laser distance—
measuring instrument, a controlling handle, and a brunch of
motors controlled by the handle. The motor enabled the imaging
unit to rotate so that images of every side of the tumor cavity were
acquired. The controlling unit was set for precise control of the
working distance of the imaging unit and the reduction of touching
the imaging unit, which might be above the operating field.

Surgical protocol

ICG was injected intravenously to patients, radiological
diagnosis of glioma, at a dose of 1 mg/kg (Dandong, Yichuang
Pharmaceutical Co., Ltd., China), 48 h before anesthesia starting.
The dosage and injection time were chosen by other trials on a
few patients. Then, the NIR-II fluorescence imaging instrument
was used to guide glioma resection intraoperatively. The white-
light and NIR-II fluorescence images were acquired in the
operating room. All patients’ tumor resections were performed
by NJ who has more than 20 years’ experience of surgical
treatment of gliomas. Specimens were obtained from tumor
margin during the surgery. More specifically, the tumor surface
was uniformly divided into 8 parts from the view of cross-section,
and around 10 samples were taken from each part of the tumor-
margin areas, resulting in a total of around 80 samples per patient
(Supplementary Fig. S2). The resection of surgical specimens
was guided by fluorescence imaging, which reduced the chance
of sampling error. H&E and histochemically stained sections of
the samples were used for diagnosis and assessment of the Ki-67
index. Tumor specimens were confirmed to be with enough tumor
cell load by histology.

Three neurosurgeons (ZXG, SYH, JSC) who have similar
surgical experiences and qualifications were watching operation
at the time and independently evaluated brain specimens with
access to intraoperative information such as anatomical location,
vascularity, and perfusion. Because CNNs take every sample as
input and predict its pathological diagnosis, for a fair comparison,
we designed that three neurosurgeons independently read all of
the samples and provided their per-sample evaluation results. All
of the metrics of the neurosurgeons (readers) were also calculated
based on these per-sample results. For grading, all specimens
were also independently classified by three neuropathologists
(GLL, JMW, SYT), according to the current World Health
Organization Classification of Central Nervous System. In the
case of a discrepancy, the 3 observers simultaneously reviewed
the slides in order to achieve a consensus, and the corresponding
immunohistochemical staining would be performed if necessary.
To count Ki67, immunostained slides of tissue microarray (TMA)
sections were scanned using a Leica Aperio AT2 scanner (at
x400 magnification), and the images were analyzed using a Leica
Aperio ImageScope v12.3.0.5056. The algorithm was chosen
according to the positive cellular location of each antibody.
Cytoplasmic v2 algorithm was chosen for antibody positivity in
cytoplasm, and nuclear v9 algorithm for nuclear positivity. The
data of specimens diagnosed as gliomas were used for analysis.
It should be noticed that a patient usually has both tumor and
non-tumor specimens, and these tumor specimens are usually
of different grades and Ki-67 levels. Therefore, it was certainly
incorrect to apply the pathological results of a whole tumor to all
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samples from that tumor. All resected surgical specimens were
sent for pathological examination. These pathological examination
results of every specimen were used as the ground truth for
model learning.

Hardware and software

All experiments were conducted on Google Colab GPU
Runtime (T4/P100 GPUs). PyTorch® (version 1.0+) was used
for data loading, model building, and training. The final statistical
analysis was performed in R (version 3.6.1) and Python (3.7),
using pROC? (version 1.15.3) and sklearn® (0.21.3) for calculat-
ing receiver operating characteristic (ROC) statistics, sensitivity,
specificity, accuracy, PPV, NPV, and F, (F, score is the harmonic
mean of the PPV and sensitivity and ranges from 0 to 1). Figures
and Tables were generated using matplotlib® (version 3.1.2) and
Apache ECharts (version 4.6.0).

Data preprocessing

Fluorescence images and white-light images of specimens
were used as the only input of FL-CNN and WL-CNN.
Fluorescence images produced by our fluorescence imaging
system were not natural images like RGB color images or gray
images and could not be used directly. The value of every pixel
in the fluorescence image was the intensity of fluorescence
signal, but not RGB value or gray value which ranged from 0
to 255. Therefore, pixel values of fluorescence images must be
normalized nonlinearly to cope with traditional image processing
pipeline. Tumor specimens produced strong fluorescence signal
and non-tumor specimens produced weak fluorescence signal,
so the normalized images of tumor specimens had larger pixel
values and are brighter. It was noticed that these differences
were only relative, but not absolute in the pixel values, because
ambient light existed in the image and was likely to enhance the
whole brightness. Randomly appeared white noises in the images
might also influence these differences between tumor and non-
tumor specimens. To solve these issues and make our CNNs
more robust, heavy data augmentation was used to preprocess
fluorescence images before CNN forwarding. Specifically,
autocontrast and image denoising algorithms were applied firstly
when needed to normalize the whole contrast of the image and
remove noises. Then, random adjustment of brightness and
contrast with a range of factor 1.0 was used to make CNNs more
robust to absolute pixel value differences. Finally, the images
were randomly flipped vertically, and patches were cropped
from the images with a padding of 16. White-light images were
natural RGB color images, so there was no need to do special
preprocessing. Conventional data augmentation including random
flip, rotate, and crop was used. The cropped patches from FL and
WL images were sent to FL-CNN and WL-CNN, correspondingly.
When testing, non-square images were zero-padded to meet the
input requirements of CNNs.

Problem formulation

Classification of tumor versus non-tumor for all brain
specimens, and DLGG versus GBM and Ki-67 level <10%
versus 210% for tumor specimens were all binary classification
problem. Probabilities of the presence of positive classes (tumor,
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GBM and=10%) were predicted by CNN 1, CNN 2, and CNN
3, respectively. To solve class imbalance, two coefficients were
introduced to reweight the different parts of losses. The sum of
the weighted binary cross entropy (BCE) losses across all images
was given by the following equations:

L;;;-._{:v.j‘j = _.-i| avpyin (f,) + a ~.-[l—.n',-]1n(]—f,) (1)

|P| + |N| |P| + |N

FETa T {

where y; indicates the probability of the presence of a positive
class that a model predicted given ith input image, and yi is
the ith ground truth label. a, and ay, are the balance coefficients of
the positive and negative class, and | P | and | N | are the number
of positive samples and negative samples for every task.

Model development

CNN 1, CNN 2, and CNN 3 were developed for the
classification of tumor versus non-tumor, DLGG versus GBM
and <10% and=10%. For FL images and WL images, different
models called FL-CNN and WL-CNN were developed. Specimen
images were firstly fed into CNN 1 to classify whether they were
tumor or non-tumor. Then, images of tumor specimens were fed
into CNN 2 and CNN 3 in parallel to predict their grade and Ki-67
level, respectively.

To solve these three binary classification problems on FL
and WL images and obtain accurate and fast models, transfer
learning was employed based on EfficientNet-B0* which is one
of state-of-the-art convolutional neural networks that achieves
a good balance between performance and speed by carefully
balancing network depth, width, and resolution. Compared with
commonly used ResNets or Inception, EfficientNets can achieve
the same level or better performance with an order of magnitude
fewer parameters, which better meets the real-time requirements
during the operation. The EfficientNet-BO used here has only
5.3 M parameters and 0.39B FLOPS. For every task on FL or
WL images, an EfficientNet-BO was created and its parameters
were initialized from the models pretrained on ImageNet. Then
all layers except the last layer were used to extract features from
images, and the last layer was replaced with a fully connected
layer with a neuron for binary classification (tumor versus non-
tumor, DLGG versus GBM, and <10% versus =210%). The Xavier
normal initializer™® was used to initialize these fully connected
layers. Dropout’’ was also applied before the last layer with a
probability of 0.5 to avoid overfitting.

To better utilize the pretrained models and mitigate the
issue of relatively few samples, there were 2 typical strategies
for transfer learning to choose: (1) training a logistic regression
classifier on the fixed feature extracted from the penultimate layer
of the pretrained network, and (2) fine-tuning the entire pretrained
network. The latter was found to be more effective for our
problems. The optimization process used the Adam optimizer, with
an initial learning rate of 0.001 and weight decay of 0.0001, using
the weighted binary cross entropy loss function. The learning rate
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was decayed with a cosine annealing® every iteration with linear
warmup. Early stopping was not used because of the utilization of
cosine annealing strategy.

Gradient-weighted class activation mapping

To gain insight into the representations learned by the CNN
for classification, gradient-weighted class activation mapping
(GCAM) was used for producing “visual explanations” for deci-
sions, making the CNNs more transparent and explainable. FL
and WL images of tumor and non-tumor specimens were ran-
domly sampled, and their class-specific activation maps were
presented, including colored GCAM, GCAM saliency, GCAM
saliency x image, GCAM heatmap, and GCAM heatmap x image.
Saliency x image/heatmap x image was generated by putting
GCAM saliency/heatmap on the image, which made GCAM sa-
liency/heatmap more recognizable. The last stage of the CNNs
was used as the target layer and target classes were used to
guide backpropagation and generate CAM.

Statistical analysis

The ROC analysis and AUC were calculated to assess
model differences for WL images and FL images on three tasks.
All confidence intervals at 95% were computed based on 1000
iterations of the bootstrap method. Sensitivity, specificity, PPV,
NPV, and F, score of the FL-CNN for classification of tumor
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versus non-tumor were calculated at optimal decision thresholds
with sensitivity >90%. Neurosurgeons’ performance was
calculated based on the read results of the specimens in the test
set. F, score is complementary to the AUC and less sensitive than
the AUC in cases of class imbalance. AUC, accuracy, sensitivity,
specificity, and F, score of the CNNs for classification of the grade
and Ki-67 level were calculated at optimal decision thresholds
that the point of the ROC curve was closest to the perfect (1,0)
coordinate. A detailed transformation of predicted probability
into decision using decision thresholds for three tasks on FL and
WL images was provided (Supplementary Fig. S3). P values for
comparisons were computed using a standard permutation test
using 10,000 random resampling of the data.

Results

Classification performance of tumor versus
non-tumor

The performance of FL-CNN distinctly exceeded neuro-
surgeon’s performance in the classification of tumor tissue ver-
sus non-tumor (Fig. 2a). FL-CNN achieved an AUC of 0.945
(95% confidence interval (CI) 0.925-0.960), which performed
much better than that of neurosurgeons (reader (FL) vs. reader
(WL): sensitivity (0.912 vs. 0.820); specificity (0.606 vs. 0.827)).
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Fig.2 Diagnostic performance of the CNNs and neurosurgeons (readers). a, Receiver operating characteristic (ROC) curves calculated for the CNNs and
neurosurgeons on FL and WL images for the classification of tumor tissue versus non-tumor. The lines represent the ROC achieved by the CNNs. Individual
neurosurgeon performance is indicated by crosses. Results of FL and WL are colored blue and orange, respectively. b, Specificity and sensitivity of the CNNs and
averaged individual neurosurgeons (readers) are plotted, using pathological examination results as the gold standard, and compared on FL and WL. The error bars
represent the 95% confidence interval computed based on 1000 iterations of the bootstrap method. P values were computed using a two-sided permutation test with
10,000 random re- sampling of the data. All results were obtained on the test set (N = 608)
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Table 1 Diagnostic performance of FL-CNN, WL-CNN and averaged individual neurosurgeons
(reader) and the differences between FL-CNN and other three approaches, using pathological

Table 2 Performance of the proposed FL-CNN and WL-CNN on the classification of the grade and
Ki-67 level of tumor specimens compared to the gold standard pathological examination results
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Fig.3 Gradient-weighted Class Activation Maps (GCAMs) visualize the learned feature representations for classification of tumor tissue versus non-
tumor. FL/WL images of tumor/non-tumor tissues were randomly sampled. Colored GCAM, GCAM saliency, saliency x image, GCAM heatmap, and heatmap x
image are shown. Saliency x image/heatmap x image was generated by putting GCAM saliency/heatmap on the image, which makes GCAM saliency/heatmap more
recognizable. The target layer of GCAM was the last stage of the CNNs. Target classes were used to guide backpropagation and generate CAM. For preprocessing,
non- square images were zero-padded to square, which led a black pad on the top/bottom or left/right.
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Furthermore, there was a significant difference between the
performance of FL-CNN and WL-CNN (AUC of 0.873, 95% CI
0.843-0.900, P<0.001). The results further demonstrated that FL-
CNN not only significantly improved the specificity of diagnosis
compared with neurosurgeons’ judgment based on FL images
(Fig. 2b left, P<0.0001) but also simultaneously achieved a high-
er sensitivity compared with neurosurgeons’ judgment based on
WL images or WL-CNN (Fig. 2b right, WL images: £<0.001; WL-
CNN: P<0.001). It was also noticed that, compared with neuro-
surgeons’ judgment on FL images, FL-CNN achieved significantly
higher PPV (positive predictive value), NPV (negative predictive
value), and F, score (Table 1, all P<0.05). While compared with
neurosurgeons’ judgment on WL images and WL-CNN, FL-CNN
achieved significantly higher NPV and F, score (all P<0.01).
From error analysis, it was found that FL-CNN corrected most of
the errors made by neurosurgeons (Supplementary Fig. S4). Over

fluorescence signal of the tumor tissue produced dense-colored
GCAM, GCAM saliency, and GCAM heatmap (second row). As
for WL-CNN, there were differences between colored GCAM,
GCAM saliency, and GCAM heatmap. Specifically, for the non-
tumor tissue, colored GCAM and GCAM saliency concentrated
more on the contours, but the GCAM heatmap put attention on
the abnormal part (rightmost) of the non-tumor tissue where is rich
in blood vessels. While for the tumor tissue, colored GCAM and
GCAM saliency focused more on the contours and the center, but
the GCAM heatmap cared the whole specimen.

Classification performance of grade and Ki-67

It is well-known that neurosurgeons cannot obtain the grad-
ing and Ki-67 level information for the resected specimen during
the operation. Importantly, here, we demonstrated that CNNs with

-GN 2/3 of the all specimens were classified correctly by both FL-CNN  Strong leamed features were generalizable to new tasks in the
_ and neurosurgeons. For the errors made by neurosurgeons, more diagnosis of glioma, including the classification of the grade and

Mon-tumor Tissue than 70% of them (90/121, 86/117, 85/116 for FL images, 82/108, Ki-67 level of tumor specimens (Fig. 4, Supplementary Fig. S5,

83/108, 85/110 for WL images) were corrected by FL-CNN. and Table 2). FL-CNN and WL-CNN achieved AUC of 0.810 and

0.688 on the classification of grade (DLGG (grade Il and grade

: ot Il) vs. GBM (grade 1V)), and 0.625 and 0.689 on the classifica-

WL-CHMN t Feature visualization by GCAM tio)n of Ki-67 (Igvel (< 1)%% vs. = 10%), correspondingly. For the

Tumor Tissue

58

Gradient-weighted Class Activation Mapping (GCAM)
produced colored GCAM, GCAM saliency, and GCAM heatmap
which revealed recognizable features learned by CNNs for the
classification of tumor tissue versus non-tumor (Fig. 3). For
example, for FL-CNN, fluorescence signal of the non-tumor
tissue was weak; therefore colored GCAM, GCAM saliency, and
GCAM heatmap were sparse (first row). On the contrary, strong

task of grade, FL-CNN achieved higher AUC, accuracy, sensi-
tivity, specificity, and F, score than that of WL-CNN. There were
significant differences between their AUC, accuracy, specificity,
and F, score (all P<0.01). While for the task of Ki-67 level, WL-
CNN performed better in all of AUC, accuracy, sensitivity, spec-
ificity, and F, score than that of FL-CNN. Among these metrics,
WL-CNN achieved significantly higher accuracy (P =0.0440)
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Fig.4 Performance of the CNNs for the classification of tumor grade and Ki- 67 level. a, Predicted grade of specimens are compared to the gold standard
pathological examination results. AUC, accuracy, sensitivity, specificity, and F1 score of FL-CNN and WL-CNN are compared. b, Predicted Ki-67 level of specimens is
compared to the gold standard pathology results. AUC, accuracy, sensitivity, specificity, and F1 score of FL-CNN and WL-CNN are compared. All error bars represent
the 95% confidence interval computed based on 1000 iterations of the bootstrap method. N = 296 for grade and N = 262 for Ki-67

and F, score (P=0.0406). It was also found that those wrongly
classified non-tumor specimens by FL-CNN in error analysis
were mostly classified as DLGG or <10%. The trend that FL-CNN
showed better overall performance on the classification of tumor
versus non-tumor was in agreement with the results on the task
of grade, but not the task of Ki-67 level. In summary, the results
on the classification of the grade and Ki-67 level highlighted the
CNNs’ ability of learning and generalization.

Discussion

To the best of our knowledge, this study is the first
demonstration of deep CNNs for predicting pathological diagnosis
during fluorescence image—guided surgery. Previous works
of deep learning on medicine are mainly concentrated on the
fields of preoperative imaging and postoperative histopathology,
aiming to automate analysis in an end-to-end way which
saves time, resource, and labor. Unlike many of these works
showing comparable performance to human experts, we have
demonstrated that deep CNNs enable an approach to significantly
improve accuracy of intraoperative diagnosis with zero time
overhead, thus meeting the demand for fast and accurate tumor
diagnosis during surgery.

Surgical resection is the main treatment regimen for glioma,
which is associated with quality of life and survival®. With the up-
dating operation concept for treatment, the maximum safe resec-

tion of glioma becomes highly important. Although more advanced
imaging techniques have been applied intraoperatively, fast tumor
diagnosis with high-throughput is still unavailable. To overcome
this problem, FL-CNN has been developed and demonstrated
to have the ability to efficiently distinguish tumor and non-tumor
tissues during the neurosurgery. FL-CNN presents a high AUC of
0.945, sensitivity over 90%, and specificity over 80% on the clas-
sification of tumor versus non-tumor, which shows the potential to
rapidly and precisely diagnose brain specimens and assist neuro-
surgeons to identify tumor boundary, thus protecting neurological
functions during maximum tumor resection. Furthermore, our
high-throughput method provides pathological diagnosis for even
dozens or hundreds of specimens so that it can meet the demand
of determining whether the tumor boundary requires further resec-
tion for neurosurgeons. In contrast to recent work using stimulated
Raman histology and deep neural networks®, we mainly focus on
the specimen-level classification of tumor versus non-tumor and
have conducted experiments on a larger dataset. Moreover, re-
section of surgical specimens in our method is guided by fluores-
cence imaging, which reduces the chances of sampling error. It is
worth noting that our method using NIR-II fluorescence image not
only guides tumor resection intraoperatively but also distinguishes
tumor and non-tumor tissue especially in the boundary of the tu-
mor.

The developed CNNs learn a non-linear mapping between
fluorescence intensity distribution and pathological results, which
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is not like those defined a threshold for attributing a certain
fluorescence level to be tumor or not. Therefore, they can
differentiate tumor from non-tumor specimens better than neu-
rosurgeons. Moreover, it can also provide effective information
on grading and proliferation intraoperatively. These relatively
objective evidences may assist surgeons in making individual
resection decisions for each part of a tumor during operation,
especially for these tumors which located in the functional
area. If a specimen is suspected of being with high-grade and/
or Ki67 level 210%, aggressive extent of resection should be
taken into account for this site.

FL-CNN is established on NIR-Il fluorescence imaging,
which has a significant advantage over the first NIR window
(NIR-1, 700900 nm) in optical imaging characteristics, such as
lower scattering and background signal®, to produce a clear
contrast between tumor and non-tumor tissue. Compared with
clinically available 5-ALA fluorescence, NIR fluorescence typi-
cally has higher sensitivity and lower specificity (Supplementary
Table S1). However, equipped with deep learning, our FL-CNN
shows comparable specificity (0.822 vs. 0.811) than that of
5-ALA while keeping higher sensitivity (0.938 vs. 0.706). The
experiment results have been confirmed by the gold standard
of pathological examination, and the readers for diagnosis
of specimens are with the same diagnostic experiences and
qualification (Supplementary Table S2 and Supplementary
Table S3), which ensures that the performance measurement
of CNNs and neurosurgeons is precise, and the comparison
between them is objective.

In the future, we plan to extend our CNNs to predict
precise grading of tumors, in detail, from grade | to IV with
a larger dataset. In addition, the proposed CNN-based
approach also has the potential to predict significant genetic
and molecular epidemiology of adult diffuse glioma, such
as isocitrate dehydrogenase (IDH) mutation and 1p/19q
chromosome co-deletion, which may provide more real-time
intraoperative evidence for individual surgery strategies and
early postoperative comprehensive treatment.
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Abstract

Purpose: Despite the use of fluorescence-guided surgery (FGS), maximum safe resection of
glioblastoma multiforme (GBM) remains a major challenge. It has restricted surgeons between
preoperative diagnosis and intraoperative treatment. Currently, an integrated approach com-
bining preoperative assessment with intraoperative guidance would be a significant step in this
direction.

Experimental design: We developed a novel ®*Ga-IRDye800CW-BBN PET/near-infrared flu-
orescence (NIRF) dual-modality imaging probe targeting gastrin-releasing peptide receptor
(GRPR) in GBM. The preclinical in vivo tumor imaging and FGS were first evaluated using an
orthotopic U87MG glioma xenograft model. Subsequently, the first-in-human prospective cohort
study (NCT 02910804) of GBM patients were conducted with preoperative PET assessment
and intraoperative FGS.

Results: The orthotopic tumors in mice could be precisely resected using the near-infrared
intraoperative system. Translational cohort research in 14 GBM patients demonstrated an ex-
cellent correlation between preoperative positive PET uptake and intraoperative NIRF signal.
The tumor fluorescence signals were significantly higher than those from adjacent brain tis-
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sue in vivo and ex vivo (p < 0.0001). Compared with pathology, the sensitivity and specificity of
fluorescence using 42 loci of fluorescence-guided sampling were 93.9% (95% CIl 79.8%-99.3%)
and 100% (95% CI 66.4%-100%), respectively. The tracer was safe and the extent of resection
was satisfactory without newly developed neurologic deficits. Progression-free survival (PFS) at 6
months was 80% and two newly diagnosed patients achieved long PFS.

Conclusions: This initial study has demonstrated that the novel dual-modality imaging technique
is feasible for integrated pre- and intraoperative targeted imaging via the same molecular
receptor and improved intraoperative GBM visualization and maximum safe resection.
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Glioblastoma, Dual-modality imaging, Positron emission tomography (PET), Near-infrared
fluorescence, Intraoperative imaging, Gastrin-releasing peptide receptor
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Introduction

Maximum safe resection of magnetic resonance (MR) con-
trast-enhanced tumor is the current goal for the treatment of both
newly-diagnosed " and recurrent * glioblastoma multiforme (GBM).
It is extremely challenging to achieve this goal because of the
aggressive and infiltrative growth, especially for GBM involving
eloquent areas in the brain. Preoperative imaging assessment
and intraoperative image-guided surgery are key for this aim.

Several trials confirmed that even in recurrent GBM patients,
complete or maximum resection of enhancing part could be
beneficial . However, for recurrent GBM following surgery, radio-
therapy, and chemotherapy, preoperative contrast-enhanced MRI
alone cannot differentiate recurrence from radionecrosis. In this
respect, positron emission tomography (PET) and MR spectros-
copy (MRS) imaging have some added value °. Also, for newly-di-
agnosed GBM, biological tumor volume determined by F-fluoro-
ethyl-L-tyrosine (FET) PET imaging was an important prognostic
biomarker and assisted in maximal PET-guided tumor resection *.

Intraoperatively, the tumor margins are indistinguishable
from the normal brain using a white-light microscope. Fluores-
cence-guided surgery (FGS) by 5-aminolevulinic acid (5-ALA)
permits real-time intraoperative guidance for tumor visualization
and benefits patient survival *"*. However, 5-ALA cannot be

evaluated preoperatively for overall uptake, especially for the
secondary GBM which might have lower grade tumor regions
with low sensitivity to this agent '“. Another clinically used optical
probe, fluorescein sodium, is a nonspecific fluorophore that is ex-
tracellular and associated with breakdown of the BBB. At present,
techniques for preoperative evaluation by PET and MRI and intra-
operative image-guided surgery using the same molecular target
in glioma patients are not available.

We hypothesized that intraoperative optical imaging of the
tumor-specific molecular target positively labeled by preoperative
PET would be of significant advantage for GBM surgery
navigation. One of the molecular targets in GBM is the gastrin-
releasing peptide receptor (GRPR), which has been shown to be
overexpressed and play a role in the development of gliomas
We previously developed *Ga-labeled bombesin (BBN) peptide
derivative NOTA-Aca-BBN (7-14) (denoted as ®*Ga-BBN),
which specifically targets GRPR in gliomas with a high tumor-
to-background ratio *°. In this study, we extended this concept
by conjugating IRDyeSOOCW a near-infrared fluorophore "%,
to form the **Ga-IRDye800CW-BBN PET/NIRF dual- modallty
imaging tracer (Fig. 1A). We assessed our hypothesis in a
preclinical model and defined the optimal criteria for translation
to the first-in-human study. We analyzed the accuracy of this
technique for tumor detection by correlating intraoperative NIRF
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signal with the pathology of image-guided sampling and its
effectiveness for improving the extent of resection of both newly
diagnosed and recurrent GBM. Furthermore, we evaluated the
safety and adverse effects of optical probe utilization.

Materials and Methods

Study design

A novel PET/NIRF dual-modality imaging probe, **Ga-
IRDye800CW-BBN, was evaluated for its accuracy and safety in
a preclinical orthotopic U87MG glioma xenograft model and in a
small cohort of GBM patients. Patients with MRI imaging and/or
pathological evidence of newly diagnosed or recurrent GBM were
enrolled with a written informed consent during the period of April
2016 to October 2017 in Peking Union Medical College hospital
and Beijing Tiantan Hospital. Exclusion criteria were mental
illness; severe liver or kidney disease with serum creatinine >
3.0 mg/dl; any hepatic enzyme level 5 times or more than normal
upper limit; severe allergy or hypersensitivity to IV radiographic
contrast; claustrophobia to accept the PET/CT or PET/MRI
scanning; pregnancy or breast feeding. The aim of this study was
to explore the feasibility of the dual-modality imaging tracer and
intraoperative NIRF navigation system for the surgical resection of

Published online: 03 April 2018

gliomas while avoiding severe neurological deficits. We, therefore,
did not strictly exclude the tumor location, such as the tumors
adjacent to or even involving basal ganglia, thalamus or other
eloquent areas. The surgeons were blinded to the neuropathology
and the neuroradiologists and neuropathologists were blinded
to intraoperative fluorescence. The trial was registered at
ClinicalTrial.Com (NCT 02910804).

Molecular imaging probe synthesis

Waters 600 high-performance liquid chromatography (HPLC)
system with a Waters 996 Photodiode Array Detector (PDA) using
a preparative C,3 HPLC column (PROTO 300 C,3 5 um, 250 x 20
mm, Higgins Analytical, Inc.) was used for peptide purification.
The peptides were analyzed using a Perkin-Elmer 200 series
HPLC pump with a Waters 2487 UV detector and an analytical
C;s HPLC column (Waters Symmetry C,g 5 um, 150 x 3.9 mm).
Mass spectra were obtained with a Waters LC-MS system (Wa-
ters, Milford, MA) that included an Acquity UPLC system coupled
to a Waters Q-Tof Premier high-resolution mass spectrometer. All
chemicals were purchased from Sigma-Aldrich (St. Louis, MO)
unless otherwise stated in the procedure.

Preparation of NOTA-IRDye800CW-BBN

To a 20 mL glass vial containing 27.5 mg of BBN (7-14) in
2.6 mL of DMF 9.5 mg of Fmoc-lys(Boc)-OH, 25 L of N,N-diiso-
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propylethylamine (DIPEA) and 5 pL of diethyl cyanophosphonate
(DECP) were added. The mixture was stirred at room tempera-
ture for 2 h and analyzed with LC-MS that showed formation of
desired product Fmoc-lys(Boc)-BBN. Fmoc protecting group was
removed by adding 0.6 mL of piperidine and stirred at room tem-
perature for 1 h. HPLC purification and freeze-drying gave 18.5
mg lys(Boc)-BBN with 71% yield. LC-MS: [MH]" = 1279.5933 (m/
z), calc: 1280.7063 (CgoHgsN16045S).

Lys(Boc)-BBN (18.5 mg) was dissolved in 2 mL of DMSO,
DIPEA (20 yL) and 2,2’-(7-(2-((2,5-dioxopyrrolidin-1-yl)oxy)-2-ox-
oethyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (NOTA-NHS ester,
CheMatech) (24.0 mg, 2 eq.) were added to the solution. The
mixture was stirred at room temperature for 20 min and moni-
tored with HPLC. After lys(Boc)-BBN was consumed and LC-
MS showed desired product NOTA-lys(Boc)-BBN, DMSO was
removed by freeze drying and Boc protecting group was removed
by 0.1 mL TFA. The mixture was then purified with HPLC to give
6.5 mg NOTA-lys-BBN with (or at) 30.6% vyield. LC-MS: [MH]" =
1464.6552 (m/z), calc: 1465.7864 (Cg7H107N15046S).

To a 20 mL glass vial containing 6.5 mg NOTA-lys-BBN in
1 mL of DMSO 6.0 mg of IRdye800CW NHS ester (LI-COR,
Lincoln, Nebraska) and 10 yL DIPEA were added. The mixture
was stirred at room temperature for 1 h and purified with HPLC
to give 2 mg of the desired product with 18.5% yield and >97%
purity. LC-MS: [(MHH)/2]™ = 1224.9103 (m/z), calc: 2450.0165
(Ci13H156N21O050S5)-

GBM model preclinical research

All animal experiments were approved by the Institutional An-
imal Care and Use Committee of Peking University. Five-week-old
athymic female BALB/c nude mice, purchased from the Depart-
ment of Experimental Animals, Peking University Health Science
Center, were orthotopically transplanted with 1x10° US7MG cells
in PBS into the brain. After 2 weeks, the mice were anesthetized
with an injection of a mixture of ketamine, xylene, and sterile
distilled water (0.2 mL) at a ratio of 7:3:4. Based on the results of
the feasibility study, image-guided surgery was performed on a
small animal operating table (Py2-501213, Harvard, USA) using
our surgical navigation system for precise tumor detection after
intravenous injection of 0.1 mg (0.1 mL) of IRDye800CW-BBN
probe.

A total of 18 mice were placed under our imaging system.
Three experienced surgeons removed the orthotopic tumor under
NIR fluorescence guidance. All fluorescent tumor tissues were
excised during surgery and frozen at -80 °C in optimum cutting
temperature (OCT) compound (Leica, Germany) immediately af-
ter surgery. The tumors were cryosectioned (Leica CM1950, Lei-
ca) to yield sections of 4-um thickness for hematoxylin and eosin
(H&E) staining. The frozen OCT sections were fixed in acetone
for 10 min.

PET imaging and image analysis

®Ga-BBN was synthesized following a procedure reported
previously °*°. IRDye800CW-BBN was synthesized under current
good manufacturing practices (cGMP) by LI-COR company *.
The radiolabeling of ®*Ga-IRDye800CW-BBN was performed in a
sterile hot cell. ®*Ga was eluted from a ®*Ge/ ®*Ga generator (Eckert
&Ziegler, Berlin, Germany) using 0.05 M HCI and mixed with 1.25
M NaOAc buffer to adjust the pH value to 4.0. The mixture was
then directly transferred to a 1 mL plastic tube containing 40 pg of
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NOTA-IRDye800CW-BBN. After shaking, the mixture was incu-
bated in a heating block at 100 °C for 10 min. Then the reaction
mixture was cooled down, dissolved in sterile phosphate-buffered
saline, and passed through 0.22 um aseptic filtration membrane.
Thin-layer liquid chromatography (BIOSCAN, USA) was used
to test the radiochemical purity with CH30OH:NH40Ac (v/v 1:1)
as the developing solution. The radiochemical purity of the prod-
uct ®Ga-IRDye800-BBN was over 95%.

Among the 14 patients, 4 patients received simultaneous
PET/MR and the other 10 patients received PET/CT. ®*Ga-BBN
PET/CT and ®Ga-BBN PET/MR scanning was performed at 30
min after tracer administration. ®*Ga-IRDye800CW-BBN PET/
CT and ®Ga-IRDye800CW-BBN PET/MRI was performed at 30
min and 60 min after tracer administration. A single dose of 74-
148 MBq ®*Ga-BBN or **Ga-IRDye800CW-BBN (1.85 MBq per
kilogram of body weight) was injected intravenously. Brain PET
was performed with 10-min PET acquisition covering the whole
head of the patient. The images were transferred to a MMWP
workstation (Siemens) for analysis.

For the 10 patients who underwent **Ga-BBN and/or ®*Ga-
IRDye800CW-BBN PET/CT, PET images were co-registered
to MR images with automatic image registration and manual
positioning was performed as needed.

General biodistribution and temporal and intersubject stability
were determined by visual analysis. Volumes of interest for nor-
mal brain tissues and the concerned lesions were drawn using
3-dimensional ellipsoid isocontouring, and the radioactivity con-
centrations and SUVs in these volumes of interest were obtained
using the workstation software. The results were expressed as
SUV,ean @and SUV,,,.. MR and PET images were compared and
then fused together to visualize the uptake area and the adjust-
ment of the boundaries.

Clinical assessment and follow up

Before each time of tracer injection for preoperative PET
imaging or intraoperative FGS, we obtained a 12-lead electrocar-
diogram (ECG) for patients, and the vital signs including blood
pressure, heart rate, respiratory rate and blood oxygenation were
monitored. Any discomforts were simultaneously recorded, such
as nausea, vomiting, short breath, etc. The baseline parame-
ters in blood (complete chemistries, complete metabolic panel
and erythrocyte, white cell or platelet count) were obtained. For
safety assessment, the same blood tests were repeatedly per-
formed within 3 days after tracer usage. To rule out the pyrogenic
effect, the patient temperature was recorded twice daily. If the
temperature was over 38.5 °C, the number of postoperative day
was recorded and the suspected reason for fever was assessed,
including postoperative central nervous system infection (PCN-
Sl), aseptic meningitis, pneumonia, urinary tract infection, etc.
Cerebrospinal fluid analysis via lumber puncture was necessary
for fever differential diagnosis. For assessing patients' neurologic
deficits or neuropsychological effect correlating to tumor resection,
preoperative symptoms and neurologic examination were
recorded and newly developed postoperative neurologic deficits
were recorded on the postoperative day one (POD1) and POD7.
The patient survival was followed up by enhancing MRI every
three months. The tumor progression and overall survival were
based on RANO criteria °. The PFS-6 was defined as the propor-
tion of patients with no progression 6 months after operation.
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Intraoperative NIRF imaging

1.0 mg IRDye800CW-BBN of 1 mL saline was injected
intravenously 2 h before anesthesia induction. FGS was per-
formed using our intraoperative imaging system, as previously
described” ™. Near-infrared (NIR) fluorescence images were
acquired and displayed in real time. Based on our previous meth-
ods, we further updated our system to provide an improved optical
path design, optimized handheld light source, and efficient image
algorithms for best visualization. Relative fluorescent units (RFU)
were measured for tumor and background, and signal-to-back-
ground ratio (SBR) was calculated by dividing in vivo tumor or ex
vivo tissue RFU by respective RFU '**'.

If the tumor involved the cortex area, the handheld NIRF
detector was used immediately after dura opening to visualize
whether the positive fluorescence was obvious and determine the
tumor borderline. The tumor was resected along the boundary
(usually within the region of reactive gliosis) to decrease blood
loss under the guidance of white-light microscope (M205FA, Lei-
ca, Germany). The tumor bed or cavity was then illuminated with
NIRF detector. If fluorescence was present in safe area (likely not
the direction of eloquent area), the tissue was further resected
and the specimens from different loci were separately submitted
to neuropathology. If safe, one biopsy form nonfluorescent area
around tumor cavity was collected. However, for the patients with
tumors involving eloquent areas, no obligatory tissue biopsy from
nonfluorescent area was obtained. The RFU of ex vivo tissues
were also measured.

These patients did not receive any other fluorescence-
guided operation intraoperatively. Any other techniques, such
as intraoperative ultrasound and MRI, were not utilized. If a
navigation system was used, the simultaneous PET/MR was
directly imported in the platform of Medtronic Navigation system
STEALTHSTATION TREON Plus (No.1088309). If only PET/
CT was performed, the enhanced MRI imaging and ®*Ga-BBN
or ®Ga-IRDye800CW-BBN PET/CT imaging were imported and
fused in the same platform. The navigation system was only used
for incision, bone flap, cortex incision region or cortical fistulization
design and was not used while resecting the tumor or dissecting
the residual tumor around the tumor cavity.

Image analysis

The preoperative contrast-enhanced MRI was performed
within 1 week preoperatively. Early postoperative MRI was
obtained within 72 h after operation. All MR scans were performed
on a 3.0 T scanner with a head coil, and 0.1 mmol/kg body weight
Magnevist was injected intravenously. Slice thickness was 5
mm. All MRI scans were evaluated centrally at the department of
neuroradiology in Beijing Tiantan Hospital.

The volumes were calculated with manual segmentation
of tumor outline using Picture Archiving and Communication
Systems (PACS) system (Neusoft PACS Version 5.5) and the
areas on each slice were added and the sum was multiplied by
the thickness of each section . The contrast-enhanced volume
was defined as the area of high signal intensity on contrast-
enhanced T,-weighted (T1W) MRI.

The completeness of tumor resection was determined based
on the contrast-enhanced volume less than 0.175 cm® °. The
extent of resection was calculated as (preoperative contrast- en-
hanced volume-postoperative contrast enhanced volume)/ preop-
erative contrast enhanced volume *100%.
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Pathological analysis

The samples were managed according to the protocol
published previously'®. The pathology was determined by
three neuropathologists separately, and if any discrepancy, the
consensus was reached by another higher-level pathologist.
The criteria of pathology diagnosis are the 2016 World Health
Organization Classification of Tumors of the Central Nervous
System (CNS WHO) *.

Statistical analysis

Statistical analysis was performed by using GraphPad Prism
6.0. Values were expressed as means + SD. The sensitivity,
specificity and other diagnostic parameters were defined **. The
RFU and SBR were compared by using the Paired t test.

Results

Preclinical optical imaging of GBM animal
model

We examined whether our probe could delineate clear mar-
gins of orthotopic brain tumors in situ and further refine tumor
resection. As shown in Fig. 2, initial post-injection images revealed
not only the bulk tumor but also highlighted the invasive and irreg-
ular tumor margins.

During the traditional surgery of the orthotopic tumors, the
remnant tumor tissues could not be detected by the naked eye
even by three experienced surgeons and it was difficult to avoid
the dissection of healthy brain tissues. For mice experiment, we
injected the IRDye800CW-BBN probe, orthotopic tumors could
be completely resected using the near-infrared intraoperative sys-
tem. During the entire operation, the orthotopic brain tumor mar-
gins were clearly visualized assisting the surgeons to perform the
precise resection of tumors. If the fluorescence signal indicated
the presence of remnant tumor tissues around the margins of the
surgical cavity, additional surgery of the tumor margins could be
performed and confirmed by pathology.

Overall characteristics of this cohort

Fourteen patients were enrolled in this cohort. There were
12 males and 2 females, and the median age was 47 years old.
There were 8 newly diagnosed and 6 recurrent GBM. Among the
6 recurrent GBM patients, two patients had the first diagnosis of
glioblastoma multiforme, while the other 4 had anaplastic astrocy-
toma. According to the classification by Sawaya and colleagues *°,
10 patients presented with grade Ill lesions (tumors in eloquent
brain areas), 2 patients with grade Il (near-eloquent brain areas)
and 2 patients with grade | lesions. Median preoperative tumor
volume was 55.49 cm® (range, 7.00-159.19 cm®) based on con-
trast-enhanced T1W MRI.

Preoperative PET imaging and biodistribution

The biodistribution of radiotracer **Ga-BBN in healthy vol-
unteers and glioma patients have previously been reported *°. All
14 patients underwent preoperative PET. Three of the patients
accepted PET scanning with both ®Ga-BBN and **Ga-IRDye-
800CW-BBN within one week for comparative analysis of the two
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tracers. We observed similar biodistribution in normal brain tissues
with the standardized uptake value SUV,,, of 0.10 + 0.02. ®*Ga-
BBN PET showed prominent tracer accumulation in the lesions.
Quantitative analysis yielded SUV,,,, and SUV,., values of 1.70
+ 0.39 and 1.08 + 0.30, respectively, and tumor-to-background
(T/B) ratios based on SUV,,,, and SUV,,,, were 19.54 + 4.20
and 12.12 + 2.38, respectively. In ®*Ga-IRDye800CW-BBN PET,
additional uptake of brain blood pool was observed at 30 and 60
min after injection, as well as a low background signal in the nor-
mal brain tissues with the SUV,,.., of 0.08 + 0.03. Similar tracer
accumulation within the brain lesions was detected on *Ga-
IRDye800CW-BBN PET scans compared with ®Ga-BBN for the
same patients (Fig. 3). Quantitative analysis yielded SUV,,,, and
SUV, .. Values on **Ga-IRDye800CW-BBN PET of 1.47 + 0.26
and 1.01 £ 0.22, respectively, and T/B ratios based on SUV,,., and
SUV,ean Were 19.61 + 2.76 and 13.43 + 1.27, respectively. Thus,
no significant difference of radiotracer biodistribution in normal
brain tissues and tumor lesions was found between ®*Ga-BBN
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and ®*Ga-IRDye800CW-BBN PET (P > 0.05).

The remaining 11 patients underwent ®*Ga-BBN PET (n = 7)
or ®Ga-IRDye800CW-BBN PET (n = 4). ®Ga-BBN PET imaging
showed positive results in 7 patients (4 newly diagnosed and 3
recurrent) with quantitative SUV,,,, values of 1.67 + 0.39 and T/
B ratios of 18.09 + 3.5. ®*Ga-IRDye800CW-BBN PET showed
tracer accumulation in the 4 patients (2 newly diagnosed and 2
recurrent) with quantitative SUV,,,, and T/B ratios of 1.01 + 0.39
and 14.5+4.3,0.93 £ 0.25 and 20.0 + 2.5 at 30 min and 60 min,
respectively.

Intraoperative optical and postoperative
imaging assessment

Among the 14 patients enrolled, tumors from 12 patients
were in the cortex and white matter areas, whereas the other two
were deeply seated in the thalamus and medial temporal and
insula (Patients 4 and 5 in Table 1). In the case of 12 patients, the

A

Fluorescence

Intraoperative Preoperative

Postoperative

H&E

Fig.2 The intraoperative fluorescence-guided surgery of GBM. The fluorescence image confirmed tumor existence of the nude mice (A). color images were
acquired to evaluate the residuals in a step-by-step manner (B). The fluorescence and color images showed that all the fluorescent tissues were removed from the
mouse (C). The H&E images confirmed the results of tumor (D). Scale bars, preoperative row, 5 mm; intraoperative row, 5 mm; postoperative row, 3 mm. Scale bar,

H&E column 2, 1, 0.2 mm, respectively for rows 1-3.
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fluorescence was illuminated immediately after opening the dura.
The boundary of normal cortex and the tumor could be readily
outlined. However, in Patients 4 and 5 with deep-seated tumors,
after initial cortical fistulization, the brain retractor was utilized for
sufficient tumor exposure. In these two cases, the fluorescence
signal was weaker (Fig. S1B) than in patients with tumors
involving the cortex area and those who had a much larger cavity
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after surgical tumor debulking.

The intraoperative IRDye800CW-BBN FGS appeared to
have clear advantages as illustrated by the example of Patient
3 displayed in Figure 4. When the dura was opened, the tumor
fluorescence in the cortical area was obvious and was not affected
by the superficial blood due to enough washout interval (Fig. 4B).
After surgery, the residual tumor could not be differentiated from

Table 1 Clinical characteristics, tumor location, clinical symptoms and fluorescence-guided
surgery of this GBM cohort. The quantitative assessment of preoperative tumor volume in MRI
and PET, extent of resection as well as the intraoperative fluorescence was recorded.
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Intraoperative fluorescence guided surgery

A. Preop. MRI

B. After dura opening

F. Preop. PET/MRI
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Fig.3 Similar uptakes of the 68Ga-NOTA-BBN and 68Ga-IRDye800-NOTA-BBN tracers in PET/CT for a newly-diagnosed GBM patient. (A) 68Ga-NOTA-BBN
(7-14) PET MIP and PCT/CT images 30 min after 68Ga-NOTA-BBN infusion. (B) 68Ga-IRDye800-NOTA-BBN (7-14) PET MIP and PCT/CT images 60 min after
68Ga-IRDye800-NOTA-BBN administration.

the adjacent brain tissue by white light microscopy but clearly
showed positive fluorescence in the deep tumor cavity by the
dual-modality imaging (Fig. 4C). After all fluorescent areas were
totally resected (Fig. 4D), the postoperative MRI did not show
residual enhancement (Fig. 4E). The pathology and GRPR
immunostaining analysis confirmed the accuracy of fluorescence-
based sampling and GRPR specificity (Fig. 4G-J).

With the strictest criteria of less than 0.175 cm® as complete
resection °, 7 patients achieved complete resection. For newly
diagnosed GBM, complete resection was achieved in 6 out of 8
patients except for Patients 4 and 5, who had deep-seated tumors
located in the thalamus and medial temporal insula, respectively
eloquence grade Ill and grade Il. In recurrent GBM, complete re-
section was achieved in 1 out of 6 patients due to the extremely
huge area of contrast enhancement and radionecrosis following
surgical intervention, radiotherapy, and chemotherapy. However, if
we considered complete resection as removal of more than 95%
of the initially enhanced tumor volume °, the probe helped achieve
complete resection in 9 patients, especially 7 among 8 newly di-
agnosed GBM patients.

We compared the intraoperative fluorescence signals with
the residual enhancement areas in postoperative MRIs (Table 1).
If the visible fluorescence was left in tumor cavity to protect the
involved eloquent areas, the postoperative MRI showed residual
contrast-enhanced tumors in the same position except in Patient
1 with complete resection of tumor but minimal fluorescence in the

deep tumor cavity. Examples of details of contrast enhanced MRI,
both from the residual tumors in postoperative MRI and intraop-
erative fluorescence left in the cavity, are shown in Fig. S1 for
Patient 4, Fig. S2 for Patient 5, Fig. S3 for Patient 9, Fig. S4 for
Patient 11, Fig. S5 for Patient 12, and Fig. S6 for Patient 14.
These figures showed that the intraoperative fluorescence was
identical to the enhancement in the postoperative MRI, which
were eloquent areas that had to be protected intraoperatively.

In vivo and ex vivo fluorescence and correlation
with pathology

The optical probe was uptaken well by the tumor and
washed out by the adjacent normal brain. The RFU of the tu-
mors were significantly higher than those in the background in
vivo (137.9 £ 67.3 vs. 41.6 £ 24.2, p < 0.0001) and ex vivo (142.2
+38.3 vs. 33.0 £ 12.7, p< 0.0001). The SBR of the in vivo and ex
vivo tissue was not significantly different (Fig. 5).

A total of 31 fluorescent and 11 nonfluorescent ex
vivo specimens were obtained intraoperatively. The details of
their location, fluorescence signal, pathology, and WHO grading
were shown in Table S2. Examples of two nonfluorescent tu-
mor specimens from Patient 12 were displayed in Fig. S7B and
Fig. S7C. These two specimens were false negatives, one of
which was the tumor boundary tissue with scattered tumor cells
in the brain tissue with a large amount of atypical gliosis; the
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Fig.4 68Ga-IRDye800-BBN PET/NIRF dual-modality imaging guided GBM resection for patient 3. Axial T1-weighted (T1W) MRI showed a left temporal and
parietal glioblastoma (eloquence Ill) in a 55-year-old man and obvious enhancement 30 min after intravenous injection of gadolinium (A). The fused 68Ga-BBN PET/
MRI showed positive probe uptake with clear margin (F). After dura opening, the fluorescent tumor was obviously seen by the NIRF imaging system, and indicated
with the green dashed line in the white-light imaging (B, Scale bar, 5mm.). Of note, the blood was not fluorescent and did not influence the tumor visualization. It was
difficult to differentiate the residual tumor (indicated with green dashed line) and adjacent normal brain tissue by intraoperative white-light microscope (C); however,
the residual tumor was fluorescent in the deep tumor cavity (C) and was confirmed by H&E staining (H, scale bar 50um) and had abundant GRPR positive cells (G,
scale bar 20um). After resecting the residual fluorescent tumor, the cavity showed no fluorescence (D) and further small tissue foci along the cavity was confirmed as
normal brain tissue by H&E staining (H) and only a few scattered GRPR positive cells can be found (J). The postoperative enhancing MRI demonstrated complete

resection of enhanced region (E).

other was diagnosed as oligodendroglioma and astrocytoma
with an aggressive growth pattern in the low-grade region of the
tumor. These examples indicate that relatively smaller density of
tumor cells or lower grade areas of the secondary GBM might be
nonfluorescent.

The match between the NIRF signal and pathology was
summarized in Table S3. The sensitivity was calculated to be
93.9% (31/33, 95% CI 79.8%-99.3%). The specificity was very
strict with normal brain tissue and no evidence of any grade of
tumor and was 100% (9/9, 95% CI 66.4%-100%). Therefore, the
specimen-by-specimen analysis yielded a diagnostic accuracy of
95.2% (40/42). With stringent pathology criteria for all grades of
glioma, the positive predictive value (PPV) and the negative pre-
dictive value (NPV) were 100% (95% CI 88.8%-100%) and 81.8%
(95% CI 48.2%-97.7%), respectively. To quantify the fluorescence
signal, the SBR of pathology demonstrated GBM ex vivo tissue
was significantly higher than that of non GBM (4.91 + 0.61 vs. 1.14
+0.19, p = 0.0003).

Safety and adverse effects

Patients’ discomforts and other safety issues (liver and renal
toxicity and pyrogenic effect) of IRDye800CW-BBN tracer after
intraoperative utilizeation are presented in Table S1. No allergy or
renal function damage was noticed. Hepatic enzymes, especially
glutamic-pyruvic transaminase, were initially increased in most
patients within the first week after surgery but subsequently
normalized with no clinical significance. Five patients had
fever within 4 to 7 days postoperatively. The PCNSI or aseptic
meningitis were confirmed by the clinical manifestation and
cerebrospinal fluid analysis. Among the 14 patients enrolled,
11 patients complained of transient nausea which usually
disappeared within 15 minutes.

Patient survival

As shown in Table 2, all patients were followed up with
the median period of 6.5 months (range 1.5-18.9 months). The
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pathologic molecular profiling associated with patients’ survival,
including MGMT methylation status, TERT mutational status, IDH
mutational status and 1p19q codeletion status, and postoperative
therapy were also shown. Among the 5 newly diagnosed GBM
patients with longer than 6 months follow-up, 4 patients achieved
PFS-6, thus the PFS-6 was 80%. Of note, Patients 1 and 3 with
complete resection and following treatment of standard Stupp
protocol did not progress after 16.2 and 12.2 months since
operation. Even for the recurrent GBM with complete resection in
Patient 10, the tumor did not progress after 18.8 months.

Discussion

There is a critical need for a specific tumor visualization
technique capable of distinguishing the tumor from normal
brain intraoperatively that can assist surgeons to achieve
gross total resection of the infiltrative GBM while benefiting
patients by protecting neurological functions. In the past, a
variety of anatomical imaging techniques have been utilized for
guiding tumor resection, such as MRI-based neuronavigation,
intraoperative ultrasound and MRI (iMRI), and metabolism-based
intraoperative imaging, such as 5-ALA or fluorescein sodium-
induced fluorescence imaging. These techniques improved
gross total resection (from 69.1%-84.4%) and led to significant
prolongation of PFS **** However, there are limitations to each
of these techniques. The navigation system cannot solve the
intraoperative brain shift and is difficult to precisely resect the
tissue based on the preoperative MRI navigation. In addition
to being cost prohibitive, iMRI disrupts the flow of surgery
adding at least one additional hour of operative time and cannot
integrate with PET imaging intraoperatively. 5-ALA optical
imaging has relatively low sensitivity and specificity particularly
in heterogeneous tumors ' “**". Furthermore, these techniques
cannot evaluate the same specific tumor target pre- and
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intraoperatively.

In the present study, we developed a unique dual-modality
PET/optical imaging probe which was based on our previously
described ®*Ga-BBN PET tracer to specifically image the GRPR
receptor expression in vivo on gliomas of different WHO grades ™.
This is the first translational study performed in GBM patients
comparing the preoperative GRPR receptor biodistribution with
the traditionnal gadolinium enhancement in MRI. This unique
dual-modality imaging probe not only enabled preoperative as-
sessment for resection accuracy but also allowed real-time optical
navigation intraoperatively for achieving maximal safe resection.

We observed a strong correlation between the PET uptake,
fluorescence, and GBM pathology, indicating that the tracer up-
take was a result of specific GRPR binding. Several significant
advantages of this probe in the first-in-human study were obvi-
ous. First, an extremely low dose of probe was sufficient for PET/
optical imaging (40 ug per patient for preoperative PET and 1
mg per patient for intraoperative optical imaging vs. 20 mg/kg
for oral 5-ALA and 5 mg/kg for intravenous fluorescein sodium).
Second, the dual-modality probe could be used preoperatively
and intraoperatively and was both safe and well-tolerated. And
third, compared to the white light microscope identifying tumors
based on superficial texture or color change, this near-infrared
fluorescence-based technique was far more sensitive. This was
especially helpful in detecting the residual foci with penetration
depths of up to several millimeters after debulking most of the
tumor and ensuring tumor resection within the tumor range and
not damaging the adjacent normal brain. This cohort achieved
80% PFS-6 for newly-diagnosed GBM patients, higher than 46%
in those of 5-ALA “°. The PFS of the two patients with complete
resection, more than 16.2 and 12.2 months, were longer than re-
ported before (median PFS, 7 months ™ and 6.9 months “°). Thus,
this dual-modality imaging GRPR-specific probe could be utilized
intraoperatively to visualize tumor margins without brain shift and
might improve patient survival.

The trial of 5-ALA and fluorescein only enrolled newly diag-
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Table 2 Patient follow-up data including postoperative therapy, the survival profile and associated
pathology profiling.

Patient Molecular pathology profiling Complete  Follow-up  Postoperative therapy FPFS for newly 05 for newly 05 for recurrent
No. resection  duration GEM (months) GBM (months) GBM (months)
(/M) (months)

1 MGMT{+).1p19g codiletion]-) h | 14,2 ET + comcomitant TWLS + TR (B) 162+ ! !

2 MOGMT{+) TERT mutation]+), b 9.2 ITMEZ (3) a9 9.2 !
1D Imutation]-), 1p1%yg
codeletioni-)

3 MGMT({+), TERTmutation{-), ¥ 122 ET + concomitant TME + TAMZ (10) 122+ ! !
IDHmutation+), 1pl9g
codeletion]-)

4 MGMT{-L TER Tmutation(-), N 81 TMZ (R) 74 81 F
TEH Trostationg-), 1p19g
coceletion|=)

5 WG I+ TERT mtalioni+), | B4 ET + concomitant THZE +ThZE {6} B+ ¥ I
1D mutation(+), 1pl9q
codeletioni-)

&} MGMT(-)L. TERTmutation(-). ¥ 2.0 ET + PCV chemotherapy 2.0+ ! !
1D H uakat song-), 1pTtyg
cogleletion|+)

7 MOGMT{+) TERTmutation{+], b | 1.5 ET + comcomitang TS 1.5+ ! !
TEH  vstationg-)

& MGMT{+), TERTmutation{+), ¥ 1.5 ET + concomitant ThZE 1.5+ ! !
IDHmutationg-)

LY MGMT-L 1D mstat ong-). 1p1%y N .4 Mo F I .4
codeletion(-)

10 MGMT{-LID Hmutation]-), 1p1% Y 189 No ! ! 189
cogleletion|=)

11 MOGMT{+LIDHmutation(+), N 1.5 No ' ! 1.5
1p1%q codeletion-)

12 MOGAMT{+LIDHmutation(+), N 6.5 TMZ (3) ) ! 6.5
1p 1%y coxdeletion-)

13 MGMT{-). TERTmutation(+). N 0.4 TMZ + bevacizumab (5) ! ! 106
1D H mutation(+), 1p1%g
codeletioni-)

14 MOGMT(+) TERTmutation(+), N 5.5 ET + concomitant TV + THME (8) ! 3.3

IDH mutation]-), 1p19g
codeletion(-)
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Fig.5 Quantification of fluorescence imaging for in vivo and ex vivo pathology demonstrated GBM or adjacent brain tissue. Relative fluorescent units
(RFU) were acquired during intraoperative fluorescent imaging of residual tumor in vivo and NIRF region superimposed on white light (A). The ex vivo tissue of the
fluorescent GBM tissue and adjacent brain tissue both demonstrated by pathology were shown in (B). Example of RFU calculation is shown. Five points are chosen
in the fluorescent gross tumor (red circles) and another five points in the surrounding cortical or tumor cavity as background (yellow triangles), the mean RFU are
calculated and the Signal-to-background ratio (SBR) is thus calculated. The RFU of the tumor were significantly higher (****p < 0.0001) than those in the background,
in vivo and ex vivo. But the SBR of in vivo and ex vivo tissue was not different significantly (C). The SBR of pathology demonstrated GBM ex vivo tissue was
significantly higher (*** p < 0.001) than that of non GBM. Data are RFU and SBR + SD (D).
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RT (radiotherapy), TMZ (temozolomide), PCV (procarbazine, lomustine, vincristine), PFS (Progression-free survival), OS (Overall survival).

nosed, untreated malignant glioma patients and excluded patients
with tumors of the midline, basal ganglia, and other locations that
did not allow complete resection ® °. Our series of 14 GBM pa-
tients included 8 newly diagnosed and 6 recurrent GBM, among
which 10 patients having tumors of eloquence grade Ill and 2 with
eloquence grade Il. In order to protect the neurofunctions, the
tumors in some patients were not able to be resected completely.
Another operation influencing factor was the preoperative tumor
volume. The median volume based on enhancing T1 weighted
MRI in this cohort was 55.49 ¢cm?®, which was much larger than
that in a phase Il study of fluorescein-guided surgery (28.75
cm?®) . Significantly, of the 8 newly diagnosed GBM, 6 patients
achieved complete resection even with 5 tumors in eloquent brain
areas as eloquence grade lll. In the other 2 patients, complete
resection was not possible as one tumor was in the thalamus
involving midbrain and the other was in the temporal and insula
lobe. Although the residual tumors exhibited positive fluorescence
in resection cavity intraoperatively, complete resection was avoid-

ed to protect neurofunctions.

At this point, the optical imaging technique was not optimal
for the deep-seated tumors (Patients 4 and 5) and, due to the
light diffusion in deep tumor cavity, the SBR was not adequate
during surgery. In future clinical trials, the correlation between
the NIRF intensity and cellularity, proliferation index, and other
molecular pathological characteristics will be analyzed to further
optimize the dual-imaging probe. Although the technique appears
to have significant potential for larger safe extent of resection and
better prognosis, the limited number of patients with insufficient
follow-up interval did not allow more definitive correlation of this
technique with clinical outcomes. Future work will be designed
in randomized clinical trials with more strict inclusion criteria, for
example enroliment of only newly diagnosed patients with GBM
eligible for total resection, to assess the effectiveness of this tech-
nique in improving patient survival.

In conclusion, this first-in-human study highlights an
approach that uses the PET/NIRF dual-modality technique
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with ®Ga-IRDye800CW-BBN in the preoperative assessment
and FGS of GBM. This novel imaging probe has demonstrated its
potential for maximum safe resection of difficult to access tumors
without damaging the normal brain tissue.
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Abstract

Precise resection of orbital tumors is a critically important but elusive issue. Fluorescence
imaging in the near-infrared Il window (NIR-II) holds the potential to provide the surgeons with
real-time identification for orbital tumors. Here, for the first time, we evaluated the feasibility
and clinical value of NIR-II fluorescence imaging in orbital tumor surgery. To establish the
method of NIR-II fluorescence imaging for orbital tumors, we developed a NIR-II fluorescence
imaging system and indocyanine green (ICG) served as the fluorescent contrast agent.
Twenty-two patients diagnosed with orbital tumors and scheduled for standard-of-care surgery
were enrolled in this study. Time-course NIR-Il fluorescence imaging of two patients with
superficial orbital tumors showed the optimum imaging time was 2 h post injection of ICG.
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Fifteen patients were allocated for diagnostic test, which showed that both the in situ and ex vivo
NIR-II fluorescence imaging showed better sensitivity and specificity than the surgeon judgment.
In the feasibility trial of the remaining five patients, the surgeon encountered 34 suspicious
regions and surgical decisions were changed nine times due to NIR-Il fluorescence imaging. The
resultant seven additional resections were justified by histopathology and the two conservative
treatments did not result in recurrence. Based on these findings, we suggested that ICG-based
NIR-II fluorescence imaging was feasible to guide precise resection of orbital tumors. A future
randomized controlled trial with a larger cohort is encouraged to further verify the clinical value.

Keywords

Fluorescence imaging, ICG, NIR-Il imaging, Orbital tumor

Introduction

Orbital tumors often substantially affect the appearance and
visual function of patients, with surgical intervention serving as the
primary treatment modality. Due to the close proximity of orbital
tumors to critical anatomical structures, including optic nerves, ex-
traocular muscles, and blood vessels, surgical management must
prioritize the preservation of these vital tissues while also consid-
ering esthetic outcomes. Therefore, precise resection is of par-
amount importance in the management of orbital tumors.' Over
the last 100 years, surgeons mainly rely on visualization and
palpation to identify tumors during surgery. When the surgeons
have difficulty in the identification of tumors, intraoperative frozen
section analysis of selected tissue specimens is the gold standard
to make a diagnosis.” However, frozen section analysis is time-
consuming and can only examine a few samples, making the
precise resection of orbital tumors still challenging.’

Several fluorescent probes were found to be capable
of accumulating in the tumors, which made the tumors flu-
oresce under the excitation of an external light source. The
intraoperative fluorescence imaging holds the potential to
provide the surgeons with real-time identification for infinite tu-
mor tissues.” In detail, the fluorescence imaging in the near-
infrared | window (NIR-I, 700-900 nm) is most widely used in
fluorescence-guided surgery due to the lower photon scattering
and tissue autofluorescence.’ Besides, the fluorescence probe
indocyanine green (ICG) with NIR-l emission spectrum is the
only US Food and Drug Administration (FDA)-approved NIR
imaging fluorophore. To date, the ICG-based NIR-I fluorescence
imaging has shown good diagnostic performance in the clinical
trials of liver cancers,® pancreatic neoplasms,’ colorectal
cancer,’ meningioma,” bone and soft tissue sarcomas.'® However,
it is unclear that whether intraoperative fluorescence imaging
could guide the precise resection of orbital tumors characterized
by open small-incision (<3 cm). Furthermore, for the sake of wide-

spread clinical implementation of fluorescence guided surgery, the
quality of fluorescence imaging needs further improvement and
the clinical value needs further identification.”

Fortunately, the recent advent of fluorescence imaging in
the second NIR window (NIR-Il, 1000—1700 nm) provides an
even higher signal-to-noise ratio and deeper tissue penetra-
tion than NIR-I imaging.” ** Besides, by switching the NIR-I
imaging system to NIR-Il imaging equipment, the FDA-approved
contrast agent ICG enables state-of-the-art NIR-Il fluorescence
imaging." Previously, we have reported the first-in-human study
of NIR-II fluorescence imaging for liver cancers using the home-
built NIR-II equipment and clinically viable ICG."® The results
show that intraoperative NIR-Il imaging provides higher tumor-
detection sensitivity, higher tumor-to-normal-liver-tissue signal
ratio and higher tumor-detection rate compared with NIR-I
imaging.”® Encouraged by this, we hypothesized that ICG-based
NIR-II fluorescence imaging could identify the orbital tumors. To
explore the feasibility of applying this technology to guide precise
resection of orbital tumors, we first established a method of NIR-
Il fluorescence imaging for orbital tumors based on a home-built
fluorescence imaging system. Furthermore, we assessed the
diagnostic accuracy of the NIR-II fluorescence imaging in the
identification of orbital tumors. Finally, we preliminary evaluated its
clinical value in the precise resection of orbital tumors.

Methods
Study design

This study combined a diagnostic test and feasibility trial and
consisted of 3 parts (Figure S1). In part |, 2 patients with superfi-
cial orbital mass were enrolled to establish the method of NIR-II
fluorescence imaging for orbital tumors. Part Il was a prospective
diagnostic test with 15 orbital tumor patients. In part Ill, a sin-
gle-arm feasibility trial, five orbital tumor patients were enrolled to
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study the effect of NIR-Il fluorescence imaging on intraoperative
decision making.

The 22 patients were recruited from the senior department of
ophthalmology in the 3rd medical center of Chinese PLA general
hospital from November 2020 to December 2022 via convenience
sampling. Patients aged 18 years or older were eligible if they
were clinically diagnosed with orbital solid tumors by two experi-
enced orbital doctors and scheduled for standard-of-care surgery.
Exclusion criteria included: age <18 years, allergy to iodine or
shellfish and unfitness for surgery. Besides the routine examina-
tions, all patients underwent preoperative magnetic resonance
imaging (MRI) of the eye with intravenous gadolinium. The char-
acteristics of the study patients are listed in Table S1.

NIR-II fluorescence imaging system

The NIR-II fluorescence imaging system consisted of
an open-field and closed-field imaging model. The open-field
sub-system was composed of a liquid-cooling InGaAs charge-cou-
pled camera (CCD, Cheetah 640, Xenics), which was integrated
with a large depth-of-field lens (focal length 50 mm, maximum iris
1.8) and a 1100 nm longpass optical filter (FELH1100, Thorlabs).
Notably, the CCD camera was mounted on a rotatable articulated
arm for flexibly adjusting the imaging view. A hand-held 792 nm
laser generator (output power 2.0 W, Changchun Leirui Optoelec-
tronic Technology) was used to excite the fluorophores. For the
closed-field sub-system, the CCD camera and laser generator
were fixed on the top of the black box, which could occlude from
ambient light. The key parameters of the NIR-Il imaging system
are listed in Table S2.

Preoperative time-course NIR-Il fluorescence
imaging for the superficial orbital mass

The patients with superficial orbital mass received intra-
venous infusion of 0.7 mg kg” body weight of ICG (Dandong
Yichuang Pharmaceutical, China). At 15 min, 30 min, 1 h, 2 h,
3 h, 4 and 5 h post injection of ICG, fluorescence imaging was
performed using the home-built NIR-II imaging instrument in the
ward. The next day, the patients underwent standard-of-care
surgery without intraoperative fluorescence imaging. Finally, the
orbital mass was diagnosed by histopathology.

Intraoperative NIR-Il fluorescence imaging for
orbital tumors

We performed intraoperative NIR-II fluorescence imaging in
patients with various gadolinium-enhancing orbital tumors. Ac-
cording to the results of time-course NIR-II fluorescence imaging,
0.7 mg kg™ body weight of ICG (Dandong Yichuang Pharmaceu-
tical, China) was intravenously injected 2 h before surgery. During
the standard-of-care orbital surgery, in situ NIR-II fluorescence
imaging of the main body of orbital tumors and regions of inter-
est where the surgeon needed an auxiliary diagnosis were per-
formed. Besides, after resection, the tumor bed was evaluated for
residual fluorescence. All the resected samples were subjected
to ex vivo imaging in the closed-field NIR-II fluorescence imaging
system in the operating room. After the surgery, all the samples
were assessed by histopathology.
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Fluorescence analysis

For the pre-operative time-course NIR-Il fluorescence imag-
ing, tumor-to-normal tissue ratio (TNR) was quantitatively calcu-
lated by comparing the mean fluorescent intensity of the orbital
mass with that of the surrounding normal tissue. For the in situ im-
aging, fluorescence positive was defined by three assessors (Z.Z.,
L.G. and W.W.) through the majority rule when showing an obvi-
ous hyperfluorescence compared with surrounding normal tissue.
In contrast, fluorescence negative was defined as isofluorescent
or hypofluorescent compared with surrounding normal tissue. For
the ex vivo imaging, TNR was quantitatively calculated by com-
paring the mean fluorescent intensity of samples of interest with
that of each patient’'s own normal tissue. The exploratory optimal
TNR cutoff value of the ex vivo imaging was defined through the
maximum Youden index. The fluorescence imaging assessors
were available for clinical information but blinded to the histopa-
thology results.

Histopathology assessment

Histopathology assessment served as the gold standard for
the diagnosis of the resected samples. The samples were fixed
in formalin, embedded in paraffin and serially sectioned at 5 pm
thickness. The sections were then stained with hematoxylin and
eosin (H&E) according to the standard procedure. Two experi-
enced pathologists (Y.L. and Y.H.), who were available to the clin-
ical information but blinded to the results of NIR-II fluorescence
imaging, examined the slides and reached agreement for patho-
logical diagnosis.

Statistical analysis

The judgments from the surgeon, in situ fluorescent imaging
and ex vivo fluorescent imaging were compared with the histopa-
thology results. To compare the diagnostic accuracy, we calculat-
ed sensitivities, specificities, the receiver-operating characteristic
curves and the area under the curve (AUC) with 95% confidence
intervals. The statistical analysis was performed by SPSS soft-
ware (version 19).

Results

Preoperative time-course NIR-Il fluorescence
imaging in patients with superficial orbital
masses

To determine the feasibility of NIR-II fluorescence imaging
of orbital tumors and the optimum imaging time after the admin-
istration of ICG, we first enrolled 2 patients with superficial orbital
mass (Figure S1, part 1), who allowing noninvasive, real-time
imaging. As early as 15 min post intravenous injection of 0.7 mg
kg™" body weight ICG, we found that the gadolinium-enhancing
squamous cell carcinoma of conjunctiva, which was validated
by the post-resection histopathology, was clearly fluorescing
(Figure 1A,B). Furthermore, the NIR-II fluorescence signal persist-
ed for at least 5 h (Figure 1C—H). Quantitative analysis showed
that the fluorescence intensity was maintained at a high level from
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15 min to 2 h post injection, followed by a gradual decrease from
2 to 5 h (Figure 11). Notably, the TNR of NIR-II fluorescence imag-
ing peaked at 2 h post injection (Figure 1J). However, the gadolin-
ium-enhancing orbital inflammatory mass proven by the post-re-
section histopathology was nonfluorescent (Figure S2). Besides,
the epidermoid cyst that did not enhance with gadolinium was
hypofluorescent (Figure S3). These results suggested that ICG-
based NIR-II imaging could be used to localize gadolinium-en-
hancing tumors other than inflammatory or cystic lesions, which
had great clinical implications for fluorescence imaging-guided
tumor resection.

Intraoperative in situ NIR - Il fluorescence
imaging of orbital tumors

Orbital tumors are often resected with an open small incision
(<3 cm), which makes the tumors visible only through a limited
angle. We therefore assembled an open-field NIR-II fluorescence
imaging system allowing arbitrarily adjusting the angle of the laser
emitter and fluorescence receiver to enhance the excitation and
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acquisition of fluorescent signals in orbital tumors (Figure 2A,
Figure S4). Motivated by the fluorescent orbital tumor (squamous
cell carcinoma of conjunctiva) and high TNR at 2 h post injection
of ICG, we intravenously injected 0.7 mg kg” body weight ICG
into the patients (n = 15) 2 h prior to surgery and found that intra-
operative in situ NIR-Il fluorescence imaging was affected by the
exposure extent of tumors. When the tumor was underexposed
(Figure 2B), the NIR-II fluorescence imaging was not clear (Fig-
ure 2B’). However, the tumor could be clearly visualized by NIR-
Il fluorescence imaging once it was adequately exposed (Figure
2C,C’). Besides, both the orbital malignant tumors (orbital heman-
giopericytoma, orbital malignant peripheral nerve sheath tumor)
and orbital benign tumors (orbital pleomorphic adenoma) were
clearly fluorescing during the surgery (Figure 2D-G).

Next, we further assessed the diagnostic accuracy of in
situ fluorescence imaging for orbital tumors (Figure S1, part Il).
The surgeon first made an initial judgment about whether the
suspicious regions contained tumor tissues. Subsequently, the
suspected regions were subjected to NIR-II fluorescence imaging
and the tissues were qualitatively judged as fluorescence positive
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Fig.1 Time-course NIR-Il fluorescence imaging of patients with squamous cell carcinoma of conjunctiva. (A) Bright field image of conjunctival squamous
cell carcinoma. (B—H) Time course of NIR-Il fluorescence images of conjunctival squamous cell carcinoma. (I) Normalized fluorescence intensity of conjunctival
squamous cell carcinoma at different time points post injection of ICG. (J) Tumor-to-normal tissue ratio of conjunctival squamous cell carcinoma at different time

points post injection of ICG. ICG, indocyanine green.
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or negative by comparing their fluorescence intensity with that of
the surrounding normal tissues. We encountered 22 suspicious
regions, including tumor bed, para tumor tissue and so on, all
of which were adequately exposed and underwent in situ NIR-
Il fluorescence imaging. In general, 14 suspicious regions were
judged as fluorescence positive and 12 specimens were proved
to contain tumors by histopathology (representative images in
Figure 3A-D). Besides, 8 specimens were fluorescence negative
and 5 specimens proved to be absent of tumor (representative
images in Figure 3E—H). Compared with the surgeon’s judgment,
in situ NIR-Il fluorescence imaging demonstrated higher sensi-
tivity (80.0% vs. 66.7%), specificity (71.4% vs. 42.9%) and AUC
(0.757 vs. 0.548) (Table 1).

Intraoperative ex vivo NIR - Il fluorescence
imaging of orbital tumors

Due to the small operation field (incision <3 cm), the deep -
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seated tumors are difficult to acquire high-precision imaging
results in situ. In this case, we developed ex vivo NIR-II fluores-
cence imaging to identify tumors. Considering the fluorescence
imaging was vulnerable to ambient light and camera angle, we
constructed a closed-field NIR-II fluorescence imaging system,
which shielded the ambient light and fixed the camera angle
(Figure 4A). Total 86 samples (26 primary tumor tissues, 44 sus-
picious para tumor tissues and 16 normal tissues) resected from
the 15 patients were subjected to ex vivo NIR-II fluorescence im-
aging and pathological examination (Figure S1, part 1). We found
that all the primary tumors were clearly fluorescing (representative
images in Figure 4B), while the normal tissues (orbital adipose tis-
sue) were hypofluorescent (representative images in Figure 4C).
The fluorescence of para tumor tissues that were suspected as
tumors by the surgeon were heterogeneous (Figure 4D). We
quantitatively analyzed the average fluorescence intensity and
calculated TNR with normal tissues served as their own internal
control. With pathological examination as the gold standard, the
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&
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Fig.2 Intraoperative in situ NIR-Il fluorescence imaging of patients with orbital tumors. (A) Application diagram of the intraoperative open-field NIR-II
fluorescence imaging. (B and B’) Bright field image and corresponding NIR-II fluorescence imaging of unfully-exposed orbital tumor (hemangiopericytoma). (C and C’)
BF image and corresponding NIR-II fluorescence imaging of fully-exposed orbital tumor, which was the same as the tumor in B and B’. Red dotted circles and arrows
indicate the orbital tumors. (D) Intraoperative in situ NIR-II fluorescence imaging of the main body of recurrent orbital hemangiopericytoma. (E) Intraoperative in situ
NIR-II fluorescence imaging of the main body of recurrent orbital malignant peripheral nerve sheath tumor. (F, G) Intraoperative in situ NIR-II fluorescence imaging of

the main body of recurrent and primary orbital pleomorphic adenoma.

79



Interdiscip Med. 2025. 3(1):e20240048

optimal TNR cutoff of 1.21 produced the highest sum of sensitivity
(92.6%) and specificity (93.7%) based on the data of 86 sam-
ples. For the 44 suspicious para tumor tissues, the optimal TNR
cutoff remained 1.21 with 85.7% sensitivity and 93.7% specificity.
Compared with the surgeon and in situ imaging, ex vivo NIR -
Il fluorescence imaging using a TNR cutoff of 1.21 showed the
highest sensitivity (93.3%) and specificity (85.7%) for the same
22 samples (Table 1). The AUC of ex vivo NIR-II fluorescence im-
aging was also higher than that of the surgeon (0.895 vs. 0.548).
Besides, ex vivo NIR-Il imaging showed good correspondence
between the fluorescence signal and tumor status on histopa-
thology and higher TNR than NIR-I imaging (Figure S5). Notably,
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the ex vivo NIR-II fluorescence imaging and quantitative analysis
could be finished in about 2 min, allowing real-time intraoperative
identification of tumors.

Clinical value of intraoperative NIR-II
fluorescence imaging for guiding precise
resection of orbital tumors

To assess the clinical value of intraoperative NIR-II fluores-
cence imaging, we studied the effect of this imaging method on
intraoperative decision making (Figure S1, part Ill). Firstly, ac-
cording to visualization and palpation, the primary surgeon (X.Y.)

Fig.3 In situ NIR-Il fluorescence imaging and pathological examination for suspicious lesions. (A, B) BF image and corresponding NIR-II fluorescence
imaging of the tumor bed in the open field. Red dotted circles and arrows indicate the region of interest where the surgeon needed an auxiliary diagnosis. The area of
interest was judged as fluorescence positive by the surgeon. (C, D) BF image and corresponding H&E staining of the resected sample as shown in A, B. Pathological
examination showed that the sample contained neoplastic tissue. (E, F) BF image and corresponding NIR-II fluorescence imaging of the para tumor tissue in
the open field. Red dotted circles and arrows indicate the region of interest where the surgeon needed an auxiliary diagnosis. The area of interest was judged as
fluorescence negative by the surgeon. (G, H) BF image and corresponding H&E staining of the resected sample as shown in E, F. Histological examination showed

that there was no neoplastic tissue in the sample. BF, bright field.

In situ fluorescent fluorescent

Ex vivo Table 1 Diagnostic
accuracy of surgeons

Surgeon imaging imaging and NIR-Il fluorescent
Positive Negative Positive Negative Positive Negative 1Maging.
Histopathology positive 10 5 12 3 14 1
Histopathology negative 4 3 2 5 1 ]
Sensitivity (CI™) 667 BO.0% 93.3%
(38, 7%-87.0%) (51.4%-94.7%) {66.0%-99,7%)
Specificity (CI) 42.8% T1.4% 85.7%
(11.8%-79.7%) (30.3%-94.9%) (42.0%-99.2%)
AUC (CI) 0.54% (0.282-0.813) 0.757 (0.525-0.989) 0.895 (0.724-1.000)

*Cl, confidence imterval.
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Fig.4 Closed-field ex vivo NIR-Il fluorescence imaging. (A) Schematic diagram of the closed-field NIR-II fluorescence imaging. (B—D) Representative bright field
images and corresponding NIR-II fluorescence imaging of primary tumor tissues, normal tissues and para tumor tissues.

made an initial judgment about whether the suspicious regions
(such as wound bed or para tumor tissue) contained tumor tissues
and whether they needed surgical resection. Then, intraoperative
NIR-II fluorescence imaging was used to identify the suspicious
regions. Finally, the primary surgeon (X.Y.) makes a final decision
on whether to remove the tissue. We encountered 34 suspicious
regions in five orbital tumor patients, all of which were adequate-
ly exposed and underwent in situ NIR-Il fluorescence imaging.
Notably, the in situ NIR-II fluorescence imaging changed surgical
decisions in 9 suspicious regions from the 5 patients (26.5%): 7
additional resections and 2 conservative treatments (Table S3).
Histopathology confirmed that all the 7 additionally resected tis-
sues contained tumors, which was of great significance to reduce
tumor recurrence and improve prognosis. Besides, the 5 patients
did not experience recurrence during an average follow-up period
of 31.6 months post-surgery.

Safety of NIR-Il fluorescence imaging

Compared with the standard-of-care surgery, fluores-
cence-guided surgery requires extra ICG administration and irra-
diation with an infrared laser. In our study, injection of ICG did not
induce any adverse drug events. We also did not find redness,
swelling, painless of irradiation site, or vision loss as a result of

the laser irradiation.

Discussion

Surgery of orbital tumors is characterized by small incisions,
limited resectable tissue mass and complicated anatomy struc-
tures. The precise resection of orbital tumors has always been
a challenge. As far as we know, this is the first-in-human study
regarding the use of NIR-Il fluorescence guidance for precision
resection of orbital tumors.

It is well known that ICG, as a nonspecific probe, is capable
to accumulate in many kinds of solid tumors via the enhanced
permeability and retention (EPR) effect.’® Besides, there was
a direct correlation between the fluorescence intensity of ICG
within the tumor and gadolinium-enhancement on the pre-
operative MRI."” Consistently, we also found that ICG-based NIR-
Il fluorescence imaging can localize gadolinium-enhancing orbital
malignant and benign tumors. However, whether ICG could
accumulate in non-neoplastic mass is rarely reported. There are
only some clinic reports that choroidal granulomas (a kind of
ocular inflammatory mass) are hypofluorescent on ICG angiogra-
phy."® *® In this work, we found that after systemic administration
of ICG, the non-neoplastic masses (inflammatory and cyst
masses) were nonfluorescent or hypofluorescent. Our study pro-
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vided a strong support for the ICG-based fluorescence imaging
to identify orbital tumors. However, due to the small sample size,
more caution is needed when extrapolating our observations to
draw a conclusion that non-neoplastic masses could not be visu-
alized by ICG fluorescence.

Through dynamic imaging, we found that the TNR of NIR-
Il fluorescence imaging of the orbital tumor peaked at 2 h post
intravenous injection of 0.7 mg kg body weight ICG. Considering
that the half-life time of ICG in blood is 2.5-3 min, we believed
that ICG was quickly cleared from the orbital normal tissues.
Consistently, Yokoyama and colleagues have also suggested
that for head and neck cancers, the optimum surgical time in NIR
fluorescent image-guided surgery is from 30 min to 2 h after the
ICG injection due to the higher tumor visibility.”

High-quality in situ NIR-II fluorescence imaging of orbital
tumors could be achieved only when the tumors are adequately
exposed. In addition to fluorescence imaging itself, how to as-
sess the fluorescence images is of great significance to real time
guide surgical decisions. Considering the in situ open-field fluo-
rescence imaging was susceptible to interference from ambient
light, reflectance, and imaging angles, especially in the orbit with
complex and heterogeneous topography, it was impractical to
perform rigorous and objective imaging analysis.”" * As a result,
the fluorescence images were interpreted by three assessors by
qualitatively comparing the fluorescence intensity of the region of
interest to that of the adjacent normal tissue. Similarly, Liberale
and colleagues also qualitatively assess the in situ fluorescence
images in the ICG-based fluorescence navigation surgery for peri-
toneal carcinomatosis from colorectal cancer.? As a supplement to
in situ fluorescence imaging, ex vivo NIR-II fluorescence imaging
is especially suitable for real-time intraoperative identification of
inadequately exposed lesions. We quantitatively calculated the
TNR of ex vivo fluorescence images with each patient's own
normal tissue served as control to minimize the variations in tumor
physiology, tissue properties, timing and clearance.” Previous
studies have shown that TNR is independent of ICG dose, tumor
size and tumor histology.” ' By statistical analysis, TNR 1.21 was
set as the critical value for the objective identification of surgeon’s
suspicious samples, which showed a high sensitivity (92.6%) and
specificity (93.7%). However, the TNR cutoff of 1.21 might be
inapplicable to the other oncologic settings. Previously, we have
developed ex vivo NIR-II fluorescence imaging coupled with artifi-
cial intelligence technique for real-time intraoperative identification
of glioma, which achieves a high sensitivity (93.8%) and speci-
ficity (82.2%).”* However, using artificial intelligence techniques
demands extensive amounts of data, which is impractical for the
clinically rare tumors. Notably, for the regions of interest where the
surgeon needed auxiliary diagnosis, both the in situ and ex vivo
NIR-II fluorescence imaging showed better diagnostic accuracy
than the surgeon judgment through conventional methods, which
suggested that ICG-based NIR-II fluorescence imaging had
important clinical implications for the orbital tumor surgery.

Although ICG-based intraoperative fluorescence imaging
has preliminarily proved its safety and efficacy, many clinical trials
mainly focus on diagnosis performance and it is unclear whether
patients benefit from this innovation.”® More recently, Keereweer
and colleagues suggested that the effect of fluorescence-guided
surgery on intraoperative decision making is the most objective
outcome measurement to assess the clinical value of this imaging
method."" With the aid of in situ NIR-I fluorescence imaging, the
surgeon changed nine intraoperative decisions and seven addi-
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tional resections were justified by histopathology, which increased
the probability of complete resections. Besides, the 2 conservative
treatments did not result in recurrence. Although the proportion
of changing surgical decisions resulting from NIR-II fluorescence
imaging was only 26.5%, this approach held great promise for
clinical application due to its safety and economy. Notably, the
surgeon in our study was very experienced in orbital tumors sur-
gery, which suggested that ICG-based intraoperative fluorescence
imaging may provide greater assistance for newly trained orbital
surgeons. As a result, there is reason to believe that the NIR-II flu-
orescence imaging could improve the oncological and functional
outcomes. Consistently, in a landmark randomized controlled trial,
fluorescence-guided surgery with 5-aminolevulinic acid has been
proven to enable more complete resections of malignant glioma
and improve progression-free survival.”® More recently, Rosenthal
and colleagues have reported that panitumumab-IRDye800CW
based fluorescence imaging improved surgical decision making
in 3 cases out of 14 patients (21.4%).22 Although molecular
imaging improves the specificity, the development and clinical
translation of cancer-specific fluorescence imaging contrasts is
time-consuming and expensive.'®”’

Although our study provides a proof of concept of orbital
tumor surgery guided by NIR-II fluorescence imaging, some im-
portant limitations should be addressed. Firstly, the limited sample
size of 22 patients may constrain the generalizability of the find-
ings. Secondly, subjective analysis of fluorescence imaging and
convenience sampling could cause selection bias, information
bias, and confounding bias. Another limitation was the lack of
pre-specified TNR cut off to evaluate the fluorescence imaging
results.

Taken together, our study showed that ICG-based NIR-
Il fluorescence imaging was feasible to guide precise resection
of orbital tumors. We should develop an objective and real-time
method for analyzing fluorescence imaging results in future stud-
ies. Furthermore, a larger sample size with random sampling is
recommended to prove the clinical value of NIR-Il fluorescence
imaging in the precise resection of orbital tumors.
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Near-Infrared Fluorescence
Imaging With an MET-Targeting
Probe for Biopsy Site Selection
in Patients with Oral Potentially
Malignant Disorders

Jingbo Wang" ", Xuemin Shen”*", Qifan Ma"", Lin Yang"* ", Xiaoyu Zhou®, Luting Wang®, Junqi Cui®, Chunye Zhang®’,
Guojun Li’, Neil Gross’, Siyi Li*®, Ruimin Huang®, Changyou Zhan'’, Zhen Cheng®, Kun Wang", Jie Tian" "', Ying

Yuan'' ', and Xiaofeng Tao" ™

Summary

Accurate detection of malignant transformation in oral potentially malignant disorders
(OPMDs) is crucial for guiding effective treatment and improving patient management. This
study evaluates the potential of MET-binding peptide-indocyanine green (cMBP-ICG), a
mesenchymal-epithelial transition factor (MET)-targeted near-infrared fluorescence imaging
(NIRFI) probe, for biopsy site selection in OPMDs. Preclinical results demonstrate the superior
accuracy of NIRFIl-assisted biopsy over conventional oral examination (COE)-based biopsy in
detecting high-grade dysplasia (HGD) or squamous cell carcinoma (SCC) and reducing missed
detection rates. In a clinical trial with 50 patients, NIRFI-assisted biopsy achieves significantly
higher diagnostic accuracy compared to COE-based biopsy (91% vs. 72%, p = 0.0005). These
findings underscore the importance of NIRFI in enhancing diagnostic precision, supporting
early detection and enabling timely and accurate treatment interventions for patients with
OPMDs. The clinical trial is registered under the registration number ChiCTR2300074454.
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Introduction

Oral potentially malignant disorders (OPMDs) are oral
mucosal conditions with the potential to progress to oral squamous
cell carcinoma (OSCC); the overall malignant transformation rate
for OPMDs is 7.9%." Presently, there is no effective method to
prevent transformation of OPMDs to OSCC. Consequently, timely
and accurate detection of malignant transformation of OPMDs is
critical for improving prognosis. Notably, reported rates of early
diagnosis of in situ OSCC are only 44%—55%.>°

The method most employed for early detection of malignant
transformation of OPMDs is conventional oral examination (COE)-
based biopsy, which involves biopsy of suspected sites of disease
under white light inspection and palpation. However, COE-based
biopsy is highly subjective and relies heavily on the clinician’s
experience. Various auxiliary methods have been used to identify
malignant progression of OPMDs, including vital staining, oral
cytology, and light-based techniques, but none has demonstrated
a significant improvement in diagnostic accuracy compared to
COE-based examination.” Therefore, it is imperative to explore

additional diagnostic adjuncts to enhance the early detection of
OPMDs.

In recent years, optical techniques, such as near-infrared
fluorescence imaging (NIRFI) following topical application of near-
infrared fluorescence (NIRF) probes, have exhibited significant
potential in diagnosing superficial solid tumors.>® By applying
probes targeting specific biomarkers to the mucosal surface and
performing visual inspections using NIRFI, one can detect small
mucosal lesions and achieve early cancer diagnosis, such as
PARPI-FL for oral cancer detection” and IRdye800-antiCD44v6 for
invasive bladder cancer detection.” Surface application of probes
is rapid and noninvasive and particularly suitable for superficial
lesions such as OPMDs.

Mesenchymal-epithelial transition factor (MET) plays a crucial
role in tumorigenesis by activating the hepatocyte growth factor
(HGF)/MET pathway, which triggers key signaling molecules such
as protein kinase B (AKT) and mitogen-activated protein kinase.’
This activation drives early tumor cell proliferation, survival, and
invasion, marking the initial stages of cancer development.’
Dysregulation of MET signaling is a significant factor in the
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Fig.1 Verification of elevated MET expression in patient samples and orthotopic tumor tissues.

(A) Immunohistochemical detection of MET using an anti-MET antibody in various grades of OSCC (top row) and adjacent normal epithelial tissues (bottom row).
Brown: MET-positive tissue. Blue: hematoxylin counterstain. Bar graph, mean (SD) proportion of tissue area positive for MET expression was 74.50% (9.8%)
in malignant tissues, 31.67% (14.8%) in premalignant tissues, and 15.11% (9.6%) in adjacent normal epithelial tissues. Malignant vs. premalignant, p < 0.0001;
malignant vs. adjacent, p < 0.0001; premalignant vs. adjacent, p = 0.0027. Scale bars, 250 ym. n (specimens) = 9 biological replicates. Data are represented as
mean + SEM, with error bars shown only above the mean, analyzed using unpaired Student’s t test. **p < 0.01, ****p < 0.0001.

(B and C) (B) Western blot analysis of MET protein levels in cell lines FaDu, CAL27, and HN30 and control keratin epithelial cell line HSF (top). Bar graph
quantification of MET expression (bottom). (C) Quantitative measurement of expression levels of FITC-conjugated MET in OSCC cell lines and control keratin
epithelial cell line by flow cytometry. Data are represented as mean + SEM, with error bars shown only above the mean. (B and C) n (HSF, CAL27, HN30, and
FaDu) = 3 biological replicates.

(D) H&E staining (left), immunohistochemical detection (middle), and immunofluorescence (right) of MET expression in oral SCC orthotopic tumor tissues. Blue:
DAPI-stained nuclei. Green: AF647-conjugated MET. The long horizontal scale bars correspond to 200 ym, while the short horizontal scale bars represent
20 pm. n (ex vivo sections) = 9 biological replicates.

(E) Localization of cMBP/FITC in HN30 and HSF cells via confocal imaging. Blue: DAPI-stained nuclei. Green: FITC-labeled cMBP. Red: AF647-conjugated anti-
MET. Scale bars, 10 um. Correlation in HN30 cells was evaluated with Pearson R-squared test. Pixel intensity of nine regions of interest from three cell slide pairs
analyzed with ImageJ. n (cell slides) = 3 biological replicates. Data are represented as mean + SEM, with error bars shown only above the mean, analyzed using
unpaired Student’s t test. ****p < 0.0001.

(F) After intravenous injection of cMBP-ICG into OSCC nude mouse model, tumor tissues were harvested, frozen sections were prepared, and the distribution of MET
in the frozen sections was assessed via immunofluorescence staining. Blue: DAPI-stained nuclei. Green: cMBP-ICG. Red: AF647-conjugated anti-MET. Scale bars,
50 ym. n (negative control group, cMBP-ICG injection group, and ICG injection group) = 3 biological replicates.
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onset of tumorigenesis, making it a critical target for preventing
cancer initiation.” Notably, MET is overexpressed and aberrantly
activated in over 80% of OSCC cases, compared to less than
30% in normal epithelial tissues,'” highlighting its potential as
a biomarker for early detection.”"* Our previously synthesized
peptide-based NIRF dye, MET-binding peptide-indocyanine green
(cMBP-ICG), has been demonstrated to specifically target OSCC
by binding to MET, which enables the early detection of MET
overexpression in the initial stages of OSCC development.™

The aim of this project was to determine whether cMBP-ICG-
based NIRFI could improve the accuracy of biopsy site selection
in OPMDs compared to COE. We first validated the expression
levels of MET in different pathological tissue types using paraffin-
embedded sections from biopsy specimens and surgical resection
specimens from patients with OPMDs and OSCC. We then
confirmed the in vitro and in vivo tumor-targeting capability of
cMBP-ICG using OSCC cell lines and an orthotopic mouse model
of OSCC. Further, we evaluated the utility of NIRFI with cMBP-
ICG in biopsy site selection for OPMDs using the 4-nitroquinoline
1-oxide (4-NQO) mouse model. Subsequently, we conducted
an exploratory clinical trial of NIRFI with cMBP-ICG involving 50
subjects with OPMDs.

Results
Toxicity of cMBP-ICG

Statistical analysis revealed significant alterations in white
blood cell count, lymphocyte and neutrophil proportions, and
serum albumin and total cholesterol levels at 24 h and 14 days
after cMBP-ICG administration and a significant alteration in
hemoglobin level at 14 days. No significant differences were
observed in the results of other routine blood and biochemical
tests between before and after cMBP-ICG administration (Figure
S1; Table S1)

MET expression in human tongue tumors and
adjacent nonmalignant tissue

In all of the human tongue tumor specimens, immuno-
histochemical analysis showed that high levels of MET expression
deci sively distinguished tumor from normal tissue (Figure 1A).
The percentage of tissue that stained positive for MET varied from
9.2% to 25.6% in normal tissue, whereas it varied from 23.0% to
82.0% in in precancerous tissue and cancerous tissue. The mean
(SD) MET-positive area was 15.11% (9.6%) in nonmalignant
tissue, 31.67% (14.8%) (p = 0.0027 vs. nonmalignant) in
premalignant tissue, and 74.50% (9.8%) (p < 0.0001 vs.
nonmalignant, p < 0.0001 vs. premalignant) in malignant tissue.
On receiver operating characteristic (ROC) curve analysis, the
best cutoff for separating tumor and normal tissue was found to
be a 27.5% MET-positive area, which resulted in an area under
the curve (AUC) of 0.9588, a sensitivity of 0.867, and a specificity
of 0.933.

MET expression in cell lines

We previously proved the binding affinity between cMBP and
MET.""® To select the best cell line to study NIRFI with cMBP-
ICG, we measured MET expression in OSCC cell lines: FaDu,
CAL27, and HN30, which have high MET expression. Western
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blotting showed higher expression of MET in OSCCs than in HSF
cells, while the difference between OSCCs was not significant
(Figure 1B). Quantitative measurement of the expression levels
of fluorescein isothiocyanate (FITC)-labeled MET in cells and
HSF cells by flow cytometry showed MET positivity rates of
3.53% in HSF, 9.95% in FaDu, 19.1% in CAL27, and 28.0% in
HN30 cells (Figure 1C). Thus, HN30 cells were chosen to build
xenograft models of human MET-positive OSCC. H&E staining,
immunohistochemistry staining, and immunofluorescence of
ex vivo sections of these cell lines’ subcutaneous tumor tissues
showed regions with obvious positive findings compared to the
findings in healthy tongue tissues (Figure 1D).

Colocalization of MET and cMBP in oral tumor
tissue specimens

MET antibody staining colocalized with FITC-labeled cMBP
fluorescence (Rcoloc. = 0.9145, R2 = 0.8363; 95% confidence
interval [Cl] 0.84670.9531) (Figure 1E). cMBP not only displayed
the quantity of MET present in a cell but also bound specifically to
cells that express MET.

In vivo optical imaging after cMBP-ICG local
injection in CDX

To check the targeting of cMBP-ICG in vivo, we injected
cMBP-ICG into the edge of three mice tongues without neoplasms
(negative control) and performed tumor imaging with a DPM-I11-01
fluorescence stereoscope. In addition, six cell-derived xenografts
(CAL27) were randomly divided into two groups. Group 1 (n = 3)
was the cMBP-ICG intratumorally injection group, and group 2
(n = 3) was the ICG intratumorally injection group. Fluorescence
imaging (Figure S2) demonstrated substantial cMBP-ICG and
ICG aggregation in tongue regions damaged by cancer but
no signal aggregation in tongues without tumors after cMBP-
ICG injection. The mean tumor-to-background ratio (TBR) was
3.697 (1.568) in the cMBP-ICG group, 2.849 (0.798) in the ICG
group, and 0.906 (0.267) in the negative control group. The TBRs
differed significantly between the cell-derived xenograft groups
and the negative control group (both p < 0.0001). In comparison,
there was no difference in TBR between the cMBP-ICG group
and the ICG group (p = 0.4363). Of note, under the condition of
local injection, the difference in mean fluorescence intensity (MFI)
between the cMBP-ICG group and the negative control group was
similar to that between the ICG group and the negative control
group (Figure S2A). This may be due to the short time between
injection and imaging. A longer time may result in washout of
nontarget small-molecular-weight probes, such as ICG, while
target probes, such as cMBP-ICG, remain. Strong retention of
the probe after local injection was confirmed by correlating the
cMBP-ICG signal with H&E and immunohistochemical staining
of tongue sections (Figure S2B). The results showed that cMBP-
ICG was targeted to OSCC. Under the condition of a fluorescence
microscope with a corresponding excitation/emission band,
cMBP-ICG can be directly used for fluorescence imaging of
frozen sections without additional staining steps. Fluorescence
staining in frozen histological slices exhibited green fluorescence
(cMBP-ICG) in tumor areas, and MET/AF647 confirmed that the
cMBP-ICG-positive areas demonstrated overexpression of MET
(Figure 1F).
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Carcinogenesis and MET expression in 4-NQO-
treated mice

In the analysis of carcinogenesis and MET expression in
4-NQO-treated mice (Figure 2A), pathological analysis of 15 slides
from the 15 mice in the control group revealed no lesion, while 60
slides from the 15 mice in the test group revealed multiple lesions
(Figure 2B), including 62 cases of low-grade dysplasia (LGD),
48 cases of high-grade dysplasia (HGD), 6 cases of carcinoma
in situ (CIS), and 5 cases of invasive carcinoma (ICA) (Figure
2C). The distribution of these lesion types over time is illustrated
in Figure 2D. The mean (SD) number of lesions per mouse was
1.00 (0.76) at 12 weeks, 1.87 (1.19) at 16 weeks, 2.33 (1.18) at
20 weeks, and 2.87 (1.36) at 24 weeks (Figure 2C). The number
of lesions differed significantly between normal controls and those
killed at 16 weeks, 20 weeks, and 24 weeks, as well as between
the mice killed at 12 weeks and those killed at 24 weeks (p <
0.0001) and between the mice killed at 12 weeks and those killed
at 20 weeks (p < 0.01). Comparisons between other groups did
not show significant differences (Table S2).

Representative findings on immunohistochemistry to assess
MET expression in different stages of OPMDs and OSCCs are
shown in Figure 2E. The mean (SD) MET-positive proportion of
the total lesion area (“MET-positive area”) was 31.6% (12.3%) for
LGD, 63.9% (18.5%) for HGD, 63.0% (13.7%) for CIS, and 80.0%
(14.3%) for ICA (Figure 2F). Findings on pairwise comparisons
among the different pathological types are summarized in Table
S3. Relationships between time since 4-NQO treatment and MET-
positive area, lesion diameter, and lesion type are summarized in
Figure 2G.

The performance of MET-positive area as a classifier of
dysplasia versus carcinoma and as a classifier of LGD versus
HGD or OSCC was evaluated using ROC curves. For all slides,
MET expression differentiated dysplasia from carcinoma with
a specificity of 0.74, sensitivity of 0.82, and AUC of 0.82. MET
expression differentiated LGD from HGD or later malignancy with
a specificity of 0.83, sensitivity of 0.93, and AUC of 0.94 (Figure
2H).

Real-time NIRFl-assisted biopsy in the 4-NQO-
induced OSCC mouse model

NIRFI in the 4-NQO-induced OSCC mouse model (Figures
S3A and S3B) revealed greater fluorescence signal intensity in
the neoplastic regions than in the adjacent uninvolved mucosa
(Figure S3C). Ex vivo NIRFI demonstrated a mean (SD) TBR of
6.3 (2.7) for the HGD and SCC cases and 1.8 (1.3) for the normal
epithelia and LGD cases (p = 0.003). Ex vivo NIRFI demonstrated
an MFI of 17.4 (8.9) arbitrary units (a.u.) for the HGD and SCC
cases and 3.5 (9.2) a.u. for the normal epithelia and LGD cases
(p = 0.0007). NIRFI-assisted biopsy had greater accuracy than
COE-based biopsy for detecting HGD or SCC (0.90 vs. 0.77; p <
0.0001) (Table 1).

In the 4-NQO-induced OSCC mouse model, the mean (SD)
detection rate for HGD and OSCC was higher for NIRFI-assisted
biopsy than for COE-based biopsy (0.66 [0.27] vs. 0.39 [0.25], p =
0.002), and the difference was particularly pronounced in the mice
with biopsy at 24 weeks (p < 0.0001) (Table 2). The mean (SD)
missed detection rate for HGD and OSCC was lower for NIRFI-
assisted biopsy than for COE-based biopsy (0.01 [0.04] vs. 0.36
[0.2], p <0.0001).
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A multivariate logistic regression analysis indicated that,
compared to COE-based biopsy, NIRFI-assisted biopsy was
associated with a significantly lower HGD and carcinoma missed
detection rate (OR = 0.024, p < 0.001) and significantly higher
HGD and carcinoma (OR = 8.14, p < 0.001) and carcinoma (OR =
3.62, p = 0.04) detection rates (Table S4). Compared to the mice
with biopsy at 20 weeks, the mice with biopsy at 24 weeks had
significantly higher detection rates for HGD and carcinoma (OR
=1.36, p = 0.01) and carcinoma (OR = 1.38, p = 0.04). The ROC
curves from the multivariate logistic regression analysis yielded
an AUC of 0.80 for NIRFIl-assisted biopsy (p < 0.0001), indicating
high accuracy and statistical significance in the detection rates
(Figure S4).

Clinical study of NIRFl-assisted biopsy for
patients with OPMDs

Patient characteristics

From June through December 2023, 76 patients were
assessed and 50 were enrolled and randomly assigned to the
NIRFIl-assisted biopsy group (25 patients; mean age 56.4 [SD
11.2] years; 11 men [44%]) or the COE-based biopsy group
(25 patients; mean age 54.4 [SD 14.4] years; 9 men [36%)]).
Participant demographics and baseline characteristics were
similar between the groups (Table S5). Age, biopsy type (COE-
based vs. NIRFl-assisted), and baseline oral fluorescence signal
intensity were similar between the pathologically positive (HGD or
OSCC) and pathologically negative (normal epithelium or LGD)
groups (Table S6).

Diagnostic accuracy

Each patient had two biopsy sites selected, one was based
on COE and the other on the basis of NIRFI, for a total of 100
selected biopsy sites (Figure 3). In 46 of the 50 patients, the two
biopsy sites were concordant.

Based on NIRFI, 65 biopsy sites were classified as negative
(normal epithelium or LGD) and 35 were classified as positive
(HGD or OSCC); based on COE, 50 biopsy sites were classified
as negative and 50 were classified as positive. Final pathological
results were negative for 64 biopsy sites and positive for 36 biopsy
sites. Representative fluorescence images of patients are shown
in Figure 4A. The MFI and TBR for all biopsy sites are presented
in Figure 4B. The diagnostic performance of NIRFI-assisted
biopsy and COE-based biopsy is presented in Table 3. Figure
4C presents two cases where the biopsy sites selected by NIRFI
and COE did not align. NIRFI-assisted biopsy demonstrated
higher accuracy, sensitivity, specificity, positive predictive value,
and negative predictive value. ROC curves were generated for
both groups (Figure 4D) and showed AUCs of 0.91 for the NIRFI-
assisted biopsy group and 0.71 for the COE-based biopsy group.

Quantification of cMBP-ICG fluorescence

For the pathologically negative and pathologically positive
groups, respectively, mean (SD) cMBP-ICG fluorescence values
were as follows: pre-wash MFI, 72 (42) a.u. and 106 (48) a.u. (p
= 0.01); after-wash MFI, 47 (48) a.u. and 70 (50) a.u. (p = 0.12);
pre-wash TBR, 1.2 (0.56) and 1.7 (0.55 (p = 0.002); and after-
wash TBR, 1.3 (1.1) and 2.9 (0.99 (p < 0.0001) (Figure 4E). ROC
curves for distinguishing between pathologically negative and
positive lesions using four different indicators are shown in Figure
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Fig.2 Lesion development and MET expression in the 4-NQO-induced OSCC mouse model.

(Aand B) (A) Overview of the experiments. Three mice from each group were killed at 0, 12, 16, 20, and 24 weeks. Tissue samples from the tongues of sacrificed
mice were collected and subjected to histopathological examination after magnetic resonance imaging. (B) Typical presentations of tongue lesions in mouse model at
different times after 4-NQO initiation. NOR, normal controls; W, weeks. (A and B) n (control) = 15, n (4-NQO-treated mice) = 15 biological replicates.

(C) Number of lesions of different pathological types at various times after 4-NQO initiation. Data are represented as mean + SEM, analyzed using unpaired Student’s
t test. ***p < 0.001, ***+p < 0.0001.

(D) Distribution of lesions of different pathological types at different times after 4-NQO initiation. W, weeks.

(E) H&E staining (top) and immunohistochemistry staining (bottom) of lesions of different pathological types. NOR, normal controls. Scale bars, 300 pm.

(F) Percentage of lesion area positive for MET for lesions of different pathological types. Data are represented as mean + SEM, analyzed using unpaired Student’s t
test. ****p < 0.0001.

(G) Percentage of lesion area positive for MET, lesion diameter, and distribution of lesions of different pathological types at different times after initiation of 4-NQO.
(H) Receiver operating characteristic (ROC) curves evaluating the performance of MET-positive area as a classifier.

(C—H) n (lesions) = 121 biological replicates.

89



Cell Rep Med. 2025; 12:101978

Published online: 24 February 2025

Table 1 Diagnostic performance of NIRFl-assisted biopsy and COE-based biopsy in mouse

tongue lesions

MNIRFI-assisted biopsy (=) d biops

0 weaks 24 weaks C0am banad 20 weaks 249 wWeaks Combmed
Sensitivity 0.87 0.73 0.86 0.65 0.50 0.59
Specificity 0.82 0.89 0.83 0.82 0.88 0.89
PPV 0.69 0.83 0.89 0.63 0.75 0.79
MHPY 0.93 0.86 0., 084 072 076
Accuracy 0.84 0.85 0.80 0.77 0.73 0.77

COE, conventional oral examination; NIRFI, near-infrared fluorescence imaging; NPV, negative predictive value; PPV, positive predictive value. A positive test result is
defined as a lesion with a pathological diagnosis of high-grade dysplasia (HGD) or squamous cell carcinoma (SCC). A negative test result is defined as a lesion with a

pathological diagnosis of normal epithelial tissue or low-grade dysplasia (LGD).

4F. The AUC for pre-wash MFI was 0.55 with a cutoff value of
93.13 a.u. (sensitivity: 0.68, specificity: 0.66). The AUC for pre-
wash TBR was 0.63 with a cutoff value of 1.23 a.u. (sensitivity:
0.95, specificity: 0.49). The AUC for after-wash MFI was 0.72
with a cutoff value of 38.43 (sensitivity: 0.74, specificity: 0.60).
The AUC for after-wash TBR was 0.93 with a cutoff value of 1.59
(sensitivity: 1.00, specificity: 0.86). Using these four indicators
to establish a logistic regression diagnostic model resulted in an
overall AUC of 0.78 (sensitivity: 0.80, specificity: 0.75).

Safety
Following cMBP-ICG fluorescence imaging, no patient
experienced anaphylaxis or local irritation or discomfort.

Discussion

In this study, we confirmed that MET-positive OSCC cells
preferentially absorbed the peptide-based NIRF probe cMBP-ICG.
We further confirmed that the targeted smear-based fluorescent
probes can accurately determine the degree of epithelial
dysplasia and identify suspicious OSCC lesions, regardless of
specific diseases. This improves the early detection rate of early
tumors. Therefore, this study provides a modular and flexible
approach for different screening and exclusion goals of OSCC in
various scenarios, potentially offering a convenient and safe new
detection method to improve the early diagnosis rate of OSCC.

NIRFI has high sensitivity, uses non-ionizing radiation,
and has simple operation and low cost, characteristics that
make NIRFI particularly suitable for real-time clinical imaging.
Handheld real-time NIRFI devices for head and neck cancer have
gradually matured, and some of them have entered the stage of
clinical trials.”"® NIRFI can detect tissue signals up to a depth of
5-6 mm. Given that OSCC arises from squamous cells on the
surface of oral mucosa, NIRFI is optimal for early detection of
OSCC lesions. Furthermore, incorporating a targeting element
specific to tumor molecular markers can significantly enhance the
diagnostic performance of NIRFI. MET-targeted NIRFI offers a
practical, noninvasive tool for early detection of OSCC, well suited
to outpatient settings and large-scale screening. Its molecular

specificity allows for real-time biopsy, accurately marks high-risk
lesions, minimizes the need for extensive biopsy sampling, and
reduces patient discomfort. With its straightforward operation,
NIRFI requires minimal clinical training and may help streamline
diagnostic workflows. This technique’s sensitivity to MET
expression in OSCC may also provide a targeted approach that
is both cost-effective and highly accessible, improving efficiency
in cancer detection and intervention. Therefore, targeted NIRFI
can assist in achieving clinical accuracy by providing “real-time
illumination” of early suspicious OSCC nests at the millimeter level
to guide clinical biopsy. This is a feasible approach for achieving
early cancer intervention and improving prognosis.

The current experiment’s merit lies in establishing a practical
imaging protocol for OPMDs. Prior to this study, various methods
were employed to enhance the precision of OPMD examination,
including vital stains like toluidine blue, oral cytology (Oral CDx
brush biopsy), light-based detection systems (e.g., ViziLite
and VELscope), oral spectroscopy, and analyses of blood and
saliva. Although these methods have their own advantages
and disadvantages, the main drawback lies in the instability of
the results and the alteration of the lesion morphology.”'** In
contrast, the fluorescent examination used in this study offers
unique benefits. For instance, in comparison to cytological
examination, early identification and excision of high-risk oral
leukoplakia can significantly decrease the likelihood of malignant
transformation. Unlike with vital staining, with fluorescent staining,
the morphology and color of the lesion itself remain unchanged.
The different imaging outcomes of the lesion under two light
sources can be separately observed through inspection with the
naked eye and NIRFI display screen analysis.

Use of the 4-NQO-induced OSCC mouse model is another
advantageous feature of this study. Previous studies that relied
on biopsy sampling lacked data on false negatives and false
positives due to a lack of pathological verification in areas judged
to be negative by the sampling doctor.”" In our current study,
we employed an animal model to perform histopathological
examination of 5-um paraffin sections from the remaining tongue
that was not sampled, enabling detection of any lesions missed
by the two sampling methods and ensuring more comprehensive
and reliable results.
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Table 2 Missed detection rates and detection
rates of NIRFl-assisted biopsy and COE-
based biopsy in mouse tongue OPMDs and
carcinomas

MIRFl-assisted COE-based

ALyl ElopEy iy D Walkie

bdi detection

HGD and carcinema - - -

= 20 weeks 0.02 + 0.05 0.36 + 0.20 0.001
24 woeks o 0.37 + 0,20 <0.0001
Combined 0.01 + 0.04 0368 + 0.20 <0.0001

Carcinoma = - =

- 20 weeks 0.20 + D.06 0.09 + 0,10 019
24 weaaks o 0.02 + 0,06 0.33
Combined 0.1 = 0,04 0.05 + 010 0.11

etection rates

HGED and carcinoma - - -

- 20 weeks 0.48 + 0.22 0.31 010 021
24 weaks 0.85 + 0.18 0.46 + 0,10  <0.0001
Combined 0.66 + 0.27 03+ 025 0.0

Carcinoma - - -

- 20 waaks 0.37 = 0.26 0.39 + 0,10 0.94
24 weeks 0.20 = 017 0.40 = 0,15 085
Combinesd 0.39 + 018 040 + 013 0.92

4-NQO, 4-nitroquinoline 1-oxide; COE, conventional oral examination; HGD,
high-grade dysplasia; NIRFI, near-infrared fluorescence imaging; OPMDs, oral
potentially malignant disorders. Values in table are mean + SD unless otherwise
indicated.

In our prospective randomized controlled trial using topical
application of the targeted fluorescent imaging probe cMBP-
ICG for identification of malignant transformation from OPMD
to OSCC, we found that cMBP-ICG fluorescence achieved
favorable accuracy. Until now, the early diagnosis of OSCC has
mainly relied on the clinician’s visual inspection to determine the
necessity of a biopsy and select an appropriate biopsy site. Our
study provided preliminary evidence that cMBP-ICG fluorescence
imaging can significantly enhance the ability to differentiate
between benign and malignant lesions, thereby improving the
efficacy of biopsy procedures.

In this study, the classification of cases as pathologically
negative or positive was based on the corresponding clinical
intervention strategy. In patients with oral epithelial dysplasia,
the rate of malignant transformation is approximately 12.1%.%
A longitudinal study further revealed that the rates of malignant
transformation for mild, moderate, and severe dysplasia were
8.1%, 16.1%, and 38.5%, respectively.”” Therefore, in cases of
mild dysplasia, clinicians typically adopt a follow-up approach,
while in cases of moderate to severe epithelial dysplasia, surgical
excision is performed * Thus, we defined pathologically negative
as OPMD or mild dysplasia.

The process of malignant transformation of OPMDs is slow
and insidious, initially manifesting only as cytological changes.
The histopathological results obtained from biopsy are regarded
as the criterion standard in managing OPMDs.”® Therefore, it is
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crucial to optimize the timing and location of the biopsy. Precise
assessment of lesions can prevent unnecessary invasive
procedures, enhance the accuracy of biopsies, avert missed or
delayed diagnoses, and ensure timely intervention for patients.

At present, none of the adjunctive tests, including vital
staining, oral cytology, and light-based and combined tests, are
adequate substitutes for biopsy and histological assessment.4 We
attempted to use targeted fluorescence imaging to improve the
specificity of fluorescent attachment and to minimize nonspecific
attachment by gargling. In fluorescence imaging, we can obtain
morphological information beyond what can be observed with the
naked eye. The information arises from changes at the molecular
level, which are related to the MET expressed by tumor cells.
During the subjective process of identifying high-risk lesions using
real-time cMBP-ICG fluorescence imaging, researchers integrated
various characteristics, such as quantifying the disparity between
suspicious sites and surrounding mucosa, assessing signal
uniformity, and evaluating the smoothness of lines within high
signal areas. Our study showed that NIRFI with cMBP-ICG
achieved a diagnostic accuracy of 91% and a specificity of 93%,
accurately identifying lesions as pathologically negative that had
initially been diagnosed as positive, thus reducing the occurrence
of false positives by three-quarters. These findings indicate that
cMBP-ICG fluorescence imaging has higher accuracy than COE
in identifying high-risk lesions and assists in the biopsy of OPMDs.

To ensure consistency across patients, we used hard
palate fluorescence as a baseline reference to control
individual variability in fluorescence signals due to differences
in oral mucosa. However, the factors such as oral hygiene,
mucosal texture, and MET expression levels may still impact
signal variability, indicating the need for further refinement
in standardization techniques to enhance the reliability and
reproducibility of our imaging results.

Our analysis showed significant TBR variability between male
and female patients (data not shown), with a higher fluorescence
at lesion margins in males, which may potentially indicate a
greater lesion dispersion. Such differences may align with reports
of gender-based disparities in biomarkers influencing tumor
behavior and imaging metrics.”® These findings might highlight the
importance of gender as a variable for improvement of diagnostic
consistency.

Consequently, individual differences in oral status could
influence the quantification of fluorescence results. This
discrepancy may be attributed to interindividual variations in
physical adsorption capacity of fluorescent agents and baseline
MET expression among patients with diverse oral conditions.
However, by comparing the MFI of the lesion site with that of the
surrounding normal mucosa, it was possible to estimate the risk
level of the lesions. Therefore, TBR may be more useful than MFI
in distinguishing low-risk and high-risk lesions.

In addition, our randomized controlled trial was designed
with particular attention to the difficulty in selecting biopsy sites
due to the often-large-size OPMD lesions. We found that at least
50% of the patients in the trial had OPMDs exceeding an area of
1 square centimeter, posing challenges for clinicians in selecting
appropriate biopsy sites. In the COE group, we observed a patient
with initially negative biopsy histological results. However, within 3
months of follow-up, the wound exhibited erosion, and subsequent
diagnosis revealed moderately differentiated SCC necessitating
surgical intervention. Therefore, accurate selection of the most
suitable biopsy site can permit timely diagnosis of patients who
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Fig.3 Design of the clinical trial.

Patients with OPMDs underwent visual inspection and NIRFI examination of the oral cavity prior to biopsy. First, an oral mucosal specialist independently selected
the most appropriate biopsy site (BSC) based on visual inspection without reference to NIRFI, documented the biopsy site with photos, and assigned a clinical
diagnosis. Next, an NIRFI operator selected the most appropriate biopsy site with NIRFI assistance (BSN), captured key frames, and marked the site directly on the
images, which were then documented along with the clinical diagnosis. Subsequently, patients in the NIRFI-assisted biopsy group underwent biopsy at BSN, while
subjects in the COE-based biopsy group underwent biopsy at BSC. Six months after biopsy, all patients were re-examined visually to check for new lesions, and any
newly identified lesions were biopsied using the biopsy method used previously. All biopsy tissues were paraffin embedded and H&E stained and categorized as
negative (normal epithelium, LGD) or positive (HGD, SCC). BSNN, NIRFI-assisted biopsy sites in the NIRFI-assisted biopsy group; BSCN, specialist-selected biopsy
sites without NIRFI in the NIRFI-assisted biopsy group; BSCC, specialist-selected biopsy sites without NIRFI in the COE group; BSNC, NIRFI-assisted biopsy sites in
the COE-based biopsy group; FN, false negative; FP, false positive; TN, true negative; TP, true positive. Subscript NIRFI indicates the NIRFI-assisted biopsy group,
and subscript COE indicates the COE-based biopsy group.
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Fig.4 Clinical cMBP-ICG fluorescence imaging of OPMDsl.

(A) Representative bright-field images (top), black and white NIRFI images (middle), and combined pseudo-color fluorescence and bright-field images (bottom)
of biopsy sites. The left two panels depict typical imaging findings for pathologically negative cases (ulcer and lichen planus), while the right two panels depict
typical imaging findings for pathologically positive cases (HGD and SCC). Before the wash step, fluorescence signals were similar in all four panels due to physical
attachment of cMBP-ICG. After the wash step, non-targeted cMBP-ICG is removed, and fluorescence signals are higher in pathologically positive cases than in
pathologically negative cases.

(B) Pre-wash, after-wash, and baseline palate MFI and TBR for all cases, arranged in descending order of after-wash MFI (top row) and TBR (bottom row). No
asterisk: pathologically negative. One asterisk: HGD. Two asterisks: SCC.

(C) Representative bright-field images (top), black and white NIRFI images (middle), and combined pseudo-color fluorescence and bright-field images (bottom) from
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need intervention. We used the cMBP-ICG fluorescence imaging
results as the basis for biopsy sampling in the experimental group
and explored the value of fluorescence for biopsy guidance. The
results indicate that cMBP-ICG fluorescence imaging has the
potential to enhance diagnostic specificity, reduce surgeon errors
in site selection, and improve biopsy accuracy and effectiveness.
For general stomatology departments, fluorescence imaging may
offer a greater enhancement in diagnostic efficiency.

Although our current study found that the 4-NQO-induced
OSCC mouse model effectively simulated the carcinogenesis,
it has certain limitation. The tumors predominantly formed
on the dorsum of the tongue were different from the lateral
locations typically seen in human patients,””*® which may impact
translational relevance. While our clinical trial demonstrated the
feasibility and diagnostic potential of MET-targeted NIRFI, the
relatively small sample size limits the generalizability of these
findings and restricts further subgroup analysis. Therefore, larger
prospective and more diverse studies are needed to confirm our
findings. Lastly, although no adverse events were noted, further
evaluation of long-term safety with repeated probe applications
remains needed to assess the potential influence by probe
accumulation in tissues, immune responses of patient tolerance,
and localized tissue mild inflammation effects.

In conclusion, this study developed a fluorescent dye, cMBP-
ICG, and utilized a 4-NQO-induced mouse model of spontaneous
OSCC to successfully replicate the progression of OPMDs
to OSCC. By incorporating cMBP-ICG with a real-time NIRFI
platform for biopsy assistance, the detection accuracy of early
precancerous lesions was elevated from 77% to 90%. NIRFI-
assisted biopsy outperformed COE-based biopsy in detecting
HGD and exhibited a higher detection rate and a lower missed
detection rate. In the preliminary exploratory clinical trial in patients
with OPMDs, the most appropriate biopsy sites indicated by NIRFI
matched the most appropriate biopsy sites indicated by COE, and
NIRFI clearly delineated lesions. These results suggest that NIRFI
with cMBP-ICG has the potential to offer a novel noninvasive real-
time method to guide biopsy sampling. Ultimately, this approach
may revolutionize current clinical diagnosis and treatment
protocols for OPMDs, leading to an improved early detection
rate of OSCC. Furthermore, theoretically, this approach may
also be applicable to any other superficial tumor that follows its
own progression process and involves critical biomarkers. To
support the broader clinical adoption of MET-targeted NIRFI,
future directions should focus on optimizing setup of requirements
to enhance operator training and refine imaging standardization
procedures.

Limitations of the study

The study has several limitations. Firstly, the 4-NQO-
induced OSCC mouse model exhibits translational limitations,
as tumors primarily form on the dorsum of the tongue, differing
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Table 3 Diagnostic performance of NIRFI-
assisted biopsy and COE-based biopsy in
patients with OPMDs

NIRFl-assisted biopsy COE-based biopsy  p value

Accuracy  0.91 (0.83, 0.95) 0.72 (0.62, 0.80) 0.0005
Sensitivity  0.88 (0.81, 0.93) 0.65 (0.55, 0.74) 0.0001
Specificity  0.83 (0.86, 0.96) 0.76 (0.68, 0.84) 0.002
PPV 0.90 (0.83, 0.95) 0.68 (0.59, 0.77) 0.0001
MPY 0.81 (0.84, 0.95) 0.74 (0.64, 0.82) 0.001

COE, conventional oral examination; NIRFI, non-infrared fluorescent imaging;
NPV, negative predictive value; OPMDs, oral potentially malignant disorders;
PPV, positive predictive value.

Values in parentheses are 95% Cls. A positive test result is defined as a lesion
with a pathological diagnosis of high-grade dysplasia (HGD) or squamous cell
carcinoma (SCC). A negative test result is defined as a lesion with a pathological
diagnosis of normal epithelial tissue or low-grade dysplasia (LGD).

from the lateral sites commonly observed in human patients.
Future studies could incorporate alternative models, such as
orthotopic tumor implantation in lateral tongue sites, or advanced
immunodeficient models like non-obese diabetic/severe
combined immunodeficiency mice, to better mimic human OSCC.
Secondly, the relatively small sample size of the clinical trial limits
generalizability and restricts subgroup analyses. For instance,
significant TBR variability was observed between male and female
patients, with higher fluorescence at lesion margins in males,
potentially indicating greater lesion dispersion. Such gender-
based differences may impact diagnostic consistency and warrant
further investigation. However, due to the limited dataset, further
analyses could not be performed to confirm these observations,
leaving this as a hypothesis rather than a definitive conclusion.
Larger, multicenter studies are needed to validate these findings
and explore how demographic factors and lesion characteristics
influence diagnostic performance. Finally, the long-term safety of
repeated probe applications remains uncertain. Potential risks,
such as tissue accumulation, immune responses, and localized
inflammation, require further investigation. Longitudinal studies
and repeated-dose experiments are essential to ensure clinical
safety and feasibility.

Resource availability

Lead contact

Requests for further information and resources should be
directed to and will be fulfilled by the lead contact, Xiaofeng Tao
(cjr.taoxiaofeng@vip.163.com).

cases with differing biopsy sites as determined by NIRFI and COE. Arrows: NIRFI-assisted biopsy sites. Stars: COE-based biopsy sites.

(D) Comparison of MFI and TBR between the pathologically negative (green) and pathologically positive (red) groups.

(E) ROC curves for NIRFI-assisted biopsy and COE-based biopsy in distinguishing pathologically negative and pathologically positive OPMDs. Data are represented
as mean + SEM, with error bars shown only above the mean, analyzed using unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.

(F) Multivariable ROC curve analysis for different methods of distinguishing pathologically negative and pathologically positive OPMDs.

(A-F) n (participants) = 50 biological replicates. n (selected biopsy sites) = 100 technical replicates.(G) Percentage of lesion area positive for MET, lesion diameter,
and distribution of lesions of different pathological types at different times after initiation of 4-NQO.

(H) Receiver operating characteristic (ROC) curves evaluating the performance of MET-positive area as a classifier.

(C-H) n (lesions) = 121 biological replicates.
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Materials availability

There are restrictions to the availability of cMBP-ICG due to
the lack of an external centralized repository for its distribution and
our need to maintain the stock. We are glad to share cMBP-ICG
with reasonable compensation by requester for its processing and
shipping.

Data and code availability

*The datasets generated during this study are included in the
manuscript and supplementary materials.

*No new code was created or used in this study.

*Any additional information required to reanalyze the data
reported in this work paper is available from the lead contact upon
request
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Experimental model and study
participant details

Animal models

Mice were purchased from the experimental animal center
of Shanghai Ninth People’s Hospital, Shanghai JiaoTong
University. The animals were housed in a specific-pathogen-
free facility under a 12-h light/12-h dark cycle. The temperature
ranged from 24°C to 26°C, and the humidity ranged from 50% to
70%. Male mice were selected for this study to reflect the higher
incidence of oral squamous cell carcinoma (OSCC) observed
in males in epidemiological studies.29 The animal experiments
were conducted at Shanghai Ninth People’s Hospital and
approved by the hospital’s Ethics Office (approval number SH9H-
2020-A620-1), and all procedures were carried out in accordance
with NIH standards for laboratory animal care and use. To develop
a mimic of subcutaneous human HNSCC tumors, 2 x 106 Cal27
cells in 100 pL of PBS were inoculated into the lower back of
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4-week-old BALB/c-nu/nu mice. We conducted the experiments
when tumors attained a volume of 100 mm3—150 mm3. For the
orthotopic HNSCC model, 1.2 x 106 Cal27 cells in 20 pL of PBS
were directly inoculated into the tongue of 4-week-old BALB/c-nu/
nu mice. Mice were observed daily for tumor growth and weight
loss. Images of the tumors were acquired every 2 to 3 weeks. To
evaluate the feasibility of NIRFI with surface application of cMBP-
ICG for detecting precancerous lesions and early OSCC, we
used the 4-NQO-induced OSCC mouse model, which effectively
mimics human oral carcinogenesis, dynamically progressing from
normal mucosa to hyperplasia, dysplasia, and carcinoma. 4-NQO
was dissolved in 2% mother liquor containing 1,2 propylene glycol
and diluted to a concentration of 50 pug/mL with sterilized tap
water. The solution was stored in a light-protected container and
used as drinking water for model animals. Thirty 8-week-old male
C57BL/6 mice were randomly assigned to the test group (N =
15) or the control group (N = 15). Mice in the test group received
water containing 4-NQO for the initial 12 weeks and then received
sterilized tap water. Mice in the control group received a solution
of 10 g/mL ethylene glycol in water for the initial 12 weeks and
then received sterilized tap water.

Cell lines and cell culture

The HNSCC cell lines FaDu (hypopharyngeal SCC; male,
Shanghai Institute of Biochemistry and Cell Biology, Shanghai,
China), Cal27 (tongue SCC; male, Shanghai Institute of
Biochemistry and Cell Biology), WSU-HN30 (pharynx SCC;
male, Yukacell, Shanghai, China) were grown in monolayers
at 37°C with 5% CO2. The HSF cell line (keratin epithelial cell;
Yukacell) was also used, though its gender is not specified in
the available literature, and this limitation is acknowledged. All
cell lines were authenticated using short tandem repeat (STR)
profiling to confirm their identity. Mycoplasma contamination was
tested using PCR-based mycoplasma detection assays, and all
cell lines were confirmed to be mycoplasma-free before use. We
inoculated the FaDu cells in MEM enriched with 10% (v/v) FBS
and 1% PenStrep and the Cal27, WSU-HN30, and HSF cells in
DMEM enriched with 10% (v/v) FBS and 1% PenStrep.

Human participants

To better understand the role of MET as a clinical signature
for OSCC, we compared the expression patterns of MET between
human oral cancer tissues and adjacent nonmalignant tissues
in 9 tissue specimens (detailed information in Table S7) from
surgical excisions performed at the Department of Pathology of
Shanghai Ninth People’s Hospital. The mean age of patients in
this cohort was 57 years (range: 37-70 years), and the group
consisted of 5 females and 4 males, all of East Asian descent.
The specimens were from lesions histopathologically classified
as premalignant lesion (3 specimens), low-grade cancer (3
specimens), and high-grade cancer (3 specimens). Premalignant
lesions were defined as high-grade epithelial neoplasia and SCC
in situ. Low-grade cancer was defined as lesions in which most of
the tumor cells had a nonmalignant appearance and the cancer
was well differentiated. High-grade cancer was defined as lesions
in which the tumor cells had a very different appearance from that
of nonmalignant tissue and were poorly differentiated.30 All tissue
samples were formalin-fixed and paraffin-embedded (FFPE) for
histopathological evaluation and immunohistochemistry. Using
receiver operating characteristic curve analysis, we evaluated
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MET'’s ability to discriminate between tumor and normal tissue.
The use of human tissues was approved by the Institutional
Review Board at Shanghai Ninth People’s Hospital, and all the
subjects granted informed consent (approval number SH9H-
2020-T147-3). The clinical trial was conducted at Shanghai Ninth
People’s Hospital and was approved by the institutional review
board of the Chinese Clinical Trial Registry (ChiCTR2300074454).
Written informed consent was obtained from all patients. The
clinical trial protocol is available in the supplemental information.
Briefly, from June 2023 through December 2023, fifty patients
(aged = 18 years) diagnosed with OPMD25,31,32,33 were
recruited (detailed information is in Table S8). The mean age of
participants was 54 years (range: 25-76 years), with a female-
to-male ratio of 2:1 (34 females, 16 males). All participants were
of East Asian descent. All patients were randomly assigned to
two groups (25 pergroup) using a computer-generated random
number sequence to minimize selection bias.

Method details

Synthesis and characterization of cMBP-ICG

cMBP peptide was chosen as the targeting ligand on the
basis of our previous work15,16 showing that cMBP has strong
docking affinity to MET (KD = 3.96 x 10-7 M) and because cMBP
has been shown to have potential use in tumor treatment34 and
imaging.15,35 ICG was selected as the imaging probe because
of its high signal-to-background ratio and biological safety.36

cMBP-ICG was synthesized by coupling sulfo-ICG-maleimide
(Lumiprobe, Hunt Valley, MD, USA) with a custom MET-binding
peptide (KSLSRHDHIHHHK).15 The reaction was conducted in
the dark at room temperature and monitored by reverse-phase
high-performance liquid chromatography (RP-HPLC). Free ICG
dye was removed using RP-HPLC, and the purified cMBP-ICG
was lyophilized by China Peptides Co. (Suzhou, China). For
imaging studies, 5 L of PBS was added to 70 ng of lyophilized
cMBP-ICG. Detailed synthesis and purification steps are provided
in the supplemental information.

In vivo toxicological evaluation of cMBP-ICG

For the toxicological evaluation of cMBP-ICG, we used
five 8-week-old male C57BL/6 mice. A 2.5-mM cMBP-ICG
solution was administered in place of drinking water for 24 h,
after which normal drinking water was restarted. Blood samples
were collected from the orbital venous plexus at baseline, 24 h
after the start of cMBP-ICG administration, and 14 days after
the start of cMBP-ICG administration, and a complete blood cell
count (white blood cells, red blood cells, hemoglobin, hematocrit,
mean corpuscular volume, mean corpuscular hemoglobin,
mean corpuscular hemoglobin concentration, platelets) and
blood biochemistry studies (alanine aminotransferase, aspartate
aminotransferase, alkaline phosphatase, blood urea nitrogen,
creatine, glucose, total protein, albumin) were performed.

Confocal and light microscopy imaging

Immunohistochemistry (IHC) and immunofluorescence
(IF) were performed at the Shanghai Institute of Materia
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Medica (Chinese Academy of Sciences, China) with a confocal
microscope (NOL-LSM 710, Carl Zeiss, Germany).

For IHC, paraffin-embedded, formalin-fixed 3-um sections
were deparaffinized with EZPrep buffer (Ventana Medical
Systems, Tucson, AZ, USA); antigen retrieval was performed
with CC1 buffer (Ventana Medical Systems); and sections were
blocked for 30 min with Background Buster solution (Innovex,
Richmond, CA). Sections were incubated with an anti-MET
rabbit monoclonal antibody (ab51067; Abcam, Shanghai, China)
that specifically binds both human and mouse MET for 5 h at a
1:300 dilution. For protein detection, a DAB detection kit (DAB-
0031; MXB Biotechnologies, China) was used according to the
manufacturer’s instructions, and sections were counterstained
with hematoxylin and coverslipped with Permount (Fisher
Scientific, Pittsburgh, PA).

For IF, detection was also performed with the anti-MET
rabbit monoclonal antibody (ab51067), followed by incubation
with Alexa Fluor 488 secondary goat anti-rabbit antibody (#4412,
Cell Signaling Technology, MA, USA) prepared according to the
manufacturer’s instructions. Sections were counterstained with
4' 6-diamidino-2-phenylindole (DAPI) for 10 min and coverslipped
with Mowiol mounting medium (Sigma-Aldrich, St. Louis, MO).
Incubating with the rabbit IgG instead of the primary antibody
controlled for nonspecific binding of the secondary antibody.

Hematoxylin-eosin (H&E) staining of neighboring sections
was done to assess the morphological properties of the tissues.
Digitalization of the tumor sections was done with a NanoZoomer
Digital Pathology scanner (NanoZoomer 2.0-RS, Hamamatsu
Photonics) for quantification of the MET proteins. NanoZoomer
Digital Pathology software (NDP.view2, version 2.9.29) was
employed to assess at least 10 fields per section. In the IHC-
stained tissues, we performed thresholding on the brown (MET)
and blue (tissue) sites, and we computed the relative MET-
positive area by dividing the brown area by the overall tissue area.
The MET-positive area was computed via thresholding the red
fluorescent area and dividing it by the overall tissue area, which
was assessed on the basis of the intensity of blue fluorescence in
all nuclei that were thresholded via DAPI staining. The determined
intensities of fluorescence were averaged over all nuclei in every
field of view, with intensity values between 0 and 255. Correlation
of cMBP uptake and MET expression was determined by the
inter- and intra-cellular co-localization of the targeted fluorescent
probe with MET antigen in cell climbing slides or histological
sections.

Western blotting

For western blotting analysis of MET protein expression,
RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China)
was used to concentrate proteins from cell lines. Electrophoresis
was performed with sodium dodecyl sulfate polyacrylamide
gels (Beyotime Biotechnology) using 10 ug of purified protein
in each cell line or human esophageal tissue. The separated
proteins were transferred to microporous polyvinylidene difluoride
membranes (Roche, USA) and then blocked using 5% bovine
serum albumin (Scientific Phygene, Fuzhou, China). The
membranes were then incubated in anti-MET rabbit monoclonal
antibody (ab51067) or GAPDH monoclonal antibody (#5174,
Cell Signaling Technology) at 4°C overnight. After washing
and incubation with HRP-conjugated secondary antibodies
(#98164, Cell Signaling Technology) at room temperature for 1 h,
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Gension Enhanced ECL (solution A: solution B = 1:1) (Gension,
Guangzhou, China) was used to detect protein bands, and they
were imaged on a ChemiDocXRS + imaging system (Bio-Rad,
USA). Semiquantitative assessment of MET along with GAPDH
was done with ImageJ software (National Institutes of Health,
USA).

Flow cytometry

For flow cytometry analysis of MET expression, adherently
grown cells were detached using pancreatic enzyme (Sigma-
Aldrich, St. Louis, MO, USA), and harvested cells were incubated
with 300 pL of rabbit IgG isotype antibody (02—6102; Invitrogen)
or rabbit monoclonal antibody to MET (ab216574) at 4°C for 30
min. Subsequently, cells were rinsed in PBS and incubated with
Alexa Fluor 488 secondary goat anti-rabbit antibody (#4412) for
30 min. After rinsing, cells were resuspended in 400 L of PBS.
Fluorescence analysis was performed using a flow cytometer
(CytoFLEX LX, Beckman Coulter, Inc., IN, USA) with a count of
1 x 104 living cells per sample. The flow cytometry data were
analyzed with FlowJo software (FlowJo, version 10.9.0, Ashland,
OR, USA).

NIRFI with cMBP-ICG to identify OSCC in CDXs

To test NIRFI with cMBP-ICG in mice with CDXs, we injected
a solution of 5 pyL of PBS and 70 ng of cMBP-ICG lyophilized
powder into the mouse tongues and then performed fluorescence
imaging. The mice were maintained under anesthesia with
ketamine (0.1 mg/g body weight) during probe injection and
imaging. A preclinical fluorescence laryngoscope imaging platform
(DPM-111-01, Zhuhai Dipu Medical Technology Co., Ltd.) was
used for real-time fluorescence imaging. Photos were acquired
before and 30 min after injection of the probe. We used the
same instrument settings in all the procedures involving imaging
(exposure time of 30 ms, excitation power of 20%, gain of 3 dB).
In addition, we maintained the distance between the laryngoscope
and the tissue surface at approximately 10 mm. To acquire the
photos, we slowly scanned the tumor area along with neighboring
nonmalignant mucosa. In the course of this process, we utilized
real-time white light imaging for visual guidance, as well as
focusing. ImagedJ software was used for image analysis. The
tumor-to-background ratio (TBR) was defined as the fluorescence
intensity of the tumor divided by the fluorescence intensity of
the adjacent tissue. We harvested the whole tongues for ex vivo
imaging. Following biodistribution assessment, we fixed the
tumor tissues in 4% PFA along with optimal cutting temperature
compound (SAKURA, USA) for IHC assessment accompanied by
frozen-tissue immunofluorescence imaging.

Tumors and MET expression in the 4-NQO
model

Three mice from each group—4-NQO-treated and control—
were sacrificed at 0, 12, 16, 20, and 24 weeks, respectively.
Tissue samples from the tongues of sacrificed mice were
collected and subjected to histopathological analysis to determine
tumor development time and stage and MET expression (Figure
S5). The mice were monitored at 12, 16, 20, and 24 weeks using
9.4T magnetic resonance imaging (Biospec94/30USR, Bruck,
Germany). In the imaging protocols, the parameters were set
as follows: For the T1-RARE sequence, the echo time was 6.00

Published online: 24 February 2025

ms, and the repetition time was 800.00 ms. The flip angle was
180.00°. The pixel spacing was 0.075 mm x 0.075 mm, and the
slice thickness was 0.50 cm. For the T2-TurboRARE sequence,
the echo time was 33.35 ms, and the repetition time was 2,500.00
ms. The flip angle remained at 180.00°, with the same pixel
spacing and slice thickness as for the T1-RARE sequence.

NIRFI to identify OPMD in the 4-NQO model

To test NIRFI with cMBP-ICG in the 4-NQO-induced OSCC
model, we used forty 8-week-old male C57BL/6 mice A solution
of 5 yL of PBS and 70 ng of cMBP-ICG lyophilized powder
was prepared. Forceps were used to expose the tongue, and
the cMBP-ICG solution was dripped onto the tongue for 1 min,
ensuring complete exposure of the entire oral mucosa. After
the mouse tongue was washed twice with PBS to eliminate any
residual unbound compounds, the preclinical NIRFI platform
described above under “NIRFI with cMBP-ICG to identify OSCC
in CDXs” was utilized for real-time NIRFI. Photos were obtained
using the same protocol as described.15 TBR was defined as the
fluorescence intensity of the tumor divided by the fluorescence
intensity of the adjacent tissue. During topical application of
the cMBP-ICG solution and subsequent imaging, mice were
maintained under anesthesia with ketamine at a dose of 0.1 mg
per gram of body weight.

Twenty to 24 weeks after the start of 4-NQO induction, the
abundance and distribution of tongue lesions in mice closely
resembled those observed in human OPMDs.37 Consequently,
real-time NIRFI-assisted biopsies were performed at 20 weeks
and 24 weeks. The 40 mice were stratified on the basis of time
since initiation of 4-NQO induction (20 weeks or 24 weeks)
and were randomly allocated into two groups (1:1) using a
tandem design as described previously.38 Mice in each group
underwent two biopsies. In the NIRFI-assisted biopsy group,
NIRFI-assisted biopsy was the first biopsy, and COE-based
biopsy was the second biopsy. In the COE-based biopsy group,
COE-based biopsy was the first biopsy, and NIRFI-assisted
biopsy was the second biopsy.39 The criterion standard was
findings on histopathological evaluation of H&E-stained, paraffin-
embedded tissue sections. All biopsied lesions were graded
by pathologists specializing in oral lesions who were blinded to
group assignments. Lesions were classified as normal epithelial
tissue, low-grade dysplasia (LGD), high-grade dysplasia (HGD),
carcinoma in situ (CIS), or invasive carcinoma (ICA). All lesions
within the remaining tongue tissues were meticulously annotated
on slides by a pathologist with 20 years of expertise in oral
and maxillofacial pathology. The numbers and pathological
classifications of the biopsied lesions and the lesions within the
remaining tongue tissues were documented for subsequent
analysis.

Exploratory clinical trial

A single-center prospective randomized controlled trial of
NIRFI-assisted biopsy versus COE-based biopsy was approved
by the institutional review board of the Chinese Clinical Trial
Registry (ChiCTR2300074454). The inclusion and exclusion
criteria are detailed in Figure S6. Eligible patients were
randomized 1:1 to the real-time NIRFI-assisted biopsy group or
COE-based biopsy group using a computer-generated random
sequence.

The oral conditions of all patients were thoroughly assessed
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by an experienced oral mucosal specialist, who selected and
documented what the specialist judged to be the most appropriate
biopsy site and assigned a clinical diagnosis of LGD, HGD, or
OSCC. Following this, all patients underwent NIRFI, during which
the NIRFI operator selected and documented what the operator
judged to be the most appropriate biopsy site and assigned a
clinical diagnosis of LGD, HGD, or OSCC.15 Subsequently,
patients in the NIRFI-assisted biopsy group underwent biopsy at
the site selected by the NIRFI operator, while subjects in the COE-
based biopsy group underwent biopsy at the site selected by the
oral mucosal specialist without reference to NIRFI. The NIRFI
procedure was detailed in our previous report.15 All patients were
assessed by the same experienced oral mucosal specialist. After
the NIRFI procedure, mucosal toxicity and patients’ subjective
experiences were recorded. Six months after biopsy, all patients
were re-examined visually to check for new lesions, and any
newly identified lesions were biopsied using the biopsy method
used previously. All biopsy specimens were sectioned, embedded
in paraffin, stained with H&E, subjected to histopathological
analysis, and categorized as negative (normal epithelium, LGD)
or positive (HGD, SCC). Patients, pathologists, and data analysts
were blinded to the intervention.

Quantification and statistical analysis

For real-time NIRFIl-assisted biopsy in mice, logistic mixed
models were employed to analyze the detection rate and missed
detection rate, considering treatment group (NIRFI-assisted
biopsy vs. COE-based biopsy) and time since initiation of 4-NQO
induction (20 weeks vs. 24 weeks). The detection rate was
calculated as the number of lesions histologically confirmed as
HGD, CIS, or ICA on the first biopsy divided by the total number
of samples histologically confirmed as HGD, CIS, or ICA. The
missed detection rate was defined as the number of lesions
histologically confirmed as HGD, CIS, or ICA on the second
biopsy divided by the total number of samples histologically
confirmed as HGD, CIS, or ICA. The two-sided 95% confidence
interval was computed for the treatment odds ratio (OR) between
the test and control groups. An OR less than 1 for missed
diagnosis rate indicates that NIRFI-assisted biopsy is superior to
COE-based biopsy due to lower miss rates, while an OR greater
than 1 for detection rate suggests that NIRFl-assisted biopsy is
superior to COE-based biopsy due to higher detection rates. The
chi-square test was used to determine the sensitivity of missed
diagnosis rates and detection rates, while the Wilcoxon rank-
sum test was used to analyze the mean number of neoplasms
detected on the second biopsy and the mean number of
neoplasms detected on the second biopsy with no lesion detected
on the first biopsy.

For the clinical trial, the primary aim was to determine if
NIRFI-assisted biopsy had higher accuracy in diagnosing HGD,
the presence of which is a key factor in surgical decisions, and
identified more malignant lesions than COE-based biopsy. The
secondary aim was to develop a model using NIRFI for more
accurate future diagnoses. The mean fluorescence intensity and
TBR were computed for all lesions and subjected to a stratified
analysis based on pathological findings to investigate the utility of
these metrics in diagnostic classification. This exploratory clinical
study also included a critical assessment of adverse effects of
the cMBP-ICG solution, such as anaphylaxis (including mucosal
edema), and whether the taste was acceptable. The detailed
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protocol for assessing the diagnostic performance of NIRFI-
assisted biopsy and COE-based biopsy is illustrated in Figure 3
and described in the Clinical Trial Protocol in the supplemental
information.

Statistical analyses were performed using GraphPad
Prism version 9.5 and Python version 3.12.4 for advanced data
processing and visualization. Data are presented as mean values
with error bars representing standard deviations of biological
replicates. Unpaired two-tailed Student’s t-tests were used for two-
group comparisons. One-way and two-way analysis of variance
(ANOVA) was performed for multiple-group comparisons,
followed by Tukey’s post hoc test for pairwise comparisons where
significant differences were detected. ROC curves were applied
to evaluate the diagnostic performance of MET expression and
fluorescence-based imaging related key variables, with AUC
values used to quantify classification accuracy. Logistic regression
analysis was applied to assess factors associated with missed
detection rates and detection rates in NIRFl-assisted and COE-
based biopsy groups. The results are presented as odds ratios
(ORs) with 95% confidence intervals (Cls). A P-value < 0.05 was
considered statistically significant. Significance levels are denoted
in figures with asterisks (*p< 0.05, **p< 0.01, ***p< 0.001, ****p<
0.0001).

Additional resources

The clinical trial is registered under registration number
ChiCTR2300074454. (https://www.chictr.org.cn/showproj.
html?proj=200268).
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Multispectral Fluorescence
Imaging of EGFR and PD-L1
for Precision Detection of Oral
Squamous Cell Carcinoma: A
Preclinical and Clinical Study

Nenghao Jin"*%, Yu An*, Yu Tian"®, Zeyu Zhang", Kunshan He*’, Chongwei Chi*°, Wei Mu* ", Jie Tian®* ", and Yang
Du*®

Abstract

Background: Early detection and treatment are effective methods for the management of
oral squamous cell carcinoma (OSCC), which can be facilitated by the detection of tumor-
specific OSCC biomarkers. The epidermal growth factor receptor (EGFR) and programmed
death-ligand 1 (PD-L1) are important therapeutic targets for OSCC. Multispectral fluorescence
molecular imaging (FMI) can facilitate the detection of tumor multitarget expression with high
sensitivity and safety. Hence, we developed Nimotuzumab-ICG and Atezolizumab-Cy5.5
imaging probes, in combination with multispectral FMI, to sensitively and noninvasively identify
EGFR and PD-L1 expression for the detection and comprehensive treatment of OSCC.
Methods: The expression of EGFR and PD-L1 was analyzed using bioinformatics data
sources and specimens. Nimotuzumab-ICG and Atezolizumab-Cy5.5 imaging probes were
developed and tested on preclinical OSCC cell line and orthotopic OSCC mouse model, fresh
OSCC patients’ biopsied samples, and further clinical mouthwash trials were conducted in
OSCC patients.

Results: EGFR and PD-L1 were specifically expressed in human OSCC cell lines and tumor
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xenografts. Nimotuzumab-ICG and Atezolizumab-Cy5.5 imaging probes can specifically target
to the tumor sites in an in situ human OSCC mouse model with good safety. The detection
sensitivity and specificity of Nimotuzumab-ICG in patients were 96.4% and 100%, and 95.2% and
88.9% for Atezolizumab-Cy5.5.

Conclusions: EGFR and PD-L1 are highly expressed in OSCC, the combination of which is
important for a precise prognosis of OSCC. EGFR and PD-L1 expression can be sensitively
detected using the newly synthesized multispectral fluorescence imaging probes Nimotuzumab-
ICG and Atezolizumab-Cy5.5, which can facilitate the sensitive and specific detection of OSCC
and improve treatment outcomes.

Trial registration: Chinese Clinical Trial Registry, ChiCTR2100045738. Registered 23 April 2021,
https://www.chictr.org.cn/bin/project/edit?pid=125220

Supplementary Information: The online version contains supplementary material available at
10.1186/s12916-024-03559-w.
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Background

Oral malignancies account for 3-5% of all malignant tumors.
Oral squamous cell carcinoma (OSCC) is a kind of oral malignant
tumor with high malignant degree and poor prognosis. In 185
countries around the world, there are about 476,000 new cases
of OSCC and about 226,000 deaths '. The overall mortality rate
of oral and oropharyngeal cancers has increased by 0.5% per
year over the past 10 years °. After comprehensive treatment,
the 5-year survival rate remains at 50%, and the survival rate of
patients with advanced disease decreases to 27% **. The poor
prognosis of patients with OSCC is partially due to a delayed
diagnosis. Early screening and timely treatment can effectively
prevent the progression of OSCC, thereby increasing the survival
rate of patients > °. Currently, the diagnostic methods for OSCC
mainly involve visual inspection and tactile examination of the
oral cavity, head and neck lymph nodes, and traditional medical
imaging such as computed tomography (CT) and magnetic
resonance imaging (MRI) . However, some OSCCs appear
similar to oral ulcers or underlying oral malignant diseases
(OPMDs) ®°, leading to misdiagnosis. The gold standard for a
definitive OSCC diagnosis is pathological examination, which is
invasive, time-consuming, and involves complicated procedures
"2 Hence, there is an urgent need for new ways to detect
tumors noninvasively and sensitively.

Near-infrared fluorescence (NIRF) imaging, through the
injection or application of fluorescent imaging probes, allows
tumors to be fluorescently lightened in the corresponding diseased
areas, providing precise guidance for discriminating healthy and
tumor tissues safely '>. The most common NIR dyes used for
in vivo NIRF tumor imaging are indocyanine green (ICG), Cy5,
Cy5.5, Cy7 and IRDye800CW ™. ICG is the amphiphilic small-
molecule NIRF dye approved by the food and drug administration
(FDA) for the surgical treatment of head and neck tumors °. ICG
was first used for NIRF imaging in 9 patients with head and neck
squamous cell carcinoma (HNSCC) *°. Bredell et al. detected
cervical sentinel lymph nodes in the soft tissue after peritumoral
injection of ICG in patients with oropharyngeal cancer ’. However,
free ICG and other NIR dyes are non-specific and cannot be
used for tumor-targeted imaging. NIR dyes can be coupled with
tumor-specific ligands such as antibodies, metabolic substrates,
cell surface peptides, and growth factors to recognize tumor cells
"2 In HNC, Cetuximab-800CW was evaluated by fluorescence-
guided imaging (FGI) for high sensitivity to tumor detection **
#_ Multispectral fluorescence imaging (FMI) mainly uses broad-
spectrum light and can simultaneously detect multiple biomarkers
expressed in tumors. Chen et al. demonstrated the feasibility of
detecting multiple targets in human for the first time in Barrett’'s
neoplasia study. Multispectral FMI can facilitate precise and early
detection of tumors *. Compared with target-FMI with a single
tracer, multispectral FMI can improve the sensitivity and specificity
of tumor identification #. For localized, small-scale tumors,
the extracellular matrix (ECM) may prevent the penetration of
intravenously administered macromolecules, leading to missed
diagnoses of small lesions *°. The use of micro-dose fluorescent
imaging probes to spray or smear the diseased area enables
almost instant imaging ¥’. For OSCC, the entire oral mucosa can
be topically applied with targeted imaging probes, and suspected
cancer lesions can be directly lightened and correspondingly
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detected ***,

The epidermal growth factor receptor (EGFR) and
programmed death-ligand 1 (PD-L1) are two key important
therapeutic targets for OSCC. Targeted therapy, represented
by EGFR antibody drugs, and immunotherapy, represented by
anti-PD-1/PD-L1 antibodies, have provided new strategies for
the treatment of HNSCC. Cetuximab, an anti-EGFR monoclonal
antibody (mAb), was the first FDA-approved molecular-targeted
drug for the treatment of HNSCC * and has been approved as
a first-line treatment for relapsed and/or metastatic HNSCC.
Fluorescently labeled cetuximab can be utilized for targeted
FMI of OSCC to evaluate the targeted recognition of anti-
EGFR fluorescently labeled antibodies in and around the tumor
after systemic administration *. de Wit JG et al.  reported that
Cetuximab-800CW can be used for the detection of positive
tumor margins through 66 OSCC tumors and can safely locate
surgical margins during surgery. Nimotuzumab has a lower
affinity than Cetuximab, and has less effect on the recognition
and killing of normal tissue cells **. PD-L1 is a transmembrane
receptor that, after binding to PD-L1/PD-L2, can prevent cellular
immunity. PD-L1 antibody drugs can relieve this inhibition and
enhance the cellular immune response against tumor cells by
blocking the PD-1/PD-L1 signaling pathway *. The potential for
imaging with Atezolizumab and its ability to predict responses to
PD-L1 immunotherapy were initially assessed in a human study
using zirconium-89-labeled Atezolizumab (anti-PD-L1) *’. Many
cancers, including OSCC, are molecularly heterogeneous, and
the detection of multiple targets is needed for more accurate
clinical diagnosis and guidance for personalized therapy.

Hence, the aims of this study is to validate EGFR and PD-
L1 as specific biomarkers for OSCC and develop multispectral
Nimotuzumab-ICG and Atezolizumab-Cy5.5 fluorescence
imaging probes to quantify the dynamic expression of dual-target
EGFR and PD-L1 from preclinical in vitro human OSCC cell
lines, in vivo OSCC orthotopic mouse models, to clinical OSCC
patient tumor specimens, and topical application as mouthwash in
OSCC patients. The new imaging strategies, quick and sensitive
detection methods, and experimental evidence for the sensitive
detection of OSCC biomarkers provided in this study will help
to provide guidance for the early detection of OSCC, targeted
therapy and immunotherapy (Fig. 1).

Methods

Bioinformatics analysis

The data used to compare EGFR and PD-L1 expression in
HNSCC and normal tissues are available in the gene expression
profiling interactive analysis (GEPIA) database at http://gepia.
cancer-pku.cn.

Clinical model prediction based on receiver
operator characteristic (ROC) analysis

One hundred and twelve OSCC patients treated at the
Chinese PLA General Hospital between December 2018 and
December 2019 were retrospectively analyzed. The inclusion
criteria were patients who underwent surgery for the first time at
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our hospital and were diagnosed with OSCC based on complete
clinical and follow-up records. Exclusion criteria: (1) presence of
other concomitant tumors; (2) presence of distant metastases;
(3) history of preoperative antineoplastic therapy; (4) serious
postoperative complications. The follow-up period was three
years, and the patients were re-examined every three months.
The time of recurrence, metastasis, or death was defined as the
cutoff time. The follow-up period ended on December 1, 2022.
Receiver operating characteristic (ROC) curve analysis was
performed based on EGFR and PD-L1 expression. EGFR and
PD-L1 expression was evaluated by two independent pathologists
in our hospital who were blinded to the study design. EGFR

expression was detected using immunohistochemistry (IHC).
The negative, weak positive, moderate positive, strong positive
staining were respectively defined as -,+,+ +,+ + +. PD-L1
expression was measured using PD-L1 IHC 22C3 pharmDx (Dako
22C3, Dako, Denmark) and ranged from 0 to 99% as determined
using the Tumor Proportion Score (TPS).

EGFR and PD-L1 expression analysis via IHC of
human OSCC

Analyses of EGFR and PD-L1 expression were conducted on
biospecimens from the Department of Stomatology, First Medical
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Center, Chinese PLA General Hospital. All biopsy specimens
were diagnosed as OSCC by the Department of Pathology. The
biospecimens were then embedded and sliced continuously.
Tissue sections were incubated with bovine albumin (BSA,
GC305010; Servicebio, Wuhan, China) for 30 min and Rabbit
monoclonal antibody to EGFR (RRID: AB_869579; Abcam,
Cambridge, UK) and Rabbit monoclonal antibody to PD-L1 (RRID:
AB_2687878; Abcam, Cambridge, UK) at 4 °C overnight. The
slides were then exposed to HRP peroxidase-labeled Goat Anti-
Rabbit IgG (RRID: AB_2811189; Servicebio, Wuhan, China) and
incubated for 1 h. Subsequently, the sections were stained with
hematoxylin and eosin (H&E) for analysis. The expression levels
of EGFR and PD-L1 were quantified using H-scores (0—-300).
Images were then captured using a scanner (Digital Sight DS-U3,
Eclipse E100, Nikon, Japan), and H-scores were calculated by
Imaged Fiji (NIH, Bethesda, MD, USA).

Cell culture

Normal human oral keratinocytes (HOK) (ScienCell Research
Laboratories Inc., USA) cells were cultured in Roswell Park
Memorial Institute 1640 (RPMI-1640) medium (Thermo Fisher
Scientific) containing 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific Australia Pty Ltd., Australia) and 1% penicillin—
streptomycin (Macgene Biotechnology, China). Human OSCC
CAL27 cells (RRID: CVCL_1107; ATCC, Manassas, VA, USA),
CAL27-Fluc cells (RRID: CVCL_1107; Cobioer Biosciences
Co., Ltd., China) and HSC3 cells ((RRID: CVCL_1288; ATCC,
Manassas, VA, USA) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Thermo Fisher Scientific (CHINA) Co.,
Ltd., China) containing 10% FBS and 1% penicillin—streptomycin.
All cells were cultured in a Cell Culture Dish (Corning Inc., USA).
All experiments were performed using mycoplasma-free cells. All
human cell lines were authenticated using STR profiling within the
last threeyears.

EGFR and PD-L1 expression analysis in
different cells via western blotting and flow
cytometry

HOK, CAL27, CAL27-Fluc and HSC3 cells were cultured
and collected. Total protein was extracted from cells using
precooled Pierce RIPA Buffer (Thermo Fisher Scientific, USA)
and Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific,
USA), and western blotting was conducted utilizing Rabbit
monoclonal antibody to EGFR (RRID: AB_869579) and PD-L1
monoclonal antibody (RRID: AB_2756526; Proteintech Group,
Inc., USA), polyclonal rabbit -actin antibody (Cell Signaling
Technology, USA), and secondary antibody (1:10,000, Jackson
ImmunoResearch, USA) were used for western blot. All four cell
types (1x106) were incubated with FITC labeled Anti-EGFR
antibody (RRID:AB_298005) and APC Anti-PD-L1 antibody
(ab206967, Abcam, Cambridge, UK). After 30 min incubation,
the cells were suspended in Phosphate-Buffered Saline (PBS)
(Thermo Fisher Scientific Co., Ltd., China) and analyzed using
flow cytometry (FACSCanto™ II; BD Biosciences, USA). FlowJo
(version10.8.1) software was used for data analysis. The
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experiment was repeated three times, and the average of the
results was taken.

Human OSCC orthotopic mouse model

All animal experiments were approved according to the
guidelines of the Institutional Animal Care and Use Committee
(Permit No: 1A21-2203-24) of the Institute of Automation, Chinese
Academy of Sciences. PBS (50 yL) containing 5x106 HSC3 or
CAL27-Fluc cells were injected into the tongues of 6-week-old
male BALB/c-nu/nu mice anesthetized with isoflurane (RWD Life
Science, China). The feeding method is to give soft food or soft-
ened food with feed water. HSC3 and CAL27-Fluc tumor xeno-
grafts were harvested 7—10 days after inoculation; H&E staining
was performed. Primary anti-EGFR antibody (RRID: AB_869579)
and anti-PD-L1 antibody (RRID: AB_2687878) were used for im-
munohistochemical and immunofluorescence staining to analyze
the expression of EGFR and PD-L1 in human OSCC tumor xeno-
graft mouse models.

Synthesis of Nimotuzumab-ICG and
Atezolizumab-Cy5.5

ICG-NHS-ester (330 nM, dissolved in 300 yL DMSO, Sig-
ma-Aldrich) was added to humanized monoclonal EGFR antibody
(5 mg, 33 nM, Nimotuzumab, Biotech Pharma, China) (dye/
antibody ratio was 1:20) in conjugation buffer (5 mL, 0.1 M PBS),
and the solution was reacted in the dark at 25 °C with continuous
oscillation overnight. The mixture was concentrated to 0.8 mL
using a centrifugal filter unit (3 kDa MWCO, Amicon) and purified
three times via centrifugation at 8,500 rpm for 15 min. Similarly,
Cy5.5-NHS-ester (330 nM, dissolved in 300 yL 0.1 M PBS, New
Research Bioscience, China) was added to humanized mono-
clonal anti-PD-L1 antibody (Atezolizumab, Roche Registration
GmbH, Switzerland) in conjugation buffer (5 mL, 0.1 M PBS),
and the solution was reacted in the dark at 25 °C with continuous
oscillation overnight. The mixture was concentrated and purified
thrice using a centrifugal filter unit (3 kDa MWCO, Amicon). The
conjugation efficiency was calculated.

In vitro cell viability experiments and
spectroscopic analysis

Logarithmic growth-phase HOK, CAL27-Fluc, and HSC3
cells were seeded (5x10°/well) in 96-well culture plates (Corning
Inc., USA) overnight. Nimotuzumab-ICG, Atezolizumab-Cy5.5 and
the mixture were added into the culture plates at different concen-
trations (2.5, 5, 10, 20, 40, 80, 160, and 320 ug/mL), respectively.
After 24 h incubation, cells were washed thrice with PBS and
cultured in 10% CCK-8 medium (CA1210; Solarbio Science and
Technology Co., Ltd., China) for 30 min; the absorbance at 450
nm was determined using a spectrophotometric microplate reader
(Synergy HT; BioTek, USA).

The spectra of excitation light and absorption light of Nimotu-
zumab-ICG and Atezolizumab-Cy5.5 were tested by fluorescence
spectrophotometer (F-7000, Hitachi, Japan) (The scanning speed
is 1200 nm/min, the spectral bandwidth is 10 nm, and the sam-
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pling interval is 0.2 nm) and near-infrared spectrophotometer (UV-
3600 Plus, Shimadzu, Japan), respectively.

In Vivo and Ex vivo fluorescence molecular
imaging (FMI) and safety evaluation

CAL27-Fluc OSCC tumor-bearing mice were injected with
Nimotuzumab-ICG (0.2 mg) and Atezolizumab-Cy5.5 (0.2 mg),
and their mixture via the caudal vein. The block group (normal
mice) was intraperitoneally injected with Nimotuzumab (0.2 mg)
and Atezolizumab (0.2 mg) 1 h before the intravenous injection of
the imaging probes. FMI images were captured at different time
points (pre-, 2, 6, 12, and 48 h) using an IVIS® Spectrum/CT
(Caliper Life Sciences, USA), and the tumor to background ratio
(TBR) was calculated using the region of interest (ROIl) measure-
ment tool with Fiji software.

After 24 h, the mice were sacrificed, and the serum were col-
lected for detection of liver function indices, including alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST) using
an automatic blood biochemical auto analyzer (7600; Hitachi,
Tokyo, Japan). The tongues, hearts, livers, spleens and kidneys
were collected for ex vivo FMI by IVIS® SpectrumCT. H&E stain-
ing was performed on organs after ex vivo imaging. Resected
fresh CAL27-Fluc tumor-bearing mouse tongue tumor specimens
were analyzed using immunofluorescence (IF) staining for EGFR
and PD-L1 expression.

Probe fluorescence imaging of fresh human
specimens

First, 10 fresh OSCC specimens were pre-tested to deter-
mine the optimal incubation concentration of the probe, and then
a formal fluorescence imaging experiment on 20 OSCC speci-
mens was followed.. A total of 30 resected fresh human OSCC
specimens were rinsed in 5% goat serum (SL038, Solarbio
Science and Technology Co., Ltd., China) to remove debris and
mixed and incubated with Nimotuzumab-ICG and Atezolizum-
ab-Cy5.5 at 20 °C for 3 min. Subsequently, the specimens were
washed with PBS 3 times. A homemade multispectral fluores-
cence imaging system (Key Lab of Molecular Imaging, CAS) was
used to perform imaging experiments on the specimens. The de-
vice can achieve optical resolution of 50 um, bandwidth of 5 nm,
imaging field of 12.5x12.5 cm?, 50 fps time resolution (adjustable
according to actual conditions), real-time imaging of white light im-
age, near-infrared dual imaging channels of 665 nm and 785 nm
simultaneously. After imaging experiments, the specimens were
fixed in 4% paraformaldehyde (P1110; Macgene Biotechnology)
for subsequent H&E, EGFR, and PD-L1 IHC and IF staining.

Fluorescence imaging of OSCC in human
patients

This study was approved by the Ethics Committee of the Chi-
nese PLA General Hospital (No. S2021-097-01) and registered
in the Chinese Clinical Trial Registry (Registration Number: ChiC-
TR2100045738). All human patients signed informed consent,
and the patients gargled 5 mL of Nimotuzumab-ICG (0.4 mg/mL)
and Atezolizumab-ICG (0.4 mg/mL) for approximately 30 s. Next,
the patients gargled ultrapure water for 30 s three times, and the
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interval between Nimotuzumab-ICG and Atezolizumab-ICG imag-
ing was 1 h. White-light and fluorescence images were obtained
using a commercialized Digital Precision Medicine imaging device
H2800 (DPM, Beijing, China). After surgical treatment, fresh spec-
imens were obtained for the probe-spraying experiment, H&E
staining, EGFR, PD-L1 IHC staining, and IF staining. EGFR and
PD-L1 expression were defined as —, +,+ +,+ + +for negative,
weak positive, medium positive, and strong positive expression.

Statistical analysis

The optimal cutoff values for the expression of EGFR and
PD-L1 were determined from the ROC curves. Statistical analy-
ses were performed using SPSS (version 21.0; IBM, Armonk, NY,
USA) and GraphPad Prism software (version 9; GraphPad Soft-
ware Inc., San Diego, CA, USA). Differences between paired data
were tested using the Wilcoxon test. Statistical significance was
set as *P<0.05, ** P<0.01, ***P<0.001, **** P<0.0001.

Results

Validation of EGFR and PD-L1 as specific OSCC
biomarkers

According to the GEPIA dataset, the expression levels of
EGFR and PD-L1 were significantly higher in HNSCC tumors
than para tumor tissues (Fig. 2A). The EGFR and PD-L1 gene ex-
pression profiles across all HNSCC tumor samples (n=519) and
paired normal tissues (n=44) were expressed as log2[transcripts
per million (TPM)+1]]. Patients with OSCC had high EGFR and
PD-L1 expression. The expression of EGFR and PD-L1 is asso-
ciated with the prognosis of patients with HNSCC. The correlation
between EGFR expression and disease-free survival (DFS) and
overall survival (OS) in 493 patients with HNSCC, and PD-L1
expression, DFS, and OS in 466 patients with HNSCC were ana-
lyzed using the GEPIA dataset. EGFR overexpression was signifi-
cantly associated with OS (*P=0.045), whereas high expression
of PD-L1 was associated with shorter DFS (*P=0.01) (Fig. 2B).

The statistical data for OSCC patients (n=112) are shown in
Supplementary Table 1. The areas under the curve corresponding
to high expression of EGFR and PD-L1 were 0.791 and 0.641,
respectively, but the corresponding curve area for the combined
prediction is 0.836 (95% Confidence Interval (Cl): 0.744 to 0.928),
suggesting that the combination of EGFR and PD-L1 dual-targets
is important for the precise prognosis of OSCC (Fig. 2C).

To confirm that EGFR and PD-L1 are specific biomarkers for
OSCC, biospecimen slides from patients with OSCC (n=59) were
immunohistochemically stained with anti-EGFR and anti-PD-L1
antibodies. The demographics of patients with OSCC (n=59) are
shown in Additional file 1: Table S1. EGFR and PD-L1 expression
levels were distinctly higher in OSCC tumors than in para tumor
tissues (Fig. 2D). We clearly distinguished tumor tissues from nor-
mal tissues by immunohistochemical staining for EGFR and PD-
L1. The EGFR H-Score and PD-L1 H-Score in OSCC and para
tumor tissues were 141.2 vs. 67.19 and 116.2 vs. 69.66, respec-
tively (**** P<0.0001) (Fig. 2E).

Detection of EGFR and PD-L1 expression in in
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Vitro OSCC cells and in vivo orthotopic OSCC
tumor model

The expression of EGFR and PD-L1 was relatively higher in
CAL27, CAL27-Fluc, and HSC3 cells than in HOK cells, used as
control (Fig. 3A). EGFR and PD-L1 protein expression was sig-
nificantly higher in CAL27 (~4.75-fold, **** P<0.0001,~1.19-fold,
* P<0.05), CAL27-Fluc (~2.36-fold, *** P<0.001,~ 1.85-fold, ****
P<0.0001), and HSC3 (~2.65-fold, **** P<0.0001,~2.34-fold, ****
P <0.0001) cells than in HOK cells (Fig. 3B). IHC staining showed
that EGFR and PD-L1 were both highly expressed in the tumor
area in both CAL27-Fluc and HSC3 mouse models (Fig. 3C).
EGFR and PD-L1 double IF staining also confirmed their high ex-
pression in the CAL27-Fluc mouse tumor xenografts (Fig. 3D). In
general, our experiments confirmed that EGFR and PD-L1 were
expressed at relatively higher levels in OSCC tumor tissues than
in normal tissues.

Characterization of Nimotuzumab-ICG and
Atezolizumab-Cy5.5 imaging probes

Nimotuzumab and Atezolizumab were reacted with ICG-
NHS and Cy5.5-NHS to yield Nimotuzumab-ICG and Atezolizum-
ab-Cy5.5, respectively (Additional file 1: Fig. S1). The conjugation
efficiency was 93.42% and 92.02%, respectively. Nimotuzum-
ab-ICG had an excitation wavelength of 808 nm and absorption
peak at 790 nm, which were partially offset from those of free
ICG (Excitation: 815 nm), indicating that the dye was conjugated
to Nimotuzumab. The spectral characterization of Atezolizum-
ab-Cy5.5 also showed a shift from the excitation wavelength of
free Cy5.5 (Excitation: 691 nm), indicating that the dye was linked
to Atezolizumab, with excitation and absorption peak of Atezoli-
zumab-Cy5.5 were 670 nm and 679 nm, respectively (Additional
file 1: Fig. S2). The cell viability of different human OSCC cells
was not influenced when the concentrations of Nimotuzumab-ICG
and Atezolizumab-Cy5.5, were lower than 320 ug/mL. These
results suggest that Nimotuzumab-ICG and Atezolizumab-Cy5.5
were relatively biocompatible and safe for further in vivo study
(Additional file 1: Fig. S3).The in vivo toxicity of Nimotuzumab-ICG
and Atezolizumab-Cy5.5 was evaluated in healthy male BALB/
c-nu/nu mice; The mice were euthanized 24 h post-injection
of PBS, Nimotuzumab-ICG, Atezolizumab-Cy5.5, and Nimotu-
zumab-ICG and Atezolizumab-Cy5.5 injection (4 mg/kg). Serum
assessment showed that the ALT and AST levels were within
the normal range in all four groups (Additional file 1: Fig. S4). In
addition, no obvious histopathological changes were observed in
the major organs (heart, liver, kidney, or spleen) (Additional File 1:
Fig. S5). Nimotuzumab-ICG and Atezolizumab-Cy5.5 were further
tested for in vivo transoral toxicity and proved to be safe (Additional
file 1: Table S2). These results demonstrated that Nimotuzum-
ab-ICG and Atezolizumab-Cy5.5 were well-developed and safe.
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The in vivo biodistribution and tumor targeting
of Nimotuzumab-ICG and Atezolizumab-Cy5.5

An orthotopic human CAL27-Fluc OSCC tumor mouse
model was established and bioluminescence imaging (BLI) was
performed to locate the OSCC tumor xenograft (Additional file 1:
Fig. S6). CAL27-Fluc oral tumor-bearing mice were divided into
different groups: Nimotuzumab-ICG, Atezolizumab-Cy5.5, Nimo-
tuzumab-ICG +Atezolizumab-Cy5.5, and corresponding blocking
groups. The fluorescence signals of ICG and Cy5.5 were detect-
ed at 785 nm and 665 nm, respectively (Fig. 4A). The fluores-
cence signal in the Nimotuzumab-ICG group was detected at 2 h
post-injection, peaked at 12 h post-injection, gradually decreased,
and remained detected 48 h post-injection. The fluorescence sig-
nal of the Atezolizumab-Cy5.5 group was detected at 2 h post-in-
jection and peaked at 12 h post-injection. After the simultaneous
injection of Nimotuzumab-ICG and Atezolizumab-Cy5.5, both
fluorescence signals were detected at 2 h and peaked at 12 h
post-injection. The FMI TBR of the target group was higher than
that of the corresponding block group at the corresponding time
points. The difference in the TBR was more significant at 12 h
than other time points. (Fig. 4B). After 48 h of in vivo observation,
the tumors and major organs were dissected for ex vivo FMI. The
fluorescence signal of the tumor region in the targeted group was
higher than that in the blocking group. The fluorescence signals
of Nimotuzumab-ICG and Atezolizumab-Cy5.5 were stronger in
the liver and certain signals in the kidney, indicating that the imag-
ing probes were mainly metabolized through the liver and some
through kidney. Animal study suggested that Nimotuzumab-ICG
and Atezolizumab-Cy5.5 dual-targeting imaging probes pos-
sessed good OSCC tumor-targeting capability and safety, making
them suitable for further clinical application and translation.

Identification of EGFR and PD-L1 expression on
OSCC patients’ fresh biopsied samples using
Nimotuzumab-ICG and Atezolizumab-Cy5.5
imaging probes

For the identification of multitarget expression, a homemade
multispectral fluorescence imaging system was developed and
used to conduct imaging experiments on patient specimens, and
white light and multispectral fluorescence images were obtained.
Figure 5A shows the working model diagram and prototype of the
multispectral fluorescence imaging system. Fresh OSCC spec-
imens from 10 patients were topically treated with Nimotuzum-
ab-ICG and Atezolizumab-Cy5.5 with different concentrations.
The optimal incubation concentration of Nimotuzumab-ICG and
Atezolizumab-Cy5.5 was found to be 0.4 mg/mL (Additional file
1: Fig. S7) for 3 min (Additional file 1: Fig. S8). The obvious fluo-
rescence signals of Nimotuzumab-ICG and Atezolizumab-Cy5.5
from the OSCC tumor region could be specifically detected, while

(See figure on next page.)

Fig.4 Biodistribution of Nimotuzumab-ICG and Atezolizumab-Cy5.5 in an orthotopic OSCC mouse model. A In vivo FMI of an OSCC orthotopic mouse model
injected with Nimotuzumab-ICG, Atezolizumab-Cy5.5, or a combination of both, respectively. The blocking group represents the pre-administration of corresponding
antibody drugs Ex vivo FMI of the tongue with OSCC tumor and major organs 48 h post-injection. B TBR analysis of in vivo FMI signal intensity in different groups
at different time points. The TBR was significantly different at 12 h postinjection. FMI, fluorescence molecular imaging; TBR, tumor to background ratio. *P<0.05,

**P<0.01
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adjacent normal areas did not show fluorescence signals (Fig. 5B).
Quantitative analysis showed that Nimotuzumab-ICG imaging
discriminated between tumor and para tumor. Under 785 nm NIR,
the TBR of the tumor was higher than para tumor (30.05+1.87 vs
20.27+2.35, ** P<0.01). In addition, under 665 nm+785 nm NIR,
the TBR of tumors was higher than that of para tumor (27.59+1.33
vs 16.81+1.39, *** P<0.001). Similarly, Atezolizumab-Cy5.5 could
clearly distinguish tumors from parathyroid tumors. Under 665 nm
NIR and 665 nm+785 nm NIR, the TBR of tumor and para tumor
were (23.18+2.52 vs 14.07+1.51, ** P<0.01) and (20.15+1.55
vs 11.32+1.02, ** P<0.01), respectively. This observation was
further confirmed by H&E, EGFR, and PD-L1 immunohistochemi-
cal and immunofluorescence staining of patient's specimens. The
expression levels of EGFR and PD-L1 in OSCC tumor tissues
were also observed based on the fluorescence intensity pro-
duced by excitation light irradiation at 665 nm and 785 nm. The
higher the fluorescence intensity, the higher were the biomarker
expression levels (Fig. 5C). Therefore, we further performed mul-
tiplexed fluorescence imaging of EGFR and PD-L1 in 30 fresh
OSCC patients’ specimens. FMI results, immunohistochemical
staining, and immunofluorescence staining showed that the sen-
sitivity and specificity of Nimotuzumab-ICG were 96.4% (95%Cl:
79.8%~99.8%) (27/28) and 100% (95%Cl: 19.8%~100%) (2/2),
respectively. The sensitivity and specificity of Atezolizumab-Cy5.5
were 95.2% (95%Cl: 74.1%~99.7%) (20/21) and 88.9% (95%Cl:
50.7%~99.4%) (8/9), respectively. The high imaging sensitivity
and specificity of the imaging probes with high safety indicate the
feasibility of topical application in human patients with OSCC in
situ.

Fluorescence imaging of Nimotuzumab-ICG and
Atezolizumab-ICG in OSCC patients in situ

Nimotuzumab-ICG and Atezolizumab-ICG were topically
applied as mouthwashes to 8 OSCC patients with OSCC. The
fluorescence imaging of EGFR and PD-L1 dual targets was
mainly performed using the Digital Precision Medicine imaging
device H2800 (DPM, Beijing, China), which possesses an endo-
scopic detector that can be applied to patients’ mouths. Quanti-
tative analysis after gargling with Nimotuzumab-ICG (0.4 mg/ml)
showed that EGFR expression was specifically highly expressed
in tumor tissues but not in normal mucosa tissues (Fig. 6A, top,
23.9+1.17 vs 3.01+0.24, **** P<0.0001). After surgical treatment,
tissue specimens were subjected to ex vivo fluorescence imaging,
H&E staining, and immunohistochemical staining. Quantitative
analysis showed that the TBR in the tumor was higher than that in
the para tumor (Fig. 6A, bottom, 48.02+4.65 vs 19.27+1.973, ***
P<0.001). Similarly, after gargling with Atezolizumab-ICG (0.4 mg/
ml), quantitative analysis showed that the TBR in the tumor was
higher than that in the para tumor in both in situ and ex vivo ex-
periments. The TBR of the tumor and para tumor were 23.4+2.19
vs 5.34+0.61, (*** P<0.001) and 27.47+2.43 vs 17.06+1.52 (**
P<0.01), respectively (Fig. 6B). The fluorescence imaging data of
8 cases of OSCC are summarized in Additional file 1: Table S3.
The ex vivo FMI, HE, and IHC data were almost consistent with in
vivo FMI observations, showing that specific tumor areas can be
fluorescently illuminated by the targeted imaging probes.

Interestingly, a patient had buccal mucosal SCC on the left
side and buccal mucosal lichen planus on the right side of the
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mouth. After gargling with Nimotuzumab-ICG and Atezolizum-
ab-ICG imaging probes, fluorescence signal was observed in the
left buccal mucosa, whereas no trace of fluorescence signal was
observed in the right buccal mucosa (Fig. 6C). The data validated
the specificity of the Nimotuzumab-ICG and Atezolizumab-ICG
probes for the detection of OSCC. These in vivo observations
were further verified via subsequent IHC and IF experiments (Fig.
6D).

Discussion

Sensitive detection of tumor-specific biomarkers can fa-
cilitate the early and accurate detection of OSCC and provide
guidance for precision therapy. At present, a number of studies
have demonstrated the feasibility of OSCC fluorescence guided
localization and guidance of surgical margin resection. Early di-
agnosis of OSCC was achieved through oral spray fluorescence
recognition imaging **°. EGFR and PD-L1 are key targets in
OSCC. Herein, we developed Nimotuzumab-ICG and Atezoli-
zumab-Cy5.5 imaging probes combined with multispectral FMI
to facilitate the noninvasive detection of EGFR and PD-L1 with
high sensitivity, specificity and safety. We further translated our
dual-target imaging strategy from preclinical OSCC bearing an-
imal studies to clinical patients with OSCC, which showed great
potential for the comprehensive management of OSCC for early
detection and image-guided therapy, including targeted therapy,
surgery, and immunotherapy.

EGFR and PD-L1 are important therapeutic targets in OSCC.
EGFR, a transmembrane glycoprotein, is highly expressed
in 90% of HNSCC cases and is a strong prognostic indicator
of head and neck cancer **. Maurizi et al. found that EGFR
levels are associated with the risk of recurrence and death
. PD-L1 is also highly expressed on the surface of HNSCC
“ The expression of PD-L1 in various solid tumors, such as
esophageal, gastric, and thyroid cancers, is associated with poor
prognosis “**°. Bioinformatics analysis from GEPIA Datasets and
immunohistochemical staining of 59 human OSCC biological
specimens from the Chinese PLA General Hospital showed
that EGFR and PD-L1 were highly expressed in OSCC. The
dataset obtained based on GEPIA also verified that high EGFR
expression in HNSCC was correlated with OS. Overexpression
of PD-L1 in HNSCC is associated with DFS, not OS, which
is consistent with previous findings * However, whether the
expression of EGFR or PD-L1 in HNSCC is correlated with OS or
DFS may be subjected to differences due to the sample numbers
and follow-up time. Based on a 3-year retrospective analysis
of 112 patients with OSCC treated at the Chinese PLA General
Hospital, a ROC curve was used to predict the clinical model. The
combination analysis of EGFR and PD-L1 expression in predicting
the 3-year OS of patients with OSCC can improve the prediction
accuracy. Therefore, both EGFR and PD-L1 can not only be used
as prognostic markers for OSCC but also as potential markers for
guiding antitumor therapy.

Multiplexed FMI technology provides good opportunities for
noninvasive and multitarget detection with high sensitivity and
safety. A variety of malignant tumors, including OSCC, have tumor
molecular heterogeneity *°, The multispectral fluorescence probes
make up for the situation that the imaging of a single mode
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or the recognition of a single target makes the ability of tumor
characterization and boundary analysis relatively challenging. And
multispectral is more powerful than single spectrum in defining
tumor heterogenous properties and boundary analysis *. And
thus the detection of multitargets is most likely to improve both
the sensitivity and specificity of tumor recognition and for accurate
clinical diagnosis and guidance of treatment. The fluorescence-
labeled anti-EGFR antibody Cetuximab-IRDye800CW has been
used to locate tumors and surrounding tissues in advanced
HNSCC *. Intravenous injection of Cetuximab-IRDye800 in
patients with HNSCC achieved high sensitivity and specificity
and successfully distinguished tumors from normal tissues in
FMI-guided surgical studies “**". As a humanized monoclonal
antibody, Nimotuzumab has a high affinity and can bind to
the extracellular domain of EGFR and inhibit EGF binding *°
Nimotuzumab has been approved in several countries for the
treatment of HNSCC * and glioma *’ based on clinical trials
of various malignancies *'. Nimotuzumab has the advantage
of low toxicity compared with Cetuximab *°. Therefore, in this
study, we developed a novel EGFR targeting Nimotuzumab-
ICG fluorescence imaging probe. In OSCC tumor tissues with
high EGFR expression, Nimotuzumab-ICG showed a higher
fluorescence imaging signal and better image contrast than
images of tumors with low or no EGFR expression. Moreover, we
developed an Atezolizumab-Cy5.5 fluorescence imaging probe
targeting the PD-L1 molecule, which can realize noninvasive and
dynamic imaging of PD-L1 expression and provide guidance for
safe immunotherapy. Targeted molecular imaging of PD-L1 is an
effective method for dynamic and noninvasive evaluation of PD-
L1 expression; however, the main administration method is the
intravenous route ***®_ In this study, we administered imaging
probes through topically administration ’~*, which can achieve
almost instant imaging of EGFR and PD-L1 by spraying the
target area with micro-doses of fluorescent imaging probes and
detecting suspected cancer lesions. Multispectral FMI imaging
of Nimotuzumab-ICG and Atezolizumab-Cy5.5 is a new non-
invasive, sensitive and specific way to identify tumors. Ultimately,
we will be able to offer more precise and personalized treatments.

To further promote clinical translation, we applied our
imaging probes as mouthwashes to 8 OSCC patients. Since
the homemade multispectral fluorescence imaging system
is still in the prototype stage, it cannot be used in the surgery
room. Hence, we utilized the commercialized Digital Precision
Medicine imaging device H2800, though this system has only
one channel for detecting ICG fluorescence signal. Hence, we
developed Nimotuzumab-ICG and Atezolizumab-ICG imaging
probes and applied them consecutively to OSCC patients
through a mouthwash. Our imaging method is quick sensitive
and specific in detecting EGFR and PD-L1 expression in patients

See figure on the last page
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with OSCC, which was further validated by post-surgical histology
and immunohistochemistry. Moreover, our imaging strategy can
discriminate tumor lesions from other oral diseases, such as
buccal mucosa lichen planus. For the future clinical application
of homemade multispectral fluorescence imaging system can
not only provide early identification and diagnosis of OSCC, but
also provide guidance for clinical surgical boundary recognition
and anti-tumor targeted therapy and immunotherapy. In addition,
it is still necessary to further optimize the imaging algorithm and
autofocus algorithm, eliminate the image distortion caused by oral
haze, and continuously improve the image recognition ability.

Conclusions

We developed a multispectral FMI imaging strategy that
demonstrated the feasibility of concurrently detecting multiple
tumor biomarkers and the potential for the early detection of
tumors that are molecularly heterogeneous. We synthesized
the multispectral fluorescence imaging probes Nimotuzumab-
ICG and Atezolizumab-Cy5.5 with OSCC targeted imaging
performance and good biosafety. Make up for the situation that
the imaging method of a single mode or the recognition of a
single target makes the ability of tumor characterization and
boundary analysis relatively Challenging. Combined with the
homemade multispectral fluorescence imaging system, the EGFR
and PD-L1 expression can be identified and quantified from
preclinical OSCC tumor-bearing mouse models to clinical OSCC
patients, which facilitates early cancer detection and provide
guidance for anti-tumor targeted therapy, image-guided surgery,
and immunotherapy of OSCC. We demonstrated a proof-of-
concept for detecting multiple targets concurrently in patients with
OSCC neoplasia, which is promising for a wide range of clinical
applications, including early screening and surveillance, biopsy
guidance, quick staining of fresh biopsies, in vivo diagnosis, and
intraoperative margin delineation.
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Abbreviations

OoscC Oral squamous cell carcinoma
EGFR Epidermal growth factor receptor
PD-L1 Programmed death-ligand 1

FMI Fluorescence molecular imaging

Fig.6 Fluorescence imaging of Nimotuzumab-ICG and Atezolizumab-ICG in OSCC human patients. A White light, NIR, and NIR overlay images were obtained
by oral gargling experiment of Nimotuzumab-ICG on OSCC patients in clinical application. A dotted white line was drawn from tumor area to para tumor tissue to
calculate the counts of fluoresce signal. The expression of EGFR was further imaged with Nimotuzumab-ICG in fresh biopsied specimens of OSCC patients, and
verified using IHC and H&E staining. Scale bar, 2000 pm. B White light, NIR, and NIR overlay images were obtained by oral gargling experiment of Atezolizumab-
ICG on OSCC patients for clinical application. The expression of PD-L1 was imaged with Atezolizumab-ICG in fresh biopsied specimens of OSCC patients, and
verified using IHC. Scale bar, 2000 pm. C Nimotuzumab-ICG and Atezolizumab-ICG were used in the oral gargling experiment, and white light, NIR, and overlayed
NIR images of both the left (with OSCC area) and right (with lichen planus) buccal mucosa were obtained. The fluorescence intensity was measured, calculated, and
verified via pathology. D H&E, EGFR IHC, PD-L1 IHC, and IF staining were performed on fresh OSCC specimens on the patient's left buccal mucosa. The yellow line
indicated the gross tumor range in fresh surgical specimens. The black line shows the tumor areas in H&E staining and IHC staining, while the white line shows the

tumor areas in IF staining. Scale bar, 2,000 pm.
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CT Computed Tomography

MRI Magnetic Resonance Imaging

NIRF Near-infrared fluorescence

ICG Indocyanine green

HNSCC  Head and Neck squamous cell carcinoma
ROC Receiver operator characteristic

IHC Immunohistochemistry

H&E Hematoxylin and eosin

ROI Region of interest

TBR Tumor to background ratio
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Improves Oral Squamous Cell
Carcinoma Detection in Humans

Jingbo Wang, Siyi Li% Kun Wang?, Ling Zhu, Lin Yang ", Yunjing Zhu', Zhen Zhang?, Longwei Hu?, Yuan Yuan', Qi
Fan', Jiliang Ren ', Gongxin Yang ', Weilong Ding ', Xiaoyu Zhou *, Jungi Cui®, Chunye Zhang®, Ying Yuan °, Ruimin
Huang’ ', Jie Tian® ', Xiaofeng Tao®

Abstract

Introduction: The postoperative survival of oral squamous cell carcinoma (SCC) relies on
precise detection and complete resection of original tumors. The mucosal extension of the
tumor is evaluated visually during surgery, but small and flat foci are difficult to detect. Real-
time fluorescence imaging may improve detection of tumor margins.

Materials and methods: In the current study, a peptide-based near-infrared (NIR)
fluorescence dye, c-MET-binding peptide-indocyanine green (cMBP-ICG), which specifically
targets tumor via c-MET binding, was synthetized. A prospective pilot clinical trial then was
conducted with oral SCC patients and intraoperatively to assess the feasibility of cMBP-
ICG used to detect tumors margins. Fluorescence was histologically correlated to determine
sensitivity and specificity.

Results: The immunohistochemistry (IHC) results demonstrated increased c-Met expression in
oral SCC compared with normal mucosa. Tumor-to-background ratios ranged from 2.71 + 0.7
to 3.11 £ 1.2 in different concentration groups. From 10 patients with oral SCC, 60 specimens
were collected from tumor margins. The sensitivity and specificity of discriminative value

|
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derived from cMBP-ICG application in humans were respectively 100% and 75%.

Conclusions: Topical application of cMBP-ICG is feasible and safe for optimizing intraoperative
visualization and tumor margin detection in oral SCC patients, which could clinically increase the
probability of complete resections and improve oncologic outcomes.

' Department of Radiology, Ninth People’s Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China.
? Department of Oral and Maxillofacial-Head and Neck Oncology, Ninth People’s Hospital, School of Medicine, Shanghai
Jiao Tong University, Shanghai, China.

® CAS Key Laboratory of Molecular Imaging, Beijing Key Laboratory of Molecular Imaging, The State Key Laboratory of
Management and Control for Complex Systems, Institute of Automation, Chinese Academy of Sciences, Beijing, China.
*Molecular Imaging Center, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai, China.

® Department of Pathology, Ninth People’s Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China.
® Department of Radiology, Ninth People’s Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China.
"Molecular Imaging Center, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai, China.

® CAS Key Laboratory of Molecular Imaging, Beijing Key Laboratory of Molecular Imaging, The State Key Laboratory of
Management and Control for Complex Systems, Institute of Automation, Chinese Academy of Sciences, Beijing, China.

° Department of Radiology, Ninth People’s Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China.

116

Introduction

Approximately 95% of all head and neck cancers are
squamous cell carcinoma (SCC), the most common of which is
oral SCC (excluding non-melanoma cutaneous cancers).' Oral
SCCs are primarily treated surgically with adequate resection
margins to ensure complete resection and to minimize functional
impairment related to the procedure. The mucosal extension of
the tumor usually is evaluated by visual inspection.”® However,
translation of information from preoperative imaging into the
actual situation in the patient during surgery is challenging, and
macroscopic evaluation of a tumor in the oral cavity by palpation
during surgery is difficult and inaccurate. Moreover, the precursor
lesions, such as oral leukoplakia and submucous fibrosis, can
subsequently progress to cancers,’ whereas the ability to detect
malignant transformation early is limited, and preoperative
biopsies may suffer from sample error.” Therefore, it is necessary
to develop supplementary methods for precise detection of early
malignancy and delineation of mucosal extension of the tumor.

The merging of targeted probes with clinical user-friendly
imaging technologies provides a powerful and easy tool for
the early and precise detection of cancer.®® Near-infrared
(NIR) fluorescence-guided surgery is a promising technique
for superficial head and neck lesions using tumor-targeting

fluorescent agents (e.g., panitumumab-IRDye800CW, cetuximab-
IRDye800CW).>"° For local small-distance metastases,
extracellular matrix (ECM) may prevent the penetration of
intravenously administered macromolecular agents and cause
a higher miss rate for small lesions'" due to the different mean
fluorescence intensity (MFI) and tumor background ratio (TBR).
Instead, mouth-washing topical administration of the targeted
probe could be an alternative approach, which could cover the
entire oral mucosa and directly screen out suspicious cancer foci
without restriction from other tissues.'? Meanwhile, the interval
between probe administration and imaging would be significantly
reduced to minutes and least affected by individual difference.™™

As a c-MET-targeting peptide, c-MET-binding peptide (cMBP)
has been developed for tumor imaging and gene delivery.">™"’
Therefore, instead of intravenous delivery of NIR fluorescence
dye, we propose that topically applied, NIR fluorescently labeled,
simply synthesized homing-peptide-based, oral SCC-targeting
contrast agent, c-MET-binding peptide-indocyanine green
(cMBP-ICG), can be preferable for superficial, invasive, and
heterogenous tumors such as oral SCC.

This study aimed to determine the safety and feasibility
of cMBP-ICG topical application of real-time NIR fluorescence
imaging for oral SCC. To study the validity of this method, we
conducted a clinical trial for pre- and intraoperative detection of
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primary tumor and tumor spread.

Methods
Synthesis and Characterization of cMBP-ICG

The NIR fluorescent dye, Sulfo-ICG-Maleimide (Adipogen
Corporation, San Diego, CA, USA), was conjugated to a custom-
synthesized peptide (KSLSRHDHIHHHK) and purified by
ChinaPeptides Co. (Suzhou, China) (Fig. S1).

Clinical Study Design and Participants

An exploratory, open-label, single-arm, single-center, two-
group, parallel dose-escalation was held to assess the feasibility
of cMBP-ICG for detecting tumor margins and cancer foci. This
trial was undertaken with Asian patients and approved by the
institutional review board of the Chinese Clinical Trial Registry
(ChiCTR2200058058). Written informed consent was obtained
from all the patients.

Between October 2021 and February 2022, the study
enrolled 10 patients with clinically suspicious, biopsy- proven,
primary or recd and neck SCC (details shown in Table S1), who
were scheduled to undergo standard-of-care surgery with curative
intent at Shanghai Ninth Peoples’ Hospital. All the enrolled
patients were 18 years old or older, with a life expectancy longer
than 12 weeks. The exclusion criteria for this study and the entire
flowchart are shown in Fig. S2.

All the enrolled patients underwent preoperative imaging
(CT and/or MRI). The tumor-node-metastasis (TNM) stage was
determined in accordance with the American Joint Committee
on Cancer (AJCC) eighth edition criteria. According to the time
of admission, enrolled patients were classified into two groups.
Different concentrations of cMBP-ICG were used for fluorescence
imaging in the different groups.

In Vivo and Ex Vivo Clinical Imaging Procedures

Lyophilized powder of cMBP-ICG (1.0 mg, 3.6 x 10™ mmol)
was dissolved in ultrapure water (145.7 or 72.8 mL) to a concentra-
tion of 2.5 or 5.0 uM. In order of enrollment, the first five cases
used a 5.0-uM concentration for gargling or ex vivo specimen
surface smearing, and the next five cases used a 2.5-uM concen-
tration. For preoperative in vivo cMBP-ICG application, the patients
gargled 25 mL of cMBP-ICG solution for 30 s, then spit it out (twice).
Next, the patients gargled 30 mL of ultrapure water for 30 s and
spit it out (twice).

For imaging investigations, videos were acquired before
topical application, after topical application pre-wash, and after
topical application post-wash using a fluorescence laryngoscope.
The camera lens was aimed at the region of interest (ROI) and
manually focused. The same instrument settings were used for all
the imaging procedures (exposure time, 30 ms; excitation power,
20%; gain, 3 dB, at 60 frames per second). The distance between
the lens and surface of the ROl was kept at about 10 mm.® The
videos were acquired by slow scanning of the tumor area and
surrounding normal mucosa (non-tumor region).

The patients then underwent surgery the next day. For
intraoperative ex vivo back-table fluorescence-guided imaging
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(FGI), the resected tumor specimens were collected directly after
excision, and the fresh (non-fixed) samples were incubated with
cMBP-ICG at either of the aforementioned concentrations. Then,
the samples were rinsed for 1 min with phosphate-buffered saline
(PBS) to clear unbound cMBP-ICG (twice), followed by direct NIR
fluorescence imaging. Because the fluorescent probe is coated
on the surface of resected tumor specimens, the fluorescence
images cannot be compared directly with the cross-section. Small
tissues from the tumor margin were cut from specimens labeled
as high-fluorescence (suspicious of cancer) or low-fluorescence
intensity, respectively. The surgeon with 20 years of experience
performing maxillofacial surgery, who was blinded to the imaging
results, predicted the malignant possibility of specimens according
to their visual features and tactile textures. The detection was
compared with fluorescence imaging findings, with reference to
histopathologic results.

Histopathologic Processing and Adverse Events
Report

Histopathologic processing of the surgical specimens was
performed by a board-certified head and neck pathologist. Intra-
operatively, frozen-section staining was routinely performed using
hematoxylin and eosin (H&E) with real-time guidance from NIR
fluorescence imaging. The remaining tumor tissue was embedded
in paraffin, and 5-um-thick sections were obtained. Two neigh-
boring sections were stained with H&E and immunohistochemis-
try (IHC) for c-MET. A board-certified pathologist masked to NIR
fluorescence results evaluated the H&E slides microscopically
and outlined the tumor areas. In the analysis of ex vivo tissue, the
pathology diagnosis was used as the gold standard for tumor de-
tection.

Adverse events were reported on the basis of federal
regulations and the National Cancer Institute Common
Terminology Criteria for Adverse Events (v5.0). The workflow of
the clinical trial is shown in Fig. 1.

Image and Statistical Analysis

For the image analysis, Imaged software (1.53q, NIH,
Bethesda, USA) was used. The tumor-to-background ratio (TBR)
was determined as the ratio of fluorescence intensity of tumor
ROI (Flymer) and fluorescence intensity of tumor- adjacent tissue
ROI' (Flagacent tissue)- FOr in vivo imaging, fluorescence intensities of
six ROIs were selected from the gross oral SCC tumor area, and
six other ROIs were selected from the surrounding non-tumorous
tissues. Whenever possible, the ROIs were equally spaced and
spread across each area in the surgical field. The mean fluores-
cence intensity (MFI) was defined as the total fluorescence signal
divided by the total number of pixels within the ROI. An overall
MFI was calculated using the MFIs from the ROls. Ex vivo imag-
ing was used to determine the sensitivity and specificity of cMBP-
ICG for surgical specimens. A receiver operating characteristic
(ROC) analysis was performed on data from the small tissue cut
from specimens’ surfaces. The pathologist assessed whether the
tumor was present in the tissue using a binary (yes/no) approach
according to H&E stains of paraffin sections.

Descriptive statistics, including the MFI and TBR, are pre-
sented as mean + standard deviation. The MFI and TBR of the 10
in vivo lesions and ex vivo specimens from all the patients were
compared using the unpaired t test (two-tailed). We calculated the
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predictive values of the fluorescence signal of the fresh tissues
against the H&E result. A P value lower than 0.05 was considered
statistically significant. Statistics and figures were generated using
GraphPad Prism (GraphPad, version 8.0, San Diego, CA, USA)
and the R language (R Foundation, Vienna, Austria) pROC pack-
age (version 1.18.0) and the yardstick package (version 0.0.9).

Results

cMBP-ICG Targets c-MET for Optical Imaging of
Human Oral SCC

All 10 patients completed ex vivo fluorescence imaging, and
8 patients completed preoperative in vivo fluorescence imaging.
In vivo imaging was not performed for patient 5 or patient 8 due to
limitation of mouth opening. Patient 9 was a non-tumor patient, so
the MFI for patient 9 was not included in the TBR statistics.

Both preoperative in vivo and intraoperative ex vivo imaging
showed the pronounced fluorescence signal in the tumor area
compared with the surrounding uninvolved mucosa for both
coating concentrations. As the concentration doubled, the mean
fluorescence intensity of both the tumor and the background in-
creased. The preoperative imaging showed that the TBR of pri-
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mary tumors was 4.12 + 0.7 in the 5.0-uM group and 4.08 + 2.0
in the 2.5-uyM group. The mean fluorescence intensities (MFls)
of primary tumors and adjacent tissue were respectively 65.09 +
21.8 a.u. and 18.23 + 8.3 a.u. in the 5.0-uM group and 36.65 *
30.9 a.u. versus 10.21 £ 10.6 a.u. in the 2.5-uyM group.

The intraoperative imaging showed that the TBR of primary
tumors was 2.71 £ 0.7 in the 5.0-uM group and 3.11 + 1.2 in the
2.5-uM group. The MFIs of primary tumors and adjacent tissue
were respectively 47.35 £9.0 a.u. and 21.14 + 8.2 a.u. in the 5-uM
group and 32.45 + 34.2 a.u. versus 13.38 £ 15.2 a.u. in the 2.5-uyM
group (Fig. 2A).

Tissue samples from nine patients were available for c-MET
expression analysis via IHC (excluding 1 non-tumor patient).
Based on the pathologic assessment, c-MET IHC staining was
analyzed and quantified in tumor, mucosal epithelium, and deep
margin (i.e., healthy muscle tissue). The mean ratio of the c-MET
area (marked by diaminobenzidine, DAB) over the total tumor tis-
sue area was 57.3% + 17.8%, which was significantly higher than
in normal mucosal epithelium (8.4% * 3.6%) or in the deep mus-
cular margin (4.1% £ 2.2%), indicating high c-MET expression in
the tumor (Fig. 2B; p <0.0001 in both compared groups). The
patients’ TBR, MFI, and DAB/tissue area were summarized in Fig.
S3.

To determine the specificity and sensitivity of cMBP- ICG for
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Fig.1 Workflow of fluorescence imaging-based head and neck squamous cell carcinoma (SCC) delineation.(A) After careful mouth-washing (step 1), patients
(n = 10) with clinically suspicious or biopsy-proven head and neck SCC were examined using a Digital Precision Medicine imaging device H2000 (DPM, Beijing,
China) with an endoscopic camera and an ICG-optimized Light Emitting Diode (LED)-filter system. The tumor area and the surrounding margins were imaged as
a blank control (step 2). After gargling, a solution of cMBP-ICG (step 3) at different concentrations (2.5 IM or 5 IM, each dose n = 5) for 1 min, a pre-wash imaging
procedure was performed (step 4). The patients then gargled ultrapure water for 1 min as a clearing solution (step 5), followed by cMBP-ICG administration of post-
wash imaging (step 6). (B) Immediately after resection, tissue specimens, including margin samples, were imaged ex vivo in a vertical near-infrared imaging device
Z2000 (DPM) following the same protocol described earlier. (C) Preoperative images were taken into consideration during the surgical procedure plan. Intraoperative
back-table videos were transmitted in real time to the pathology gross room as frozen section’s references. Small tissues were cut from specimens’ high and low
fluorescence intensity surfaces, respectively, for further analysis. cMBP-ICG, c-MET- binding peptide-indocyanine green
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Representative c-MET immunohistochemistry images and hematoxylin and eosin images from a paraffin-embedded tumor section of a patient (slide overview)
showing an area of head and neck squamous cell carcinoma (SCC) (black circle). Preoperative in vivo cMBP-ICG imaging of the patient showing the slide
location in the whole tumor.(C) Immunofluorescence of the paraffin-embedded tumor shown in panel B. cMBP-ICG, c-MET- binding peptide-indocyanine green;
MFI, mean fluorescence intensity; TBR, tumor-to-background ratio; SEM, standard error of the mean.
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Table 1 Sensitivity and specificity of fluorescence for tumor surface samples

Samples Group 1 Group 2 Both groups Surgeons
Concentration (uh) 5 2.5

Sensitivity (%) 100) 46 71 60
Specificity (%) 75 RS 83 95

PPV 80 79 83 93

NPV 100 61 73 71

AUC 0.88 0.65 0.78 NA

95 % Cl 0.88-1 (.33-0.833 0.68-0.88 NA

PPV Positive predictive value, NPV Negative predictive value, AUC Area under the curve, C/ Confidence interval

neoplastic tissue, the MFI data from 60 tumor margin specimens
were used to create an ROC curve. The area under the curve
(AUC), the average positive predictive value (PPV), and the
negative predictive value (NPV) are shown in Table 1.

Adjacent paraffin-embedded tumor sections were stained
with c-MET/AF488, cMBP-ICG, and DAPI. Immunofluorescence
(IF) images showed co-localization of c-MET/AF488 and cMBP-
ICG with nearly identical tissue shapes. The correlation test
showed that cMBP-ICG localization was significantly associated
with c-MET localization (R* = 0.8319; p < 0.01; Fig. 2C).

cMBP-ICG Enables the Screening of Small
Cancer Foci

In one patient, a suspicious region was detected 2 mm
above the primary gum cancer area during preoperative in vivo
NIR fluorescence imaging. The attending surgeon expanded the
surgical removal area accordingly. This suspicious micro-lesion
also was visualized in intraoperative ex vivo NIR fluorescence
imaging. An intraoperative frozen section was sliced with guidance
from the ex vivo NIR fluorescence imaging, ensuring that the
suspicious lesion was present in the frozen section. The pathology
results verified this suspicious lesion as severe dysplasia of the
epithelium, which had a high probability of cancerization (Fig. 3A).
A two dimensional (2D) fluorescence intensity histogram showed
the signal enhancement in the tumor area and the suspicious
region (Fig. 3B).

The attending surgeon suspected a gum leukoplakia in a
patient to be a local metastasis considering its anatomic proximity
to the primary tongue tumor. However, the NIR fluorescence
intensity of this area in preoperative in vivo imaging was not
higher than that of the adjacent normal tissue. This finding did
not affect the operation plan. Still, the NIR fluorescence intensity
of this area in the excised specimen was not higher than in the
adjacent normal tissue. The pathologic analysis of frozen section
of this area showed normal mucosa (Fig. 3C). A 2D fluorescence

intensity histogram showed the signal enhancement only in the
tumor area (Fig. 3D).

cMBP-ICG Shows Potential for Rapid Biopsy
and Tumor Grading

The biopsy for one patient showed that one lesion of buccal
mucosa was tumor negative. The attending physician speculated
that it was a tumor and needed to be removed. High intensity
of both in vivo and ex vivo NIR fluorescence suggested partial
cancerization (Fig. 4A). Postoperative pathology results confirmed
that the expression of c-MET in the high-fluorescence signal area
was high, and that local small cancer foci were present in this
area (Fig. 4B). A 2D fluorescence intensity histogram showed the
signal enhancement in the high c-Met expression area (Fig. 4C).

The 10 cases in this study included intraepithelial neoplasia
(n=1) (Fig. 5A), well-differentiated oral SCC (n = 2), moderately
well-differentiated oral SCC (low grade) (n = 6) (Fig. 5B), and
moderately differentiated oral SCC (intermediate grade) (n = 1)
(Fig. 5C). The MFl and TBR of the moderately well-differentiated
oral SCC and the moderately differentiated ORAL SCC were
analyzed by unpaired ¢ test (Fig. S4). There were significant
differences in all the outcomes.

The topical usage of cMBP-ICG at a relatively high
concentration did not result in any grade 1 or higher adverse
events for the patients with oral SCC.

Discussion

The detection of mucosal extension and skip lesion is
essential for patients with oral SCC for complete resection
and minimized functional impairment. Lugol’s iodine staining
is a traditional method for imaging and screening of cancer,
primarily in esophageal cancer and cervical cancer. Although this
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Fig.3 A Suspicious lesions discovered and C a nontumor lesion screened out during preoperative imaging procedure. Frozen sections were cut according to the
real-time videos. The section locations (red dashed line) were ensured to meet the region of interest. (A) Severe dysplasia (arrows 1 and 2) detected 2 mm above
the primary gum cancer area (arrow 3). (B) Two-dimensional (2D) fluorescence- intensity histogram illustrating the signal enhancement in the tumor area and
the suspicious region. (C) A gum leukoplakia (dashed circle) adjacent to primary tongue cancer (arrow) that proved to be normal mucosa pathologically. (D) A 2D
fluorescence-intensity histogram illustrating the signal enhancement in the tumor area. NIR, near infrared; H&E, hematoxylin and eosin.
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Fig.4 Heavily keratinized mucosa with small cancer foci in one patient. (A) Snapshots from preoperative (upper row) and intraoperative (lower row) imaging. (B)
Hematoxylin and eosin (H&E) and immunohistochemistry (IHC) of the frozen sections. The lower row demonstrates enlarged views of the two areas framed in black
in the upper row. The section locations (red dashed line in panel A) were ensured to meet the region of interest.(C) Two- dimensional (2D) fluorescence-intensity

histogram illustrating the signal enhancement in the high c-Met expression area.

technique is sensitive, its specificity is relatively low, and it is time-
consuming. Lugol stain also leads to esophageal spasms and
sometimes pain in Lugol chromoendoscopy, which might be more
insufferable for oral cancer patients. Moreover, it is unavailable for
non- keratinized mucosa detection and not related to pathologic
grading of oral SCC."*"*

For superficial oral lesions using tumor-targeting fluorescent

agents, NIR fluorescence-guided surgery is a promising
alternative. The advantages of NIR ligands include greater
penetration depth and lower autofluorescence than fluorophores
emitting in the visible-wavelength range.”****' As reported
previously, more than 60-80% of oral SCCs have shown c-Met
protein overexpression.””** Therefore, c-Met could serve as a
promising biomarker for diagnosis and imaging of oral SCC.
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Fig.5 Comparison of epithelial neoplasia and two grades of head and neck squamous cell carcinoma (SCC). A Epithelial neoplasia showing low fluorescence
intensity (FI) in both in vivo and ex vivo imaging. The frozen section shows low c-MET expression of this lesion. B Highly differentiated head and neck SCC showing
slightly increased Fl compared with panel A. The frozen section shows about 25% of the c-MET expression area fraction. C Moderately differentiated head and neck
SCC showing high Fl in in vivo and ex vivo imaging. The frozen section shows about 90% of the c-MET expression area fraction.

Based on our previous work,"® cMBP peptide was selected
as the targeting ligand because of its high docking affinity to c-Met
and known application in tumor therapy” and imaging.”®*" This
homing peptide may offer many properties including high tumor
penetration, low immunogenicity, and cheap synthesis.”® Indocy-
anine green was chosen as the imaging agent due to its biomedi-
cal safeness and high signal-to-background ratio.”

In this study, a coating concentration of 5.0-uM displayed
better imaging contrast in a dark room during preoperative in vivo
experiment. In contrast, under intra-operative ex vivo conditions,
surgical lighting background in the operation theater caused
higher background noise to sensors of the camera, and the con-

centration of 2.5-uM ensured a higher TBR. Regarding visual per-
ception of real- time fluorescence imaging, the tumor area could
be visualized more clearly in 5.0-uM group. High TBR from the
2.5-uyM group beneficated from low background noise, but it did
not effectively help to discriminate tumor regions. Therefore, MFI
may be a more suitable index to referee tumor fluorescence im-
aging effectiveness. The ROC results in this study demonstrated
that the 5.0-uM group had a higher AUC. The PPV and NPV also
were higher in the 5.0-uM group, agreeing with the visual effect.
Due to the “areal cancerization” feature of oral SCC,*
microscopic cancer foci or premalignant lesions may discretely
occur around the primary cancer area. This characteristic is a key
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underlying cause for the high relapse rate of oral SCC. We believe
that the first patient (Fig. 3A, whose occult lesion was detected
by fluorescence imaging) benefited from the approach used in
this study. Our NIR fluorescence imaging method was proven
capable of identifying and locating such small cancerous foci or
precancerous lesions. The attending surgeon can revise surgical
procedure accordingly to suppress the probability of cancer
relapse.

Oral SCC can invade various mucosa spaces through
mucosa folds and tunnels.

For the second patient (Fig. 3B), the suspicious leukoplakia
was located in an area highly suggestive of a metastasis.
Conservatively, surgeons are inclined to excise such lesions.
However, oral environments of patients with oral cancer usually
are unhealthy, exhibiting mucocutaneous striatal abnormalities
without pathologic significance. Excessive excision may
unnecessarily impair the physiologic function. Near-infrared
fluorescence imaging may assist the conventional technique
in differentiating cancer foci for long-term follow-up of mucosal
lesions and in preventing overtreatment.

Biopsy is not very effective in detecting early-stage
carcinoma in situ given that the cancerized area may be too small
and the biopsy puncture area may not cover the cancerized area.
The aberrant activation and overexpression of c-MET is a very
early event in the development of squamous cell carcinoma.®
In the current study, topical application of c-MET-targeting
fluorescence dye was superior in detecting the early-stage
cancer. Expression of C-MET varied with the severity of epithelial
dysplasia. Specifically, the level of c-MET expression descended
from carcinoma in situ via highly atypical hyperplasia to normal
mucosa. For the patient mentioned in the third RESULTS section,
the observed NIR fluorescence intensity agreed well with this
trend, reflecting c-MET expression. Therefore, topical application
of cMBP-ICG can be used to guide biopsy sampling and may shift
the detection of oral SCC to an earlier time point.

This study had many strengths. First, topically applied real-
time imaging agents are well-suited for the study of head and
neck cancer." Given that oral SCC develops from the mucosal
epithelium in the oral cavity, pharynx, and larynx®' and is
present on the oral and oropharyngeal surfaces, gargling may
be an excellent choice for noninvasive and convenient prompt
investigation. Namely, the mouth-washing topical application
of the targeting imaging agents may be an optimal approach
given that mouthwash covers the entire oral mucosa and directly
screens out suspicious small cancer foci without restriction from
the other tissues.

Second, the topical application significantly reduced
the imaging time of the NIR fluorescence probes (within
minutes).”'** The fast renal clearance of peptide-based targeting
agents,28 is not seen as a drawback, but rather as a benefit from
the perspective of medication safety.

The relatively small sample size limited this research. The
tumor tissues resided sub-surface. NIR fluorescence imaging
was conducted at surfaces of ROI, while imaging information
of cross-section of tumor tissues was not obtained. Relevant
study regarding in-depth imaging is ongoing. The NIR imaging
obtained in this study cannot be compared with that obtained via
intravenous injection. More studies on surface application of NIR
contrast agents may address the biases of single-center clinical
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trials.

Conclusion

In conclusion, the topical application of cMBP-ICG showed
good biosafety and specificity for oral SCC. Although the current
clinical trial was a pilot study, it suggested the remarkable
potential of cMBP-ICG for delineating tumor margins, showing
concealed minor tumor foci and micro metastasis and indexing
oral SCC differentiation grades. Also, as a quick, convenient,
and economical method for detecting oral SCC, c-MBP-ICG
could be potentially used in the near future for long-term follow-
up evaluation of leukoplakia, guidance of biopsy and surgical
procedure, and postoperative evaluation of oral SCC patients.
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Efficacy of Near-Infrared
Fluorescence Video-Assisted
Thoracoscopic Surgery for Small
Pulmonary Nodule Resection with
Indocyanine Green
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Abstract

Background: Small pulmonary nodules (<3 cm) can sometimes be unrecognizable and
nonpalpable in video-assisted thoracoscopic surgery (VATS). Near-infrared fluorescence (NIF)
VATS after indocyanine green (ICG) inhalation may effectively guide surgeons to locate the
nodules.

Objective: This study aimed to investigate the safety, feasibility, and efficacy of ICG inhalation-
based NIF imaging for guiding small pulmonary nodule resections.

Methods: Between February and May 2021, the first-stage, non-randomized trial enrolled 21
patients with different nodule depth, ICG inhalation doses, post-inhalation surgery times, and
nodule types at a tertiary referral hospital. Between May 2021 and May 2022, the second-stage
randomized trial enrolled 56 patients, who were randomly assigned to the fluorescence VATS
(FLVATS) or the white-light VATS (WLVATS) group. The ratio of effective guidance and the time
consumption for nodule localization were compared.

Results: The first-stage trial proved this new method is safe and feasible, and established a
standardized protocol with optimized nodule depth (<1 cm), ICG dose (0.20-0.25 mg/ kg), and
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surgery window (50-90 min after ICG inhalation). In the second-stage trial, the FLVATS achieved
87.1% helpful nodule localization guidance, which was significantly higher than the WLVATS
(59.1%, p < 0.05). The mean nodule locating time (standard deviation) was 1.8 [0.9] and 3.3
[2.3] min, respectively. Surgeons adopting FLVATS were significantly faster (p < 0.01), especially
when locating small ground-glass opacities (1.3 [0.6] min vs. 7.0 [3.5] min, p < 0.05). Five of 31
nodules (16.1%) were only detectable by FLVATS, whereas both white light and palpation failed.
Conclusions: This new method is safe and feasible for small pulmonary nodule resection. It
significantly improves nodule localization rates with less time consumption, and hence is highly
worthy for clinical promotion.

Clinical Trial Registration: Chinese Clinical Trial Registry Identifier: ChiCTR2100047326
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may be unrecognizable and nonpalpable, causing prolonged

Introduction © ur 19 :
operation time or even unexpected change of the original surgical

Lung cancer is by far the leading cause of cancer death
worldwide." Millions of people have incidental pulmonary nodules
identified in computed tomography (CT) scans every year, and
many of them undergo surgical resections.” Video-assisted
thoracoscopic surgery (VATS) is commonly applied for removing
suspicious nodules;** however, it is challenging to localize small
pulmonary nodules during the surgery, especially for those having
ground-glass opacity (GGO) or semi-solid characteristics, which

plan.>® To minimize such risk, electromagnetic navigation broncho-
scope of indocyanine green (ICG),” percutaneous injection of
ICG,** methylene blue,”®"" radiotracers,'*"® or ethiodized oil,"*"
as well as the insertion of metallic coils'®"" and hook wires,"®"
were proposed to achieve intraoperative localization of nodules,
but they have various limitations, such as extra invasive action
before operation, long-time radiation exposure, and diffused dye
or dislodged markers misleading the location.” More importantly,
these approaches only reveal the general location of the nodule,

16,17
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but not the precise margins for resection.”

Recently, Quan et al. reported the intraoperative near-infrared
fluorescence (NIF) visualization of the lung tumor margin with ICG
inhalation in mouse and rabbit models, as well as ex vivo human
lung specimens.”’ The inhaled ICG was distributed into the alveoli
of healthy lung tissue, but rarely into the tumor with destroyed
alveoli, which generate a negative contrast of NIF between the
tumor and surrounding healthy tissues. This study proved that with
the low dose (0.25 mg/kg) of ICG inhalation, NIF imaging achieved
a clear visualization of the lung tumor margin in rabbit models,
and the margin was verified by pathology. However, whether or
not this method is safe and effective for patients with suspected
malignant pulmonary nodules still remains questionable in real
clinical VATS. We therefore conducted two-stage clinical trials to
assess the safety, feasibility, and efficacy of ICG inhalation-based
intraoperative NIF imaging for guiding small pulmonary nodule
resection during VATS. The first stage was a prospectively
controlled trial, which aimed to verify the safety and feasibility
of ICG inhalation, as well as optimizing and standardizing the
experimental protocols and conditions, and the second stage
was a parallel-design, open-label, randomized trial that aimed
to evaluate the actual clinical efficacy and benefits of NIF VATS
over conventional white-light VATS in small pulmonary nodule
resections.

Methods
Summary of the Study Design

The study received approval from the Institutional
Review Board for Medical Ethics (IRB, grant no. 021-54) of the
Hainan General Hospital (Hainan Affiliated Hospital of Hainan
Medical University). The hospital performs more than 1000 VATS
annually for pulmonary nodule resections. Written informed
consent was obtained from all patients before their participation.
The clinical trial was registered at the Chinese Clinical Trial
Registry (ChiCTR2100047326).

Because this is the first clinical study of ICG inhalation-
based NIF-guided VATS for small pulmonary nodule resections,
a first-stage preliminary trial was conducted to investigate the
safety, feasibility, optimal dose, optimal surgical time window,
suitable nodule depth, and other relevant operation factors.
Twenty-one patients with small pulmonary nodules suspicious for
malignancy were eligibly enrolled from February to May 2021.
Patients were aged 18-80 years and had (1) a pulmonary nodule
<3 cm in diameter detected on CT scan; (2) <2 cm depth from
the nodule edge to the nearest pleural surface on CT scan; and
(3) suitable conditions to undergo VATS. Exclusion criteria were
(1) allergic to ICG; (2) history of asthma or atelectasis; (3) history
of chest surgery; (4) history of chemotherapy or radiotherapy for
lung cancer, including neoadjuvant chemotherapy, concurrent
chemotherapy, and adjuvant chemotherapy; and (5) unsuitable
for surgery, such as clear indication of distantmetastasis or
severe dysfunction of major organs.

After the surgical protocol was optimized and standardized
based on the first-stage trial data, we initiated the second-stage
parallel-design randomized clinical trial to evaluate its efficacy.
From May 2021 to May 2022, 56 eligible patients were enrolled

Published online: 30 June 2023

and randomly assigned to either the fluorescence VATS group
(FLVATS, n = 30) or the whitelight VATS group (WLVATS, n = 26)
using a coin toss. The random allocation was performed by a
radiologist. Surgeons and patients were blinded to the assignment
until the start of surgery. By learning from the first-stage practice,
the nodule depth was changed from <2 cm to <1 cm for inclusion.
Having pleural adhesion was added to the exclusion criteria
to avoid the significant contamination of the NIF visual field
caused by adhesion lysis. The remaining inclusion and exclusion
criteria remained unchanged. The patient flow through the first-
and second-stage trial is illustrated in Fig. 1.

Surgery Protocol

In the first-stage trial, patients autonomously inhaled ICG
(Yichuang Pharmaceutical Limited Liability Company, Dandong,
China) at a dose of 0.13-0.26 mg/kg by using a nebulizer with
a 4-6 mL/min oxygen flow rate. This was conducted before
anesthesia, in a sitting or semi-reclining position in the ward
(electronic supplementary material [ESM] eFig. 1). Due to the
individual difference in respiration, it took approximately 15—40
min for the entire ICG inhalation. Patients were then transferred
to the operating room and surgery was started at a range of
15—-125 min after ICG inhalation. In the second-stage trial, for
the FLVATS group, the dose of ICG inhalation was fixed at a
range of 0.20-0.25 mg/kg, and surgery was started 50—-90 min
after ICG administration. The remaining protocols remained
unchanged. The detailed protocol is available in the ESM.

General anesthesia was carried out, with a double-lumen
endobronchial tube inserted for lung isolation and single- lung
ventilation.”® Two-port VATS is the standard procedure at our
hospital.”>*® The detailed setting and surgery procedure is
described in the ESM (eMethods). Wedge, segmental lobectomy,
or lobectomy resection are performed according to the nodule
location, size, and preliminary diagnosis obtained from the rapid
intraoperative frozen sections.”**

In the FLVATS group, the entire procedure was performed
using a commercially available NIF thoracoscopic imaging system
(DPM-111-01, Zhuhai Dipu Medical Technology Co., Ltd, Zhuhai,
China) through the observation port.”*® This system offered
real-time, three-window observation, including the white-light
(color), fluorescence (monochrome), and overlap (pseudo-color)
window. In the WLVATS group, the procedure was performed
using an Olympus thoracoscopic imaging system (OTV-S400,
Model: UHI-4) through the observation port.

Outcome Measurements

In the second-stage trial, the primary endpoint was the ratio
of effective help for nodule localization and the time consumed for
locating the nodule right after inserting the thoracoscope, while
the secondary endpoints were the total number of intraoperative
decision changes due to the guidance of NIF imaging. Therefore,
we measured several intraoperative evaluation indexes,
including the number of ‘helpful/unhelpful’ guidances in locating
nodules using NIF imaging, white-light imaging, and palpation,
as well as the number of intraoperative decision changes (if a
nodule can only be detected by NIF imaging, it counted as a
change in intraoperative decision),”® the nodule locating time
(time consumed for locating the nodule right after inserting
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A First stage trial

21 Patients enrolled
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B Second stage trial

| 56 Patients enrolled |

1 Excluded i
y 1 Withdrew consemnt 36 Randomized
20 Received ICG 30 Assigned to 2 ‘:;if;im
inhalation based FLVATS FLVATS :
4 Excluded
2 Excluded 35{::‘““‘“1 ol b
l:. Kimsaved slrgecy ' 'I 0 Excluded 1 1 Withdrew consent
video ?
: | Postpone surgery
I Pleural adhesion for perosnal reasons
18 Included in 30 Included in 22 Included in
analysis analysis analysis

Fig.1 Study flowchart of two-stage clinical trials. a First- stage nonrandomized controlled trial; b second-stage parallel- design randomized trial. /CG indocyanine
green, FLVATS fluorescence video-assisted thoracoscopic surgery, WLVATS white-light video-assisted thoracoscopic surgery

the thoracoscope), the in vivo and ex vivo nodule signal-
to-background ratio (SBR), the amount of blood loss, and the
entire surgery time. The SBR was measured by the bundled
software of the NIF thoracoscopic imaging system. The
detailed measurement procedure is described in the ESM (ESM
eMethods and eFig. 2). We also recorded the postoperative
evaluation indexes, including postoperative drainage,
hospitalization days, and postoperative complications.

Sample Size and Statistical Analysis

In this study, the ratio of effective help for nodule localization
was considered to be the main effectiveness evaluation index.
The first-stage trial showed that the ratio of effective help using NIF
imaging for patients with nodule depth <1 cm was 81.3%, and
45% for white-light imaging. We estimated that a minimum of 21
patients should be enrolled in each group to achieve a statistical
significance (a= 0.05, B = 0.3, power = 70%). Given an expected
withdrawal rate of 20%, each group should enroll at least 25
patients, for a total of 50 patients in the second-stage trial.
Analyses were performed using GraphPad Prism version 9.0.4
(Home-GraphPad). Data were summarized using descriptive

statis- tics, including mean and standard deviation (SD) for
continuous variables, and numbers and ratios (%) for categorical
variables. To compare the two groups, we conducted the two-
sample t-test (normal distribution) or Mann—Whitney U test (non-
normal distribution) for continuous variables, and Chi-square
test for discrete variables. A p-value <0.05 was considered to be
statistically significant.

Results

Patient Characteristics

A total of 21 patients enrolled in the first-stage clinical
trial received ICG inhalation-based FLVATS. Three patients
were excluded (one who withdrew consent, one with unsaved
surgical video, and one with pleural adhesion caused by blood
contamination) [Fig. 1a]. Eighteen patients (4 men and 14 women,
mean [SD] age 58.5 [8.47] years) were included for analysis and
for standardizing the second- stage clinical trial protocols (Table 1
and ESM eTable 1).

In the second-stage trial, 56 patients were randomized to

130

Ann Surg Oncol. 2023. 30(9): 5912-5922

either the FLVATS (n = 30) or WLVATS (n = 26) group. After
surgery, no patients were excluded from the FLVATS group, but
four patients were excluded from the WLVATS group (two with
unsaved surgical video, one who withdrew consent, and one who
postponed the surgery for personal reasons) [Fig. 1b]. Finally,
52 patients were included for comparisons. The mean [SD]
age was 54.3 [10.7] years in the FLVATS group (12 men and
18 women) and 56.9 [11.1] years in the WLVATS group (15 men
and 7 women) [Table 1]. The patient baseline characteristics were
all balanced (p < 0.05).
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Safety and Feasibility of the First-Stage Trial

In the first-stage trial, ICG inhalation-based FLVATS was
performed to visualize 20 nodules in 18 patients, intraoperatively.
No ICG-related intra- and postoperative complications were found
for all patients, which proved the safety of this procedure.

We divided all nodules into helpful and unhelpful cases. In a
helpful case, there was a clear negative contrast of NIF signals
between the nodule and its surrounding lung tissue (Fig. 2a) and
its SBR was always between 0 and 1. In an unhelpful case without
effective visual guidance (Fig. 2b), the SBR was considered to be

Table 1 Patient demographics and nodule characteristics

Characteristic N{%)

First-stage trial

Second-stage trial

FLVATS FLVATS WLWVATS -walue
[rr = 18] [n = 30] [n=122]

Age, years [mean (SD) 38.5 (B.5) 54.3 (10.7) 56.94011.1) 0309
BMI, kg/mm’ [mean (SD)] 22.5342.35) 2185 (279 2312 (2.71) o115
Sex

Male 4(22.2) 12 (40.00) 15 (68.2) (055

Female 14 (77.8) 18 (6.0 7(31L.8)
Smoker 1 (5.6} S(16.7) T(31.%) MA
Kize of nodule, cm' [mean (500)) 2000 (1 ,90) 5,95 (5.89) 5,87 (5.48) 0,562
Depth of nodule, cm [mean (S0D)] 0,52 (064} 031 (.39 0.29 {[.35) 0860
CT-detected nodules and types X0 31 22

Sohd Y4500 2(70.) 15 (658.2) (LblG

GGO & (40.0) 3(9.7) 4(18.2)

Mixed 3{15.00 G6{19.3) 3i{l3.6)
Module location

RLUIL. 10 (500 Q{2900 522N (LET6

RML O 0.0} 1{3.2) 0 (0.0

RLL 1 {500 Bi19.4) 5(22m

LUL 6 (30,00 11 (35.5) B (36.4)

LLL F(15.00 4129 4(18.2)
Dose of 10G, mekg [mean (SD)] 0,23 (0.03) 0,24 (0,01 MNA MA
Duration of inhalation, min [mean (SD)] 23.0{6.8) 13.7(5.3) MNA MNaA
Surgery time after inhalation, min [mean (50¥)] 5496 (25.3) 624 (10.8) NA MNA
Surgical procedure

Wedge 12 14 11 (854

Segmental lobectomy 0 2 3

Lobectomy & 14 A
Final pathology

Adenocarcinoma in silu/microinvasive ademocar- 6 (30.00) 3(9.7) 2(9.1) (L3585

clima
Invasive adenocarcinoms 12 (600 21 (67.7) 12 (54.5)
Benign 2 (10 T(22.6) B (36.4)

SD standard deviation, GGO ground-glass opacity, LLL left lower lobe, LUL left upper lobe, RLL right lower lobe, RML right middle lobe, RUL right upper lobe, NA not
applicable, FLVATS fuorescence video-assisted thoracoscopic surgery, WLVATS white-light video-assisted thoracoscopic surgery, CT computed tomography, /CG

indocyanine green
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1. A similar concept was also applied to the white-light VATS and
palpation (ESM eTable 1). In total, 13 of 20 nodules were helpful
cases, and in one (patient no. 12), was only detected by NIF
imaging; however, both white-light imaging and palpation failed to
find the nodule (ESM eTable 1). For this particular case, FLVATS
actually changed the intraoperative decision making; without its
help, the surgical procedure would need to change from wedge
resection to segmental lobectomy or lobectomy.

We evaluated four factors that might affect the performance
of FLVATS, i.e. the nodule depth (Fig. 2c), ICG dose (Fig.
2d), surgery time (the time interval between the end of
ICG inhalation and the beginning of surgery) [Fig. 2e], and
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nodule type (solid vs. GGO and mixed GGO) [Fig. 2f]. When
comparing one factor, patients were selected to ensure that
the other three factors were all balanced on both sides. The
results showed that in vivo SBRs were better (closer to 0) for
nodule depth <1 cm, dose >0.2 mg/kg, and surgery time
>50 min, as well as GGO and mixed nodule types; however,
only nodule depth showed a significant difference (p < 0.05)
between two sides of the 1 cm threshold. Similar results were
found for ex vivo SBR comparisons (ESM eFig. 3). Based on
these findings, we improved and standardized the protocol
of the second-stage trial. A nodule depth <1 cm was added to
the inclusion criteria. For the FLVATS group, the ICG dose was

A An example of the helpful case

White
light
Fusion

C Comparison between different depths

1.5 P <005
=5 l
faa’
&
0.5
] =
Depth = lem Depth < lem

E Comparison between different surgery times
I
0.8
= 0.6
o
0.4
0.2

0

< 50 mins = &0 mins

White

B An example of the unhelpful case

light
== Fusion

MNIF

) Comparison between different doses

0.06

o 0.04
0.02 ‘
0

Dose= 0.2 mgkg Dose > 0.2 mgke

sB

F Comparison between different nodules types

0.8

e (.6
[43]

“ 04

0.2

0

Solid GGO and mixed

Fig.2 Representative images of intraoperative fluorescence visualization and evaluation of possible factors affecting its performance in vivo. (A) In the
helpful case, the negative NIF contrast showed a clear nodule margin (within the white ellipse). (B) In the unhelpful case, NIF did not offer an effective visual guidance
for surgeons. (C) Comparing SBRs between nodules with different depths inside the lung, which were measured in preoperative CT images. (D) Comparison of SBRs
between patients who inhaled different doses of ICG. (E) Comparison of SBRs between different time intervals from the end of ICG inhalation to the beginning of
surgery. (F) Comparison of SBRs between different nodule types in CT scans. NIF near-infrared fluorescence, CT computed tomography, SBR signal-to-background

ratio, GGO ground-glass opacity, /CG indocyanine green
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fixed at a range of 0.20-0.25 mg/kg, and surgery promptly started
at 50—-90 min after ICG inhalation.

Surgical Benefts of the Second-Stage Trial

In the second-stage trial, 31 nodules were resected in the
FLVATS group and 27 (87.1%) of them were helpful cases with
NIF guidance (ESM eTable 2). The four unhelpful nodules were
all successfully detected by white light or palpation, or both. In
comparison, white-light imaging only effectively helped surgeons
to locate 13 (59.1%) of 22 nodules in the WLVATS group. Among
the remaining nine nodules, six were located by palpation only and
three were not detected by either method (ESM eTable 3; patient
nos. 9, 20, and 22), including two GGOs and one mixed GGO. The
effectiveness of intraoperative nodule localization was significantly
different between FLVATS and WLVATS (p = 0.019) [Table 2].

ICG inhalation-based NIF imaging also significantly
reduced the time consumed in locating nodules (p = 0.002) [Table
2]. The mean [SD] time needed to find the nodule right after
inserting the thoracoscope was 1.8 [0.9] min in FLVATS, which
was almost half of the mean time in WLVATS (3.3 [2.3] min).
Furthermore, the mean [SD] nodule-locating time was 1.8
[1.0] min and 1.3 [0.6] min for solid and GGO nodules in FLVATS,
respectively, which were significantly less than the corresponding
time in WLVATS (solid: 2.6 [1.4] min, p = 0.037; GGO: 7.0 [3.5]
min, p = 0.041). This revealed that ICG inhalation- based NIF
imaging particularly benefited patients with small GGOs in their
surgeries, with <20% time consumption for nodule localization.
For mixed GGOs, FLVATS also used less time in locating nodules
(2.2 [0.8] min) than WLVATS (2.5 [0.7] min) but the difference was
not significant.

Among the 27 helpful cases in FLVATS, 10 nodules were
not identifiable by white-light imaging but were detectable by
palpation (ESM eTable 2); one example is shown in Fig. 3a
and Video 1 (a palpable nodule with the benefit of ICG shown).
Another five nodules were only detectable in NIF imaging (patient
nos. 5, 12, 13, 22, and 23), but neither white light nor palpation
could effectively localize these nodules. Two examples are
shown in Fig. 3b and Video 2 (a non-palpable nodule with the
benefit of ICG shown). Therefore, those five patients received
extra critical benefits, as intraoperative decision making was
effectively changed by NIF imaging guidance. This retained the
possibility for surgeons to perform more accurate resections with
less surgical trauma to the lung, rather than passively choosing
extended operation procedures.

Fluorescence Video-Assisted Thoracoscopic
Surgery (FLVATS) in Different Nodule Types

Four pulmonary nodules were not captured in vivo by NIF
imaging in the second-stage trial, and they were all solid
nodules (ESM eTable 2); however, ex vivo NIF imaging still
provided helpful visualizations for three of the nodules. Therefore,
even if the FLVATS did not localize small nodules in vivo, it
may still provide a quick and valuable bedside confirmation for
surgeons on excised specimens.

Surprisingly, all GGOs (n = 3) and mixed GGOs (n = 6) were
helpful cases in the FLVATS group. For all 31 resected nodules,
the mean [SD] SBR of solid, GGO, and mixed GGO was 0.23
[0.38], 0.19 [0.13], and 0.03 [0.02] in vivo, as well as 0.13 [0.24],
0.14 [0.18], and 0.21 [0.39] ex vivo, respectively (ESM eFigs. 4a,
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Table 2 Surgery performance comparison
between FLVATS and WLVATS

Variable Mean (5D}
FLVATS WLVATS p-Value
[rr=30] [rr=22]
Removed nodules il 22
Helpful by imaging [n (%)] 27 (87.1) 13 (59.1) 0192
Unhelpful by imaging 4{12.9 O (40,9
I (%3]
Unhelpful by WL imaging  5(16.1) Jil3.8) 807
and palpation [ (%))
No. of decision changes (%) 5 (16.1) NA
Nodule-locating time, min LB (0.9 33023 .02
Salid LB (1.0 26(1.4) 0.037
GGO 1.3 {0.6) T0i3.5) 0041
Mixed 2.2 ((L8) 30010 0,199
Surgery time, min 40.7 (32.8) 34,2 (22.3) 0438
Solid JB9(34.2) 25.9(14.1) 0174
GGO 53.3(28.5) S3E(386) 0988
Mixed 41.3(3337 606725 0,365

Blood loss, ml
Drainage. mlL

39.3 (22.3) 34.1(18.2) B8Rl
455.0(307.5) 398.2 (267.0) 0508

Hospitalization, days 10,0 (3.4) 101 (4.2 0,923

Bold values indicate statistical signifcance (p-value < 0.05)

SD standard deviation, WL white light, GGO ground-glass opacity, NA not
applicable, FLVATS fuorescence video-assisted thoracoscopic surgery, WLVATS
white-light video-assisted thoracoscopic surgery

b). There were no significant differences in SBRs between the
different nodule types in vivo and ex vivo, with the exception of
SBRs between in vivo GGO and mixed GGO (p = 0.018).

The mean [SD] SBR of malignant (n = 24) and benign (n =7)
nodules was 0.23 [0.36] and 0.03 [0.02] /n vivo, and 0.18 [0.29]
and 0.02 [0.01] ex vivo, respectively (ESM eFigs. 4c, d). Again,
there were no significant differences in SBRs between different
pathological types in vivo and ex vivo.

FLVATS in Smokers

ICG inhalation-based NIF imaging showed different visual
effects between heavy smokers and non-smokers. There were
a lot of black deposits spreading all over the lung in smokers,
which disturbed the nodule localization in both white-light and
fluorescence imaging (ESM eFig. 5). The nebulized ICG was
not able to diffuse into those deposits, causing an unexpected
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A One representative palpable pulmonary nodule
CT White light

Mixed GGO

B Two representative nonpalpable pulmonary nodules

é)

Mixed GGO

White light

MNiF in vive

MIF i vivo

Fusion fir vivo Ex vive

Fusion in vive Ex vive

Fusion

T - Fusion

{

Fig.3 Intraoperative NIF imaging localized palpable and nonpalpable pulmonary nodules. a Representative images of a patient with a suspicious pulmonary
nodule in CT scans (mixed GGO, red arrow). The nodule is unrecognizable in white-light images but is palpable and identifiable in NIF images, both in vivo (white
arrow) and ex vivo. b Representative images of two patients with mixed GGO and GGO nodules indicated by CT scans (red arrows), respectively. Neither white-light
imaging nor palpation could localize them, but NIF imaging showed clear margins (white arrows). NIF near-infrared fluorescence, CT computed tomography, GGO

ground-glass opacity

negative contrast of fluorescence signals. However, the NIF
imaging still provided helpful visual guidance for surgeons to
find the nodule (ESM Fig. 5, the white arrow in the fusion image)
because the nodule margin morphology was very different from
those black deposits, although the contour of the nodule margin
was not visualized as clearly as non-smokers. As a result, four of
the five smokers were helpful cases in the FLVATS group.

Surgical Outcomes

No significant differences between the FLVATS and
WLVATS groups were observed regarding the overall operative
time (40.7 min vs. 34.2 min), intraoperative blood loss (39.3

mL vs. 34.1 mL), postoperative drainage (455.0 mL vs. 398.2
mL), and hospitalization days (10.0 vs. 10.1 days) [Table 2]. No
complications related to ICG inhalation and NIF imaging were
observed during the operations and hospitalizations for all
enrolled 30 patients in the FLVATS group.

Discussion

Comparing with the study performed by Quan et al.”' that
only used animals and human lung specimens, our study is the
first clinical application of ICG inhalation-based intra-operative
NIF imaging for guiding pulmonary nodule resetions. The two
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clinical trials conducted by us systematically revealed the safety,
feasibility, efficacy, and limitations of this strategy, which has not
been reported in any other clinical studies.

The first-stage clinical trial proved the safety and feasibility
of ICG inhalation. We did not find any ICG-related complications
in all enrolled patients during their operations and following
hospitalizations. This was likely due to the low dose of ICG.
Only 0.20-0.25 mg/kg was needed, which is consistent with the
study by Quan et al.”' In comparison, the intravenous injection of
ICG normally requires 1.0-5.0 mg/kg in various types of clinical
applications,” " which is 4- to 25-fold higher than inhalation and
causes unnecessary accumulation of ICG in other organs besides
the lung.

Even though the surgical procedure was not optimized in
this trial, NIF imaging still effectively helped surgeons to locate
13 of 20 nodules, suggesting a good feasibility of this strategy.
More importantly, this trial established a standardized protocol
of using ICG inhalation and FLVATS. The optimized nodule depth,
ICG dose, and surgical time were determined, and the method
was proven to be feasible for all types of suspicious nodules
detected in CT images. The standardized protocol may serve
as a valuable reference for other groups adopting this method
in pulmonary nodule resection. Surprisingly, patients with
pleural adhesion are not suitable for this procedure because the
operation of adhesion lysis will lead to significant contamination
for NIF imaging.

The second-stage clinical trial proved the effectiveness of this
method. With the help of extra NIF visualization from FLVATS, the
pulmonary nodule detection rate was significantly improved by
28.0% compared with the conventional WLVATS. Moreover, 5 of
31 (16.1%) removed nodules were only detectable by FLVATS,
in which both WLVATS and palpation were unhelpful. Several
other clinical studies reported similar results, showing that 23—63%
of pulmonary nodules were not detectable in surgeries.”**%
This finding demonstrated a strong evidence proving that ICG
inhalation and NIF imaging really offered irreplaceable benefits
for intraoperative decision making in small pulmonary nodule
resections.

FLVATS did not only help surgeons to locate small nodules
with a significantly higher success rate but also, on average,
reduced time consumption for seeking these small nodules by
45.5%. This improvement was particularly noticeable for small
GGOs. It is commonly known that a small GGO is one of the
most challenging scenarios in pulmonary nodule resections.*
Because small GGOs usually have a similar appearance and
tactile sensation with surrounding healthy tissues, surgeons
have to spend more time locating them, and the intraoperative
undetectable risk is high.*' Our results showed that for locating
small GGOs, surgeons, on average, spent 7.0 min in the WLVATS
group, but two of the GGOs were still unidentifiable after spending
more time trying to locate them, resulting in a change in the
surgical plan from wedge resection to segmental lobectomy in
these two cases. By contrast, in the FLVATS group, all small
GGOs were successfully located, at an average time of only 1.3
min. We also observed that surgeons spent a similar amount of
time locating solid, GGO, and mixed GGO nodules under FLVATS
guidance.

In addition to the significantly higher nodule localization
rate and speed, ICG inhalation and FLVATS are also very
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convenient to use. Preoperatively, they do not need any invasive
injection or implantation of contrast agents®**** or physical
markers,**** and thus no radiation exposure is involved.
Intraoperatively, the NIF thoracoscopic imaging system is very
similar to conventional thoracoscopic systems. The general
procedure of VATS remains unchanged and surgeons only
need to learn some of the basic operations of the fluorescence
thoracoscopy, such as switch NIF on/off, change display windows,
use different pseudo color displays, etc. Therefore, all surgeons
quickly adapted to this new method, suggesting that it has low
learning cost and is easy to use in clinics. These advantages are
likely to benefit junior surgeons with less experience of VATS, and
speed up their training curves, which may eventually help to meet
the challenge of growing global demand for cancer surgery and
the related workforce.*

This method showed several limitations. The imaging
depth of NIF is still the Achilles’ heel;”" thus, the method is not
suitable for small nodules with more than 1 cm depth in CT
images. Patients with pleural adhesion or who are allergic to
ICG are not applicable either. Unfortunately, ICG is an untargeted
contrast agent, and our study indicated that it was not able
to distinguish benign and malignant nodules (Figs. 4c, d). To
address this problem, targeted intraoperative molecular imaging
using new fluorescent tracers might be a better option,”” but it still
takes years for these new drugs to get approval from regulation
authorities in different countries.

This study also has limitations. First, we did not cover all
possible pathological types of pulmonary nodules. Whether the
effectiveness of ICG inhalation-based NIF imaging remains
the same for squamous cell carcinoma, large cell carcinoma,
other rare types of non-small cell lung cancer, and small cell lung
cancer is still in doubt. However, we believe the method is likely
to be feasible for all of these cancer types, precisely because
ICG is not a molecular-specific agent, and malignant nodules,
regardless of their pathological types, would destroy lung alveoli,
eventually causing the negative fluorescence contrast of inhaled
ICG.

Second, although NIF imaging showed well-defined nodule
margins in most cases intraoperatively, pathological evidences
were still absent from drawing a definitive conclusion of nodule
margin visualization accuracy. This was because the fluorescence
microscope system in our hospital did not have the near-
infrared imaging ability, and it was not possible to verify the ICG
distribution on rapid frozen sections. We further found that inhaled
ICG was severely vanished in paraffin sections, making the
pathological imaging within near-infrared spectrum days after
surgeries unreliable. Therefore, the pathological examination
protocol needs to be further optimized to verify the nodule margin
visualization accuracy in future clinical trials.

Third, in the second-stage clinical trial, four nodules were not
successfully visualized by NIF imaging and they were all solid
nodules (ESM eTable 2). It is difficult to give a clear explanation
based on these four cases right now. Moreover, the SBR between
solid nodules and GGOs showed no significant difference (ESM
eFig. 4), which is likely due to the small population of GGO
patients (n = 3). Therefore, further clinical investigations with
larger populations and multicenter comparisons are still needed to
verify which type of patients are not eligible for this method.
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Conclusions

To our knowledge, this study presents the first clinical
use of ICG inhalation-based intraoperative NIF imaging for
guiding pulmonary nodule resections. Our two consecutive
trials demonstrated that this method is safe and feasible and
can guide surgeons to achieve a higher nodule detection rate
with much less time consumption compared with conventional
surgical methods, especially for patients with small GGOs. The
method can positively change intraoperative decision making for
unrecognizable and nonpalpable small nodules. It is easy to use
with little learning costs, and we suggest that it should be widely
applied in future pulmonary nodule surgeries.
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Abstract

The sympathetic nervous system controls and regulates the activities of the heart and other
organs. Sympathetic nervous system dysfunction leads to disease. Therefore, intraoperative
real-time imaging of thoracic sympathetic nerves (ITSN) would be of great clinical significance
for diagnosis and therapy. The aim of this experimental study was to evaluate the feasibility
and validity of intraoperative ITSN using indocyanine green (ICG).

Methods: ITSN using ICG was performed on 10 rabbits to determine its feasibility. Animals
were allocated to two groups. The rabbits in one group received the same dose of ICG, but
were observed at different times. The rabbits in the other group were administered different
doses of ICG, but were observed at the same time. Signal to background ratio (SBR) was
measured in regions of interest in all rabbits. Furthermore, fifteen consecutive patients with
pulmonary nodules were intravenously injected with ICG 24 h preoperatively and underwent
near-infrared (NIR) fluorescence imaging (Fl) thoracoscopic surgeries between July 2015 and
June 2016. A novel self-developed NIR and white-light dual-channel thoracoscope system was
used. SBRs of thoracic sympathetic nerves were calculated in all patients.

Results: In the preclinical study, we were able to precisely recognize each rabbit’s second (T2)
to fifth (T5) thoracic ganglia on both sides of the spine using ITSN with ICG. In addition, we
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explored the relationship between SBR and the injection time of ICG and that between SBR and
the dose of ICG. Using the novel dual-channel thoracoscope system, we were able to locate the
ganglia from the stellate ganglion (SG) to the sixth thoracic ganglion (T6), as well as the chains
between these ganglia in all patients with a high SBR value of 3.26 (standard deviation: 0.57).

The pathological results confirmed our findings.

Conclusion: We were able to use ICG FI to distinguish thoracic sympathetic nerves during NIR
thoracoscopic surgery. The technique may replace the rib-oriented method as standard practice

for mapping the thoracic sympathetic nerves.
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Near-infrared, Intraoperative fluorescence imaging, Thoracoscopic surgery, Sympathetic nerves,
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Introduction

The sympathetic nervous system regulates the balance in
many homeostatic mechanisms, such as gut motility and pupil
diameter, and is responsible for priming the body for action, par-
ticularly in dangerous situations. Moreover, sympathetic system
stimulation causes vasoconstriction of most blood vessels. So
thoracic sympathetic nerves, as important parts of sympathetic
system, are involved in the treatment of multiple diseases. Cur-
rently, endoscopic thoracic sympathectomy is indicated mainly
for primary hyperhidrosis, especially that of the palm ', axilla, and
the face *°. Despite the development of modern pharmacological
and endovascular treatments, sympathetic surgery still plays a
critical role in the treatment of specific cardiac conditions, such
as angina *, long QT syndrome °, and ventricular tachycardia °. In
addition, thoracic sympathetic ablation is indicated for a few pain-
ful conditions and ischemia, such as pancreatic pain ', complex
regional pain syndrome °, Raynaud’s phenomenon °, and digital
ischemia '>"". Therefore, accurate intraoperative recognition of the
thoracic sympathetic nerves is critical for the treatment of related
diseases and for the development of new therapies.

Although the slender white-colored sympathetic chain of-

ten can be seen underneath the parietal pleura paralleling the
vertebral column and above the heads of the ribs, its size and
width are variable. In addition, its cephalad-caudal course may
be meandering or straight. So far, no ganglion has clearly been
visualized . Although there are several anatomic landmarks that
surgeons use as guides to identify the thoracic sympathetic chain
or ganglion during surgery, the International Society on Sympa-
thetic Surgery and the Society of Thoracic Surgeons recommend
using a rib-oriented nomenclature . In general, each thoracic
ganglion lies in the intercostal space between its corresponding
ribs and is referred to based on the anatomical structure. There-
fore, surgeons indirectly and roughly determine the locations of
the ganglia by counting the ribs at the time of surgery. However,
this method has some limitations. Some studies have confirmed
that anatomic variations often cause changes in the correspond-
ing spatial locations between thoracic ganglia and the ribs. For
example, Street et al. found in their series that 6.25% of ganglions
were located below their associated intercostal spaces rather
than within their corresponding intercostal space. In addition, the
stellate ganglion (SG), which was formed by the inferior cervical
ganglion and the first thoracic ganglion (T1), was present in only
70% of specimens . Chung et al. have reported that the SG and
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the second thoracic ganglion (T2) are fused in 9.1% of patients .
Failure in the accurate identification of thoracic ganglia may result
in operation failure and severe complications > '°.

Fluorescence imaging (Fl) is a novel intraoperative imaging
modality used to help guide the surgeon in the detection of benign
and/or malignant tissues '® and has been used for the detec-
tion and treatment of multiple diseases, such as ovarian cancer
using specific FI ', head and neck cancer '® and peritoneal
carcinomatosis from colorectal cancer "**° using non-specific FI.
However, only a few FI studies of nerves in the clinical have been
reported. Wagner et al. identified the contralateral periocardio-
phrenic neurovascular bundle by fluorescing the pericardiophren-
ic vessels during robotic thymectomy *'. Chen et al. recognized
facial nerve by highlighting the vessels inside the vasa nervorum
during mastoidectomy **. Our team first reported that thoracic
ganglia can be directly visualized during thoracoscopic indocy-
anine green (ICG) fluorescence guided surgery (ICG-FGS) in a
case report ***. Notably, ICG has been authorized by the Food
and Drug Administration (FDA) for determining cardiac output,
hepatic function and liver blood flow, and for ophthalmic angiogra-
phy.

In this study, we firstly evaluated the feasibility of
intraoperative real-time imaging of thoracic sympathetic nerves
(ITSN) with ICG and explored the relationship between the signal
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to background ratio (SBR) and the injection time of ICG and
that between SBR and the dose of ICG using a rabbit model.
Because sympathetic nerves were subtle and difficult to detect, a
fluorescence microscope system was developed. Then, to study
the validity of this method, we carried out a clinical trial with our
self-developed near-infrared (NIR) and white-light dual-channel
thoracoscope system in Peking University People’s Hospital.

Materials and Methods

Fluorescence Microscope System

We developed a modified fluorescence microscope system
(Fig. 1A) in-house. Briefly, a traditional stereomicroscope (Leica
M205 FA, Germany) was coupled with a color camera and
an NIR scientific complementary metal-oxide-semiconductor
(SCMOS) camera (pco.edge 5.5 m). An NIR laser source (center
wavelength: 785 nm, maximum power: 800 mW) was combined
with an optical filter module installed in the stereomicroscope
through a uniform fiber, so that a specified wavelength of light was
transmitted onto the imaging target. The emission light radiated
by the excited fluorophore was first filtered by the filter module
and then captured by the NIR camera. Similarly, the color camera

Color Fluorescence Merged

Fig.1 (A) Photograph of the modified fluorescence microscope system. (B) Ex vivo imaging of the rabbit's thoracic sympathetic nerve, including color, fluorescence,

and merged images. NIR CCD: near-infrared charge-coupled device.
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captured visible images illumined by the light emitting diode. This
system was able to produce a strong and noise-free fluorescence
image against the background and a bright and high-resolution
visible image.

Fluorescence Endoscopic Imaging System

The NIR (800-900 nm) and white-light (400-650 nm) du-
al-channel thoracoscope system was developed by the Key Labo-
ratory of Molecular Imaging of the Chinese Academy of Sciences
on the basis of our previous studies **°. A picture of the novel
system is presented in Fig. 3A. Briefly, the system consisted of
four modules: the light-source module, the detector module, the
control module, and the display module. The spatial resolution of
the system was 35 ym and the minimal detectable ICG concen-
tration was 0.01 uM.

In addition to the ergonomic improvements compared to our
previous system *’, the novel system used a custom prism with a
30° viewing angle. The use of this prism not only made probing
the thoracic sympathetic nerve more convenient, but also result-
ed in a large aperture and a wide field. Due to the presence of
high levels of noise and the weak fluorescence signal during this
experiment, we designed a new image enhancement algorithm
to improve the qualities of the color and fluorescence images.
This system also had improved quantitative analysis functionality,
which enabled us to perform the quantitative statistical analysis of
the fluorescence intensity and the calculation of SBR in real-time.
The quantification techniques of fluorescence intensity signal
included fluorescence signal extraction based on fuzzy C-mean
clustering and level-set algorithms, fluorescence intensity distri-
bution analysis, the radiometric calculation of fluorescence image
and other conventional image analysis methods.

Animals

Four male and six female Japanese white rabbits (weight:
1.75-2.4 kg, average: 2.15 kg) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (China). The
Institutional Animal Care and Use Committee of Peking University
People’s Hospital approved this animal study. To obtain the
relationship between SBR and the injection time of ICG and that
between SBR and the dose of ICG, we allocated the ten rabbits
to two group. One group was the dose group and the other group
was the timing group.

Patients

The subjects comprised 15 eligible patients who were
scheduled for video-assisted thoracoscopic surgery at Peking
University People’s Hospital between July 2015 and June
2016. The characteristics of the patients are shown in Table 1.
The inclusion criteria were as follows: age between 18 and 75,
pulmonary nodules scheduled for thoracoscopy or thoracotomy,
preoperatively normal liver function, no ICG or iodine allergies,
negative findings on an ICG skin test, volunteering to participate in
this study, and providing signed informed consent. The exclusion
criteria were preoperative liver dysfunction, ICG or iodine
allergies, positive results on an ICG skin test, other well-controlled
comorbidities, and being deemed unsuitable for enrolment by the
clinicians.

Before surgery, all patients were diagnosed with pulmonary
nodules using high-resolution computed tomography with 1 mm
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slice thickness. All patients provided signed informed consent.
The Peking University People’s Hospital Institutional Review
Board authorized this study (2015PHB157-01). The Clinical Trials
number for the study is NCT02611245.

Administration of Contrast Agents

ICG (25 mg vials) was purchased from Tianyi Pharmaceutical
Co., Ltd. (Liaoning, China). First, the rabbits in the timing group
were injected with 10 mg/kg ICG in sterile water for injection (SWI)
24, 22, 20, 18, and 16 h preoperatively through the marginal ear
vein. After calculating the SBR for each time point, the rabbits in
the dose group were then injected with 7, 8.5, 10, 11.5, and 13
mg/kg of ICG in SWI 20 h preoperatively.

For patients’ safety reasons, we referred to several stud-
ies *** in tumor identification for pulmonary nodules and brain
tumors and then chose the ICG concentration of 5 mg/kg. Three
patients were respectively injected 5 mg/kg ICG 16, 20 and 24
h preoperatively. Through observation, we determined 5 mg/
kg and 24 h preoperatively was the best combination. Then 15
patients were intravenously injected with 5 mg/kg of ICG 24 h
preoperatively. No adverse reactions or allergic reactions were
observed in any of the subjects.

Preclinical Imaging Procedure

After routine injection of ICG preoperatively, the rabbits were
injected with 6 mg/kg of 0.7% sodium pentobarbital solution in the
marginal ear vein. Upon disappearance of the corneal reflex, the

Table 1 Characteristics of the 15 patients who
participated in this study

Study  Age  Sex BMI History of  Tumor Tumor  Pathology
. allergy size (cm)  location

1 a2 Y| 2570 MNCY 1"0.5 RUL Al

2 5] I 207 Ny 1.20.7 LLL CRC

3 74 I 25.m N 0706 LIUIL ADE

I A F Xd4d  MNO 0605 RUL.  AlS

5 30 k| 1968  NO 1 EML CHO

f (%] M 29 NO 252 EML  CCRCC
7 a5 F 1955  NO 1.5*1 ELL AlS

] 43 F 62 YES 544 RLL ADE

9 &l F D4 NO 3+2 LUL HCC

10 57 E H0E NO 06t 04 RUL  ADE

11 52 M 255 NO 43 LM HoC

12 al F 2637 MO 152 ELI ADE

13 52 M 2268 NO 54 ELI ADE

14 50 F 2232 NO 3 LLL ADE

13 &7 I 2085 NO 3.1'22 EUL  ADE

ADE: adenocarcinoma; AIS: adenocarcinoma in situ; CCRCC: clear cell renal
cell carcinoma; CHO: chondrosarcoma; CRC: colorectal cancer; F: female;
HCC: hepatocellular carcinoma; LLL: left lower lobe; LML: left middle lobe; LUL:
left upper lobe; M: male; RLL: right lower lobe; RML: right middle lobe; RUL:
right upper lobe
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rabbits were executed by injection of 50 mL of air through veins.
A median thoracotomy was performed. The lung, heart, and aorta
were then dissected and removed. The sympathetic nerves on
either side of the spine were exposed. Lastly, the spine was cut
from the thoracic apex to the diaphragm, and the ribs were cut
3 cm from the spine. The entire chest wall with contact parietal
pleura was removed. Then the specimens were washed using
physiological saline solution.

The dissected specimens were placed on the microscope
table. After adjustments of the appropriate imaging distance and
field of vision, a color image was captured. We then switched
the microscope to NIR mode, turned off all of the laboratory light
sources, and obtained a fluorescence image. Finally, under the
guidance of fluorescence signal, we carefully removed the ICG-
stained thoracic sympathetic ganglia and the chains on both sides
of the spine.

Clinical Imaging Procedure

After the scheduled injection of ICG, the patients were placed
in a lateral position and underwent double-catheter trachea
insertion under general anesthesia. After routine disinfection,
the thoracoscope was inserted at the seventh rib. Before the
lung excision operation, the lung was pulled to the front and the
posterior mediastinum was revealed. The sympathetic nerves
were then explored from top to bottom. We determined and
recorded the positions and fluorescence intensities of SG through
T6 and the chains in between. Patient No. 11 was diagnosed
with pulmonary nodules and posterior mediastinal tumor. After
the lung nodules were removed, the mediastinal tumor and T3
were resected together, as they were too close to each other to
separate. All excised specimens were then sent to the pathology
department.

Histopathologic Assessment

All of the dissected specimens were fixed in 10% phos-
phate-buffered formalin for 24 h. Paraffin-embedded tissues were
consecutively sliced at 5 ym intervals. First, the pathologist ana-
lyzed the unstained sections. The sections were then stained with
hematoxylin-eosin (H&E) and examined according to the stan-
dard pathology protocol. This is because H&E staining may com-
promise the observation of the ICG fluorescence signal. Areas of
the section with fluorescence signals merged with staining of the
neurocyte were identified. In addition, we used tyrosine hydroxy-
lase (TH) antibodies (Rabbit polyclonal anti-TH antibody, ab112,
Abcam) to identify sympathetic ganglion cells and confirmed our
findings *°.

Statistical Analysis

SBR of thoracic sympathetic nerves were calculated by the
method as follows: Firstly, we used Imaged (Image processing
Software, National Institutes of Health, USA) to delineate gan-
glions or chains as a region of interest (ROI) and calculated the
mean brightness value of ROI (Vgg..). Meanwhile, the surround-
ing background region was highlighted and the mean brightness
value of this region (Vgaugous) Was also measured. SBR values
for each thoracic sympathetic ganglion or chain were calculat-
ed six times to reduce errors by dividing Vsigna bY Veacigrous- The
Kruskal-Wallis test was used to compare multiple independent
samples. To maintain consistency in our calculations, we selected
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the bilateral second to fifth thoracic sympathetic ganglia (T2, T3,
T4, and T5) and used their average value to denote each rabbit’s
SBR. We adopted this approach because the area and intensity
of the NIR laser source were limited. Data analysis and graphing
were performed using OriginPro 2016 (OriginLab Corporation,
USA). P-values < 0.050 were considered statistically significant.

Results

Preclinical Study Results

The microscopic examinations enabled us to identify each
rabbit's T2 to T5 ganglia (8 in total) on both sides of the spine. All
of the sympathetic ganglia and the chains between them were
identified using our FI method on the surface of the specimens.
The areas with high SBR values in the fluorescence images
matched the thoracic nerves as seen in the color images per-
fectly (Fig. 1B) and confirmed our findings. Shorter time intervals
between the ICG injection and the operation led to stronger fluo-
rescence signals in the rabbits in the timing group. However, the
SBR for the rabbit injected with ICG 20 h preoperatively was the
highest in the group (p < 0.001, Fig. 2A). In the dose group, larger
doses of ICG led to stronger fluorescence signals. However, the
SBR for the rabbit injected with 10 mg/kg of ICG was the highest
in the group (p < 0.001, Fig. 2B). In the process of statistical anal-
ysis, n values of the number of samples are all equal to six.

Fluorescence microscopy confirmed the presence of
fluorescence in the specimens (Fig. 2C), which were resected
under the guidance of the fluorescence signal. We found large
numbers of neurocytes in the areas with strong fluorescence
signals (Fig. 2D). However, there were a few nerve cells in
areas with weak fluorescence signals. We used pathological
examination to verify our findings.

Clinical Trial Results

We used ITSN with ICG to successfully identify the thoracic
sympathetic ganglia SG to T6 (12 in total) and the chains in be-
tween in each patient (Figs. 3B-D). The mean SBR value for all
ganglia was 3.26 (standard deviation: 0.57), which was sufficiently
high to assist the surgeons in identifying the ganglia during sur-
gery. Moreover, the strong fluorescence signal lasted for longer
than five hours. The calculated SBR values for SG through T6 for
all subjects are shown in Fig. 4A. The SBR value for SG was the
lowest (p < 0.001) and those for T2 to T6 were not significantly
different from each other (p > 0.050). In the process of data
statistics, n values of the number of samples are all equal to 30.

Fluorescence microscopy enabled us to find a strong
fluorescence signal in the paraffin section from the thoracic
sympathetic nerve specimen from patient No. 11 (Fig. 4B-D). The
fluorescence was mainly distributed in areas with large numbers
of nerve cells. H&E staining of the section confirmed our findings
(Fig. 4E).

Discussion

Here we investigated the feasibility and validity of intraoper-
ative ITSN with ICG in both a preclinical study and a clinical trial.
We were able to identify T2 to T5 on both sides of the spine in
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each rabbit and obtained the relationship between SBR and the
injection time of ICG and that between SBR and the dose of ICG
in the preclinical study. The false-negative rate was 0% (0/10 rab-
bits). We used the method described here to successfully identify
the thoracic sympathetic ganglia SG through T6 (12 in total) and
the chains in between in each patient in the clinical study. High
SBR values in ITSN with ICG highly depend on the ICG dose, im-
aging timing, and the sensitivity of the imaging system. Therefore,
we developed a modified fluorescence microscope system and
an NIR and white-light dual-channel thoracoscope system espe-
cially optimized for NIR light collection efficiency. The combination
of intraoperative ITSN with ICG and the novel thoracoscope sys-
tem displayed enormous potential in clinical application.

The novel method described here has several advantages
when compared to traditional approaches. First, the high-SBR
and intraoperative real-time imaging contributes to the objective
and accurate identification of thoracic sympathetic nerves during
surgery. Second, NIR light can penetrate much deeper into blood
and tissue than visible light. In addition, autofluorescence is
very weak in this spectral range. Lastly, this method is minimally
invasive and does not interfere with the conventional surgical
procedure. Moreover, no adverse reactions or allergic reactions
occurred in this study.

ICG is a water-soluble compound with a molecular weight of
755 Da and has been clinically approved for longer than 60 years
by the FDA. When injected into the human vein, it binds intensely
to high-density lipoprotein and low-density lipoprotein . Its half-
life is 150-180 s. According to the National Cancer Institute, ICG
is excreted from the circulation exclusively by the liver into bile.
At first, ICG was mainly used to determine cardiac output and
hepatic function. In 2009, Ishizawa et al. reported the presence
of illuminated liver tumors using ICG *’. These tumors emitted
light that peaked at around 830 nm when excited with NIR light.
Nowadays, ICG FI plays an important role in sentinel lymph node
detection ***°, lymphedema diagnosis and management *, tumor
identification ' and organ perfusion assessment **. In this study,
we for the first time used ICG FI to identify the thoracic sympa-
thetic nerves.

Based on the properties of ICG and our preliminary studies,
we believe that the high-SBR fluorescence signal from the tho-
racic sympathetic nerves may result from the specific structure
of these nerves. There is a layer of connective tissue membrane
containing blood vessels, nerves, and fat cells on the sympathetic
ganglion surface. This later may lead to enhanced permeability
and retention (EPR) of ICG, similar to certain types of cancer
tissue ***. This phenomenon is more marked in humans than
in rabbits, perhaps due to the larger sizes of the sympathetic
nerves. Notably, the SBR value for the SG is lower than that for
T2 through T6. This is because there is a fat pad in the hemitho-
rax vertex that often covers the SG.

The EPR effect, firstly reported by Maeda et al., is a proper-
ty that protein-bound molecules and other nano-sized materials
passively accumulate in tumors after systemic administration *°.
Ideally, nerve-specific contrast agents should be adopted during
nerve-sparing Fl surgery. Nowadays, Whitney et al. are utilizing
NIR fluorescent peptides that bind to nerve sheaths to develop
nerve-specific agents on rat model “°. And Gibbs-Strauss et al. are
developing nerve-specific agents based on small, hydrophobic
molecules that bind to the myelin of neurons on animal model *'.
However, no clinical trial has ever been reported on nerve-specific
contrast agents.
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Structurally, thoracic sympathetic nerves are important parts
of the sympathetic nervous system and have both white and gray
matter rami communicates “°. Functionally, thoracic sympathetic
nerves provide sympathetic innervation to the internal organs
of the chest. Intraoperative real-time ITSN is conducive to the
preservation of the nerves during certain surgeries, such as
mediastinal tumor surgery, which is equally crucial to achieving
optimal prognosis '°. In addition, ITSN is critical for the accurate
ablation or resection of ganglia and chains and in the diagnosis
and treatment of related diseases. Moreover, this technique
has huge potential for the development of novel therapeutic
modalities. In our future work, we will further optimize the dose of
ICG and the sensitivity of our imaging system, and attempt to use
this method to visualize other nerves.

Conclusion

In this study, we successfully identified thoracic sympathetic
nerves using ITSN with ICG in both preclinical and clinical studies.
Moreover, the relationship between SBR and the injection time of
ICG and that between SBR and the dose of ICG were explored,
and a novel NIR and white-light dual-channel thoracoscope
system was developed. Pathological studies confirmed our
findings. This new method may replace the rib-oriented method as
standard practice for the identification of the thoracic sympathetic
nerves.
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Nodules by Near-Infrared
Fluorescence Thoracoscopic
Systems in Pulmonary Resection
Surgeries
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Abstract

Objectives: Current surgical procedures lack high-sensitivity intraoperative imaging guidance,
leading to undetected micro tumours. In vivo near-infrared (NIR) fluorescence imaging provides a
powerful tool for identifying small nodules. The aim of this study was to examine our experience
of using 2 different NIR devices in pulmonary resection surgery.

Methods: From August 2015 to October 2016, 36 patients with lung nodules underwent NIR
fluorescence imaging thoracoscopic surgery. Two NIR devices: a D-Light P system and a
SUPEREYE system were used. Patients were administered an injection of indocyanine green
(ICG) through the peripheral vein 24 h preoperatively. During surgery, traditional white-light
thoracoscopic exploration was performed first, followed by ICG-fluorescent-guided exploration.
All detected nodules were resected and examined by a pathologist.

Results: Of the 36 patients, 76 nodules were resected. ICG-fluorescent imaging identified 68
nodules during in vivo exploration. The mean signal-to-background ratio of lung nodules in NIR
exploration was 3.29+1.81. The application of NIR devices led to the detection of 9 addition-
al nodules that were missed using traditional detection methods (1 mm computed tomography
scan and white-light thoracoscopic exploration) in 7 patients (19.4%). Four of the 9 nodules
were confirmed as malignant or atypical adenomatous hyperplasia (44.4%). The other 5 nodules
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were confirmed as false-positive nodules. The sensitivities and positive predictive values of the
ICG-fluorescent imaging for lung tumours were 88.7% and 92.6%, respectively.

Conclusions: This study demonstrated the feasibility and safety of using ICG-fluorescent
imaging for multiple lung nodules identification in video-assisted thoracoscopic surgery pulmonary

resection.
Clinical trial: gov number NCT02611245.
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Introduction

Lung cancer is the most common cancer type and the lead-
ing cause of cancer death in China'. Up to 15% of lung cancer
patients develop synchronous or metachronous nodules® °.
Meanwhile, when dealing with pulmonary metastasis tumours of
other malignancies, the detection of all nodules is also challeng-
ing. Failure to remove all of the micro lesions during surgery might
be one of the causes of recurrence. With the widespread use of
video-assisted thoracoscopic surgery (VATS), manual palpation of
pulmonary nodules is restricted; surgeons have to rely on visual
inspection. However, white-light imaging as the primary intraop-
erative imaging method lacks the contrast between tumours and
normal tissue”. For the current clinical imaging methods, superfi-
cially multiple micro lesions with a diameter of <5mm are partic-
ularly difficult to detect’. Thus, patients with lung nodules need a
new imaging technology to better identify small lung lesions and
guide surgery in real time®.

Fluorescence image-guided surgery is a highly sensitive
and specific imaging method that has the potential to identify
imperceptible lesions”™. Currently, the most widely used NIR
fluorescence dye is indocyanine green (ICG) (excitation: 778nm
and emission: 830nm), which was approved by the Food and
Drug Administration (FDA). The ICG is a very safe imaging agent
that has few allergic reactions (approximately 0.003%) and is
applied in various tumour detection because of its passive accu-
mulation'’. Several groups have proved the feasibility and ben-
efits of near-infrared (NIR) fluorescence image-guided surgery
in tumour nodules detection”"°. van Dam et al. showed that the
use of fluorescence imaging technology detected significantly

additional tumour nodules in ovarian cancer surgery'’. Liberale et
al. showed that NIR image-guided surgery discovered a higher
number of subclinical lesions than conventional inspection for
peritoneal carcinomatosis'®. Moreover, Okusanya et al. performed
open surgeries of lung cancer and successfully confirmed that
ICG could remain in tumours 24 h after intravenous injection by
enhanced permeability and retention (EPR) effect. They detected
5 additional non-palpable nodules guided by NIR fluorescence
imaging'®. Compared with open surgery, the treatment of lung
cancer with VATS showed an urgent demand for fluorescence
imaging guidance due to less manual palpation and more undis-
covered additional nodules® ?'. However, research in this field
has been restricted due to the lack of high-sensitivity fluorescence
thoracoscopic systems. To satisfy this need, we developed a nov-
el ultrasensitive fluorescence thoracoscopic system (SUPEREYE)
that offers high-fluorescence collection efficiency and accurate
registration. High sensitivity of imaging systems collects weak sig-
nals of small tumours. Furthermore, easy, robust and quick image
registration can provide real-time white-light and fluorescence
imaging guidance in lung cancer surgery.

The purpose of this study was to analyse our experience with
2 different NIR devices: the SUPEREYE system by Key Labora-
tory of Molecular Imaging, Chinese Academy of Science and the
D-Light P system by Karl Storz Company, in pulmonary resection
surgeries. We found that ICG-fluorescent imaging has the poten-
tial to detect small subclinical lung nodules. In this pilot study, we
recruited 36 patients and reported the results of tumour imaging
in NIR fluorescence image-guided lung cancer thoracoscopic sur-

gery.
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Fig.1 The design and clinical application of the SUPEREYE. (A) Schematic illustrations of our fluorescence thoracoscopic system used for lung cancer surgery.
Patients were firstly injected with fluorescence dyes for labelling imaging region. NIR excited light and white light simultaneously illuminated the imaging region
through the thoracoscope. Then our system provided the optical guidance about the spatial localization of tumours. (B) The SUPEREYE was applied in video-

assisted thoracoscopic surgery lung cancer surgery. (C) The SUPEREYE.

Materials and Methods

Fluorescence thoracoscopic system

The SUPEREYE is a fluorescence thoracoscopic system
developed for image-guided minimally invasive surgery. This sys-
tem contains a colour imaging channel (400-650nm) and a NIR
fluorescence imaging channel (excitation: 785+5nm; emission:
840+10nm). Fluorescence imaging was designed especially for
collecting the wavelength of ICG. We designed the system based
on 3 aspects: (i) Image acquisition: a NIR light-optimum rigid clini-
cal thoracoscope (HOPKINS Il 26003BGA, Karl Storz, Tuttlingen,
Germany) was used as system lens. The light collected from the
lens is transmitted into a customized camera (Microview, Beijing,
China). The camera contains 1 light splitter and 2 high-sensitivity
and high-resolution camera chips for simultaneous colour and
NIR fluorescence imaging. (ii) lllumination design: one 785-nm
NIR excitation light source (MW-SGX-785, Changchun Lei Shi
Optoelectronic Technology Co. Ltd, Changchun, Jilin, China) and
one visible light source (XENON NOVA 300, Karl Storz) were cou-
pled by a custom-made multimode bifurcated fibre bundle (Banglei
Optoelectronic Technology Co. Ltd, Zhongshan, Guangdong,

China) with small light coupling loss. (iii) Software development:
the collected fluorescence and colour images can be accurately,
quickly and robustly registered into merged images. The software
simultaneously displays colour, fluorescence and merged images
at a video rate. The spatial resolution of the system is 35um, and
the sensitivity for ICG detection is 0.01 um. We also used another
commercial fluorescence thoracoscopic system to explore the
feasibility of lung tumours detection: the D-Light P system (Karl
Storz). This system sensitivity is 0.1 um but currently it cannot si-
multaneously display colour and fluorescence images.

Patients

This study enrolled 36 patients (19 males and 17 females)
who were scheduled for VATS pulmonary resection surgery in
Peking University People’s Hospital. The hospital’s Institutional
Review Board approved this study (2015PHB157-01), and all
patients signed the informed consents. We also registered this
clinical trial at ClinicalTrials.gov (NCT02611245). All patients
had one or more pulmonary nodules diagnosed by chest high-
resolution computed tomography (CT) with 0.1cm slice thickness.
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Patients who had ICG allergy were excluded.

Imaging procedure

Intraoperative lung cancer thoracoscopic surgery was guided
by traditional white-light imaging and ICG-fluorescent imaging.
Figure 1 illustrates the NIR fluorescence imaging-guided lung
cancer surgery. Patients were administered ICG (Yichuang Phar-
maceutical Limited Liability Company, Dandong, China) at a dose
of 5mg/kg according to patients’ weight through a peripheral vein
24h preoperatively”’. The fluorescence thoracoscopic system
was prepared and covered with a sterilized set. In the first step,
surgeons located tumours according to a traditional standard
operating procedure, which combined preoperative CT data and
white-light thoracoscopy. In the next step, the detected lung nod-
ules were subsequently investigated by the fluorescence thoraco-
scopic system. The colour, fluorescence and merged images of
the nodules were simultaneously displayed and recorded at video
rate. Meanwhile, we grossly examined the lung for extra sub-
clinical tumour nodules detection in this procedure. All identified
nodules were removed and marked for biopsies. The specimens
were reviewed by 2 experienced pathologists (Kunkun Sun and
Danhua Shen).

Analysis of fluorescence data

Fluorescence intensity of lung lesions was quantitatively an-
alysed according to the recorded videos. The calculation method
was as follows: we used an image processing software (ImageJ,
National Institutes of Health, Bethesda, MD, USA) to delineate
lung nodule as a region of interest (ROI), and then the software
calculated the mean brightness value of ROI (Bgg,) within a range
of 0-255. The background brightness (Bg,cgouna) Was measured
by calculating the mean brightness value of surrounding tissues.
The signal-to-background ratio (SBR) was calculated by dividing
the Bro by the Bgaugoumne: EacCh nodule was evaluated 3 times to
reduce errors.

Statistical analysis

To compare the fluorescence intensity differences obtained
while using the 2 fluorescence imaging systems (SUPEREYE and
D-Light P), we performed Student’s t-tests. The analysis was per-
formed using Prism software version 4.0 (San Diego, CA, USA).
Two-sample, one-way Student’s t-tests were used to determine
significant differences in the hypothesis that the SBR of SUPE-
REYE was higher than the SBR of D-Light P. If the P-value was
<0.05, the SBR differences were considered to be valid.

Results

Characteristics of lung nodules

From August 2015 to October 2016, we enrolled 36 pa-
tients (age 56+ 14 years) in this study. In total, 76 nodules (size
1.4+1.2cm) were detected by combining traditional methods with
ICG-fluorescent imaging. From the 36 patients, 11 patients were
diagnosed with metastasis from other cancers and 25 patients
with non-small-cell lung cancer (NSCLC) (Table 1). We performed
wedge resection in 14 patients, segmentectomy in 7 patients, lo-
bectomy in 14 patients and pneumonectomy in 1 patient.

The ICG-fluorescent imaging method successfully identified
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Table 1 Individual data for patients (n=36)

Characteristics Value
Age (year) 56z 14
Gender (patients) Men=1% Woman=17 w4} f N .
Tumour size (cm) 1.4%1.2 i o e L T T
SBR [range] g lnz‘:: N'E;“i"{;-?"ﬁ
Tumour size =1em 346 (1.43-11.90) S M‘;},E %‘E}‘h
Tumour size <lem 3.14 (1.47-7.67) i ',g". -.iééé
Tumaur location (nodules) . : 4 \F
RUL 16 \ ;
RMAL 12
RLL 28
LUL 11
LLL 9
Pathology (nodules) SBR [range]

Adenocarcinoma (30) 291 (1.43-7.13)

SCC (4) 4,08 (2.75-5.12)
Breast (2) 3.29 (3.21-3.38)
HCC (11) 6.09 (3.97-11.9)

3.03(1.87-5.16)
213 (1.90-252)

Colorectal cancer (11)
Osteosarcoma (10)

AAH (2) 266 (2.47-2.85)
Hyperplasia (5) 1.98 (1.53-3.6)
Inflammation (1) 3157

System (nodules) SBR [range]
SUPEREYE (19) 383 (225-7.13)

D-Light P (57) 311 (1.43-11.9)

SBR: signal-to-background ratio; RUL: right upper lobe; RML: right middle lobe;
RLL: right lower lobe; LUL: left upper lobe; LLL: left lower lobe; SCC: squamous
cell carcinoma; HCC: hepatocellular carcinoma; AIS: adenocarcinoma in situ;
AAH: atypical adenomatous hyperplasia.

68 of the 76 nodules in vivo. The other 8 nodules that were locat-
ed 1.3cm or more beneath the pleural surface could not be de-
tected. After excision and direct exposure of these nodules, all 76
nodules were fluorescent. Histology of these nodules showed that
71 pulmonary nodules were malignant and 5 nodules were false
positive (hyperplasia and inflammation). The characteristics of the
nodules are listed in Table 1. The mean SBR of the nodules was
3.29+1.81 (range: 1.43-11.9). The 2 NIR devices could high-sen-
sitivity detect lung nodules in pulmonary resection surgery (Fig. 2).
We found that ICG-fluorescent imaging had a great imaging effect
for squamous cell carcinoma (SBR: 4.08+0.88) and pulmonary
metastasis of hepatocellular carcinoma (HCC) (SBR: 6.09+2.4).
The mean SBR of adenocarcinoma nodules was 2.91. However,
in some adenocarcinoma nodules, the SBR was as low as 1.43
and the contrast between the nodules and the surrounding tissues
was less obvious.

The sensitivities and positive predictive values of ICG-
fluorescent imaging for lung tumours were thus 88.7% (63
fluorescing lesions of the 71 malignant nodules) and 92.6% (63
cancers of the 68 fluorescing lesions), respectively.
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Fig.2 In vivo sub-centimetre pulmonary tumours imaging with near-infrared fluorescence thoracoscopic systems. (a—d) of (A-D): Computed tomography,
colour, fluorescence and haematoxylin and eosin staining images of pulmonary tumours (white arrow). (A) Adenocarcinoma, tumour size: 0.5 cm; (B) pulmonary
metastases of hepatocellular carcinoma, tumour size: 0.5 cm; (C) pulmonary metastases of breast cancer, tumour size: 1 cm; (D) pulmonary metastases of colorectal
cancer, tumour size: 1 cm. (E) Additional pulmonary nodules only detected by indocyanine green-fluorescent imaging; (a) and (c) are representative fluorescence
images of additional nodules (white arrow) (tumour size: 0.1 cm, 0.2 cm, 0.2 cm); (b) and (d) are the corresponding haematoxylin and eosin staining images showing
that (a) is atypical adenomatous hyperplasia and (c) is adenocarcinoma in situ. Scale bar: 50 mm.

Indocyanine green-fluorescent imaging can
identify sub-centimetre lung nodules

Although preoperative imaging provided information on
the location of small nodules, it remains a challenge to localize
sub-centimetre pulmonary nodules by VATS. To examine our
experience of using ICG-fluorescent imaging to detect micro
nodules, 2 NIR devices were used during surgery. For lung nod-
ules with a size <1cm, the fluorescence signals were clearly
demarcated from the surrounding normal tissues with a mean
SBR of 3.14+1.59. ICG-fluorescent images collected either by
our self-developed system (SBR: 3.83+1.24) or by a commercial

fluorescence thoracoscopic system (SBR: 3.11+1.94) showed a
significant tumour-to-surrounding tissue contrast compared with
the traditional white-light imaging (Fig. 3).

Indocyanine green-fluorescent imaging can
identify additional pulmonary nodules

Among the 76 nodules, 9 additional small lung nodules were
detected only by the ICG-fluorescent imaging method in 7 of the
36 patients (19.4%). For the 9 nodules, 6 nodules were detected
in different lobes than the primary tumours. The characteristics of
these nodules are shown in Table 2. These 9 lesions comprised
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Fig.3 Fluorescence data of pulmonary nodules. (A) The SBR of tumour size
<1cm and >1cm, and SBR of fluorescence images collected by our system
(SUPEREYE) and by the commercial system (D-Light P). (B) SBR of different
pulmonary nodules types. SBR: signal-to-background ratio.

Video 1 The video of pulmonary nodules with 2 NIR devices. The
video displays real-time intraoperative fluorescence imaging of pulmonary
adenocarcinoma, squamous cell carcinoma, metastasis of osteosarcoma,
metastasis of colorectal cancer, metastasis of hepatocellular carcinoma,
metastasis of breast cancer, and additional detected nodules.
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2 adenocarcinoma in situ, 2 atypical adenomatous hyperplasia,
and 5 false-positive nodules (hyperplasia and inflammation). The
representative frames of additional small nodules and the corre-
sponding histopathological results are shown in Fig. 2E (white
arrow). They were missed by traditional white-light thoracoscopic
exploration and CT images. In contrast, ICG-fluorescent imaging
showed the 3 additional synchronous nodules with high SBR
(2.85+0.11, 2.47+0.14 and 2.25+0.18). The tumour size were
<0.2cm. Histology results of these nodules were atypical adeno-
matous hyperplasia and adenocarcinoma in situ (Fig. 2E).

Discussion

In the treatment of malignant lung nodules, the efficacy
of surgical resection remains limited by the lack of real-time
high-sensitivity intraoperative imaging methods. Furthermore,
incomplete resection results in postoperative recurrence of the
malignancy. Therefore, the development of new high-sensitivity
imaging methods, such as ICG-fluorescent imaging, shows great
potential to detect additional subclinical nodules.

ICG is not a tumour-specific fluorescence dye, such as li-
gand-specific binding to tumour cell receptor, it accumulates in
certain types of tumours because of the EPR effect”® . The EPR
effect is a passively accumulating effect due to the permeability ef-
fect of the nascent porous tumour blood vessels and the retention
effect of dysfunctional tumour lymphatic system, which allows ICG
to accumulate in tumour tissues. To obtain an optimal tumour-
to-lung contrast, we have performed several pre-experiments of
injection dose and time of ICG. The results demonstrated that the
optimum dose was 5mg/kg and that the best injection time was
24 h preoperatively. In combination with ICG, fluorescence imag-
ing provided high-contrast tumour images and increased addition-
al tumour detection rate. Okusanya et al. first demonstrated ICG
could be applied for lung nodules imaging and verified ICG-flu-
orescent imaging guided open surgery could detect additional
pulmonary nodules. However, in the treatment of lung cancer by
VATS, only a few research studies have explored the application
of ICG-fluorescent imaging®, but the sensitivity and specificity of
ICG-fluorescent image-guided lung cancer thoracoscopic surgery
have not been studied.

More early stage lung cancer patients chose VATS as a
superior alternative to open surgery due to minimal trauma, less
bleeding and faster recovery, while the fluorescence thoracoscop-
ic system applied in VATS was faced with a big challenge®. The
poor NIR-light transmission and small apertures of the traditional
white-light thoracoscope resulted in a massive light loss and low
tumour-to-tissue contrast. Thus, many researchers have devoted
themselves to developing high-sensitivity NIR fluorescence tho-
racoscopic systems. Venugopal et al. simultaneously optimized
NIR fluorescence and colour imaging using a custom endoscope
and a 2-charge-coupled device (CCD) camera®. Glatz et al. used
a more sensitive electron-multiplying charge-coupled device cam-
era to improve the NIR wavelength collection efficiencies™. In our
case, we designed a fluorescence thoracoscopic system specially
for ICG imaging. Its sensitivity for ICG imaging is about 10 times
higher than that of the published fluorescence thoracoscopic
system®. And we also used a commercial fluorescence imaging
system (D-Light P) in this study.

The goal of our study was to validate our experience of using
2 different NIR devices, enabling high-sensitivity identification of
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sub-centimetre pulmonary nodules in VATS lung cancer surgery.
For sub-centimetre lung nodules, the commercial D-Light P sys-
tem showed a significant tumour-to-surrounding tissue contrast
(SBR: 2.91+1.62) compared with traditional white-light imaging.
We found that ICG-fluorescent imaging had a higher SBR in
squamous cell carcinoma and pulmonary metastasis of HCC than
other lung tumours. The possible reason is that squamous cell
carcinoma is an epithelial tumour that has both an exceptionally
high endocytic rate and deficient tight junctions that lead to more
ICG accumulating in cells. Furthermore, the HCC tumour cells
expressed the membrane transporters’ organic anion transport-
ing polypeptide 1B3 and sodium—taurocholate co-transporting
polypeptide, which mediates the cellular uptake of ICG®. A more
detailed study would need to be performed to validate the relation
between SBR and histopathology. Furthermore, our self-devel-
oped SUPEREYE system has a higher SBR of 3.69+1.37 than
D-Light P (P<0.05). For the detected 76 nodules, the sensitivities
and positive predictive values of the ICG-fluorescent imaging
were 88.7% and 92.6%. Eight pulmonary nodules embedded
deeply in the lung were undetected by ICG-fluorescent imaging,
and the maximized detection depth of ICG-fluorescent method
was 1.3cm. Future studies on fluorescence thoracoscopic sys-
tems should focus on developing deep tissue imaging with new
imaging technologies, such as a second NIR imaging method
(wavelength: 1100-1400 nm).

Furthermore, we detected 4 additional positive nodules that
were not revealed during standard surgical exploration. If these
extra subclinical nodules were not resected, recurrence or metas-
tasis of lung tumours might result in poor prognosis. Meanwhile,
the extra resections were safe without obvious/prolong air leak.
However, we also detected 5 additional false-positive nodules with
the ICG-fluorescent imaging method. The histopathology results
of these false-positive nodules were hyperplasia or inflammation.
ICG as a non-specific fluorescence dye was diffused into tissues
with hyperpermeable vascular structures by EPR effect, such as
hyperplasia or inflammation. To reduce the false-positive results,
surgeons could use alternative indications (inspection and palpa-
tion of nodules) to judge whether the fluorescence area should

Table 2 Characteristics of the nodules identified
only by ICG-fluorescent imaging

Patient  Cancer SBR Histopathology — Tumour
no. location size (crm)
3 LuL 225+018  AIS 0.1
& RLL 285:0.11 AaH 0.2
& RLL 247 £0.14 AaH 0.2
13 RUL 1.68£0.03  Hyperplasia 0.3
13 RLL 1532005 Hyperplasia 0.2
18 RLL 196008 AIS 0.1
25 LILL 357013 Inflammation 1.5
32 RLL 3602003  Hyperplasia 0.3
34 RUL 1.53£0.09  Hyperplasia 0.5

AIS: adenocarcinoma in situ; AAH: atypical adenomatous hyperplasia; ICG:
indocyanine green.
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be removed or not. Targeted NIR probes that specifically bind
lung tumour tissues have the potential to decrease false-positive
nodules. Therefore, further studies will need to develop novel NIR
targeting agents for increasing positive predictive values.

Currently, it is difficult to distinguish small multiple
nodules from surrounding tissues via intraoperative white-light
thoracoscopy, however, the ICG-fluorescent imaging method
is good for sub-centimetre tumour detection. Therefore, by
combining ICG-fluorescent imaging with preoperative CT data, the
surgical exploration in pulmonary resections reveals the nodules
located deeply in the lung and easily identifies sub-centimetre
nodules. As a result, exploration time might be saved and the
tumour detection rate might be improved. The next obvious step
for us is to design a random, double-blind and multiple study to
compare ICG-fluorescent imaging combining CT method with
the traditional white-light imaging combining CT method for the
detection of pulmonary nodules.

Conclusion

In conclusion, we believe we have validated that ICG-
fluorescent imaging with 2 NIR devices enables high-sensitivity
visualization of sub-centimetre pulmonary nodules. In addition,
we showed that ICG-fluorescent imaging also has the potential
to detect additional positive lesions. The identification of these
nodules might reduce tumour recurrence, which has a remarkable
clinical potential for application in lung cancer.
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Comparison Between the
Indocyanine Green Fluorescence
and Blue Dye Methods for Sentinel
Lymph Node Biopsy Using Novel
Fluorescence Image-Guided
Resection Equipment in Different
Types of Hospitals
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Abstract

Sentinel lymph node biopsy (SLNB) has become a standard of care to detect axillary lymph
metastasis in early-stage breast cancer patients with clinically negative axillary lymph nodes
(ALNs). Current SLNB detection modalities comprising a blue dye, a radioactive tracer,
or a combination of both have advantages as well as disadvantages. Thus, near-infrared
(NIR) fluorescence imaging using indocyanine green (ICG) has recently been regarded as a
novel method that has generated interest for SLNB around the world. However, the lack of
appropriate fluorescence imaging systems has hindered further research and wide application
of this method. Therefore, we developed novel fluorescence image-guided resection equipment
(FIRE) to detect sentinel lymph nodes (SLNs). Moreover, to compare the ICG fluorescence
imaging method with the blue dye method and to explore the universal feasibility of the former,
a different type of hospital study was conducted. Ninety-nine eligible patients participated in the
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study at three different types of hospitals. After subcutaneous ICG allergy testing, all the patients
were subcutaneously injected with methylene blue (MB) and ICG into the subareolar area.
Consequently, 276 SLNs (range 1-7) were identified in 98 subjects (detection rate: 99%) by using
the ICG fluorescence imaging method. In contrast, the blue dye method only identified 202 SLNs
(range 1-7) in 91 subjects (detection rate: 91.92%). Besides, the results of the fluorescence
imaging method were similar in the three hospitals. Our findings indicate the universal feasibility
of the ICG fluorescence imaging method for SLNB using the FIRE in early breast cancer

detection.
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Near-infrared fluorescence; Fluorescence image-guided resection equipment; Breast cancer;
Sentinel lymph node biopsy; Indocyanine green; Methylene blue
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Introduction

Traditionally, axillary lymph node dissection (ALND) has been
frequently used to stage the axilla and to guide relevant treatment
options during early breast cancer surgery (BCS). However, ALND
may cause many side effects such as axillary subcutaneous
effusion, upper limb lymphedema, and limitation of upper limb
mobility and function and can thus seriously affect the quality of
life of the patients'. In 2005 in the American Society of Clinical
Oncology (ASCO) meeting, surgeons were recommended to use
sentinel lymph node biopsy (SLNB) for most clinical axillary lymph
node (ALN) negative breast cancer patients with axillary staging
in order to alleviate the patients’ pain and to improve treatment
outcomes. In 2010, the National Comprehensive Cancer Network
(NCCN) guidelines suggested that breast cancer patients clinically
negative for ALN I, 1l should receive SLNB rather than ALND.
Thus, SLNB now plays an important role in early breast cancer
surgery™®.

Currently, SLNB can be performed using a blue dye, a
radionuclide tracer, or a combination of both’®. The combination

method is generally regarded as the best practice for SLNB™.
However, each of these methods has some shortcomings. For
example, the detection rate using the blue dye is relatively low
at about 65%—-93%"". Moreover, the subcutaneous injection of
blue dyes may cause tissue necrosis in patients receiving breast-
conserving therapy and may thus affect the cosmetic results'.
An important limitation of the radionuclide tracer method is that it
is not extensively accessible due to the lack of nuclear medicine
in many hospitals. These limitations have increased international
research on near-infrared (NIR) fluorescence imaging methods
for cancer therapy''®. Many intraoperative fluorescence imaging
navigation systems'’*® have been developed. However, only
a few have an adjustable field of view and can simultaneously
display color, fluorescence, and merged images of tissues. To
meet these challenges and to provide better surgical conditions,
we developed novel fluorescence image-guided resection
equipment (FIRE) for SLNB.

Indocyanine green (ICG) was used as the NIR florescent
contrast agent, because ICG is the only NIR florescent agent
authorized by both American and Chinese Food and Drug

Abbreviations: ALN = axillary lymph node; ALND = axillary lymph node dissection; ASCO = American Society of Clinical Oncology; BCS = breast cancer surgery; BMI = Body Mass Index; FDA = Food
and Drug Administration; FIRE = fluorescence image-guided resection equipment; HE = Hematoxylin-Eosin; ICG = indocyanine green; IRB = Institutional Review Board; LED = light-emitting diode; MB
= methylene blue; NCCN = National Comprehensive Cancer Network; NIR = near-infrared; SBR = signal-to-background ratio; SLN = sentinel lymph node; SLNB = sentinel lymph node biopsy.
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Administrations (FDAs) for clinical usage. Generally, ICG is used
as a fluorescent indicator for ophthalmic angiography, cardiac
output identification, and determination of liver blood flow”'**. The
use of ICG in the NIR fluorescence imaging method for SLNB has
the following advantages: high signal-to-background ratio (SBR),
non-physical contact with patients, transcutaneous lymphatic
vessel visualization, and real-time intraoperative imaging.
Therefore, the NIR fluorescence imaging method is suitable for
intraoperative SLNB.

To verify the universal feasibility of our ICG fluorescence
imaging method for SLNB in early-stage breast cancer patients,
a comparative trial between the NIR fluorescence imaging
method and the blue dye method using methylene blue (MB)
was conducted in three different types of hospitals. Further, we
adopted the same standard operating procedure in the three
hospitals: Chinese PLA General Hospital Breast Disease Center
(general), Yijishan Hospital of Wannan Medical College (district),
and Cancer Hospital of Shantou University Medical College
(specialized).

Materials and Methods

Fluorescence imaging system

The FIRE was developed by the Key Laboratory of Molecular
Imaging of Chinese Academy of Sciences based on our previous
studies®* . The general design and intraoperative application
of the system, which comprised four sections—the light source
section, detector section, controller section, and display section—
are illustrated in Figure 1. The light source section was mainly
composed of a visible light source (KL2500LCD, SCHOTT,
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Germany) and a NIR light source (center wavelength 760 nm,
maximum power 200 mW).

The NIR light source consisting of 67 light-emitting diode
(LED) bulbs was used to excite ICG and the visible light source
illuminated the surgical field. The detector section mainly
contained a color camera (Pilot piA1400-17gc, Basler, Germany),
NIR camera (ProEM 1024B eXcelon3, Princeton Instrument,
USA), beam splitter (25 mm NIR, 47012, Edmund Optics, USA),
and an F mount lens (Nikon Nikkor 24-120 mm, f/4G ED VR).
The beam splitter installed on the front end of the lens wad used
to split the light into two beams (for color and fluorescence). The
NIR fluorescence and visible light images were then captured
separately by the two cameras. The controller section mainly
included an application program, which was written by us for
image acquisition, registration, fusion, enhancement, and
reconstruction. Finally, the display section was composed of two
high-definition monitors. Real-time intraoperative fluorescence,
color, and merged images were displayed on the screen at a rate
of 20 frames per second. The field of view of this system ranged
from 25 cm x 25 cm to 60 cm x 60 cm at a work distance of 60
cm. The resolution was about 10 Ip/mm and the sensitivity was
approximately 0.03125 mg/ml ex vivo. Data storage could be
completed automatically.

Patients

Ninety-nine eligible female patients (age 31-72 years, median
age 52 years), who were diagnosed for T1-3 primary breast
cancer with clinically negative lymph node, participated in this
multicenter study between January 2014 and September 2015.
The characteristics of the study subjects are summarized in Table
1. The average age of the patients was 51 years and the average

Fig.1 General design and intraoperative application of the FIRE. (A) The structure of the FIRE. (B) The FIRE was used during surgery at the Chinese PLA

General Hospital Breast Center.
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Table 1 Characteristics of the study subjects (n
= 99)

Characteristics Value Percentage
Age

3040 14 14.14
41=50 35 1535
5]=6dd 8 2828
B1-=T0 21 i e |
T1=Hib 1 1.0v
BAMI

=18.5<22 ) 2.0
=22 <25 35 3535
== 25 <30 30 ]
=30 7 TO7
Alenstroation

Ordinary 6l 6263
Disorderly a7 ns
History of Allergy

Yes ] 505
iy O] g Q445
Family Medical History (LXL L]
Yeos 4 404
Na 95 45 Gh
Tumor Siee

Tis 3 303
Tl £h 3 3838
T2 47 4747
T3 3 303
Tx & H105
Type of Surgery

MREM+SLNB 75 T5.76
BCS+ALND+SLNE 2 202
BCS+5LNE 15 15.15
MEM+ALND#SLNE 7 T07

Abbreviations.: BMI, body mass index; ALN, axillary lymph node; ALND, axillary
lymph node dissection; SLNB, sentinel lymph node biopsy; MRM, modified
radical mastectomy; BCS, breast conserving surgery.

Body Mass Index (BMI) was 24.2 kg/m? (range 18.7—38.8).
The inclusion criteria were female sex, preoperative diagnosis
of clinical breast cancer, tumor diameter < 3 cm, negativity for
axillary lymph node, and absence of distant metastasis. The
exclusion criteria included previous neoadjuvant chemotherapy
or radiotherapy of the mammary area, previous surgery of the
axillary area, ALN metastasis, inflammatory breast cancer, and
pregnancy. This study was approved by the Institutional Review
Board (IRB) of the three hospitals. Every patient provided written
informed consent before the surgery. SLNB was performed by
experienced surgeons in accordance with the same standard
operating procedure. This experiment strictly followed the Helsinki
Declaration and Chinese relative clinical trial norms, laws, and
regulations. The Clinical Trails number was NCT02084784.
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Administration of contrast agents

MB was purchased from Jichuan Pharmaceutical LLC,
Jiangsu, China. ICG (25-mg vials) was bought from Yichuang
Pharmaceutical LLC, Dandong, China. After anesthesia
administration, 1 ml of 1% MB was subcutaneously injected in
the 6, 9, and 12 o’clock directions of the breast near the areola.
Immediately after 1-5 minutes of massage and sterilization of the
injection sites, 1 ml of 0.5% ICG was subcutaneously injected
in the same directions. The area was then again massaged and
sterilized.

Imaging Procedure

After routine injection of MB and ICG, the FIRE was used
to perform fluorescence imaging at ~60 cm distance from
the surgical field. Particularly, the operating astral lamp was
turned down and the visible light source of the FIRE was used
to illuminate the surgical field. Before incision, percutaneous
lymphatic drainage and potential SLNs were observed. Real-
time color and fluorescence tissue images were simultaneously
displayed on the upper screen. Meanwhile, the two kinds of
images were merged into pseudo-colored (green) images
displayed on the lower screen. After careful observation, the
points of disappearance of the lymphatic pools and lymphatic
vessels were marked. Notably, the special design of the FIRE
enabled the surgeons to regulate the imaging angle and imaging
field of view as required. Based on the SBR calculated using
the ImageJ software, the fluorescence of a lymph node was
determined. In this study, the SBR threshold value was defined
at 1.2. After the standard MB guided SLNB procedure was
completed, ICG stained SLNs and palpated SLNs were also
carefully removed in the incised region. The excised SLNs
were then separately examined and classified into the following
categories: simultaneously identified by ICG and MB (ICG+/MB+),
only identified by ICG (ICG+/MB-), only identified by MB (ICG-/
MB+), and merely identified by palpation (ICG-/MB-).

Histopathologic analysis

All the intraoperative dissected specimens were examined
by pathologists following the standard pathological procedure with
Hematoxylin-Eosin (HE) staining.

Statistical analysis

SPSS (Statistical Product and Service Solutions) was
employed for the data analysis. First, the SBR of the lymph nodes
identified using ICG was calculated using ImagedJ. The number
of SLNs identified using MB and those identified using ICG
were compared. Second, the detection rate of ICG, which was
defined by the percentage of patients carrying SLNs identified
by this method, and that of MB were separately calculated and
compared. To prove the validity of the differences, Student’s t-tests
were conducted. A P-value <0.05 was considered to indicate
statistical significance.

Results

Because the operation of the FIRE was easy and the
equipment was robust and reliable, ICG fluorescence imaging
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was successfully completed and did not interfere with routine
surgical procedures. The surgeons mastered the operation
process with a short learning curve (about 10 cases). In addition,
the display effect of the FIRE was fluent, and the equipment
provided high-resolution and high-fidelity images. The process of
ICG fluorescence image-guided SLNB using FIRE is illustrated in
Figure 2. Before incision, percutaneous fluorescence identification
of the lymphatic drainage and potential nodes was performed,
and the SBR was high enough to guide the surgeons to locate
the SLNs (Figure 2, A-C). Using the FIRE, minimal incision and
precise resection were realized during the operation (Figure
2, D-F). The images of the excised SLN further confirmed the
accuracy of this method (Figure 2, G-I).

A total of 194 SLNs were identified using ICG+/MB+ in 90
of the 99 patients. By calculation, 276 SLNs were identified in 98
of the subjects (detection rate 99%) using the ICG fluorescence
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imaging method. In contrast, only 202 SLNs were identified in
91 of the subjects (detection rate 91.92%) using the blue dye
method, indicating that the number of SLNs detected by the
former was more than that of the latter and the detection rate
of the former was higher (P = 0.0094). Moreover, five palpated
SLNs (ICG-/MB-) were all pathologically confirmed as lymph
nodes, but the histopathology indicated that they were all tumor
negative. Therefore, we believe that they were probably never
SLNs in the first place. Of note, 35 patients were diagnosed with
tumor-positive SLNs, all of which were identified using ICG (false
negative rate: 0%), while only 32 were detected using MB (false
negative rate: 8.57%).

In addition, the SLNs identified using ICG or MB were
separately classified according to the age of the patients, BMI of
the patients, and type of hospital (Table 3). A preliminary analysis
showed that the efficiency of SLN detection was independent

Table 2 SLN detection using ICG and/or MB

Characteristics [};k:i?; Percentage mb:;l;q} Percentage
ICG+MB+ 90 90191 194 67.13
ICG+/MB- 8 808 "2 28 37
1ICG-MB+ 1 1.1 ] 2.77
ICG-MB- 0 0 3 1.73
Abbreviations. SLN, sentinel lymph node; ICG, indocyanine green; MB, methylene blue.
Table 3 Classification of the identified SLNs by ICG or MB
Characteristics F;;?,’E_,':;H Percentage P{;::I‘i;];\ Percentage
Age
= ) 14 100 (14/14) 13 92.86013/14)
=41, =50 35 100{35/35) 34 97.14(34/35)
=51, =60 28 100(28/28) 25 89.29(25/28)
=61 21 U5.45(21/22) 19 86.36019/22)
BMI
=18.5,<22 2 100(27/27) 25 02.59(25/27)
=22, =25 35 100{35/35) 33 94.29(33/35)
=25,<30 20 96.67 (29/30) 27 Q0000277300
=30 7 100{7/7) ] B5.716/T)
HOSPITAL
General 38 97 .44(38/39) 37 94.87(37/39)
District 30 L0030/ 3070 25 83.33(25/30)
Specialized 30 TO0(30/30) 29 96.67(29/30)

Abbreviations: SLN, sentinel lymph node; BMI, body mass index.
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of these factors, indicating that the NIR fluorescence imaging
method for SLN detection was a robust one. However, whether
SLN identification using the blue dye method correlates with
these factors needs to be investigated in future studies. Moreover,
no adverse reactions were observed during this multicenter
experiment. In conclusion, the ICG fluorescence imaging method
using the FIRE was not inferior to the blue dye method, which
was also confirmed by histopathological analyses.

Discussion

In this study, the universal feasibility of using the ICG
fluorescence imaging method for SLNB in early-stage breast
cancer patients was investigated. The combination of the FIRE
and the NIR fluorescence imaging method showed a huge
potential for clinical application. The particular design of the
FIRE could simultaneously provide real-time intraoperative color,
fluorescent, and merged images. Moreover, the field of vision
was adjustable and data storage was automatic. In addition, this
method did not interfere with routine operations and the surgeons
managed to quickly learn the operation of this method, suggesting
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that the clinical application of the FIRE was very convenient.

The NIR fluorescence imaging method has several
advantages over conventional methods. First, the high
sensitivity and real-time imaging helps surgeons realize accurate
intraoperative SLNB and minimal incision. Second, the higher
tissue penetration of ICG compared to that of blue dyes allowed
observations of the percutaneous lymphatic drainage and
potential SLNs before incision. Finally, the minor side effects and
robust performance make the wide application of this method
feasible.

Based on our preliminary analysis, we believe that the high
detection rate of the fluorescence imaging method may be the
result of the higher optical sensitivity of ICG compared to that of
MB and the low false negative rate of this method for SLNB can
avoid the unnecessary need for ALND in patients with clinically
negative SLNs”'. Besides, obesity and age probably hinder the
identification of SLNs”®. However, SLNB can be stably achieved
using fluorescence imaging possibly because of the higher tissue
penetration of the fluorescent dye compared to that of blue dyes.
Although the conditions in the different hospitals differed from
one another, the ease with which the operation of the FIRE could
be learnt and the common operating procedure contributed to

Fluorescence Color
A

Before
incision

During
operation

Ex
vivo

Merged

Fig.2 NIR fluorescence image-
guided SLNB using the FIRE. (A-C)
Percutaneous fluorescent identification
of the lymphatic drainage before
incision. (D-F) Precisely fluorescent
image-guided SLN resection during
surgery. (H-l) Images of the resected
SLN ex vivo.
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realizing an optimal and steady detection of SLNs.

Based on our findings, we believe that the NIR fluorescence
imaging method could be an alternative for SLNB to reduce
patients’ pain and to improve treatment outcomes in early breast
cancer. In our future studies, we will conduct more research on
the factors influencing the efficiency of the NIR fluorescence
imaging method for SLNB, possibly by comparing breast peri-
tumoral tracer injections and peri-areolar tracer injections, which
are deemed to be equal in some studies®™ *°. To further study the
effectiveness of the NIR fluorescence imaging method, we will
compare it with the standard radiocolloid and blue dye method
and try to combine the technology of Google glass®' with the FIRE
to develop a novel wireless wearable device that can facilitate
voice control and real-time display on the screen of the glass.

Conclusions

In this multicenter experiment, we compared the ICG
fluorescence imaging method using the FIRE with the blue dye
method using MB to evaluate the clinical feasibility of the former.
The results showed that a high SLN identification rate and
minimal incision could be similarly achieved in different hospitals
with the assistance of the FIRE. Our results also indicate this
method to be not inferior to the blue dye method.
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Introduction

Surgery plays a key role in the treatment of hepatocellular carcinoma (HCC), but radical dissection has long been a challenge.'?
A series of clinical studies have shown the great potential of fluorescence molecular imaging (FMI) to improve surgical efficacy, by
visualizing occult lesions with a superior sensitivity in comparison to direct visual inspection and palpation.®*

Recently, FMI in the second near-infrared window (900—1880 nm, NIR-Il) has shown promising performance, providing enhanced
sensitivity and improved depth for intra- operative cancer detection.>® In 2020, our team reported the first-in-human study utilizing NIR-
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Il FMI (with ICG) to guide HCC surgery. The data demonstrated
that this novel technique was capable of visualizing occult HCC
lesions (minimum size <3 mm in diameter) in ultrasonography,
CT, MRI and NIR-I FMI (wavelength 700 — 900 nm); the surgical
margin was better delineated, leading to improved surgical
decision making.®”

In this study, we evaluate whether NIR-II FMI can result in
beneficial survival outcome for HCC patients, based on a five-
year follow-up.

Methods

In total 53 HCC patients who received open surgery were
enrolled from September 2017 until October 2018. These patients
were allocated into two groups: NIR and non-NIR group. NIR
group consisted of 21 patients who received NIR-II FMI for
guidance. 32 patients in the non-NIR group, had surgeries carried
out by visual inspection and palpation.

Overall survival (OS) was measured from the date of surgery
until death of any causes. Relapse-free survival (RFS) referred
to the duration from the date of surgery to the date of the first
relapse. Kaplan— Meier curves were applied to reflect OS rates
and RFS rates of the two groups.

The significance between Kaplan— Meier curves was
calculated by Gehan—Breslow—Wilcoxon test. Two-sided Welch’s
t-test measured the significance between patient characteristics.
Pvalue < 0.05 was considered statistically significant.

Results

Characteristics of all the involved patients are summarized
in Table 1, and more details are shown in the supplementary
materials. The group of patients who underwent NIR-Il guided
surgery (n = 21) had an average age of 50.8 + 9.9 (ranging from
29 to 67), while the non-NIR group (n = 32) had an average
age of 53.1 £ 12.2 (ranging from 23 to 74). Two patients (9.5%)
in the NIR group and six (18.8%) in the non-NIR group were
female. Every enrolled subject had liver performance graded
A according to the Child-Pugh classification. The preoperative
serum AFP concentrations were divided into four ranks to reflect
the malignant degrees of patients. Between the two groups, no
statistical significance was observed for age, gender ratio or AFP.

From the postoperative follow-up data, the NIR group
showed better RFS compared to the non-NIR group. 2 patients
(9.5%) in the NIR group and 11 (34.4%) in the non-NIR group
had relapse within 1 year after surgery. 3 years after surgery,
the relapse rate increased to 38.1% in the NIR group and 68.8%
in the non-NIR group. From the 5-Year follow-up data, relapse
was reported in 11 patients (52.4%) of the NIR group, and in
25 patients (78.1%) of the non-NIR group. Consequently, lower
relapse rates led to improved RFS in the NIR group, as illustrated
in Kaplan—Meier curves as well (Fig. 1).

Notably, the patients with a high serum AFP concentration
exhibited greater probability of relapse. Out of all the 53 patients,
13 had AFP levels exceeding 400 ng/ml (7 in the NIR group and 6
in the non-NIR group), and 11 of them encountered relapse during
the follow-up period. In the NIR group, relapse occurred in 5 of
the 7 (71.4%) AFP >400 patients after an average time of 24.4
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months (range 12~38) from surgery. In the non-NIR group, all the
6 patients (100%) with high AFP level experienced relapse, and
the average period was 20.2 months (range 5~61). In each group,
the relapse rates for high AFP patients exceeded the cohort level
by approximately 20 percent.

The OS, however, showed no statistical difference between
the two groups (71.4% vs 56.3%, P = 0.131, Fig. 1d), which may
be affected by different treatments for relapse. Of the 11 relapsed
patients in the NIR group, 8 received targeted therapy and 5 died;
2 received interventional therapy and 1 died; the remaining 1
received radiofrequency ablation and was still alive. In the non-
NIR group, in total 26 patients had disease relapse. 25 were
found within 5 years post-surgery, and 1 was diagnosed in the
61st month. 3 of them received reoperation and 2 were still alive.
14 received targeted therapy and 9 died. 5 received interventional
therapy (3 died) and 4 received radiofrequency ablation (2 died).

Discussion

The first-in-human study of NIR-Il FMI has shown a 10.3%
improvement in the detection rate of HCC6 and resulted in a
greater opportunity for radical resection.

The 5-Year follow-up showed an improved RFS by performing

Table 1 Patient characteristics and the
comparison

Variable NIR group Non-NIR Significance
{n = 21) group
(m = 32)
Age
Mean + 5D 508 =909 531 £122 P = 0467
Range [29, 67] [23, 74]
Gander
Mabe: Female 19 : 2 26:86 P =0.341
Chikd-pugh A for all A for all -
Serum AFP

=25 ng/ml  11/21 (52.58%)  11/32 (34.98%) P =0.207
=200 ng/ml  &/21 (38.10%) /32 (28.13%) P = 0.488

= 400 ng/ml  7/21 (33.33%) 632 (18.75%) P =0257
= 1000 ng/mil 5721 (23.81%) 4732 (12.50%) F =032
Surgical Open surgery, Open surgery, -
procedure guided by multi- basad on visual
spectral NIR inspection and
fluorescence palpation
imaging
Relapsa
1-Year 2/21 (9.52%) 11732 (34.38%) P = 0.039
3-Year 821 (38.10%) 22/32 (B8.75%) P = 0.006
S-Year 11/21 (52.38%) 29032 (78, 13%) P = 0,008

The significances on relapse data were measured with Gehan— Breslow—
Wilcoxon test. The asterisks represent significant differences, * for P < 0.05 and
**for P<0.01.
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Fig.1 Kaplan—Meier curves exhibited that the NIR group had better RFS and OS than non-NIR group (blue). a 1-Year RFS comparison (*P = 0.039), b 3-Year
RFS comparison (**P = 0.006), c 5-Year RFS comparison (**P = 0.008), d 5-Year OS comparison (P = 0.131). The significances were analyzed with Gehan-Breslow-

Wilcoxon test.

NIR-II FMI guided surgery. RFS between NIR and non-NIR group
is 90.5% vs 65.5% for 1-Year (*P = 0.039), 61.9% vs 31.2%
for 3-Year (**P = 0.006), and 47.6% vs 21.9% for 5-Year (**P =
0.008), respectively.

The 5-Year OS comparison was not statistically significant
(P = 0.131), although a 15.2% rise was observed in the NIR
group. This result is most likely due to the inconsistencies in
relapse treatments. While novel treatments are continually being
introduced for HCC, a consensus on the optimal approach has
not yet been reached. Therefore, RFS might be better than OS to
evaluate surgical effects.

High level of AFP may cause greater risk of HCC relapse.
For all 13 subjects with 400+ AFP, relapse occurred in 84.6% of
them. Fluorescence imaging and other intraoperative techniques
are therefore recommended for high AFP patients to reduce the
risk of relapse.

In conclusion, by performing NIR-Il fluorescence image-
guided surgery for HCC, the relapse-free survival could be
significantly improved, compared to the traditional hepatectomy
group (using direct visual inspection and palpation). Although
the cohort size may still be limited, these results may encourage
the clinical translation of NIR-Il FMI in various surgeries with
expanded population.
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Efficacy of Near-Infrared
Fluorescence-Guided Hepatectomy
for the Detection of Colorectal
Liver Metastases: A Randomized
Controlled Trial

1234

Kunshan He , Xiaopeng Hong ", Chongwei Chi"*", Chaonong Cai ', Yu An "** Peiping Li’, Xialei Liu "', Hong
Shan’, Jie Tian"**?, Jian Li

Abstract

Background: The application of indocyanine green fluorescence—guided hepatectomy for
liver metastases from colorectal cancer is in the preliminary stage of clinical practice; thus, its
efficacy needs to be determined. This study compared the number of intrahepatic colorectal liver
metastases detected intraoperatively and postoperative recovery data between patients who
underwent traditional hepatectomy (nonindocyanine green group) and traditional hepatectomy
plus intraoperative indocyanine green fluorescence imaging (indocyanine green group).

Study design: Between January 2018 and March 2020, patients with potentially resectable
colorectal liver metastases were randomly assigned to the nonindocyanine green or
indocyanine green group. The number of intrahepatic colorectal liver metastases identified
intraoperatively and based on postoperative recovery data were compared between both groups.
Results: Overall, we recruited 80 patients, among whom 72 eligible patients were randomly
assigned. After allocation, 64 patients, comprising 32 in each group, underwent the allocated
intervention and follow-up. Compared with the nonindocyanine green group, the mean number
of intrahepatic colorectal liver metastases identified intraoperatively in the indocyanine green

166

|
J Am Coll Surg. 2022. 234:130-137 Published online: 1 February 2022

group was significantly greater (mean [standard deviation], 3.03 [1.58] vs 2.28 [1.35]; p = 0.045),
the postoperative hospital stay was shorter (p = 0.012) and the 1-year recurrence rate was also
lower (p = 0.017). Postoperative complications and 90-day mortality were comparable, with no
statistical differences.

Conclusions: Indocyanine green fluorescence imaging significantly increases the number of
intrahepatic colorectal liver metastases identified and reduces postoperative hospital stay and
1-year recurrence rate without increasing hepatectomy-related complications and mortality rates.
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Introduction

Globally, the incidence of colorectal cancer (CRC) ranks
third and the mortality rate ranks fourth among other cancers.’
The liver is the main target organ for hematogenous metastasis of
CRC.?* Approximately 20% to 25% of patients have colorectal liver
metastases (CRLMs) when CRC is diagnosed, and up to 50% of
patients will develop CRLMs within 3 years after being diagnosed
with primary CRC.>* The median survival time for untreated
patients with liver metastases is only 6.9 months, and the 5-year
survival rate for patients with unresectable CRLMs is <5%.° For
patients whose primary tumors and liver metastases can be
radically resected, the median survival time is 35 months, and
the 5-year survival rate is 30% to 57%.%” Some patients whose
initial liver metastases cannot be eradicated can be converted
to resectable states after comprehensive treatment.® Therefore,
international mainstream CRC treatment guidelines, such as
European Society for Medical Oncology, recommend radical
surgery as the only potential cure for patients with CRLMs.*"°

Complete resection of liver metastases remains the best
treatment modality for CRLMs; thus, eligible patients should
receive surgical treatment at an appropriate time."" Despite
improvements in surgical strategies and chemotherapy regimens,
up to 65% to 80% of patients will experience a relapse after
resecting CRLMs, with most recurrences appearing within 12
months."*"® A reasonable explanation for this phenomenon is

that some metastases are likely to be missed at the time of liver
resection.™

This is a challenging problem because the location and size
of small metastatic lesions are variable and difficult to predict.
Routinely recommended imaging modalities, such as CT, play
important roles in the screening, diagnosis, and grading of
CRLMs." " However, they are not sensitive to subcentimeter
nodules and are rarely used intraoperatively. Intraoperative
ultrasound (IOUS) is currently regarded as the gold standard
for detecting liver metastases in open, laparoscopic, or robotic
operations because it offers real-time visualization and high
overall diagnostic accuracy.'”"® However, IOUS also has several
drawbacks because it can easily miss lesions <3 mm, its accuracy
relies on subjective experience, and there is a “blind area” within 1
cm from the surface, which is particularly problematic because
small CRLMs are mainly located on the liver’s surface.™

Because of less autofluorescence, optical scattering
influence, and increased penetration depth,” near-in-frared (NIR)
fluorescence imaging (NIR-FI) has been used in various settings
such as lymph node dissection,” cancer detection,” and nerve-
sparing procedures.” The application of NIR-FI in hepatectomy for
CRLMs is in the preliminary stage. To the best of our knowledge,
most studies had small sample sizes or were retrospective studies
evaluating tumor detection efficacy”* and survival benefit."* Van
and colleagues™ conducted a single-arm study on 40 patients and
demonstrated that additional small and superficial CRLMs were
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detected in 5 patients using NIR-FI, which were otherwise missed
using conventional methods.

Therefore, prospective randomized controlled trials are
warranted to evaluate the efficacy of NIR fluorescence-guided
hepatectomy in patients with CRLMs. The primary aim of this
study was to compare the number of intrahepatic CRLMs detected
intraoperatively and based on postoperative recovery data
between both indocyanine green (ICG) and non-ICG groups.

Methods

The ethics committee of the Fifth Affiliated Hospital of Sun
Yat-sen University approved this study. Before the operation, all
study participants provided written informed consent. The clinical
trial number was ChiCTR2000039635, and the principles of the

Published online: 1 February 2022

Declaration of Helsinki were strictly observed and implemented.

Patients

Eighty patients were enrolled from January 2018 until March
2020. The inclusion criteria were as follows: CRLMs diagnosed
based on imaging and pathologic examination findings;
completely resectable liver metastases with remaining liver volume
were 230%; American Society of Anesthesiologists’ grade 1 or 2;
no serious cardiopulmonary or neurologic disease; performance
status 0 to 1; aged 18 to 75 years; and provided written informed
consent. The exclusion criteria included glomerular filtration rate
<55mL/min; pregnancy; breastfeeding; allergic to iodine, shellfish,
or ICG.

Subjects who met the inclusion criteria were randomly
and evenly assigned to the ICG and non-ICG groups. After
allocation, patients with unresectable tumors, peritoneal

Enrollment ]

Assessed for eligibility (n= 80) ‘

Excluded (n=8)
+ Mot meeting inclusion criteria (n= B)

+ Dedined to participate (n=2)
+ Other reasons (n=0)

Randomized (n=72) ‘

}

s

ey

Allocation

L J

S

Allocated to intervention (n=36)

+ Received allocated intervention (n=32)

+ Did not receive allocated intervention
{Unresectable tumor, n=2 ) (Peritoneal
metastasis, n=1) (Withdrew consent, n=1)

Allocated to intervention (n=36)

+ Received allocated intervention (n=32)

+ Did not receive allocated intervention
(Peritoneal metastasis, n=2)
{Radiofrequency Ablation, n=1) (Withdrew
consent, n=1)

Follow-Up J
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Lost to follow-up {n=0)
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+ Excluded from analysis (n=0)

Fig.1 Consolidated Standards of Reporting Trials diagram of enroliment and allocation.
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metastasis, or other treatment options or those who withdrew
consent were excluded. For synchronous metastases patients
whose primary tumor had not been resected, the primary
colorectal tumor and CRLMs were simultaneously removed
during a single operation.

Randomization and ICG administration

After assessing for eligibility, 72 patients were randomly
assigned with a 1:1 allocation ratio according to the method of
block randomization using SPSS version 20.0 software before
the operation (Fig. 1). Two patients in each group abandoned the
allocated intervention and finally received chemotherapy because
of peritoneal metastasis detected during the operation. The
operation was performed by 2 teams of experienced surgeons
using a standard protocol. Although operating surgeons were
familiar with the group assignments, the postoperative nursing
staff were masked to the group allocations.

After the ICG allergy test, each patient received an intravenous
dose of 0.5 mg/kg ICG 24 hours before the operation in the ICG
group. No adverse or allergic reactions associated with ICG
use occurred during the perioperative period. A self-developed
imaging system (DPM-111-01, Zhuhai Dipu Medical Technology
Co., Ltd.) was used based on our previous studies.”®”’ The DPM-
I11-01 system could display NIR images, white-light images,
or overlaid images, or all 3 images together according to the
surgeon’s needs.

Imaging procedure

In the ICG and non-ICG groups, after patients were
placed under general anesthesia, the operation was initiated by
performing visual exploration and IOUS based on preoperative
imaging data of CT or MRI to locate suspicious lesions. Palpation
was only performed during direct laparotomy or laparoscopic
conversion to laparotomy. Additionally, NIR-FI was used to inspect
the liver surface in the ICG group. Electrocautery and ultrasonic
reamer were used to delimit the boundary of the detected lesions
and perform limited resection. In the ICG group, the boundary
was determined by the lateral margin of fluorescence signal.
For patients with multiple lesions concentrated in the hemiliver
or a certain liver segment, we performed hemihepatectomy or
segmentectomy. After resecting the identified metastasis, the
tumor margin was carefully examined for any remaining tumor
using direct visual inspection. Additionally, the boundary of deep-
located lesions was identified using NIR-FI after exposure or
excision, and the resection planes were re-evaluated to ensure the
radical resection in the ICG group.

Fluorescence microscopy

Through direct visual inspection and NIR-FI, we obtained biop-
sies from the transition zone between metastatic lesions and sur-
rounding normal liver parenchyma from excised specimens, then
embedded in paraffin and sectioned at 4 ym. Fluorescence micro-
scope imaging was performed using an Olympus Bx53 mounted
with the 130W U-HGLGPS guide coupling lighting system (Olym-
pus, Tokyo, Japan). The sections were then stained with hematox-
ylin and eosin. White-light images from conventional microscopy
were subsequently merged with fluorescence microscopic imag-
es.
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Statistical analysis

The mean number of CRLMs detected intraoperatively per
patient from the control groups of 2 previous studies was 2.25.”*
The current analysis was based on an a value of 0.05, a power of
80%, and a margin & of 15%, indicating that each group needed
to include at least 30 patients. Given the expected dropout rate
of 20%, at least 36 patients needed to be enrolled in each group,
totaling 72 participants. We used the mean number of CRLMs de-
tected intraoperatively of each patient as the primary endpoint, and
the patient’s postoperative recovery was set as a secondary study
endpoint. The signal-to-background ratio (SBR) of the fluorescent
rim to the peripheral liver parenchyma was calculated using a
previously described method.” Clinical characteristics between
the groups were compared using an unpaired t-test for parametric
continuous data, which are expressed as mean (standard devia-
tion [SD]). Nonparametric continuous data were analyzed using
the Mann-Whitney U test, which are expressed as medians with
ranges. Categorical variables were compared using Pearson’s chi-
square test or Fisher’s exact test, which are presented as frequen-
cies. P value <0.05 was considered statistically different and 95%
confidence intervals (Cls) were provided when appropriate.

Results

Finally, 64 patients received the allocated intervention and
were eventually followed up. The ICG and non-ICG groups
included 32 patients each (Fig. 1).

The baseline characteristics of the patients are summarized
in Table 1. There were no significant differences between the
ICG and non-ICG groups with respect to age, sex, neoadjuvant
chemotherapy, location of primary tumor (colon or rectum), type of
surgery (laparotomy, laparoscopy, or conversion to laparotomy),
surgical procedure (limited resection vs hemihepatectomy
or segmentectomy), number of CRLMs on CT/MRI (mean
[SD] 2.00 [1.39] vs 2.03 [1.47]), largest hepatic tumor size >5
cm, preoperative CEA levels >200 ng/mL, synchronous or
metachronous metastases, and comorbidities.

Primary endpoint

In the ICG group, preoperative diagnosis revealed 64
lesions; intraoperative visual exploration, IOUS, and palpation (if
applicable) plus NIR-FI detected 104 lesions; and postoperative
pathology confirmed 97 positive lesions. Among the 73 lesions
detected using NIR-FI (Fig. 2A), 67 were pathologically confirmed
to be positive, and their mean SBR was 4.49 (0.74); 6 nodules
were confirmed to be negative based on histopathologic
examination, their mean SBR was 4.11 (0.93), and there was no
statistical difference between these SBR values (p =0.817). In
8 patients, 20 small CRLMs were found using fluorescence only
(Fig. 2B), and their diameters were significantly smaller than those
of additional CRLMs identified using visual exploration, IOUS, or
palpation (mean [SD] 3.95 [1.64] vs 9.30 [6.08] mm; p = 0.000).
The average depth (distance from the liver surface) of the positive
lesions detected using NIR-FI was significantly smaller than
that of the positive lesions not detected using NIR-FI (mean [SD]
1.56 [2.35] vs 16.79 [8.78] mm; p=0.000). Although such deep-
located CRLMs could not be detected using NIR-FI when the liver
surface was explored, after tumor exposure, NIR-FI could be used
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Table 1 Demographic and Clinical Characteristics of the Patients in the 2 Groups

ICG group Mon-ICG group
Varlable in=32) (n=32) OR (95% CI) p Value *
Age, v, mean 38.59 (11.29) 58.94 (10.47) 1003 (0.958-1.050) 0,500
Sex ratio, M:F 17:15 21:11 0,594 (0.217-11.625) 0.309
Chemaotherapy before operarion, n 0,401 {0.145-11.112) 0L.070
Yes 22 15
No 10 17
Locarion of primary tumaor, n 0L.873 (0.314-12.426) 0.794
Colon 21 0
Recrum 11 12
Type of operation, n Mot available 0,159
Laparotomy 11 Li
Laparoscopy 19 14
Conversion o laparotomy, n 2 )
Crperative procedure, n 0.644 (0.1—4.142) 1.000%
Limited resection 30 D]
Hemihepatectomy or segmentecromy 3 3
No. of CRLM on CT/MRI, mean (502) 2.00(1.39) 203 (1.47) 1.016 (0.717=11.439) 09317
Largest hepatic umor =3em, n 1.615 (0.409-16.377) 0.491%
s 4 fs
No 28 26
Preoperative CEA >200ng/mL, n (1,484 (0.042-15.621) 1.000%
Yes 3 1
No 30 31
Synchronous metastases, n 2.444 (0.817-17.308) 0,106
Yes 19 25
Mo 13 T
Comaorbidity, n
corn 1 1 1 (0.06-116.713) 1.0004
VT or PE 0 0 Mot available Mot available
CVE 4 9 2.739 (0.746-110.056) 0.120%
DM 2 3 1.552 (0,241-19.974) 1,000

*Chi-square test
tStudent’s t-test
tFisher’s exact test

CRLM, colorectal liver metastases; CVE, cardiovascular events; DM, diabetes mellitus; DVT, deep venous thrombosis; ICG, indocyanine green; OR, odds ratio; PE,

pulmonary embolism.

to guide the resected margin or determine the completeness of
tumor resection in the excised specimen (Fig. 2C). Fluorescence
signal was observed in normal hepatic tissues that were directly
surrounding the CRLMs and were mainly located in the cytoplasm
of the hepatocytes (Fig. 2D).

In the non-ICG group, preoperative diagnosis revealed 65
lesions; intraoperative visual exploration, IOUS, and palpation
(when applicable) without NIR-FI detected 75 lesions; and
postoperative pathology confirmed 73 positive lesions. The
mean number of intrahepatic CRLMs identified intraoperatively
per patient was significantly greater in the ICG group than in

the non-ICG group (mean [SD] 3.03 [1.58] vs 2.28 [1.35]; p =
0.045). In both groups, no additional lesions were found only on
postoperative pathology.

Secondary endpoint

Operative and short-term outcomes of patients in the 2
groups are shown in Table 2. There were no differences between
the 2 groups with respect to the duration of surgery (odds ratio
[OR] 1.003, 95% CI 0.958 to 1.050;p = 0.089), blood loss
(100 [10 to 1300] vs 200 [20 to 2700] ml; p = 0.124), transfusion
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requirement (OR [odds ratio] 1.000, 95% CI 0.227 to 4.4; p =
1.000), reoperation requirement (OR 1.000, 95% CI 0.060 to
16.713; p= 1.000), 90-day mortality (0 vs 1; p = 1.000), and grade
Il or IV postoperative complications (OR 2.143, 95% CI 0.364 to
12.628; p = 0.672). The duration of postoperative hospital stay (7.5
[3-21]vs 10.5[5-45]days; p=0.012) and 1-yearrecurrence rate (OR
0.262, 95% CI1 0.071 to 0.762; p = 0.017) were shorter and lower,
respectively, in the ICG group than in the non-ICG group.

Among the 6 relapsed cases in the ICG group, one had
superficial recurrence, and the remaining five had multiple
superficial and deep metastases. Of the 15 relapsed cases in
the non-ICG group, five had recurrences in the superficial area,
including one recurrence in the surgical area, and the others had
multiple superficial and deep metastases.

Discussion

This prospective randomized controlled trial aimed to
determine the efficacy of ICG fluorescence-guided hepatectomy
for patients with CRLMs. The findings demonstrated that NIR-FI
was a safe and effective complement to existing methods, including

Published online: 1 February 2022

visual exploration, IOUS, and palpation for the resection of
CRLMSs. Therefore, integrating NIR-FI into existing routine surgical
procedures should be considered.

The liver is the most common site of distant metastasis of
CRC.” Surgical resection is the cornerstone for treating liver
metastasis of CRC.* It includes synchronous removal of the
primary tumor and liver metastases during a single operation
or metachronous resection in which the primary tumor is
removed first, and liver metastasis resection is performed after a
period of nutritional support and chemotherapy.®' Despite recent
improvements in diagnosis and management, most patients with
CRLMs experience intrahepatic recurrence after curative hepatic
resection.”” A possible reason is that some small nodules were
overlooked during preoperative diagnosis and intraoperative
exploration using existing established methods."* Moreover,
even if some CRLMs are detected before surgery, it is difficult
to locate them during surgery because of their deep location or
liver damage after chemotherapy.® Thus, novel intraoperative
imaging techniques to better distinguish CRLMs from normal
liver parenchyma are urgently required. To our knowledge, this is
the first prospective randomized controlled trial to demonstrate a
significant difference in the mean number of intrahepatic CRLMs

Fluorescence Color

Merged

Superficial Missed

Pathological

Deep-located

Fig.2 (A) Superficial lesion detected using conventional methods and near-infrared fluorescence imaging (NIR-FI). (B) Lesion missed using traditional methods
but detected using NIR-FI. (C) Deep-located lesion detected using traditional methods and identified using NIR-FI only after exposure or excision. (D) Microscopic

pathology. Arrowheads indicate colorectal liver metastases.
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Table 2 Surgical and Short-Term Outcome of the Patients in the 2 Groups

ICG group
(n = 32)
143.81 (74.53)
100 (10-1300)

Transfusion requirement, n 4

Variables

Durarion t:al'npu.-r:uiu.:a:'u. min, mean {(S0)
Blood loss, ml., median (range)

Mo of tumors, mean (503) 305 (1.58)
Pastoperative hospieal seay, d, median (range) 7.5 (3=21)
Reoperation. n i
A0-day mortality. n 0
Pastoperative complication grade [l or [V, n 2
Recurrence in 1y, n 0

*Chi-square test

tStudent’s -test

FMann-Whitney U test

§Fisher’s exact test

ICG, indocyanine green; OR, odds ratio

Non-ICG group

(n=32) OR (95% CI) p Value*
175.97 (74.50) 1.003 (0.958-1.050) 0.089+
200 (20-2700] Mot available 01247
4 1 {0.227-4.4) 1.000%
2.28101.3%) 0,750 (0.017-1.483) 0.0457
10.5 (5-45) Mot available 0.012%

I 1 (0.06-16.713) 1.000%

l Mot available 1. 00H0%

4 2,143 (0.364-12.628) 0.672%

15 0,262 (0.071-0.762) 0017

identified intraoperatively per patient with or without NIR-FI.

NIR-FI is an emerging optical imaging modality that has been
used in recent years to provide surgeons with real-time guidance
during surgery. It has the advantages of high resolution, high
SBR, and large penetration depth, which has the potential to
improve perioperative surgical treatment.”® ICG is currently the
most commonly used NIR fluorescent contrast agent and has
been approved for clinical use since 1959. It is cheap, safe, and
has a very low side effect rate.*** NIR-F| with ICG has many
clinical applications in hepatopancreatobiliary surgery, particularly
for cholangiography, liver mapping, and tumor visualization.*® Our
study confirmed that this method could significantly identify many
more smaller liver metastases of CRC, and these lesions showed
rim-type fluorescence. Regarding this phenomenon, we used
microscopy to observe the deformation of hepatocytes around
the tumor, which occurred because of compression by the tumor,
and this led to ICG retention. Additional subcapsular metastases
that were only detected using NIR-FI were found in 25% (8/32) of
patients in the ICG group. If these lesions had been missed, they
would have caused a relapse soon after the operation, which would
seriously influence the effect of surgical treatments or require
another operation. However, 8% (6/73) of the nodules were found
to be false-positive with the confirmation by histologic assessment.
We did not find any bile duct proliferation, regenerative nodules,
or atypical hyperplastic nodules in the resected tissues, which
could explain the false-positive situation. This might account for
the uptake and retention of the ICG associated with the impaired
liver function. We also found that patients in the ICG group had
shorter postoperative hospital stays, which could be related to
the lower number of patients whose operations were converted
to laparotomy. However, there were no statistical differences in
the number of conversions to laparotomy between the 2 groups.
This was likely due to the small sample size of the present study;
therefore, further exploration and verification are required.

Conclusions

Because the CRLMs detected using NIR-FI were all
superficial, with a maximum depth of 9 mm, we believe that this
method should be used in combination with IOUS to take complete
advantage of each method: IOUS can detect deep-located lesions
with high sensitivity and NIR-FI can detect superficial tumors with
high resolution and can provide real-time video navigation of
the entire surgical process. Whether to achieve complete tumor
resection with adequate margins is generally considered to be one
of the most important predictors of recurrence and survival. In most
cases, because of the inherent aggressiveness and invasiveness
of tumors, the tumor boundary may be irregular or adjacent to
blood vessels and functional nerves; thus, intraoperative decision
making is very challenging and requires a trade-off between
complete tumor resection and functional preservation. Based on our
experience, NIR-Fl is a good method to judge the tumor boundary
not only before the resection, but also during and after the
resection. In this study, the 1-year recurrence rate was significantly
lower in the ICG group than in the non-ICG group, and this proves
the usefulness of NIR-FI.

This study had some limitations, including the small sample
size, short follow-up time, and possible biases because the
surgeons were not blinded to the group assignments. In addition,
because ICG does not have the ability to target CRLMs, it may
lead to false positives. We plan to synthesize NIR probes that target
CRC by coupling ICG with bevacizumab and to conduct multiple
large-sample clinical trials or use visible and NIR-I/Il instruments
for multispectral imaging effective hepatectomy in patients with
CRLMs.
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First-in-Human Liver-Tumour
Surgery Guided by Multispectral
Fluorescence Imaging in the Visible
and Near-Infrared-l/ll Windows

Zhenhua Hu'*', Cheng Fang®’, Bo Li*', Zeyu Zhang"*’, Caiguang Cao'? Meishan Cai'? Song Su®, Xingwang Sun®,
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Abstract

The second near-infrared wavelength window (NIR-II, 1,000-1,700 nm) enables fluorescence
imaging of tissue with enhanced contrast at depths of millimetres and at micrometre-scale
resolution. However, the lack of clinically viable NIR-II equipment has hindered the clinical
translation of NIR-Il imaging. Here, we describe an optical-imaging instrument that integrates
a visible multispectral imaging system with the detection of NIR-Il and NIR-I (700—900 nm in
wavelength) fluorescence (by using the dye indocyanine green) for aiding the fluorescence-
guided surgical resection of primary and metastatic liver tumours in 23 patients. We found that,
compared with NIR-I imaging, intraoperative NIR-Il imaging provided a higher tumour-detection
sensitivity (100% versus 90.6%; with 95% confidence intervals of 89.1%—100% and 75.0%—
98.0%, respectively), a higher tumour-to-normal-liver-tissue signal ratio (5.33 versus 1.45) and
an enhanced tumour-detection rate (56.41% versus 46.15%). We infer that combining the NIR-I/
Il spectral windows and suitable fluorescence probes might improve image-guided surgery in
the clinic.
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Introduction

Fluorescence imaging in the near-infrared window | (NIR-I,
700-900 nm) has shown many benefits, in particular, high spatial
and temporal resolution'”, not offered by other imaging modali-
ties. It has gained recognition as a powerful technique and is ex-
pected to have an important role in a variety of clinical scenarios,
for example, in fluorescence image-guided surgery and diagnos-
tic imaging® . Besides several conventional small-molecule NIR
dyes such as methylene blue, fluorescein sodium and indocy-
anine green (ICG), which were approved by the Food and Drug
Administration for routine clinical use, many molecularly targeted
fluorescent probes have been developed and are under active clin-
ical evaluation, such as the folate receptor a-targeted fluorescent
probe folate—FITC", the c-MET-targeted optical probe GE-137"
and the epidermal growth factor receptor-targeted probe Cetux-
imab-IRDye800CW"°. NIR-I fluorescence imaging is thus a prom-
ising approach for clinical applications.

Although NIR-I imaging performs better than imaging
at visible wavelengths, recent advances in optical-imaging
research have shown that imaging quality can be improved in
living subjects by detecting in the second NIR window (NIR-I,
1,000-1,700 nm). This is mainly attributed to diminished tissue
autofluorescence, reduced photon scattering and low levels of
photon absorption at longer wavelengths'®". Outstanding gains in
performance when using the NIR-Il window include light detection
across centimetres of tissue, micrometre resolution at depths of
millimetres and high target-to-background contrast, all achievable
in real time.

However, NIR-Il imaging has not been tested in a clinical
environment, mainly because of a lack of suitable imaging
instruments and optical probes. Although a variety of NIR-II optical
probes, including nanoparticles, organic polymers and small-
molecule dyes have been developed'®™, these have not been
tested in clinic. Recently, the conventional NIR-I dyes ICG and
IRDye800CW have been found to show tail fluorescence in the
NIR-Il window™, and clinically used ICG has been further proved
to be suitable for NIR-Il imaging with high performance in small-
animal models®"*. These findings pave the way for the clinical
translation of NIR-Il imaging.

Motivated by these advances, we present the development of

an integrated visible and NIR-I/Il multispectral imaging instrument,
and characterize its imaging performance at different infrared win-
dows in phantom and animal studies. We also report the first-in-
human study of visible, NIR-I and NIR-II multispectral imaging in
23 patients with liver cancer, injected with ICG, and compare the
imaging performance of the NIR-I window with that of the NIR-II
window in each patient, to evaluate the potential of intraoperative
NIR-II fluorescence imaging and NIR-II image-guided surgery in
the clinic (Fig. 1).

Results

Integrated visible and NIR-I/ll multispectral
imaging instrument for clinical use.

To translate the NIR-Il imaging approach into the clinic, and
understand its advantages and limitations over NIR-I imaging,
we constructed an integrated visible and NIR-I/ Il multispectral
imaging instrument, covering the light spectrum range of
400-1,700 nm. This optical-imaging instrument consists of two
sets of laser excitation equipment and three subsystems: NIR-
Il imaging, NIR-I imaging and visible light imaging for acquir- ing
NIR-II fluorescence, NIR-I fluorescence and tissue anatomical
information, respectively (Fig. 1b). The specific parameters of this
instrument are listed in Supplementary Table 1. The multispectral
instrument was easily placed in the surgical room for clinical use
(Fig. 1c). Using the multispectral instrument, NIR-Il and NIR-I
imaging were performed in the operating room with illumination
on and off, respectively (Supplementary Fig. 2a, NIR-Il imaging;
Supplementary Fig. 2b, NIR-I imaging).

NIR-l/ll imaging of phantoms and tumour mice,
and image-guided tumour resection.

To further study the performance of the developed imaging
instrument, phantoms and tumour-bearing mice were used, and
image-guided tumour resection in animal models was performed.
In the phantom imaging study, both the NIR-Il and NIR-I fluores-
cence signal intensities linearly correlated with the increasing
concentration of ICG in fetal bovine serum (FBS) (Supplementary
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Fig.1 Description of the study plan and the visible and NIR-I/Il multispectral imaging instrument for clinical applications. a, Patients with liver cancer were
enroled in the study, and then received preoperative imaging examinations, including enhanced CT, MRI, ultrasonography and PET. Before surgery, the patients were
injected with ICG intravenously at a dose of 0.5 mg kg—1 body weight as a routine preoperative liver function test. One to seven days later, on the day of surgery, the
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Information and Supplementary Fig. 1a,b). Specifically, the cor-
relation between NIR-I imaging intensity and ICG concentration
was found to be Y=0.73 x X + 0.69 (R*=0.94) for ICG in FBS
(Supplementary Fig. 1b, left). Similarly, the correlation between
NIR-II imaging intensity and ICG concentration was found to be
Y=0.45xX+0.19 (R*=0.96) for ICG in FBS (Supplementary Fig.
1b, right). Further quantitative analysis of the signal-to-background
ratio (SBR) indicated that NIR-Il imaging with ICG in FBS had a
greater SBR, followed by NIR-I imaging with ICG in FBS (Supple-
mentary Fig. 1c). For 4.5x 102 mgml™ ICG, the SBR for NIR-II
imaging and NIR-l imaging was 35.56 + 0.26 and 16.85 + 0.27,
respectively. The minimum detectable concentration of ICG by the
instrument was 77.4 fM for NIR-Il imaging and 6.45 fM for NIR-I
imaging, indicating the high sensitivity of the multispectral imaging
instrument.

Moreover, both NIR-I and NIR-Il imaging clearly differentiated
three phantoms (prepared with ICG dissolved in FBS in capil-
lary glass tubes) (Fig. 2a, first row). When these samples were
covered by chicken breast tissue with a thickness of 2.0mm, the
phantoms remained clearly imaged and discriminated (Fig. 2a,
second row). However, when 5.0 mm of chicken breast tissue
was used, NIR-l imaging failed to distinguish the three phantoms,
whereas NIR-Il imaging was still capable of differentiating the
three sources (Fig. 2a, third row), demonstrating the higher optical
resolution of NIR-II over NIR-I. Lastly, both NIR-I and NIR-II de-
tected signals from the phantoms, but NIR-I imaging failed to differ-
entiate them, and NIR-Il imaging was still capable of differentiating
the three sources when 8 mm of chicken breast tissue was used as
a cover (Fig. 2a, fourth row). Further quantitative analysis showed
that the fluorescence signal intensity and SBRs obtained from NIR-I
and NIR-Il decreased with increasing depth of the phantoms (Fig.
2b,c). But regardless of the phantom depth, the SBRs of NIR-II
were always significantly higher than those of NIR-I (P <0.01) (Fig.
2c), indicating that better imaging quality was achieved by NIR-II
over NIR-I using the multispectral imaging instrument.

NIR-I and NIR-Il imaging of subcutaneous HepG2 tu-
mour-bearing mice (n = 3 biologically independent animals per
group) with tail-vein-injected ICG were further performed at 24
h post-injection. Both NIR-I and NIR-Il imaging showed that ICG
accumulated in the tumour and liver with good contrast (Fig. 2d).
Tumours were then removed in both groups of mice under the
guidance of fluorescence imaging. Quantitative analysis showed
that both the NIR-I and NIR-II signal from the tumour region and
tumour-to-normal-tissue ratio (TNR) markedly dropped after the
resection (Fig. 2e,f). Quantitative analysis indicated that preop-
erative NIR-Il imaging showed a significantly higher TNR than
that of NIR-I (2.25+0.06 versus 1.48 +0.04, P<0.001), whereas
postoperative NIR-Il imaging showed a similar TNR to that of
NIR-I (1.01+0.02 versus 1.05+0.04, P=0.24) (Fig. 2f). Moreover,
the SBR for liver (defined as the liver-signal-to-skin ratio) obtained
from preoperative and postoperative NIR-Il imaging were also sig-
nificantly higher than those obtained from the corresponding NIR-I
imaging (P<0.01).

Intraoperative NIR-I/ll imaging of patients with
primary hepatocellular carcinoma, intrahepatic
metastasis or extrahepatic metastasis.

Patients with liver cancer (n =23) were enroled in the group

(details of patient characteristics are listed in Supplementary
Table 2), and they received preoperative imaging examinations,

Published online: 23 December 2019

including enhanced computed tomography (CT), magnetic
resonance imaging (MRI), ultrasonography and positron emission
tomography (PET). Before surgery, the patients were injected
with ICG intravenously at a dose of 0.5 mg kg™ body weight as a
routine preoperative liver function test. One to seven days later,
on the day of surgery, the patients received a laparotomy. The liver
surface was examined by the multispectral imaging instrument
and visible, NIR-I and NIR-II images were obtained. Tumours
were surgically resected by the guidance of intraoperative in vivo
ultrasonography and NIR-I imaging, while in vivo NIR-Il imaging
was performed as a contrast. The resected tumours were also
imaged with intraoperative ex vivo visible, NIR-I and NIR-I|
imaging.

The effects on image quality from environmental light were
briefly tested. For a typical patient with liver cancer, the tumour
could be identified in the visible light image using the multispectral
instrument, as indicated by the white arrows in Supplementary
Fig. 2c. We found that NIR-II imaging was barely affected by the
illumination of operating room (Supplementary Fig. 2d). In con-
trast, NIR-I fluorescence was strongly disturbed and unable to be
differentiated under room illumination (Supplementary Fig. 2e). In
another patient, visible and NIR-Il images of the liver surface were
efficiently acquired with room illumination on (Supplementary Fig.
2f,g), whereas illumination off was necessary to acquire clear NIR-I
tumour images (Supplementary Fig. 2h). Hence, in the following
experiments, NIR-I imaging was always performed with room illu-
mination off in this study.

For a typical patient with hepatocellular carcinoma (HCC),
pre- operative enhanced CT showed a tumour located in liver seg-
ments VII and VIII (Couinaud segmentation) (Fig. 3a). The liver
surface was visualized by visible light imaging (Fig. 3b). A nodule
of liver cancer was successfully detected by an intense NIR-Il and
NIR-I fluorescence signal using intraoperative NIR-Il and NIR-I
imaging (Fig. 3c,d and Supplementary Fig. 8b,c). For a typical pa-
tientwith intrahepatic metastasis, enhanced CT images showed
two meta- static lesions in the liver (as one representative lesion,
indicated by the red arrow in Fig. 3e). The multispectral instrument
also detected the two intrahepatic metastases (Fig. 3f—h and
Supplementary Fig. 8d-f) and visualized them, individually. For a
typical patient with extrahepatic metastasis, both preoperative CT
and PET imaging indicated primary liver cancer in liver segments
Il'and Ill, but failed to detect the extrahepatic metastasis (Fig. 3i,j).
After laparotomy, intraoperative NIR-Il and NIR-I imaging revealed
the metastatic lesion in the omentum (Fig. 3k—m and Supplemen-
tary Fig. 8g-i) and the peritoneum (data not shown). These results
demonstrated that the combination of intraoperative NIR-Il and
NIR-I fluorescence imaging detected extrahepatic metastases
overlooked by preoperative modalities, and that this finding
changed the patient’s staging and treatment options.

In these three representative examples, the white arrows
correspond to the location and direction of cross-sectionalfluores-
cence intensity profiles for both the NIR-Il and NIR-I regions. The
quantitative analysis results also showed that the NIR-Il imaging
discriminated a nodule of liver cancer more effectively compared
with NIR-I (Fig. 3n). All the TNRs of NIR-Il were much higher than
those of NIR-I (primary HCC, 2.10 versus 1.07; intrahepatic me-
tastasis, 2.83 versus 1.02 and 2.50 versus 1.01; extrahepatic me-
tastasis, 1.19 versus 1.07). Further histopathological examination
using hematoxylin and eosin (H&E) staining demonstrated that
the dissected tumours were well-differentiated HCC (Fig. 3o, top),
moderately differentiated HCC (Fig. 30, middle) and moderately
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Fig.2 Comparison of the penetration and resolution of NIR-Il and NIR-l imaging and the NIR-l/ll image-guided tumour resection of subcutaneous HepG2
tumour-bearing mice. a, Visible light images and NIR-I/Il images of the capillary glass tubes containing ICG dissolved in FBS. Arrows correspond to the location and
direction of cross-sectional fluorescence intensity profiles for both the NIR-I and NIR-II regions. The capillary glass tubes were covered by chicken breast tissue with
various thickness (1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0 mm). b, The NIR-I/Il fluorescence signal intensity decreased with increasing depth of the capillary glass
tubes. ¢, There was a significant difference between the SBR of NIR-Il and NIR-I imaging at various depths (P < 0.01). Significance was calculated by a two-sided
Welch’s t-test. **P < 0.01. d, The detection of the subcutaneous HepG2 tumour and image-guided resection by NIR-I/ll imaging (first row and second row, resection
guided by NIR-I and Il imaging, respectively.). e, The NIR-I/Il signal in the tumour position dropped dramatically after resection. f, Quantitative analysis indicated that
preoperative NIR-Il imaging showed a significantly higher TNR than that of NIR-I (2.25 + 0.06 versus 1.48 + 0.04, P < 0.001), whereas postoperative NIR-Il imaging
showed a slightly lower TNR than that of NIR-I but with no significant difference (1.01 + 0.02 versus 1.05 + 0.04, P = 0.2396). Significance was calculated by a two-
sided Welch'’s t-test. **P < 0.01; ***P < 0.001. Data in b, ¢, e and f are mean + s.d.

178

Nat Biomed Eng. 2020. 4(3): 259-271 Published online: 23 December 2019

a
e
i
n
MIR-1I
5 % 3
]
- g 1
- )
G 0+ ; - a0+ ——— _-‘-J_,,-. 3
0 10 20 30 o 20 40 Soea SN
Pasition (mm) Position (mm) el e NIR-1 NIR-II
MIR-Il TNR NIR-I THR FReIs e P <0001
o —1 ir,, ig‘.ﬂ}.}" B (=13
T 5388 250 <<§ 5. 102 10 T )
e b
2 ] M g £ 5 loio
[ = = {n = 10j)
E 0 ¥ ¥ ¥ 1 E 0 4 T T 1 o Encn
0 __45 a0 0 30 &0 90 L —
Position (mmn) Position {mm)
NIR-Il NIR-| F= 045231 |15
5 4+ TNR=1.19 4 64 TNR=1.07 5 (n=2)
_— i _-..r""_".‘".""-—-_
" a—'\f\_r ] | T E gﬂ
£ £ F o 32
& odb—v—— Eod+—mF— 1 { =
0 20 40 0 20 40 60 L . 1T .
Position (mm) Position (mrm) NIF- MR-l :

Fig.3 Intraoperative NIR-Il/l imaging of patients with primary HCC, intrahepatic metastasis or extrahepatic metastasis. A total of 1,057 intraoperative
fluorescence images, including 490 NIR-I images and 567 NIR-Il images, were obtained. Additional results are included in Supplementary Figs. 2-8. a, For a typical
patient with HCC, preoperative enhanced CT showed a tumour located in liver segments VIl and VIII. b, The liver surface was visualized by visible light imaging with
illumination from sunlight lamps in the surgery room. c,d, A nodule of liver cancer was successfully detected as intense NIR-II (c) and NIR-I (d) fluorescence signals
using intraoperative NIR-Il and NIR-I imaging. e, For a typical patient with intrahepatic metastasis, enhanced CT images showed two metastatic lesions in the liver
(as one representative lesion indicated by the red arrow). f-h, The multispectral instrument detected two intrahepatic metastases, showing them separately, using
visible light imaging (f), and intraoperative NIR-II (g) and NIR-I (h) imaging. i-m, For a typical patient with extrahepatic metastasis, preoperative CT (i) and PET (j)
images clearly showed primary liver cancer in liver segments |l and Il and there was no extrahepatic metastasis. However, after the laparotomy, intraoperative NIR-II
() and NIR-I (m) imaging found the metastatic lesion in the omentum (k). n, White arrows correspond to the location and the direction of cross-sectional fluorescence
intensity profiles for both the NIR-II and NIR-I regions. The quantitative analysis results also showed that the NIR-Il imaging discriminated a nodule of liver cancer
more effectively compared with NIR-I. o, The H&E results showed that the tumours were well-differentiated HCC (top), moderately differentiated HCC (middle) and
ICC (bottom). Scale bar, 50 um. p, For all the patients with primary HCC (n = 11), NIR-Il imaging achieved a significantly higher TNR over NIR-I imaging (P = 0.024,
top). For all the patients with intrahepatic metastasis (n = 9), intraoperative NIR-Il imaging showed a significantly higher TNR over NIR-I imaging (P < 0.001, middle).
Lastly, it was found that the TNRs of NIR-Il imaging obtained from two patients with extrahepatic metastasis were higher than those of NIR-I (bottom). Each point in
the figure represents the result from one patient. Data are mean % s.d. Significance was calculated by a two-sided Welch’s t-test. *P < 0.05; ***P < 0.001. q, For a
typical patient with HCC, the liver surface was visualized by visible light imaging. r, A small intrahepatic metastasis in the right liver was successfully detected by NIR-
Il imaging, as shown by the red arrow. s, However, NIR-I imaging failed to detect the lesion. t, The TNR of NIR-Il was 1.49. u, Histopathological examination using
H&E staining showed that the dissected lesion was moderately differentiated HCC. Scale bar, 50 pm.
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differentiated cholangiocellular carcinoma (ICC) (Fig. 30, bottom).

In this study, for all the patients with solitary HCC (n=11), intra-
operative NIR-Il imaging detected seven HCC nodules, including
two well-differentiated HCCs and five moderately differentiated
HCCs. Intraoperative NIR-I imaging detected six HCC nodules,
including two well-differentiated HCCs and four moderately differ-
entiated HCCs. NIR-Il imaging achieved a much higher TNR over
NIR-I imaging (Fig. 3p, top; 2.43 + 1.16 versus 1.17 £ 0.13, P=
0.024). For all the patients with intrahepatic metastasis (n=9), in-
traoperative NIR-Il imaging detected nine primary HCCs and four
intrahepatic metastases, whereas NIR-l imaging detected seven
primary HCCs and three intrahepatic metastases. Intraoperative
NIR-Il imaging also showed a much higher TNR over NIR-I imag-
ing for these patients (Fig. 3p, middle; 2.83+1.13 versus 1.07+0.04,
P < 0.001). Lastly, it was found that the TNRs of NIR-Il imaging
obtained from two patients with extrahepatic metastasis were
higher than those of NIR-I (Fig. 3p, bottom).

We also found that NIR-Il imaging was able to visualize some
tumour lesions that were missed by NIR-I imaging. For example,
the liver surface was visualized by visible light imaging in a patient
with HCC (Fig. 3q). A small intrahepatic metastasis in the right liver
was successfully detected by NIR-Il imaging, as shown by thered
arrow in Fig. 3r. However, NIR-I imaging failed to detect the lesion
(Fig. 3s). The TNR of NIR-Il was 1.49 (Fig. 3t). Histopathological
examination using H&E staining showed that the dissected lesion
was moderately differentiated HCC (Fig. 3u).

Intraoperative fluorescence image-guided
tumour resection.

Tumour lesions recognized by surgeons first received visible
light imaging by the multispectral imaging instrument (Fig. 4a).
NIR-II fluorescence also identified the location of the tumour (Fig.
4b). The NIR-I fluorescence distribution pattern was consistent
with that of the NIR-Il image (Fig. 4c). Guided by ultrasonography
and the visible light image, the tumour was resected and thought
to be completely removed on the basis of the experience of the
surgeons (Fig. 4d). Intraoperative ultrasonography also verified
that there was no residual tumour (Fig. 4j). However, NIR-Il and
NIR-I imaging still detected fluorescence from the remaining
tissue (Fig. 4e,f). Then, on the basis of the NIR-I images, further
resection was per- formed. After this second resection, visual
inspection indicated that there was no residual tumour (Fig. 4g),
and optical imaging showed no NIR-II or NIR-I fluorescence
in the remaining tissue either (Fig. 4h,i). The abovementioned
two resected tissues were imaged and are shown in Fig. 4k,|,
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respectively. Quantitative analysis indicated that both the NIR-I
and NIR-Il signals from the tumour region had no obvious
change after the first resection but hugely dropped after the
second resection (Fig. 4m). For the first resection, the TNR of
NIR-Il imaging was also higher than that of NIR-I, and there was
no difference for the TNR of NIR-Il and NIR-| after the second
resection (Fig. 4n). H&E staining showed that the two resected
tumour tissues were both HCC (Fig. 40). The results indicated
that both intraoperative NIR-I and NIR-Il imaging detected
residual HCC, which were undetected by visual inspection and
intraoperative ultrasonography.

NIR-Il imaging also demonstrated the capability to delineate
lesions that were missed by NIR-l imaging in the image-guided
resection procedure. For a typical patient with HCC, guided by
ultrasonography and the visible light image, the tumour was
resected and considered to be completely removed on the basis
of the experience of the surgeons (Fig. 4p). However, NIR-II
imaging detected a residual fluorescent lesion (Fig. 4q) and NIR-I
imaging failed to reveal any signals (Fig. 4r). This fluorescent lesion
was con- firmed as abnormal by surgeons and then resected.
Postoperative histopathological examination proved that the
resected abnormal tissue was HCC (Fig. 4s).

NIR-l/ll imaging of the resected specimens.

A typical primary HCC was resected and then clearly
delineated ex vivo from intra- operative visible light, NIR-Il and
NIR-I images (Supplementary Fig. 3a—c). For a representative
intrahepatic metastasis, the resected tumour specimen was
sliced and imaged intraoperatively with the multispectral imaging
instrument (Supplementary Fig. 3d—i). NIR-Il and NIR-I imaging
identified three extra lesions that were undetected by preoperative
CT, as indicated by white and red arrows in Supplementary Fig.
3e—i. For an extrahepatic metastasis, on the basis of the NIR-I
image, the metastatic lesion was resected (Supplementary
Fig. 3j), and NIR-II and NIR-I fluorescence was observed from
the resected tumour specimen (Supplementary Fig. 3k,l). The
quantitative analysis showed that the NIR-Il imaging discriminated
lesions more effectively compared with NIR-I (Supplementary
Fig. 3m-o). All the TNRs of NIR-Il were much higher than those
of NIR-I (primary HCC, 1.37 versus 1.04; intrahepatic metastasis,
2.63 versus 1.11 and 2.00 versus 1.24; extrahepatic metastasis,
5.73 versus 1.15). The H&E results demonstrated that the primary
tumour was well-differentiated HCC (Supplementary Fig. 3p). For
the intrahepatic metastases, one was found to be focal nodular
hyperplasia (Supplementary Fig. 3q, number 1) and the other

Fig.4 Intraoperative NIR-l/Il fluorescence image-guided tumour resection. a, For a typical NIR-I image-guided surgery study, the visible image first showed a
lesion in the liver tissue. b, NIR-II fluorescence also identified the location of the tumour. ¢, The NIR-I fluorescence distribution pattern was consistent with that of
the NIR-Il imaging. d, Guided by ultrasonography and the visible light image, the tumour was resected and thought to be completely removed on the basis of the
experience of the surgeons. j, Intraoperative ultrasonography also verified there was no residual tumour. e,f, However, NIR-II (e) and NIR-I (f) imaging still detected
fluorescence in the residual tissue (indicated by red arrows). Then, on the basis of the NIR-I image, further resection was performed. g, After this second resection,
visual inspection indicated there was no residual tumour. h,i, Further, there was no NIR-II (h) or NIR-I (i) fluorescence signal in the residual tissue. k,l, The first (k)
and second (l) resected tissues. m, Quantitative analysis indicated that both the NIR-I and NIR-II signals from the tumour region had no obvious change after the
first resection, but hugely dropped after the second resection. n, For the first resection, the TNR of NIR-Il imaging was also higher than that of NIR-I, and there was
no difference for the TNR of NIR-II and NIR-I after the second resection. o, The two resected tumour tissues were shown to be HCC. Scale bar, 50 uym. p, For a
typical patient with HCC, guided by ultrasonography and the visible light image, the tumour was resected and thought to be completely removed on the basis of the
experience of the surgeons. q, NIR-Il imaging detected fluorescence signals in the remaining tissue sections. r, NIR-I imaging did not reveal any signals. s, The
fluorescent residual tissues were further resected and received histopathological examination to verify that the tissues were HCC. Representative H&E staining

image showed that the resected lesion was HCC. Scale bar, 50 ym.
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Fig.5 Comparison of TNR or TBR for NIR-lIl and NIR-l imaging. a, Quantitative analysis of the TNR of NIR-Il and NIR-I imaging in the in vivo experiment. b,
Quantification analysis of the TNR of NIR-Il and NIR-I imaging in the ex vivo experiment. ¢, Quantitative analysis of the TBR of NIR-Il and NIR-I imaging in the ex vivo
experiment. Quantitative analysis of all patients clearly showed that the TNR or TBR for NIR-Il imaging was much larger than that for NIR-I imaging both in the in vivo
and ex vivo experiments. NIR-II, red solid circle; NIR-I, black hollow circle. d, In the in vivo experiment, there was a significant correlation difference between the TNR
of NIR-Il and NIR-I (P < 0.0001). The TNR of the NIR-II imaging results was obviously higher than that of the NIR-I results. e, In the ex vivo experiments, the TNR of
NIR-II imaging was significantly higher than that of NIR-I imaging (P < 0.0001). f, In the ex vivo experiments, the TBR of NIR-Il imaging was superior compared with
NIR-I imaging (P < 0.0001). Data in d—f are mean * s.d. Data range, median and quartiles are shown as box plots in d—f. Significance was calculated by a two-sided
Welch'’s t-test. ****P < 0.0001.
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two were shown to be HCC (Supplementary Fig. 3r,s, num- bers
2 and 3). The extrahepatic metastasis was shown to be HCC
(Supplementary Fig. 3t).

For a typical patient with HCC (Fig. 3a—d), intraoperative
NIR-II and NIR-I imaging detected the lesion (Fig. 3c,d). The
intraoperative ultrasonography was used for demonstrating
the position, depth and size of the tumour (Supplementary Fig.
4a). The resected fluorescent tissue (Supplementary Fig. 4b)
was transversely incised into two parts along the maximum
tumour diameter (Supplementary Fig. 4c). NIR-Il and NIR-I
fluorescence imaging was performed on the tumour specimen
and no fluorescence was acquired in the normal liver tissues
(Supplementary Fig. 4d, visible image; Supplementary Fig. 4e,
NIR-Il; Supplementary Fig. 4f, NIR-I). The quantitative analysis
results showed that the NIR-Il imaging discriminated lesions more
effectively compared with NIR-I (Supplementary Fig. 4g,h).

For another typical patient with HCC (Supplementary Fig.
4i), intraoperative fluorescence imaging did not detect any
lesions; however, the intraoperative ultrasonography detected a
tumour at a depth of 20 mm (Supplementary Fig. 4j). The tumour
was resected (Supplementary Fig. 4k). The specimen was
transversely incised to expose the maximum tumour section, and
was further sliced into pieces of approximately 10 mm thickness
(Supplementary Fig. 4l). Every section received fluorescence
imaging to detect all the tumour lesions. The NIR-Il and NIR-I
imaging results showed the cirrhotic nodule had no NIR-II or
NIR-I fluorescence, while the tumour tissues were fluorescent
(Supplementary Fig. 4m, visible image; Supplementary Fig. 4n,
NIR-II; Supplementary Fig. 40, NIR-I). The H&E results con- firmed
that the tissue with the strongest optical signal (Supplementary
Fig. 4m, arrow 1) was solid-type HCC (Supplementary Fig. 4p),
the tissue with relatively weak fluorescence (Supplementary
Fig. 4m, arrow 2) was glandular-type HCC (Supplementary Fig.
4q) and the non-fluorescent tissue (Supplementary Fig. 4m,
arrow 3) was a cirrhotic nodule (Supplementary Fig. 4r). The
quantitative analysis demonstrated again that NIR-Il imaging had
a stronger performance than NIR-I imaging in tumour identification
(Supplementary Fig. 4s,t).

Comparisonofimagingcontrastratiobetween
NIR-land NIR-Il imaging.

The fluorescence intensity of tumour, normal liver tissue and
ex vivo imaging background were plotted (Supplementary Fig. 9).
The quantified data are listed in Supplementary Table 3. Tumour
tissue, normal tissue or background could be differentiated by NIR-I
or NIR-II fluorescence intensity. Notably, the differences between
tumour signals and normal-tissue signals or background in NIR-II
imaging were much more pronounced than those from NIR-I imag-
ing, explaining why NIR-II imaging had improved performance in
identifying lesions compared with NIR-I.

Quantitative analysis of all patients clearly showed that the
TNR or tumour-to-background ratio (TBR) of NIR-Il imaging was
much higher than that of NIR-I imaging both in the in vivo and
ex vivo imaging studies (Fig. 5a—c). The TNRs and TBRs of the
NIR-I/ll imaging studies are listed in Supplementary Table 6. In the
in vivo imaging study, the mean TNR of NIR-Il imaging was 2.66
+ 1.14, which was almost 2.4-fold higher than that of NIR-I (1.12
1 0.12). The maximum TNR of in vivo NIR-Il imaging and TBR of
ex vivo NIR-Il imaging were 5.33 and 5.72, respectively. However,
the maximum TNR of in vivo NIR-I imaging and TBR of ex vivo
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Fig.6 Comparison of tumour-detection ability of NIR-I/Il imaging. a,
Preoperative imaging modalities identified 34 lesions. A total 35 lesions were
found by NIR-II imaging. NIR-II imaging identified 30 of 34 preoperatively
diagnosed lesions. There were 4 of these 34 lesions that were not detected by
NIR-Il imaging. However, other than preoperatively diagnosed lesions, NIR-II
fluorescence imaging visualized six new lesions. Five lesions were malignant
and one was benign. b, NIR-I imaging detected a total of 32 lesions. NIR-I
imaging identified 27 of 34 preoperatively diagnosed lesions. There were seven
lesions that were not detected by NIR-I imaging. Besides the preoperatively
diagnosed lesions, NIR-I fluorescence imaging also visualized six new lesions
(five malignant lesions and one benign lesion). ¢, A total of 35 tumours were
found by NIR-II imaging, including the in vivo intraoperative imaging and the
ex vivo resected specimen imaging. Intraoperative NIR-Il imaging visualized
22 lesions. The other 13 lesions were found in the sectioned specimens by
NIR-II imaging. NIR-I imaging detected a total of 32 tumours: 18 tumours were
detected in the intraoperative imaging and 14 tumours were detected in the
resected specimen imaging. The 32 lesions detected by NIR-I imaging were all
detected by NIR-Il imaging. It is worth noting that NIR-II imaging found three
extra tumours that could not be found by NIR-I imaging. Data range, median
and quartiles are shown as box plots in a—c.
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Table 1 Diagnostic results of NIR-Il and NIR-l imaging

Gold standard Gold standard Cl
Positive Negative
MIR=11 Paositive 32 3 G5%
Megative 0 23
MIR-1 Pasitive 29 3 G5%
Megative 3 23

PPV, positive predictive value; NPV, negative predictive value.

Sensitivity (%)  Specificity (%) PPV NPV Accuracy
100 B8.46 91,43 100 9.43
B9.1-100 69.85-9755 765-98.2 BL18-100 769-982
90.63 88.46 G063 88.46 82.86
75.0-98.0 69.85-9755 75.0-98.0 &985- 66.4-93.4

755

NIR-I imaging were only 1.45 and 2.92, respectively. For both in
vivo and ex vivo imaging studies, there was a significant improve-
ment of the imaging contrast ratio in NIR-Il compared with NIR-I
(Fig. 5d—f; P < 0.0001 for in vivo and ex vivo). The distribution of
the TNR/ TBR for NIR-Il imaging was found to be mainly in the
range of 2—4, much higher than that for NIR-I, which was mainly
in the range of 1-2 (Fig. 5d—f).

Comparison of malignant tumour-detection
ability of NIR-I and NIR-Il imaging.

Overall, 23 patients had a total of 39 lesions including the
primary tumour and metastases. Preoperative imaging modalities
identified 34 malignant lesions. NIR-Il imaging detected 35
malignant lesions and NIR-I identified 32 malignant lesions.
The results are listed in Supplementary Table 7. NIR-Il imaging
identified 30 of 34 preoperatively diagnosed malignant lesions,
including 20 lesions visualized by intraoperative in vivo NIR-II
fluorescence imaging and the other 10 found in the sectioned
specimens by intraoperative ex vivo NIR-II imaging. There were
four lesions not detected by NIR-Il imaging. However, other than
preoperatively diagnosed lesions, NIR-Il fluorescence imaging
visualized five additional malignent lesions, including two detected
by intraoperative in vivo NIR-Il imaging and three found in NIR-I
imaging of specimens (Fig. 6a).

NIR-I imaging identified 27 of 34 preoperatively diagnosed
malignant lesions, including 17 lesions visualized by intraoperative
in vivo NIR-I fluorescence imaging and the other 10 found by
intraoperative ex vivo NIR-l imaging. There were seven lesions not
detected by NIR-I imaging. However, other than preoperatively
diagnosed lesions, NIR-I fluorescence imaging also visualized
five additional malignant lesions, including one detected by
intraoperative in vivo NIR-I imaging, and four found by ex vivo NIR-I
imaging on specimens (Fig. 6b).

The six lesions newly detected by NIR-Il or NIR-I imaging
included three HCCs (three were moderately differentiated), two
ICCs and one benign lesion (Supplementary Table 4). The benign
lesion was later diagnosed as a focal nodular hyperplasia by
histopathological analysis. Except one ICC, the diameter of the
newly detected lesions was below 15 mm.

For the 35 tumours found by intraoperative NIR-II imaging,
22 tumours were visualized by in vivo imaging, and the other 13
tumours were found in the sectioned specimens by ex vivo imaging
(Fig. 6¢). Intraoperative NIR-l imaging detected 32 tumours in total:

18 tumours were detected in vivo and 14 tumours were detected
in the resected specimen imaging. All of the 32 lesions detected
by NIR-I imaging were also detected by NIR-Il imaging. It is worth
noting that NIR-Il imaging found three extra tumours that were not
detectable by NIR-Iimaging.

The malignant tumour-detection rate of intraoperative in vivo
NIR-Il and NIR-I fluorescence imaging was calculated to be 56.41%
(22/39, 95% confidence interval (Cl) 39.6%—72.2%) and 46.15%
(18/39, 95% CI 30.1%—-62.8%), respectively. The detection rate
was 100% (32/32, 95% CI 89.1%—-100%) and 90.63% (29/32,
95% ClI 75.0%—98.0%) for ex vivo NIR-Il and NIR-I fluorescence
imaging, respectively (Supplementary Table 5). Moreover, the
detection sensitivity of NIR-II imaging was 100% (32/32, 95% CI
89.1%—100%) and its positive predictive value was 91.43% (32/35,
95% CI 76.9%— 98.2%), while the sensitivity of NIR-I imaging was
90.63% (29/32, 95% CI 75.0%—-98.0%) and its positive predictive
value was 90.63% (29/32, 95% CI 75.0%—-98.0%) (Table 1). Lastly,
the accuracy of tumour detection of NIR-Il and NIR-I imaging
was calculated to be 91.43% (32/35, 95% CIl 76.9%—-98.2%) and
82.86% (29/35, 95% CI 66.4%—-93.4%), respectively.

Discussion

Fluorescence detection in the NIR-Il window provides many
advantages over the more conventional NIR-I imaging, including
improved imaging depth sensitivity, higher spatial resolution and
imaging contrast in small-animal models'®, and thus represents
a promising field of study. Considering the interest in pursuing clin-
ical NIR-I imaging, demonstrated by recent literature on the topic,
and the potential utility that the NIR-I spectral window has for dis-
ease diagnosis and image-guided surgery® ", it is both crucial and
urgent to determine whether NIR-Il imaging provides similar bene-
fits in clinical scenarios, and to evaluate its performance compared
with NIR-I imaging. We have thus developed an integrated visible
and NIR-II/I multispectral imaging instrument and performed the
first-in-human study testing NIR-II imaging in a group of patients
with liver cancer. The results will help to understand the potential
role of NIR-Il imaging in patient diagnosis and management, and
to determine the advantages and limitations of both NIR windows
in human applications.

The optical-imaging instrument covers the whole spectrum
of visible, NIR-I and NIR-II light, providing the capability to image
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diseased tissue using a wide range of optical probes detectable
in the NIR-I/Il windows, and to directly compare the imaging per-
formance of NIR-Il and NIR-I in the same patients. An experiment
carried out on a phantom containing ICG samples showed that
the detection sensitivity of the multispectral instrument is 77.4 fM
for NIR-Il imaging and 6.45 fM for NIR-I imaging, suggesting that
the instrument can detect targets with very low concentrations of
contrast agent. It should also be noted that the higher sensitivity in
vitro observed for ICG in the NIR-I over the NIR-Il window is main-
ly attributed to the peak fluorescence emission intensity displayed
by ICG in the NIR-I window, than in the tail-end of its emission in
the NIR-Il window.

Moreover, the phantom study shows that the optical resolu-
tion of NIR-Il imaging is higher than that of NIR-I imaging. NIR-
Il imaging can distinguish three light sources underneath 8.0 mm
of chicken breast tissue, whereas NIR-I imaging failed at this
depth (Fig. 2a). Better imaging quality is also achieved using NIR-II
imaging, compared with NIR-I, in small-animal models (Fig. 2d—
f), mainly attributed to reduced tissue autofluorescence, reduced
photon scattering and the low levels of photon absorption at lon-
ger wavelengths'®"®. These results highlight the improved imaging
performance of NIR-Il over NIR-I, which are also consistent with
previous findings®**>".

Both in vivo and ex vivo intraoperative tumour imaging in
patients clearly demonstrate that NIR-Il imaging shows better
image quality than NIR-I (Figs. 3 and 4). The TNRs or TBRs of
NIR-II fluorescence imaging are significantly higher than that of
NIR-I fluorescence imaging. During intraoperative in vivo imaging,
the TNR of NIR-Il imaging reached as high as 5.33, whereas the
maximum TNR for NIR-I imaging was only 1.45 (Fig. 5). In the ex
vivo imaging study, the TBR of NIR-Il imaging was 5.72, almost
twice the TBR of NIR-I imaging (only 2.92). Consistent with the
high imaging contrast obtained for intraoperative NIR-II imaging,
it also shows a higher malignant tumour-detection rate than that
of NIR-I (in vivo imaging: 56.41% versus 46.15%; ex vivo imaging
of resected specimens: 100% versus 90.63%) (Supplementary
Table 5). This result is in line with the rate of HCC detection using
intraoperative NIR-I fluorescence imaging (52—100%) or postop-
erative NIR-I imaging of resected tissue (100%) reported in the
literature™*°. Moreover, the tumour-detection sensitivity of NIR-I
and NIR-I imaging has been found to be 100% and 90.63%, and
its positive predictive value is 91.43% and 90.63%, respectively
(Table 1). Thus, NIR-Il imaging shows a higher tumour-detection
sensitivity and positive predictive value than that of NIR-I. All of
these comparisons strongly suggest that NIR-Il imaging is a better
technique than NIR-I in clinical intraoperative liver-cancer imaging
and image-guided surgery. A further advantage of using NIR-II
imaging is its compliance with operating-room illumination, com-
pared with NIR-I imaging that requires the lights to be switched off.
This feature of NIR-Il imaging provides convenience and feasibility
for clinical applications. The advantages of complementing NIR-II
and NIR-I for ICG detection during image-guided surgery of liver
cancer are unclear. Further investigations of whether both windows
can be combined to improve tumour imaging and treatment by
using two or multiple probes specifically optimized for NIR-Il and
NIR-l imaging will be needed. The integrated imaging system de-
veloped in this study provides a solid foundation for this research
direction.

Compared with the current preoperative imaging modalities
(ultrasonography, MRI, CT) and intraoperative imaging techniques
(ultrasonography), our studies show that intraoperative ICG-based
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NIR-I/ll fluorescence imaging can detect the tumour lesions with
no obvious imaging characteristics (Supplementary Table 7, Figs.
3 and 4, and Supplementary Fig. 3). After laparotomy, intraoper-
ative NIR-I/Il fluorescence imaging was able to detect the lesions
missed by preoperative imaging modalities, which can substantially
promote the accuracy of patient staging and management (Fig. 3).
During surgery, NIR-I/ll imaging can also identify residual lesions
that are difficult to be recognized by surgeons or intraoperative
ultrasonography (Fig. 4). Moreover, our imaging study revealed that
ICG distributed quite uniformly in well-differentiated or moderately
differentiated tumours, but partial-type and rim-type distributions
were found in the poorly differentiated HCCs (Supplementary Fig.
5), which is consistent with previously reported findings®’.

However, using ICG for NIR-I/Il fluorescence imaging has
some limitations. In this study, ICG was selected for liver-cancer
NIR-Il imaging in patients because of its established use in the
clinic. However, ICG is a non-targeted probe with suboptimal
emission characteristics for NIR-II detection. It cannot distinguish
malignant tumours from benign ones, and its accumulation in
other tissues may lead to false positives (Table 1). It is expected
that the performance of NIR-Il imaging can be further improved
with targeted probes that are purpose designed. Several IRDye-
800CW-based probes are able to generate NIR-Il fluorescence,
although they are currently applied to NIR-I imaging. These dyes
could be conjugated with tumour-targeted biomolecules (such as
monoclonal antibodies or peptides) and used for NIR-Il tumour
imaging with the NIR-I/ Il multispectral imaging system. Targeted
fluorescent probes for NIR-II imaging could thus broaden the use
of the multispectral imaging system for the detection of cancer and
other diseases.

In summary, we have developed and applied an integrated vis-
ible and NIR-I/Il multispectral imaging instrument with high detec-
tion sensitivity and resolution for the intraoperative NIR-Il imaging
of patients with cancer. Our study shows that NIR-Il imaging has
advantages over traditional NIR-I imaging in clinical scenarios, and
thus highlights the promising clinical potential of intraoperative
NIR-II fluorescence imaging and NIR-Il image-guided surgery.

Methods
Study design

The goals of this study were to: (1) develop an integrated vis-
ible and NIR-I/ll multispectral imaging instrument and technique
for intraoperative fluorescence imaging and image-guided cancer
surgery of patients; and (2) compare the NIR-Il fluorescence im-
aging of the patients with NIR-I fluorescence imaging. We opti-
mized the performance of the multispectral instrument, including
the working distance, surgical field of view, imaging resolution,
sensitivity and so on. Then, we demonstrated the feasibility of
using the instrument to image HepG2 tumours and guide the tu-
mour resection on mice. This pilot study of NIR-I/NIR-Il imaging in
patients with liver cancer has also been explored in a clinical trial
(ChiCTR1900022453) in China.

Development of integrated visible and NIR-I/
Il multispectral imaging instrument and image
processing program

The optical-imaging instrument consists of two sets of laser

185



Nat Biomed Eng. 2020. 4(3): 259-271

excitation equipment and the combined NIR-I/Il and visible light
imaging instrument. The NIR-II imaging subsystem is composed
of a high-sensitivity InGaAs charge-coupled device (NIRvana 640,
Teledyne Princeton Instruments) camera and lens (EF 24-70
mm F/2.8L Il USM, Canon), connecting through an adapter that
integrates an optical filter (1,000 nm LP, FEL1000, Thorlabs).
The NIR-I imaging subsystem is composed of a high- sensitivity
complementary metal-oxide—semiconductor (CMOS, PCO.edge
5.5m, PCO AG) and lens (EF 24-70 mm F/2.8L Il USM, Canon).
The lens and a filter (832 £ 18.5 nm BP, FF01-832/37, Semrock)
are coupled with the CMOS camera using an adapter. Similarly,
the visible imaging subsystem is made of a high-resolution co-
lour-light CMOS camera (PCO.edge 5.5¢, PCO AG) and a lens
(EF 24—-70 mm F/2.8L Il USM, Canon). The excitation equipment
includes the laser, optical fibore and beam expander. When the
multispectral imaging instrument was operating, a 785 nm and
808 nm laser (output power 2.0 W, MW-GX-785 and MW-GX-808,
Changchun Leirui Optoelectronic Technology) were employed as
the excitation source for NIR-I and NIR-Il imaging, respectively.
The three subsystems operate independently from each other,
to reduce the potential mutual interference and provide desirable
performance in each spectrum range. A thermoelectric (Peltier)
cooling method was adopted for all the subsystems, which con-
ducted with high compatibility and little disturbance. Images of
NIR-I, NIR-II and visible light were acquired in a parallel manner.
The detailed information related to optics is presented in Supple-
mentary Table 1.

A program was specially designed based on MATLAB (Math-
Works) to pseudo-colour the fluorescence images intraoperative-
ly. In this program, original images were firstly de-noised through
median filtering (neighbourhood size 9 x 9). Then, fluorescence
images were converted into pseudo-coloured according to pixel
counts. High-intensity areas were shown with yellow, while blue
represented low intensity. Moreover, a visualization threshold
indicating signal intensity of normal tissues was intraoperatively
assigned on the basis of surgeon diagnosis. Pixel counts above
this threshold were pseudo-coloured, while the below part was
identified as normal tissue signal and turned into transparent. The
threshold could be adjusted for satisfying demands in different
surgeries.

After acquisition of fluorescence and visible light images
(NIR-II with LightField 6, Teledyne Princeton Instruments; NIR-I
and visible light with Camware 4, PCO AG), the developed
MATLAB program was immediately employed to generate
pseudo-coloured results that presented the fluorescence intensity
distribution. The generated pseudo-coloured results were overlaid
on the white-light tissue images. Then, the surgeons were able to
readily recognize the location of tumours and determine resection
areas.

Phantom imaging study

To compare the penetration depth and resolution of NIR-I/
Il imaging, chicken breast tissues with various thicknesses
were used to cover the capillary glass tubes (n = 3 per
group) containing ICG (25 mg per kit, Dandong Yichuang
Pharmaceutical, this product was approved for clinical use by
China Food and Drug Administration) dissolved in FBS. The
thicknesses used were: 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and
9.0 mm. Then, NIR-I/ll fluorescence images were acquired. The
relationships between the depth of the sources and the signal
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intensities or SBR were investigated.

In vivo mice imaging study

To study the feasibility of the multispectral imaging instrument
for detecting and guiding resection of tumours, subcutaneous
HepG2 carcinoma mouse models were established by the
tumour-block transplant method. The HepG2 cell line and female
athymic nude mice (n = 6 biologically independent animals, 4—6
weeks old, weight 17—25 g) were obtained from the Department
of Experimental Animals (Academy of Military Medical Sciences).
To establish mouse models, HepG2 tumour obtained from an
orthotropic mouse model was split into several small blocks, and
each block was approximately 2 mm3. With isoflurane (RWD
Life Science) anaesthetization, the mice received skin incision
in the left front flank. Then a HepG2 block was implanted
subcutaneously through the incision to each mouse, followed by
incision closure. Povidone-iodine was used to disinfect during
tumour model establishment. When tumours reached 7 mm in
diameter around 20 d later, the HepG2 tumour-bearing mice (n =
3 biologically independent animals per group) were subjected to
in vivo imaging studies. First, the mice were injected with ICG (0.1
mg mi", 0.1 ml, diluted with sterile water for injection) through the
tail vein, and at 24 h, the mice received NIR-Il and NIR-I imaging
for tumour detection and then NIR-Il and NIR-I fluorescence
image-guided tumour resection. A 500 ms exposure time was
used for NIR-Il imaging, while 300 ms exposure was used to
acquire NIR-l images. The excitation laser power was 30-35 mW
cm™. The excised tumour tissue was subjected to histopathological
examination. All animal studies were approved by the Institutional
Animal Care and Use Committee, Chinese Academy of Sciences.
All procedures were carried out strictly in accordance with the
appropriate institutional guidelines for animal research.

Patient characteristics

Patients were recruited from the Affiliated Hospital of
Southwest Medical University in China between October 2017
and July 2018. Twenty-three patients with liver cancer were
considered eligible for the study. Preoperative imaging modalities
including CT, MRI, ultrasonography and PET were used to
diagnose liver cancer (detailed information is provided in the
Supplementary Information). Other inclusion criteria included
an age of 18 years or older and written informed consent.
Exclusion criteria were patient experience of claustrophobia,
pregnancy or lactation. This study was approved by the Medical
Ethics Review Committee of the Affiliated Hospital of Southwest
Medical University and was registered at Chictr.org.cn. Baseline
characteristics of all patients are shown in Supplementary Table 2.
Surgical procedures were determined according to the American
Joint Committee on Cancer (AJCC) liver-cancer resection
standard and an ICG 15 min retention rate.

NIR-I/ll imaging studies of patients

ICG (2.5 mg ml™, diluted with sterile water for injection) with
a dose of 0.5 mg kg™ body weight was injected intravenously
within 1-7 d (mean 3.74 and median 4) before the surgery. In
the operating room, after the laparotomy, the visual inspection,
manual palpation and intraoperative ultrasonography (Pro Focus
2202, BK Medical) were first performed to examine whether
there were any other metastatic tumours in the abdominal
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cavity. Liver tissues within 5 cm distance from the preoperatively
detected lesion first received intraoperative ultrasonography.
Then, the right hepatic lobe, left hepatic lobe, caudal hepatic
lobe, hepatoduodenal ligament and other abdominal organs
were scanned in sequence by intraoperative ultrasonography.
In the right lobe, hepatic segments of S5, S8, S6 and S7 were
successively scanned. In the left lobe, hepatic segments were
scanned in the sequence S4, S2 and S3. Hepatic segment S1
was scanned in the caudal hepatic lobe. Any abnormal lesions
detected by intraoperative ultrasonography were recorded.
Subsequently, intraoperative in vivo NIR-I and NIR-II fluorescence
imaging were used to examine the liver surface using the
multispectral imaging instrument. An exposure time of 500 ms
was set for NIR-Il imaging, 300 ms for NIR-I imaging and 50 ms
for visible imaging. The laser power for excitation was 30—-50 mW
cm™ during NIR-I/Il imaging. lllumination for visible imaging was
provided by 28 W sunlight lamps installed on the ceiling of the
surgery room.

For tumours detected by intraoperative in vivo NIR-I/II
imaging, intraoperative ultrasonography was combined to confirm
its depth, size and characteristics. The tumour was removed by
the guidance of NIR-I fluorescence images. After resection, in
vivo NIR-I and NIR-II fluorescence imaging were employed to
determine whether there were residual lesions in the patient. The
TNR was calculated as a parameter for the in vivo imaging study.
The malignant tumour-detection rate was calculated, which was
defined as the ratio of the malignant tumour number detected
by ICG fluorescence imaging, including from both operative and
resected fields, to the number of malignant tumours verified and
detected by H&E examination.

Patient safety was assessed and graded according to the
Common Terminology Criteria for Adverse Events (AE, version
5.0)* by monitoring vital signs and performing routine blood
tests. Within the first 24 h after ICG injection, the research team
kept in phone contact with each patient, monitoring for potential
AE responses. We noted and analysed any possible side effects
during the week following intraoperative NIR-I/Il imaging.

NIR-l/ll imaging studies in resected specimens

After tumour resection, the resected specimens were
transversely incised along the maximum tumour diameter on the
basis of surgeon diagnosis. Then, the specimens were further
sliced into several pieces with a thickness of approximately
10 mm. Each of the tissue sections received intraoperative ex
vivo NIR-I/lIl imaging, to detect all the tumour lesions. Lastly,
tumour lesions underwent routine histopathological examination
procedures. NIR-I/ll fluorescence images were compared with the
gold-standard H&E stained images. The TNR was also calculated
as a parameter to the resected tissue along with normal liver
tissue, and the TBR was used for the tumour specimen without
normal liver tissue. Fluorescence from black paper, placed
underneath the resected tissue, was used as the background.

Statistical analysis

To investigate the relationship between the NIR-Il and NIR-I
imaging, a two-sided Welch'’s t-test was employed to compare the
quantitative data between two independent samples. Quantitative
results are expressed as mean + s.d.).
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Reporting Summary

Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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Intraoperative Near-Infrared
Fluorescence Imaging Can Identify
Pelvic Nerves in Patients with
Cervical Cancer in Real Time During
Radical Hysterectomy

1,2,34*

Kunshan He , Pengfei Li> ", Zeyu Zhang"* ", Jiaqi Liu®> ", Pan Liu®, Shipeng Gong®, Chongwei Chi* ", Ping
Liu®", Chunlin Chen®  and Jie Tian"**

Abstract

Purpose: Radical hysterectomy combined with pelvic lymphadenectomy is the standard treat-
ment for early-stage cervical cancer, but unrecognized pelvic nerves are vulnerable to irreversible
damage during surgery. This early clinical trial investigated the feasibility and safety of intraoper-
ative near-infrared (NIR) fluorescence imaging (NIR-FI) with indocyanine green (ICG) for identify-
ing pelvic nerves during radical hysterectomy for cervical cancer.

Methods: Sixty-six adults with cervical cancer were enrolled in this prospective, open-label, sin-
gle-arm, single-center clinical trial. NIR-FI was performed in vivo to identify genitofemoral (GN),
obturator (ON), and hypogastric (HN) nerves intraoperatively. The primary endpoint was the pres-
ence of fluorescence in pelvic nerves. Secondary endpoints were the ICG distribution in a nerve
specimen and potential underlying causes of fluorescence emission in pelvic nerves.

Results: In total, 63 patients were analyzed. The ON was visualized bilaterally in 100% (63/63)
of patients, with a mean fluorescence signal-to-background ratio (SBR) of 5.3+2.1. The GN was
identified bilaterally in 93.7% (59/63) of patients and unilaterally in the remaining 4 patients, with
a mean SBR of 4.1£1.9. The HN was identified bilaterally in 81.0% (51/63) of patients and unilat-
erally in 7.9% (5/63) of patients, with a mean SBR of 3.5+1.3. ICG fluorescence was detected in
frozen sections of a nerve specimen, and was mainly distributed in axons. No ICG-related com-
plications were observed.
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Conclusion: This early clinical trial demonstrated the feasibility and safety of NIR-FI to visualize
pelvic nerves intraoperatively. Thus, NIR-FI may help surgeons adjust surgical decision-making,
avoid nerve damage, and improve surgical outcomes.

Trial registration: ClinicalTrials.gov NCT04224467

Keywords

Near-infrared fluorescence imaging, Indocyanine green, Pelvic nerves, Radical hysterectomy,

Cervical cancer

' Beijing Advanced Innovation Center for Big Data-Based Precision Medicine, School of Engineering Medicine, Beihang

University, Beijing, 100191 China

*Key Laboratory of Big Data-Based Precision Medicine (Beihang University), Ministry of Industry and Information

Technology, Beijing, 100191 China

®CAS Key Laboratory of Molecular Imaging, The State Key Laboratory of Management and Control for Complex Systems,

Institute of Automation, Chinese Academy of Sciences, Beijing, 100190 China

* State Key Laboratory of Computer Science and Beijing Key Lab of Human-Computer Interaction, Institute of Software,

Chinese Academy of Sciences, Beijing, China

® Department of Obstetrics and Gynecology, Nanfang Hospital, Southern Medical University, Guangzhou, China

* Kunshan He, Pengfei Li, Zeyu Zhang and Jiaqi Liu contributed equally to this work.

Introduction

Cervical cancer is the fourth most common cancer in women
worldwide'. The 5-year survival rate of stage Ill or IV cervical
cancer is less than 30%, and its incidence tends to occur in
younger ages in recent years”. Radical hysterectomy combined
with pelvic lymphadenectomy is one of the most effective
treatments for cervical cancer’. However, as the pelvic nerves are
difficult to recognize and are vulnerable, the surgical outcome is
limited by irreversible neural damage”.

Unfortunately, damage to the pelvic nerves can result in
severe motor, sensory, and autonomic dysfunction. As reported
previously, the incidence of genitofemoral nerve (GN) damage is
3.5%, and causes paresthesia in the groin and perineum’. The
incidence of obturator nerve (ON) injury is 1%, which may reduce
thigh adduction and induce slight abnormal sensations in the
inner thigh skin®. Furthermore, 30-80% of patients undergoing
traditional radical hysterectomy have bladder, rectal, or sexual
dysfunction, mainly caused by pelvic autonomic nerve injury”.
Intraoperative nerve visualization is considered crucial to reducing
pelvic nerve damage’. Clinically, the identification of pelvic nerves
mainly depends on visual inspection, which relies heavily on the
surgeon’s experience’. Methods such as nerve stimulation have
been employed to identify nerves; however, the procedure is
complex and the effect is limited. Consequently, there has been a

growing desire to develop novel nerve visualization methods” °.

Currently, emerging near-infrared (NIR) fluorescence
imaging (NIR-FI) is playing an increasingly important role in
surgery’” . Because of its increased penetration depth, lower
autofluorescence, and higher sensitivity, NIR-FI has been applied
in tumor detection, lymphangiography, and vascular perfusion
assessment'®'®. Clinical observations have also revealed its
potential to image nerves intraoperatively. Using widely employed
fluorophore indocyanine green (ICG), we previously reported
the feasibility of intraoperative NIR-FI for distinguishing thoracic
sympathetic nerves in 15 patients with lung cancer”’.

Based on these findings, we hypothesized that intraoperative
NIR-FI with ICG could be a new method for real-time identification
of pelvic nerves during surgery. This early clinical trial investigated
the feasibility and safety of intraoperative NIR-FI for identifying
pelvic nerves during radical hysterectomy in patients with cervical
cancer.

Methods
Study design

This prospective, open-label, single-arm clinical trial was
approved by the Medical Ethics Committee of Nanfang Hospital
of Southern Medical University (Ethics no. NFEC-2019-146),
and registered at ClinicalTrials.gov (NCT04224467). The primary
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objective of this early clinical trial was to investigate the feasibility
and safety of NIR-FI with ICG for identifying the pelvic nerves.
Secondary endpoints were the distribution of ICG in a nerve spec-
imen and potential underlying causes of fluorescence emission in
pelvic nerves. Sixty-six patients with cervical cancer were enrolled
and provided written informed consent before inclusion between
February 2020 and June 2021. The inclusion criteria were as
follows: cervical cancer with preoperative FIGO staging IB1-11A2
(FIGO 2018 staging system), age >18 years, and scheduled for
radical hysterectomy combined with pelvic lymphadenectomy.
The exclusion criteria were as follows: a history of pelvic surgery,
radiotherapy, or chemotherapy; pregnancy; and considered un-
suitable for enroliment by clinicians.

Contrast agent

ICG (25 mg per vial) was purchased from Dandong
Yichuang Pharmaceutical Co. Ltd., China. ICG has been
approved for clinical use for more than 60 years, with good
safety and fluorescence performance (peak absorption/emission,
800/830 nm)'®. Each vial of ICG was dissolved in its own 10
ml injectable water as the stock solution. After an allergy test,
intravenous infusion of ICG (5 mg/kg) diluted in 500 ml saline was
administered 24 h prior to surgery based on our previous study of
thoracic sympathetic nerves NIR-FI".

Fluorescence imaging

NIR-FI with ICG in vivo was performed using a DPM-| sys-
tem (Zhuhai Dipu Medical Technology Co., Ltd.) developed for
open surgery, in accordance with our previous studies' *°. In
brief, DPM-I consists of a hybrid light source generating two
wavelength-isolated lights: 1200 Im of 420—700 nm light and 35
mW/cm? of 785 nm light. The fluorescence and color images
were simultaneously acquired using custom optics and software
at a work distance of 15-30 cm. Color images, fluorescence
images, or merged images, or all three images together can be
displayed as needed, with a resolution of 1280%1024. The depth
of the imaging object from the surface should be within 10 mm.
During pelvic lymphadenectomy, when the external iliac lymph
nodes were removed, NIR-F| was used to visualize the GN on
the lateral side of the external iliac artery and the surface of the
psoas muscle. Similarly, the ON was visualized in the obturator
space when the obturator lymph node was resected. During the
radical hysterectomy, when the vaginal and lateral rectal spaces
were opened, and the ureteral mesentery was exposed, the
hypogastric nerve (HN) was visualized by fluorescence.

Histopathologic analysis

In one patient, the HN was accidentally cut off during
exposure to the mesoureter. With the patient’s consent, the
nerve was used for histopathological analysis. Frozen transverse
and longitudinal sections of the nerve (thickness, 10 mm)
were prepared in a standard fashion and stored at —20°C for
pathological analysis. Anti-myelin basic protein (MBP) antibody
(1:200; ABN912, Sigma, St. Louis, MO, USA) was used to label
the myelin sheath, rabbit anti-NF 200 antibody (1:800; N4142,
Sigma, St. Louis, MO, USA) was used to label axons, and DAPI
(1:5,000; Sigma, St. Louis, MO, USA) was used for nuclear
staining. Fluorescence microscopy was performed using a laser
confocal microscope (LSM980, Zeiss, Germany).
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Cell tests

Human umbilical vein endothelial cells (HUVECs), vascular
smooth muscle cells (VSMCs), and hepatic cells (HL-7702) were
purchased from the cell bank of the Chinese Academy of Scienc-
es (Shanghai, China) and cultured in DMEM medium containing
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
solution (Gibco) in a humidified incubator (5% CO, at 37°C).
Neurons and Schwann cells were obtained by primary cell culture,
as described by Wen et al.”".

ICG transport test

The uptake and secretion of ICG were compared between
neurons, Schwann cells, HUVECs, VSMCs, and hepatic cells.
Briefly, the cells in 12-well plates (counted as 2x10° cells/well)
were incubated with 0.5 mg/ml ICG-containing medium. After
incubation for 5 min, the cells were washed four times with 1 ml of
phosphate buffered saline (PBS) and subsequently lysed with 300
ul of 1% Triton-X100 in PBS. Concentrations of ICG uptake were
measured with a spectrophotometer (Varioskan Flash, Thermo
Fisher Scientific) at 805 nm, using a standard curve. For the ICG
secretion test, after incubation with ICG (0.5 mg/ml) for 5 min, the
cells were washed four times with 1 ml of PBS; the medium was
then replaced with DMEM containing 10% FBS and 1% penicil-
lin-streptomycin solution. After incubation for 12 h, intracellular
residual ICG concentrations were measured as described above.

Statistical analysis

The specific fluorescence of each identified pelvic nerve in
vivo was analyzed based on intraoperatively recorded images. For
each case, the fluorescence signal-to-background ratio (SBR) of
the pelvic nerves relative to adjacent tissues was calculated three
times to reduce deviation. First, regions of interest (ROls) were
delineated over the fluorescent pelvic nerves and surrounding
tissue using ImageJ software (National Institutes of Health, USA).
For each ROI, the mean fluorescence intensity was expressed
within a range of 0255, allowing the calculation of the SBR.

All statistical analyses were performed using SPSS 23.0
statistical software (Statistical Product and Service Solutions,
Chicago, USA). Categorical variables are expressed as
whole numbers and percentages, and were compared using
the chi-square test. Continuous variables are expressed as
mean t standard deviation. One-way analysis of variance
was used to compare SBRs among nerves. Multiple linear
regression was used to estimate the impact of clinicopathological
characteristics on the SBR of the ON, GN, and HN, including
age, height, weight, preoperative FIGO stage, histology,
differentiation, stromal invasion, lymphovascular space
invasion (LVSI), parametrial tumor involvement, and lymphatic
metastasis. P-values of 0.05 or less were considered statistically
significant.

Results

Patient characteristics

Sixty-six consecutive patients were initially enrolled in this
study. However, two patients temporarily refused intravenous
ICG therapy before the surgery. Additionally, one patient
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was intraoperatively diagnosed with suspected lymph node
metastasis, which was confirmed by frozen pathology after
lymph node biopsy; systematic pelvic lymphadenectomy and
radical hysterectomy were not performed. Thus, 63 patients were
analyzed. Their clinicopathologic characteristics are shown in
Table 1. No ICG-related adverse events occurred in any patient.

Table 1 The clinicopathologic characteristics of
patients (n=63)

Tharactenstics Value Percentage
e (years) 494110317

listologic type

Squamous cell 51 20195
Adenocarcinoma 9 14.29
Adenosguamous 3 4.76
ervical conigation

Mo 53 3413
Yes 10 15.87
reoperative FIGO stage

IBI 24 3510
1B2 13 2063
IB3 4 6.35
lAl 16 2540
1AZ2 [ 9.52
nal FIGO stage

IB1 18 28.57
IB2 5 12.70
B3 3 4.76
IAl 14 2222
MA2 3 4.76
1153 2 3.17
ICIP 15 23.81
tromal invasion

Superficial 22 3492
Dicep 41 6508
ymphovascular space invasion

Megative 49 77.78
Positive 14 22,22
aramenrium

Megative 6l 9683
Positive 2 3.17
urgical margin

Megative 6l 06,83
Positive 2 3.17
elvic lymph nodes metastasis

MNegative 48 7619
Positive 15 23.81

FIGO, International Federation of Gynecology and Obstetrics
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Pelvic nerve NIR-FI

Using DPM-I with ICG, the ON was successfully identified
bilaterally (Fig. 1a—c) in all patients, and the mean SBR of the ON
was 5.3+2.1 (Table 2). The GN (Fig. 1d—f) was identified bilaterally
in 93.7% (59/63) of patients and unilaterally in the remaining 4
patients. The mean SBR of the GN was 4.1£1.9. The HN (Fig. 19—
i) was identified bilaterally in 81.0% (51/63) of patients and
unilaterally in 7.9% (5/63) of patients; the HN was not identified in
11.1% (7/63) of patients. The mean SBR of the HN was 3.5+1.3.
The above three SBR values are high enough to assist surgeons
in identifying the corresponding nerves during surgery, and there
was no statistical difference among them (p=0.13). Moreover, a
strong fluorescent signal lasted until the end of the operation in all
cases, and no obvious intensity changes were observed during
the entire operation. The longest observed fluorescence duration
was 245 min.

On multiple linear regression, the SBR of the OB, ON, and
HN was not related to the preoperative FIGO stage, age, weight,
height, histology, differentiation, stromal invasion, LVSI, surgical
margin invasion, parametrial tumor involvement, or lymph node
metastasis (all p>0.05).

Pathologic findings

Fluorescent microscopy confirmed the presence of ICG
fluorescent signal in the HN specimen, with fluorescence signals
mainly in the cytoplasm rather than in the nucleus (Fig. 2a—d).
Confocal laser scanning microscopy (CLSM) images revealed
that the red ICG fluorescence overlapped with the green
fluorescence of axons labeled with anti-NF 200 antibody (Fig. 2e—
f), but showed little overlap with myelin sheath labeled by anti-
MBP antibody (Fig. 2g—h). In other words, the ICG fluorescent
signal was mainly distributed in the axons of the nerve specimen.

Cell test findings

After incubation with an ICG-containing medium for 5 min,
ICG fluorescent signals were detected in all cells on CLSM
images. Figure 3a—d shows that ICG can be absorbed by
neuronal cells. The internalized ICG of neurons, Schwann cells,
HUVECSs, VSMCs, and HL-7702 cells was 1.46+0.15, 1.43+0.17,
1.480.23, 1.45+0.18, and 1.39+0.24 pg/10° cells, respectively.
The internalized ICG did not significantly differ among cell types
(p=0.97), as shown in Fig. 3e. In the ICG secretion test, after incu-
bation with ICG (0.5 mg/ml) for 5 min and DMEM medium for 12
h, the residual ICG in neuronal cells was 0.61+0.31 pug/10° cells,
which was significantly higher than that in other cell types
(p=0.003), as shown in Fig. 3f.

Discussion

Here, we investigated the feasibility and safety of
intraoperative NIR-FI using the DPM-I system with ICG to
identify the pelvic nerves in a prospective trial. To the best of our
knowledge, this is the first clinical trial of intraoperative NIR-FI with
ICG for identifying the pelvic nerves during radical hysterectomy
for cervical cancer. The bilateral identification rates of the ON, GN,
and HN were 100% (63/63), 93.7% (59/63), and 81.0% (51/63),
respectively. Pathological results and cell tests confirmed our
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Color Fluorescence

Fig.1 Representative images of the a—c obturator, d—f genitofemoral, and e~h hypogastric nerves

Table 2 The mean signal-to-background ratio of
pelvic nerves

Pelvic nerves SBR P value
Obturator nerve 53421

Genitofemoral nerve 4.1+1.9 mi3
Hypogastric nerve 35xl.3

findings, suggesting that this may be a new method for identifying
pelvic nerves that may significantly reduce functional damage and
improve surgical outcomes.

Although a cure is the main goal of surgery, the protection of
important structures, such as nerves, is also critical to achieving
the best patient prognosis® **. latrogenic nerve injury is one of the
most frightening complications in surgical procedures, as well as
a major source of morbidity in all surgical specialties™. In patients
with cervical cancer undergoing radical hysterectomy combined

with pelvic lymphadenectomy, extensive removal of the peri-cervix
ligaments (uterosacral, main, and bladder-cervical ligaments, and
paravaginal tissue) and para-aortic fibrous connective tissue is
commonly applied™. Therefore, the pelvic nerves, including the
ON, GN, and HN, are vulnerable to damage, which may cause
bladder, anorectal, and sexual dysfunction6 % More seriously,
approximately 50% of patients with these symptoms will suffer for
life.

Because most nerves are relatively thin and located under
the surrounding tissues, it is difficult for even experienced
surgeons to identify them with the naked eye during surgery®.
Furthermore, previous radiotherapy or surgery may lead to
fibrotic tissue deposition and atypical surgical anatomical planes,
rendering nerve recognition more challenging®. Currently, in some
surgical procedures, surgeons use optical coherence tomography,
Raman spectroscopy, or confocal laser endomicroscopy to help
identify nerves. However, these methods lack widefield imaging
capabilities. Intraoperative ultrasound has also shown potential
in superficial nerve visualization, but its low resolution and lack of
specificity hinder its clinical application. Electromyography, which
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Fig.2 Fluorescent microscopy confirmed that ICG was mainly distributed in the axon of the hypogastric nerve. a-b, The transverse and c—d, longitudinal
sections of the hypogastric nerve; e—f, ICG fluorescent signal distributed in axons labeled with anti-NF 200 antibody; and g-h, less ICG fluorescence signal in myelin

sheath labeled with anti-MBP antibody

involves placing electrodes in the muscle innervated by the nerve
of interest, is currently the most commonly used technique for
intraoperative peripheral nerve identification. However, due to its
many restrictions and time-consuming and labor-intensive use, it
is rarely used in cervical cancer surgery at present. In summary,

there is an urgent need to develop a new method for identifying
nerves during surgery, with the goal of preventing accidental
injury.

Fluorescence-guided surgery has shown great potential in
pre-clinical research and clinical applications for identifying lesions
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Fig.3 ICG uptake and secretion cell test. a—d, ICG can be taken up by neuronal cells. e, The internalized ICG of different cells is similar after 5 min of incubation
with an ICG-containing medium. f, Neuronal cells secreted ICG significantly slower than other cells after incubation with 0.5 mg/ml ICG for 5 min and DMEM medium

for 12h

and important functional tissues (such as nerves). In particular,
fluorophores in NIR spectroscopy have aroused great interest
from researchers. In this spectrum, tissue autofluorescence,
photon absorption, and scattering fall to local minima, thereby
achieving millimeter-level resolution and centimeter-level
penetration depth. Non-specific fluorophores can highlight nerves
through diffusion, active reuptake at synapses, or accumulate
in adjective tissues. For example, Samarasena et al. used
NeuroTrace to visualize enteric nerves located in the gastric
mucosa in an animal model”’. In contrast, targeted fluorophores
improve the SBR by binding to specific moieties or proteins in
nerves. Hingorani et al. synthesized FAM-HNP401 and measured
the nerve-to-muscle contrast after its topical or systemic
administration in pre-clinical trials®*. However, the research and
exploration of nerve NIR-FI are still in their infancy; especially, its
application in clinical surgery for gynaecologic tumors is very rare.

In the present study, we found that NIR-FI with ICG could
effectively identify the ON, GN, and HN. Although the HN was
not identified in seven patients, this early clinical trial showed
that the pelvic nerve NIR-FI results did not significantly correlate
with the patient’s age, height, weight, preoperative FIGO stage,
histology, differentiation, stromal invasion, LVSI, parametrial tumor
involvement, or lymph node metastasis. The lower identification
rate for the HN may be related to the size of the nerve, as it
is thinner than the ON and GN. Furthermore, in the cell tests,
the uptake of ICG by neuronal cells was similar to that of other
cells. However, neuron cells excrete ICG more slowly, leading to
concentration differences within a certain period of time, which

may be related to the axonal transport of ICG in neurons; this
may be the cause of fluorescence emission in pelvic nerves under
NIR-FI. Therefore, the ICG injection dose, timing, and sensitivity
of NIR-FI devices are closely related to the imaging results.

We acknowledge that there are several limitations to this
study. First, this was an early clinical trial, and its main purpose
was to investigate the feasibility and safety of NIR-FI for
identifying pelvic nerves. Therefore, it was designed as a single-
arm study. We did not conduct a randomized controlled trial to
compare nerve identification and injury rates between NIR-FI-
guided surgery and traditional surgery. Second, we analyzed the
NIR-FI of only the HN, not all pelvic autonomic nerves, such as
the superior hypogastric plexus, pelvic splanchnic nerves, and
inferior hypogastric plexus. Because the HN is easy to locate, it
is suitable as an objective and reliable index of imaging results.
Third, the follow-up time was too short to evaluate the relationship
between the results of pelvic nerve NIR-FI and the patient’s
prognosis. Finally, ICG is not a nerve-targeted contrast agent. The
development of new nerve-targeted contrast agents may provide
better imaging results.

In conclusion, these results indicate that intraoperative NIR-
Fl using ICG can effectively and safely identify pelvic nerves
in patients with cervical cancer in real time. The NIR-FI of
nerves has the potential to reduce functional impairment and
help surgeons adjust decision-making. This research lays the
foundation for further clinical pelvic nerve NIR-FI trials, including
the use of specific fluorophores, if available.
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Intraoperative preservation of the pelvic autonomic nerves is
critical in avoiding postoperative bladder dysfunction among
cervical cancer patients' . However, it is difficult to visualise the
small pelvic autonomic nerves. The second near-infrared (NIR-
II, 1000—-1700 nm) fluorescence imaging has properties of higher
spatial resolution and imaging contrast*®. This study determined
the significance of a NIR-II fluorescence imaging test in
identifying the small pelvic autonomic nerves.

A 51-year-old woman, diagnosed with cervical
cancer, consented to being included in a clinical trial
(NCTO05087264). The patient underwent a radical hysterectomy
with pelvic lymphadenectomy. Preoperatively, indocyanine
green ([ICG], 5 mg/kg) was intravenously injected for 24
h, and it emitted a tail fluorescence in the NIR-Il spectrum®
°. Intraoperatively, NIR-Il fluorescence imaging was performed
to explore the imaging effects of the small nerves. The superior

hypogastric plexus (b, ¢, arrow), hypogastric nerves (e, f, arrow),
pelvic splanchnic nerves (h, i, arrow), and inferior hypogastric
plexus-bladder branch (k, I, arrow) were highlighted by NIR-II
imaging. They had a signal-to-background ratio of 1.8, 2.0, 1.5,
and 1.4, respectively. These pelvic autonomic nerves were difficult
to identify grossly during surgery because they were approximately
1 mm thick. Images a, d, g, and j were captured using a mobile
phone, while the other images were obtained from the NIR-II
fluorescence camera.

This study presented the clinical visualisation of small pelvic
autonomic nerves using the NIR-II fluorescence imaging
technique with ICG. An ongoing prospective study is being
conducted to further assess the effectiveness and impact of this
novel technique.
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situ, and benign suspicious mucosa, were visualized and could be distinguished from cancer.
Furthermore, no adverse effects were observed in humans. These first-in-human results indicate
that PLSWT7-DMI-based near-infrared fluorescence endoscopy is a safe and effective approach
for the improved detection of bladder cancer, and may enable thorough resection to prevent
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Abstract

Background: Bladder cancer is the fifth most common malignancy in humans. Cystoscopy
under white light imaging is the gold standard for bladder cancer diagnosis, but some tumors
are difficult to visualize and can be overlooked, resulting in high recurrence rates. We previously
developed a phage display-derived peptide-based near-infrared imaging probe, PLSWT7-DMI,
which binds specifically to bladder cancer cells and is nontoxic to animals. Here, we report a
clinical research of this probe for near-infrared fluorescence endoscopic detection of bladder
cancer.

Results: The purity, efficacy, safety, and nontoxicity of PLSWT7-DMI were confirmed prior to
its clinical application. Twenty-two patients diagnosed with suspected non-muscle invasive
bladder cancer were enrolled in the present study. Following intravesical administration of
the probe, the entire mucosa was imaged under white and near-infrared imaging using an in-
house developed endoscope that could switch between these two modes. The illuminated
lesions under near-infrared light were biopsied and sent for histopathological examination.
We observed a 5.1-fold increase in the fluorescence intensity in the tumor samples compared
to normal tissue, and the probe demonstrated a sensitivity and specificity of 91.2% and 90%,
respectively. Common diagnostic challenges, such as small satellite tumors, carcinoma in
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recurrence.
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Introduction

Bladder cancer (BC) is the fifth most common human
malignancy, with an incidence of 81.2 per 100,000 individuals'.
At initial presentation, approximately 70% of patients present
with non-muscle invasive bladder cancer (NMIBC), in which the
tumor is superficial (stage carcinoma in situ [CIS]), or limited to
the mucosa (Ta) and submucosa (T1), and up to 90% of NMIBC
cases are urothelial neoplasms® ®. Urothelial neoplasms are
polymorphic in nature and can appear as solitary or multiple, flat,
or exophytic, at any site on the surface of the bladder urothelium®.
Bladder cancer usually has a good prognosis, particularly with
early detection at stage Ta or T1. Although white light endoscopy,
which is recommended by cancer prevention guidelines, is an
easily accessible and non-invasive method to detect BC, up to
30% of tumors can be missed, particularly small satellite tumors
and flat CISs®. These missed residuals lead to a high recurrence
rate of 70%, and relapsed tumors may progress to infiltrative
cancer®, which has a significant impact on patient morbidity and
quality of life. In addition, BC can incur high treatment expenses
and is a burden on medical care systems. Therefore, improving
the detection of BC, particularly those tumors that are often
overlooked by current methods, would improve the prognosis of
patients with NMIBC.

There are several barriers to overcome in the accurate
diagnosis of NMIBC, including patient factors, physician factors,

and the limitations of currently available diagnostic tests. Cancer
prevention guidelines recommend imaging with white light (WL)
endoscopy, which is the most commonly used diagnostic method
for NMIBC detection, but this method can still lead to misdiagnosis
and missed diagnosis’®. The main cause of missed diagnosis is
that the lesions cannot be seen under WL, particularly in the
case of multifocal flat cancers' "'. A missed diagnosis can also
affect the accurate detection and complete resection of tumors,
resulting in recurrent or advanced carcinoma'® '>. The presence
of inflammatory diseases can lead to misdiagnosis'®. Under
WL cystoscopy, it is difficult to distinguish between inflammatory
lesions and cancer, as well as benign and malignant lesions,
which often leads to misdiagnosis '°. Although clinicians can
make a reliable diagnosis by biopsy, the need for invasive biopsy
is a barrier to quick detection of bladder cancer. Additionally, it
is impractical to perform a biopsy assessment of every lesion.
Therefore, it is necessary to develop new detection methods to
improve the diagnosis of NMIBC.

Recently, new imaging technologies have been developed
to enhance tumor identification. Endoscopic methods, such
as narrow-band imaging'” and blue light cystoscopy '°, were
developed to enhance cancer identification and guide endoscopic
resection'®. However, these methods are limited by high false-
positive rates due to their low specificity”’. Microscopic imaging
techniques, including confocal laser endomicroscopy’' and optical
coherence tomography®’, can provide information on tissue
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microarchitecture and cellular morphology but are not practical
for surveying the entire bladder due to their narrow field of view.
Near-infrared (NIR) fluorescence imaging with targeted probes
has emerged as a promising technique for precise imaging™.
NIR fluorescent probes consist of NIR fluorophore and a targeting
agent™. NIR fluorophore emits light beyond the visible light
spectrum and is not interfered with by endogenous substances,
thus improving the accuracy of NIR imaging. We previously
developed a NIR-based cancer-specific agent™ that had promising
efficacy in preliminary tests. The targeting agent was developed
based on molecular changes that are specific to cancer, thus
providing high specificity and sensitivity. In the present study,
we demonstrate the potential of a NIR-based imaging strategy
for improving NMIBC detection using targeted contrast agents.
Recently, NIR imaging appeared to improve the detection of BC.
Compared with commonly used tracer such as fluorescein®,
rhodamine 7, Cy3”®, Alexa dye”, and 5-aminolaevulinic acid
(ALA)%, NIR tracer has higher penetration depth, stronger
fluorescence intensity, and better light stability. The NIR tracer
specifically binds to the tumor site and then highlights the
malignant lesions from normal mucosa tissue. Zhe Feng et
al. report an excretable IR-820 for in vivo NIR-II fluorescence
cerebrovascular imaging for BC*'. Jiaguo Huang et al. displayed
a macromolecular reporter (CyP1) for near-infrared fluorescence
imaging of bladder cancer®. Most of the works were animal
research.

CD44 is a multifunctional transmembrane glycoprotein that
is highly expressed in BC and is involved in cell adhesion, cell
migration, tumor progression, and metastasis®. CD44v6, a CD44
isoform containing the CD44v6 exon, is also highly expressed
in BC*. CD44v6 is required for the interaction between c-Met
receptor tyrosine kinase and hepatocyte growth factor (HGF),
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which plays critical roles in tumor®. CD44v6 was expressed in a
variety of tumors, such as head and neck cancer, and prostate
cancer. CD44v6 is a marker of poor prognosis in patients with
BC®. In addition, CD44v6 is closely related to the degree of
malignancy and the stage of BC. Hesham S. Ata et al. report
that CD44s and CD44v6 are in diagnosis and prognosis of
human bladder cancer. It has very good therapeutic effect”.
Therefore, targeting CD44v6 has tremendous potential for early
BC diagnosis®. In a previous study, we identified a CD44v6-
specific peptide, PLSWT (CSDRIMRGC), and labeled it with a
NIR fluorophore, IRDye800CW, to synthesize the BC-specific
NIR imaging probe PLSWT7-DMI*°. As a tool for non-invasive
in vivo identification of BC, the specificity of the probe has been
con- firmed in BC cells, tumor-bearing mice, and ex vivo human
bladders. The ex vivo results revealed that CD44v6-targeted
NIR imaging can pinpoint multifocal lesions. PLSWT7-DMI has
a high sensitivity and specificity”®. Specific peptides and NIR
fluorescence provide a biological basis for enhanced contrast and
can achieve desirable tumor-to-background ratios (TBR) for in vivo
detection.

Preclinical evaluation of PLSWT7-DMI has strongly
supported its feasibility for clinical translation. In the present
study, we report our initial findings with NIR fluorescence-
guided endoscopy using the imaging probe PLSWT7-DMI
(Chinese Clinical Trials Database registration number: ChiCTR-
DDD-17012616). The purity, efficacy, safety, and nontoxicity of the
agent were confirmed before clinical application. We performed a
first-in-human clinical study using this probe, and demonstrated
that it can bind specifically to BC tissue for visualization by NIR
fluorescence endoscopy, thus improving the detection of easily
over- looked BC lesions Scheme 1.

Patient Identification
and consent

In person or follow-up
call-toxicity assessment

-Vital signs
-IV catheter -Blood drawn
-Blood drawn
Patient Accrual ............ Day of Imaging ............ 2 days post-imaging
LN
il <
Imaging of bladder cancer with PLSWTT7-DMI Imaging of bladder cancer with

no contrast agent

-endoscopy
-Imaging tumor and normal
tissue

-Inspection of the entire bladder

intravesical instillation

-180pM injected via catheter
Ventral massage 30 min
-Drain the contrast agent
-PBS swash 3 times

PLSWT7-DMI

-Homemade FL endoscopy
-Imaging small satellite tumor
-Imaging carcinoma in situ
-Imaging Inflammation and ulcer

-Performed by physician

Scheme 1 Schematic overview of the PLSWT7-DMI clinical trial. 22 patients with BC confrmed by biopsy consented to the clinical study
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Materials and methods

Study design

In a previous study”, we synthesized a phage display-
derived peptide-based probe (PLSWT7-DMI) and demonstrated
its specificity for BC cells in vitro and in a mouse model. In
the present study, we first applied the probe to ex vivo bladder
specimens from eight patients to confirm its binding specificity.
The PLSWT7-DMI probe was then intravesically administered
to patients diagnosed with NMIBC (n = 22). This study was
approved by the ethics committee of the Fourth Hospital of
Harbin Medical University, China (YXLLSC-2017-09) and was
registered in the Chinese Clinical Trials Database (ChiCTR-
DDD-17012616). Informed consent was obtained from each
patient prior to participation. The study was performed under the
guidelines of the Declaration of Helsinki.

Imaging of the entire bladder was performed using our in-
house developed dual WL and NIR endoscopy imaging system.
The number of lesions detected by WL or NIR imaging was
compared. llluminated lesions under NIR imaging and suspected
lesions under WL imaging were biopsied and sent for pathological
examination to explore the correlation between the appearance of
fluorescent signals and cancer lesions. In total, 108 biopsies were
analyzed and used for sensitivity and specificity calculations. All
biopsies were reviewed by a single pathologist who was blinded
to the imaging results.

Cell culture

The human BC cell lines EJ and RT112, and the human
normal urothelial cell line SV-HUC-1, were obtained from the Cell
Culture Center at the Institute of Basic Medical Science (Chinese
Academy of Medical Sciences) in 2016. The cell lines were
checked and authenticated within 6 months using STR analysis
(Biowing, Shanghai, China). The cells were grown at 37 °C and
5% CO, in a humidified atmosphere. Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen Life
Technology, Carlsbad, CA, USA) supplemented with 10% FBS.

Synthesis of fluorescently labeled peptides

BC-specific peptide selection and probe synthesis were
performed as previously described (17). The C-terminus of
CSDRIMRGC was attached by a GGGK linker to IRDye800CW
(PLSWT7-DMI) or FITC (PLSWT7-FITC) to prevent steric
hindrance. The peptide CQRSPIHDC was synthesized as a
control for non-specific binding. The probe was purified to > 95%
by HPLC using a C18 column (Waters Inc.) with a water (0.1%
TFA)-acetonitrile (0.1% TFA) gradient. Further characterization
was performed using either ESI (Waters Inc.) or MALDI-TOF
mass spectrometry (Hitachi America, Ltd.). The excitation and
emission spectra of the fluorescently labeled peptides were
measured using a spectrophotometer (Ocean Optics). The
peptide-binding assays and toxicology analysis are described in
the Supplementary Materials and Methods.

Ex vivo imaging of human bladders

Fresh bladder specimens were collected from patients
(n = 8) who underwent radical cystectomy. These patients were
in the subgroup of high-risk NMIBC patients who underwent
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radical cystectomy according to cancer prevention guidelines.
After radical cystectomy, whole bladder specimens were
immediately removed and washed three times with 0.9%
saline solution. The bladder specimens were first sprayed
with the control (cPLSWT7-DMI) probe, then it was washed
with 0.9% saline solution three times and images were
obtained after 30 min using our in-house endoscopy system.
After washing to remove the control probe, the bladders were
resprayed with PLSWT7- DMI, and images were obtained. The
mean fluorescent density was quantified using Image Pro
Plus 6.0 (Media Cybernetics, Inc.).

Clinical evaluation of PLSWT7-DMI fluorescence
endoscopy

Patients

From September 2017 to August 2018, 22 patients
diagnosed with NMIBC were enrolled in the present study.
Patient characteristics are provided in Table 1. All patients
enrolled were female because the length of the in-house
developed endoscope was only 19 cm, limiting access into the
bladder via the urethra. The criteria for patient inclusion were
the presence of a suspected bladder tumor on prior cystoscopy,
ultrasound, or cytology, and no history of surgical or medical
therapy for BC during the preceding 6 months. Patients with
gross hematuria or a history of allergic reactions to proteins
(such as milk, eggs, or beef) and patients who were pregnant,
breastfeeding, or did not utilize adequate contraceptive measures
were excluded. Ninety days follow up was conducted for
subjects. Adverse effects occurred within 90 days post operation
were collected.

PLSWT7-DMI-based NIR imaging of NMIBC in humans

An 18-French urinary catheter was inserted into each patient.
The front part of the catheter was cut off to make the catheter a
working channel, and 50 ml of PLSWT7-DMI solution (180
pmol/ml) was intravesically instilled. The catheter was clamped,
and the bladder was incubated for 30 min, followed by washing

Table 1 Patient characteristics

Paticnts No. patients

Age, mean + 3D (range), v 67+ 10,9 (43-8T)
Female 22
Tumor type

TaG1 4
TaG2 9
Tal3 I
T1G1 3
TI1G2 3
TIG3 |
Concomitam CIS 4
Solitary k)
Muliifocal 13

203



|
Eur J Nucl Med Mol Imaging. 2022. 49(9): 3033-3045 Published online: 21 February 2022

|
Eur J Nucl Med Mol Imaging. 2022. 49(9): 3033-3045 Published online: 21 February 2022

Table 2. If a WL suspicious lesion was found to be malignant by
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tests of PLSWT7- DMI-based NIR fluorescence examination, it was true negative (TN) as in Table 2. w ol ™ - | s
endoscopy of NMIBC M [ 3
Statistical analysis Ot o YA ..::x\.' . 3 s, E‘ﬂ-ﬁ'
PLSWTT7-DMI-hased NIR Pathological examination Sum Data were analyzed using SPSS version 20 (IBM Corp., T o 'f zl"";NH |i| E"' | s E
fluorescence endoscopy — S Armonk, NY, USA). Results are presented as the mean * standard ey o, wooe | “HH B o 5 0.4
it HEgatlve deviation (SD) for experiments performed in triplicate. Two- moate ) | Y . | -
Positive TP, 62 FP. 4 56 tailed independent two-sample t-tests were used to assess the LT o, =1, - s o 0.21
e L e 2 differences in fluorescence intensities and tumor-to-background 4 i B O IR 1200 140 1000 TR TGS 1200 1400 00 T 1000 1200 _ .
3?"“"“' ) i o ratios between the groups. G LI Mass/charge ratio (m/z) ° gun 600 700 800 900
Sum 68 e The detection rate was calculated as the number of tumors Wavelength{nm)
Sensitivity 91.2; specificity 90%; false negative rate 8.8% detected i.n one mode diVided, by the total nurnt_)er of (_jet,e.Cted #*:::mrr
tumors. Differences were considered to be statistically significant D E F rwcat e S
at p < 0.05. To determine the diagnostic accuracy of PLSWT7- 100 - N o - v
DMI fluorescence endoscopy, sensitivity was calculated as TP = -] B
/ (TP + FN) and specificity was calculated as TN / (TN + FP), = 75 . = 3 £ 41
where TP indicates true positives, FN indicates false negatives, g E .
with 200 ml of normal saline three times. Imaging was performed TN indicates true negatives, and FP indicates false positives. £ 50 E 5) E
using an in-house developed NIR imaging endoscopy system, % é g 21
which is capable of both WL and NIR imaging. The endoscope . Z 251 K= 42 nM = 11 K= 0,14 min ;
was inserted into the bladder to obtain images of the entire  Study design " A= 089 & Ri= 0,58 - I ; : LERL
mucosa under WL, followed by NIR imaging. The number of : : y ' ' 4 ' I . I
tumors detected under WL and NIR conditions was recorded. A This exploratory, single-center, open-label, prospective 2 mchﬂm,lﬂnE:,:% - z Eco;ctmr;t?m{::. " o*° D‘”#uquﬁﬂ';{ﬁqﬂﬂ
biopsy instrument was inserted into the bladder via the catheter, Health Insurance Portability and Accountability Act com- pliant P g
and the illuminated lesions were biopsied. All biopsies were sent  study was approved by the MSK Institutional Review Board and G H Q\,b"‘fﬂ
for H&E staining and were reviewed by a pathologist who was conducted in accordance with the Declaration of Helsinki e
blinded to the imaging results. (Chinese Clinical Trials Database registration number: ChiCTR- &£ gp{ EE Untreated I Slilenced 201 wm Control PLSWT7-DMI
DDD-17012616, registered on September 7, 2017). Written =2 2 T
Immunofluorescence analysis of PLSWT7 distribution informed consent was obtained from all patients. Patients O 60+ 3 5 T
To assess the distribution and expression of PLSWT7 target were aged 18-70 years, and pathologic diagnosis was E @
sites, frozen NMIBC tissue and normal mucosa were sectioned obtained prior to surgical treatment. Patients were expected to E 404 : H 104
into 5-um thick slices, acetone fixed, and air dried for 30 min. The survive 2 3 months with a KPS score 2 60. Patient organ function -ﬁ _ %
sections were then blocked with 1% BSA in PBS for 30 min, and was normal based on the following laboratory test results (in = 204 — - - w e 91 -
incubated with PLSWT7-DMI and rabbit monoclonal anti-CK20 the absence of continuous treatment, laboratory test results were -+ _. : j i sl
antibody overnight at 4 °C. The slides were washed three times obtained in the first week of enroliment): neutrophils > 1.5 x 10% o- y 12 24 o 0- mCO44ve hCDMVS BEA

with PBS, incubated with goat anti-rabbit antibody conjugated with
rhodamine red-X for 30 min, and counterstained with DAPI for 5
min. Images were obtained using fluorescence microscopy
(Olympus FV3000).

Imaging data analysis

The data is presented in TBR format. TBR is short for tumor
background ratio. Due to the difference in the spatial distribution
of the fluorescent contrast agent and the difference in the optical
properties of the observed tissue, it is difficult to quantitatively
analyze the results of fluorescence imaging. At present, many
clinical studies of near-infrared (NIR) fluorescence imaging
(NIR-FI) have adopted the TBR to characterize imaging
results, such as the diagnostic study of intraoperative NIR
fluorescence visualization of the lung tumor margin by Quan et
al.*. Suspicious lesions (either under NIR or WL) were biopsied
and sent to pathological examination. Suspicious lesions under
NIR were identified as luminated lesions under NIR imaging.
Suspicious lesions under WL were identified by surgeons only
under WL and not illuminated under NIR. So, for NIR imaging
detection, if a NIR suspicious lesion was found to be malignant
by pathological examination, it was true positive (TP) as
in Table 2. If a NIR suspicious lesion was found to be benign
by pathological examination, it was false positive (FP) as in

L, blood platelets > 100 x 10°/L, hemoglobin > 9.0 g/dI, bilirubin <
1.5 x UL, NAST (SGOT), ALT (SGPT) < 2.5 x ULN, and serum
creatinine < 1.5 x ULN. Exclusion criteria were complications
with cystitis or urological deformity and urethral stricture, allergy
history, including medicaments and alimental allergy, patients
with serious diseases of other systems, and the participation in
other clinical studies in the past 30 days. The primary objective
of the present study was to evaluate the safety and feasibility of
PLSWT7-DMI imaging in patients with bladder cancer. We initially
reported on the fluorescence signals in urothelial carcinoma and
carcinoma in situ ex vivo tissue. Thereafter, 22 patients were
enrolled in the study protocol. All patients completed the study.
The study design and procedures are summarized in Fig. 1. We
imaged small satellite tumors and carcinomas in situ and
compared these with ulcers and inflammation. A biopsy was taken
from the tumor and from the disease-free margin for fluorescence
microscopy and histopathological correlation analysis.

Results

Peptide discovery and characterization

In vivo phage display technology was used to identify BC-
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Control PLSWTT-DMI (M)

Fig.1 Fluorescently labeled peptides that are specific to NMIBC. A Chemical structure of the CSDRIMRGC peptide with a GGGK linker and an IRDye800CW
label denoted PLSWT7-DMI. B Fluorescence emission spectra for PLSWT7-DMI and IRDye800CW with an excitation wavelength of 471 nm resulting in an emission
peak of 519 nm. C Mass spectrum of PLSWT7-DMI. D Binding affinity (Kd) of PLSWT7-DMI to RT112 cells. E Binding kinetics (K) of ASY*- FITC to RT112 cells.
Solid line represents the least-squares fit. F Fluorescence intensity (mean sores) of RT112, EJ, and SV-HUC-1 cells incubated with phosphate buffer saline (PBS),
cPLSWT7-DMI, PLSWT7-DMI with blockade, or PLSWT7-DMI. The PLSWT7- DMI-treated group showed higher binding affinity than that of the other groups. *p
< 0.05 versus cPLSWT7-DMI-treated cells. G Flow cytometry analysis of the binding of FITC-labeled cPLSWT7 and FITC-labeled cPLSWT7 + blockade at the
indicated concentrations in RT112 cells. **, p < 0.01; data represents the mean * SE of three independent experiments. ***, p < 0.001. H Binding of PLSWT7- DMI
to recombinant human CD44V6 and mouse CD44V6. Bovine serum albumin (BSA) was used as the control protein. NMIBC, non- muscle invasive bladder cancer;

cPLSWT7-DMI, scrambled labeled peptide control.

specific peptides in our previous study (77). After three rounds
of biopanning, phage clone P7 was selected based on its high
affinity for RT112 (a BC cell line). P7 was isolated, sequenced,
and translated into the corresponding peptide, CSDRIMRGC
(PLSWTY7), and labeled with IRDye800CW (PLSWT7-DMI)
or fluorophore isothiocyanate (PLSWT7- FITC). The chemical
structure is shown in Fig. 1A. Mass spectrometry was used to
determine the mass/charge ratio (m/z) of PLSWT7-DMI, and its
monoisotopic mass based on this was determined to be 2514.8
Da (Fig. 1B). The fluorescence spectra for PLSWT7-DMI and
IRDye800CW in phosphate-buffered saline (PBS) at an excitation

wavelength of 774 nm revealed an emission peak at 789 nm (Fig.
1C). Thus, no shift was observed after IRDye800CW labeling.
The apparent dissociation constant (K,) and association
rate constant (K) of PLSWT7-FITC were 42 nm (Fig. 1D) and
0.14 min™" (Fig. 1E), respectively. The results were determined
using the least-squares fit of the data. To evaluate the specificity
of the peptide in vitro, RT112, EJ, and SV-HUC-1 (a normal
urothelium cell line) were incubated with the probes, and
higher fluorescence intensity was observed in tumor cells
incubated with PLSWT7-DMI, indicating efficient binding to
RT112 and EJ cells. However, no fluorescence was observed
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following incubation with cPLSWT7-DMI (scrambled peptide
CQRSPIHDC, labeled with IRDye800CW) or PBS. Additionally,
pretreatment with PLSWT7 prevented PLSWT7-DMI from binding
(Fig. 1F), and minimal fluorescent signals were observed in
SV-HUC-1 cells incubated with PLSWT7-DMI, suggesting
that the binding of PLSWT7-DMI occurred via the targeting of
specific sites on tumor cells. The binding of CD44v6 to RT112
cells also occurred in a dose-dependent manner. The level of
PLSWT7-DMI binding was higher in non-transfected cells
than in silenced cells (Fig. 1G). These peptides bind to RT112
mouse bladder tumor cells, which express murine CD44v6 of
RT112 cells, and an anti-CD44v6 blocking antibody inhibited
the cellular binding of CD44v6. These findings indicate that the
binding of CD44v6 to CD44v6-overexpressing cells is specifically
mediated by CD44v6. In addition, CD44v6 preferentially binds to
plates coated with either human or mouse recombinant CD44v6

Published online: 21 February 2022

compared to control plates coated with albumin (Fig. 1H).

For pharmacological/toxicological analysis of PLSWT7-DMI,
rats were administered four different doses of PLSWT7-DMI by
oral gavage (n = 12 animals per dose). After 15 days, the rats
showed no peptide-related acute adverse effects according to
clinical signs, chemistries, or necropsy (Table S1).

Ex vivo endoscopic NIR imaging

Specific binding of PLSWT7-DMI to NMIBC was con-
firmed ex vivo using fresh human bladder specimens (n = 8)
from patients who had undergone radical cystectomy. Multifocal
tumors and CIS were present in the mucosa. After incubation
with PLSWT7-DMI, tumors were clearly visible, but the normal
mucosa was not, indicating specific targeting of the probe (Fig.
2A). Quantitative analysis showed that the fluorescence density
was significantly higher in urothelial carcinoma and CIS tissue
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Fig.2 Ex vivo endoscopic NIR imaging of human bladder specimens. A The colocalization of PLSWT7-DMI binding and histopathology as shown by
representative white and blue light images with corresponding hematoxylin and eosin (H&E) staining. PLSWT7-DMI binding was detected under NIR lighting on
multifocal urothelial carcinomas and flat CIS. Scale bars, 50 ym. B Mean fluorescence density (mean + SEM) in urothelial carcinoma, CIS, and normal tis- sues post
administration of PLSWT7-DMI or the scrambled control cPLSWT7-DMI. *p < 0.05 vs. normal tissue treated with PLSWT7- DMI. WL, white light; NIR, near infrared,;

CIS, carcinoma in situ.
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WL, white light; NIR, near infrared; cPLSWT7-DMI, scrambled control peptide. E The signal ratio between the lesion and margin in stage T1 (n = 8) and Ta (n = 14). F
TBR for all patients stage T1 (n = 8) and Ta (n = 14).
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than in the normal mucosa after incubation with PLSWT7-DMI,
with no difference observed with cPLSWT7-DMI incubation (Fig.
2B). These results suggest that PLSWT7-DMI binds specifically
to human BC tissue, and thus can be translated into clinical
applications.

Endoscopic NIR imaging with PLSWT7-DMI in
NMIBC patients

To determine whether PLSWT7-DMI specifically binds to
NMIBC in vivo, we enrolled 22 NMIBC patients and compared
the absolute fluorescence of tumor tissue with that of
the adjacent normal tissue following intravesical probe
administration. The bladders were washed and emptied, and
intravesically instilled with a control probe (cPLSWT7-DMI),
and images were obtained using an in-house developed
endoscopy system. After washing to remove the control probe,
bladders were re-instilled with PLSWT7-DMI and imaged again.
With the control probe, no contrast was detected between the
normal and apparent tumor mucosa (Fig. S1). After instillation
with PLSWT7- DMI, urothelial carcinomas at stage Ta and T1
were clearly stained (Fig. 3A), but the normal mucosa was not (Fig.
3B). Quantitative analysis revealed that the mean fluorescence
density was significantly higher in the tumor tissue than in the
normal mucosa after incubation with PLSWT7-DMI, while no
difference was observed with the control probe cPLSWT7-
DMI (Fig. 3C), indicating that PLSWT7- DMI specifically
binds to tumors. Moreover, the TBR of PLSWT7-DMI was 4.58-
fold higher than that of cPLSWT7- DMI (Fig. 3D). After treatment
with PLSWT7-DMI, the sig- nal ratio between the lesion and
margin in stage Ta and T1 tumors was higher than that in the
normal tissue (Fig. 3E). Furthermore, T1 urothelial carcinomas
showed higher TBRs than the patient of Ta stage (Fig. 3F).

The illuminated lesions were biopsied using NIR imaging.
Pathological examination confirmed that the probe- bound lesions
corresponded to NMIBC tissue, while the lesions without probe
binding were identified as normal mucosa.

Detection accuracy of PLSWT7-DMI
fluorescence endoscopy for NMIBC

A total of 108 lesions (68 cancerous lesions and 40 benign
lesions) were analyzed to compare PLSWT7-DMI fluorescence
endoscopy and histopathological diagnosis (Table S2). For
urothelial neoplasms, 20.6% (n = 14) were found only by NIR
imaging, and 7.4% (n = 5) were found only by WL imaging. Small
satellite tumors and CIS overlooked under WL imaging were
identified using probe-based NIR imaging (Fig. 4A). Under WL
imaging, 54 NMIBC lesions were detected, while nine additional
lesions were detected by NIR imaging (Table S2), including six
small foci and three CIS that were overlooked by WL endoscopy.
These results indicate that PLSWT7-DMI-based NIR fluorescence
endoscopy may reduce the number of overlooked NMIBC lesions,
thus facilitating complete resection and reducing the recurrence
rate of BC.

Suspicious benign lesions that were difficult to discriminate
under WL, such as inflammation and ulcers, could be easily
differentiated by PLSWT7-DMI-based NIR fluorescence
endoscopy (Fig. 4B). The mean fluorescent density did not differ
among normal mucosa, ulcers, and inflammation (Fig. 4C),
indicating negligible probe binding to benign lesions. Ten out
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of thirteen inflammatory lesions and three out of three ulcers
were invisible under NIR (Table S2), suggesting that mistaken
resection of benign lesions would be minimized if our technique
was used during tumor resection.

Overall, PLSWT7-DMI-based NIR fluorescence endos- copy
resulted in a more thorough detection of urothelial neoplasms
at different tumor stages than WL endoscopy (Fig. 4D). The
sensitivity of probe-based NIR imaging was 91.2% (62/68),
specificity was 90% (36/40), and the false positive rate was 10%
(4/40), as shown in Table 2.

Distribution of PLSWT7-DMI in bladder tissue

We used immunofluorescence to further examine the
distribution of PLSWT7-DMI in the tumor and normal tissue.
Frozen sections of biopsies from the detected lesions and the
adjacent normal mucosa were obtained during the pre- sent study.
In representative images of NMIBC and normal mucosa, we found
that the PLSWT7-DMI signal was higher in NMIBC tissue than in
normal tissue and overlapped with CK20 expression (Fig. S2),
indicating that PLSWT7-DMI was localized in NMIBC tissue but
not in the normal urothelium. The tumor-selective distribution
of PLSWT7-DMI may serve to illuminate tumor lesions during
intraoperative imaging.

Safety and adverse effects

PLSWT7-DMI was well-tolerated by the study subjects,
and no adverse pharmacological activity or allergic reactions
occurred during the study. Three patients experienced surgical
fevers within the first postoperative day (36.8-38.5 °C), which
subsequently subsided. No damage to liver or renal function
was observed. None of the patients complained of nausea,
vomiting, or gross hematuria within 1 week after surgery. No
symptoms of urinary tract infection were reported (Table S3).

Discussion

With a recurrence rate of up to 70% within 5 years, tumor
recurrence is a major issue that affects the survival of
patients that are treated for NMIBC. A substantial percent- age
of tumor recurrences are likely to be caused by persistent
tumors that were overlooked at the initial resection*’, despite
urologists aiming to detect as many neoplastic lesions as possible
to minimize the possibility of future relapse. In the present study,
we present the first in-human assessment of the use of NIR
fluorescence endoscopy with a specific probe, PLSWT7-DMI, to
detect NMIBC lesions. We show that intravesical administration
of PLSWT7-DMI is safe and effective in improving NMIBC
detection, and successfully demonstrate its potential for detecting
overlooked neoplastic lesions, which may minimize future relapse.
Topical application of imaging probes is an effective method for
tumor imaging®. The bladder is a storage organ, representing
an established intravesical route for topical administration of
pharmacological agents without significant systemic absorption.
Compared with systemic delivery, topically administered probes
are not diluted by the volume of distribution, thus requiring
smaller quantities and decreasing the risk of toxicity and the cost
of implementation® *. In the present study, no adverse effects
were observed after intravesical administration of PLSWT-DMI,
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suggesting that the probe was well-tolerated in humans.

In a previous study, we used in vivo phage-display
technology to identify the BC-specific peptide PLSWT7.
Compared with antibodies, which are commonly used as
targeting agents, peptides are easier to label and more cost-
effective and have lower immunogenicity’'. The peptide PLSWT7
had a high binding affinity with rapid onset in urothelial
neoplasm cells. As urothelial neoplasms account for the majority
of NMIBC cases, PLSWT7 was labeled with IRDye800CW to
detect NMIBC endoscopically under NIR imaging in the present
study. Before translating PLSWT7-DMI targeted imaging for
clinical use, a rigorous validation process and focused regulatory
strategy were applied. Mass spectrometry and high-performance
liquid chromatography (HPLC) were used to elucidate the
structure and synthesis of PLSWT7-DMI. In addition, toxicological
tests were performed to confirm the safety of the probe in rats.
To further evaluate the feasibility of PLSWT7-DMI for clinical use,
ex vivo bladder specimens from high-risk NMIBC patients were
used to assess probe-based imaging. Multifocal tumors and CISs
were clearly visualized. Similar results were also reported by Pan
et al.*” and Golijanin et al.*’. However, endoscopically-managed
low-risk NMIBC accounts for many BC cases. Furthermore,
real-time intraoperative endoscopy involves many challenges that
are not encountered in ex vivo imaging, such as the limited range
of motion of the endoscope, the length of the procedure, and
increased background signal as a result of non-thorough bladder
washing. Therefore, low-risk NIMIBC patients were enrolled
in the present study, and NIR fluorescence endoscopy with
PLSWT7-DMI was performed in vivo. PLSWT7-DMI showed
positive binding to Ta and T1 urothelial neoplasms with 90%
specificity and 91.2% sensitivity. However, these results need to
be verified in a larger cohort with a wider range of pathological
types of NMIBC. In particular, the sensitivity may be lower for
other types of NMIBC (such as squamous cell carcinoma and
adenocarcinoma), as target site expression may vary among
tumor cells.

Overlooking small satellite tumors at TUR is one of the
major obstacles in the successful treatment of patients with
NMIBC, as it results in incomplete tumor control and a high
rate of recurrence. CIS is a flat, high-grade NMIBC that
poses a diagnostic challenge under WL imaging, and has a
significant risk of recurrence and progression®. To detect as
many NMIBC lesions as possible, the detection of both small
multifocal lesions and CISs must be optimized. PLSWT7-DMI-
based NIR fluorescence endoscopy detected a greater number
of tumors, including three CISs and six small tumors that were
not visualized under WL imaging. It is expected that an increase
in tumor detection rates will reduce the early recurrence rate of
NMIBC*. Accordingly, a reduction in the tumor recurrence rate is
expected if PLSWT7-DMI fluorescence endoscopy is adopted
as a standard procedure during NMBIC resection. Althoughfurther
trials are needed to confirm these findings, we expect that its
use will have a positive impact on the outcomes of patients with
NMIBC in clinical practice.

During WL tumor resection, surgeons must remove all
suspected lesions to ensure the complete removal of tumors,
because the naked eye cannot differentiate malignant lesions from
benign lesions®. Although the use of 5-aminole-vulinic acid (5-
ALA) provides enhanced contrast, the non- specific accumulation
of 5-ALA in benign lesions, including inflammation and ulcers,
leads to high false-positive rates®. This can lead to unnecessary
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mucosal injury, which provides sites for tumor implantation
and recurrence’. In contrast, PLSWT7-DMI-based NIR
imaging clearly demarcated the tumors via positive binding of
the cancer- specific probe. In contrast, benign lesions exhibited
negligible fluorescence due to negative probe binding. Therefore,
the application of PLSWT7-DMI should enable surgeons to
easily discriminate between malignant and benign lesions. The
false positive rate of PLSWT7-DMI (10%) was much lower than
that of 5-ALA (~ 30%) reported in other studies®" “°. Thus, the
risk of unnecessary mucosal injury, a critical factor in NMIBC
recurrence, could be reduced with PLSWT7-DMI.

Conclusion

In the present study, we demonstrated that PLSWT7-DMI-
based NIR fluorescence endoscopy is a feasible and safe
approach for detecting NMIBC lesions. The method showed
good specificity and sensitivity for the detection of NMIBC. Small
satellite tumors and flat CISs that evaded detection under WL
imaging were identified using probe-based NIR imaging, and
benign lesions could be differentiated from malignant lesions.
However, some of the limitations of this study include the
exclusion of male patients due to the size of the endoscope and
the limited number of patients that were included in the cohort.
As a commercial NIR cystoscope is not currently available,
a customized NIR endoscope system was developed for
the present study. However, the customized endoscope could
only be used in female patients because of its limited length.
With improved endoscopes, the validity of the method may
be evaluated in male patients with NMIBC in future studies.
Furthermore, the present study was limited to only 22 patients
with NMIBC, suggesting the need for these results to be verified in
a larger cohort in future trials.
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metastasize in the abdominal cavity, patients face a high risk of
recurrence. > Meanwhile, studies have shown that more functional
nephrons correlate with a better prognosis of patients. > Therefore,
it is crucial to achieving accurate and complete tumour resection
during partial nephrectomy (PN).

The near-infrared Il (NIR-Il, 1000-1700 nm) window fluores-
cence imaging is a highly promising strategy for medical applica-

Dear Editor,

The resection of cystic renal masses (CRMs) represents a
challenging process in terms of nephron-sparing surgery because
the mostly fluid-filled growth pattern of renal cancers causes them
easy to rupture. ' As the malignant tumours rupture, cancer cells
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Table 1 Characteristics and preoperative

diagnosis of patients with CRM

Variable
Patients, i
Age/year. M (range)
Gender, n
Male
Female
Affected side, n
Left
Right
Tumour diameter/mm, M
(range)
Preoperative eGFR, M (range)
RENAL score, M (range)
Ischaemia time/min, M (range)
Blood loss/ml. M (range)
Hospital stay/day, M (range)
Pathology
ceRCC
BRC
PED
Postoperative eGFR, M (range)

Abbreviations: BRC, benign renal cyst; ccRCC, clear cell renal cell carcinoma;

Value

46 (35-65)

5
4
48 (27-61)

92 (68-113)
£(4-9)

14 (10-25)
100 (10-400)
6136}

4

1
T2 (41-105)

eGFR; estimated glomerular filtration rate; M, median; PKD, polycystic kidney

disease.

Published online: 23 September 2021

tions. Based on our experience of image-guided surgery, *a novel
NIR-II fluorescence imaging system was developed for helping
the resection of CRM (Supplementary S1). From October 2019 to
November 2020, nine patients who underwent PN for resection
of CRM were enrolled (Table 1). After exposing tumours, indocy-
anine green (ICG, 0.5 mg/kg body weight) was injected intrave-
nously, the NIR-Il fluorescence imaging system was used for the
visualization of tumours (Figure 1, Supplementary S2). Under the
guidance of NIR-Il fluorescence imaging, all tumours were com-
pletely resected without rupture, no recurrence or metastasis was
found after 4—17 months of follow-up.

For a representative patient, the enhanced CT examination
revealed a renal mass located at the right kidney (Figure 2A and
B). After kidney exposure, the surgical region was first imaged
under white light illumination (Figure 2C). One minute after ICG
injection, NIR-II fluorescence was observed in renal parenchy-
ma and partial of the tumour vessels. The boundaries between
tumour and renal parenchyma were distinct in the NIR-II fluores-
cence images (Figure 2D and E), in which the renal parenchy-
ma-to-tumour (RP/T, defined in Supplementary S3) fluorescence
intensity ratio was 6.37 and the contrast-to-noise ratio (CNR,
defined in Supplementary S3) was 5.25. Subsequently, tumour
boundaries were marked by electrocautery guided by NIR-II im-
aging (Figure 2F). Fluorescence signal intensity extracted from
the position of the black arrow in Figure 2E showed the intensity
weakened sharply from renal parenchyma to tumour (Figure 2G).

The three-dimensional fluorescence distribution map of the
imaged area in Figure 2D further showed the signal intensity of
renal parenchyma was significantly higher than that of the tumour
(Figure 2H), which again proved the efficacy of NIR-Il imaging to
detected tumour boundaries. After resection, the visual inspection
did not detect residual tumours on the surgical margin (Figure 21),
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Fig.2 Intraoperative NIR-Il image-assisted tumour resection. (A and B) Coronal-plane and transverse-plane of the enhanced CT image, red circle indicates a renal
mass located at the right kidney. (C) Visible-light image of the tumour and renal parenchyma. (D) Fluorescence is observed in renal parenchyma and partial tumour
vessels after ICG injection. (E) Overlay image of D, in which fluorescence is shown in pseudo-colour. (F) Tumour boundaries were marked by electrocautery on the
kidney surface, the black dotted line showed the mark traces. (G) Cross-sectional fluorescence intensity, which was extracted from the position of the black arrow in
E. The blue dotted line in G indicates the place where is the boundary between tumour and renal parenchyma. (H) Three-dimensional mapping of the fluorescence
distribution of D. (I) White-light illumination image of the surgical margins. (J) NIR-Il imaging shows intense fluorescence on the surgical margin. (K) Visible-light
image of the tumour base. (L) Overlay image shows intense fluorescence on the base of the tumour. (M) Visible-light image of the tumour cavity, the intact internal
fluid indicates the tumour is resected without rupture. (N) Overlay image of the tumour cavity. (O) Pathological examination with haematoxylin and eosin staining
shows the tumour is ccRCC. Abbreviations: C, tumour cavity; RP, renal parenchyma; T, tumour; V, vessel
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Fig.3 NIR-ll imaging identified ccRCC from resected lesions. (A) A benign renal cystic tumour was dissected along the maximum axis. (B and C) NIR-Il image and
overlay image showed there was almost no fluorescence in the tumour cavity. (D) Cross-sectional fluorescence intensity corresponding to the location and direction
of the black arrow in C, which also demonstrated the lower intensity in the cavity. (E) A ccRCC tumour was dissected along the maximum axis. (F and G) NIR-Il image
and overlay image showed some areas of the tumour cavity also appeared fluorescence. (H) Cross-sectional fluorescence intensity corresponding to the location and
direction of the black arrow in G, which also showed the intense fluorescence presented in the tumour cavity. (1) Bar graph of the C/B ratio of each patient, the error
bars indicate the standard deviation over all pixels within the region of interest of tumour cavity. (J) The comparison of the average ratio of C/B between benign and
malignant tumours. (K) The ROC analysis about discriminating ccRCC by NIR-Il imaging. Abbreviations: TC, tumour cavity; RP, renal parenchyma

the NIR-Il imaging also exhibited intense fluorescence (Figure
2J). A similar fluorescence-guided surgery was conducted on
other patients (Figure S1 and Video S1).

Subsequently, resected tissue of the patient was further
inspected, intense fluorescence was detected on the base of
the lesion (Figure 2K and L). Combining the NIR-II images of
the surgical margin with the visual examination, the tumour was
considered to be completely removed. The lesion was then
dissected along its maximum axis, the internal fluid in the cavity
indicated no rupture occurred during resection (Figure 2M and N).
Finally, pathological examination showed the tumour was clear
cell renal cell carcinoma (ccRCC) and was completely resected
(Figure 20).

The fluorescence images of the dissected lesions were fur-

ther analysed. Quantitative analysis showed that NIR-Il imaging
was able to identify ccRCC from the resected lesions (Figure 3,
Figure S2). For a benign renal cyst transversely incised, almost
no fluorescence was exhibited in the tumour cavity (Figure 3A—
C). The cross-sectional fluorescence intensity profile also showed
a lower intensity in the tumour cavity (Figure 3D). Conversely,
fluorescence was detected in some areas of the tumour cavity of
ccRCC (Figure 3E-G), which was proved by the cross-sectional
fluorescence intensity profile (Figure 3H). Eight of the nine re-
sected lesions were dissected and all the tumour cavity-to-back-
ground (C/B, defined in Supplementary S3) fluorescence intensity
ratio of ccRCCs was much higher than those of benign tumours
(Figure 3l and J; 4.87 £3.40 vs.1.53 £ 0.15, p = 0.1405). Besides,
for each ccRCC, the C/B ratio was greater than 2.0, while the C/B
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ratio was lower than 1.8 for benign tumours, the receiver operating
characteristic analysis about categorizing resected lesions showed
the area under the curve (AUC) was 1.00 (Figure 3K).

As shown in the above results, clinical benefits were brought
with the use of NIR-II imaging. ICG-based traditional first near-
infrared window (700-900 nm) fluorescence imaging of renal
tumour is limited to reduce the positive margin rate.’ The rate
of positive surgical margins after nephron-sparing surgery is as
high as nearly 10%.° One of the key obstacles is that those small
residual tumours on the surgical margins are shadowed by the
intense fluorescence of renal parenchyma during fluorescence
imaging. In this study, surgical margins and base of the resected
lesions received NIR-Il imaging, only when both appeared intense
fluorescence was the tumour considered completely removed.
Our pilot clinical results demonstrate this approach is an effective
method for detecting residual tumours in the condition where
normal tissue exhibits higher intense fluorescence thantumours.

The ICG injection dose is an important influence fator of
fluorescence imaging during PN. Briefly, different dose causes
renal parenchyma appears inadequate fluorescence or otherwise
tumours appear undesirable fluorescence.” Diverse injection
doses have been reported, but not all tumours were successfully
detected in the previous studies.®” In this trial, ICG at a dose of 0.5
mg/kg body weight was administrated, benefited from the lower
auto-fluorescence and less interfered from the ambient light in the
NIR-II region, tumours were distinctly identified in all patients. The
injection dose can be a reference for NIR-Il imaging in other renal-
related researches. Additionally, the ccRCC was identified based
on the diversity of C/B ratios between different lesions. Although
the relationship between the fluorescence in the tumour cavity
and the ICG administration dose needed to be investigated. Our
finding highlights the NIR-Il imaging as a potential diagnostic
technique that may alter the treatment of CRM.

In summary, the first clinical trial of NIR-Il imaging for the
resection of CRM was reported in this study. The novel technique
brings benefits to patients, such as no positive surgical margins
and no tumour ruptured during resection. In the future, other
relevant benefits of the NIR-Il imaging assists CRM resection can
be explored.
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Blood Perfusion Assessment
by Near-Infrared Fluorescence
Angiography of Epiploic
Appendages in Prevention of
Anastomotic Leakage after
Laparoscopic Intersphincteric
Resection for Ultra-Low Rectal
Cancer: A Case-Matched Study
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Abstract

Background: The role of intraoperative near-infrared fluorescence angiography with
indocyanine green in reducing anastomotic leakage (AL) has been demonstrated in colorectal
surgery, however, its perfusion assessment mode, and efficacy in reducing anastomotic
leakage after laparoscopic intersphincteric resection (LsISR) need to be further elucidated.

Aim: Aim was to study near-infrared fluorescent angiography to help identify bowel ischemia to
reduce AL after LsISR.

Material and methods: A retrospective case-matched study was conducted in one referral
center. Atotal of 556 consecutive patients with ultra-low rectal cancer including 140 patients with
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fluorescence angiography of epiploic appendages (FAEA) were enrolled. Perfusion assessment
by FAEA in the monochrome fluorescence mode. Patients were divided into two groups based on
perfusion assessment by FAEA. The primary endpoint was the AL rate within 6 months, and the
secondary endpoint was the structural sequelae of anastomotic leakage (SSAL).

Results: After matching, the study group (n=109) and control group (n=190) were well-balanced.
The AL rate in the FAEA group was lower before (3.6% vs. 10.1%, P = 0.026) and after matching
(3.7% vs. 10.5%, P = 0.036). Propensity scores matching analysis (OR 0.275, 95% CI 0.035—
0.937, P 0.039), inverse probability of treatment weighting (OR 0.814, 95% CI 0.765-0.921, P
0.002), and regression analysis (OR 0.298, 95% CI 0.112-0.790, P = 0.015), showed that FAEA
was an independent protector factor for AL. This technique can significantly shorten postoperative
hospital stay [9 (6—13) vs. 10 (8—-13), P =0.024] and reduce the risk of SSAL (1.4% vs. 6.0%, P =
0.029).

Conclusions: Perfusion assessment by FAEA can achieve better visualization in LsISR and
reduce the incidence of AL, subsequently avoiding SSAL after LsISR.

Keywords
Anastomoticn leakage, Near-infrared fluorescence angiography, Indocyanine green, Laparoscopic
intersphincteric resection, Ultra-low rectal cancer
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active bleeding at the resection margins, palpable pulsation in
the mesentery, and absence of discoloration ' '". However, this

Introduction

Intersphincteric resection (ISR), is commonly performed in
patients with ultra-low rectal cancer for whom anal preservation
is desired. However, anastomotic leakage (AL) remains a major
issue after ISR, with an incidence of 3%—20% . Previous studies
have shown that AL is a multifactorial process, commonly
occurring in males and influenced by preoperative radiotherapy,
nutritional status, anastomosis level, intraoperative blood loss,
number of stapler firings, and bowel perfusion e, Traditionally,
proximal bowel perfusion at the anastomosis site is assessed
intraoperatively using experience-based judgment to check for

measure is subjective and very unreliable.

Intraoperative pseudo-color fusion-based near-infrared
fluorescence angiography (NIR-FA) of the mucosa with
indocyanine green (ICG) provides sufficient visualization allowing
for resection margin determination. A recent meta- analysis '
revealed that NIR-FA significantly reduced AL and the need for
surgical reintervention after colorectal surgery. A randomized
clinical trial (EssentiAL trial) confirmed that the addition of ICG-
FI significantly reduced the anastomotic leakage rate by 4.2%,
although the actual reduction rate of anastomotic leakage in the
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ICG + group was lower than the expected reduction rate of 6%
and the addition of ICG-FI was not superior to white light (ICG-
group). However, the PILLAR Il trial showed no significant
difference in AL rates between NIR-FA and conventional imaging
modalities °. Additionally, NIR-FA is susceptible to biological
tissue scattering, resulting in the diffuse overall fluorescence
signal near the anastomotic region ™. Especially in the total
laparoscopic era, surgeons still have to rely on subjective visual
perception to determine the transection level. Therefore, the
perfusion assessment mode and efficacy of NIR-FA need to be
further optimized and established.

The promotion of laparoscopic surgery has raised higher
requirements for intracorporeal anastomosis. However,
the traditional ICG fluorescence judgment-based merged
fluorescent image, which was easily affected by the
background color. Here, we proposed a novel, monochrome
fluorescence-based mode to dynamically determine bowel
perfusion on the basis of fluorescence angiography of epiploic

Published online: 1 August 2024

appendages (FAEA). This study aimed to investigate the feasibility
and efficacy of the FAEA mode in reducing AL and structural
sequelae of AL (SSAL) after laparoscopic intersphincteric
resection (LsISR) for ultra-low rectal cancer. The primary endpoint
was the AL rate within 6 months, and the secondary endpoint
was the SSAL We hypothesized that FAEA could significantly
reduce the AL incidence and avoid SSAL after laparoscopic
intersphincteric resection (LsISR) for ultra-low rectal cancer.

Materials and methods

Patients

We retrospectively collected data of patients with LsISR
from Cancer Hospital and the Chinese Academy of Medical
Sciences between January 2012 and July 2023 (Fig. 1). The
inclusion criteria were as follows: (1) patients with ultra- low

Ultra-low rectal cancer with

LsISR January 2012 and
July 2023 (n=589)

v

Eligible (n=556)

F

Exclusion

Other rectal malignant tumors (n=15)
#| Combined resection of rectal cancer

with other organs (n=8)

Conversion to abdomino-perincal

resections (n=10)

i

LsISR with near-infrared
fluorescence angiography
(FAEA group, n=140)

PSM (1:2 ratio)

F3
FAEA group

n=109

Fig.1 Flowchart of this study

LsISR without near-infrared
fluorescence angiography

(Control group, n=416)

PSM variables

Sex, age, BMI, ASA score, tumor
size, stage, nCRT, height of the
anastomotic site from the AV, LCA
preservation, and diverting ileostomy
'Y

Control group

n=190
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rectal adenocarcinoma (< 5 cm from the anal verge);(2) LsISR.
The exclusion criteria were (1) Other rectal malignant tumors,
(2) Combined resection, (3) Conversion to abdomino-perineal
resections. A multidisciplinary team meeting determined the
treatment strategy and need for neo- adjuvant chemoradiotherapy
(nCRT) for each patient. All the patients who received
neoadjuvant chemoradiotherapy were treated with a long-course

Published online: 1 August 2024

chemoradiation regimen. We used a standard long-course
regimen of 5-fluorouracil (5-FU)-based chemotherapy and a total
dose of 45 to 54 Gy of external beam radiation. Following nCRT,
patients were reassessed by pelvic MRI. Surgery was performed
approximately 8 to 12 weeks after nCRT. All patients enrolled in
the study provided informed consent. The study protocol was
approved by the Ethics Committee of Cancer Hospital, Chinese

Fig.2 Clinical judgment of ischemic line in different near- infrared modes. After transection of the anal side of the rec- tum, the specimen was extracted through
the incision. After the division of the mesentery at the level of planned transection, A the ischemic line was observed by using color vision mode (white line); B the
micro- arterioles of epiploic appendage were dynamically observed using monochrome fluorescence mode after ICG was intravenously injected. The dissecting
line (red line) based on the end of micro-arterioles in this mode was recorded; C the venules and the bowel wall gradually became visible; D changed the imaging
to the merged mode, and marked the merging borderline (yellow line), this line is 1-2 cm distal to the dissecting line (red line) based on micro-arterioles of epiploic
appendage; E before intra- corporeal anastomosis, the blood perfusion of bowel was observed under merged mode; F the blood perfusion of bowel was observed
under monochrome fluorescence mode.
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monochrome fluorescence mode (Fig. 2f). Under the merged
mode, the diffusion of ICG stained peritoneum, and this green

|
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Table 1 Comparison of patient characteristics in the baseline cohort before (n = 556) and after

NIR imaging system background color of peritoneum around the bowel seriously PSM (299)
) ) ] affects the observation and judgment of the blood perfusion
We used a 4K ultra-HD laparoscopic NIR imaging system  of the anastomosis. The arterioles on the well blood perfusion AR B e P B
(DPM-ENDOCAM-03 and DPM-LIGHT-03, Zhuhai, bowel can be displayed with the FAEA method, and not affected ki e
Chlna) from DIpU Medical TeChn0|09y Co. This SyStem by the background color under monochrome fluorescence FAEA group (n= 140} Control group (n=416) FAEA group (n= 109} Control group (r= 1%}
irradiates excitation light at 785 £+ 5 nm and collects  pode. What's more, the blood perfusion of anastomotic
emission light at 830-900 nm. It employs a generative  powel can be re-judged or confirmed by repeated injection of Age (year) okl allio-oe) S Shte) iR =
adversarial network-based image enhancement method to  |cG. A video of FAEA is available as an online supplement < () 57 (40.7) 192 (46.2) 48 {10} T2(37%)
achieve multi-scale image detail boosting . Furthermore, color,  (video S1). After the anastomosis was completed, ICG was = 6 83 (59.3) 224 (53.8) 61 (60,0 118 (62,1
mongchrome ﬂyorescence, and pseudo-color fu;ion images can  administered intravenously again. The anus was stretched open Sex 0068 1
be displayed .S|multaneously or separately. All Imaging results  and the anastomosis was exposed by the anoscope, and the Female 6 (45.7) 152 (36.5) 67 (61.5) 116 (61,13
Ead a res?tlu(;lgnt ofdg]ctfleas: 3841:10 x 2f1g0, tand NIR |mag§S Catn fluorescence intensity of the anastomosis was observed by the Male 76 (54.1) 264 (63.5) 43 {385y 74 (385
e converted Into citierent moces of heat maps according 1o fluorescence laparoscopy. BMI (kg/m?) 23,7 (22.0-25.9) 23.7(21.7-25.9) 0.886 24.0(22.1-26.0) 23.7 (22.0-25.6) 0.811
surgical requirements. The imaging vision could be adjusted by For the control group, the color of the bowel wall was ’ 3 F : i
ioulating the lapar ic imaging adapter. ' 1 X <25 BB (62.9) 267 (64.2) 64 (38.7) 115 (60.5)
manipulating the laparoscopic Imaging adapter. observed by naked eyes before cutting off the proximal bowel of i B é :
. 225 52 (37.1) 149 (35.8) 45 (41.3) 75 (39.5)
. the tumor. After anastomosis, the anus was retracted and the : ) . -
Surgical procedures anastomosis was exposed, the color of the intestinal mucosa was “"”:"’L'"F e . iy ) o i
Radical rectal cancer surgery was routinely performed Judged by naked eyes. \L e iy it i
gery y periol The anastomotic leak was evaluated intraoperatively with Yes 1319.3) GO (14.4) 1019.2) 22111.6)
by two surgeons (XW and JT) with > 10 years of experience : ) =R -
ICG and underwater testing for FAEA group; and only underwater Drrinking 0.545
and who have handled = 100 LsISR cases. A standard total . . 5 N - . —
- . : testing for control group after anastomosis. No 116 (82.9) 3200769 0140 93 (85.3) 157 (82.6)
mesorectal excision was performed, with careful preservation v 2% (17.] 96 (25,11 16 (14.7) 33 (174
of the bilateral hypogastric nerve and neurovascular bundles. . . L e i ok i bt pici
The intersphincteric plane between the puborectalis muscle Diagnosis of AL and definition of SSAL ASA RER 0.130
and internal sphincter was carefully dissected under direct The AL was classified into 3 categories, according to the 1-2 125 (89.3) JR0(U3.5) 04 (K3.5) 149 (T8.4)
vision. The distal rectum was transected intracorporeally  gegree of difference; grade A: radiological leakage (AL confirmed 3 15 (10.7) 27 (6.5) 15(16.5) 41(21.6)
using a flexible linear stapler. When the distal resection margin  golely by diagnostic imaging of the anastomosis site, despite Diabetes 0.744
was < 1 cm or was suspected to be positive, an intraoperative  the |ack of clinical symptoms. These cases do not require any No 120 (85.7) 357 (85.8) 93 (85.3) 158 (83.2)
frozen section pathology was usually required for confirmation.  active therapeutic intervention); grade B: symptomatic leakage Yes 20 (14.3) 59(14.2) 16 (14.7) 12 (16.8)
The anastomosis was constructed manually. According to the  yithout re-laparotomy (AL with clinical symptoms, which require Preoperative Hb (/L) 0.495 0557
distance from the anastomosis to th? anus, the blood perfusion  therapeutic intervention by other means than surgery. It requires =120 124 (E5.6) 347 (33.4) 90 (H0.8) 167 (87.9)
of the anastomotic bowel, the patient's willingness to stoma and  percutaneous or transanal drainage and antibiotic treatments); <120 16 (11.4) 69 (16.6) 10(9.2) 2 (221
surgical experience, we decided whether to stoma. grade C: symptomatic leakage requiring re-laparotomy (AL with Poersecative CEA L] : oy ' 44
. L ) o clinical symp- toms, which require surgical intervention). _ﬁpﬂ R (679 s e o ing.a o
The details of ICG administration determination The structural sequelae of anastomotic leakage (SSAL) = i ' e 4 St gt i
of ischemic line were defined that AL developed into structural sequelae including >3 : 45 (32.1) 125 (30.0) n@eaD 134(105)
S . _ prolonged fistula, sinus formation, or stricture. In the table of Preoperative CA199 (KU/L) fSod 0.529
The route _of IQG admlnlstrathn for evaluating anastomotic ;¢ manuscript, the types of SSAL were listed as stenosis, <37 125 (89.3) 372 (30.4) O (H0.9) 171 (90.0)
blood perfusion in laparoscopic colorectal surgery was  rectovaginal fistula, rectourethral fistula, presacral sinus. >37 15(10.7) 44 (10.6) Loy 19 (10.0)
injection via peripheral vein or central vein, and then flushing The anastomotic leak was determined rectal contrast enema Maximal wmor size, mm,  40.0 (29.0-50.0) 35.0027.0-45.0) 0.557 40,0027 0-50.0 35.0 (25.047.0) 0.256
venous catheter with 5 mL~10 mL normal saline. The dosage i, a|| patients, and all patients underwent flex sig as a means of median
concentration of 2.5 mg/mL was recommended. The injection  eyalyating for leak. Height of wmer from the 4.0 (3.5-4.0) 4.0 (3.5-4.0) 0.465 4.0 (3.5-4.0) 4.0 (3.5-4.0) 0.809
dose was calculated based on the body weight, and the dose was anal verge, em, median
0.1 mg/kg-0.5 mg/kg. The observation time duration of vascular  pata collection and followup Preoperative bowel 10(7.1) 35484 0.634 7(64) 12 (6.3) 0.971
perfusion was set to 10 s—60 s. obstruction
For the FAEA group, after dividing the mesentery at the Basic clinical and pathological characteristics were collected, I stage 0061 0.507
Iev_el of the plan.ngd transection, _the ischemic line was observed including sex; age; body mass index (BMI); d_iabetes mellitus 0-2 47 (33.6) 179 (43.0) 44 (40,4} 68 (35.8)
using color vision mode (Fig. 2a). Then, the 0.05 mg/ status; nCRT; American Society of Anesthesiologists (ASA) score; 14 93 (63.4) 237 ($7.0) 65 (59.6) 122 (64.2)
kg of ICG was injected into the peripheral vein just before  tumor distance from the anal verge (AV); differentiation status; x:- e B S s Sl e i
proximal bowel transection. We observed the micro-arterioles  maximal tumor diameter; (y)pT, (y)pN, and (y)pTNM stages CLe — _ LED e
of the epiploic appendage dynamically observed using  (American Joint Committee on Cancer 8th edition); and serum 0 80(=7.1) 270 (64.9) 69 (63.3) 113(39.3)
monochrome fluorescence mode, and recorded the dissecting  hemoglobin, albumin, carcinoembryonic antigen (CEA) levels. 1-2 60 (42.9) 146 (33.1) 40 (36.7) 77 (40.5)
line based on the end of micro-arterioles in this mode (Fig. 2b).  Perioperative outcomes were also reviewed, including operative M stage 0.837 0474
The venules and the bowel wall were gradually visible in this  time, estimated blood loss, left colonic artery (LCA) preservation, MO 138 (U5.6) A0 (95, 1) 108 (99,1) 156 (97 9)
procedure (Fig. 2c). We also changed the imaging to the merged  height of the anastomotic site from the AV, AL, postoperative M 2 (1.4) 019 I [0.9) 4(2.1)
mode, and marked the merging borderline (Fig. 2d). FAEA was  complications, and post- operative length of stay. THM stage 06T 0.770
performed in the monochrome fluorescence mode before serving Follow-up was performed every 3 months for the first L B2 [58.6) 266 (63.2) 48 (44.3) 79 (41.6)
the proximal bowel. Whether a stoma was performed accordingto 2 years, every 6 months for the next 3 years, and annually v 58 (41.4) 150 (36.8) 61 (56.00 111 (58.4)
above criteria. Before intracorporeal anastomosis, the blood perfu-  thereafter. SSAL after LsISR was evaluated, including anastomotic N : i o, ' o S . o
sion of the bowel was observed under merged mode (Fig. 2e) and  stenosis, rectovaginal fistula, and chronic presacral fistula. In this el
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Table 1 Comparison of patient characteristics in the baseline cohort before (n = 556) and after

PSM (299) (continued)

Before PSM P Ader PSM P
FAEA group (=140} Control group (n=416) FAEA group (= 109) Control group (r= 190}
=35 6] (43.6) 216(51.%9 0.534 32(29.4) 69 (36.3) 0.316
=35 T9 (56.4) 200 (48.1) 41 {T0.6) &6 (63.7)
Differentiation 0912 0.329
High-moderate 122 (87.1) 359 (86.3) D6 (. 1y 158 (83.2)
Poor 18 (12.9) ST{13.T) 13(11.9) 32(16.8)
Preoperative therapy 0006 (1808
Mo 111 {79.3) 366 (85.0) 91 (83.5) 162 (85.3)
Yes 29 (20.7) 01200 18 (16.5) 28 (14,7}
Diverting ileostomy (0.829 I
Mo 25(17.9) 6% [ 16.6) 20(18.4) 35(18.4)
Yes 115 (82.1) 347 (83.4) B9 (B1.6K 155 (81.6)
Height of the anastomotic 2.0 (2.0-3.0) 2.0(2.0-3.0) 0,637 2.0(2.0=-3.0) 2.002.0-3.00 0.742
site from the anal verge,
cm, median
LCA preservation < (.00 (0.839
Mo 3002145 199 (47 8) 29 {26.6) 54 (28.4)
Yes 110 (78.6) 217 (52.2) 20{T3.4% 136 (71.6)

study, the primary endpoint was the AL rate within 6 months after
primary resection, while the second- ary endpoint was the SSAL
rate.

Statistical analysis

Chi-square or Fisher’'s exact test was used to analyze
the differences between the primary and validation groups.
Variables with P-values < 0.100 in univariate analyses were
included in multivariate analyses. A greedy matching algorithm
was used with a caliper width equal to 0.20 of the standard
deviation of the log-transformed estimated propensity score
(EPS) °. Propensity scores were estimated using sex, age,
BMI, ASA score, tumor size, stage, preoperative treatment,
height of the anastomotic site from the AV, LCA preservation,
and diverting ileostomy. The FAEA group was appropriately
matched to the control group (ratio, 1:2) using propensity score
matching (PSM). Odds ratios (ORs) and their 95% confidence
intervals (Cls) were calculated using univariable and multivariable
logistic regression analyses, with the AL rate set as the
outcome variable. Multivariable logistic regression analyses
were performed with backward exclusion and stepwise selection
methods at the 5% significance level. These were performed with
the factors of AL as outcome variables and adjusted variables
of EPS as explanatory variables. Subsequently, univariable
logistic regression models were used for the PSM cohort,

with the group as a covariate. Finally, inverse probability of
treatment weighting (IPTW) with two different types of weights
(i.e., standard and exposed) was used for EPS . All statistical
analyses were two-sided, and statistical significance was set at
P < 0.05. Statistical analyses were performed using R software
(version 4.0.5) and SPSS software (version 25.0).

Results

Patient characteristics

A total of 556 patients were finally analyzed, including 140
patients in the FAEA group and 416 patients in the control group
(Fig. 1). The median ages were 62 (interquartile range [IQR], 54—
68) and 61 (IQR, 55-68) years in the FAEA and control groups,
respectively. The proportion of retained LCA was significantly
higher in the FAEA group (78.6% vs. 52.2%, P < 0.001). After
PSM, the FAEA and control groups respectively had 109 and
190 patients; 67 men and 42 women were in the FAEA group,
with a median age of 61 [IQR, 55-68] years; 116 men and 74
women were in the control group, with a median age of 62
[IQR, 55-68] years), and all variables, including the percentage
of LCA preservation, TNM stage and preoperative therapy in
those two groups were well balanced (Table 1).
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Shortterm results after LsISR

No ICG-related allergic reactions, such as fever, nausea,
or rash, were observed. The AL rate (pre-PSM, 3.6% vs.
10.1%, P = 0.026; post-PSM, 3.7% vs. 10.5%, P =0.036)and
median postoperative length of stay (pre-PSM, 9 ** vs. 10
& P =0.024; post-PSM, 9% vs. 10", P=0.036) in the FAEA
group were all significantly lower than in the control group. None
of the patients were converted to open surgery. The operative
time, estimated blood loss, postoperative complications,
AL grade, mortality, or reoperation showed no difference
between the two groups. Only one patient with nCRT in the
FAEA group developed anastomotic stenosis, significantly lower
than that in the control group (1.4% vs. 6.0%, P =0.029), and the
latter included 9 patients with chronic presacral sinus, 8 with
anastomotic strictures, 5 with rectovaginal fistula, 2 with anal
fistula, and 1 with rectourethral fistula. A total of 14 patients
underwent reoperation for major reasons including bleeding,
obstruction and grade C AL. After PSM, the proportion of
SSAL was still significantly lower in the FAEA group than in the
control group (1.8% vs. 6.8%, P = 0.041). Specifically, 1 patient
developed SSAL in the FAEA group, and 11 patients developed
SSAL in the control group, including 4 with chronic presacral
sinus, 4 with anastomotic stenosis, 2 with anal fistula, 1 with
rectovaginal fistula. (Table 2).

Risk factors for AL

The regression analysis was used to explore the risk
factors of AL. In the univariate logistic regression analysis,
nCRT (OR 4.892, 95% Cl12.584-9.260, P < 0.001)was risk
factor for AL, while FAEA (OR 0.399, 95% CI 0.166-0.959, P =
0.004) reduced the incidence risk of AL. The AL-related variables
with P < 0.2 from the univariate regression analysis were
included in the final multivariate logistic regression analysis.
Male sex (OR 3.120, 95% CI 1.379-7.062, P = 0.006), nCRT
(OR 7.695, 95% CI 3.668-16.144, P < 0.001), and tumor height
from the anal verge <4 cm (OR 4.038, 95% CI 1.534-10.630, P =
0.005)were independent risk factors for AL. As an independently
favorable factors, diverting ileostomy (OR 0.485, 95% CI 0.107—
0.676, P =0.043) could reduce the AL risk by divert- ing stool,
although it did not help the anastomosis heal. FAEA (OR 0.307,
95% C10.118-0.800, P=0.016) and LCA preservation (OR 0.485,
95% CI 0.107-0.676, P = 0.043) were independently protective
factors for AL (Table 3). We further analyzed the relationship
between ICG evaluation of blood perfusion at anastomotic site
and the incidence of AL (Table 3). In the group of good blood
perfusion of the anastomotic site, 3 patients developed AL, which
was sig- nificantly lower than that in poor perfusion group (2.2%
vs. 50%, P <0.001).

The advantages of FAEA in the evaluation of
blood perfusion at anastomotic site

We analyzed the site of planned transection line in different
modes (Table 4). Both in totally laparoscopic ISR and laparoscopic
ISR with auxiliary incision, the planned transection lines under
color vision mode (AM-FAEA = 1.74 + 0.35, and 1.56 + 0.33) and
merged mode (AC-FAEA =0.89 £ 0.24, and 0.92 + 0.27) were
more distal than the planned transection line determined by FAEA.
What's more, under merged mode, the planned transection line
in the group of totally laparoscopic ISR was more distal than the
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line in the group of laparoscopic ISR with auxiliary incision (P =
0.047), while the site of the transection line in above two groups
had no difference under the FAEA (P = 1) and color vision mode
(P=0.272). The evaluation of FAEA for blood perfusion was more
accurate than the other modes, especially in totally laparoscopic
ISR.

FAEA efficacy in preventing AL

To further define the efficacy of FAEA in preventing AL, we
compared several logistic regression analyses with anastomotic
leakage as the outcome variable. In multivariate logistic
regression analyses without backward exclusion, adjusting
for the same covariates as those used to calculate EPS, FAEA
was associated with significantly lower risk of AL (OR 0.298,
95% CI 0.112-0.790, P = 0.015). Similarly, stepwise selected
multivariate logistic regression analysis showed that FAEA
was associated with a significantly lower AL risk (OR 0.261, 95%
Cl 0.098-0.691, P =0.007).In the PSM cohort, unconditional
univariate logistic regression analysis also showed that FAEA
was associated with a significantly lower AL risk (OR 0.275, 95%
CI 0.035-0.937, P = 0.039). Finally, IPTW analysis using EPS
for both weights likewise showed that FAEA was associated with
a significantly lower AL risk (OR 0.814, 95% CI 0.765-0.921, P
= 0.002). The magnitude of FAEA-related AL risk reduction was
strong and consistent with the lower ORs (0.225-0.814) in all
regression analyses described above (Table 5).

Discussion and conclusion

AL is one of the most serious complications after ISR
for ultra-low rectal cancer, leading to reoperation, SSAL with
permanent stoma, delayed further oncological treatment, and
even worse oncological outcomes * '®*?*. Inadequate blood
perfusion is considered as one of the most important risk
factors for AL development. Routine ICG use to assess bowel
perfusion in colorectal surgery has been proven as a safe and
cost-effective method to reduce AL, without side effects 2° .
Nonetheless, some challenges need to be addressed. The ICG
dose and mode used for the evaluation of bowel perfusion vary
widely. Moreover, the NIR-FA relies on a subjective evaluation
of the mean fluorescence brightness of the anastomotic area,
which is influenced by mucosal characteristics; thus, it is prone
to biological tissue scattering and inter-observer variations in
judgment ™. Our study is the first to apply FAEA by dynamically
observing intraoperative bowel perfusion in LsISR. We found that
FAEA was effective in reducing AL by more accurate evaluation
in blood perfusion of anastomotic bowel and determination of
planned transection line, subsequently reducing postoperative
hospital stay and SSAL incidence. To the best of our knowledge,
this study included the largest LsISR sample to date and was the
first to propose FAEA as an efficient AL prevention strategy.

Several patient-related factors negatively affect anastomosis
healing, such as male sex, nCRT, low anastomosis level,
high ligation, and tumor size ** *’. Nevertheless, Other factors
are more directly influenced by technical failure that could be
modified intraoperatively if detected, such as tension on the
anastomosis, LsISR duration, insufficient integ- rity of the
anastomosis and judgment of blood perfusion of anastomotic
bowel ***°. Adequate blood perfusion is one of the most important
in preventing AL. Our previously retrospective study revealed
that male sex and nCRT were independent risk factors for AL,
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Table 2 Perioperative outcomes of patients undergoing LsISR before and after PSM

between NIR-FI group and control group

Variable Before PSM P Alter PSM P
FAEA group (n= 141} Control group (n=416) FAEA group (n= 109} Control group (n= 191
Operative duration, 172(030-215) 172 (135=-211) (utb 17601 40-225) 1 B0 1502300 (625
médian (IQR) min
Estimated blood loss, S0 20-710) S0 (20— 100} LSS 300 (2050 S0 (20-1000 (L3860
median (IQR) mL
Conversion to open Y] LN - 0 0 (0 -
AUFRETY {5, %)
Change in resection of 23 (16.4) 15(3.6) <OU0 160 14.7) 4(2.2) <0001
proximal stump
AL in, %) 026 (L0346
No 135 (96.4) 3T74(89.9) 1005 (W53} 170 (B9.5)
Yes 5(3.6) 42010.0) 437 20(10.5)
AL grade (n, %)
A-B 4 (2.59) A(7.2) (L3 4 (1.6) 15 (7.5 149
C 1 (0.7} 12 (2.9 0L252 O 5(2.6) 0215
Complications (n, %)
CD grade 1-11 1ad{l1.4) 41 (9.9 L5096 16(14.T) 16 (8.4) (02
CD grade -1V 5 (3.6) 20(4.8) 541 3 (2.8) 2i4.2) [.744
Tlews (mr, &) 4(2.9) 14(34) (556 3 (2.8) FEENG 0923
Mortality (n, %) Y] EXR R L7330 2(1.h 0.736
Reoperation (m, %) 1{0.7) 14 (3.4 634 1 (0.9) RN 0976
|:'|.r.1-.:||'u:|".|['|1.'|.‘: |'|||-\]:|i[:|.| G ih=13) I0{E=13) MO2d O (6=13) 10(7=13) R
sty (day)
S5AL (m ) 2(1.4) 25 (610 0029 2 (1.8) 14 (7.4) (O]
Stenosis (i, T 1 (0.7} (LW 1 (0.9) 4{2.1
Rectovaginal fistula O (0 5(1.2) O (i 3il.:
{rr, )
Rectourethral fistula LRLL] 1 {02} [ (0y 0
(rr, %)
Presacral sinus (n, %) 0 (0 9.2 (i 5(2.6)
Anal fistula (m, %) 1 (0.7 2(0.5) 10093 2i{l.
Table 3 The univariate analysis and multivariate analysis of anastomotic leakage
Varinhbe Univariate analysis Multivariate analysis
Odds ratio (95% CI P value Oidds ratio (95% CT) P value
Sex (Male vs. Female) 3.467 (1 59-7.558) 0.002 3120 (1.379-7.062) (.00
Age (=60 years v, < 60 years) 0. 726 (0.401-1.313) 0.289
BMI (=25 kp"nl: vi, <25 kghll-?] 1546 (0.851-2.806) 0.152 1.443 (0.757-2.750) 0,265
Smoking (Yes vs. Noj 608 (0.4237-1.564) 0.239
Drinking ( Yes vs. No) 1601 (0.879-3.291) 0.215
Diabetes (Yes vs. No) 1. 435 (0.642-3.208) 0378
wCRT (Yes vs. Mao) 4 892 (2 584-9.260) < 0,001 T.695 (3.668=-16.144) < (L0001
LCA preservation {Yes vs, Na) 1335 (0.B47=2. T8N L158 0,485 (0L 107=0.676) 0043
[‘.ln'.;rlini.__" |l|:!N|::-|1|_'|.' {Wes va, No) 0,577 (0.288<1.15T 0,121 0, JOE (O S =00, 4 55 <= [, 0]
THM stage (H1-1V vs.1-10) 1001 (0.546-1.833) 0.949%8
Maximal wumor size (=36 mm vs. < 36 mm) (LEB20 (04531 485) 0.512
Height of tumaor from the anal verge (€4 ¢m vs. > 4 cm) 2236 (D928-5.38T7) 0.073 4038 (1.534-100630) (.05
FAEA (Yes vs, Nod 0, 399 (1), | 6H=0,959) (L0 0,307 (001 18=0,800) L
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Table 4 The planned transection line in different mode compared with FAEA

ICG mode Totally laparoscopic ISR with Laparoscopic ISR with P
intracorporeal anastomosis (=280}  auxiliary incision (n==60)
Mean+ 5D Mean+ SD
FAEA 0 0 1
AMerged mode-FAEA 1.74+0.35 1.56+0.33 0.047
AColor vision mode-FAEA 0.89+£0.24 092+£0.27 0.272

Table 5 Comparison of several logistic regression analyses with anastomotic leakage as

the outcome variable

Models M Odds ratio (95% CI) P value
Univariable logistic 556 (0.399 (). 166—0.959) 0,004
Multivariable logistic (without backward elimination) 556 0,298 (0.112-0.790) 0.015
Multivariable logistic (with stepwise selection) 356 0.261 (0.095-0.691) 0.007
Univariable logistic for the PSM-matched cohort 299 0.275 (0.035-0.937) (.039
IPTW logistic (standard and exposed weights) 556 0.814 (0.765-0.921) 0.002

while LCA preservation and diverting ileostomy independently
protected against AL 9. Both nCRT and LCA preservation were
associated with blood perfusion in the anastomotic site, which is
consistent with the underlying mechanism of AL. Previous studies
also evaluated the effect of NCRT on the blood supply to the
proximal anastomotic bowel and suggested that nCRT may cause
vascular endothelial damage and ultimately affect anastomotic
blood perfusion *"*. The risk of AL can be reduced by freeing
the splenic flexure and expanding the length of radiation-
induced proximal bowel resection ***. Recent studies analyzed
the relationship between LCA preservation and fluorescence
imaging, combined with artificial intelligence analysis, which
showed that there was no difference in the maximum peak
fluorescence; however, the time required to reach the peak was
significantly shorter with LCA preservation. Unfortunately, these
studies did not analyze the relationship between the time to reach
the peak and AL™.

A randomized control trial (RCT) failed to confirm the
benefits of NIR-FA in reducing AL °. Some reasons need to
be considered. Firstly, a large proportion of RCT participants
had left-side colon and midand upper rectal cancer, with a lower
AL incidence revealed by traditional imaging techniques, while
the number of ultralow rectal cancer cases with a higher
AL risk was relatively small. Secondly, NIR-FA was prone to
biological tissue scattering, leading to inter-observer variations
in judgment, Especially in the era of Totally laparoscopic ISR
with intracorporeal anastomosis, the blood supply of the
anastomotic bowel is often affected by the color of the

surrounding tissue background, increases the missed
judgment of ischemic bowel, which poses a challenge to
total laparoscopic anastomosis. Whereas FAEA was based
on dynamic observation of the micro-arterioles in epiploic
appendages, the planned transection line was closer to the
real ischemic line, and this evaluation method made perfusion
assessment more objective, repeatable, and precise. We reviewed
a case involving a patient with locally recurrent rectal cancer
who underwent laparoscopic total hysterectomy and partial
mesorectal resection. FAEA revealed that the mesenteric
micro-arterioles were very weak, whereas they appeared
normal using the pseudo-color fusion mode. The patient
ultimately suffered ischemic proctitis and rectovaginal fistula.
This case reflects the advantages of FAEA compared with NIR-
FA, and further studies and more controlled cases are required to
confirm the role of FAEA in AL prevention.

The blood perfusion at the anastomosis site also affects
SSAL incidence. Hasegawa et al. reported SSAL rates of
1.4% (1/70) in the NIR-FA group and 10.4% (20/193) in the
control group (P = 0.02). After PSM, the SSAL rates were 1.5%
in the NIR-FA group and 11.7% in the control group (P = 0.02).
Propensity score analyses revealed that NIR-FA was associated
with a significantly lower SSAL risk (OR 0.10-0.13; P=0.03-
0.05) . The findings of our study are consistent with this report. In
our cohort, only one patient in the FAEA group developed SSAL
(0.7% pre-PSM and 0.9% post-PSM), which is significantly less
than that in the control group (6.0% pre-PSM and 6.8% post-
PSM).
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FAEA has some advantages in blood perfusion
assessment over merged imaging in NIR-FA. Firstly, FAEA
presents direct micro-arteriole angiography images of the
anastomotic site, which is similar to our traditional test
of bowel perfusion by using scissors to shear the epiploic
appendages and detecting arterial bleeding. Secondly, the
half-life of FAEA is shorter than that of NIR-FA, and it can be
repeated over a short duration. Thirdly, FAEA is not easily affected
by the scattering of adjacent fluorescence, especially when
intracorporeal dissection is taken. Usually, the dissecting line in
FAEA is closer to the proximal line compared with that in NIR-
FA. When the bowel length is relatively limited, whether a 1-2-cm
more proximal bowel removal affects anastomotic tension should
be considered.

Our study has several limitations. Firstly, its retrospective
design may lead to potential bias. Although propensity
score adjustment may reduce some selection bias, residual or
confounding factors may still be present. Secondly, with a low
proportion of nCRT, the role of FAEA in the nCRT cohort needs
further investigation. Thirdly, the sample size of the FAEA group
was relatively small. Nevertheless, the FAEA technique might
apply to all anastomosis related to colorectum, not only for
ultralow anastomosis, and be effective in reducing ischemia-
related AL. Further large-scale randomized prospective
controlled trials should be conducted to validate our results.

Conclusions

Perfusion assessment by fluorescence angiography of
epiploic appendages in the monochrome fluorescence mode can
reduce AL incidence and subsequent post-LsISR SSAL.
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months postoperatively. Secondary endpoints included anastomotic site perfusion, intraoperative
blood loss, lymph node retrieval, perioperative complications, and postoperative recovery met-
rics. Subgroup analyses were conducted on the basis of nCRT status.

Results: After PSM, 393 patients were analyzed (131 FL versus 262 non-FL). The FL group
showed a significantly lower AL incidence (3.1% versus 11.5%, P=0.005), with fewer severe
symptomatic AL cases (0.8% versus 6.1%, P=0.014). Intraoperative blood loss was reduced
(45.2+58.9 mL versus 65.3+73.1 mL, P=0.004), and lymph node yield was higher (21.2+11.4
versus 16.6+7.3, P<0.001) in the FL group. Postoperative recovery was accelerated, with earlier
return of bowel function and shorter hospital stays (9.5+3.1 versus 10.7+£3.8 days, P=0.012).
In subgroup analyses, FL significantly reduced AL rates in patients without nCRT (1.9% versus
7.2%, P=0.045) and demonstrated a strong trend toward reduction in AL for patients receiving
NCRT (13.0% versus 35.9%, P=0.051). FL also increased the proportion of patients achieving
benchmark lymph node retrieval, including those post-nCRT.

Clinical Value of Fluorescence
Laparoscopic Surgery on
Anastomotic Leakage Prevention
in Ultra-Low Rectal Cancer: Real-
World Multicenter Retrospective
Evidence with Neoadjuvant
Chemoradiotherapy Stratification

Conclusions: Fluorescence-guided laparoscopic surgery reduces anastomotic leakage and im-
proves outcomes in low rectal cancer, especially after chemoradiotherapy, by enhancing surgical
precision and recovery.
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Fluorescence laparoscopic surgery, Anastomotic leakage, Low rectal cancer, Neoadjuvant
chemoradiotherapy, Intersphincteric resection, Indocyanine green
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Abstract

Background: Neoadjuvant chemoradiotherapy (nCRT) is key for low rectal cancer but raises
the risk of anastomotic leakage (AL). This study examines how fluorescence laparoscopic (FL)
surgery reduces AL after intersphincteric resection (ISR), especially in nCRT patients.

Methods: This real-world multicenter cohort study included 533 patients undergoing laparo-
scopic ISR for ultra-low rectal adenocarcinoma from January 2012 to July 2023. Patients were
categorized into FL and non-FL groups. Propensity score matching (PSM) was used at a 1:2
ratio to adjust for baseline differences. The primary endpoint was the incidence of AL within 6
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Neoadjuvant chemoradiotherapy (nCRT) has long been rec-
ognized as a cornerstone in the treatment of low rectal cancer,
especially for patients with advanced or locally invasive tumors 2.
While this treatment modality improves oncologic outcomes, it is
also associated with an increased risk of postoperative complica-
tions, particularly anastomotic leakage (AL) **. The AL remains
one of the most significant risk factors influencing both short-term
recovery and oncological outcome in patients undergoing inter-
sphincteric resection (ISR). Several studies have highlighted that
the occurrence of AL is multifactorial, with both technical surgical
factors and biological responses contributing to its onset and the
blood supply at the anastomotic site as a critical factor that predis-
poses patients to this complication *°.

Amid growing clinical concerns about AL, there has been an
increasing focus on strategies to promote anastomotic healing
and lower leak rates, especially in the context of neoadjuvant
chemoradiotherapy (nCRT), which can aggravate tissue perfu-
sion” ®. Fluorescent laparoscopic (FL) surgery, employing indocy-

back on blood flow. This technique, particularly fluorescent lapa-
roscopic angiography, has gained attention in colorectal surgery
for its potential to improve the identification of crucial vascular
structures and optimize anastomotic sites, ultimately reducing the
risk of AL*"". Nevertheless, despite its theoretical benefits, the ap-
plication of FL in low rectal cancer surgery, particularly in patients
undergoing nCRT, remains insufficiently explored.

Previous studies have predominantly focused on the role of
FL in colorectal surgeries™"* without a specific emphasis on its
utility in ultra-low rectal cancer after ISR or post-nCRT scenarios.
Furthermore, while the potential of FL to improve the identification
of blood vessels and lymph nodes has been demonstrated in
various surgical contexts, its impact on reducing AL in low rectal
cancer patients remains inadequately addressed in literature. This
gap is particularly evident in the context of fluorescence guidance
during laparoscopic ISR surgery, which is increasingly favored
for its minimally invasive benefits. Moreover, few studies have
evaluated the specific influence of FL in the challenging subset of
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patients who have undergone neoadjuvant chemoradiotherapy.

Above all, the primary aim of this study is to evaluate wheth-
er fluorescent laparoscopic (FL) surgery can reduce anastomotic
leakage (AL) in patients with ultra-low rectal cancer, especially
those who received neoadjuvant chemoradiotherapy (nCRT). Us-
ing propensity score matching (PSM), we aim to clarify the clinical
benefits of fluorescence guidance in improving surgical safety, re-
ducing blood loss, enhancing lymph node retrieval, and, ultimate-
ly, improving patient recovery and outcomes.

Materials and methods

Study design and patient enroliment

This real-world, multicenter retrospective cohort study was
conducted across three tertiary hospitals in China, including the
Cancer Hospital of the Chinese Academy of Medical Sciences
and its affiliated regional centers, covering a study period from
January 2012 to July 2023 (Fig.1). The number of enrolled pa-
tients was approximately balanced across the centers. There was
no statistically significant difference in the distribution of FL and
non-FL groups across the centers (P>0.05), indicating a balanced
distribution of patients and no systematic bias among centers.
Patients with ultra-low rectal adenocarcinoma treated with lapa-
roscopic intersphincteric resection (ISR) were included. Eligibility
criteria included: (1) histologically confirmed adenocarcinoma<5
cm from the anal verge and (2) ISR treatment. Exclusion criteria
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were: (1) nonadenocarcinomatous rectal malignancies, (2) com-
bined organ resections, or (3) conversion to abdominoperineal
resection.

The neoadjuvant chemoradiotherapy (nCRT) was admin-
istered on the basis of multidisciplinary team (MDT) recommen-
dations and prevailing clinical guidelines during the study period.
Patients eligible for nCRT predominantly received long-course
chemoradiotherapy, consisting of pelvic radiotherapy with a total
dose of 45-50.4 Gy delivered over 25-28 fractions across 5-6
weeks, in combination with fluoropyrimidine-based chemotherapy
(e.g., capecitabine or 5-fluorouracil). Short-course radiotherapy
was not routinely employed. Patients who did not undergo nCRT
were either diagnosed with early stage tumors that did not require
preoperative treatment or were deemed unsuitable for nCRT on
the basis of individualized assessment. Preoperative tumor evalu-
ation was conducted using MRI 8-12 weeks after nCRT. Informed
consent was obtained from all participants, and the study was
approved by the institutional review board.

Near-infrared imaging system

Intraoperative tissue perfusion was assessed using a 4K
ultra-high-definition near-infrared (NIR) laparoscopic system
(DPM-ENDOCAM-03 and DPM-LIGHT-03; Dipu Medical Technol-
ogy, Zhuhai, China). The system employs excitation wavelengths
of 785+5 nm and detects fluorescence emission in the 830-900
nm range. Advanced image enhancement based on a genera-
tive adversarial network facilitated multiscale detail amplification.

Rectal adenocarcinoma located <5 em from the anal
verge underwent laparoscopic intersphincteric rescction
(ISR) from January 2012 and June 2023 (n=564)

Exclusion
Other rectal malignant tumors (n=15)
- Combined resection of rectal eancer with other
organs (n=12)

Intraoperative conversion to abdominopenineal
resection (n=4)

Eligible (n=533)

-

e

Conventional laparoscopic ISR
(non-FL group, n=402)

N

T

Fluorescent laparoscopic
ISR (FL group, n=131})

PSM (1:2 ratio)

‘/FSM variables: 5ex, age, BMI, tumor

| size, stage, nCRI, anastomotic site,
tuimor location. Left colic amery status,

.

MNon-FL group
(n=262)

Fig.1 Flowchart of this study.

\. and diverting ileostomy

FL group
(n=131}
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Fig.2 Clinical judgment of anastomotic blood perfusion in different near-infrared modes. a. the blood perfusion of bowel was observed under color vision
mode; b. the blood perfusion status was observed by using merged mode; c. the microarterioles of epiploic appendage were dynamically observed using

monochrome fluorescence mode to determined ischemic line.

Surgeons had the flexibility to switch between imaging modes—
true color, monochrome fluorescence, and pseudo-color merged
modes—either individually or in parallel (Fig. 2).

Surgical approach

Radical rectal cancer surgery was routinely performed by
senior colorectal surgeons with more than 10 years of experience
and a record of managing=100 laparoscopic intersphincteric
resections (LsISR). A standard total mesorectal excision (TME)
was conducted with meticulous preservation of the bilateral
hypogastric nerves and pelvic autonomic nerve plexus. Dissection
of the intersphincteric plane between the puborectalis muscle
and the internal sphincter was carried out under direct vision.
The distal rectum was transected intracorporeally using a flexible
linear stapler.

In cases where the distal resection margin was less than
1 cm or suspected to be positive, intraoperative frozen section
pathology was routinely performed for confirmation. Anastomosis
was completed by hand-sewn technique. The decision to
construct a diverting stoma was based on factors such as the
distance from the anastomosis to the anal verge, perfusion
status of the anastomotic bowel, the patient’s preference, and the
surgeon’s clinical judgment.

Intraoperative assessment of anastomotic tension was
based on the clinical judgment. A tension-free anastomosis was
confirmed by ensuring that the proximal bowel could be delivered
into the pelvis without undue traction. When necessary, additional
mesenteric mobilization or splenic flexure mobilization was
performed to reduce tension prior to anastomosis construction.

ICG fluorescence and perfusion assessment in
the FL group

In the FL group, ICG was administered exclusively via
intravenous injection at a dose of 0.25 mg/kg to assess
bowel perfusion and anastomotic blood supply. Perfusion
assessment was conducted intracorporeally under laparoscopy
using fluorescence imaging system. Following ICG injection,
fluorescence distribution within the bowel was observed in real

time, typically within 10-60 s, to evaluate microvascular perfusion
and ensure adequate blood supply at the planned transection and
anastomotic sites, without exteriorizing the bowel.

Mesenteric division was performed at the planned
transection level prior to ICG injection. Perfusion was primarily
assessed using the monochrome fluorescence mode to visualize
the microvasculature, with the transection line determined by
the visible end of arterioles. Areas showing reduced or delayed
fluorescence indicated poor perfusion and necessitated further
proximal resection. If required, ICG was readministered to
reassess vascular integrity. Merged imaging mode was deemed
less reliable owing to diffuse fluorescence in the surrounding
peritoneum.

After anastomosis construction, a second dose of ICG was
administered, and the anastomotic site was examined under
fluorescence with an anoscope to assess perfusion integrity. Leak
testing in the FL group combined ICG fluorescence assessment
and underwater testing, while the control group relied solely on
gross inspection of bowel viability and underwater leak testing.
Decisions regarding revision of transection margins or creation of
diverting stomas were based on ICG findings, bowel viability, and
patient risk factors.

Anastomotic leakage classification and
definition of SSAL

Anastomotic leakage (AL) was classified into three grades:
Grade A (radiologic leak without symptoms or intervention), Grade
B (symptomatic leak requiring nonsurgical management), and
Grade C (symptomatic leak requiring surgical reintervention).
Structural sequelae of AL (SSAL) included chronic complications
such as stenosis, rectovaginal fistula, rectourethral fistula, and
presacral sinus. All patients underwent postoperative contrast en-
ema and flexible sigmoidoscopy for leak detection.

2 Data collection and longitudinal follow-up

Data collected included patient demographics (age, sex,
body mass index (BMI), and diabetes status), clinical parameters
(surgical variabilities and nCRT), tumor characteristics (distance
from anal verge, size, grade, and pathological stage), and labora-
tory indices (hemoglobin, albumin, and CEA levels). Perioperative

231



Tech Coloproctol. 2025. 29(1):165

variables, such as operative duration, blood loss, left colic artery
preservation, anastomotic level, postoperative complications, and
hospitalization length, were also recorded. Patients were followed
up regularly (every 3 months for 2 years, biannually for 3 years,
and annually thereafter), with SSAL events documented. The pri-
mary endpoint was the incidence of AL within 6 months postoper-
atively, with SSAL as the secondary endpoint.

Statistical analysis

Intergroup differences were assessed using chi-squared or
Fisher’s exact tests. Variables with a P-value<0.10 in univariate
analysis were entered into multivariate logistic regression models.
Propensity score matching (PSM) was performed using a 1:2
nearest-neighbor algorithm with a caliper of 0.2 standard devia-
tions of the logit-transformed estimated propensity score (EPS).
Matching covariates included age, sex, BMI, tumor size, location
and stage, preoperative therapy, anastomotic height, LCA preser-
vation, and diverting ileostomy status. To minimize temporal bias,
patients were stratified by biennial surgical periods during PSM.
Odds ratios (ORs) and 95% confidence intervals (Cls) were cal-
culated for both univariate and multivariate analyses. A stepwise
backward elimination method was used to identify independent
predictors of AL. All statistical analyses were conducted using R
(version 4.3.3) and SPSS (version 25.0), with statistical signifi-
cance defined as P<0.05.

Results

Baseline characteristics before and after
propensity score matching

A total of 533 patients undergoing low anterior resection were
included in the study, with 402 patients in the non-FL group and
131 patients in the FL group before propensity score matching
(PSM). After PSM with 1:2 ratio, 262 patients were successfully
matched in the non-FL group to the 131 patients in the FL group.
The demographic and clinical characteristics before and after
PSM are summarized in Table 1.

Prior to matching, significant differences were observed be-
tween the groups, particularly in surgical strategy. The FL group
had a markedly higher rate of left colic artery (LCA) preservation
compared with the non-FL group (77.1% versus 48.0%, P<0.001;
SMD =0.630), suggesting potential selection bias in operative
planning. Although not statistically significant, the non-FL group
tended to include a higher proportion of patients with smaller
tumors (=35 mm: 53.5% versus 43.5%, P=0.060; SMD=0.201)
and early T-stage disease (T1-2: 44.3% versus 35.1%, P=0.081;
SMD=0.188). These imbalances could potentially confound
perioperative outcome comparisons.

Following PSM, baseline characteristics between the two
cohorts were well balanced across all measured variables, with
standardized mean differences (SMDs) falling below the conven-
tional threshold of 0.20, indicating adequate covariate balance.
Age (59.2+10.9 versus 60.6+10.1 years, P=0.411; SMD=0.089),
BMI (24.0+£3.0 versus 23.9+3.0 kg/m2, P=0.807; SMD=0.026),
and tumor size (38.4+15.4 versus 39.0+15.5 mm, P=0.695;
SMD =0.056) were comparable between the non-FL and FL
groups. Key oncological factors, including tumor stage (T3—4:
60.7% versus 64.9%, P=0.485; SMD=0.087) and nodal status
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(N+: 35.9% versus 40.5%, P=0.439; SMD=0.094), also showed
no significant differences.

Importantly, the proportion of patients who received neoad-
juvant chemoradiotherapy (nCRT) was similar between groups
(14.9% versus 17.6%, P=0.590; SMD=0.073), supporting a bal-
anced distribution of treatment-related factors that could influence
postoperative outcomes. Furthermore, rates of LCA preservation
and diverting ileostomy, both of which may impact anastomotic in-
tegrity, were comparable after matching (P=0.486 and P=0.570,
respectively).

These results affirm that the PSM approach effectively mini-
mized baseline imbalances, enabling a robust comparative anal-
ysis of surgical outcomes between patients undergoing conven-
tional surgery versus those guided by fluorescent laparoscopy.

Operative findings

The mean operative time was comparable between the FL
and non-FL groups overall (192.1+66.2 min versus 183.8+62.9
min, P=0.232), as well as within the non-nCRT (P=0.273) and
nCRT subgroups (P=0.863). However, blood loss during surgery
was significantly lower in the FL group compared with the non-FL
group overall (45.2+58.9 mL versus 65.3+73.1 mL, P=0.004),
as well as in the non-nCRT subgroup (41.2+38.2 mL versus
61.9+67.0 mL, P<0.001), suggesting a potential benefit in terms
of intraoperative hemostasis with the use of fluorescence laparo-
scopic surgery (Table 2).

The total number of lymph nodes (LNs) retrieved was
significantly higher in the FL group (21.2+11.4 versus
16.6+7.3, P<0.001), including among patients who did not re-
ceive nCRT (20.8+11.1 versus 16.3+£7.0, P<0.001). Although the
difference was not statistically significant in the nCRT subgroup
(P=0.085), a trend toward higher LN retrieval was observed.
Furthermore, a greater proportion of patients in the FL group met
the benchmark for lymph node retrieval:=212 LNs (87.8% versus
77.5%, P=0.014) and=25 LNs (30.5% versus 11.8%, P<0.001).
Notably, the FL group also demonstrated significantly high-
er retrieval of=225 LNs in the nCRT subgroup (34.8% versus
12.8%, P=0.040).

Other perioperative complications

The incidence of intraoperative bleeding, ileus, and infection
did not differ significantly between the FL and non-FL groups
across all strata (Table 2). Specifically, intraoperative bleeding
occurred in 2.3% of patients in the non-FL group and 3.1% in the
FL group (P=0.672), with similar rates observed in the non-nCRT
(2.2% versus 2.2%, P=0.852) and nCRT subgroups (7.7% versus
4.3%, P=0.621).

Similarly, the occurrence of ileus was comparable between
the FL and non-FL groups, with 3.8% of patients in the non-FL
group and 4.2% in the FL group experiencing ileus (P=0.887).
This trend was consistent in the non-nCRT subgroup (2.7%
versus 2.8%, P=0.960) and the nCRT subgroup (12.8% versus
8.7%, P=0.630). Infection rates were also similar across both
groups, with 3.8% of non-FL patients and 5.3% of FL patients ex-
periencing postoperative infections (P=0.487). Again, there were
no significant differences within the non-nCRT subgroup (3.6%
versus 2.8%, P=0.711) or the nCRT subgroup (15.4% versus
8.7%, P=0.462).

While the differences did not reach statistical significance,
the FL group consistently demonstrated lower rates of periopera-
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Table 1 Patient demographic characteristics and surgical procedures before and after the PSM

Climical variables Before PSM After PSM
Nan-FL {n = 402) FL (=131} P SN0 MNon-FL. (rn=252) Fl.(m= 131} P SMID
Age, years 508(11.2) GG 10,0} 0472 0075 592 {1049) GG (10,0 0411 LRI
= ) 1EG(46.3) 53 (40.5) 0289 0017 123 (46,9) 53 (40.5)
= 60 216 (51.7) TR (50.5) 139 (53.1) TR (50.5) 026 0.13]
Bex
Male 251 (62.4) T53.4) 00s4 0,083 160 (1,10 (5340 0. 180 0,155
Female 151 (37.6) Gl {46.6) 102 (38.5) Gl (46.6)
EML I:k_'.:;'nl.":a’ 235(3.2) 2380300 740 0,034 2403 (340} 230 (300 00,30y 0026
=25 254 (63.2) BO61.1) 0741 D04 161 (i:1.5) LRI N
=25 148 (36.8) 51 (389 100 (38.5) 51 (3R.9) 1. D008
Tumor stalus
T1-2 178 (44.3) 46 (35.1) 0081 0188 103 (39.3) 46 (35.1)
T3=4 224 (55.7) K5 (64,9 159 (i), 7) B3 (64.9) 0,485 0087
Modal stape
N 263 (65.4) T& (50.5) 0.266 0122 168 (64.1) T8 (59.5) 0439 0.094
N+ 130 34.6) 53405 91 (359 S340.5)
Smuoking
N 346 (B6.1) 120491.5) 0L138 0074 232 (8R.5) 120 (91.5) 0.462 LIR L]
Yes S6(13.9) 11 {K.5) A11.5) Il (8.5)
I'.Irl:n]cmj_:
Nao IN(T77.4) 109 {83.2) 0,155 0142 211 (0.5 109 (B3.2) 0.521 N.078
Yes 91 (22.6) 22 (16.8) 51 (1%.5) 22 (16.8)
Dinbetes
No I (B5.6) 120091.5) 0,107 0188 225 (B5.9) 130 (91.5) 0148 0,180
Yes SE(14.4) 11 (8.5 AT (14.1) Il (8.5
Preoperative Hb (gf1)
= 120 343 (858 119 Q0LR) 181 0157 227 (R6.6) 119 (0. H) 02946 0133
< |20 57 (14.2) 1249.2) I5(13.4) 12 (%.2)
Preoperative CEA (gfL)
o5 2RI (0.4 BE {67.2) L5857 (.07 183 (68 5) BE (67.2) 0672 1L05%
-1 119 {20.6) 43 {328} T 30,2y 43 (12,83
Preoperative CA 199 (k1U/L)
= 17 3 (90.3) 116(ER.5) 0682 0,057 237 (0.5) 116 (EE.5) 0680 (.062
>37 ELNL A 15411.5) 0.ol6 0235 25(9.5) 15(11.5) 0.053 0177
Tunios bower margin 1o amus (cm)y* EXI T ] 15008 39¢0Lh 350K
Anasbomoses i anus (e a2 () 2.2 (03 (L5060 0,052 23T 220 11,251 1), 101k
Tumor size {mm)* 38.1 {15.6) J.0(15.5) 0545 0058 384 (154) 3.0 (15.5) 0695 0.056
=313 215(531.5) 574415 0060 0201 138 (52.7) 57 (41.5) 0108 0184
= 15 16T {46.5) T4 (56.5) 124 (47.3) T4 (56.5)
LCA preservalion <0001 0630
Mis 204 (52,00 J 229 T2, MI22uh 0486 (.058
Yis 193 (4500 101771 192 (73,3) 101 (7.1
Diverting ileostomy
N B (1640 254019.1) 0368 0070 S58(22.1) 25009.1) 05T 0076
Yes 336 (836 106 (KLY 204 (7T 1M (8.5
nCRT
Min A55(EE.3) 10 (B2.4) LIS 0,167 223 (85.1) LR (E2.4) 01,550 0073
Yes 4T (1L.T) 234{17.6) 3% (1459 23 (17.6)

Values in parentheses are percentages unless indicated otherwise; value in *mean (standard deviation)

SME standardized mean differences, FL fuorescent lymphography, BMT body mass index, AL anastomaotic leak, LCA left colic artery, nCRET neo-

adjuvant chemoradiotherapy
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Table 2 Operative findings and short-term outcomes after PSM

Charactenstics All patients (n =}

Non-nCRT (n=2331)

nCRT (n =62}

MNon-FL {n=262) FL (n=131) P

Non-FL {n=223) FL{(n=108) P

Non-FL {n=39) FL (n=23} P

Operative findings
Operation time 183,58 (62.9)

(min}*

Blood loss 65.3(73.1) 45.2 (58.9) 00 61.9 (67.0)
{ml)y*

Texal LiNs#* 16.6(7.3) 21.2(11.4) <0001 163 (7.00

Retrieved 2003 115 o4 171
LMs>12

Retrieved 3l 40} < (L0026
LMs=25

Complications {exeluding ALY

Intraoperative B (3.1%) 3 (2.3%) 0672 5(2.2%)
bleeding

lleus incisional 11 {(4.2%) 5(3.5%) 0887 6(2.7%)

Infection 14 (5.5%) 5(3.8%) D487 B (3.6%)

Postoperative recovery

(ias passing 2908 2.6 (0.7) 0.008 2.8(0.8)
(days)*

Soft diet 4.2(1.3) 3B (L2) 0002 4.0(1.3)
(days)*®

Hospital siay 10.7 (3.8) L5030 0012 10.3 (3.6)
(days)*

192.1 (66.2) (L2322 176.6(54.9)

184.5(63.8)  0.273 224.5(88.5) IR (67.5) (863

41.2(38.2) <0000 34.6 (99.9) 639 (1135.7) 0457

208(11.1) <0000 179(8T) 23.2(12.8) 0085
9 (005 32 21 (0.318
32 <0001 5 ] (0.040
2(1.9%) 0.852 X (7.7%) 1{4.3%) 0.621
3 (2.8%) 0960 5 (12.8%) 2({8.7T%) (1.630
I (28%) 0711 &(15.4%) 2(8.7T%) 0462
2.5(0.7) 0011 3409 30(0.8) 0.047
3TN 0,022 49(1.4) 44101.3) (.08%
91 (30 0018 12.3(4.1) 10.5 (3.6) 0.036

Walues in parentheses ane percentages unless indicated otherwise; value 15 *mean (standard devistion); AL anastomotic leak

FL fuorescent lymphography, BM7 body mass index, nCRET necadjuvant chemordiotherapy, LA lymph node

tive complications compared with the non-FL group, suggesting a
potential trend towards reduced perioperative risks with the use of
fluorescent laparoscopy.

Postoperative recovery

Furthermore, the length of postoperative hospital stay was
significantly shorter in the FL group compared with the non-FL
group (9.5£3.1 days versus 10.7+3.8 days, P=0.012). This was
particularly evident in non-nCRT patients (9.1+3.0 days versus
10.31£3.6 days, P=0.018) and in the nCRT subgroup (10.5+3.6
days versus 12.3+4.1 days, P=0.036).

Patients in the FL group exhibited significantly faster recovery
(Table 2). Time to first passage of gas was shorter in the FL group
compared with the non-FL group (2.6+0.7 days versus 2.9+0.8
days, P=0.008), with similar trends observed in the non-nCRT
(P=0.011) and nCRT subgroups (P=0.047). The FL group also
transitioned to a soft diet earlier than the non-FL group (3.8+1.2
days versus 4.2+ 1.3 days, P=0.002), with a similar pattern noted
in the non-nCRT subgroup (P=0.022). Although the difference
was not statistically significant in the nCRT subgroup (P=0.088),
a trend toward earlier diet progression was observed in the FL

group.

Comparison of anastomotic leak rates and
severity between fluorescent lymphography (FL)
and non-FL groups

The comparison of AL rates between the FL and non-FL
groups revealed a significant reduction in the incidence of AL in
the FL group (Table 3). Among all patients, the overall AL rate was
significantly lower in the FL group (3.1%) compared with the non-
FL group (11.5%) (P=0.005). Similarly, when considering the se-
verity of AL, patients in the FL group exhibited a significantly lower
incidence of severe symptomatic anastomotic leaks (SSAL), with
only 0.8% of FL patients experiencing SSAL, compared with 6.1%
in the non-FL group (P=0.014). This underscores the advantage
of fluorescence laparoscopic surgery in minimizing both the oc-
currence and severity of AL.

Regarding AL grade, the FL group had fewer grade A-B
leaks (3.1% versus 8.4% in the non-FL group), and this difference
approached statistical significance (P=0.045). However, the in-
cidence of grade C AL did not differ significantly between the two
groups (P=0.283), with only one case of grade C AL in the FL
group (0.8%) compared with eight in the non-FL group (3.1%).

In the non-nCRT subgroup, the FL group demonstrated a
significant reduction in the overall AL rate (1.9% in FL versus 7.2%
in non-FL, P=0.045), indicating that fluorescence laparoscopic
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Table 3 Comparison of AL rate after the PSM

Mon-FL group  FL group  P-value

All patients

Patients number 262 131
AL (n, %) 0.005
o 232 (88.5) 127 (96,9
Yes 30(11.5) 3(3.1)
AL grade {n, %)
A-B 22(8.4) 4(3.1) 0045
C (3.1 1 (0.8) 0.283
SSAL (r. ) 16 (6.1} L (0.8) 0.014
Stenosis (n, %) 5(1.9) 1 (0.8) 0,663
Rectovaginal fistula (n, %) 3 (1.1) 0 0y 0.539
Rectourethral fistula (n, %) 2 {0.8) 0 0.0y 0.316
Presacral sinus (1, %) 5(1.9 ECIEN)] 0.265
Anal fistula (m, %) 1 (0.4} 0 0y 0,723
Non-nCRT
Patients number 223 10%
AL (n, %) 0.045
No 207 (92.8) 106 (98.1)
Yes 16 (7.2) 2(1.9)
Al grade (n, %)
A-B 12 (6.3) 2({1.% 0.228
C 4(1.8) {00y 0.388
SEAL (m. %) G4 O 0.0y 0.079
Stenosis (n, %) 2{0.9) Oy 0.315
Rectovaginal fiswla (n, %) 2 {0.9) {00y 0.315
Rectouretheal fistula (6, %) 1 {0.5) {00y 0.479
Presacral sinus (n, %) (L3 Oy 0218
Anal fistula (m, %) (0L {00y 1.0}
nlCRT
Patients number 39 25
AL (n, %) 0051
Mo 25(64.1) 20 (8740
Yes 14 (35.9) 3(13.00
AL grade (n, %)
A-B 10(25.8) 2(8.T) 0. 194
= 4(7.7 1{4.3) 0.768
SSAL (. %) 8 {20.3) 1 {4.3) 0170
Stenosis (n, %) 3.7 1{4.3) 0637
Rectovaginal fistula (n, %) 1 {2.6) ({00} 0.437
Rectourethral fistula (e, %) 1 (2.6) {00y 0.437
Presacral sinws (n, %) 2 (3.1} 0.0y 0,379
Anal fistula (n, %) 1(2.6) {0y 0.437

WValues in pareniheses are percentages unless indicated otherwise;
Value in *mean (standard deviation)

FL Tuorescemt lvmphography, LA lvmph node, BMT body mass index.
AL anastomotic leak, 53AL severe symptomatic anastomotic leaks,
nCRT necadjuvant chemoradiotherapy
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surgery can reduce the incidence of AL even without the use of
neoadjuvant chemoradiotherapy (nCRT). Furthermore, although
the proportion of patients with grade A-B AL was lower in the FL
group (1.9% versus 6.3%), this difference did not reach statistical
significance (P=0.228), suggesting a trend toward reduced sever-
ity of AL in the FL group. The incidence of SSAL was also notably
lower in the FL group, with no cases of SSAL compared with 4.0%
in the non-FL group, though this difference was marginally non-
significant (P=0.079).

In the nCRT subgroup, the FL group exhibited a trend to-
ward lower AL rates (13.0% versus 35.9% in the non-FL group),
approaching statistical significance (P=0.051). Although this
difference did not reach conventional statistical significance, it
suggests that fluorescence laparoscopic surgery may offer a pro-
tective effect in patients undergoing nCRT, who are typically at a
higher risk for complications. The proportion of patients with grade
A-B AL was lower in the FL group (8.7% versus 25.6%), but this
difference was not statistically significant (P=0.194).

In this subgroup, the FL group also had fewer cases of SSAL
(4.3% versus 20.5%), although this difference was, again, not sta-
tistically significant (P=0.170). The incidence of other complica-
tions, such as stenosis, rectovaginal fistula, and presacral sinus,
was similar between the two groups, and none of these differenc-
es reached statistical significance.

The case in Fig. 3 demonstrates the use of multi-modal fluo-
rescence imaging in a patient. Intraoperative color mode (Fig. 3A)
and merged mode (Fig. 3B) showed acceptable perfusion, while
monochrome fluorescence (Fig. 3C) identified a 3 cmx 1 cm isch-
emic area near the anastomosis. Colonoscopy showed no isch-
emia in the colon mucosa (Fig. 3D). Postoperatively, the patient
developed abdominal pain and fever, with emergent colonoscopy
revealing necrosis at the ischemic site (Fig. 3E). On day 7, ulcers
with white moss were observed (Fig. 3F), and the patient was dis-
charged on day 14. Scar formation was noted on day 30 (Fig. 3G),
and a rectovaginal fistula developed by day 60 (Fig. 3H). This
example highlights the value of multimodal fluorescence for isch-
emia detection and monitoring.

Discussion

The results of this study highlight the potential benefits of flu-
orescence laparoscopic (FL) surgery in reducing the incidence of
anastomotic leakage (AL) in patients with low rectal cancer, partic-
ularly those undergoing intersphincteric resection (ISR) after neo-
adjuvant chemoradiotherapy (nCRT). Our findings demonstrate
that FL, utilizing indocyanine green (ICG) for real-time visualiza-
tion of tissue perfusion, significantly lowers both the overall rate
and severity of AL compared with traditional methods of assessing
anastomotic integrity. What is more, the higher lymph node yield
observed in the FL group may not be directly attributable to ICG
fluorescence but rather to improved intraoperative visualization
that facilitates precise dissection. Nonetheless, surgical variability
and potential selection bias cannot be excluded. This study con-
tributes valuable evidence to the ongoing search for strategies to
optimize surgical outcomes and reduce postoperative complica-
tions in this high-risk population.

As established by numerous previous studies, nCRT is a
standard preoperative treatment for locally advanced rectal can-
cer, aiming to downstage tumors and improve surgical resectabil-
ity'> '°. However, despite its oncologic benefits, nNCRT can also
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Fig.3 Multimodal fluorescence imaging for ischemia detection and monitoring in a patient. A. Intraoperative color mode showing the surgical site; B. merged
mode displaying acceptable perfusion; C. monochrome fluorescence highlighting a 3 cmx1 cm ischemic area near the anastomosis; D. colonoscopy showing no
ischemia in the colon mucosa; E. emergent colonoscopy postoperatively revealing necrosis at the ischemic site; F. day 7 postsurgery showing ulcers with white moss
at the ischemic location; G. scar formation observed on day 30; H. development of a rectovaginal fistula by day 60. This case underscores the utility of multimodal

fluorescence for detecting and monitoring ischemia.

compromise the blood supply to the anastomotic site, leading to
a heightened risk of AL. AL, a common and serious complication
in low rectal cancer surgery, is known to increase postoperative
morbidity and mortality, prolong hospital stays, and detract from
long-term survival. The occurrence of AL is multifactorial, involving
both technical aspects of surgery and biological changes induced
by preoperative treatments such as nCRT""?°. Thus, understand-
ing and mitigating the risk factors for AL remain critical challenges
in colorectal surgery, especially for ultra-low rectal cancers treated
with ISR.

In this context, FL surgery has emerged as a promising tool
to improve intraoperative decision-making and potentially reduce
complications such as AL. Several studies have demonstrated
the utility of ICG fluorescence to enhance the identification of
vascular structures and tissue perfusion during various colorectal
surgeries” . While the application of fluorescence has been
explored extensively in other colorectal surgeries, its specific role
in low rectal cancer, particularly in post-nCRT scenarios, remains
underexplored. Our study is one of the first to focus on the poten-
tial impact of fluorescence guidance in low rectal cancer surgery
following nCRT, and it provides encouraging results.

The FL surgery group in our study had significantly lower
rates of AL compared with the non-FL group, with a marked re-
duction in both grade A-B leaks and severe symptomatic anas-
tomotic leaks (SSAL). This suggests that FL not only enhances
the identification of critical vascular structures but also aids in
optimizing anastomotic sites, thereby improving tissue perfusion
and reducing the risk of AL. The lower incidence of SSAL in the
FL group is particularly noteworthy, as SSAL is associated with
chronic complications that can severely affect patient quality of
life.

Furthermore, the subgroup analysis based on nCRT treat-
ment showed that fluorescence guidance can reduce AL even in
the more challenging cohort of patients who have received preop-

erative chemoradiation. While the difference did not reach statisti-
cal significance in the nCRT subgroup, the trend toward reduced
AL rates in the FL group (13.0% versus 35.9%) underscores the
potential protective effect of fluorescence laparoscopic surgery
in these patients. This is consistent with the notion that nCRT-in-
duced alterations in blood supply may be better addressed with
real-time, precise perfusion visualization. To our knowledge, this
is the first study to highlight that real-time perfusion assessment
with fluorescence laparoscopic surgery contributes to improved
outcomes in patients with high-risk low rectal cancer, especially
those treated with nCRT.

In addition to its potential impact on AL, fluorescence guid-
ance was associated with several other intraoperative and post-
operative benefits. The FL group demonstrated lower blood loss,
higher lymph node retrieval rates, and faster recovery times.
These findings suggest that FL not only improves surgical preci-
sion but also enhances the overall quality of surgery, which may
contribute to better long-term oncological outcomes. The ability to
assess blood flow in real-time allows for more meticulous dissec-
tion, particularly in the critical mesenteric and anastomotic areas,
which can result in less intraoperative bleeding and better lymph
node retrieval. A key contribution of our work is the exploration of
a dual-mode imaging strategy. While merged imaging offers sig-
nificant advantages in anatomical orientation and lymphatic drain-
age mapping, it often encounters the challenge of background
fluorescence interference. This can complicate accurate perfusion
assessment, particularly in the complex pelvic environment. In our
approach, utilizing a monochrome mode has proven especially
effective in precisely delineating the microvascular supply to the
bowel, a critical factor in ensuring anastomotic integrity. Our prior
study similarly demonstrated that isolating the monochrome fluo-
rescence signal enhances the assessment of bowel viability*.

This retrospective study has inherent limitations. Although
propensity score matching was employed to minimize baseline
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differences between groups, the possibility of selection bias
cannot be entirely excluded. While fluorescence-guided sur-
gery demonstrated benefits in both non-nCRT and nCRT
subgroups, several results, particularly within the nCRT cohort,
did not reach statistical significance. Larger prospective trials
are warranted to validate these findings and to establish stan-
dardized protocols for ICG administration and fluorescence
assessment. Additionally, known confounding factors such
as smoking and diabetes were considered; however, other
relevant variables including peripheral vascular disease and
corticosteroid use were not systematically recorded and there-
fore not analyzed. The impact of these factors on outcomes re-
mains unclear and should be addressed in future studies with
more comprehensive data collection. Finally, long-term onco-
logical outcomes were not evaluated owing to limited follow-up
duration. Further investigations are necessary to determine
whether the observed short-term improvements with fluores-
cence guidance translate into enhanced long-term survival and
reduced recurrence.

In conclusion, fluorescence laparoscopic surgery using
ICG shows considerable potential in reducing AL and improv-
ing other key surgical outcomes in patients with low rectal can-
cer, especially those who have undergone nCRT. The ability
to assess tissue perfusion in real time provides surgeons with
crucial information that can optimize anastomotic integrity and
reduce postoperative complications. This technique may offer
significant advantages over traditional methods, especially
in high-risk populations, and warrants further investigation in
future clinical trials to validate its role in improving surgical out-
comes in low rectal cancer surgery.
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Metastasis in Colorectal Cancer
Using Intraoperative Fluorescence
Multi-Modal Imaging
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Abstract

The diagnosis of lymph node metastasis (LNM) is essential for colorectal cancer (CRC)
treatment. The primary method of identifying LNM is to perform frozen sections and pathologic
analysis, but this method is labor-intensive and time-consuming. Therefore, combining
intraoperative fluorescence imaging with deep learning (DL) methods can improve efficiency.
The maijority of recent studies only analyze uni-modal fluorescence imaging, which provides
less semantic information. In this work, we mainly established a multi-modal fluorescence
imaging feature fusion prediction (MFI-FFP) model combining white light, fluorescence, and
pseudo-color imaging of lymph nodes for LNM prediction. Firstly, based on the properties of
various modal imaging, distinct feature extraction networks are chosen for feature extraction,
which could significantly enhance the complementarity of various modal information. Secondly,
the multi-modal feature fusion (MFF) module, which combines global and local information,
is designed to fuse the extracted features. Furthermore, a novel loss function is formulated to
tackle the issue of imbalanced samples, challenges in differentiating samples, and enhancing
sample variety. Lastly, the experiments show that the model has a higher area under the
receiver operating characteristic (ROC) curve (AUC), accuracy (ACC), and F1 score than the
uni-modal and bi-modal models and has a better performance compared to other efficient
image classification networks. Our study demonstrates that the MFI-FFP model has the
potential to help doctors predict LNM and shows its promise in medical image analysis.
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Introduction

Colorectal cancer (CRC) is the third most commonly
diagnosed cancer and the third most common cause of
cancer-related deaths worldwide '. The incidence of CRC has
increased in recent years, and it accounts for about 10% of
all cancers °. Complete resection of the primary tumor and
regional lymph nodes is considered the most critical aspect
of CRC treatment °. The lymph node metastasis (LNM) status
significantly influences treatment decisions, including the choice
of preoperative neoadjuvant radiotherapy versus surgery *.
Preoperative conventional imaging methods such as computed
tomography (CT) and magnetic resonance imaging (MRI) have
some limitations in detecting LNM, such as the risk of radiation,
low diagnostic efficiency that requires expert interpretation, etc.,
and need to be combined with other techniques to confirm the
diagnosis *’. Although, the utilization of lymph node biopsy can
more accurately assess LNM; however, it leads to an expensive
investment of time, labor, and other costs °.

In CRC, Zhao et al. explored potential genomic phenotypes
associated with deep learning (DL) features that facilitate LNM
prediction °. Lennard et al. enhanced the prediction performance
by utilizing a DL technique to analyze histological whole slide
images (WSIs) to predict LNM in CRC '°. Furthermore, Li and
colleagues proposed improving the accuracy of LNM identification
through the application of MRI in conjunction with a pre-
trained Inception-v3 model on transfer learning . However, the
majority of studies on the prediction of LNM in CRC use either
preoperative CT, MRI, or pathology imaging, or combine tissue
genetic information with deep learning methods for prediction,
which significantly raises implementation costs and reduces
overall efficiency. Furthermore, these preoperative imaging
techniques are incapable of visualizing the complete architecture
of the lymph node, and their intraoperative utility is significantly
restricted, leading to diminished detection efficiency and ac

curacy . Nevertheless, intraoperative fluorescence navigation
systems enable both surgical navigation during surgery and
real-time imaging of multi-modal fluorescence images and real-
time imaging of multi-modal fluorescence images to visualize
tissues . Due to the quick capture time and affordable nature of
intraoperative multi-modal fluorescence imaging, the analysis of
multi-modal fluorescence imaging not only decreases the time
and cost of labor but also has the potential to assist in making
clinical decisions during surgery. Hence, we propose integrating
DL with intraoperative fluorescent multi-modal imaging to enhance
the efficiency and accuracy of intraoperative LNM prediction
significantly.

Indocyanine green (ICG) is considered to be more effective
in CRC lymph node identification since ICG penetrates relatively
deeply into the tissue of the colon compared to other fluorescent
tracers '*. When injected intravascularly, ICG binds to proteins and
is transported through the lymphatic system, normally draining
to the closest lymph node in 15 minutes or less. It is becoming
more typical to employ near- infrared (NIR) fluorescence imaging
(FI) to guide surgical guidance following ICG injection "> '°.
Fluorescence- guided surgery offers advantages such as real-time
imaging, high visualization, enhanced contrast, non-invasiveness,
precise navigation, and broad applicability, all of which contribute
to improved surgical safety, accuracy, and success rates. Typical
fluorescence surgical imaging is available in three modes, white
light imaging (WLI), fluorescence imaging (FI), and pseudo-color
imaging (PCI). Most of the existing studies use DL to analyze Fl,
mainly for cancer diagnosis or image enhancement, etc., while
few studies have been conducted to predict LNM.

Compared to machine learning-based radiomics approaches,
DL offers the advantage of automatically learning hierarchical
features from raw data, eliminating the need for manual feature
extraction, and often achieving superior performance in tasks such
as image classification, segmentation, and pattern recognition
" In the field of medical image analysis, DL has been widely
utilized for analyzing multi-modal images, including CT and MRI.
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However, most multi-modal medical imaging analysis methods
employ the same feature extraction network, which is unable to
take into account the specificity of distinct imaging features. In
addition, most of the methods for multi- modal medical imaging
feature fusion in the intermediate stage of the model directly
integrate the features by dimensionally concatenating them or
utilizing the Transformer structure '8 but this is not able to focus
on the feature information at both the global and local levels.

Most studies have increasingly incorporated DL methods
to process intraoperative Fl for targeted medical tasks. Shen et
al. developed an FL-CNN model to extract relevant information
from glioma FI, enhancing the precision of intraoperative
glioma diagnosis to assist surgeons in accurately identifying
and removing gliomas . Cahill et al. proposed a method
combining artificial intelligence (Al) with intraoperative Fl video
analysis, which was utilized to improve the accuracy of tumor
identification for intraoperative tissue classification of colorectal
cancer *°. The growing number of researchers leveraging Al to
analyze intraoperative fluorescence imaging or video highlights
the advantages of fluorescence-based surgical guidance *".
Additionally, Xiao et al. developed a method for intraoperative
glioma grading by combining various imaging features and
introduced DLS-DARTS to fuse multi-modal near-infrared (NIR)
fluorescence imaging, resulting in improved predictive outcomes
* Multi-modal medical imaging learning can take advantage
of data from different medical imaging modalities to achieve
comprehensive analysis and diagnosis. Most of the studies
analyzed Fl, while a few combined FI and WLI but lacked the
analysis of PCIl. Hence, three intraoperative modality imaging
types, WLI, Fl, and PCI, are utilized in our study to increase the
information on lymph node features in CRC, which improves the
prediction performance.

Here, we propose a multi-modal imaging learning frame
work, called the multi-modal fluorescence imaging feature
fusion prediction (MFI-FFP) model, to extract and integrate
multi-modal intraoperative fluorescence information, including
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the three modalities of WLI, Fl, and PCI, for LNM prediction in
CRC. In this study, a CRC lymph node dataset is collected and
prepared specifically for the three modalities of WLI, the first NIR
fluorescence window (NIR-I, 700-900 nm) Fl, and PCI. First,
we design a feature extraction framework comprising three pre-
trained branches to extract lymph node features from the tri-modal
images: the Inverse Residual Network branch for white light
image features, the Residual Network branch for fluorescence
image features, and the Transformer Network branch for pseudo-
color image features. Subsequently, the integration of global and
local feature information from the three modal data is done by a
multi- modal feature fusion (MFF) module, which then produces
the fusion lymph node features. Moreover, LNM in cancer patients
typically exhibit a more pronounced benign-malignant imbalance,
with the benign-malignant ratio escalating to 10:1 in extreme
instances *?'. Therefore, a novel loss function is tailored to the
data characteristics to address the issue of class imbalance and
the challenge of distinguishing between classes in the dataset.
The main contributions of our work are summarized as follows:

To fully utilize the feature information from each imaging
modality, we select three specialized feature extraction branches
for the tri-modal images. This approach enhances the model’s
ability to capture and characterize features specific to each
modality, and experimental results confirm the effectiveness of
this design.

To comprehensively utilize the complementary information
contained in different modal imaging and provide more
comprehensive and accurate imaging characterization, we
design a multi-modal feature fusion (MFF) module to enhance the
model’'s ability to combine multi- modal imaging information for
decision-making.

We propose a novel intra-class loss function based on the
combination of label-distribution-aware margin (LDAM) loss
and Focal loss, which increases the diversity of the data while
reducing the impact of the sample imbalance problem.

R — Stage |
i | - _.'_
L= ] 7 =y * Lona : - i
*i\ 3 - e Cwleimt
] | L ®
WLI i Inverted Residual Block | I
i
| . i I .
; | |
o m e e e
Fl | Ressdual Block ! |
f . i
| . i I = e — -1
i firge | i @
-y - NN L @
| Ep =Tk ; mallyEm
| N | ] ¥ : - L] 5 : | .
rct ; B 2 & ¥
Pagch  Puich + Position  Transformer Block | e

I Splining  Embedding

Stage 11 Stage 111
e ettt
amn | J
| |
—l i |
o0 ' !
MFF i |
S Block | E—'E g |
ﬁ. | g iy 1
.. ﬁ 1 F i |
@ @ i . ool :
"'. * rc.\.l —-‘I:‘|.,||.I'|.:|I y 'r:l;. T Elnlra!
fe s 7 e e i ]

Fig.1 The overall framework of the MFI-FFP Model. Stage |. The features of the three modal data are extracted using the inverted residual, residual, and
Transformer structures of the feature extraction branches, respectively. Stage Il. The three extracted modal features are fused at the global and local levels through
the MFF module. Stage Ill. Lymph node metastasis prediction based on fused features.
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Methodology

Multi-modal Imaging Feature Extraction
Branches

As demonstrated in Fig. 1, three feature extraction branches
are built at the beginning of the entire MFI-FFP model to extract
WLI, FI, and PCI image features. The advantage of extracting
multiple modal images utilizing distinct feature extraction branches
is that the feature information of each imaging modality can be
fully utilized, potentially enhancing the model’s characterization
capacity. To ensure that the primary feature information is
retrieved with the least amount of loss, we utilize a background
removal method for the WLI data to eliminate superfluous
background interference noise. Given that white light imaging
(WLI) is characterized by high pixel density and numerous
features, we employ an inverted residual structure to efficiently
capture spatial details and structural features. This module
enhances computational efficiency by reducing the number
of operations in the bottleneck layer while preserving critical
feature representations, enabling lightweight feature extraction.
This makes it well-suited for WLI, which typically demands high-
resolution and detailed spatial information. The inverted structure
is particularly advantageous for processing high-dimensional
images like WLI, as it balances accuracy with computational
complexity.

In contrast, a conventional ResNet is used for fluorescence
imaging, which has three-channel values resembling the
characteristics of grayscale images. ResNet is effective at
capturing both fine and coarse features across different depths.
Since the spatial variability in fluorescence imaging is generally
lower than that in WLI, a standard ResNet is sufficient for
extracting the necessary hierarchical features without the need for
additional computational optimizations.

PCI data, which includes tissue size, edge feature, and
fluorescence intensity information is the result of mapping
fluorescence feature information on tissue imaging. To avoid
the WLI data losing some edge information during background
removal, no background removal procedure is applied to the

Published online: 11 December 2024

PCI data in this study. The Vision Transformer (ViT) structure is
used for pseudo-color imaging (PCI) due to its ability to capture
long-range dependencies within the data. Unlike convolutional
networks, the ViT model establishes connections between local
and global features, allowing it to focus on multiple parts of the
image simultaneously. This capability enables effective capture of
both local and global relationships in PCI, which is essential for
accurate feature extraction. The extracted features from PCI can
effectively complement the WLI and FL features, enhancing the
overall feature representation and model performance.

In the feature extraction network branches, the WLI, Fl, and
PCl sample spaces are defined as X, = {X"w, X°w, .. X"wh Xe = {X's,
X5 ... X"}, and Xe = {x'p, X5, ... X"}, respectively, and X\, X, and
Xp € R“™Y The corresponding inverse residual, residual, and
VIiT feature extraction branches are defined as functions Fr, Fg,
and F;;, respectively. Thus, the procedure for extracting features
is as follows in (1) to (3).

fiv = Fir(zy ) (n
fr = FrizF) (2)
fr=Fuwir(zh) (3)

where f 'y, f 5, and f > are the three modal imaging features
corresponding to the lymph node with index i, respectively. In this

case, the ViT model is calculated as follows in (4) to (7).
t Ee ._:“:‘-,'.*.(':..” (4)

s i i .l [ ek I N
In = [.J_;.h,“ ..r"“l[.-..! i";‘ LR '.J"Il_, l[.'-

;:_:';IH;‘L[LN[IF—].:'J";"J—I'fFil‘z""“[‘; (3)
z¢ = MLP (LN (2})) + 2} (6)
y = LN (z1) 7

where X, is the input PCI data, MLP represents the
computational process of the multilayer perceptual machine, and
MSA represents the computational process of the multi-head
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Fig.2 The overall structure of the MFF module. The extracted features from the three modal data are fused with the global and local hierarchical features through
the GLFF module and a series of weighting operations are performed with the original features to produce the final fused features.
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attention mechanism.
It is evident how the single-head attention mechanism is
calculated for the MSA computation, as demonstrated in (8).

QKT
Attention(Q, K, V') = soft max (2,‘_) W (®)

where the value vector is V, the key vector is K, and the
query vector is Q. The single-head attention mechanism extends
the computation of the multi-head attention mechanism. The QKV
vector matrix is mapped several times by the multi-head attention
mechanism, which then combines the vector matrices. The

equations (9) and (10) illustrate the computation procedure.

MultiHead(Q, K. V') = Cat (head,, --- .heady ) (9
head; = .-m:-miuu(fg- We, K- n‘,"'.r-n'}') (10)

To validate the effectiveness of the designed feature ex-trac-
tion network, Section IV-A demonstrates the structure with experi-
ments.

Multi-modal Imaging Feature Fusion

After extracting the features of the three modal, WLI, FI, and
PCI data, feature fusion of the three modal features is required.
The spatial alignment of the tri-modal data is ensured during
acquisition, and the same size is maintained throughout feature
extraction and in the resulting feature maps, ensuring that the
features from each modality remain aligned. In the feature fusion
module, after summing the dimensions of the tri-modal features,
only weighting and multiplication operations are applied at cor-
responding positions, maintaining feature alignment throughout
the entire process. Accordingly, we propose the MFF module to
perform global and local-level feature fusion on the three modal
features and finally output the fused feature #, as illustrated in Fig.
2. Initially, an element-wise adding operation along the channel
direction is applied to the three retrieved modal characteristics, f,,

fr, and f,, as shown in (11).

Jedi=TwE frafe (11

Additionally, f,., needs to be put into the global local feature
fusion (GLFF) module. The GLFF module has two branches:
the left branch handles global feature interaction, while the right
branch handles local feature interaction. The Sigmoid function is
subsequently utilized to output the results after the operation has
been added together. Local features can capture specific details
and unique information, whereas global features are typically able
to capture the general global structure and semantic information
of the image. To assist the model in comprehending the overall
features, the left branch of the GLFF module implements a global
average pooling layer to gather global information about the com-
plete feature map. Furthermore, by using point-wise convolution
to interchange and integrate data between various spatial loca-
tions or channels, both branches simultaneously alter the dimen-
sionality of the feature maps. In this model, global features
are extracted through Global Average Pooling, summarizing the
overall information from the input data and capturing the global
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context. On the other hand, local features °*,,, are obtained us-
ing Point-wise Convolution, which retains spatial details and local
patterns in the data. The GLFF module integrates both global and
local features, leveraging the summarization capability of global
features and the detail-preserving nature of local features to en-
hance feature representation and improve model performance.

The GLFF module process is as follows in (12) to (14).

fo = BN(PWC(E(PWCO(GAP(faaa)))))  (12)
flocal — BN(PWC(E(PWC(faaa)))) (13)

; ¢ pipobal ara
Jrnr.l'r.l' = | 4.,-21"’ - rl:.-f.u' I'} ':14}

where GAP is global average pooling, PWC is point-wise
convolution, ¢ is the Rectified Linear Unit (ReLU) activation func-
tion, o is the Sigmoid function, and BN is the Batch Normalization
(BN) layer. Here, the input feature tensor shape C'xH'xW' is com-
pressed to C'/y x1x1, then restored to C'xH'xW' using point-wise
convolution, which exchanges and integrates information.

The totals of the three modal features are subsequently
weighed individually using f',44, Which is the fusion weight informa-
tion obtained from the GLFF module’s output. Finally, the adding
operation is carried out to complete the fusion of the three modal

features, as in
.;F — I..Ilrl':rlll.l = _If|-|: ! Ir 1 .||I-.':'-'|':|l :I .lrp.r" I ~ [f!.:'rlll.'- .lr.r'}' I:”Iﬁ':l

Additionally, to better adapt to various tasks and contexts, the
relative prominence of certain modal elements can be dynamical-
ly changed. The GLFF output can assist the model in narrowing
its focus to the most pertinent data, and by weighting and sum-
ming various modal features, the redundancy between features
can be minimized. Moreover, the F| has fewer similar features to
WLI and PCI, so a one-minus weighting operation is adopted. The
MFF enhances the model’s capacity for generalization, increases
its efficiency, and prevents needless computational and storage
overheads.

Loss Function

In colorectal cancer patients, metastatic lymph nodes consti-
tute only a small fraction of the total lymph nodes, resulting in a
significant imbalance between benign and malignant samples. To
address this imbalance, LDAM Loss ° is employed in this study.
Additionally, due to the similarities between benign and malignant
lymph nodes observed in intraoperative fluorescence imaging,
distinguishing between them can be challenging. To tackle this
issue, we use Focal Loss *. Finally, we design a novel intra-loss
function to enhance sample diversity, further improving model per-
formance by building on the combination of the previous losses.
Thus, the new loss function consists of LDAM Loss, Focal Loss,
and Intra-Loss, designed to enhance model prediction perfor-
mance by combining the strengths of these three loss functions.

1) LDAM Loss: The LDAM loss aims to minimize generaliza-
tion boundaries based on margin. To enhance the generalization
performance of the minority class, the classification boundary can
be shifted toward the majority class. This loss can be employed
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with a priori strategies for training with class- imbalanced data,
including reweighting or resampling, in place of the traditional
cross-entropy function during training *°. The specific formula is

shown in (16).

Lroam =—Y log | ———— : (16)
- et -y, -+ Zhé”'.:.

whered; = % forj e {l,..., k} (17}
”_i“

where Cis the hyperparameter that needs to be adjusted, n;
of sample imbalance and differentiation difficulty while also is the
class j sample size, k is the number of classes and z’ is the yth
output of the model for the ith sample, which belongs to class y.
Moreover, LDAM is reweighted by frequency in order to enhance
its performance on class-imbalance learning. In our loss function,

the reweighted LDAM is used, as in

N VA
reweighted =™ 4
"Cl,h.\'uh =i ZW'E log (,_':_“_'_x o '_--;) . (18)
i=1 ' s

' ;.-_l.r’n.-' <

2) Focal Loss: Focal loss effectively suppresses the influence
of easily classified samples on the loss by reducing their weight
and increasing the weight of hard-to-classify samples, thus en-
hancing the model’s focus on difficult-to-classify samples *. It ad-
dresses class imbalance issues and improves model performance

on minority classes. The formula is shown blew

N

Lg = — Zu:, (1 —p)" log (p;) (19)

=]

where (1-p)¥ is a modulating factor, and is a hyperparameter
needed to be setting. The higher value of (1-p) means that the
model will pay more attention to hard samples with small values
of p..

3) Intra Loss: In order to bring the intra-class samples closer
together and increase the diversity of the samples, we propose
the Intra-loss. Initially, the Pearson correlation coefficient (PCC) is
employed to determine the similarity between neighboring sam-

ples within a class, as shown in

N Cov (f (), f (xis1))
A (f (Xig1))

(20)

Dot 49

where f (X)) and f (X)) represent the output of the model for
samples x, and x,,,, respectively; Cov(+) is the covariance function;
O(') is the standard deviation function. Therefore, the average
similarity of each class defines the feature diversity ¢, of class m,

as shown blew

n’_.-.l'.l'--'_'.-"' lII"i.."..I'I 1
P = (21
'I".l.l.l

where n, is the number of samples belonging to class m,
and ¢,, is the set of sample space on class m. As illustrated in (22),
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distinct classes are required to have similar data distributions in
intra-class losses to concurrently tackle the class imbalance prob-

lem of data scarcity and data density.

"::Intr.l — Z |.|"rn = .”.L-l E (22)
mi e amd mxEk
The final form of the loss function is shown below
sweighted
L= Erre e g O B (23)

The proposed novel loss function has combined the
afore-mentioned three loss functions, which will address the is-
sues of sample imbalance and differentiation difficulty while also
increasing the intra-class variety.

Experimental settings
Data

The intraoperative fluorescence dataset employed in this
study contains three modalities of WLI, Fl, and PCI data, where
FI data are NIR-I fluorescence. The lymph node samples used
in this study are isolated during colorectal cancer surgeries and
imaged intraoperatively. For each lymph node, we capture three
types of modality images: white-light imaging (WLI), fluorescence
imaging (Fl), and pseudo-color imaging (PCI) using the intra-
operative fluorescence device (DPM-ENDOSCOPE-3D06 and
DPM-0PENCAM-02, Zhuhai Dipu Medical Technology Co., Ltd.).
The training and test datasets are provided by Beijing Fengtai
Hospital, which supplied multi-modal fluorescence images of iso-
lated lymph nodes from 49 patients. A total of 996 lymph nodes
are analyzed, 87 of which are metastatic, while the remaining 909
are non-metastatic, resulting in a negative-to-positive sample ratio
of approximately 10:1. In total, 2,988 multi-modal images are col-
lected, with 996 images per modality. The dataset is split into train
and test sets in the trials using a 7:3 ratio, and the three modal
images adhere to the same dataset division guidelines.

To verify the model’s generalization performance and robust-
ness, we acquire multi-modal lymph node images from 19 col-
orectal cancer patients at the Cancer Hospital, Chinese Academy
of Medical Sciences. This external validation set consists of 270
lymph nodes, yielding a total of 810 images, of which 76 nodes
are metastatic. Intraoperative isolated lymph nodes are placed
on medical placement cloths, in order to reduce the interference
of the background on the WLI data, we sequentially perform the
background removal operation on all WLI image data via the
Photoshop software. To avoid inadvertent removal of the edge
information of lymph nodes in the WLI, the background removal
operation was not carried out on the PCI data so that the feature
extraction network could perform the supplementation corre-
sponding to the missing information during the model training.
In the beginning, the image size is adjusted to 224 x 224, and
random horizontal flip and random rotation operations are carried
out.
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Implementation Details

The three modal imaging data sizes input to the model are (B,
3, 224, 224), where B is the batch size. In the feature extraction
network, the branching structure for extracting the WLI data is a
convolutional layer with an output dimension of 32, immediately
followed by 17 inverted residual modules, and finally a convolu-
tional and fully connected layer with an output feature map shape
of (B, 512, 7, 7). All the above convolutional layers are immedi-
ately followed by the BN layer and the ReLU6 activation function.
The branching structure of the extracted FI features uses the
network structure of ResNet18 [30] throughout, and the shape
of the output feature map is (B, 512, 7, 7). The feature branching
structure of the extracted PCl is the ViT structure, which is firstly
sliced and mapped to the data, then converted to the form of a
long sequence of vectors, immediately followed by stacking of 12
Transformer modules, and finally outputting a feature map with
the dimensions (B, 512, 7, 7). Pre-trained weights trained on the
ImageNet dataset have been introduced into the complete feature
extraction network to speed up model convergence and increase
model accuracy.

The three modal feature dimensions C' x H' x W' input to the
MFF module are (B, 512, 7, 7), followed by element-wise addition,
and the output feature dimensions after passing through the MFF
module is (B, 512, 7, 7), where the hyperparameter y in the GLFF
module is 8. The final multi-layer perception (MLP) structure of the
model is an adaptive pooling layer with an output dimension of (B,
512, 1, 1), followed by two fully connected (FC) layers mapping
the feature dimensions from 512 to 2. Moreover, the two FC lay-
ers have a RelLU activation function applied and a dropout layer
to prevent over-fitting.

The hyperparameters during model training are set as fol-
lows: learning rate (Ir) is set to 0.001; weight decay (wd) is set to
0.003; batch size (B) is 32; and the dropout layer hyperparameter
is set to 0.3. The Adam optimizer is chosen as the optimizer for
model training. A total of 100 epochs are set up for the training
process. The hyperparameter settings in the loss function align
with those in references [28] and [29]. The hyperparameters in the
loss function L, are set as follows: the weight w; of L™ _,,

and L, are both set to 0.85; C in L™ . is set to 0.5;
and K in Ly is set to 2.0. In Section IV-E, the sensitivity analysis
of the hyperparameters indicates that a and 3 should be set to 1
for optimal model performance. The training process for all exper-
iments is implemented using Pytorch-2.1.0 and is performed on
the NVIDIA RTX 4090 GPU with 24 GB of memory.

Evaluation Metrics

To validate the performance of our proposed MFI-FFP model
for the prediction of colorectal cancer, the main assessment met-
rics employed are the area under the receiver operating charac-
teristic (ROC) curve (AUC), accuracy (ACC), and F1 score. The
ROC curve is a curve with the true positive rate (TPR) as the y-axis
and the false positive rate (FPR) as the x-axis. The AUC is the
area under the ROC curve, which indicates the model’s classifica-
tion performance under different thresholds. The larger the AUC
means the better the model’s performance.
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Results

Comparison of Different Feature Extraction
Branches

To evaluate the performance of different network architec-
tures as feature extraction branches for the three-modal imaging,
we extracted WLI, FI, and PCI data features using the residual
block (RB) structure, the inverted residual block (IRB) structure,
and the ViT structure, respectively. As shown in Table I, the results
of applying the same branching structure to the three modal data
are also compared. Consequently, all comparison experiments
are evaluated on the test dataset and external validation set
across 5 runs. The median of these 5 runs of results is selected
for presentation and 95% confidence intervals (Cl) are calculated
using 1000 trials of the Bootstrap approach.

The comparison results of the three modal imaging data ex-
tracted by different feature extraction branches show that extract-
ing WLI data features using IRB structure, Fl data features using
RB structure, and PCI data features using ViT structure demon-
strated the best performance, with the AUC of 0.8294 (95% CI
0.7813-0.8431), the ACC of 0.8669 (95% CI 0.8487-0.8967), and
the F1 score of 0.4999 (95% CIl 0.4612-0.5174) on the test set.
Similarly, the model demonstrates strong performance on the ex-
ternal validation set, further confirming its generalization capability
and robustness. Furthermore, there

is relatively high efficiency in the experimental results when
exchanging the WLI and PCI data feature extraction branches,
which achieves the AUC of 0.8054 (95% CI 0.7935-0.8283), the
ACC of 0.8672 (95% CI 0.8462-0.8882), and the F1 score of
0.4236 (95% CI 0.3920-0.4542) on the test set. The ACC on the
external validation set reaches 0.8296. The structure of the PCI
data is similar to that of the WLI data, but it is mixed with some
background noise and lacks some lymph node texture information
after fluorescence information mapping. As a result, the global
features cannot be effectively extracted using the IRB structure,
which slightly reduces the overall performance of the model.
Additionally, the last three rows of Table | demonstrate that even
though similar features can be extracted using the same feature
extraction structure in all three modalities, the unique features of
each modality cannot be adequately represented.

Comparison of Single-Modal, Multi-Modal
Imaging

To assess the effectiveness of fusing feature information from
tri-modal imaging compared to fusing feature information from
bi-modal or even uni-modal imaging, some comparative experi-
ments using only bi-modal or uni-modal imaging are conducted
in this study. As shown in Table II, the MFI-FFP model can more
comprehensively learn the different feature information of the cur-
rent corresponding lymph node by combining the feature informa-
tion from the three-modal imaging, WLI, FI, and PCI, resulting in a
more effective way to distinguish LNM. The experimental results
demonstrate that the network learns best and the model performs
optimally when the three modal imaging data serve as inputs,
obtaining the ACC of 0.8782 (95% CI 0.8487-0.8967), the AUC
of 0.8294 (95% CI 0.7813-0.8431), and the F1 score of 0.4999
(95% CI 0.4612-0.5174) on the test set. In the bi-modal imaging
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Table 1 Comparison of Results of Different Feature Extraction Branches for Extracting Three
Modal Imaging Data. Numbers in Brackets Indicate 95% Confidence Intervals Using 1000 Trials of
The Bootstrap Method.
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Fig.3 The ROC curves for comparison results of uni-modal and multi-
modal images.

(a) The ROC curves for the results of the comparison between the tri-modal
and uni-modal data on the test set. (b) The ROC curves for the results of the
comparison between the tri-modal and uni-modal data on the validation set. (c)
The ROC curves for the results of the comparison between the tri-modal and bi-
modal data on the test set. (d) The ROC curves for the results of the comparison
between the tri-modal and bi-modal data on the validation set.

amount of valid lymph node feature information but also indirectly
highlights the importance of background removal.

Fig.3 illustrates the ROC curves comparing the tri-modal
imaging with the bi-modal and uni-modal imaging experiments
on both the test set and validation set. It can be concluded that
the classification performance of the tri-modal model is the most
superior, and the uni-modal model performs the weakest. The re-
sults demonstrate that the characteristics of lymph nodes can be
captured as comprehensively as possible using the information
from the tri-modal imaging data, which is much more effective
than the bi-modal and uni-modal imaging data and directly en-
hances the model performance and accuracy.
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Table 2 Comparison Results of Single-Modal, Multi-Modal Imaging. Numbers in Brackets Indicate
95% Confidence Intervals Using 1000 Trials of The Bootstrap Method
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: — f A ,-" Comparison of other superior classification models with our
] 3 o proposed MFI-FFP model on the task of intraoperative fluores-
§ - cence LNM prediction in CRC can visually and efficiently illus-

Fig.4 The ROC curves of the results of our model compared to other
classification models.

(a) The ROC curves of the results of our model compared to other classification
models with features concatenated in dimension on the test set. (b) The ROC
curves of the results model compared to other classification models with
features concatenated in dimension on the validation set. (c) The ROC curves of
the results of our model compared to other classification models with attention-
based features fusion method on the test set. (d) The ROC curves of the results
of our model compared to other classification models with attention-based
features fusion method on the validation set.

trate the excellent performance of our model. Since there are no
multi-modal models that specifically deal with intraoperative fluo-
rescence data from lymph nodes in CRC, we choose some image
classification models that exhibit superior performance on natural
images as comparison models. Several outstanding research
works have been conducted on natural image classification tasks;
among these, the Resnet18 *, the Swin-Transformer *', the Con-
vNeXt ¥, the Efficientnet-v2 *, and the Mobilenet-v3 ** are select-
ed as comparison models.

All comparative models are pre-trained on the ImageNet
dataset to boost the convergence of these models. The three
modal features produced by the comparative models are fused
for each of the two fusion methods, one for concatenating in the
dimensional direction and one for attention-based fusion (WLI fea-
tures serve as the query tensors, Fl features as the key tensors,
and PCl features as the value tensors). The experiment compares
these two common fusion methods to prove our model’s perfor-
mance. The loss functions for all comparison models training are
all set to a weighted cross-entropy loss function with weights of
0.85. The five comparison models include both the traditional con-
volutional network structure and the Transformer structure, which
has been quite remarkable in recent years, and the final compari-
son results are shown in Tables Ill and IV. The results indicate that
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the effect of our model works best on the intraoperative fluores-
cence tri-modal imaging dataset, followed by the training results
of the Mobilenet-v3 model with attention-based fusion, which
also demonstrated good results, achieving an AUC of 0.7712
(95% CI 0.7369-0.7915) and an ACC of 0.8266 (95% CI 0.8038-
0.8559) on the test set, and an AUC of 0.7698 (95% CI 0.7257-
0.7988) and an ACC of 0.7630 (95% CI 0.7315-0.7953) on the
validation set. The floating point operations per second (FLOPS)
of our model consume less computational resources compared
to the pure Transformer structure model, but this is slightly worse
than the convolutional network structure model, which is caused
by the fact that the Transformer structure with a large number of
parameters is also included in our model. Fig. 4 shows the ROC
curves comparing the results of multiple models using different fu-
sion methods, visually illustrating the superior performance of our
model. All the above comparison experiments are trained on the
dataset for 5 runs to avoid serendipity in the experimental results.

Ablation Experiments

In addition to conducting comparative experiments to validate
the efficient performance of our model, we also design three abla-
tion studies to evaluate the performance impact of the innovative
part on the MFI-FFP model. The first ablation study is performed
on each part of the losses in the designed loss function to ver-
ify the impact of each of these loss parts on the model training
process, which is based on the presence of the fusion module
MFF. In addition, the second ablation study is performed on the
designed loss function and the fusion module MFF to verify the
impact of each component on our model. The final ablation ex-
periment demonstrates the effectiveness of different components
by removing the feature extraction branch and the MFF module,
confirming the significance of each in enhancing the model’s
overall performance.

Ablation Study for Analyzing the Loss Function: Table
V presents the general results of the ablation experiment con-
ducted on each of the three loss parts, L™ ., Leand Lyya
in the first ablation study. The results indicated that all three loss
components of the loss function L, applied during model training
performed the best, achieving the highest AUC and ACC. The
ablation experiment with L, alone as the entire loss function
performs the worst, this is because the loss is the problem of diffi-
culty in distinguishing between samples. Applying only the L™
® pam and L losses can reach an AUC of 0.7576 (95% CI 0.7211-
0.7841) on the test set and an AUC of 0.8005 (95% CI 0.7707-
0.8373) on the validation set, and the result after adding the L,
loss shows that the L, loss is effective in improving the diversity
of the samples, which indirectly enhances the overall model ef-
fect. The sample imbalance issue in the validation set is not as
pronounced as in the test set, and the model’s performance on
the validation set is superior to that on the test set. This indirectly
highlights the effectiveness of the designed loss function in ad-
dressing sample imbalance. Additionally, the impact increase is
more noticeable when a single L9 _,,, or L, is combined with
L lOSS, respectively.

Ablation Study for the Loss Function and the MFF mod-
ule: Table VI demonstrates the results of the second ablation
study, where the model that uses neither the newly designed loss
function (applying a cross-entropy loss function with a weight of
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0.85) nor the MFF has the worst performance, with the AUC of
only 0.6933 (95% CI 0.6503-0.7241) on the test set and the AUC
of 0.6518 (95% CI 0.6163-0.6789) on the validation set. More-
over, it is evident from the experimental results that the model has
a significant performance improvement effect by applying the new
loss function alone and the MFF fusion module alone. The simul-
taneous usage of the newly designed loss function and the fusion
module MFF enables the model to reach its highest performance.

Ablation Study for the feature extraction branches and
the MFF module: Table VII presents the results of the final abla-
tion experiment, showing that the worst performance is observed
when the MFF module is removed, while the three feature ex-
traction branches maintain the same network structure. Once the
MFF module was added, all models experienced a performance
improvement, demonstrating its effectiveness. Furthermore, when
our custom-designed feature extraction branches are used as
the backbone network, the overall results surpass those of other
branch designs. This validates the design of the inverse residual
network for extracting WLI features, the residual network for Fl
features, and the ViT network for PCI features.

Hyperparameter sensitivity analysis

To verify the impact of the loss function hyperparameters on
model performance, we set the values of a and 3 within the range
[0.01, 0.05, 0.1, 0.5, 1.0] for hyperparameter sensitivity analysis.
As shown in Fig. 6, small values for a and B negatively affect
overall model performance, resulting in an AUC of only about 0.75
on the test set, with similar poor performance on the validation
set. In contrast, the model performs better when a and (3 are close
to 1, indicating improved results when the weights of the three
individual losses in the total loss function are similar. This demon-
strates that the model is sensitive to hyperparameters a and (3,
achieving optimal performance when both are set to 1.

Comparison with clinical experts

To assess the clinical value of the model, we invited
five clinicians with experience in colorectal cancer treatment
to evaluate lymph node metastasis based on multi-modal
fluorescence images from the external validation set. This group
included experts 1 and 4, who have less than 10 years of clinical
experience, and experts 2, 3, and 5, who have more than 10
years of clinical experience. The clinicians provided a binary
judgment on whether a lymph node is metastatic based on its tri-
modal imaging. The evaluation metrics include sensitivity (SEN),
specificity (SPE), accuracy (ACC), precision (PREC), and F1
score. As shown in Table VIII, the results demonstrate that our
model outperforms the clinicians in sensitivity, accuracy, precision,
and F1 score. Notably, expert 1 achieved a specificity of 0.9381,
but a sensitivity of only 0.1447, which is attributed to his tendency
to classify most lymph nodes as non-metastatic. Overall, the
results demonstrate that our model is more effective at detecting
potential features in model is more effective at detecting potential
features in images compared to clinical experts, making it a more
accurate and efficient approach than traditional imaging-based
clinical judgment.

Interpretative Visualization

To increase the interpretability of our model network,
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Table 3 Comparison Results of Various Classification Models with Our Model on The Test Set.
Numbers in Brackets Indicate 95% Confidence Intervals Using 1000 Trials of The Bootstrap

Method
Fusion maode
Muodel ParamsihM)  FLOPs(G) Concat Adtention
ALC ACC F1 ALC ACC F1
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Table 4 Comparison Results of Various Classification Models with Our Model on The External
Validation Set. Numbers in Brackets Indicate 95% Confidence Intervals Using 1000 Trials of The
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Table 5 Ablation Experiments for Each Loss Component in The Loss Function. Numbers in
Brackets Indicate 95% Confidence Intervals Using 1000 Trials of The Bootstrap Method

ﬁn:-f:‘.ﬂl Gin i test sct . External validation set
o ALC ACC Fl ALIC ACC 1
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Table 6 Ablation Experiments with Loss Function and Fusion Module MFF. Numbers in Brackets
Indicate 95% Confidence Intervals Using 1000 Trials of The Bootstrap Method

Bootstrap Method

Fusion mode
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we utilize the Gradient-weighted class activation mapping
(GCAM) method *, known as a technology for the visualization
and interpretation of deep learning models, to increase the
understanding of the feature extraction and feature fusion layers
of the model. Fig. 5 displays two samples: one with LNM and the
other without. The first three columns display the three modal
images of the lymph node samples. Columns 4 to 6 display
the results of GCAM heat map mapping when the three modal
imaging features are extracted on each of the three feature

extraction layers, and the final column reveals the GCAM heat
map mapped image on the WLI image on the fusion layer.

The results reveal that the feature extraction branch of
the convolutional network structure pays more attention to
information such as the surface texture of the image, while the
feature extraction branch of the Transformer structure pays more
attention to the global location information supplementing the
lymph node edge feature information. Furthermore, the fused
features are combined with modifications to the region of interest
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Fig.5 The schematic GCAM heatmap of lymph node samples. The first row shows the three modal images of the sample without lymph node metastasis, as well
as the GCAM mapping heatmaps of the three modalities of the feature extraction layer and the GCAM heatmap mapping of the WLI of the fusion layer. The second
row shows the three modality images of the sample where lymph node metastasis has occurred, as well as the GCAM mapping heatmap of the three modalities of
the feature extraction layer and the GCAM heatmap mapping of the WLI of the fusion layer.
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Table 7 Ablation Experiments with Feature Extraction Branches and Fusion Module MFF. Numbers
in Brackets Indicate 95% Confidence Intervals Using 1000 Trials of The Bootstrap Method
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Fig.6 Hyperparameter sensitivity analysis. (a) Results of the sensitivity
analysis of hyperparameters a and B in the loss function on the test set. (b)
Results of the sensitivity analysis of hyperparameters a and f in the loss
function on the validation set.

Table 8 Comparison Results of Clinical Experts
with Our Model on The External Validation Set

Clinical E-'.xpcrl SEN SPE ACC PREC Fl
 Expen | 0.1447 09381 07148 04783 02222
Expert 2 0.4342 0.9021 07704 06340 L5156
Expert 3 04211 0E247 07nll 04845 4507
Expert 4 02632 07371 06037 02817 02721
Expert 5 0.3947 08557 07259 05172 04478
Our micsdel 07632 0,800 08111 6374 L6946

by the feature fusion layer, which highlights and concretizes the
characteristics in crucial places. For images of lymph nodes that
have metastasized, our model pays more attention to the weird
irregular texture and shape features in the samples.

Discussion and conclusion

In this study, we propose the MFI-FFP model for LNM
prediction in CRC using intraoperative fluorescence multi-modal
imaging. Our model first extracts three modal data features,
followed by the fusion of the extracted three modal features, and
eventually performs LNM in CRC prediction based on the fused
features. The suggested MFI-FFP model exhibited promise for
real-time LNM diagnosis in the future by performing satisfactorily
in the task of predicting LNM in CRC using intraoperative
fluorescence multi-model imaging.

In the feature extraction part of our model, the corresponding
special extraction branches are set according to the characteristics
of the three modal data, respectively. Furthermore, experimental
results indicate it is frequently more effective in building distinct
feature extraction structures based on various modal imaging
feature information than in using the same structure. The three
modal features extracted in the previous stage are features fused
in the MFF module in the model, which incorporates global and
local features to boost model performance. Furthermore, there is
a significant sample imbalance issue because the majority of the
lymph nodes in the data sample are benign, and relatively few of
them are malignant. According to the above problems, we design
a novel loss function, in which the LDAM loss alleviates the
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sample imbalance problem, the focal loss reduces the difficulty in
distinguishing the samples, and the proposed intra-loss increases
the diversity of the samples and thus improves the performance
of the model.

To predict LNM in CRC, our work leverages intraoperative
fluorescence multi-modal imaging. By combining three modal
imaging characteristics, the model can effectively learn lymph
node feature information and exhibit outstanding prediction
ability. Since little research has combined deep learning with
intraoperative Fl for identifying LNM, utilizing deep learning to
analyze intraoperative Fl for various downstream tasks has far-
reaching implications and potential in the medical field.
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Abstract

Background: A duodenal web refers to partial or complete obstruction of the duodenum due
to a membranous web. When looking at the serosal side of the intestine during duodenal
web excision, especially during laparoscopic surgery, determining the web origin might be
challenging. This study aimed to determine the efficacy of intraduodenum indocyanine green
injection and near-infrared light during laparoscopic surgery in enhancing the ability to identify
duodenal web localization.

Methods: We used intraduodenum indocyanine green injection to unequivocally recognize the
duodenal web and facilitate laparoscopic excision. The clinical analysis was based on a male
neonatal case with duodenal web admitted to our hospital. After the patient was placed in the
supine position, 5 mL of ICG was injected via a 6-Fr nasogastric tube. The fluorescence was
visualized in the white light and near-infrared light dual-mode of the camera system, localizing
the duodenal precisely and in real-time.

Results: Laparoscopically, the duodenal web was accurately identified and removed with
intraduodenum indocyanine green visualization under near-infrared light. The procedure was
completed successfully, and the patient showed good postoperative outcomes.

Conclusions: Intraduodenum indocyanine green injection during laparoscopic surgery is a
feasible adjuvant for duodenal web localization, showing improvements in terms of outcomes

compared to previous methods of determining the duodenal web location.
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Introduction

With a relative risk of 1 in 10,000-40,000, duodenal web
is a prevalent pediatric gastrointestinal anomaly 1. For the
definitive surgical treatment of a duodenal web, laparoscopic
surgery can be used. Precise localization of the duodenal web is
a key aspect of a successful laparoscopic management. In the
laparoscopic setting, due to the lack of tactile feedback, these
surgical principles can be very difficult to attain by visual signals.
Techniques that improve the ability to visually detect the location
of the duodenal web are therefore critical.

Indocyanine green is a fluorescent dye that allows for real-
time imaging of a target structure when triggered by near-infrared
light.

In this study, we hypothesized that intraduodenal injection of
indocyanine green during laparoscopic surgery can enhance the
ability to identify duodenal webs. This study aimed to verify the
efficacy of this approach to precisely determine duodenal web
localization during laparoscopic surgery.

Material and methods

Case presentation

A 13-day-old boy was admitted to our department because
of repeated bilious vomiting for 13 days and malnutrition. Plain
abdominal X-ray revealed a double bubble sign, and abdominal

ultrasonography showing the water-refilling process of the
duodenum detected a web at the junction of the 2nd and 3rd
sections of the duodenum (Fig. 1).

Surgical technique

The patient was placed in the supine posture after general
anesthesia induction. We used a 3-port (a 5-mm 30-degree
laparoscope, a 3-mm right paraumbilical working port, and a
3-mm left upper quadrant working port) approach with an intra-
abdominal insufflation pressure of 8 mmHg. The duodenum
was opened at the duodenal web site. After confirmation of the
site of the ampulla of Vater, the anterolateral side of the web
was carefully resected. The traction suture was placed to lift
the duodenum ventrally to the anterior abdominal wall and the
duodenum was closed transversely with a running 5-0 absorbable
suture.

Duodenal web localization procedure

Twenty-five mg of sterile indocyanine green (Dandong
Yichuang Pharmaceutical Co., China) was dissolved in 10 mL
distilled water (2.5 mg/mL) to prepare the ICG solution. Before
usage, the ICG solution was diluted 20 times (0.125 mg/mL).
Five milliliters of the diluted ICG solution was inserted through a
preset 6 Fr nasogastric tube. The location of the duodenal web
was accurately identified using a white light and near-infrared
dual-channel laparoscopic system (DPM-ENDOCAM-01, DPM-
LIHGT-01, Zhuhai Dipu Medical Technology Co., China). After the

Fig.1 (A and B) Preoperative plain abdominal X-ray on the first and second day, respectively, after birth showing upper gastrointestinal incomplete obstruction. (C)
Ultrasonography illustrating a web between the second and third portions of the duodenum (white arrows).
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duodenal web was removed, another 5 mL of the diluted ICG
solution was inserted to evaluate intestinal permeability.

Results

After exposing the duodenum, the genuine location of
the duodenal web was confirmed using a fluoroscope. The
margins of the duodenal web were identified based on the
healthy duodenum that fluoresced green and the intestine
lumen away from the nonviable tissue that remained non-
florescent (Fig. 2). The whole process lasted 58 s. After the
duodenal web was obliterated, 5 mL was injected through
the nasogastric tube, and the ICG smoothly passed through
the duodenum into the initial portion of the jejunum (Fig. 4)
which took 44 s. The total time required for intraoperative
fluorescence localization of duodenal web and intestinal
patency detection was 1 min and 42 s.

The patient was administered liquids on the third day
after surgery and achieved total enteral nutrition one week
after surgery. At the one- month follow-up, the child was able
to tolerate a full diet well without any complications. The upper
gastrointestinal series at the follow-up revealed a much better
proximal duodenal profile, with uninterrupted contrast passage
over the location of the initial web blockage (Fig. 5).

Discussion

In this study, we described a novel method for accurately
detecting the site of the duodenal web. This method is more
accurate than direct visualization wherein the duodenal caliber
can change.

The duodenal web is different from other duodenal
obstructions in which the obstruction is located inside the
duodenal lumen. Therefore, it is difficult to determine the
exact location of the duodenal web on the serosal side. This
is only possible through visual recognition under laparoscopy,
especially for novices. Previous studies have suggested that
the duodenal web is usually located at the position where
the duodenum caliber changes 2,3, but this method often
leads to a misleading location of web, especially when the
duodenal web is wind-stock-like. Burns et al. have reported
that intraoperative endoscopy has been utilized to precisely
determine the site of the duodenal web during laparoscopic
excision to give a safe and simple approach of duodenal
web localization 4. However, endoscopy is still an invasive
operation with potential risks, such as gastrointestinal
perforation, aspiration risk, and lung compression in newborns.
Therefore, a more non-invasive method for duodenal web
localization during laparoscopic surgery is needed.

Our novel technique overcomes the difficulties in
identifying the position of the duodenal web under laparoscopy
and offers additional benefits. Firstly, our method is easy
to operate. All operations were performed under general
anesthesia without special additional anesthesia requirements.
Moreover, ICG was injected through the routinely preset
nasogastric tube without additional invasive manipulations
and specialized tools. The whole process did not significantly
increase the total operation time. Secondly, our approach

Published online: 6 April 2022

Fig.2 Laparoscopic real-time fluorescent visualization of the duodenum,
allowing for general localization of the duodenal web.

Fig.3 Area of the duodenal web where the ampulla of Vater is visible prox- imal
to the septum.

enables accurate intra- operative duodenal web identification in
real-time. The junction of green fluorescence, from the fluorescent
duodenum proximal to the web to the non-florescent distal
duodenum, is the position of the duodenal web. This optical
difference is very easy to discern with the naked eye, and no
additional training for the procedure was involved. Thirdly, after
web resection, the whole duodenum and the first part of the
jejunum were illuminated in bright green under dual light. This is
extremely useful in confirming intestinal patency and detecting
further blockages in the distal intestine. Finally, there were no
negative consequences from inserting ICG into the duodenum.
In rare situations, ICG has been associated with anaphylactic
shock, bronchospasm, and cardiorespiratory arrest5. However,
our approach prevents systemic ICG exposure, likely decreasing
the risks of systemic ICG absorption. Moreover, although a
small amount of indocyanine green leaked into the peritoneal
cavity during the operation, this patient did not experience any
perioperative complications, such as fever, abdominal pain, focal
peritonitis, or adhesion. Miyoshi et al. 6 also reported that ICG
leakage did not cause any complications, addressing the use of
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Fig.4 Fluoresced jejunum demonstrating patency of the duodenum after web
resection.

Fig.5 Postoperative upper Gl series showing duodenal patency, with no
blockage or leak.

India ink.

Ding et al. 7 found that ICG is unstable and easily degraded
under illumination, especially in acid conditions. After being
irradiated with near-infrared light for 30 min, the absorption of
the ICG solution in weak acidic environments was decreased
significantly. In this study, although ICG interacted with gastric acid
for a period of time, its fluorescence was still sufficient to help us
locate the duodenal web. To minimize the effect of fluorescence
degradation on duodenal web localization, in our future studies,
we will postpone ICG injection until the duodenum is kocherized.

In conclusion, the use of ICG-guided surgery allows for
a safe and straightforward duodenal web identification, while
facilitating laparoscopic excision. A limitation of this study is that
as this procedure was only used on one patient, more research is
needed to fully understand these putative benefits.
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Abstract

Fluorescence endoscopy technology utilizes a light source of a specific wavelength to
excite the fluorescence signals of biological tissues. This capability is extremely valuable
for the early detection and precise diagnosis of pathological changes. Identifying a suitable
experimental approach and metric for objectively and quantitatively assessing the imaging
quality of fluorescence endoscopy is imperative to enhance the image evaluation criteria
of fluorescence imaging technology. In this study, we propose a new set of standards for
fluorescence endoscopy technology to evaluate the optical performance and image quality
of fluorescence imaging objectively and quantitatively. This comprehensive set of standards
encompasses fluorescence test models and imaging quality assessment protocols to ensure

256

Vis Comput Ind Biomed Art. 2025. 8(1):2

Published online: 10 January 2025

that the performance of fluorescence endoscopy systems meets the required standards. In
addition, it aims to enhance the accuracy and uniformity of the results by standardizing testing
procedures. The formulation of pivotal metrics and testing methodologies is anticipated to
facilitate direct quantitative comparisons of the performance of fluorescence endoscopy devices.
This advancement is expected to foster the harmonization of clinical and preclinical evaluations
using fluorescence endoscopy imaging systems, thereby improving diagnostic precision and

efficiency.

Keywords

Fluorescence endoscopy, Near-infrared, Image evaluation, Standardization

Introduction

Medical endoscopy technology is a seminal advancement in
contemporary medicine that has significantly enhanced the effica-
cy and precision of disease diagnosis. As a high-fidelity, minimally
invasive diagnostic instrument, medical endoscopy captures and
relays real-time visual data from within the patient’s anatomy to
an external display. This is achieved by using a compact camera
and light source apparatus, facilitating the unobstructed visual
inspection of pathological tissues . Consequently, clinicians can
gain diagnostic insights that are both visually clear and clinically
reliable. Moreover, endoscopes can be integrated with supple-
mentary instruments such as biopsy forceps and therapeutic la-
sers, thereby enabling the sampling as well as in situ treatment of
tissues within the body *°.

The design of an endoscopic system must adhere to several
critical requirements, as dictated by the definition of an endo-
scope. First, because endoscopes must access the human body
via either natural orifices or surgical incisions, their design must
accommodate diameter constraints and the need for enhanced
flexibility. This ensures minimal invasiveness and maneuverability
within the cavities of the body. Second, the endoscopic camera
system must be complemented by an external light source to illu-
minate the internal body structures. The design of this light source
must ensure that it does not cause thermal injury to the internal
tissues, thereby maintaining patient safety. Third, the imaging
quality must meet stringent standards to ensure that the clarity
and resolution of the endoscopic images approximate the acuity
of direct visual inspection. This is crucial for accurate diagnostic
assessments and subsequent clinical decisions ° 7.

Traditional white-light imaging employs xenon or light-emit-
ting diode (LED) light sources, improving upon traditional fiber-op-
tic imaging methods. Existing white-light endoscopes can achieve
a resolution of 4K/8K UHD, providing physicians with higher-quali-
ty endoscopic images *"°. However, traditional white-light imaging
relies on the natural reflection of light from the surface of tissues
and lacks disease-specific optical characteristics, making it diffi-

cult to locate and visualize precancerous lesions . In addition,
some diseases may be unevenly distributed within the tissue,
forming diffuse and patchy areas, which further hinders disease
detection .

In contrast, fluorescence endoscopy technology is based
on the biochemical properties and related reactions of biological
tissues. It irradiates biological tissues by sending a light source of
a specific wavelength through a laser (e.g., near-infrared (NIR));
this light source can be absorbed by fluorescent markers in the
tissues and then released in the form of fluorescence, which is
captured by the endoscopic camera and converted into a digital
image for display "> ™. There is a significant difference between
the fluorescence absorption and the emission spectra of diseased
and normal tissues, and fluorescence endoscopy can capture
unique fluorescence signals of the diseased area to realize the
early detection of lesions and accurate diagnosis > *°. In recent
years, this technology has been used extensively in various
clinical studies such as precise tumor localization and boundary
identification, in vivo 3D visualization of gliomas, and surgical nav-
igation "*°. In addition, fluorescence endoscopy technology can
provide imaging using a multiple labeling strategy in combination
with multiple fluorescent markers *'.

As medical expertise and public health consciousness con-
tinue to advance, expectations regarding the quality of fluores-
cence endoscopic imaging have increased. The design of the
fluorescence endoscopic functional supply device and imaging
outcomes produced by the fluorescence camera system exert an
indirect or a direct influence on the diagnostic process for physi-
cians. Numerous international consensus documents have been
established, delineating standardized test methods based on the
body mode for various medical imaging technologies. These tech-
niques include magnetic resonance imaging °, computed tomog-
raphy >, and positron emission tomography *.

In 2009, the International Electrotechnical Commission (IEC)
published technical standard IEC 60601-2-18:2009 for medical
endoscopic equipment, which covers detailed requirements for
the basic safety and essential performance of endoscopic devices
*_In 2017, the Association of periOperative Registered Nurses
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Fig.1 The structure of the imitation body used for the test and the physical drawing. a. Schematic of the fluorescence test phantom; b. photograph of the

fluorescence test phantom prototype.

(AORN) proposed the AORN MAN-860C-2017 guidelines to
assist healthcare professionals in performing care, cleaning, de-
contamination, and maintenance operations for flexible and rigid
endoscopes and related accessories % In 2019, the Pharma-
ceuticals and Medical Devices Agency approved the first native
medical device that uses fluorescence endoscopy technology
%8 In 2020, Kanniyappan et al. * published an article on a test
method for NIR performance, but the method is not applicable to
performance testing of fluorescent endoscopes and uses a phan-
tom with a complex design that limits direct comparisons among
different devices and studies. Moreover, the domain of NIR flu-
orescence (NIRF) endoscopy lacks established technical stan-
dards and guidance documents for the quantitative assessment
of its imaging capabilities. Consequently, there is an urgent need
to develop standardized criteria for evaluating the image quality
of endoscopic camera systems. The establishment of unified and
standardized protocols for fluorescence endoscopic instruments
and the evaluation of fluorescence image quality are of significant
practical and clinical importance. This initiative is crucial for en-
hancing the precision of medical diagnoses and efficacy of clinical
applications.

We underscore the importance of developing technical
standards for NIRF endoscopy, which are essential for the cre-
ation of standardized medical devices in this field. Enhancing the
specifications for evaluating the quality of fluorescent images is
paramount to ensure consistency and comparability across vari-
ous devices and operators. It will also enable effective longitudinal
comparisons of images that are captured at different time points.
By implementing these standardization initiatives, we anticipate
a marked enhancement in the performance of fluorescence en-
doscopy technology and the precision of its clinical applications.
These advancements will provide medical professionals with
more accurate and dependable diagnostic support. Ultimately,
these efforts will benefit patients, elevate the standard of medical
care, and improve the overall quality of health services.

Methods

Fluorescent endoscopic imaging system

In this study, we employed the commercially available NIRF
thoracoscopic imaging system DPM-I1I-01 provided by Zhuhai
Dipu Medical Technology Co., Ltd., to execute the experimental
procedure ***'. This system is equipped with real-time triple-win-
dow observation capabilities, enabling it to provide white-light
(color), fluorescence (monochrome), and overlaid (pseudo-color)
images according to the varying demands of different surgical
stages. The design flexibility of the DPM-III-01 system allows it
to display NIR images, white-light images, or their overlays, and
even to present all three simultaneously, offering comprehensive
visual information for surgery. This high degree of flexibility and
multifunctionality endows the DPM-111-01 system with a crucial
role in surgical procedures, significantly enhancing the precision
and safety of the operations. During the experimental process,
the endoscope camera system software (Version V1.1) was em-
ployed to acquire and post-process the camera images.

To select a fluorescent contrast agent, we used an ICG solu-
tion at a concentration of 2.5 mg/mL, blended with fetal bovine
serum to create a fluorescent solution. ICG, which is recognized
for its exceptional safety and fluorescent properties, has received
approval from the US Food and Drug Administration, guaran-
teeing its safety and efficacy in clinical use. Consequently, ICG
offered a secure and potent fluorescent labeling alternative for our
experimental procedures, thereby reinforcing the dependability
and scientific merits of the experiment.

Fluorescence test mimics

The fluorescence test simulator was made of black PTFE as
the substrate material, and its size and shape were the same as
those of the effective area of the transmission resolution test card
[NQ/NE-10-50A(0.5X)] required by ISO 12233, i.e., 100 mm x 178
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Fig.2 Schematic of the test phantom partitioning. a. Fluorescence sensitivity, SNR, and fluorescence dynamic range (DR) testing area; b. fluorescence imaging
distortion and fluorescence image brightness uniformity testing area; c. fluorescence resolution resting area; d. fluorescence detection depth testing area; e. fusion

accuracy testing area.

mm, with a thickness of 20 mm, as shown in Fig. 1. The design of
the fluorescence test phantom included specific areas with stan-
dard test patterns and holes for capturing fluorescence images
using the imaging system. By titrating the appropriate amount of
fluorescent contrast agent into the designated test holes and pat-
terns according to the testing protocol, image acquisition for the
respective fluorescence testing items could be performed and the
resulting images could be evaluated.

The partition layout of the test phantom is depicted in Fig. 2,
with Fig. 2a showing the evaluation areas for the fluorescence
sensitivity, signal-to-noise ratio (SNR), and dynamic response
range. This section was composed of 16 numbered circular wells
on the left and an interspersed set of four additional circular wells.
The 16 numbered circular wells were intended to contain fluores-
cent contrast agents of different concentrations with dimensions
of 8 mm x 5 mm. To prevent spillage of the contrast agent during
the transfer process, which could affect the test by exceeding the
upper surface, a concentric recess measuring 10 mm x 1 mm
was also included. Four smaller circular wells were designated
for the selection of background signals in the SNR testing, with
dimensions of 8 mm x 2 mm.

Figure 2b depicts the fluorescence resolution testing area,
which was composed of the central fork-like pattern shown in
Fig. 1. The branches of the pattern (straight grooves) were 2 mm
wide and 3 mm deep, with the spacing between adjacent straight
grooves increasing gradually from O mm to 2 mm without exceed-
ing a slope of 0.1.

Figure 2c shows the fluorescence detection depth testing
area, which consisted of the seven different depths of straight
slots shown on the right side of Fig. 1, forming the fluorescence
detection depth test block. An appropriate slot size was selected
based on the diameters of the quartz glass tubes and detection
capabilities of the fluorescence imaging system.

Figure 2d shows the fluorescence image brightness uni-
formity testing area, which was composed of five 4 mm x 3 mm
circular holes located at the center and at a 0.7 times field of view,

as indicated in Fig. 1. These circular holes formed a test block for
assessing fluorescence imaging distortion and the uniformity of
the fluorescence image brightness.

Figure 2e shows the fusion accuracy testing area, featuring
four L-shaped figures at the corners and eight circular blocks at
various positions, which together formed the test block for evalu-
ating the fusion accuracy. The four-corner L-shaped figures were
designed to test whether the fluorescence image covers no less
than 95% of the area of the color image, with the requirement that
the tip of the angle of the L-shaped figure falls precisely at 0.95
of the maximum area of the color image. The other eight circular
blocks, each with dimensions of 10 mm x 5 mm, were sunken
and distributed at 0.25, 0.5, and 0.85 times the maximum field of
view of the color image. These were used to test the fusion accu-
racy between the color and fluorescence images.

Fluorescence image resolution, focal plane
uniformity

The spatial resolution or sharpness of an imaging system is
a critical metric for assessing the image quality and is inherently
linked to the capacity of the system to discern fine details. In the
realm of NIRF imaging, the USAF 1951 resolution test chart has
been a prevalent choice for evaluation, according to previous
research *. Building on this, we employed the transmission reso-
lution test card specified by the ISO 12233 standard issued by the
International Organization for Standardization (ISO) to assess the
resolution capabilities of endoscopic systems quantitatively. This
standard method serves as a benchmark for evaluating the per-
formance of fluorescence endoscopic imaging systems. The test
card, depicted in Fig. 3, features an effective area enclosed by a
thick black border.

The assessment of focus plane uniformity is a crucial metric
for evaluating image clarity and focusing quality, exerting a sig-
nificant influence in domains such as autofocus systems, image
processing, and optical design. The evaluation methodology for
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Fig.3 Resolution test card.

focus plane uniformity entails an integrated analysis of the im-
ages obtained throughout the entire field of view *. This process
involves selecting suitable test subjects, capturing images, and
using image processing techniques to assess the focus quality
quantitatively. Within the scope of this research, we employed
the resolutions of both fluorescence and white-light images to
calculate the focus plane uniformity. The results derived from the
following formula represent the uniformity of the focal plane:

Ry — Rp )

Ad =
Ry

where Ad is the focal plane uniformity, Rw is the white-light
image resolution, and Rr is the fluorescence image resolution.

Fluorescence signal-to-background ratio,
sensitivity, and dynamic response range

In fluorescence imaging techniques, the SNR and sig-
nal-to-background ratio (SBR) are key metrics for evaluating the
performance of an imaging system, and are critical for ensuring
the image quality and accuracy of the analyzed results **. The
SNR measures the ratio of the signal strength to background
noise and reflects the ability of an imaging system to distinguish
between signal and noise. A high SNR indicates that the signal is
much higher than the noise level, allowing for more accurate de-
tection and quantification of fluorescent signals. In fluorescence
imaging, the SNR directly affects the ability to detect weak sig-
nals, that is, the fluorescence sensitivity.

SNR is the imaging SNR, S is the average signal intensity
in the measured fluorescence region, and N is the standard
deviation of the signal in the measured fluorescence region. The
SBR measures the ratio of the signal intensity to the background
intensity and reflects the ability of the imaging system to extract
the signal from the background. A high SBR helps to identify
fluorescently labeled areas more clearly and reduces the impact
of background interference on the image analysis. The SBR is
calculated using the following formula:

SBR=S5/B @)

where SBR is the imaging SBR, S is the average signal

intensity of the measured fluorescence region, and B is the
average signal intensity of the background region.

Fluorescence sensitivity usually refers to the ability of an
imaging system to detect weak fluorescent signals. This indica-
tor evaluates the response of a system to low concentrations of
fluorescent markers or small signal changes. High fluorescence
sensitivity means that the system can detect lower fluorescence
intensities, thus playing a key role in applications such as bio-
markers and the early diagnosis of diseases. In this system, the
average signal gray value needs to be at least 30 to ensure that
the lowest concentration of the fluorescent solution can be accu-
rately detected; this concentration is defined as the fluorescence
sensitivity (denoted as CL). The DR refers to the range of fluores-
cence signal intensities that can be distinguished by the imaging
system and is usually expressed on a logarithmic scale. It ranges
from the lowest detectable signal (fluorescence sensitivity) to the
highest signal intensity that does not saturate. A high DR indicates
that the system can simultaneously detect fluorescent signals
ranging from very dark to very bright, which is critical for quantita-
tive analysis and multi-marker imaging. When the average gray
value of the fluorescent region is close to the saturation point, we
identify it as the highest fluorescence concentration (denoted as
CH). From this, we can calculate the fluorescence DR in decibels
(dB).

DE = 20dg (CH /CL) (3)

Fluorescence image brightness uniformity,
fluorescence imaging aberration, and
fluorescence resolution

Luminance uniformity reflects the consistency of the lumi-
nance distribution across the image field of view, implying that
there are no significant local variations in the illumination or flu-
orescence signal intensity of the image across the field of view,
which helps to prevent image interpretation errors caused by un-
even luminance *.

Experiments were conducted based on Fig. 2b, where im-
ages were captured and analyzed to measure the fluorescence
average gray value of 90% of the area of the container hole diam-
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eter, with the image measurement at the center as Fy and the im-
age measurement around the edges as F>—Fs. For fluorescence
nudging, the fluorescence image luminance uniformity is the ratio
of the average of the measurements around the edges to that at
the center, G, with the following expression:

i

G=— 4)
5
where Fis the average of the edge fluorescence image mea-
surements of F>—Fs. Aberrations are nonlinear distortions that ap-
pear in an image and can be caused by aberrations in the optical
system, irregularities in the shape of the sample, or curvature of
the imaging plane. They can cause straight lines in an image to
appear curved or cause the actual size and shape of an object to
not match the imaging results. Controlling and correcting aberra-
tions are critical for maintaining image accuracy and performing
precise measurements.

The radial dimensions of the diameter of the center circular
spot (D,) and diameters of the four surrounding circular spots (D;,
i=1,2,3,4) were measured and recorded separately, which was
repeated three times.

A single measurement of the unit relative aberration V... is
denoted by V... (i=1,2,3,4) and the calculation is given by

Dy = by (5)
Iy
The unit relative aberration of the Z field of view can be

calculated from the unit relative aberration using the following
equation:

Vir—sai

L Viu-c0 (6)

The measurement process was repeated three times, the
arithmetic mean of the measurement results was obtained, and
the unit relative aberration consistency was calculated.

Vig—zi — Vir—sy %

Uy o = Max
V red Wy .

When taking absolute values,

Ly = max|Viy_.; = V4,2 (8)

The final results are expressed as the arithmetic mean of the
difference in agreement between the three measurements.

Fluorescence resolution is a measure of the ability of an
imaging system to distinguish between adjacent objects or
structures, which directly affects the clarity of the image and the
visualization of details. It is usually defined in terms of the small-
est distance that can be distinguished. A higher resolving power
means that the system can capture finer structural features, which
is critical for applications such as viewing fluorescent images and
intracavitary tissues. Computer software was used to determine
the limiting resolution distance (mm) of the sector line of the stan-
dard mimic resolution region, and the resulting resolution was the
fluorescence resolution.

Fluorescence penetration depth

The fluorescence penetration depth is a key parameter in flu-
orescence imaging that determines the ability of an imaging tech-
nique to penetrate deep into biological tissues or materials. This
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metric is important for enabling three-dimensional visualization of
deep tissue structures, performing multispectral imaging analy-
ses and quantitative fluorescence concentration measurements,
guiding clinical diagnosis and surgical navigation, and evaluating
the internal properties of materials in materials science. The depth
of fluorescence penetration is influenced by the optical proper-
ties of the fluorescent marker, optical absorption and scattering
properties of the sample, and wavelength of light used. Therefore,
careful consideration is required in the design of fluorescence en-
doscopes to ensure the accuracy and depth of imaging.

The fluorescence test mimic was the same as that shown
in Fig. 2d. There were seven horizontal slots with different gradi-
ents in the detection depth region of the fluorescence test mimic.
The bar groove in the middle of each gradient was the location
for placing the fluorescent solution bar, and the center of each
adjacent bar groove was equidistant from the center of the bar;
the fluorescent solution bar (3 mm outside diameter) was covered
with a fat emulsion solution (intralipid 10%). Each step represents
a different depth gradient indicated by h, which is the distance
from the upper surface of each step to the liquid surface of the fat
emulsion solution. The image acquired in this area was analyzed,
and the fluorescence gray value of the fluorescent solution rod
area was measured when the number of imaging frames was not
less than 60 and the SNR was not less than 10 B, as described
above. The average signal gray value should not be less than 30,
and the corresponding maximum value was the fluorescence de-
tection depth.

Fluorescence fusion accuracy

Fluorescence image fusion accuracy ensures that informa-
tion from different fluorescent channels is accurately represented
in the synthesized image, thus providing a more comprehensive
view of the sample. Moreover, high-precision image fusion en-
ables researchers to observe and interpret the interactions and
relative positions of different fluorescent markers more clearly,
thereby contributing to an in-depth understanding of biological
processes. If multiple fluorescent markers are used in an exper-
iment, accurate image fusion ensures that the signals of each
marker are correctly recorded and differentiated, thereby opti-
mizing the experimental design. Therefore, fluorescence image
fusion accuracy is a key factor that affects fluorescence images in
fluorescence endoscopic photography systems.

The fluorescence test mimic was the same as that in Fig. 2e,
and there were four L-shaped grooves in the corners and eight
fusion accuracy test holes in the fusion accuracy area of the flu-
orescence test mimic. First, it was necessary to ensure that the
frame rates of the white-light and fluorescence images were the
same and perform a time synchronization test, followed by a field
of view range test, and finally, the fusion shooting of white-light
and fluorescence images was completed. The pixel coordinates
of the center of the circle of the white-light color image are defined
as (Xir, Xis), and the centroid pixel coordinates of the fluorescent
image are defined as

(X2, Yi2)

i is defined as the number of sampling times and must be greater
than 3. The fusion accuracy is calculated as follows:

T =1Xp —Xpl, JX = max JX; ©)

TV = |Ya = Yul, JY = maxJY;

where JX; is the x-axis image fusion accuracy calculated
using the ith sampling, /X is the x-axis image fusion accura-
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Fig.4 Schematic of the resolution test, where 1 is the test light source, 2 is the homogenizing device, 3 is the test plate, and 4 is the camera system.

cy, JY; is the y-axis image fusion accuracy calculated using
the ith sampling, and JY is the y-axis image fusion accuracy.

Results

Image resolution and focal plane uniformity
experimental results

A uniform device was placed in front of the test light source
with a wavelength range of 850 nm + 30 nm so that the light was
sufficient and uniformly irradiated in the resolution test card, and
the illumination difference was less than 10%. The positions of the
test light source, resolution test card, and lens are shown in Fig. 4;
the resolution test card was perpendicular to the lens axis of view
so that the center of the resolution test card was aligned with the
center of the lens, and the length and width of the resolution test
card were aligned with the horizontal and vertical directions of the
lens screen, respectively. The corresponding effective area in the
resolution test card was selected according to the aspect ratio
that could be captured by the camera system, and the distance
between the camera system lens and resolution test card was ad-
justed such that the effective area of the resolution test card filled
the field of view. After the focus became clear, image acquisition
was performed. Computer software was used to determine the
limiting clear resolution of the wedge line in the J2 or K2 regions
of the resolution test card, and the resolution result obtained was
the fluorescence resolution. The value calculated by the system
was 1400 lines.

The camera system was moved to an optically designed
working distance and only the white-light band of the test light
source was turned on. After the focus became clear, image ac-
quisition was performed. The results are shown in Fig. 5. The
test card wedge line limit resolution was visually determined and
this value was recorded for the color image resolution, which was
the white-light image resolution. At this time, the value of 2200
lines was determined. Subsequently, according to Eq. 1, the focal
plane uniformity of the system was 0.57.

Experimental results of fluorescence SBR,
sensitivity, and DR

Using the connection tooling, the light-guide beam and
camera were mounted together, and the architecture is shown in
Fig. 6. The center of the light-guide beam out of the light end face
and the center of the lens end cap face to the imaging surface
were the same distance, with a tolerance of + 2 mm. The distance
between the center of the light-guide beam out of the light end
face and the center of the lens end cap face was A leq 50 mm,
and the center of the light-guide beam illumination overlapped
with the center of the imaging field of view on the imaging surface.

The fluorescent solution for testing was prepared with a
two-fold gradient dilution method, using 1 mL ICG solution with
1 mL serum as the base solution, and the dilution of the fluo-
rescent solution in other wells was configured according to the
above method. We obtained 260 pL of the configured fluorescent
solution in the order of concentration, and dropped it into the
fluorescent test well plate container position in sequence, keeping
the liquid surface level with the surface of the well plate.

As shown in Fig. 6, the height of the camera was adjusted
so that the distance H1 from the lower face of the camera to the
fluorescence test hole plate was 150 mm. The position of the
container holes in the fluorescence test hole plate was moved so
that the position of the container holes of the fluorescent solution
of the concentration to be tested was in the center of the field of
view. The fluorescence effect of the container holes of the various
concentrations was observed individually, and images were col-
lected. A stepwise normalization process was implemented on the
acquired images according to the process in Fig. 2a. To ensure
that the number of imaging frames was not less than 60 and that
the SNR reached at least 10 B, we measured the fluorescence
gray value of the region with 90% of the vessel pore diameter.

In this experimental assessment, we designated the circular
region outlined by the dashed line in Fig. 7 as the background
area and selected an area adjacent to the current test hole. The
bright area corresponded to a concentric circle encompassing
approximately 80% of the area of each test hole. The average
signal intensity of the fluorescence region, denoted as S, for the
brightest test hole was 241.80. Within this functional area, there
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Fig.6 Schematic of the light-guide beam fixing tooling, where 1 is the
camera system, 2 is the light-guide beam, 3 is the connection tooling, and
4 is the fluorescence test simulator.

were 16 test holes of varying concentrations, exhibiting gray val-
ues ranging from 10 to 241. The standard deviation of the signal
in the fluorescence region, denoted as N, was 24.66, whereas the
average signal intensity in the background region, denoted as B,
was 1.046. After calculating the average signal intensity S, stan-
dard deviation N of the fluorescence region, and average signal
intensity B of the background region using software, we employed
Eq. 2 to determine the SNR of the fluorescence image, which was
19.83. Furthermore, using Eq. 3, we calculated the fluorescence

image SBR of the system to be 253. Subsequently, the lowest
fluorescent solution concentration CL that could be detected was
0.153 pug/mL, and the highest fluorescent concentration CH at
the saturation point of the average gray value was 4.883 ug/mlL,
which could be calculated according to Eq. 4 as DR = 20*Ig(CH /
CL) = 20*Ig(4.883/0.153) = 30.08 dB.

Experimental results of fluorescence image
brightness uniformity, fluorescence imaging
aberration, and fluorescence resolution

The fluorescence test mimic was placed in the same position
as in Fig. 6. The height of the lens was adjusted so that the edge
of the mimic coincided with the maximum field of view, and then
focused clearly. The fluorescent solution with the highest fluores-
cence concentration (the concentration corresponding to the CH
value) was pipetted and dropped into the five holes of the image
brightness uniformity test block of the fluorescence test mimic,
with the liquid level flush with the upper surface of the holes, and
the images were captured. The results are shown in Fig. 8. The
collected images were analyzed to measure the fluorescence av-
erage gray value of the 90% area of the diameter of the container
holes and to calculate the fluorescence average gray value of the
image measurements at the center and the image measurements
around the edges. The results are shown in Table 1. The fluores-
cence image luminance uniformity G of the system was calculated
to be 90.5%.

Subsequently, the radial dimensions of the diameter of the
center circular spot (Do) and diameters of the four surrounding
circular spots (D;, i=1,2,3,4) were measured and recorded sepa-
rately, which was repeated three times. The result are shown in
Table 2. The fluorescence imaging aberrations were calculated,
and the results yielded a unit relative aberration V... = 12.3% for
the Z field of view and an overall fluorescence imaging aberration
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(a)

(b)

Fig.7 Fluorescent SBR, sensitivity, and DR result images. a Fluorescence mode image; b fluorescence fusion image.

parameter u, = 2.3% for the system.

A drop of the fluorescent solution with the same concentra-
tion as the highest fluorescent concentration was pipetted into the
linear groove of the fluorescent resolution test area of the fluo-
rescent test mimic, with the level of the liquid flush with the upper
surface of the mimic. Without changing the height of the lens, the
mimic body was moved to use the resolution test area in the cen-
ter of the field of view of the lens area, and image acquisition was
performed, as shown in Fig. 9. Computer software was used to
determine the standard mimic body resolving the power area sec-
tor line limit resolution distance (mm) and the minimum spacing of
distinguishable neighboring straight lines was less than 0.25 mm.
Therefore, the fluorescence resolving power index of the system
was 0.25 mm.

Results of fluorescence penetration depth
experiments

The fluorescence test mimic was the same as that in Fig. 1.
There were seven horizontal slots with different gradients at the

depth of the detection region of the fluorescence test mimic. The
bar slots in the middle of each gradient were the locations where
the fluorescent solution bars were placed, and each adjacent
bar slot was equally spaced from the center of the bar. The flu-
orescent solution bars (3 mm outside diameter) were covered
with a fat emulsion solution (intralipid 10%), with each step rep-
resenting a different depth gradient, denoted by h, which was
the distance from the upper surface of each step to the liquid
surface of the fat emulsion solution. The same test platform as
that shown in Fig. 6 was used, where the distance from the lens
end cap surface of the camera system to the liquid surface of
the fat emulsion solution was the common working distance. The
fluorescent solution bar was placed in the step bar groove of the
measured depth, and the fluorescence test mimic was moved
so that the solution bar was in the center of the field of view.
The depth position of the fluorescent solution bar was replaced
one by one, and the above steps were repeated to observe the
fluorescence image of each depth step, as shown in Fig. 10. The
collected images were analyzed and the fluorescence gray value
of the fluorescent solution bar area was measured. The depth of

Fig.8 Results of three samples of endoscopic fluoroscopy systems.

Table 1 Fluorescence average gray value.

£ i

a8 158.80 144,60 153.55
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Table 2 Circular spot diameter.

Number ¥ D Y

1 23 mm 21 mm 22 mm 22 mm 20 ey 1

detection was 3.5 mm, 4.5 mm, and 5.5 mm from top to bottom.
The test result was a fluorescence detection depth of no less than
5.5 mm.

Results of fluorescence fusion accuracy
experiments

First, the white-light and fluorescence images were detected
to have the same frame rate, after which a stopwatch was placed
in the field of view and the monitor was set to display the white-
light and fluorescence images on a split screen. Using a camera
or video camera, photos/videos of the white-light and fluorescent
images were displayed on the monitor simultaneously. The dif-
ference between the stopwatch readings of the white-light and
fluorescent images in the same photo/video frame image was
examined, which should be less than 20 ms. The test results are
shown in Table 3. Passing the test led to proceeding to the next
test and vice versa for failing, and the fusion accuracy was out of

|
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specification.

After meeting the requirements of the time synchronization
test, the fluorescent solution with the highest fluorescence con-
centration (the corresponding concentration of the CH value) was
transferred to the four L-shaped grooves and eight test holes in
the fusion accuracy test area of the fluorescence test simulator,
and the liquid surface was flush with the upper surface of the
holes. According to the test schematic shown in Fig. 6, the lens
of the camera system was fixed on top of the fluorescence test
mimic, which was adjusted to image clearly under white light, and
the edge of the fluorescence test mimic was flush with the edge of
the maximum field of view of the white light. The lens was main-
tained motionless and the fluorescence mode was turned on. In
addition, it was determined whether the fluorescence image of
the four L-shaped grooves at the corners of the fluorescence test
simulator were all complete and visible, and that the image was
not missing at the corners or other parts. The results are shown
in Fig. 11. If the image was intact, the difference between the fluo-
rescence imaging field of view and the white-light imaging field of
view passed the test, and the next test could be performed.

Subsequently, white-light color images were obtained, fol-
lowing which the lens was kept still, the white-light camera was
turned off, the fluorescence camera was turned on, fluorescence
images were obtained, and the fusion of fluorescence and white-
light images was performed. The fused image is shown in Fig. 12,
and the fusion accuracy was calculated. The fusion accuracy of
the x-axis image was calculated to be /X = 7 and that of the y-axis
image was calculated to be /Y = 5.

(a)

Fig.9 Fluorescence resolution result image. a Fluorescence pattern image; b fluorescence fusion image.

Fig.10 Fluorescence penetration depth test results. a. The experimental process image; b. the fluorescence pattern image; and c the fluorescence fusion image.

)
*
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Discussion

This study proposes a set of technical criteria for evaluating
the image quality of fluorescence endoscopic photography sys-
tems with the aim of improving the performance of imaging sys-
tems and the accuracy of clinical applications. These criteria are
theoretically instructive; however, there are some potential short-
comings in their practical application. First, the testing conditions
may be too ideal and fail to simulate the complexity of the clinical
environment adequately, which may affect the generalizability
of the standards. Second, the rapid development of technology
means that existing standards must be updated continuously to
accommodate emerging technologies and methods. In addition,
despite our emphasis on the importance of standardization, the
implementation of these standards in different healthcare settings
may be challenged by differences in equipment and operators.
Factors such as subjective differences in user operations, cost-ef-
fectiveness considerations, and individual patient differences
may also affect the effectiveness of standards implementation.
An inadequate assessment of long-term stability and reliability
may limit the understanding of how devices are used in actual
clinical settings. Specialty requirements for data interpretation and
analysis may limit the involvement of a wider range of healthcare
professionals. Finally, translating these standards from laboratory
settings into clinical practice may face multiple barriers such as
regulations, training, and workflow integration. Future research
should focus on these shortcomings and explore solutions to
ensure that fluorescence endoscopic photography systems can
provide high-quality imaging in diverse clinical settings, while
maintaining cost-effectiveness and ease of operation. In addition,
further research should focus on improving the flexibility and
adaptability of standards, as well as developing more advanced
imaging techniques and analytical tools to meet changing clinical
needs.

Table 3 Time synchronization test results.

Number 0 D L Dy

1 23 mm 21 mm 24 mm 22 mm J0 mm

2 23mm 21 mm 22 mm 22 mm

1 23 mm 21 mm 21 mim 22 mm

Fig.11 Fluorescence imaging field of view difference test passed with
white-light imaging field of view difference test passed.
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Fig.12 Fluorescence test mimic fusion accuracy test region for
fluorescence fusion image results.

Conclusions

This study has thoroughly explored the standardized require-
ments that must be met by fluorescence endoscopy equipment
before achieving widespread clinical application. It clarified the
requirements for cold light sources containing NIR excitation light
and provided detailed experimental methods to ensure the stable
and reliable performance of the cold light source. This study sets
forth clear requirements for various performance indicators of
NIRF photography systems and provides the corresponding ex-
perimental methods to assess and ensure the performance of the
imaging system. It stipulates the evaluation criteria and experi-
mental methods for the image quality of medical endoscopy imag-
ing systems, ensuring that the image quality meets clinical needs.
To compare clinical outcomes effectively, assess the performance
of imaging systems, and accurately quantify fluorescence signals
during fluorescence endoscopy, it is crucial to establish unified
standardization protocols.

Although the test methods in standards may not be appro-
priate for all medical devices with fluorescence technology, the
study can serve as a guide for establishing performance evalua-
tion tasks throughout the device life cycle, including design input,
design output, product validation and verification, and clinical trial
standardization. In addition, these methods may not be adaptable
for novel system designs, but the standards in this study could
be adopted in other medical observation devices with fluorescent
imaging capabilities based on practicality.

In the realm of technical evaluation, multiple processes,
such as preclinical assessment, clinical evaluation, and regis-
tration testing, are often performed to evaluate the security and
effectiveness of medical devices. Various methods can be used
to assess the fluorescence imaging quality, including the use of
mimetic bodies, biological sample testing, animal trials, and other
innovative approaches. The insights presented in this study offer
an evaluation method for fluorescent endoscopic medical devices
that can also be utilized to establish standardized research proto-
cols.
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This book presents the recent research achievements of Professor Jie Tian's team in
fluorescence image-guided surgery, covering interdisciplinary exploration as well as
their clinical application. After comprehensive review, it is organized by department,
highlighting the applications of this technology in various surgical specialties. As a
testament to the team's dedication to advancing molecular fluorescence imaging
technology, it marks a significant milestone in this field.
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