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Editorial

Fluorescent intraoperative navigation: trends and beyond
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Surgery, unlike other medical treatments, is
highly complex and requires the great skill of
the treating physicians within a short period of
time. It is crucial to fully understand the area of
the body being treated, especially during sur-
gery. Intraoperative image guidance is thus
developed in recent years, aiming at establish-
ing an accurate correspondence between the
image data of the excised target and the ana-
tomical structure of the patient during the oper-
ation, providing necessary information regard-
ing the number, shape, size, edge of the lesions
[1]. Opening up a new way for precision medi-
cine, image-guided surgery has played an
important role in the treatment of tumors [2-5],
neurosurgery [6-8], spinal cord surgery [9-13],
oral implantology [14], among others. While
almost all researchers believe that intraopera-
tive image guidance may effectively increase
surgical accuracy, reduce the operation time,
and improve patient safety, complaints from
physicians are often heard regarding limited
choices of contrast agents and the inability to
perform real-time 3D imaging during surgery.

In the second issue of the American Journal of
Nuclear Medicine and Molecular Imaging, a
Delphi consensus survey was performed with
feedback from 56 multidisciplinary experts (cli-
nicians: N=30, researchers: N=20, and entre-
preneurs: N=6) to investigate the conceptual
potential of intraoperative real-time image
guidance [15]. Results showed that all experts
unanimously agreed that image-guided surgery
can minimize positive surgical margins and pre-
serve delicate anatomic structures such as
nerves to improve patient outcomes, thus help-
ing promote precision surgery less destructive-

ly. However, the survey also reveals disparate
expectations over the role of intraoperative
imaging.

More and more surgeries are impacted by
ever-evolving techniques of image guidance.
However, whether intraoperative image guid-
ance should be a part of standard surgical pro-
cedures is open to debate. While most clini-
cians agreed that intraoperative real-time navi-
gation should safeguard the standard surgery
to provide optimal treatment, other experts
had reservations. This indicates a different per-
ception of unmet clinical needs. First, not all
surgeries require intraoperative navigation
since adding them to standard surgical proce-
dures results in overtreatment. Regarding the
question on “experience and frequency of us-
ing image-guided surgery”, 25% of respondents
used it in up to 10% of cases, and 18% had not
used it in any cases [16]. Second, intraopera-
tive image guidance plays inconsistent roles
across surgeries. Intraoperative navigation was
superior in rigid targets such as orthopedics
[14] and neurosurgery [8], which do not involve
the influence of respiratory movements and
organ deformation. However, the accuracy of
real-time target tracking in flexible organs such
as the liver is low, leading to an increased risk
of false diagnosis and inadequate treatment
[17]. Third, not all medical institutions are able
to provide intraoperative image guidance. The
results of the questionnaire by Richard et al.
[16] showed that 86.4% of the respondents had
access to image guidance for sinus surgery
procedures, and 13.6% did not. And nearly one
in five of 331 respondents had never used
image guidance in endoscopic sinus surgery.
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Table 1. Intraoperative fluorescent navigation probes

Categories Examples  Applications Shortcomings References
NIR-I ICG Tumor and sentinel lymph node mapping Limited penetration depth, and [22, 25]
in human insufficient signal-to-noise ratio
MB Thyroid Cancer, identification of breast [26, 27]
cancer in human
NIR-Il CH1055 Evaluate the surgical margin of the Low affinity for the target [28]
tumors in mice
NPs Mice tumor margin identification Hard to clinical translation [24, 29]
IRDye800CW  Specific recognition of murine tumors Insufficient fluorescence intensity [30, 31]
Multimodal fluorescence imaging  *°"Tc-MAA Radioguided excisional biopsy and diag-  Induceing collateral circulation and [32,33]
nosis of pulmonary embolism in human  high uptake of the thoracic spine
ICG-°"Tc- Sentinel lymph node detection in human  Relatively low sensitivity and spatial [34, 35]

nanocolloid

resolution, radiation exposure

Thus, experts almost unanimously agreed that
image-guided surgical approaches should en-
hance, rather than replace, conventional surgi-
cal imaging when added to existing surgical
procedures.

In the question of “Which kind of image-guided
surgery should we use in daily clinical prac-
tice?” Of the 56 experts, fluorescence imaging
received the highest support (49/56), followed
by intraoperative ultrasound (46/56) and radio
guidance (45/56). 36 of the experts indicated
that augmented reality is appropriate, 28 sup-
ported 3D reconstruction, while only 14 felt
that 3D printed models needed to be used [15].
Although ultrasound, radiation guidance, and
fluorescence imaging are currently used for
different types of image-guided surgery, their
value has not been consistently emphasized.
The effectiveness of intraoperative image guid-
ance depends mainly on the imaging system,
tracking system, and displaying system. High-
resolution images acquired by varying imaging
modalities set the basis for surgical navigation
systems, but to achieve complete removal of
lesions, imaging alone is not enough. In tradi-
tional surgical oncology, surgeons mainly rely
on the subjective assessment of tissue struc-
ture, color, and touch to distinguish the tumor
from the surrounding normal tissue [18], to
remove the tumor as completely as possible.
However, there is inevitably a possibility of
tumor residue or excessive removal of normal
tissue in this way. Moreover, the existing medi-
cal imaging technologies can not detect tiny
tumor lesions of one millimeter or less; and if
these tiny lesions are not completely removed,
it will lead to tumor recurrence and metastasis,
endangering the patient’s clinical outcome
[19].
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Compared with the other two imaging modali-
ties, fluorescence imaging has the advantages
of high temporal-spatial resolution and is radia-
tion-free [20], thus being mostly considered
for daily clinical practice. But reliable imaging
probes are also needed for accurate and sensi-
tive lesion tracking during the surgery (Table 1).
Near-infrared fluorescence imaging with FDA-
approved indocyanine green (ICG) as the tracer
is wildly used in clinical settings [21, 22]. Tian
et al. [20] performed multispectral fluorescen-
ce imaging-guided hepatocellular carcinoma
surgery with ICG for the first time. The key limit-
ing factors of fluorescence imaging are pene-
tration depth and signal-to-noise ratio. Tradi-
tional visible and first near-infrared region (NIR-
I, 700-900 nm) fluorescence imaging often
requires a craniotomy, skull grinding, and other
operations, which will cause damage to brain
tissues and cerebral vessels. And the penetra-
tion depth was less than 2 mm. A promising
second near-infrared region (NIR-1l, 27000-1700
nm) imaging technology was later developed by
Dai et al. [23], enabling noninvasive cerebro-
vascular imaging through the scalp and skull
without craniotomy to a depth of more than
2 mm, greatly reducing photon scattering,
absorption, and self-fluorescence of tissues,
providing higher signal-to-noise ratio and deep-
er tissue penetration. A series of NIR-Il contrast
agents were developed to this end. Song et al.
[24] constructed NIR-II AlEgen (NIR-920) by
molecular engineering. NIR-920 nanoparticles
(NPs) with the longest maximum absorption
wavelength exhibited bright fluorescence and
excellent contrasted images of lymph nodes in
the NIR-IlI/NIR-Ilb window. NIR-920 NPs offered
several superior advantages over clinically
used ICG, including longer retention time, deep-
er penetration, higher signal-to-noise ratio and
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photostability, and can perform quick and accu-
rate navigation of sentinel lymph nodes.

NIR-Il probes were also used to evaluate
the surgical margins of tumors. Wu et al. [28]
developed two homologous fluorescent agents
(CH1055-PEG-PT and CH1055-PEG-Affibody),
which can target 143B tumor cells with high
affinity for imaging osteosarcoma and its lung
metastasis. When imaging small lesions, the
performance of CH1055-PEG-PT was superior
to CT imaging, and fluorescent agents can
delineate malignant tissues at sizes < 1 mm
with bright and clear boundaries. Thus, primary
and micrometastatic lung lesions of osteosar-
coma tissues can be removed completely.
However, there was still much room for further
development regarding tracer affinity to their
target. Zhang's team had made great progress
in the study of NIR-1l probes [29]. They reported
that DNA and peptides modified downconver-
sion nanoparticles (DCNPs) may self-assemble
at tumor sites to maintain a high tumor-to-back-
ground ratio of ~12.5 at 20-26 h postinjection
(p.i), allowing tumors of various shapes and
sizes to be visualized with efficient tumor mar-
gin identification. The results also showed that
the tracer remained stable for 6 h, allowing an
adequate time window for image-guided tumor
resection. However, this probe proved subopti-
mal for real-time surgery, highlighting existing
challenges of intraoperative imaging and the
dire needs of excellent imaging probes. Existing
AIE fluorescent dyes mostly exhibit partial
solubility in lipid or water environments. Lipid-
soluble AIE fluorescent probes will inevitably
aggregate in a biological water-based environ-
ment, resulting in high background fluores-
cence and reduced imaging contrast. On the
other hand, water-soluble AIE molecules may
easily enter the lipid environment (such as lipid
droplets in the liver) during transportation in
vivo, resulting in off-target aggregation and
false positive signals. Many other probes like
IRDye800CW [30, 31], CH-4T [36], and quan-
tum dots [37, 38] had been developed with
superior performance, but none proved particu-
larly suitable in the clinic, urging further explo-
ration [18].

Radiation-guided intraoperative imaging is also
attractive. The radioactive signal is not affected
by penetration depth, and many excellent
probes had been developed for positron emis-
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sion tomography (PET) [39] or single-photon
emission computed tomography (SPECT) [40].
An injection of **"Tc-macroaggregated human
albumin can guide excisional biopsy, receiving
wide clinical recognition [32]. Baranski A-C et
al. [41] developed a novel PMSA-targeted trac-
er, 8Ga-IRDye800CW-PSMA-11, for pre-, intro-
and postoperative imaging of prostate cancer.
PET imaging is good at localization with high
penetration depth, and NIR-Il fluorescence
imaging allows accurate real-time mapping of
lesions. Zhang et al. [42] combined the two
through a biological orthogonal reaction in vivo.
This strategy greatly improved tumor uptake
and tissue contrast of radiolabeled tracer, facil-
itating tumor diagnosis. The probe (XB1034-
cetuximab-TCO) showed clear margins of MDA-
MB-231 tumors at 60 h p.i. to enable the detec-
tion and resection of in situ and metastatic
lesions. In addition, the integration of the two
imaging modalities effectively reduced false-
positive rates.

Each imaging technology has its own short-
comings, but combining two or more of them
may complete each other for clinical needs.
Penetration depth and surgical margin differen-
tiation remain major challenges of intraopera-
tive fluorescence imaging guidance in daily
practice. Multimodal imaging will help to solve
the problems and benefit both physicians
and patients. While the usage of ICG-**"Tc-
nanocolloid has been clinically recognized [34,
35], the combination of fluorescent imaging
and nuclear medicine presents a promising
direction for image-guided precision surgery.
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