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Abstract
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With the rise of fluorescence-guided surgery, it has become evident that different types of fluorescence signals can provide value
in the surgical setting. Hereby a different range of targets have been pursued in a great variety of surgical indications. One of the
future challenges lies in combining complementary fluorescent readouts during one and the same surgical procedure, so-called
multi-wavelength fluorescence guidance. In this review we summarize the current clinical state-of-the-art in multi-wavelength
fluorescence guidance, basic technical concepts, possible future extensions of existing clinical indications and impact that the

technology can bring to clinical care.
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Introduction

The limited ability to visually discriminate surgical targets
from surrounding tissues has driven the demand for image
guidance technologies. The ability of fluorescence imaging to
“illuminate” and provide real-time visualization of surgical
targets in relation to their anatomical context has driven its
increasing impact on surgical care.' Various fluorescent dyes
have already been approved for clinical use (Table 1), namely
Fluorescein, indocyanine green (ICG), 5S-ALA/HAL-induced
PpIX (PpIX>t* or PpIX"AY) and methylene blue (MB).
These clinically approved fluorescent agents are broadly
applied in a range of image-guided surgery indications, varying
from lymphatic mapping to neurosurgery. In recent years an
increasing number of new fluorescent tracers with different
fluorescent signatures, either as a free dye or as dye conjugated
to a targeting moiety, have found their way into first-in-human
trials. Examples of alternative dyes (Table 1) that have been (or
are being) implemented in clinical studies are: Cy5,* Cy7,"”
IRDye800CW.,'? S0456,'* IRDye 700DX,'> SGM-101"" and
ZW800-1."” Combined these fluorescent dyes/tracers yield a
colorful palette of chemicals that can be used to stain a wide
variety of diseased or anatomical structures.

The obvious starting point in fluorescence-guided surgery is
the identification of individual features. However, visualization

of a single feature during surgery does not provide a full answer
to the anatomical complexity that surgeons encounter. Here
combined use of complementary fluorescent tracers, also called
multi-wavelength fluorescence imaging (or fluorescence multi-
plexing, multispectral fluorescence), could help to create an
intraoperative atlas of the most important pathologies and phy-
siological parameters.?’ The feasibility of this concept is under-
lined by the fact that it is already routinely applied in diagnostic
ophthalmology,?! where the fluorescent dyes Fluorescein and
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Table I. Fluorescent Dyes Used in Clinical Applications.

Clinically approved dyes

Compound Excitation (hm)  Emission (nm)  Quantum yield (%) Molar absorption coefficient (L*Mol '*cm™) Brightness

Fluorescein*? 488 515 12 40000 4800
(PBS) (PBS) (HSA) (HSA)

ICG* 807 (FBS/HEPES) 822 9,3 121000 11253

(FBS/HEPES)  (FBS/HEPES) (FBS/HEPES)
Methylene blue* 665 (FBS/HEPES) 688 9,6 49500 4752
(FBS/HEPES)  (FBS/HEPES) (FBS/HEPES)
PpIX>-AMAMHAL 57 404 (PBS) 634 4, 4866 200
(HSA)
Dyes applied in clinical studies

Compound Excitation (nm) Emission (hnm)  Quantum yield (%) Molar absorption coefficient (L*Mol"*cm") Brightness

Cy58? 650 667 27 250000 67500
(PBS) (PBS) (PBS) (PBS)

Cy7°"! 750 777 2,6 200000 5200
(PBS) (PBS) (PBS) (PBS)

IRDye80OCW'>'3 774 788 14,2 237000 33654

(FBS/HEPES)

SO456'*'3 776 793 15,1 272000 41072

IRDye 700DX'>'¢ 689 700 14 170000 23800

SGM-101 685 705 17 N.R. N.A.

(BM-104)'7"'8 (pH 6 buffer) (pH 6 buffer)  (Buffer)

ZW800-|'%"3 772 788 15,1 (FBS/HEPES) 249000 37599

NR=not reported, N.A. = not available, could not be calculated.

ICG are simultaneously used to respectively visualize the ret-
inal and choroidal vasculature.

When considering that the use of complementary fluores-
cent dyes during surgery can support visualization of separate
surgical targets (for instance: vasculature, lymph nodes/drai-
nage, malignant tissue or even nerves), multi-wavelength fluor-
escence imaging could also allow differentiation between
surgical targets and surrounding vital structures or to detect
different molecular targets within a single lesion. This concept
could further enable e.g. oncological surgeons to strive toward
radical resections with minimal procedural side-effects and
would thereby pave the way for precision surgery (precision
surgery can be defined as disease (or tissue) specific resections)
as realized by image-guided surgery concepts such as multi-
wavelength fluorescence surgery. For multi-wavelength fluor-
escence imaging to be routinely used in the clinic, availability
of fluorescent dyes/tracers that emit signal at different wave-
lengths obviously needs to go hand in hand with innovations in
imaging technologies that support the detection of different
fluorescent emissions.

This review aims to deliver a comprehensive overview of
the clinical studies that have addressed the implementation of
multi-wavelength fluorescence imaging in humans. Besides the
real-time visualization of different fluorescent emissions, the
more commonly used sequential fluorescence imaging
approaches are also mentioned. In order to provide a transla-
tional focus, only pre-clinical efforts that overlap with

applications already explored in the clinic were included.
Thereby the current manuscript does not attempt to provide a
comprehensive overview of all pre-clinical multi-wavelength
endeavors, but rather focusses on the translational aspects. In
relation to the clinical implementation and in relation to pre-
clinical efforts, future perspectives based on new chemical- and
engineering-innovations are briefly discussed.

Technical Aspects Behind Multi-Wavelength
Fluorescence Imaging

Obviously, the distribution of a fluorescent agent in human
body plays an essential role in the visualization of targeted
tissues. Where some agents have been designed for angio-
graphic purposes (Fluorescein and ICG), or lymphatic drainage
(MB), others have been designed to provide a measure for
metabolism (5-ALA and HAL). Besides many different dyes,
currently, even nanoparticles and receptor targeted fluorescent
agents are finding their way into clinical applications. All these
applications, however, demand a substantially different mole-
cular composition of the imaging agent. As certain applications
even demand tailoring of the biological clearance pathway and
background accumulation,? we feel it is difficult, if not impos-
sible, to provide generic guidelines in tracer design. We have,
therefore, not made an attempt to address this issue, but have
focused our technical overview on the photophysical aspects
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that drive the successful implementation of multi-wavelength
fluorescence imaging.

To fully understand how multi-wavelength fluorescence
imaging can be applied in an image-guided surgery setting, a
basic level of understanding of the underlying technical and
photophysical aspects is required. Key technical aspects rele-
vant for the camera systems used for multispectral fluorescence
imaging, are the spectral overlap (ability to separate fluores-
cence signals), the brightness of dyes (signal intensity) and
wavelength dependent light-tissue interactions of dyes (signal
intensity and background in the form of autofluorescence and
scattering).

Spectral Separation of Signals

A key element in multi-wavelength fluorescence imaging is the
ability to separately detect light that is emitted by different dyes
at different wavelengths during excitation by similar or sepa-
rate wavelengths. Other than nuclear medicine-based multi-
plexing solutions such as dual-isotope SPECT,*® wherein
detection of multiple signals takes place based on spontaneous
emitted energies, in fluorescence imaging an excitation-light
source needs to be tuned to the specific characteristics of a
fluorescent dye. A signature characteristic of a fluorescent dye
is its light-absorbance and -emission profile. The differences
between these profiles (Table 1) indicate that each dye has an
optimal excitation and emission window. As these profiles are
not entirely distinct, spectral profiles can partially overlap. In
these cases, differences in Stokes-shift (spectral spacing
between Aoy max and Acm max) mMight enable differentiation
between different dyes.

Since surgery is still predominantly performed under white-
light imaging, this means that, next to allowing white-light
imaging, multi-wavelength fluorescence cameras have to
include both wavelength-specific excitation sources and
wavelength-specific imaging detectors.

For excitation either different wavelength specific light
sources such as lasers or LEDs, filtering of a light source with
a broad spectrum (e.g. xenon or halogen lamp) or combinations
of these approaches can be used.”* Hereby signal intensities
impact on the photon flux of the dyes embedded within the
tissue. When different fluorescent dyes are used, excitation at
different wavelengths allows excitation of spectrally separate
fluorescent dyes.”> Assuming that the detector used is sensitive
over the desired spectral range, the emitted fluorescence sig-
nals can be separately detected through spectral separation, e.g.
by applying bandpass, notch, or dichromatic mirrors in front of
the detector.”*?® Alternatively, either full or partial spectral
separation can occur via image processing. Despite using
wavelength specific detectors, cameras may detect “false”
readings as related to ambient light, a feature that is particularly
challenging in an open surgery setting.'

Signal collection can be realized using 2 different
approaches; either through sequential imaging using different
excitation sources and emission filters tailored for each dye
specifically, or by applying simultaneous excitation and

detection of the respective dyes. For sequential imaging of
complementary dyes that exhibit minimal spectral overlap
(e.g. Fluorescein, ICG and Cy)5), clinically approved fluores-
cence laparoscope set-ups can be used if they are fitted with a
switchable filter wheel for excitation and emission (Karl
STORZ Endoskope GmbH).? In this approach sequential ima-
ging limits the chance of spectral overlap of the different emis-
sion signals. Sequential imaging does, however, not allow
simultaneous visualization of complementary features in real-
time.

Simultaneous imaging of dyes becomes possible when
excitation can occur at multiple wavelengths. For instance,
in fluorescence imaging mode, the Firefly laparoscope (Intui-
tive Surgical Inc.) employs an excitation laser for ICG with a
band of complementary blue LED light that can be used to
excite Fluorescein.?’ In this system all light is detected by a
single full-color camera, allowing visual separation of, in this
case, Fluorescein and ICG (note: this only applies when no or
specific image processing is applied). This real-time imaging
approach allows concurrent differentiation of structures, e.g.
prostate and neurovascular bundle, without switching
between excitation and emission filters during the proce-
dure.”” Alternatively, simultaneous multi-wavelength fluor-
escence imaging set-ups that include multiple (filtered)
detectors (i.e. an imaging detector for each individual signal)
can be used, after which the video output from the different
detectors is merged.?® Following image acquisition, different
processing solutions are available that can be used to resolve
the spectral contribution of each separate fluorescent tracer,
such as linear unmixing, principal component analysis and
supervised classification,*=*°

Signal Intensities of Dyes

As with any other form of molecular imaging, signal inten-
sities are instrumental for the use of fluorescence during
image-guided surgery applications. In essence, the fluores-
cence intensities in surgically interesting anatomies have to
be high enough to allow for their separation from surrounding
tissue (so-called signal-to-background ratio).>'** Clearly,
here the biological behavior of a fluorescent imaging agent
is of upmost importance. If the fluorescent agent does not
accumulate in a specific cell type, tissue type, or anatomy,
it simply cannot be used for imaging. Assuming only effec-
tive fluorescent agents are considered for clinical translation,
maximal dye excitation and a high emission detection effi-
cacy remain critical. The first requires spectral overlap of the
excitation light source with the Agy max of a particular fluor-
escent dye, while for the second requirement, emission filter-
ing complementary to the A.n max Needs to be applied.
However, next to spectral variations between fluorescent
dyes, the intensity of a fluorescent emission is also substan-
tially influenced by photophysical properties such as absorp-
tion coefficient (ability of a dye to absorb excitation light)
and quantum yield (ability of a dye to convert the absorbed
energy into a fluorescent emission) of individual dyes.
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Together with the excitation light intensity and dye concen-
tration these photophysical factors determine the fluorescence
brightness (Table 1).>* As the human eye functions with a
pretty high sensitivity and allows separation in the visible
range of light, fluorescent dyes that emit in the visible light
spectrum can even be differentiated by the naked eye. >+

Light-Tissue Interactions

One should realize that both the excitation light coming from
the camera and the light emitted by the dye embedded in the
anatomy interact with tissue. In literature much has been said
about the ability of different fluorescence emissions to pene-
trate through (human) tissues.*® In particular light absorbance
and light scattering of e.g. endogenous molecules are key
tissue properties that impair the penetration of fluorescent
emissions through tissue.*®*” Overall, assuming an identical
light intensity, external excitation light and internal fluores-
cent emissions show superior tissue penetration at higher
wavelengths. This argument has been extensively used to pro-
mote the use of near-infrared (NIR) fluorescence (A, 700-
950 nm; e.g. ICG) in the field of image-guided surgery.>®
Nevertheless, current surgical literature indicates that even
NIR fluorescence imaging is impaired in its effective working
distance; fluorescent lesions can provide intraoperative gui-
dance when located < 10 mm from the surface.’” More
recently researchers have explored the NIR II spectrum
(1000-1700 nm), a spectral region wherein scattering and
autofluorescence are said to be reduced even further, thereby
claiming these wavelengths enhance the tissue penetration and
signal resolution.*’

Excitation light sources may elicit fluorescent emissions
from endogenous compounds, yielding so-called autofluores-
cence. Endogenous dyes (e.g. flavins, flavoproteins, collagen,
and elastin, NADH and other redox controllers) may yield
background signals that can impact the signal-to-background
ratio, impairing the detection of dye-related fluorescence
within that tissue. Most endogenous dyes are excited at lower
wavelengths (400-450 nm) and emit in the 510 to 550 nm
while their broad emission spectrum can be
observed even in the NIR range, given appropriate imaging
sensitivity. Despite the low fluorescence brightness,
autofluorescence of endogenous dyes can be used to provide
tissue specific surgical-guidance during e.g. parathyroid
surgery. >

Combination of these technical and photophysical traits
indicates that the photophysics of dyes, imaging hardware and
the composition of tissue all have the potential to impact the
surgical implementation of multi-wavelength fluorescence
imaging strategies, making it a technically challenging endea-
vor. Moreover, the tradeoffs between technical (e.g. resolution,
field of view) and physiological traits (e.g. background fluor-
escence) can also slightly differ per indication. That said, the
fact that fluorescence guidance during surgery is predomi-
nantly used as a technique to detect lesions/anatomies at or
very near to the tissue surface, simplifies some aspects.

Indications

Neurosurgery

Mutltiplexing Fluorescein and ICG. Both the fluorescent dyes
Fluorescein and ICG have been applied for angiographic pur-
poses and intracranial glioma imaging; the pathological growth
of vasculature in gliomas disrupts the blood brain barrier, caus-
ing both Fluorescein and ICG to extravasate into the extracel-
lular space.*>*® The routine clinical use of Fluorescein and ICG
in neurosurgery and the availability of matching clinical grade
cameras, surgical microscopes and endoscopes provided an
ideal platform for the technical exploration of multi-
wavelength fluorescence imaging approaches (Table 2).

Acerbi et al. exploited the differences in emission profiles of
Fluorescein and ICG (Table 1) to separate high-grade glioma
tumors form their surrounding vasculature using videoangio-
graphy.*” Fluorescein was administered directly after intuba-
tion, where after it was allowed to leak in the extracellular
space of the lesion. ICG administration was conducted intrao-
peratively and was used to visualize the vascular structures.
Lane et al.*® exploited the short arterial phase of both dyes to
sequentially perform angiography during aneurysm clipping
(Figure 1A). After clip placement ICG was used to assess
exclusion of the aneurysm. Lack of exclusion required reposi-
tioning of the clip, with a subsequent angiographic reassess-
ment using Fluorescein to prevent overlap with background
signals from the previously administered ICG.*® Despite the
proven technical feasibility to use both Fluorescein and ICG
for angiographic purposes, one should consider that ICG video-
angiography is the current clinical standard and also the authors
of the multi-wavelength studies indicate it is to be preferred
over Fluorescein videoangiography.*5:%3

Multiplexing Fluorescein and Pplx®*“. 5-ALA is commonly used
to identify high grade gliomas via their ability to metabolically
convert 5-ALA into the fluorophore protoporphyrin IX (PpIX>-
ALAY6 and has recently been FDA-approved for glioblastoma
surgery. During fluorescence-guided surgery Pplx’** based
contrast-enhancement has been shown to enable more com-
plete tumor resections, and progression-free survival in patients
with malignant glioma.®® Despite being used for similar indi-
cations, both PpIx”*** and Fluorescein have inherently differ-
ent tumor staining characteristics; like ICG (see above),
Fluorescein accumulates in the extracellular space in tumor
areas with a disrupted blood-brain barrier (BBB), while
PpIX> A" signal is highest in tissues with a high metabolic
rate.**%

Della Puppa et al.,>® Yano et al.>! and Schwake et al.> all
reported that in a multi-wavelength procedure Fluorescein
could be used to demarcate extravasation into the necrotic bulk
of a (high-grade) brain tumor, while the fluorescence signal of
PpIX>** helped to define the viable tumor margins.’*>* In a
study in patients harboring suspected malignant glioma Suero
Molina et al. described that besides facilitating the surgeon to
assess tumor heterogeneity, addition of Fluorescein supported
the discrimination of healthy brain parenchyma, and in doing
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Figure 1. Multi-wavelength imaging in neurosurgery. (A-i) White light image of the surgical field through a microscope showing a left MCA
bifurcation aneurysm (asterisk) with corresponding (ii) Fluorescein-based vascular angiography (FL-VA), and (iii) ICG-based vascular angiography
(ICG-VA) (Adapted form Lane et al*®). Intraoperative visualization of a left-frontal distant recurrence of a gliosarcoma via large field imaging with
(B-i) a BLUE 400 filter (PpIX ““* in pink) and (i) a YB 475 filter (Fluorescein in yellow) (Adapted from Suero Molina et al.>*).

so, strengthened the contrast of the PpIX>*™* signal. The

mechanism behind staining of the healthy parenchyma is not
in line with the intended use of the dye for extravasation in
areas with a disrupted BBB. Nevertheless, this staining is said
to allow the surgeon to perform surgery in real-time fluores-
cence mode (Figure 1B), without having to switch between
illumination sources during the manipulation of tissue.”’
Implementation of this concept was later also attempted during
the resection of brainstem malignancies but was unsuccessful
due to insufficient accumulation of PpIX in the target lesion.>*

Multiplexing PpIX>*" and ICG. The third dye combination that
has been explored in neurosurgery is PpIX> " and ICG. Eyii-
poglu et al.>® used sequential fluorescence imaging to remove
the tumor bulk based on the PpIX>*"* signal, after which
administration of ICG allowed visualization of hypervascular-
ization in the transitional zone. The authors indicate this
approach enabled detection of hypervascularized glioma seg-
ments where the cell density was insufficient to provide a clear
PpIX> A4 signal. Postoperative immunostaining confirmed
the resssected hypervascularized areas to be invaded by glioma
cells.

Experimental extensions. In the preclinical setting the use of
multi-wavelength fluorescence imaging based on PpIX and

ICG was used to spare ICG-stained vascular structures.?®

Unfortunately, the short biological half-life of ICG left only a
short window of detection.*®

A comprehensive review by Sender et al.%® indicated differ-
ent targeted probes conjugated to respectively Cy3 (Aex max: 550
nm, Aem max: 365 nm), Cy5, Cy5.5 (Aex max: 675 nm, Aoy max:
694 nm), IRDye800CW and Alexafluor 488 (Aex max: 499 nm,
Aem max: 520 nm) were being evaluated for their use in precli-
nical neurosurgical approaches. With more of these dyes
becoming available for in-human use in the near future, the
amount of clinical applications that could benefit from multi-
wavelength fluorescence imaging could expand even further.

Bladder Cancer

Fluorescein and PpIXHAL. In surgical treatment of superficially
located urothelial cell carcinoma, fluorescence guidance using
PpIX"AL (obtained after conversion of the metabolic marker
HAL into PpIX) has been used to support tumor delinea-
tion.®>’® A meta-analysis that compared the results of 6 clinical
trials revealed that this improved detection led to a reduction of
recurrence at 9-12 months from 45.4% to 34.5%.”° Yet another
study indicated HAL helps reduce recurrence rates from 30.9%
to 13.6% during transurethral resection of the bladder
(TURB).”" A downside of PpIX"*" mono-fluorescence
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Figure 2. Multiparameter fluorescence imaging of bladder cancer. Representative cytoscopic imaging in 5 patients showing white-light (WL)
images and enhanced vascular contrast (EVC), PDD, protoporphyrin IX fluorescence (PplX-F), and autofluorescence (AF) characteristics. An
overlay of all detected features is provided as a multiparametric image (MP) in real-time (adapted from Kriegmair et al.>”).

imaging is the high percentage (65.5%) of false positives that
occur due to the staining of high metabolic inflammatory tissue
present in the bladder.”” Alternatively, it has been shown that
administration of Fluorescein into the urinary tract can be used
to stain the extracellular matrix of urothelial cell carcinoma,
thus providing information about the extracellular tumor struc-
ture and morphology when assessing the tissue using a fiber
confocal-fluorescence microscope.””

Combined use of PpIX"*" and Fluorescein (Table 2) was
applied during TURB, where it helped enhance both sensitivity
and specificity.’® Ex vivo multi-wavelength fiber confocal-
fluorescence microscopic imaging of these 2 fluorescence sig-
nals provided information about cell contours (Fluorescein)
and cell content (PpIX"*!) and with that, the

nucleocytoplasmic ratio. This provided a measure that is
strongly suggestive for malignancy of bladder lesions and
could aid the discrimination between cancerous and inflamma-
tory tissue at a microscopic scale. Unfortunately, in vivo appli-
cation of this approach during TURB has not yet been reported,
nor are there indications the concept can be used for large field
assessment of the bladder wall.

Autofluorescence and PpIX"™. Recently, Kriegmair et al. used a
multiparametric cystoscopy set-up (Figure 2, Table 2) wherein 5
modalities (intraoperative white light, enhanced vascular con-
trast, blue light fluorescence, protoporphyrin IX fluorescence
(PpIX"AY) and autofluorescence of bladder tissue) were simul-
taneously applied to improve the detection of bladder cancer.”’
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Figure 3. Multi-wavelength imaging of hepatic lesions. A, (i) Widefield imaging of the surgical field (liver) in white light indicating liver metastases
(white arrow). Fluorescence images of incised lesion after illumination of (i) ICG and (jii) PpIX**"* (adapted from Kaibori et al*®). B, (i) Widefield
imaging in white-light image of a metastasis located in the omentum with corresponding (ii) NIR I and (i) NIR Il fluorescence images (adapted

from Hu et al*?).

In this approach enhanced vascular contrast and photodynamic
images were merged into one real-time multiparametric image.
Overall this study showed that real-time multiparametric assess-
ment allowed identification of a higher number of malignant
lesions compared to the individual modalities.>’

Experimental extensions. Characteristics of tumor cells (or their
surrounding tissues), such as receptor over-expression, can be
used to specifically highlight malignant lesions. Therefore, the
next step toward molecular endoscopy could be allowed by
implementing of receptor-specific, fluorescently labeled tra-
cers. Initial ex vivo evaluation of such fluorescent targeted
tracers, in this case a CD47-targeting antibody conjugated with
a Qdot (hex = 405 nm, A, = 625 nm), has shown a sensitivity
and specificity of 82.9% and 90.5% for CD47-based detection
of malignancy in human cystectomy samples obtained from
patients who underwent radical cystectomy for muscle invasive
or high-risk non-muscle invasive bladder cancer.”* Others have
reported the use of anti-CD47 mAbs conjugated with Fluores-
cein or IRDye700DX in respectively ex vivo human cystect-
omy samples and, human bladder cancer cell lines and primary
human bladder cancer cells derived from fresh surgical
samples.”*"*

Hepatic Lesions

PpIXS'ALA and ICG. In hepatocellular carcinoma (HCC) and
hepatic colorectal metastasis the biliary ducts are often com-
pressed by the tumor, causing impaired biliary excretion of
ICG and hepatic clearance. This feature allows tumor delinea-
tion based on the presence of a fluorescent rim around the
lesion that will remain visible for up to 2 weeks after intrave-
nous administration,”® an approach that has been explore in
both open and laparoscopic surgery. PpIX>*"* has been
shown to effectively detect hepatocellular carcinoma cases
with serosa invasion (100% of cases) and liver metastasis from
colorectal cancer cases with serosa invasion (87.7% of cases),
with a 92.5% sensitivity.”” Moreover, Inoue et al. showed that
malignant liver tumors could be completely removed based on
PpIX>AM* fluorescence resulting in significant smaller resec-
tion margins compared to white-light observation.”’

In an open surgery setting, Kaibori et al.>® demonstrated that
sequential multi-wavelength fluorescence imaging of ICG and
PpIX>A* supported the visualization of superficial hepatic
lesions and peritoneal metastasis (Figure 3A, Table 2); intra-
cellular staining reveals tumor metabolism (PpIX°“"*) while
physiological stasis of ICG contributes to a fluorescence signal
in the extracellular space. Overall, ICG-guided detection
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Figure 4. Parathyroid autofluorescence and ICG imaging. (A) Widefield white-light image of parathyroid glands (R = recurrent laryngeal nerve).
(B) NIR-based autofluorescence signal of the parathyroid gland in blue and (C) NIR ICG fluorescence imaging showing the lack of vascularization

of the parathyroid gland (ICG in blue; adapted from Ladurner et al.®?).

proved to have a much higher sensitivity (94%) compared to
PpIX>**_based detection.’®

ICG NIR I and NIR II. Besides emission in the NIR I region (700-
950 nm) ICG also emits fluorescence in the NIR II window
(1000-1700 nm). It has been suggested that fluorescence detec-
tion in the NIR II window may provide advantages over NIR I
imaging, including improved imaging depth sensitivity, higher
spatial resolution and imaging contrast. To this end, Hu et al.
recently explored the utility of ICG emission in both the NIR I
and NIR II spectral window in patients with hepatic lesions
(open surgery setting; Figure 3B, Table 2).** Direct comparison
between the 2 emissions suggested that the higher tumor-to-
background ratios and higher tumor detection sensitivity that
were obtained using NIR II imaging resulted in a higher pos-
itive predictive value compared to NIR I-based imaging
of ICG.

Experimental extensions. In the preclinical setting several
approaches are described that might also have value. For
instance, the concomitant use of ICG and Fluorescein was
shown to allow enhanced discrimination between healthy par-
enchyma and colorectal liver metastasis in murine models.”®
This approach could prove to be a useful asset in the quest to
lower false positive rates of ICG-based fluorescence imaging
of liver lesions (now 40%’%). An alternative concept is the
simultaneous visualization of both bile ducts and hepatic
arteries using different combinations of ICG, MB and
ZW3800-I, as was assessed by Ashitate et al. in a porcine
model.** NIR I and NIR II detection could further extend these
efforts. Unfortunately, there are, to date, no FDA-approved
dyes that are specifically designed for NIR II imaging.®'

Although somewhat more experimental, new dye-
functionalized targeting agents, like SGM-101 (an antibody
targeted to the carcinoembryonic antigen (CEA) conjugated
to the fluorescent dye BM-104) have also shown potential in
multiplexing applications for treatment of hepatic cancer; com-
bined use of SGM-101 and ICG was shown to aid tumor detec-
tion (SGM-101) as well as identification of intrahepatic bile
ducts and/or vasculature (ICG) in the reconstructive part of
hepatic surgery.®?

Parathyroid

Autofluorescence and ICG. Sparing of the parathyroid glands dur-
ing thyroidectomy surgery can be challenging, as these glands
and their feeding vascularization are hard to visually discrimi-
nate from the surrounding tissue. Intraoperative identification
of the parathyroid glands has been evaluated extensively using
autofluorescence (e.g. via the properties of the calcium-sensing
receptor protein; CSRP).#*"%¢ Hereby, ICG angiography can be
used to pre- and/or post-operatively assess the vascularization
of individual glands and thus helps identify the gland as well as
assess its viability and suitability for auto transplantation. In
these studies, different clinical grade camera systems have
been used.®’

A comparative prospective study using sequential imaging
showed that both autofluorescence- and ICG-based imaging
yielded similar gland detection, efficacy and detection rates
(Table 2).°° The combination of autofluorescence and ICG
imaging was also shown to aid visualization of the parathyroid
glands and their perfusion via a multi-wavelength fluorescence
imaging approach; the glands were localized using autofluor-
escence, after which administration and subsequent imaging of
ICG allowed assessment of the gland’s perfusion. Autofluores-
cence allowed visualization of the glands in 75-87.3% of cases,
while the ICG signal in both the gland and its vasculature pro-
vided surgical guidance in the remaining cases (Figure 4).°%*
In a different setting using the same method, combined use of
autofluorescence- and ICG-based detection yielded a sensitiv-
ity of 82% and 81%, respectively.®' Slightly in contrast to the
above, the latter study indicated autofluorescence provided
target delineation, while ICG helped determine the degree of
gland vascularization.

Experimental extensions. Dyes such as PpIX and MB have also
been assessed for use in parathyroid identification.®” However,
despite their approval for clinical use, the toxicity profiles of
these dyes could limit their implementation.®*° Especially
considering the value provided by the combined use of auto-
fluorescence and ICG imaging. Preclinical efforts in develop-
ing new imaging agents for this application yielded 2 additional
fluorophores, T700F (Aex max: 651 nMm, Aeryy max: 665 nm), and
T800F (Aex max: 758 nm, Ay, max: 771 nm), with peak emissions
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Figure 5. Multi-wavelength imaging of lymph nodes and lymphatic duct. Lymphatic co-localization (yellow arrow heads) of (A) MB and (B) ICG
following uterine and cervical injection, respectively, in a patient with endometrial cancer (adapted from Laios et al®3). (C-i) Unprocessed multi-
wavelength image of lymphatic ducts in a porcine model (Fluorescein; yellow arrow) and 2 (ICG-nanocolloid; pink arrow). Digitally separated
images of the 2 signals: (i) ICG and (iii) Fluorescein (adapted from Meershoek et al.?).

at 700 nm and 800 nm respectively.”’ In a pig model these dyes
allowed real-time distinction of parathyroid and thyroid glands
simultaneously in the context of blood and surrounding soft
tissue.”!

Lymphatic Imaging

MB and ICG. Use of ICG is widely adopted for lymphatic ima-
ging applications and over the years has disseminated from
Japan to Europe and the US. As blue dyes such as patent blue
(visible but not fluorescent) and MB (visible and fluorescent®)
and the fluorescent dye ICG are often concurrently applied
during lymphatic mapping,’*®* also this indication has benefit
from clinical multi-wavelength studies.?’ In addition to the use
of the above-mentioned dyes for lymphatic imaging, also the
use of Fluorescein has been explored for this indication.*
The addition of MB fluorescence to facilitate multi-
wavelength fluorescence imaging (Table 2) when combined
with ICG has been explored during laparoscopic SN procedures
in endometrial cancer (Figure 5A and B) in order to indepen-
dently examine the aberrant lymphatic drainage.®® Not only did
this study reveal an association between the injection site and

SN location but did also suggest that cervical injection in endo-
metrial cancer might not be fully representative of lymphatic
tumor spread. This was highlighted by the fluorescence detec-
tion of a paraaortic SN that could only be detected using ICG,
after administration in the uterine fundus.®®

Fluorescein and ICG. In laparoscopic prostate cancer surgery,
ICG-based identification of SNs after preoperative administra-
tion of ICG-"""Tc-nanocolloid was extended by exploring
multi-wavelength fluorescence imaging after intraoperative
administration of Fluorescein.”® The drainage pattern of both
dyes differed and helped determine the value of SN specific-
(ICG-?"™Tc-nanocolloid) versus lymphangiographic tracers
(Fluorescein) in robot-assisted surgery. SNs could be discrimi-
nated based on the ICG signal, while the Fluorescein signal
provided visualization of the corresponding lymph ducts
(Table 2).

Experimental extensions. Various preclinical lymphatic imaging
efforts have used differently colored fluorescent tracers (mostly
nanoparticles) to discriminate between different lymphatic
drainage pathways. This concept has been beautifully
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Figure 6. Multiwavelength fluorescence as a means to provide depth assessment. Traffic light analogue for depth estimation using a marker seed
filled with a mixture of ICG, TRITC and FITC. Depending on the number of colors used, an estimation of depth can be made based on the tissue
penetration of each dye (top illustration). A camera system is required to detect the ICG signal and can aid in visualizing the TRITC and FITC
signals (here depicted using (reversed) Rainbow color table; bottom illustration) (Chin et al.'').

demonstrated by Kobayashi et al. using quantum dots.”® Here,
the identical excitation properties of quantum dots, combined
with their distinct narrow emission spectra, supported the dif-
ferentiation of 5 different lymphatic drainage patterns in the
head and neck area of a mouse.”® This effort was followed by
mouse studies that used fluorescently functionalized immuno-
globulins,”* dendrimers,”® lipid nanoparticles (lipidots),”® sili-
con nanocrystals,”’ bioluminescence resonance energy transfer
quantum dot (BRET-Qdot)’® and lanthanide-based upconver-
sion nanoparticles,” or fluorescent core-shell silica nanoparti-
cles conjugated to different melanoma targeting agents.'°
Clinically, a shift is occurring from “removing nodes that
count” to “sparing nodes that are not involved,” an approach
that could help reduce the incidence of side effects caused by
lymphatic dissections in prostate cancer surgery.'®' To address
this need, Meershoek et al.?” assessed the possibility to differ-
entiate between different sections of the lymphatic system
using 2 clinically applied tracers: ICG-nanocolloid and Fluor-
escein (Figure 5C). In a porcine model, Fluorescein was used to
visualize the intra-abdominal lymph drainage of the lower
limbs, while ICG-nanocolloid allowed identification of
prostate-related SNs. Simultaneous multi-wavelength fluores-
cence imaging of both dyes during robotic surgery executed
with a standard Firefly laparoscope (da Vinci Si and Xi, Intui-
tive Surgical) allowed discrimination between the lymphatic
drainage of the limbs and prostate without any overlap in sig-
nal.>” When translated to a clinical setting this approach could

thus be used to simplify the heterogeneity of the complex pel-
vic anatomy by highlighting the SNs that could possibly harbor
metastases (using the ICG signal), while surgically induced
damage to healthy lymphatic anatomies can be avoided (based
on the Fluorescein signal).

Plastic Surgery

In plastic surgery, the angiograpic properties of ICG are used to
assess tissue perfusion during flap-reconstruction.'*>!%* In a
prospective trial Philips et al. used both Fluorescein and ICG
to assess the flap necrosis of tissue during reconstructive breast
surgery.®® This study in 32 patients (Table 2) revealed that
laser-assisted ICG angiography and Fluorescein angiography
both overpredict potential areas of necrosis, although ICG
angiography was shown to be more accurate.**

Discussion

There are multiple examples in human surgery wherein multi-
wavelength fluorescence imaging approaches have been eval-
uated (Table 2). Essentially all current studies are technical
feasibility studies in relatively small patient numbers, which
means it is currently not possible to assess the impact of multi-
wavelength fluorescence imaging on clinical care. Hence, we
have stayed away from making such assessments. From a tech-
nical perspective the studies presented indicate that a select
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amount of dyes, allowed for in-human use, have been used to
specifically stain structures, their physiological surrounding, or
delicate anatomies in close relation to the target lesion (Tables 1
and 2). Here the exception is the use of autofluorescence ima-
ging of endogenous compounds to delineate the target as has
been presented in thyroid surgery (Table 2, Figure 4). An alter-
native non-dye based multi-wavelength imaging method has
been presented by the Pogue group, who have used measure-
ments on endogenous hemoglobin and deoxyhemoglobin in
breast cancer patients (Table 2).'%+'%7

Next to the availability of endogenous and exogenous dyes,
a wide range of camera systems, with different excitation
sources and emission filters have been successfully implemen-
ted in the clinical setting, of which some are manufactured to
clinical standards, underscoring that multi-wavelength fluores-
cence imaging is technically feasible by either sequential or
simultaneous imaging (Table 2).

Three trends in multi-wavelength fluorescence imaging
approaches become apparent from the clinical examples sum-
marized above (Table 2): 1) The concurrent use of a lesion
specific dye (e.g. PpIX> A4 HAL or CSRP) with an unspecific
dye that stains the physiological surrounding of the lesion
(Fluorescein or ICG) aid in better visualization of the lesion,
2) The use of different dyes, either targeted or unspecific, to
address the heterogeneity of tissue and anatomical structures,
or 3) Implementation of multi-wavelength fluorescence imaging
in order to stain both the target lesion and the surrounding deli-
cate anatomy that needs to be spared, e.g. a glioma (PpIX°> ™)
and the surrounding vasculature (ICG). In the preclinical setting
these same approaches have been evaluated in murine and por-
cine models using a wide variety of dye-functionalized targeting
agents. Here it should be repeated that preclinical efforts in the
field of multi-wavelength fluorescence imaging are more exten-
sive than the studies listed in the current manuscript. Given the
substantial preclinical research efforts in this area and the wealth
of receptor-targeted fluorescent agents that are being developed,
it is likely that the implementation of multi-wavelength fluores-
cence guided surgery will be expanded when new agents find
their way into the clinic. Although not included in the current
overview, it should here be mentioned that “activatable” dyes'*®
and nerve specific tracers'®!''* could provide key candidates
to extend the number of clinically relevant features that can
be studied using multi-wavelength fluorescence imaging.
Furthermore, the wavelength dependent tissue penetration of
fluorescent dyes may be explored to assess the depth of the
target (see Figure 6).''*!'® Next to out-of-the-box extensions
in radiological tumor marking,''*"'”-"'® in the future multi-
wavelength fluorescence imaging is likely to impact other
surgical indications such as, but not limited to, bone perfu-
sion,"'!2! gastro-intestinal surgery,'?*"'** bronchoscopy,'?’
breast cancer surgery,'?*'?® head and neck surgery,'**'*! ovar-
ian cancer surgery,'*” nerve sparing surgery''®''>!** and car-
diac perfusion and coronary angiography.'**

Besides the use of conventional fluorescence imaging
approaches there are a variety of alternative optical imaging
methods available that could potentially enhance surgical

guidance by supporting multi-signal imaging solutions. Inter-
estingly, each fluorescent emission is also characterized by its
time dependent decay (fluorescence lifetime) which is depen-
dent on the surrounding medium of the dye.'*> Fluorescence
lifetime detection as an extra dimension can be used to enhance
contrast of fluorescent signals and is being explored in different
clinical settings.**!*” That said there is a plurality of other
optical techniques such as narrow band imaging,'*® Raman
spectroscopy,'*? optical coherence tomography'*° that may
be used, just to name a few that are currently being explored
in a clinical setting. Ultimately, these technologies, and others,
can be used to further extend the degree of multiplexing during
image-guided surgery.

The early clinical implementation of multi-wavelength
fluorescence imaging, combined with ongoing experimental
efforts and the range of chemical and engineering solutions
that can be used to mature this application, indicate that
multi-wavelength fluorescence imaging is likely to impact the
field of image-guided surgery in the future.
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