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Abstract

Flexible high-definition white-light endoscopy is the current gold standard in screening for cancer and its precursor lesions in the gastroin-
testinal tract. However, miss rates are high, especially in populations at high risk for developing gastrointestinal cancer (e.g., inflammatory
bowel disease, Lynch syndrome, or Barrett’s esophagus) where lesions tend to be flat and subtle. Fluorescence molecular endoscopy
(FME) enables intraluminal visualization of (pre)malignant lesions based on specific biomolecular features rather than morphology by
using fluorescently labeled molecular probes that bind to specific molecular targets. This strategy has the potential to serve as a valuable
tool for the clinician to improve endoscopic lesion detection and real-time clinical decision-making. This narrative review presents an
overview of recent advances in FME, focusing on probe development, techniques, and clinical evidence. Future perspectives will also
be addressed, such as the use of FME in patient stratification for targeted therapies and potential alliances with artificial intelligence.

Key Messages

o Fluorescence molecular endoscopy is a relatively new technology that enables safe and real-time endoscopic lesion visuali-
zation based on specific molecular features rather than on morphology, thereby adding a layer of information to endoscopy,
like in PET-CT imaging.

e Recently the transition from preclinical to clinical studies has been made, with promising results regarding enhancing detection
of flat and subtle lesions in the colon and esophagus. However, clinical evidence needs to be strengthened by larger patient studies
with stratified study designs.

e In the future fluorescence molecular endoscopy could serve as a valuable tool in clinical workflows to improve detection
in high-risk populations like patients with Barrett’s esophagus, Lynch syndrome, and inflammatory bowel syndrome, where
flat and subtle lesions tend to be malignant up to five times more often.

e Fluorescence molecular endoscopy has the potential to assess therapy responsiveness in vivo for targeted therapies, thereby
playing a role in personalizing medicine.

o To further reduce high miss rates due to human and technical factors, joint application of artificial intelligence and fluo-
rescence molecular endoscopy are likely to generate added value.

Key words Gastrointestinal endoscopy - Cancer - Inflammation - Early detection - Targeted biopsy - Fluorescence - Near-
infrared fluorescence - Optical imaging - Molecular imaging - Fluorescence molecular endoscopy - Personalized medicine -
Artificial intelligence
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Introduction

Every year around 3.6 million people worldwide are diagnosed
with cancer of the upper or lower gastrointestinal (GI) tract,
resulting in nearly 2.2 million deaths annually [1]. Early detec-
tion of (pre)malignant conditions is key to improving patient
prognosis. Most GI cancers are preceded by slowly progress-
ing precancerous dysplastic conditions, providing a window for
effective intervention [2]. Intraluminal high-definition white-
light endoscopy (WLE) with flexible endoscopes is the gold
standard in the screening and surveillance of cancer in the GI
tract. WLE focuses on detecting morphological features of (pre)
malignant lesions; the diagnosis is subsequently confirmed by
pathological analysis of obtained tissue biopsies. However, the
miss rate of this approach remains high, especially with sub-
tle premalignant lesions in high-risk patients. The miss rate of
dysplastic epithelium in Barrett’s esophagus is reported to be
25% and miss rates as high as 28% are reported for (pre)malig-
nant lesions in the lower GI tract in high-risk populations such
as patients with inflammatory bowel disease (IBD) or Lynch
syndrome [3-7]. In these patients, mucosal inflammation and
metaplasia hamper the detection of small, flat, and subtle dys-
plastic lesions which tend to be malignant up to five times more
often than the more common polypoid lesions [8, 9].

Considerable effort has been dedicated to the develop-
ment of new imaging techniques to overcome this problem.
Improving visualization of lesions based on their molecu-
lar features rather than morphology alone might aid in the
early detection of lesions that are visually occult in white
light. This technique is applied in fluorescence molecular
imaging, which uses fluorescently labeled probes that bind to
specific molecular structures or receptors expressed by (pre)
malignant lesions and are made visible with dedicated light
sources and camera systems. Incorporating this technique
into flexible gastrointestinal endoscopy systems resulted in
fluorescence molecular endoscopy (FME). In the last decade,
research in the field has transitioned from preclinical to clini-
cal studies, with promising results. Several early phase stud-
ies support FME as a successful way to detect (pre)malignant
lesions, even before notable morphological changes appear
[10-13]. Could this imaging strategy that highlights the
undetectable be the solution to the current high miss rates?

In this narrative review, we will discuss the current status
of FME in flexible gastrointestinal endoscopy (i.e., esoph-
agogastroduodenoscopy and colonoscopy). We review cur-
rent strategies including the selection of suitable molecular
probes and available techniques and describe how they can
be refined. We discuss the landmark clinical evidence, its
gaps, and how these should be translated to clinical use.
Finally, we address potential future applications of this
promising diagnostic field, such as patient stratification for
targeted therapies.

References for this review were identified by searching
PubMed using the search terms “fluorescence,” “near-infra-
red fluorescence,” “optical imaging,” “molecular imaging,”
“fluorescence molecular endoscopy,” “fluorescent tracer,”
and “targeted fluorescent tracer.” Additionally, ClinicalTri-
als.gov and the Netherlands Trial Register were searched for
ongoing clinical trials. References published on or before
Sept 15, 2021 were considered. Articles were also identified
through searches of the author’s files. Only papers published
in the English language were reviewed. The final reference
list was generated based on relevance to the broad scope of
this Review.

EEIT3

Molecular Probes Fit for Fluorescence
Molecular Endoscopy

Before the development of targeted probes, fluorescence
studies were predominantly performed with non-targeted
tracers like the fluorescent probe Indocyanine Green
(ICG). The mechanism of these tracers relies largely on
the enhanced permeability and retention (EPR) effect, by
which large-sized molecules or molecule-protein complexes
accumulate in tumors due to their increased vascular perme-
ability [14, 15]. Other probes like the heme precursor 5-ami-
nolevulinic acid (5-ALA) rely on enhanced metabolism and
accumulation of its fluorescent metabolite protoporphyrin
IX in malignant tissue [16]. Selective uptake of 5-ALA by
transporters also seems to play a role in the tumor environ-
ment; as a result this probe is already more target specific
than tracers like ICG [17]. However, because inflammatory
cells can manifest these same features as malignant cells,
both 5-ALA and tracers relying on the EPR effect are not
highly specific [18, 19]. Another strategy thoroughly stud-
ied in colonoscopy is autofluorescence imaging. It is based
on the principle that endogenous tissue fluorophores such
as collagen and hemoglobin emit fluorescent signals when
subjected to light of a specific wavelength, and therefore
are label free. Nevertheless, this method seems to have no
major additional value for polyp detection and therefore has
no place in current endoscopy guidelines [20-22]. Aiming to
improve upon these preceding strategies, more recently fluo-
rescent studies have used targeted probes that bind to spe-
cific molecular characteristics of (pre)cancerous lesions, the
specific microenvironment or biological processes. Probe-
to-target binding that is strong and highly specific increases
target visualization by enhancing the contrast. However,
implementing fluorescent molecular probes is challeng-
ing and requires multidisciplinary teams and standardized
procedures for the integration of clinical workflows in GI
endoscopy. We will review these topics in the following
paragraphs.
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Target and Probe Selection

Strong fluorescence signal in the (pre)malignant target area
compared to the surrounding healthy tissue increases the
target-to-background or tumor-to-background ratio (TBR)
and enhances visualization of the lesion. This enables
taking image-guided biopsies, which will direct clinical
decision-making in terms of whether resection of a lesion
is required, or other therapies are needed if the agent binds
to specific target tissue or lesions of interest. A target for
molecular detection should therefore comply with one or
more of the following relevant features: (1) it is overex-
pressed in dysplastic or malignant cells, (2) it is minimally
expressed in benign or inflamed tissue surrounding the tar-
get area, (3) it is upregulated in tumor-associated cells or
structures, or (4) it is activated by the microenvironment
specifically belonging to the target area [23, 24]. When
FME is used following tumor treatment, such as (neoadju-
vant) chemoradiotherapy, it is important to be aware that
these treatments might affect expression of the target or
the surrounding tissue [25, 26]. Examples of targets used
in FME are epidermal growth factor receptor (EGFR, over-
expressed in colorectal cancer) and vascular endothelial
growth factor A (VEGFA, present in early stages of colo-
rectal neoplasms and Barrett’s dysplasia) [13, 23].
Selecting the appropriate molecular probe is of equal
importance to target selection. Every probe has its own
pharmacodynamic and pharmacokinetic profile, which
affects biodistribution and tumor penetration. The half-life
of probes generally correlates with their molecular size:
the smaller the molecular size of the probe, the faster its
distribution and accumulation in the targeted area and clear-
ance from the body. In order of size, the most well-known
available molecular probes investigated (pre)clinically are
antibodies, antibody fragments, nanobodies, small mol-
ecules, and peptides. The dose-to-imaging interval needs
to be well-balanced for each probe, because any circulating
unbound probe may cause unwanted background fluores-
cence [27]. A probe with a longer dose-to-imaging inter-
val, like antibodies, might be a disadvantage in the clini-
cal workflow of endoscopic procedures. This is because an
additional patient visit needs to be scheduled up to 3 days
before the endoscopy for an intravenous administration
of the imaging agent. Smaller probes like peptides have
remarkably shorter dose-to-imaging intervals; however,
developing such specific peptides is a complex process. It
requires methods such as phage display, where the precise
binding sites are often unknown [28]. General properties,
advantages, and disadvantages of probe categories are sum-
marized in Table 1. This table lists examples of probes and
targets currently investigated in gastrointestinal FME, but
also probes tested in abdominal fluorescence-guided sur-
gery studies. FME has benefited from the pharmacological,
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safety, and imaging results obtained in these studies. For
example, certain surgical studies discovered that using frag-
mented antibodies as a probe leads to faster distribution
without losing specificity [36, 37]. These findings could
be eligible for FME translation and should be studied more
in-depth.

Route of Administration and Feasibility

It is relevant to consider the pharmacological and opti-
cal properties of individual targets and probes. For some
probes, the previously mentioned disadvantages regarding
distribution and clearance can potentially be overcome by
direct topical application of the probe instead of intrave-
nous administration [13, 39]. The probe is sprayed on the
luminal surface of the entire colon or esophagus during
the endoscopy and the unbound residue is rinsed off with
water after a few minutes. This method no longer requires
the additional patient visit and bypasses several other
logistical challenges (e.g., clinical staff available for drug
administration and room for the patient). Moreover, topi-
cal administration leads to lower systemic concentrations
of the probe, reducing the risk of unwanted side effects
and allergic reactions.

There are certain limitations to topical administration,
as it requires spraying the entire surface to enable thor-
ough examination. The limited size and relatively clean
mucosal surface of the esophagus facilitate complete
coverage; however, larger volumes of spray are needed
for the larger colon. Prior to a colonoscopy, patients
need to “clean” their colon thoroughly using laxatives,
since fecal remnants and physiologically present mucus
can impair mucosal coverage. Systemic administration,
on the other hand, ensures a more even distribution of
the probe throughout the tissue and allows the tracer to
penetrate deeper, which may also display submucosal
lesions. Furthermore, dosing is easier to standardize.
Lastly, while the additional time required for topical
probe administration may not be a burden to the patient,
it could reduce the daily number of procedures. Thus,
it has to be ensured that the benefits of topical applica-
tion do not outweigh the potential advantages of systemic
administration.

Visualization of Molecular Probes
and Targets

Besides selecting the most suitable molecular probe and the
most viable way to administer it, other steps need to be taken
to make the target visible. We will discuss how this is per-
formed in current FME studies, as well as gaps in techniques
and promising new strategies.
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Fig.1 Light spectra and wavelengths. (a) The NIR spectrum lies
between 780 and 2500 nm. Currently, almost all fluorescently labeled
probes for FME are designed to emit in the NIR-I spectrum (780—
900 nm). This design choice addresses three fundamental challenges:
photon scattering by tissues, tissue autofluorescence, and tissue dam-
age. First, the long wavelengths associated with both excitation and
emission allow for deep-tissue imaging due to reduced scattering and
increased penetration. Second: probes emitting in this spectral region

Conjugated Fluorophores

In order to enable real-time and safe visualization, molec-
ular probes are conjugated to a fluorescent dye — or fluo-
rophore — which absorbs photons emitted by an external
light source. Once a photon is absorbed, the fluorophore
enters a state of excitation. Eventually, the fluorophore
returns to its ground state, emitting the extra energy as
light at a longer wavelength, creating a fluorescent signal
[47, 48]. Currently, most fluorescent dyes used in FME
studies emit in the near-infrared-I (NIR-I) spectrum, with
a wavelength range from 780 to 900 nm (Fig. 1). This
spectrum provides favorable properties for fluorescence
imaging, as its longer wavelength allows for tissue pen-
etration up to approximately 1 cm [49, 50]. Moreover, it
reduces interference from autofluorescence whose excita-
tion and emission wavelengths are mainly below 680 nm.
Lastly, the fluorescence imaging at this wavelength does
not interfere with the white light from the standard endo-
scope allowing the endoscopist to operate both white
light and fluorescence simultaneously. More recently,
fluorophores in the NIR-II spectrum (1000-1700 nm)
have undergone preclinical testing. These fluorophores
potentially improve image quality at deeper tissue levels
due to increased penetration of the fluorescent signal [51].
Therefore, they could be of value in fluorescence-guided
surgery, though there may be less benefit in flexible FME
as most (pre)malignant lesions in the GI tract are located
at the superficial mucosal layer. However, at present, it
is not fully elucidated if wavelengths in the NIR-II spec-
trum are innocuous to tissues, and this should be studied
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Wavelength (nm)

benefit from high signal-to-background ratio, due to avoiding spec-
tral regions associated with tissue autofluorescence. Third: the lower
photon energies result in reduced tissue damage. (b) Example of exci-
tation and emission spectra of the fluorescent dye IRDye S800CW.
Due to vibrational relaxation in the excited or ground state orbitals,
emitted photons must be equal to or lower in energy than the excita-
tion photons. The emission spectrum is therefore red-shifted to longer

wavelengths

further. We will focus on studies performed in the NIR-I
spectrum further on in this review.

NIR Endoscopy Systems

Visualizing the emitted fluorescent signal requires a dedi-
cated NIR camera system to be incorporated in wide-field
endoscopes. The standard charge-coupled device cameras
are unable to translate the signal to the monitor due to their
NIR filter systems. In contrast to surgical systems, the endo-
scopes used in GI endoscopy are flexible and long in order to
be able to maneuver through the GI lumen (average length
of 103-133 cm with an outer diameter of 8—12 mm). This
long but narrow workspace complicates installation of the
required optical hardware at the tip of the endoscope. Cur-
rently, there are no flexible NIR-imaging endoscopy systems
on the market. Clinical studies are performed with modified
fiber-based endoscopy systems, in which a fiber is inserted
through the working channel of a conventional endoscope
(mother-baby approach). This fiber conducts the excitation
light to the endoluminal tissue of interest and leads the emit-
ted signal back to a NIR camera system (Fig. 2). Although
easy to apply and relatively cheap, a major disadvantage is
the fact that the working channel is occupied by the fiber.
Due to this, the working channel cannot be simultaneously
used to guide the biopsy forceps to a lesion of interest after
identification with FME. Switching gear through the work-
ing channel could lead to sampling error. This problem
underlines the urgent need for the development of integrated
wide-field endoscopy systems with detection and excitation
filters for different wavelengths.
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Fig.2 Schematic overview of a NIR-FME system. This figure illus-
trates the integration of a fiber bundle and an external NIR-fluores-
cence camera with a clinical endoscope. The NIR-system fiber bun-
dle is inserted through the working channel of a standard clinical HD
video endoscope (HDE). 750 nm laser light and short-pass filtered
(SPF) white light from a LED are delivered through the illumination

Unlike macroscopic wide-field endoscopy systems, con-
focal laser endomicroscopy (CLE) enables in vivo micro-
scopic imaging of the intraluminal tissue with subcellular
resolution. Tissue can be imaged with a thousand-fold
magnification and tissue architecture can be evaluated dur-
ing endoscopy [52]. Clinical decision-making can follow
the physician’s histological assessment, on the spot, dur-
ing endoscopy. By applying fluorescently labeled molecu-
lar probes and the required external light source, CLE can
enable ad hoc assessment of lesions and cells based on their
molecular signature, comparable to immunohistochemistry
[28, 53]. This way, wide-field FME could serve as a mac-
roscopic “red-flag” technique and consecutive CLE could
provide microscopic information of the flagged lesion. CLE
has shown promising results in clinical studies regarding
dysplasia detection in Barrett’s esophagus, surveillance of
colorectal polyps, and phenotyping of inflammation in IBD
[52]. However, the microscopic images are generally only

WL LED

Field of view of the endoscope

5+ | color camera

laser (750 nm)

Field of view of the fiber

fibers of the fiber bundle to the distal end of the endoscope. Fluoro-
phore-emitted and reflected white light return through the imaging
fibers of the fiber bundle and are subsequently split by a dichroic mir-
ror. Visible light is then detected by a color camera, and emitted fluo-
rescent light is passed through a band-pass filter before being detected
by an NIR-fluorescence camera. Previously published in Gut [13]

300% 300 pum, and peristaltic movements make it difficult
to image and relocate the imaged area. Endoscopists also
require additional training in interpretation of the micro-
scopic images.

Interpretation of Fluorescent Signals

“What you see is not always what you get”: as with many
emerging imaging technologies, a combination of data pre-
processing steps is required to correct for issues associated
with data acquisition. Fluorescence intensity is influenced
by multiple non-pathological variables, like absorption and
scattering of light in tissue, or reflectance on the smooth
surface of the mucus-covered mucosa. Altering the distance
and angle of the endoscope to the tissue can significantly
change the detected optical signal. The variable intensity
might lead to incorrect interpretation, especially if the
endoscopist is unaware of these confounding variables.
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Proper training in signal interpretation and imaging tech-
nique is critical, as well as standardized clinical work-
flows. Fluorescence quantification is a way to objectify the
obtained signals. In most early FME studies, quantification
was performed ex vivo with algorithms to account for dif-
ferences in endoscope-tissue distance and geometry over
the image field of view [10, 11, 13, 54, 55]. Although these
methods could aid the endoscopist in correcting for some
variables, a complete real-time correction is hard to achieve.
Multi-diameter single-fiber reflectance (MDSFR) and sin-
gle-fiber fluorescence (SFF) spectroscopy were developed
to apply these corrections in vivo, in order to refine fluores-
cence quantification [29, 39, 56]. In these combinable tech-
niques, the distal end of a fiber bundle is inserted through
the working channel of the endoscope during endoscopy
and placed onto the fluorescent lesion of interest. MDSFR
spectroscopy measures signal absorption and scattering
properties in tissue, while SFF spectroscopy measures tis-
sue fluorescence. When combined, the fluorescent signal
can be corrected by these optical properties, thereby allow-
ing for quantification of fluorescence emitted by the fluo-
rescent agent on the lesion of interest [56]. Although this
is a promising technique which is successfully applied in
multiple pilot studies, quantification is still based on post-
procedural analysis and requires transitioning to real time
to facilitate implementation in a clinical workflow [12, 29,
39, 57]. Additionally, because signal intensity can differ
between different fluorescently labeled molecular probes,
it would be helpful to determine signal thresholds for each
fluorescent probe that can reliably predict whether a lesion
is (pre)malignant [29].

Clinical Evidence on Fluorescence Molecular
Endoscopy in the Gastrointestinal Tract

Many probes in the NIR spectrum have been tested in
preclinical settings for several purposes. In selected cases
they made it through to patient studies, where they were
found to be safe, feasible, and effective as well. We will
illustrate the need for techniques to improve intralumi-
nal lesion detection in the GI tract and discuss promising
results of probes targeting these lesions.

Fields of Interest for Fluorescence Molecular
Endoscopy

Most studies on FME in the upper GI tract are performed in
patients with Barrett’s esophagus. Barrett’s esophagus is a
condition where the squamous epithelium of the esophagus
is replaced with metaplastic columnar epithelium. Within
this epithelium, precancerous dysplasia may arise. Because
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of this, Barrett’s esophagus is one of the most important
risk factors for developing esophageal adenocarcinoma [58].
Although endoscopic surveillance programs have been set
up for these patients, detection of dysplastic lesions with
WLE remains challenging due to the often subtle morpho-
logical changes and patchy distribution. The current Seattle
protocol recommends taking four-quadrant random biop-
sies every 2 cm, rather than only taking biopsies of visible
lesions, to keep the miss rate as low as possible [59]. How-
ever, this method is prone to sampling error due to the fact
that it is based on random biopsies, and because it is time-
consuming resulting in low adherence to the protocol [60,
61]. Recent data shows that nearly 20% of endoscopists do
not follow these guidelines for longer segments of affected
Barrett’s esophagus [62]. This illustrates the urgent need for
a more targeted approach, such as FME, in the surveillance
of Barrett’s patients.

In the lower GI tract, the majority of FME studies are
performed in the screening of colorectal cancer. This is one
of the most common and lethal cancers worldwide, repre-
senting more than 9% of cancer-related deaths yearly [1].
Patients at a high risk for developing lower GI cancer, as
in IBD, regularly undergo screening colonoscopies with
the aim of early detection and timely intervention [63, 64].
However, the miss rate of dysplastic lesions is about three
to five times higher in these patients compared with healthy
individuals, as lesions are often non-polypoid (flat or non-
pedunculated) [, 6, 8, 9]. Moreover, lesions in IBD patients
are often camouflaged against the background of inflamed
or otherwise impaired mucosa. Therefore, an endoscopic
surveillance modality such as FME that focuses on molecu-
lar features rather than on morphology alone could be of
additional value for high-risk patients.

Current Available Clinical Evidence on Lesion
Detection

Several clinical trials have been conducted on FME with
probes targeting (pre)malignant lesions of the GI tract. The
current landmark studies are summarized in Table 2. As
shown in this table, both affinity peptides and antibodies
have been studied for enhancement of lesion detection in
both patients with Barrett’s esophagus and patients at high
risk for colorectal carcinoma. Burggraaf and colleagues per-
formed one of the first patient studies, in which they paved
the way for future research on this topic [10]. In this pilot
study, the c-Met targeting peptide EMI-137 was adminis-
tered intravenously 3 h prior to colonoscopy with NIR imag-
ing and detected colorectal neoplasms that would otherwise
remain unnoticed [10]. High TBRs were found, which were
determined ex vivo with algorithms to correct for distance
and geometry over the image field of view. In a related study
that uses the same peptide, the initial findings regarding



25

Molecular Imaging and Biology (2023) 25:18-35

suow
-100ds 0AIA X9 JO
sisAreue ur sdAjod
onserdiadAy oy
punoq uey) syss
0) punoq apnded
Jo Kysudur
90u9dsAIONY
ueow JOYSIH-
91’130
ddL® %T6 30
Kyoyroads pue
%68 Jo ArAnisuas
UIIA BSOONW [eW
-IOU WoIj SYSS
JO UONENUAIRIJ-
esoonw
STUO[0J [eULIOU 0}
paredwod sySS
ur AJIsu)ur 90udd
-saJony uedw
1oy31y ploj-¢4-
uo1ssaIdxa JoN-0
UIIM PAJRIOOSSE
Qouddsalony yS1H-
HNA
YIM PIZI[enSIA
a1om sdAjod pajer
-19S PUE SUOISA|
onsedradAy osyy-
I'T+¢7ydl
UBIIA "H'TM Ut
JqISIA JOU AToM
Jey) SUuoIs9[ 6
[eUONIppR UR puR
HIA P 9q!
-SIA SEWOUSPE Q¢
ITe p109319p HINA-

X

8¢

ST

uon
“enw
AVId

H009A  DLId-+J0M

PN-I

LET-TNA

[11]
(L102)
e

1gsof

[o1]
(S102)
e
Jeeid
-3mmg

S[eAIUI
SurSewn
-0)-3s0p

[eIADS

Sasop
PaISIST
-urwpe
[eI0AdS

uonenst
-urwpe
AL 'sA
reordog,

SaWodINOo UrejA

sisATeue dnoi3qng

-eoynuenb

so[qe
-LIRA

onssn

JAS 1oy 1001
[ASAN 10503
Im uon  SwiyiLx
-o3[e

OAIA U]  OAIA XJ

QOUAISAION dISULIUL

Jo uonesynuend)

1M 1M
P pra
K[sno uon
-ouey  -09)9p
-nwig - PyV
uon

-BZI[ENSIA QU
-SQION[ OATA U]

qg710

agdrut
asuodsar

Kdexoy)
Jo ssou
|
-sAS  eadoy, Surssassy

NI (AD
poseq o)

-19qL]

paxord
-DINN

sjuaned

I¥ou s ysIy
Rge  ‘sewioudpe
D4Vl [B10210[00
SuiBeisoy  Jo uonoaeq

qggut
eise[dsAp
Jo uon
03

UoISSIupe

w)SAS YIN Jo ooy

Apms jowry N

j081R],

9qo1d

joen [eunsajuronses oy ur AdodSOpPUS IB[NOAOU FOUIISAION] UO IDUIPIAD [BIIUI[O SIBWPURT ¢ d|qeL

pringer

a's



18-35

Molecular Imaging and Biology (2023) 25

26

OAIA X9
Ppap10d91 s[eusis
Q0oUddsaION}Y
M Juani3uod
Surure)s joS1e)
Te[njjeoenur YSiH-
JUSWIAOUBYUD
UomI2IP %EE
uaAd puB (GL°T
“SA ()¢'{ UBOW)
SYAL 1YSTY Pim
Al 19A0 9[qeIOAR)
uonesrdde reordog -
1IN
pue HIM Pim
paredwos %67
JO JuUaWAdURYUD
UoTOA)3P [[EIAQ-

wiw ¢ > sew
-Oudpe [[ews
UJAD JO UOT)IIP
PUe #8°1 JO ¥d.L
ueow ‘(Sw (] "sA)
Q0UQISAIONY JIS
-uLnul Jo 9seaIour
%0% WM Sw o]
pue Sw ¢4 0)
paredwos 11040d
asop Sw-Gg

ur )[nsar 1s9g-
(u
/IOWU 78°€—€L"€)
BSOONW [EULIOU
0) paredwod (Ju
/I0WU 98°9-18"p)
seare onsedsAp
ur 1031e) JO suon

-eIUAIU0D YSIH-
90udsAIONY
Y31y pamoys sewr

-OUSPE [B103I0[0)-

X

14!

LT

VADHA

VADIA

le1]

(6102)

MD008 TR

-qewnz jses
-1oeAdg  -udSeN

[c1]

(8100

MD008 e

-qewnz suew
-1oeAdqg -y

SWI0IINO UIBJA

Sasop
PaIRIST
-urwpe
[eIoAdS

uonenst
-urwpe
AL 'SA
reordog,

sisAreue dnoi3qng

-eoynuenb

so[qe
-LIBA

anssn

A4S Joy 1001
[4ISAN -102 0}
M UOT)  SUIYILE
-o3e

OAIA U]  OAIA X

Q0UQISAION]Y JISULIUT

Jo uoneoynueng)

M 91m
s qm
A[sno uon
-oue)  -09)9p
“lnuis - PYVv
uon

-eZI[ensIA AU
-SQION[ OATA U]

9710

EILES
paseq
~19q1

poxord
“DIA

wdsAs YIN

agrut
asuodsar

Kderoy)

(AD Jo ssau
RIS il
-skg eoidol, Sussessy

sjuaned
I¥Mou Fsuydy  ggu
Ioye  ‘sewoudpe eisedsAp
AV [e19210[00  Jouon
SuiSelsay  Jo uondseq -0

UoISSTupe
Jo Aoy

Apns Jo wry

N

10818],

aqoid

(ponunuoo) zsjqey

pringer

Qs



27

18-35

Molecular Imaging and Biology (2023) 25

sn3eydosa [e1sip
Q) UI UOTOAIP
uorso[ Suneoryd
-wod ‘uorssardxo
QueIquOW
JOIN-9 JO S[OAQ]
PISEAIOUT POMOYS
os[e wnrjeyde
adKy-yoewo)g-
(%T8) suots9y
onsedsAp L1/¢1
ur uoIssaIdxaroAo
Queiqudw JqN-0-
0s1-21'D)
sjuowi3os
s Jjo1red ur
sYd.L 1sopowr
*(%68) suOIsI|
onsedsAp g1/91
JO uoneOYNUIPL-
aanoadsiad
[eITUI[O B WOJ
parrajaid [earojur
Y-T ysSnoyie
‘(4 ¢=1) seatout
Surdewr-o)-asop
snoLiea Suowe
SJUAIRYIP
juedyrugis
Ajreorurpo oN-
YLI1-€S'T
A4l onssn
Surpunoxns ur
uey) suoIso[ [e)
-02I0[0d UI A0UAD
-sajony IoYSIH- X

X

ST

ST

PN-O

PN-I

l6€]
(0202
‘e
y3uof
LET-TNH 2d

[Ls]
(0200)
e
ySuor
LET-TNH °d

S[eAIO)UI
SurSewn
-0)-as0p

[eIOADS

Sasop
PaIRIST
-urwpe
[eIOAdS

uonenst
-urwpe
AL 'SA
reordog,

S9WI0dINO UIBJA

sisAreue dnoi3qng

-eoynuenb

so[qe
-LIBA
anssn
10§ 1091
-100 0}
Sy
-o3e
OAIA X7

EEN

[IASAN
s uon

OAIA U]

Q0UQISAION]Y JISULIUT

Jo uoneoynueng)

M 91m
s qm
A[sno uon
-oue}  -099p
Sl Py
uon

-eZI[ensIA QU
-SQION[ OATA U]

9710

N
paseq
~19q1

poxord
-DIA

wdsAs YIN

agrut
asuodsar

Kderoy)

(AD Jo ssau
RIS il
-skg eodoy, Sussessy

DU
Joye
V1
SuiSeisoy

sjuaoned

ASL Y3y
‘sewiouspe
[€19210]00
Jo uonoapq

dJqut
ersefdsAp
Jo uon
03]

UoISSTupe
Jo Aoy

Apns Jo wiry

N

10818],

2qoid

(ponunuoo) zsjqey

pringer

a's



18-35

Molecular Imaging and Biology (2023) 25

28

ovd
pue eisejdsAp
opess-ySiy ur
Tdq1d pue ¥I0d
Jo uorssardxe yS1H-
“dsax
008AQAT-+d S
pue GAD-xHIO
10} ¥T°0F 891
PUE IT0FI9°1
ova/eisedsAp
107 s, 4L UeaN-
saanisod asfey
%11 ‘paziensia
9q p[NOd SUOISI|
onserdoau jo %4z6-

(%91) swened ¢z
JO 4 ut sisouSerp
paSueyo oaey
PINOM uoTIRIYT)
-uenb yim gNA-
@m
10} %08 PU® %06
‘TIN 10} %8 pue
%S°L8) %T6 pue
%66 Jo Aoeanooe
puE onfeA AT
-orpaxd aanisod &
Ut pnsar N
Jo uonesynuenb
s Surdesoy-
SIS0IQY 1O aNssn
[©3001 [eULIOU 0}
paredwod anssn
Jown) Jo 90U
-sa1onyj oIsuLul
ToyS1y yueoyrusIS-

X

(44

cdad

109

ST VIDHA

[ov]

(1202)

e
uay)

00841
~+dSY
SAD-+<HIO

l67]

(0200

BLAE]
ewel],

MD008
-qewnz

-1oeAdq

S[eAIO)UI
SurSewn
-0)-as0p

[eIOADS

Sasop
PaIRIST
-urwpe
[eIoAdS

uonenst
-urwpe
AL 'SA
reordog,

SWI0IINO UIBJA

sisAreue dnoi3qng

-eoynuenb

so[qe
-LIBA
anssn
10 1001
-100 0}
Sy
-o3e
OAIA X7

EEN

[IASAN
s uon

OAIA U]

Q0UQISAION]Y JISULIUT

Jo uoneoynueng)

M 91m
s qm
A[sno uon
-oue)  -09)9p
“lnuis - PYVv
uon

-eZI[ensIA AU
-SQION[ OATA U]

9710

EILES
paseq
~19q1

poxord
“DIA

wdsAs YIN

agrut
asuodsar

Kderoy)

(AD Jo ssau
RIS il
-skg eoidol, Sussessy

DU
Joye
V1
SuiSeisoy

sjuaned

AsL Y3y
‘sewiouspe
[€19210]00
Jo uonoapq

dJqut
erserdsAp
Jo uon
03]

UoISSTupe
Jo Aoy

Apns Jo wry

N

10818],

aqoid

(ponunuoo) zsjqey

pringer

Qs



29

Molecular Imaging and Biology (2023) 25:18-35

Kdoosopua WYSI[-aym FTM VY 10I08] YIMO0I3 [RI[YIOPUS JB[NISBA V/DFA ‘ONel pUNoIdyoeq-03-)a3Ie) Y ‘Sewioudpe
PaIRLISS 9[ISSas S ‘Aderoyjorperowayd jueanfpeosu jyHu ‘Suidew] pueq-molreu JgN ‘eyde J0joe} SISOIOAU JOWN) PUNOQ-SUBIQUIAW VN LM ‘BWOUIOIED [810A1 PAdUBAPE A[[BO0] DY VT ‘Snou
-oaenur A7 ‘stsodAjod snojewouape reriwe) gy, ‘g 101dadar 1030ej yimoid rereyide zgq.ug ‘103dadar 10308y Yamois Tereyiide y.707 ‘ewourdiesouspe [eadeydose Dy ‘sndeydose s jorreg 7g

@=u)
Kdesoy) Juonbas
-qns 0} asuodsax
ordoosopua pue

[eJIUI[O paureisns

pey oym syuoned

JO esoonu Ay}
ut S[[99 + g0
reyd&orrad

[vel
paeanat Adeiory oL (L100)
210§9q Surgew -qewnz ™
Te[NI9ON- X X X X S L9yo -TIOPaA pey
Ieak 1 jo porrad
dn-mo[[o} & 10A0
paureisns sem
asuodsal [earur)-
Kdezoy) AN I-1UR
juonbasqns uodn
T1 oM 18 (%26)
sajel asuodsar
uLI9)-1I0ys JoySIy
Apueoyrusis
pamoys
S[[99+ ANLW JO
s1oquinu y3iy
M sjudned-
OAIA UL P3309)0p [e€]
9q pP[noa s[[a3 Ol (#100)
aunwiwt + JN, L w -qewinu BLAE]
[eunsayuy- X X X X X ST PANLW -epy  ekeny
sa[qe
-LIeA
onssn adrut
4dS  10j 1001 TIM TIM asuodsar sjuoned
S[eAIO)UI S9SOp  uonRINSI JIASAIN  -100 0} m yum Kdexoy) L¥Du s Y3y qg ur
Surdewr palaist  -urwpe yim uon - swy A[sno uon ANA  (AD Jo ssau Ioye  ‘sewoudpe eisedsAp
-0)-80p  -ulwpe  A['SA  -eoynuenb -o3[e -oue)  -09)op paxord poseq oo} -1y V1 [e19210[00  Jouon
[B1OADS  [e19AdS  [eordog, OAIAU] OAIAXY{  -[nWIS nyy 410 -NA -10q1]  -sAS  qeordoy, Surssossy  SuiSelsay  Jo uonosleq -03Rq
uon
Q0UQDSAIONY OISULNUI  -BZI[BNSIA 90U uoIssIupe
SWOIINO UTRJAI sisAreue dnoi3qng Jo uoneoynuend) -SQION OATA U] wSAS YIN Jo ooy Apmis jowry N 108re], aqoid

(ponunuoo) zsjqey

pringer

a's



30

Molecular Imaging and Biology (2023) 25:18-35

Approach 1 - Systemic tracer administration

Systemic tracer
administration

Approach 2 - Topical tracer application

O Fluorescent tumor lesion
Exciting light from NIR-FME
¥  Emitted fluorescence

Tracer: bevacizumab-800CW

Systemic: 4.5 mg (bolus injection)|
n=5

Topical: 100 pg/ml per cm BE

Topical tracer n=9
spraying

W incubation
time

ndoscopic
resection

NIR-FME
immediately

Fluorescence intensity

after rinsing

low high

B Systemic tracer based NIR-FME
HD endoscopy

Fluorescence

-

Fig.3 Overview of real-time VEGFA-targeted FME in Barrett’s
esophagus. (a) Schematic overview and timeline of two NIR-FME
approaches, i.e., intravenous administration and topical application.
(b) Examples of results after intravenous administration of bevaci-

Overlay

=
K=l
a
<
=
I}
<«

elevated lesion

lesion

protruding

improved detection of colorectal neoplasms were confirmed
[57]. Lower TBRs were found; however, these ratios were
assessed in vivo by use of MDSFR/SFF spectroscopy. This
underlines the importance of methods to correct for tissue
absorbance and scattering properties for a more reliable
interpretation of in vivo results. In addition, they performed
subgroup analysis on different dose-to-imaging intervals
from 3 h prior to endoscopy to 1 h, which showed no sig-
nificant differences. This implies that a clinically favorable
interval of 1 h preceding endoscopy could be applied in fur-
ther studies.

@ Springer

C Topical tracer based NIR-FME
HD endoscopy

Overlay Fluorescence

no focal lesion

flat lesion

zumab-800CW, and (c) results after topical application. The first row
in Fig. 3c displays a lesion that was not visible during white light
endoscopy but turned out to be adenocarcinoma. Previously pub-
lished in Gut [13]

Nagengast and colleagues were one of the first to use
FME to improve dysplasia detection over standard WLE
in patients with Barrett’s esophagus. They administered
the fluorescently labeled monoclonal antibody bevaci-
zumab-800CW both topically and intravenously (2 days
prior to endoscopy), which led to successful real-time
visualization of dysplasia and adenocarcinoma (Fig. 3)
[13]. The overall detection was improved by 25% over
WLE and narrow-band imaging. Compared to intravenous
administration, topical application resulted in favorable
TBRs and enhanced detection by 33%. However, the
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sample size was small, with 14 patients, and TBRs were
calculated ex vivo with algorithms. A larger phase II
study in 60 patients is ongoing [30]. A similar study was
performed with EMI-137. Administration of the tracer
was switched from systemic to topical after an interim
analysis of five patients where there were relatively low
tracer concentrations in the lesions, leading to poor detec-
tion [39]. The quantified TBRs were modest; neverthe-
less, 89% of dysplastic lesions were identified correctly
after topical application of the probe. However, stomach-
type epithelium also showed increased levels of c-Met
membrane expression, which complicates lesion detection
in the distal esophagus where most neoplastic Barrett’s
lesions are found [39]. Although this study shows that
c-MET may not be the most ideal probe for lesion detec-
tion in Barrett’s esophagus, it is an excellent example of
an iterative translational process where interim analysis
affects study design.

A last noteworthy clinical trial on lesion detection in
Barrett’s esophagus was recently published by Chen and
colleagues. In this first-in-human study, a new technique
of multimodal FME was performed, using two excitation
lasers of different wavelengths (638 and 785 nm) guided
through a single flexible fiber. With this multiplexed imag-
ing tool and the topical application of two different fluores-
cently labeled peptides (QRH*-Cy5 specific for EGFR and
KSP*-IRDye800 specific for ErtbB2), 92% of the present
neoplastic lesions were successfully visualized [40]. This
study demonstrates the ability to simultaneously detect mul-
tiple targets in vivo, as well as detection of neoplasms that
are molecularly heterogeneous.

Towards Personalized Medicine

Besides enhancement of lesion detection, FME could also
play a role in personalizing treatment strategies. This is
illustrated in a clinical study by Tjalma and colleagues,
using FME and spectroscopy with bevacizumab-800CW
on restaging locally advanced rectal cancer after neoadju-
vant chemoradiotherapy (nCRT) [29]. At present, nCRT is
followed by surgical resection. However, in up to 27% of
patients no residual cancer cells are found in the surgical
specimen after nCRT; for example, they have a pathologi-
cal complete response and surgery could potentially have
been avoided to reduce morbidity and increase survival
rates [67-70]. However, distinguishing residual tumor from
fibrosis is challenging in WLE and MR imaging, which are
the current standard restaging methods. Results of restaging
with FME were compared with results of standard clinical
restaging (MRI and WLE), and were correlated with the
histopathology of the surgical specimen. FME with spec-
troscopy resulted in a higher positive predictive value and
accuracy compared to MRI and standard endoscopy [29].

This suggests that implementing FME in restaging could
lead to better stratification and potentially less undertreat-
ment and overtreatment.

In vivo molecular characterization can also be used to
evaluate drug delivery to targeted tissue and potentially pre-
dict therapy response. Goetz and colleagues conducted a
preclinical study performing CLE with fluorescently labeled
cetuximab: an antibody targeting EGFR, which is a com-
ponent of the multimodal chemotherapy regimen in meta-
static colorectal carcinoma. Human colorectal carcinoma
cell lines were induced in mice and CLE was implemented
before and after treatment with cetuximab. High fluores-
cence signal before treatment was related to significantly
slower tumor progression, better overall survival, and better
physical condition compared to low fluorescence signal [31].
This suggests that stronger fluorescence signal is related to
increased presence of molecular targets for chemotherapy.
The technique was translated to a clinical study where CLE
was performed with fluorescently labeled adalimumab in
patients with active Crohn’s disease, targeting mucosal
TNFa (mTNFa). Patients with high counts of mTNFa-
expressing immune cells prior to subsequent treatment
showed a better clinical response to adalimumab compared
to patients with low cell counts. This effect was sustained
over a 1-year follow-up period [33]. A similar pilot study
was performed in Crohn’s patients unresponsive to anti-TNF
treatment using fluorescently labeled vedolizumab, a gut-
selective monoclonal antibody directed towards the integrin
a4f7 [71]. The mucosal cells of patients who responded
well to vedolizumab showed significantly more fluorescence
prior to therapy, compared to the non-responders that did not
express any a4f7-positive fluorescence [34]. These results
warranted the ongoing larger-sized clinical trial [72].

Current Gaps in Clinical Evidence

The clinical findings mentioned above include current land-
mark studies performed with FME. Although promising and
high in quality, these are proof-of-concept studies with small
sample sizes. Moreover, study designs and outcome meas-
ures differ strongly. This makes interpreting and comparing
studies of a certain probe hardly possible, let alone compar-
ing different probes for a certain indication. For this reason,
currently available clinical evidence need further validation
with larger study populations and stratified study designs.
Another research gap is that no FME studies have been
carried out in patients with active IBD. These patients have a
high risk of developing colorectal carcinoma and encounter
high miss rates due to the camouflaging effect of the
inflamed background [8, 9]. Selecting a suitable FME probe
for this population may be challenging, as it must distinguish
(pre)malignant lesions from inflamed or scarred tissue which
might have similar molecular features. Since potential

@ Springer
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targets could differ greatly from non-IBD patients in terms of
receptors and heterogeneity, ex vivo studies on the molecular
signatures of IBD are essential for enhancing accuracy in the
predictive capabilities of a molecular target [73, 74]. Promising
preclinical results on colorectal neoplasm detection in active
IBD are derived from the fluorescently labeled cathepsin-
activated probe 6QC-ICG, which enabled demarcation of
premalignant GI lesions in a large animal model [41]. Being a
“smart probe,” 6QC-ICG targets the tumor microenvironment
as it is binding to system cathepsins which are highly abundant
in tumor-associated macrophages and less in immune cells of
benign or even inflamed mucosa [75]. Areas of dysplasia as
small as 400 pm were successfully detected 12 to 18 h after an
intravenous bolus dose in murine and human-scaled porcine
models, and were clearly demarcated within inflamed and
ulcerated mucosa. These preclinical results are promising for
future clinical FME studies in patients with IBD who suffer
from mucosal inflammation and are at high risk of progression
to malignant lesions.

Translation From Clinical Evidence to Clinical
Use

The recent transition from preclinical to clinical studies has
shown that FME is able to visualize subtle, macroscopically
invisible, or uncertain lesions in the upper and lower GI
tract that are regularly missed during conventional flexible
white-light endoscopy. FME might therefore be a very
promising tool in GI endoscopy, addressing the high miss
rates of (pre)malignant lesions in both upper and lower GI
tract, and improving early detection. Moreover, endoscopic
interventional options are rapidly increasing. Currently,
premalignant or early-stage GI cancer can often be removed
endoscopically. The combination of reliable early detection
of (pre)malignant lesions and minimally invasive removal
yields an interesting field of action for oncological care.
Moreover, the increasing number of unique probes or
drugs for different molecular targets offers a wide range
of potential future applications. FME could help deter-
mine the molecular characteristics of malignant lesions or
inflammation, thereby paving the way for personalized tar-
geted therapy in gastroenterology. By using fluorescently
labeled drugs as a molecular probe, drug distribution and
pharmacodynamics can be visualized in vivo, allowing for
the possibility of predicting drug responsiveness. As dis-
cussed, this would apply for patient stratification in IBD and
oncological treatment, i.e., neoadjuvant therapy in several
malignancies. It might help determine whether a patient is
prone to respond to therapy or not. The ultimate goal would
be to label different types of drugs with different fluorescent
dyes, and visualize them in vivo with multispectral camera
systems. This could help to identify the optimal treatment

@ Springer

before administering it in a therapeutic dose, which improves
patient stratification, safety, and (cost) efficiency. MDSFR/
SFF spectroscopy could measure mucosal concentrations,
for optimizing the dose of the selected treatment.

Some obstacles need to be addressed before FME can be
implemented in clinical practice. The most important one is
the potentially confounding effect of the human factor: all the
additional information that FME and accompanying modalities
offer makes interpretation more complex and leads to inter-
observer variabilities. Adequate training of endoscopists is
needed to benefit from the complementary input offered by
FME. However, gaining experience takes time and may be costly.
Furthermore, the attention span of the endoscopist — which can
be lowered by distraction or tiredness — will still be of substantial
influence on detection rates. Artificial intelligence (Al), and
particularly deep learning, is increasingly used for computer-aided
detection (CAD) of (pre)malignancies in endoscopic images.
Multiple studies have shown that Al algorithms developed for
image analysis in colonoscopy can successfully recognize (pre)
malignant colonic lesions, as well as grade the inflammation
status in IBD patients [76-81]. These results have already been
translated to the clinic with the launch of the first commercially
available Al system for colonoscopy in 2019 (GI Genius,
Medtronic). Recently the first randomized controlled trial on the
use of CAD in upper GI endoscopy was published, showing that
miss rates of gastric neoplasms were significantly lower in patients
where CAD was applied compared to standard care [82]. These
promising achievements substantiate that Al will play a substantial
role in future endoscopy.

A recent meta-analysis by Spadaccini and colleagues
showed that CAD-assisted colonoscopy significantly improves
adenoma detection rates compared to high-definition WLE and
available strategies that increase mucosal visualization, such
as chromoendoscopy [76]. However, CAD mainly depends on
morphological features of lesions and requires excellent images.
Therefore, it still depends on the endoscopic capabilities of
the operator. Unlike colonic polyps, lesions that resemble the
surrounding mucosa, as in Barrett’s dysplasia, are more difficult
to detect using CAD and require even higher quality images [78].
At present, no data is available to assess the value of CAD for
FME images; however, this should be explored. The combination
could reduce human error and technical factors by standardizing
recognition and interpretation of fluorescence images based on
molecular structures, while deep learning networks continuously
refine their output. These two forces combined could be of
substantial benefit in the battle against high miss rates.

Another obstacle that needs to be addressed is the extra
procedure time that FME requires due to administering of
the probes and switching fibers and camera systems. If FME
were used in all procedures, it could reduce the total num-
ber of operations by 1/5th (assuming that 5 min is added to
every 20-min procedure). Therefore, technological refine-
ment is required to streamline procedures. With integrated
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NIR systems — eventually with multiple spectra for simul-
taneous use of multiple tracers — FME could be efficiently
applied in wide-field endoscopy without the need for switch-
ing fibers through the working channel. Moreover, in cer-
tain patient populations FME might reduce procedure time
because fewer biopsies have to be taken. All in all, in every
particular procedure the extra time that FME requires has to
be balanced against the possible (time) gain it could give.
Patients who are at high risk for (pre)cancerous lesions like
patients with Lynch syndrome, IBD, and Barrett’s esophagus
will benefit most — healthwise, costwise, and timewise.

Conclusion

Fluorescence molecular endoscopy is a rapidly emerging
field in flexible GI endoscopy that enables the visualization of
lesions by detecting molecular changes rather than morpho-
logical changes. As molecular alterations in oncogenesis can
appear before lesions become visible to “the naked eye,” FME
can serve as a modality for early intraluminal detection of dys-
plastic lesions or GI cancer. It has the potential of improving
screening programs for at-risk populations, as well as playing
a part in personalizing medicine. Although work must be done
to refine strategies and strengthen clinical evidence, we believe
that FME might have an important role in GI endoscopy in
the near future. Cooperation between clinicians, pharmacists,
biologists, chemists, and engineers will give rise to this promis-
ing new imaging strategy in gastrointestinal endoscopy with
great impact on both diagnostics and personalized medicine.
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