Illuminating The Surgical Field

Advances in Intraoperative NIR
Fluorescence Imaging

Hidde A. Galema



Financial support for the publication of this thesis was generously provided by: The Erasmus
University Rotterdam, Erasmus MC department of Surgery and department of Otorhinolar-
yngology, Head and Neck Surgery, Surgimab, Stoppler Medical, Sirius Medical, Mobula IGM,
Coloplast, Erbe, ABN AMRO and Chipsoft.

Cover design: Lorraine Lauwerends

Lay-out: Wouter Aalberts

Print by: RidderPrint

© H.A. Galema, 2023, Rotterdam, the Netherlands

All rights reserved. No parts of this publication may be reproduced in any form or by any

means without permission of the author.



Illuminating The Surgical Field

Advances in Intraoperative NIR fluorescence Imaging

Het chirurgische veld oplichten

Ontwikkelingen in intra-operatieve NIR fluorescentie beeldvorming

Thesis
to obtain the degree of Doctor from the
Erasmus University Rotterdam

by command of the rector magnificus

Prof.dr. A.L. Bredenoord

and in accordance with the decision of the Doctorate Board.

The public defence shall be held on
Tuesday, 5 December 2023 at 10:30 hrs

by
Hidde Ake Galema

Bornin Leiden

Erasmus University Rotterdam



PROMOTIECOMMISSIE

Promotors Prof. dr. C. Verhoef
Prof. dr. R.J. Baatenburg de Jong

Overige leden Prof. dr. M. Smits
Prof. dr. C.W.G.M. Lowik
Prof. dr. S. Kruijff

Copromotors Dr. D.E. Hilling
Dr. S. Keereweer






TABLE OF CONTENTS

Chapter 1

Partl:

General introduction and outline of this thesis

Current status of intraoperative imaging in surgical oncology

Chapter 2

Chapter 3

Chapter 4

Partll:

Fluorescence-guided surgery in colorectal cancer; a review on
clinical results and future perspectives

European Journal of Surgical Oncology. 2022 Apr;48(4):810-821. doi:
10.1016/j.€j50.2021.10.005

Current intraoperative imaging techniques to improve surgical
resection of laryngeal cancer: a systematic review

Cancers (Basel). 2021 Apr 15;13(8):1895. doi: 10.3390/
cancers13081895

Fluorescence-guided sentinel lymph node detection in colorectal
cancer

The Lymphatic System in Colorectal Cancer. Basic Concepts,
Pathology, Imaging and Treatment Perspectives. 2022, Pages 245-255

Tumour target expression in tumour tissue samples for NIR
fluorescence imaging

21

55

85

Chapter 5

Part IlI:

Effects of neoadjuvant therapy on tumour target expression of
oesophageal cancer tissue for NIR fluorescence imaging
Submitted

Clinical studies on intraoperative NIR fluorescence imaging in
surgical oncology

103

Chapter 6

Chapter 7

Fluorescence-guided surgery using methylene blue to improve
identification of small intestinal neuroendocrine tumours and
peritoneal metastases

British Journal of Surgery. 2023 Apr 12;110(5):541-544. doi: 10.1093/
bjs/znad043

Intraoperative molecular imaging of colorectal lung metastasis with
SGM-101: an exploratory study

European Journal of Nucleair Medicine and Molecular Imaging. 2023
Aug 8. doi: 10.1007/500259-023-06365-3

123

127



Chapter 8  ICG-fluorescence angiography assessment of colon interposition for 145
oesophageal cancer - a video vignette
Colorectal Dis. 2022 May;24(5):665. doi: 10.1111/codi.16076
Chapter9 A quantitative assessment of perfusion of the gastric conduit after 163
oesophagectomy using near-infrared fluorescence with indocyanine
green
European Journal of Surgical Oncology. 2023 Mar 2:S0748-
7983(23)00171-3. doi: 10.1016/j.6j50.2023.02.017
Chapter 10 Quantification of indocyanine green near-infrared fluorescence 179
bowel perfusion assessment in colorectal surgery
Surg Endosc. 2023 Jun 7. doi: 10.1007/500464-023-10140-8
PartiV: Summary, general discussion, and future perspectives
Chapter 11 English Summary / Nederlandse samenvatting 201
Chapter 12 General discussion and future perspectives 213
Appendices List of publications 228
Contributing authors 230
PhD Portfolio 231
Acknowledgements | Dankwoord 233

About the author

238






Chapter1l

General introduction and
outline of this thesis






General introduction and outline of this thesis

GENERAL INTRODUCTION

Surgery is still the cornerstone treatment modality for many solid tumours despite modern
neoadjuvant therapies. Introduction of these (neo)adjuvant therapies and minimally inva-
sive surgery improved outcomes of most surgically treated patients with solid tumours over
the last decades (1-5). Despite these improved outcomes, cancer surgery can still result in
unfavourable outcomes such as inadequate resection margins or surgical complications.
Inadequate resection margins are associated with a decrease in overall survival for most
tumour types and often necessitates burdensome adjuvant therapies (6-8). Feared surgical
complications include anastomotic leakage, and iatrogenic injury of vital structures such as
bile ducts, ureters, or nerves. Although some complications are rare, most are associated with
high morbidity, reoperations, prolonged hospital admission, and in some cases even death
(9-12). As inadequate margins and surgical complications require additional treatment, they
also increase health-care costs. Both these outcomes can be associated with inadequate
identification of structures with conventional white light visualisation and palpation. With
the introduction of minimally invasive surgery, identification of vital structures became even
more challenging, as tactile feedback is lacking with this approach. Moreover, discriminating
tumour tissue from neoadjuvant treatment related fibrosis can be challenging. New intraop-
erative imaging techniques are therefore warranted to improve visualisation of tumours and
vital structures. Near-infrared (NIR) fluorescence imaging is a promising imaging technique
that can be used to perform intraoperative imaging of a variety of tissues, including tumours
and vital structures (13-15).

Near-infrared fluorescence imaging

NIR fluorescence imaging requires a dedicated fluorescence camera system and a contrast
agent with fluorescent properties in the near-infrared spectrum of light (i.e. a fluorophore).
Fluorescence camera systems are composed of a laser that sends a laser light bundle at a
wavelength in the NIR spectrum of light (~650 - 900 nanometre). When the fluorophore is
reached by the laser light, the fluorophore absorbs and subsequently emits NIR light. The
fluorescence camera system is optimised for detection of this emitted light. For NIR fluores-
cence imaging, exogenous fluorophores are mostly used. However, endogenous tissue also
has fluorescent properties and can serve as an endogenous fluorophore, when exited by the
appropriate laser light (i.e. autofluorescence). NIR light has a higher wavelength compared
to visible white light (~380 - 700 nm), and is therefore invisible to the human eye. In general,
when any light is traveling through tissue, it is subject to scattering and absorption (16).
Scattering causes the light to change its direction, which can interfere with imaging of the
fluorophore of interest. Absorption causes the light to be absorbed by a certain anatomical
structure, after which it emits (auto)fluorescent light. Visible white light is more subject to
scattering and absorption than NIR Light, which leads to a penetration depth of only 1 -2 mm.
NIR light can travel up to 10 mm deep in human tissue, allowing for imaging of subsurface
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12 | Chapter1

tissue. For example, when placing a flashlight on a finger, most of the low wavelength visible
light will be scattered or absorbed and only the high wavelength red light will penetrate,
which leads to a red glow on the finger. Due to this superior penetration depth, NIR light is
mostly used for fluorescence imaging. As a result of its invisibility to the human eye, NIR light
will not ‘contaminate’ the surgical field, which is another advantage. A third advantage of NIR
light is that most human tissue has low fluorescent properties in this spectrum, which leads
to a higher contrast with the exogenous agent.

Fluorescent agents

This thesis focusses on NIR fluorescence imaging with exogenous fluorescent contrast
agents only. For successful fluorescence imaging with exogenous contrast, it is vital that the
fluorophore reaches the lesion of interest. Roughly, two types of exogenous fluorophores
exist: targeted and non-targeted fluorophores. Targeted tracers comprise of a targeting agent
that targets tumour-specific receptors or micro-environment. This targeting agent is labelled
with a fluorophore. Non-targeted agents comprise of a fluorophore that reaches the tissues
of interest through a physiological way. Depending on the lesion or structure of interest,
fluorescent agents can be administered systemically or locally. Indocyanine green (ICG) and
methylene blue are two non-targeted fluorescent agents. ICG has its emission and excitation
wavelength around 800 nm and methylene blue around 700 nm. ICG is FDA/EMA approved to
intraoperatively assess perfusion status of tissue. Methylene blue is FDA/EMA approved for
other purposes, but can be used as an off-label fluorescent agent, for example for pancreatic
neuroendocrine tumour identification (17).

Applications of NIR fluorescence imaging

Nowadays, NIR fluorescence cameras are integrated in open, endoscopic, and robotic camera
systems. As such, NIR fluorescence imaging can be used to delineate cancerous tissue and
detect vital structures throughout the whole procedure. With the appropriate targeting agent
or mechanism, virtually all tissues of interest can be imaged with NIR fluorescence imaging.
This thesis covers the two main applications of NIR fluorescence imaging: tumour imaging

and tissue perfusion assessment with ICG.

Tumour imaging

Over the last decade, many studies have been published introducing new tumour-specific
fluorescent agents (18). Targeting agents have been described with various size, ranging from
large antibodies to nanoparticles. Size of the targeting agent is important as larger agents
require a longer time interval between administration and imaging. Shorter time intervals
are favourable as they do not require additional hospital visits for administration. Recently,
tumour-specific tracers targeting or activated by a tumour environment, such as the PH-
grade or necrosis, have also been introduced (19). Intraoperative delineation of tumours
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yields two main applications (20). Intraoperatively, occult (white light invisible, fluorescence
positive) lesions can be detected. This may be useful for detection of peritoneal metastases
in abdominal surgery or occult lesions during lung surgery. Detection of occult metastases
can either lead to a more extensive resection, or refraining from surgical resection at all, if
there appears irresectable or too extensive metastatic disease. The second application of NIR
fluorescence tumour imaging is resection margin assessment. Resection margin assessment
is mostly performed by whole specimen imaging in an ex vivo setting on the back table or a
standardized black-box imaging device. If an inadequate resection margin is detected with
NIR fluorescence imaging, an extra resection can be performed. Potentially, tumour-specific
imaging leads to more complete resections resulting in less adjuvant therapy, less recur-

rences, and improved survival.

Perfusion assessment

Adequate perfusion of tissue is vital in order to prevent surgical complications such as
anastomotic leakage with subsequent peritonitis, fistulas, and abscesses. NIR fluorescence
imaging with ICG can be used to assess perfusion status of tissue of interest. ICG is a safe
and inexpensive non-targeted fluorophore that is designed for perfusion assessment. Intra-
venous administration of ICG allows for perfusion assessment of tissue as it only reaches
well perfused tissue, which results in a fluorescent signal. Absence of this fluorescent signal
is usually associated with a poor perfusion status of tissue. Perfusion assessment of any tis-
sue with ICG is called ICG fluorescence angiography (ICG-FA). ICG-FA can assist the surgeon
intraoperatively in guiding which tissue should be selected to create an anastomosis. As
ICG is commercially available, a high number of retrospective cohort studies on its use to
prevent anastomotic leakage (AL) after colorectal surgery are available. Pooled analysis of
these studies suggests that using ICG-FA decreases the occurrence of AL (21). However, early
randomized controlled trials could not yet show a clear decrease of AL in the ICG-FA group
(22, 23). This may be explained by a lack of standardized imaging when performing ICG-FA

assessment.

Challenges of intraoperative NIR fluorescence imaging

The use NIR fluorescence imaging has increased rapidly over the last decade and the first
phase 3 trials are currently ongoing (24). This brings the use of NIR fluorescence imaging
closer towards demonstrating patient benefit. So far this has only been shown for patients
with malignant glioma (25). In order to demonstrate a survival benefit, complication reduc-
tion, and improved quality of life, some important challenges need to be overcome. In this
thesis, we cover several challenges. For tumour imaging, these challenges include: finding
a suitable target and fluorescent tracer for tumour imaging, and assessing targeting of cur-
rently available fluorescent tracers to the tumour of interest. For ICG-FA, these challenges
include: improving standardization of imaging, and improving quantification and interpreta-
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tion of the fluorescence signal. However not studied in this thesis, proving cost-effectiveness
is an important requirement when implementing this technique into standard of care. To
achieve optimal cost-effectiveness, identification of patients who are likely to benefit from
the use of this technique should be the focus of future studies.

OUTLINE OF THIS THESIS

The aim of this thesis is to further improve clinical implication of intraoperative near-infrared
(NIR) fluorescence imaging, with a focus on tumour imaging and perfusion assessment. This
may ultimately improve outcomes of surgically treated patients with solid malignancies. In
part 1 of this thesis, the current status of the literature on intraoperative NIR fluorescence
imaging for colorectal cancer (chapter 2, chapter 4) and laryngeal cancer (chapter 3) is
highlighted. In part 11, expression of potential targets for imaging on tissue of oesophageal
cancer (chapter 5) is assessed by performing immunohistochemistry. In part I, clinical
trials have been performed to assess targeting and efficacy of new fluorescent agents for
tumour imaging with a tumour targeted agent for colorectal lung metastases (chapter 6)
and a non-targeted fluorescent agent for small intestinal neuroendocrine tumours (chapter
7). Moreover, pilot studies were conducted in order to further improve standardization and
quantification of ICG-FA for perfusion assessment of a colon interposition (chapter 8) and
gastric conduit (chapter 9) after oesophagectomy and bowel tissue after colorectal resection
(chapter 10).
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ABSTRACT

Background

Colorectal cancer is the fourth most diagnosed malignancy worldwide and surgery is one of
the cornerstones of the treatment strategy. Near-infrared (NIR) fluorescence imaging is a new
and upcoming technique, which uses an NIR fluorescent agent combined with a specialised
camera that can detect light in the NIR range. It aims for more precise surgery with improved
oncological outcomes and a reduction in complications by improving discrimination be-
tween different structures.

Methods
A systematic search was conducted in the Embase, Medline and Cochrane databases with
search terms corresponding to ‘fluorescence-guided surgery’, ‘colorectal surgery’, and

‘colorectal cancer’ to identify all relevant trials.

Results

The following clinical applications of fluorescence guided surgery for colorectal cancer were
identified and discussed: (1) tumourimaging, (2) sentinel lymph node imaging, (3) imaging of
distant metastases, (4) imaging of vital structures, (5) imaging of perfusion. Both experimen-
tal and FDA/EMA approved fluorescent agents are debated. Furthermore, promising future

modalities are discussed.

Conclusion

Fluorescence-guided surgery for colorectal cancer is a rapidly evolving field. The first studies
show additional value of this technique regarding change in surgical management. Future
trials should focus on patient related outcomes such as complication rates, disease free
survival, and overall survival.
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INTRODUCTION

Colorectal cancer (CRC) is globally the fourth most common malignancy and the second
cause of cancer related mortality with over 550 000 deaths annually (1). In most CRC patients,
surgery remains the cornerstone of treatment. Complete surgical resection of the tumour
is associated with better overall survival and lower recurrence rates (2, 3). Minimal invasive
surgery, laparoscopic or robot-assisted, is increasingly used in the last two decades. Despite
it its advantages, this application also brought new technical challenges as it lacks tactile
feedback for tumour identification and identification of vital structures. These challenges
sparked the interest in novel intraoperative visualisation techniques, such as near-infrared

(NIR) fluorescence imaging.

NIR camera + Surgeon’s display
light source color-NIR overlay

NIR .
fluorescent fluorescent '5|g'nal
(emission)
agent
visible + NIR light
(excitation)
\ target

B Figure 1. The basic principles of fluorescence-guided surgery
NIR fluorescent agents are administered intravenously or locally. Imaging of the agent is performed using a
fluorescence imaging system. Besides a white light source and camera, this system includes a dedicated NIR
excitation light, collection optics and filtration, and a camera dedicated to NIR fluorescence emission light.
NIR fluorescence output is displayed on a screen in the operating theatre. A simultaneous visible light image,
which can be merged with the NIR fluorescence image, is desirable.
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NIR fluorescence imaging is a real-time imaging technique that combines a NIR fluorescent
agent with a specialised imaging system (figure 1). These systems can capture light emitted
by a fluorescent agent after excitation with an appropriate light source (figure 2). NIR light
(650-900 nm) is favourable for intraoperative imaging compared to visible light because of its
better depth penetration in tissue (up to 10 mm). Moreover, the fluorescent agents will not
interfere with the standard surgical field, as the human eye is unable to detect light within
these NIR wavelengths.

Excited state

4 —

M\~ N~

Excitation Emission

Ground state v

B Figure 2. The basic principles of fluorescence
NIR fluorescent agents are administered intravenously or locally. Imaging of the agent is performed using a
fluorescence imaging system. Besides a white light source and camera, this system includes a dedicated NIR
excitation light, collection optics and filtration, and a camera dedicated to NIR fluorescence emission light.
NIR fluorescence output is displayed on a screen in the operating theatre. A simultaneous visible light image,
which can be merged with the NIR fluorescence image, is desirable.

NIR fluorescent agents are predominantly injected intravenously and can be divided into
two groups: targeted (binding to a specific ligand or activated by the tumour-specific en-
vironment) and non-targeted. Currently, various targeted fluorescent agents are tested in
phase I-lll clinical trials (4). In the group of non-targeted agents, indocyanine green (ICG) and
methylene blue (MB) are approved by the United States Food and Drug Administration (FDA)
and the European Medicines Agent (EMA), for other purposes. ICG was first used in 1957 to
determine hepatic function, but its fluorescent properties (excitation peak around 800 nm),
and hence other applications, became known decades later (5). MB on the other hand, is
predominantly cleared renally and has its excitation peak around 700 nm (6). Both agents
have been proven to be safe for fluorescence utilisation.

There are many applications for NIR fluorescence imaging during colorectal surgery. This
review provides an overview of the currently available clinical applications and promising
future modalities of fluorescence-guided surgery in the treatment of CRC patients.



Fluorescence-guided surgery in colorectal cancer; a review on clinical results and future perspectives

METHODS

Due to heterogeneity in available literature and study phases between the several subjects,
this study was not fully conducted according to the PRISMA guidelines.

Literature search and selection criteria

A systematic search was conducted in the Embase, Medline and Cochrane databases with
search terms corresponding to ‘fluorescence-guided surgery’, ‘colorectal surgery’, and
‘colorectal cancer’. The search strategy was expanded with terms to identify articles report-
ing on vital structure imaging and colorectal metastases. Supplement 1 shows the search
strategies per database and its corresponding hits. The last search was conducted on Decem-
ber 21st, 2020. All articles were independently screened based on title and abstract by two
authors (HG and RM). Next, full article screening and reference screening was performed.
Inconsistencies were discussed with an additional author (DH). Regarding experimental fluo-
rescent agents, all clinical studies were included in the final reference list. Regarding ICG and
MB, the final reference list was generated based on the quality of the article and the amount
of scientific evidence available per subject. Articles on the following subjects were included:
fluorescence-guided surgery for CRC for the imaging of the primary tumour, lymph nodes,
metastases (peritoneal, liver, extra-abdominal), vital structures (nerve, ureter, urethra), and
perfusion (anastomosis, omentoplasty). Only articles in English and published after the year
2000 were considered.

Data extraction

The following data was extracted: tumour type, fluorescent agent, fluorescence imaging
application, (optimal) dose, (optimal) dosing interval, optimal TBR, sensitivity, specificity,
change in surgical management, and other outcomes.

Quality assessment

Quality assessment was performed for all studies assessing experimental fluorescent agents.
The Methodological index for non-randomized studies (MINORS score) was used for quality
assessment. A total score of 16 (for non-comparative studies) or 24 (for comparative studies)
could be obtained (7).

RESULTS

A total of 14 completed clinical studies (supplement 2) and 8 ongoing trials (supplement 3)
assessing experimental fluorescent agents for CRC surgery were identified. Figure 3 gives
an overview of all clinical applications of FGS for CRC, with the assessed fluorescent agents
(table 1). All 14 clinical studies regarding experimental fluorescence agents had a MINORS
score of 11 or higher (supplement 4).

25
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Imaging of the primary tumour and local recurrence

Achieving tumour-negative resection margins is of utmost importance in the surgical treat-
ment of CRC patients, as tumour-positive resection margins are associated with a significant
decrease in overall survival (2, 8). Tumour-positive resection margins are reported in 5% of
all colon cancer cases, but occur more frequently with increasing tumour stage, with an oc-
currence of up to 14% in T4 colon cancer (2). Moreover, in primary locally advanced rectal
cancer the proportion of tumour-positive resection margins is reported up to 28% (8). This
rate is even higher in patients with recurrent rectal cancer, where up to 50% tumour-positive
resection margins are reported (9). These high rates in recurrent rectal cancer are likely a con-
sequence of the distorted anatomy and treatment related fibrosis after previous resection
and (re-)neoadjuvant treatment. Tumour identification is challenging in these cases due to
the difficult distinction (both visual and tactile) between fibrosis and residual tumour tissue.

Preoperative endoscopic tattooing with India ink, a permanent marker injected distal to the
tumour, is the current standard of care for intraoperative tumour identification in CRC, with
an accuracy rate of 70-88% (10, 11). However, India ink can leak into the abdominal cavity
and thereby interfere with the surgical procedure.

Liver metastases
Rim fluorescence: ICG Peri
Full fluorescence: SGM-101 ICG, SGM-101,

Bevacizumab-800CW

(o] toplastic perfusion

Anastomotic perfusion ICG

ICG Ureter
ICG, MB, ZW800-1, IS-001,
IRDye-800BK

Nerve

Sentinel lymph node
ICG, HSA-800

Primary ti I'local recurrence

ICG, SGM-101, Bevacizumab-
800CW, cRGD-ZW800-1, ONM-100

B Figure 3. A schematic overview of all clinical applications of fluorescence guided surgery for colorectal
cancer
Abbreviations: ICG Indocyanine Green | MB: Methylene blue
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B Table 1. overview of all fluorescent agents used for colorectal cancer surgery and their optical properties

~Peak ~Peak

absorbance emission
Fluorescent Agent Molecular target Fluorophore wavelength wavelength  Reference
Bevacizumab- VEGF-A IRDye-800CW 778 nm 794 nm 21
800CW
CcRGD-ZW800-1 'G"Vtgg ins (avB6, avB3, 4y800-1 785nm 805-850nm 69
HSA800 na IRDye-800CW 778 nm 795 nm 21
ICG na ICG 780 nm 830 nm 5
IRDye-800BK na IRDye-800BK 774 nm 790 nm 72
1S-001 na 1S-001 780 nm 815nm 70
LUMO15 Cathepsins (K, L, S, B) Cy5 650 nm 675 nm 22
MB na MB 667 nm 685 nm 6
ONM-100 Metabolic acidosis*  1CG 780 nm 830 nm 5
SGM-101 CEA BM-104 685 nm 705 nm 19
ZW800-1 na ZW800-1 785 nm 805-850nm 69

*Activated in a tumour-specific PH-environment
Abbreviations: VEGF-A vascular endothelial growth factor alpha | nm nanometre | ICG indocyanine green | MB
methylene blue | CEA carcinoembryonic antigen | na not applicable

In 2009, the first NIR fluorescence imaging technique to identify the primary tumour in CRC
was introduced by injecting ICG peritumoural via endoscopy. It has a high tumour identifi-
cation rate (100%) and minimal adverse events (12, 13). However, a major drawback is the
relatively rapid clearance of ICG, as detection rates tend to decrease two to seven days after
injection (12). Therefore, patients must undergo an additional endoscopy in the week before
surgery, in contrast to the conventional injection of India ink that can be administered at
the initial, diagnostic colonoscopy. Because of these drawbacks, peritumoural ICG injection
has not been widely implemented for tumour identification. Moreover, this technique will
not improve the tumour-negative resection margin rates because it does not differentiate
between tumour tissue and benign surrounding tissue, nor does it enable the detection of
additional lesions. A potential solution is the use of fluorescent agents that specifically bind
to tumour cells.

The number of tumour-targeted fluorescent agents has substantially increased in the past
two decades. The use of these agents is aimed to achieve complete tumour resection. This
should lead to a decrease in the number of tumour-positive resection margins, detection of
additional lesions and avoid unnecessary removal of benign tissue. To quantify fluorescence
intensity, most studies use the signal-to-background ratio (SBR) or tumour-to-background ra-
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tio (TBR). This is a ratio of the mean fluorescence intensity of the tumour and the surrounding
tissue (background). A TBR of at least 1.5 and preferably 2.0 is deemed sufficient for tumour
identification. Currently, four tumour-targeted fluorescent agents have been tested in early
phase clinical studies for CRC and have shown promising results: SGM-101, cRGD-ZW800-1,
bevacizumab-800CW, and ONM-100 (14, 18).

SGM-101 consists of a monoclonal antibody targeting the carcinoembryonic antigen (CEA)
bound to the fluorophore BM-104 (19). A phase Il study of 37 patients showed an intraop-
erative TBR of 1.9. Importantly, based on fluorescence assessment, the surgical plan was
changed in 9 (24%) patients. In 7 patients, fluorescence led to resection of malignant lesions
that were not identified with white light only. In two patients, clinically suspected but non-

fluorescent tissue was proven to be benign, which resulted in a less extensive resection

(18). These promising results have led to the initiation of 2 phase Ill trials using SGM-101
(NCT03659448, NCT04642924).

B Fig. 4. Fluorescence imaging results of primary colon cancer.
Intraoperative fluorescence imaging result of an adenocarcinoma of the ascending colon (TBR 1.6) using
cRGD-ZW800-1. Imaging was performed using the Quest Spectrum laparoscopic imaging system. It shows an
image in white light (A), near-infrared (B) and merge of Aand B (C).

cRGD-ZW800-1 is a cyclic pentapeptide (cRGD) conjugated to the 800 nm zwitterionic NIR
fluorophore ZW800-1. It targets various integrins that have been shown to be overexpressed
on colorectal tumour cells. In the first-in-human study, 12 colon cancer patients were
included. Intraoperative fluorescence imaging of the primary tumour was feasible in both
open and minimal invasive surgeries (figure 4). The highest mean TBR of 1.6 was found in the
highest dosing of 0.05 mg/kg (15).

Bevacizumab-800CW consists of a monoclonal antibody targeting vascular endothelial
growth factor A (VEGF-A), bound to IRDye800CW*” !, Bevacizumab-800CW has been studied
in eight rectal cancer patients (16). During back table fluorescence assessment of the resec-
tion margins on the surgical specimen, a tumour-positive margin was correctly identified
in one out of two patients. In the six patients with a tumour-negative resection margin, one

(17%) showed a false-positive signal.
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ONM-100 is a pH-activatable fluorescent agent that exploits the metabolic microenvironment
of solid tumours (17). It does not bind to specific tumour receptors but is activated in the
acidic tumour environment. It is a conjugation of a pH-sensitive nanoparticle to ICG, which
becomes fluorescent in environments with a pH below 6.9. Thirty patients were studied
with this agent, of which three underwent surgery for CRC. All three CRC patients showed a
sharply demarcated fluorescent signal during back table imaging. Currently, a phase Il study
using ONM-100 is ongoing in which patients undergoing surgery for CRC are also included
(NCT03735680).

A phase /1l trial will be conducted using LUMO015, a novel PEGylated protease-activated
fluorescent imaging agent targeting cathepsins, which play a crucial role in mammalian cell
turnover (22). The first results of this study, which focuses on intraoperative imaging of CRC,
are expected in 2021 (NCT02584244).

Altogether, these early phase clinical trials have shown that tumour-targeted fluorescence im-
agingis a feasible addition to CRC surgery. The fluorescent agents detected most of the known
tumours and SGM-101 even detected additional lesions, which were not detected in white
light. To assess the impact on patient related outcomes, future studies should focus on clinical

endpoints like tumour-negative resection margin rate and change in surgical management.

Imaging of the sentinel lymph node

Adequate lymph node staging in CRC patients is crucial; it is an important prognostic feature
and determines the need for (neo)adjuvant chemotherapy and/or radiotherapy. The sentinel
lymph node (SLN) may be crucialin nodal staging, asitis defined as the first lymph node drain-
ing the tumour and is believed to be the first place for lymphogenic metastases. Moreover,
onein three patients with stage | and Il colon cancer, who are staged as lymph node-negative,
still develop distant metastases (23). This might be a consequence of understaging by histo-
pathology, due to lymph nodes with occult malignant cells and micrometastases. Currently, a
single paraffin embedded slide per lymph node is reviewed during routine histopathological
analysis, increasing the chance of missing tumour cells away from the slide’s cutting edge.
More extensive histopathological analysis of all resected lymph nodes would improve nodal
staging, but this process is time-consuming and expensive (24). Extensive analysis of only the
SLN is feasible, and thus unfolds a niche for SLN mappingin CRC. Moreover, tumour-negative

SLNs create an opportunity for endoscopic or local resection of early stage tumours (25).

A reason for the absence of SLN mapping in the routine treatment of CRC patients might be
a consequence of so-called skip metastases that are reported in up to 22% the patients (26).
In these cases, malignant cells are absent in the SLN, but present in other regional lymph
nodes. Moreover, the use of blue dye for SLN mapping in CRC appears limited due to its
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minimal depth penetration in the mesocolic and mesorectal fat (27). Therefore, the interest
in fluorescent dyes, especially the peritumoural injection of ICG, has increased. These fluo-
rescent dyes have already shown to be of additional value for the identification of complete
lymph drainage patterns, including aberrant flow (28, 29). Nevertheless, the identification of
only the SLN would be a valuable addition.

Various techniques have been used in studies assessing fluorescence-guided SLN mapping
in CRC. Agent administration and SLN mapping can be performed before or during the pro-
cedure (in vivo) or after resection (ex vivo). Although ex vivo imaging might be easier to adapt
in the current surgical or pathological workflow, it has drawbacks. Most importantly, ex vivo
injection of an agent and identification of the SLN lacks the possibility of finding SLNs in
patients with aberrant lymph node drainage patterns (30). Another technical consideration is
the site of injection. For in vivo SLN mapping, submucosal injection is done endoscopically,
prior to surgery. Alternatively, subserosal injection can be performed during surgery, which
in laparoscopic surgery demands transcutaneous needle placement. Submucosalinjection is
preferred over subserosal injection because of better accuracy of injection near the tumour

and easier endoscopic needle positioning (31).

ICG is the only fluorescent dye that has been reported for in vivo SLN mapping in CRC with
cohorts up to 48 patients and success rates of SLN detection ranging from 65.5 to 100% (31-
35). The accuracy of this technique seems to diminish with increasing tumour stage (34, 36).
Which is most likely a result of the distorted drainage patterns caused by transmural growth
of advanced tumours.

Ex vivo SLN mapping facilitates the use of experimental agents, like HSA800 (IRDye 800CW
conjugated to human serum albumin). HSA800 has shown a potential advantage over ICG, due
to its bigger hydrodynamic diameter that results in better retention in the SLN (37). HSA800
has demonstrated successful identification of the SLN in 95-100% of 96 patients (38-40).

Despite high fluorescence-guided SLN identification rates, the SLN itself was associated with
a relatively low negative predictive value (74 - 100%) in general, mainly as a result of high
false-negative rates (when the SLN did not contain tumour tissue, but other regional lymph
nodes did) (31-35, 38, 39). This can be a result of the occurrence of skip metastases (26).

Correct staging is essential for treatment planning in CRC patients and may be improved with
SLN mapping. A patient is upstaged when no tumour deposits were seen during conventional
histopathology of all lymph nodes, but the SLN showed malignant cells at advanced histo-
pathological analysis using serial sectioning and immunohistochemistry. SLN mapping with
ICG and subsequent advanced histopathology resulted in upstaging in 6-23% of the patients
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(31-33). Although plausible, it is yet unknown whether upstaged patients with micrometa-

static lymph nodes will benefit from subsequent neoadjuvant treatment.

Overall, it can be concluded that fluorescence-guided identification of the SLN is feasible
and potentially of additional clinical value. However, a wide variety of techniques for fluo-
rescence-guided SLN identification are currently used. It is recommended to first determine
the optimal agent, injection technique and patient population. The high false-negative rate
(tumour-negative SLN with tumour-positive regional nodes) remains a major drawback for
SLN mappingin CRC in general. Nevertheless, its value in terms of upstaging and the conse-
quence of adjuvant treatment seems enough reason to further explore this field.

Imaging of distant metastases

Peritoneal metastases

Approximately 10% of all CRC patients develop peritoneal metastases during the course of the dis-
ease (41). In the past, this diagnosis was considered non-curable with a median overall survival of
approximately 12 months (42). These survival rates have improved with the introduction of cytore-
ductive surgery followed by intraoperative hyperthermic intraperitoneal chemotherapy (HIPEC) (3,
43). Studies have shown that in particular complete cytoreduction plays a major role as it prolongs
the long-term survival of patients with peritoneal metastases (3). However, identification of small
peritoneal lesions can be challenging, especially after previous abdominal surgery or neoadjuvant
therapy with subsequent fibrosis. An accurate PCl is essential as this score plays a crucial role in the
decision to perform a HIPEC procedure or not (44). Fluorescence imaging can potentially lead to

more complete cytoreductive surgery by more accurately identifying peritoneal lesions.

Intravenous injection of ICG and subsequent fluorescence imaging of peritoneal metastases
is primarily based on the enhanced permeability and retention (EPR) effect. The EPR effect
is dependent on the porous nature of tumour vasculature and the extended circulation of
the fluorescent agent, leading to accumulation in the tumour (45). ICG is administered at
the start of the surgical procedure and has shown good intraoperative imaging of peritoneal
metastases, which has led to a modification of the surgical plan in 4 out of 14 patients (29%)
solely based on the fluorescence assessment (46). Nevertheless, the authors reported limited
ability to assess fluorescence in areas with high physiological ICG accumulation such as the
liver, as well as a sensitivity of 0% in patients with mucinous tumours (46). Moreover, neoad-
juvant treatment resulted in a higher false-negative rate (53.8% vs. 42.9%) and lower sensitiv-
ity (65.0% vs 76.3%) compared to patients who did not receive neoadjuvant treatment (47).

To date, two tumour-targeted agents have been used for in vivo detection of peritoneal
metastases in CRC: bevacizumab-800CW and SGM-101. Bevacizumab-800CW was the first
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tumour-targeted fluorescent agent that was reported to yield promising results, identifying
additional peritoneal metastases in two out of seven (29%) patients (48). Similar results were
achieved in a study with SGM-101, where fluorescence imaging led to a change in PClin 5 out
of 12 (42%) patients (figure 5). Four patients had a higher PCl and one patient a lower PCl, all
confirmed by histopathology (49). It is noteworthy that both studies reported a high false-
positive rate (38% and 47%, respectively). This could be a result of non-specific localisation of
the fluorescent agent or autofluorescence of collagen-rich structures and calcifications (50).

One clinical trial is currently ongoing using LUMO015, including patients with peritoneal
metastases of gastrointestinal cancer, ovarian cancer, and mesothelioma (NCT03834272).
The aforementioned phase Ill study with SGM-101 will also include patients with peritoneal
metastases (NCT03659448).

The feasibility of fluorescence-guided detection of peritoneal metastases has been demon-
strated, allowing for detection of peritoneal deposits and potentially also of occult lesions.
This is especially valuable knowing that treatment success is primarily determined by com-
plete cytoreduction.

Liver metastases

Over the course of the disease, 20 - 30% of CRC patients develop liver metastases (CRLM)
(51). Complete resection of these metastases is an important treatment option, with posi-
tive resection margins being associated with a two- to three-fold decrease in 5-year survival
compared to negative margins. However, positive resection margins occur in approximately
13% of patients (52). In the past, the hepatic surface was palpated for superficial lesions during
surgery. With minimal invasive surgery this has become challenging. Nowadays, preoperative
magnetic resonance imaging (MRI), computed tomography (CT) and intraoperative ultrasound
(IOUS) are the most frequently used imaging modalities for the identification of CRLM (53).
Fluorescence imaging offers surgeons another tool for detecting CRLM. It is suitable for detect-
ing small superficial metastases (up to eight mm deep), but also for resection margin assess-
ment. Intravenous ICG doses between 10 - 50 mg are described with injection windows of 1 - 14
days prior to surgery (54). After intravenous injection, ICG is exclusively cleared by the liver.
Immature hepatocytes, located at the transition zone between healthy and malignant liver
cells, are unable to excrete ICG into bile due to down-regulation of anion transporters, resulting
in an accumulation of ICG. This causes CRLM to show a rim of fluorescence (figure 6) (55).

Various studies have reported on fluorescence imaging with ICG for the detection of occult
CRLM, but none were randomised (55-57). In one systematic review, six out of nine studies re-
ported a sensitivity exceeding 94% (54). Furthermore, when fluorescence imaging was added
to conventional imaging, extra metastases were found and resected in 20 out of 148 patients
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(13.5%). Tumour-targeted fluorescence identification of CRLM was previously reported in
one study using SGM-101. SGM-101 provided visualisation of all 12 malignant lesions in eight
patients with a mean in vivo TBR of 1.7 (58).

It is widely debated if additional resection of small superficial CRLM improves overall
survival. One study has retrospectively assessed (disease-free) survival of 86 patients after
ICG-guided resection of CRLM (59). Significantly more additional lesions were found when
fluorescence-guided resection with ICG was added compared to standard care (25% vs. 13%,
p=0.04). However, this was not associated with a significant decrease in local recurrence-free
survival (HR: 0.74; 95% ClI: 0.42 - 1.28), and overall survival (HR: 0.94; 95% Cl: 0.50 - 1.76).

Besides detection of CRLM, fluorescence imaging can also be used for margin assessment and
aidingintumour delineation for CRLM resection. Two small case series with a total of 52 patients
achieved 100% tumour-negative resection margins using ICG to determine the precise tumour
border (56, 57). Recently, a systematic workflow was proposed to detect or prevent tumour
positive margins in CRLM surgery (60). In a selected group of eight patients with initial tumour
positive resection margins, the surgeons were able to correctly identify seven out of eight
positive margins by using the proposed surgical workflow. The currently ongoing prospective
MIMIC-trial will assess whether this surgical workflow can lead to a decrease of tumour-positive
resection margins in 186 patients with CRLM (Netherlands trial register: NL7674).

Fluorescence imaging with ICG has been demonstrated to improve intraoperative detection
of CRLM. It can also be used for margin assessment and aiding in tumour delineation for
CRLM resection. Future trials must confirm this potential and demonstrate whether this

technique will improve patient survival.

Figure 5. Fluorescence imaging result of colorectal peritoneal metastases

Intraoperative fluorescence imaging result of peritoneal metastases of a mucinous carcinoma with signet
ring cell differentiation (TBR 1.8) using SGM-101. Imaging was performed using the Quest Spectrum open
imaging system. It shows an image in white light (A), near-infrared (B) and merge of A and B (C)
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B Figure 6. Fluorescence imaging result of a liver metastasis
A colorectal liver metastasis showing clear ‘rim fluorescence’ after intravenous injection of 10 mg indocyanine
green 24 hours prior to surgery. Imaging was performed using the Quest Spectrum open imaging system.

Extra-abdominal metastases

A feasibility study with SGM-101 to identify colorectal lung metastases is currently recruiting
(NCT04737213). A similar study with SGM-101 to identify colorectal brain metastases will be
conducted soon (NCT04755920).

Imaging of vital structures

Ureters

latrogenic ureteral injury is a severe complication in abdominal surgery and has an incidence
of up to 5.7% in colorectal surgery. Surgeries on the distal colon and rectum bear the highest
risk for ureteral injury (61). Depending on the time of diagnosis, location, and extent of the
injury, treatment ranges from minimal invasive transurethral procedures to complex surgical
reconstruction. Consequences of (undiagnosed) iatrogenic ureteral injury include kidney
failure, sepsis, ureteral stenosis, urinoma, and fistulas (62). The ureter is usually identified
through visual inspection and palpation, which can be difficult due to its retroperitoneal lo-
cation. The introduction of minimal invasive surgery in the last decades has further increased
this challenge (61). Intraoperative fluorescence imaging can guide the surgeon in identifica-
tion of the ureter, which could result in less ureteral injury. ICG and MB have both been stud-

ied for ureteral identification. Due to the hepatic clearance of ICG, retrograde intra-ureteral
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injection is needed, which makes ureteral identification with ICG a complex procedure (63).
Successful ureteral identification using ICG is reported in 94 - 100% of procedures (63-65).
As MB is cleared renally, intravenous injection is possible for intraoperative identification
of ureters. Outcomes of intravenous MB administration for ureteral identification show vari-
able results (66-68). Fluorescence of the ureters is reported in 50 - 100% of cases and usually
between 10 - 90 minutes after injection of MB. Optimal visualisation is achieved with doses
between 0.5 mg/kg and 1.0 mg/kg. Most important, in most cases, the ureter could only be
identified with fluorescence after it was already adequately identified in white light, thus the
clinical benefit was minimal. Overall, MB appears to be suboptimal for ureteral identification.

To date, three experimental fluorophores have been used in clinical studies to image the
ureter: ZW800-1, 1S-001, and IRDye800BK (69-71). These experimental fluorophores are all
fluorescent dyes with peak emission around 800 nm. ZW800-1 is a zwitterionic molecule that
shows low non-specific binding and is exclusively renally cleared. ZW800-1 was intravenously
administered during abdominopelvic surgery in 12 patients. Using ZW800-1, all ureters be-
came fluorescent within 10 minutes, without dissecting the peritoneum (69). The SBR was
2.7 in the group with 2.5 mg throughout the first hour. The ureters remained visible with
NIR during the whole procedure, with the longest procedure being over 3.5 hours. The first
clinical study assessing the safety and efficacy of 1S-001 included 24 patients who under-
went laparoscopic gynaecological surgery™. The ureters could be identified in all patients,
the highest SBR (3.6) was observed with a dose of 20 mg. Signal intensity decreased rapidly
over time, with the peak SBR occurring 30 minutes after injection. The third experimental
fluorescent dye that was studied for ureter identification is IRDye800BK, a hydrophilic dye
(72). In this trial, the optimal dose of 0.06 mg/kg was administered in 25 patients (71). In all
patients, the ureter was visualised within ten minutes. After 90 minutes the ureter was still
visible in 89% of the patients. Currently, another clinical trial is ongoing using IRDye800BK,
including 40 patients undergoing laparoscopic surgery. (NCT03387410)

ZW800-1, 1S-001, and IRDye-800BK appear suitable for ureter identification with NIR fluo-
rescence imaging and have advantages over MB and ICG. Future clinical trials are needed
to confirm the promising early results of these experimental fluorescent agents. However,
large sample sizes are required for such studies due to relatively low incidence of iatrogenic
ureteral injury. Therefore, phase Il studies should focus on patients with high risk for intra-
operative ureteral injury.

Urethra

Besides ureteral injury, the urethra is also at risk for injury during pelvic surgery. Perineal
dissection in (low) rectal surgery is an especially high-risk step for urethral injury. One clini-
cal study with urethral administration of ICG during prostatectomies in 12 patients has been
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published (73). No intraoperative urethra injury occurred. In another study, ICG was injected
in the urethra during a transanal total mesorectal excision in one patient, resulting in suc-
cessful identification of the urethra (74).

Nerves

Sexual and urological dysfunction due to iatrogenic nerve injury are complications of
rectal surgery, significantly affecting quality of life. Up to 79% of the patients undergoing
rectal surgery acquire some sort of sexual or urological dysfunction (75). The hypogastric,
splanchnic, and levator ani nerves are at risk during (colo)rectal surgery™. Nerve targeted
fluorescence-guided surgery has the potential to improve nerve identification, and therefore
preventinjury. Although promising pre-clinical results of nerve specific fluorescence imaging
have been reported, the translation to clinical studies has yet to be made (77-79). The main
difficulties include fluorescent agents not being able to pass the nerve-blood barrier, and

relatively high nonspecific uptake of nerve targeted agents by fat and muscle (79).

Imaging of perfusion

Anastomotic perfusion

Anastomotic leakage is one of the most severe complications in CRC surgery. It often requires
additional surgical or radiological intervention, leading to a prolonged hospital stay. Anas-
tomotic leakage is reported up to 13% of patients undergoing CRC surgery with subsequent
mortality rates of up to 27% (80, 81). Poor bowel perfusion is thought to play an important
role in anastomotic leakage. ICG fluorescence-angiography can provide real-time feedback of
bowel perfusion and aid the surgeon in determining the optimal location for the anastomo-
sis. ICG doses between 2 - 20 mg have been reported (82, 83). In general, bowel perfusion can
be assessed within 60 seconds after intravenous injection.

Over the years, several cohort studies have been published on the effect of ICG fluorescence
angiography use on anastomotic leakage. Studies specifically addressing colonic anastomo-
ses are sporadic and fail to show a significant decrease in anastomotic leakage rates when
using ICG fluorescence angiography84, 85. More data has been reported on rectal surgery.
Song et al. published the most recent and complete meta-analysis on rectal anastomoses in-
cluding 2088 patients from nine retrospective studies (86). Their pooled analysis showed an
odds ratio for anastomotic leakage of 0.34 (95% Cl: 0.22 - 0.52) in favour of ICG fluorescence
angiography over standard of care.

Recently, the first randomised controlled trials (RCTs) on ICG fluorescence angiography
have been published. One study included 240 patients undergoing left-sided colon or rectal
resection and failed to show a significant difference in anastomotic leakage rate between



Fluorescence-guided surgery in colorectal cancer; a review on clinical results and future perspectives

the ICG fluorescence angiography group and the control group (5% vs 9%; p = 0.2) (87). The
second study investigated the value of ICG fluorescence angiography on the occurrence of
anastomotic leakage in 377 patients undergoing sigmoid or rectal resection. A significantly
lower anastomotic leakage rate was found in the ICG fluorescence angiography group (9.1%
vs 16.3%; p = 0.04) (88). However, this difference was predominantly based on the occur-
rence of anastomotic leakage grade A, which does not alter patient management (89). Thus,
minimal clinical benefit was demonstrated as no difference was observed in the number
of re-operations or the length of postoperative hospital stay. The third RCT also failed to
report a significant decrease of anastomotic leakage in the ICG fluorescence angiography
group compared to the control group (9.0% vs 9.6%; p = 0.37) (90). It should be noted that the
pre-determined sample size was not achieved due to a decrease in accrual rates. More RCTs
have been registered that will include similar or higher amount of patients (NCT02598414,
NCT04012645). Noteworthy are the INTACT-trial and the AVOID-trial, both planning to include
up to 1000 patients (ISCRN: 13334746, NCT04712032). Also, the prospective IMARI trial is as-
sessing a series of interventions, including ICG fluorescence angiography, and its influence
on anastomotic leakage in rectal cancer surgery (Netherlands trial register: NL8261).

In conclusion, ICG fluorescence angiography has potential in the prevention of anastomotic
leakage in a safe and simple way. Pooled analysis of cohort studies has demonstrated that
ICG fluorescence angiography reduces anastomotic leakage, but high-quality evidence is
currently lacking. RCTs with inclusion up to 1000 patients are currently ongoing and might
provide with the answer if ICG fluorescence angiography prevents anastomotic leakage in
CRC surgery.

Omentoplastic perfusion

Perineal wound bed complications occur in almost 50% of the patients undergoing abdomi-
noperineal resection (APR) and carry major morbidity (91). Omentoplasty can be performed
for the prevention and management of these complications. It is hypothesised that the trans-
ferred omentum prevents dead space formation, has an anti-inflammatory and antibacterial
effect, and provides excellent vascularisation to the wound bed (92). However, its clinical
benefit in rectal cancer surgery has been disputed. A meta-analysis of 1894 patients showed
that omentoplasty did not reduce the risk of postoperative presacral abscesses or perineal
complications (93). ICG fluorescence angiography of the transferred omentum was recently
assessed in a pilot study (94). Remarkably, ICG fluorescence angiography led to a change in
surgical management in 80% of the patients. A follow up study by the same group showed a
decrease in pelviperineal non-healing in the ICG group compared to the control group (22%
vs 42%; p=0.051) (95). However non-significant, this study showed a trend towards improved
outcomes after ICG fluorescence angiography guided omentoplasty. The reported alteration
of the surgical plan in 80% of cases suggests that ‘standard’ omentoplasty is vulnerable to
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poor omental perfusion. Further research on ICG fluorescence angiography for omentoplasty

is therefore warranted.

DISCUSSION AND FUTURE PERSPECTIVES

NIR fluorescence-guided surgery is a rapidly evolving technique with various clinical ap-
plications in CRC surgery. This review provides an overview of the clinical applications of
all fluorescent agents for CRC surgery. ICG, the nonspecific FDA/EMA approved fluorescent
agent is already used in a variety of clinical applications of which CRLM resection and ICG
fluorescence angiography show the most potential. However, no unequivocal benefits
in relevant outcome measures have yet been reported. Over the past years, promising ex-
perimental fluorescent agents (targeted and non-targeted) have been investigated. These
agents could potentially improve intraoperative fluorescence imaging, ultimately leading
to improved detection of tumour tissue, vital structures, and vascularisation. Improving
intraoperative detection of tumour could not only lead to more complete resections, but
can also lead to better patient selection, as unnecessary surgery could be prevented if the
disease is found to be too advanced. On the other hand, false-positive lesions would lead
to unnecessary resection of healthy tissue which makes tumour-binding specificity of the

fluorescent agent crucial.

Quantification of the fluorescence signal is challenging, with numerous factors such as scat-
tering, absorption, camera angulation and distance, and background light influencing the
signal intensity (96). The latest studies on ICG fluorescence angiography for the prevention
of anastomotic leakage focus on less subjective perfusion assessment by analysing time-
dependent inflow parameters (97, 98). Real-time quantification of the fluorescence signal of
tumour-targeted agents, aiding surgeons in deciding whether tissue is malignant or not, has
not been reported yet. Most clinical studies report the SBR (or TBR) and change in surgical
management as the main parameters in early phase studies. Eventually, trials should report
on clinically significant events such as the tumour-negative resection margin rate, detection
of occult lesions, surgical complications, and (disease free) survival (99).

Nowadays, a variety of fluorescence camera systems is available in clinical practice. It is
important to keep in mind that these camera systems can influence imaging results (21). This
also counts for the difference between open- and laparoscopic cameras. Most laparoscopes
that are currently clinically available are optimised for ICG at 830 nm. This wavelength is
slightly too high for optimal imaging of most experimental fluorescent agents, which have
peak emission wavelengths around 800 nm (table 1). Therefore, there is a need for high-
quality laparoscopes that are optimised for imaging of specific tumour-targeted fluorescent
agents. Fluorescence imaging could account for the lack of tactile feedback in minimal
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invasive surgery, as it has the potential to improve visualisation of vital structures (e.g.
the ureter, nerves) and tumours. Moreover, fluorescence imaging can be integrated in the
laparoscopic field with an overlay view, which is an advantage over open surgery, where an
additional handheld camera is needed. Especially in rectal surgery, in the conically shaped
(male) pelvis, difficulties are experienced with optimal positioning due to the size of most
open cameras. A laparoscope is much smaller and therefore easier to manoeuvre towards an
optimal imaging angle.

CONCLUSION

In conclusion, the field of fluorescence-guided surgery is rapidly evolving with already
several clinical applications in CRC surgery. ICG is widely used, and its use appears to be
beneficial in specific applications. Many experimental fluorescent agents have been devel-
oped and several of these agents are currently being assessed in late phase clinical studies.
The most promising applications of these experimental fluorescent agents in CRC surgery
are distinguishing between fibrotic and tumour tissue after neo-adjuvant treatment, improv-
ing the rate of tumour-negative resection margins in locally advanced and recurrent rectal
cancer, detection of occult metastases in cytoreductive surgery for peritoneal metastases,
and ureteral imaging in high-risk cases. An essential next step for the implementation of
these agents in clinical practice is to show direct patient benefit in terms of change in surgical

management, surgical complications, recurrence-free survival, and overall survival.
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SUPPLEMENTARIES

Supplement 1: search strategies per database and the corresponding hits after removal of duplicates

Database

Full search strategy

Embase (1123 articles)

Medline (198 articles)

Cochrane (73 articles)

(‘fluorescence guided surgery’/de OR ((‘fluorescence angiography’/de OR
‘fluorescence imaging system’/de OR ‘indocyanine green angiography’/

de OR ‘indocyanine green’/de OR ‘near infrared spectroscopy’/exp OR ‘near
infrared imaging system’/de OR ‘“fluorescence imaging’/de) AND (‘surgery’/

exp OR surgery:lnk OR ‘laparoscope’/exp)) OR (((fluorescen* OR indocyanine-
green* OR ICG OR near-infrared* OR near-infra-red*) NEAR/9 (surg* OR operat*
OR intraoperat* OR resect* OR microsurg* OR laparoscop*))):ab,ti,kw) AND
(‘large intestine tumour’/exp OR ‘large intestine cancer’/exp OR ‘large intestine
carcinoma’/exp OR ‘colorectal surgery’/exp OR ‘ureter’/de OR ‘ureter injury’/

de OR ‘ureter surgery’/exp OR ‘urethra’/exp OR ‘urethra injury’/de OR ‘urethra
surgery’/exp OR ‘peripheral nerve’/de OR (((rect* OR colorect* OR colon* OR
appendi* OR anal* OR anus OR cecum OR caecum OR large-intestin* OR sigmoid*
OR bowel*) NEAR/3 (carcinoma* OR neoplas* OR tumour* OR tumour* OR
cancer* OR surger* OR resect*)) OR ureter* OR urethr* OR (nerve* NEAR/3 (imag*
OR detect* OR locali*))):ab,ti,kw) NOT (conference abstract)/lim AND (english)/lim

(((Fluorescein Angiography/ OR Optical Imaging/ OR Indocyanine Green/ OR
Spectroscopy, Near-Infrared/) AND (exp Surgical Procedures, Operative/ OR
surgery.fs. OR Laparoscopy/)) OR (((fluorescen* OR indocyanine-green* OR ICG
OR near-infrared* OR near-infra-red*) ADJ9 (surg* OR operat* OR intraoperat*
OR resect* OR microsurg* OR laparoscop*))).ab,ti,kf.) AND (exp Colorectal
Neoplasms/ OR Colorectal Surgery/ OR Urethra/ OR Ureter/ OR Peripheral
Nerves/ OR (((rect* OR colorect* OR colon* OR appendi* OR anal* OR anus OR
cecum OR caecum OR large-intestin* OR sigmoid* OR bowel*) ADJ3 (carcinoma*
OR neoplas* OR tumour* OR tumour* OR cancer* OR surger* OR resect*)) OR
ureter* OR urethr* OR (nerve* ADJ3 (imag* OR detect* OR locali*))).abti,kf.) NOT
(letter* OR news OR comment™ OR editorial* OR congres* OR abstract* OR book* OR
chapter® OR dissertation abstract*).pt. AND english.lg.

((((fluorescen* OR indocyanine-green* OR ICG OR “near-infrared*” OR “near-infra-
red*”) NEAR/9 (surg* OR operat* OR intraoperat® OR resect* OR microsurg* OR
laparoscop*))):ab,ti,kw) AND ((((rect* OR colorect* OR colon* OR appendi* OR
anal* OR anus OR cecum OR caecum OR large-intestin* OR sigmoid* OR bowel*)
NEAR/3 (carcinoma* OR neoplas* OR tumour* OR tumour* OR cancer* OR surger®
OR resect*)) OR ureter* OR urethr* OR (nerve* NEAR/3 (imag* OR detect* OR
locali*))):ab,ti,kw)
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ABSTRACT

Laryngeal cancer is a prevalent head and neck malignancy, with poor prognosis and low
survival rates for patients with advanced disease. Treatment consists of unimodal therapy
through surgery or radiotherapy in early staged tumours, while advanced stage tumours are
generally treated with multimodal chemoradiotherapy or (total) laryngectomy followed by
radiotherapy. Still, the recurrence rate for advanced laryngeal cancer is between 25 and 50%.
In order to improve surgical resection of laryngeal cancer and reduce local recurrence rates,
various intraoperative optical imaging techniques have been investigated. In this systematic
review, we identify these technologies, evaluating the current state and future directions of
optical imaging for this indication. Narrow-band imaging (NBI) and autofluorescence (AF) are
established tools for early detection of laryngeal cancer. Nonetheless, their intraoperative
utility is limited by an intrinsic inability to image beyond the (sub-)mucosa. Likewise, contact
endoscopy (CE) and optical coherence tomography (OCT) are technically cumbersome and
only useful for mucosal margin assessment. Research on fluorescence imaging (FLI) for this
application is sparse, dealing solely with nonspecific fluorescent agents. Evidently, the imag-
ing modalities that have been investigated thus far are generally unsuitable for deep margin
assessment. We discuss two optical imaging techniques that can overcome these limitations
and suggest how they can be used to achieve adequate margins in laryngeal cancer at all
stages.
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INTRODUCTION

With almost 40,000 cases in Europe in 2018 (1), laryngeal cancer is the second most com-
mon malignancy of the head and neck region. Early diagnosis and adequate preoperative
assessment increase the likelihood to cure disease while preserving functionality. Outcomes
for patients with early stage (T1 and T2) tumours are favourable, with cure rates of 80-90%
(2,3). More advanced staged laryngeal squamous cell carcinoma (SCC) have been reported to
have recurrence rates ranging between 25 and 50% (4). These tumours are associated with
loss of laryngeal function and poor prognosis, with 5-year survival rates dropping to 40% for
patients with stage IV disease (2).

In head and neck cancer, margin status remains one of the most important factors for local
recurrence and overall survival, demonstrating the need to improve surgical resection. In
patients undergoing (total) laryng(-opharyng)ectomy, inadequate margins are clearly associ-
ated with poor survival (5,6). In patients that are treated with laser surgery (generally early
stage laryngeal cancer), the relationship between resection margin and patient outcome is
less evident. Numerous studies on laryngeal cancer produce inconsistent results with regards
to margin status and local control or relapse rate (7-10). This is caused by both post-resection
and fixation shrinkage of the tissue specimen and cauterization artefacts associated with la-
ser carbonization, which hamper an adequate histological evaluation of the surgical margins
in those cases (11). Consequently, a positive margin on the tissue specimen may not always
indicate that there are residual tumour cells in the wound bed (12).

Importantly, it was clearly demonstrated that tumour-positive additional wound bed biop-
sies, taken after transoral CO2 laser microsurgery (TLM) of laryngeal cancer, significantly im-
pacted local control (12). This findingillustrates that there is a clear clinical need forimproved
intraoperative margin assessment during laser surgery. Extensive wound bed sampling is no
good alternative because this only allows analysis of a fraction of the wound bed, making it
prone to sampling error. In addition, margin adequacy cannot be determined from sampling
the wound bed. When a total laryng(-opharyng)ectomy is performed in advanced stage
laryngeal cancer, a specimen-driven analysis of the surgical margins will likely be better, as
has been shown in similar cases of oral cancer surgery (13, 14). Ideally, margin status would
be assessed during surgery through less invasive and more thorough inspection measures.
Improved intraoperative margin assessment may also facilitate more conservative resection
during partial laryngectomies and prevent superfluous biopsies, which are important con-
siderations in improving final functional outcome and organ preservation (11).

The surgeon’s ability to distinguish between malignant and healthy tissue during laryngeal
surgery remains suboptimal, elucidating the need for objective intraoperative tools for mar-
gin assessment that facilitate both specimen and wound bed evaluation. Optical imaging has
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long been investigated and implemented for the early diagnosis of laryngeal cancer. Over the
years, a number of these imaging modalities have been suggested as intraoperative tools
to facilitate real-time enhanced visualization of resection margins (15, 16). This systematic
review provides an overview of the intraoperative imaging modalities that have been studied
to improve surgical resection of laryngeal tumours.

MATERIALS AND METHODS

This systematic review is reported according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (see PRISMA 2020 checklist, Supplementary Table S2), and was
registered in the PROSPERO database for systematic reviews (CRD42020187479).

Literature Search and Study Selection

A systematic search was conducted in the Embase, Medline, Web of Science Core Collection,
Cochrane, and Google Scholar databases. A search strategy was constructed using the terms
‘laryngeal cancer’ and ‘intraoperative imaging’. Supplementary File S1 shows the full search
strings per database. The last search was conducted on October 26,2020. Based on the title and
abstract, all clinical studies concerning intraoperative imaging techniques in laryngeal cancer
surgery and diagnosis were included. Only journal articles in English with the full text available
were considered. Next, articles were screened on full text for final inclusion. Articles that did not
explicitly describe imaging techniques for margin assessment during laryngeal cancer surgery
were excluded. Screening on title and abstract and on full text was done by two independent
authors (L.J.L. and H.A.G.). Disagreements were discussed with a third author (S.K.).

Data Extraction

The following data were extracted from Tables and text: imaging technique, application of
imaging technique (image guided resection and wound bed assessment), T-stage, surgical
procedure, negative margin definition, negative margin rates, extra resection rate, patient-
related outcomes (recurrence rate, disease specific survival, recurrence free survival), and
diagnostic outcomes (sensitivity, specificity, positive predictive value, and negative predic-

tive value).

Quality Assessment

The ‘methodological index for non-randomized studies’ (MINORS) was applied to all studies
in the final inclusion (17). The MINORS is a validated methodological index for non-random-
ized studies in which the included studies are rated on 8 (non-comparative studies) or 12
items (comparative studies). All items can obtain a score between 0 and 2 points. A 0 points
score indicates that it was not reported in the article, 1 point if it was inadequately reported,
and 2 points if it was adequately reported. Hence, a maximum score of 16 (non-comparative
studies) or 24 points (comparative studies) could be obtained.
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RESULTS

Through the search strategies, 4128 articles were identified. A total of seven additional arti-
cles were found through snowballing. After removing duplicates, 2644 articles were screened
on title and abstract. Then, 68 articles were screened on full text and 19 articles were in-
cluded for qualitative assessment in the systematic review. After careful consideration, the
contributions from articles with a MINORS score of 4 and lower were deemed of insufficient
quality, and were excluded from the systematic review. This additional screening resulted in
18 studies for final inclusion. Supplementary 2 shows the PRISMA flow diagram. All studies
were non-randomized studies. Study characteristics and main outcomes are shown in Table
1. These studies reported on the following imaging techniques: narrow-band imaging (10),
autofluorescence (3), fluorescence (2), contact endoscopy (2), and optical coherence tomog-
raphy (1). MINORS index from the included articles ranged from 5 to 19. The full MINORS of

the included articles is shown in Supplementary 3.

Intraoperative Narrow-Band Imaging

Narrow-band imaging (NBI) is an endoscopic technique that uses selective light wavelengths
to visualize the abnormal vascular patterns of the mucosa associated with premalignant or
neoplastic lesions. NBI uses optical filters to select blue and green light (wavelengths of 415
and 540 nm, respectively). Narrow-band blue light, because of its low penetration depth, high-
lights mainly the mucosal surface, making subjacent capillaries appear brown. At the same
time, the narrow-band green light with its higher penetration depth, allows it to enhance
visibility of vessels in the submucosa, making them appear dark green (Figure 1A, 2A-B).

The value of NBI during the diagnostic phase for early detection of laryngeal cancer and its
precursor lesions is undisputed (35). Various studies have demonstrated that a combination
of NBI and white light (WL) endoscopy is superior to WL alone for its diagnostic capability
(35-39). Ni et al., for example, reported a diagnostic accuracy of 91% for NBI, compared with
71% for standard endoscopy (38). Detection sensitivity of laryngeal cancer and its precur-
sor lesions in particular is increased in multiple studies, with values ranging between 95
and 100%, confirming its ability to easily distinguish (pre)malignant from benign lesions
(22,35-40). NBI has been reported to identify malignant lesions that were missed by WL
alone (26,39), and, conversely, has also been reported to reduce the amount of suspicious
lesions compared to WL (36). NBI is redundant for diagnosing advanced tumours, as those
can be adequately visualized with conventional WL endoscopy. Nevertheless, NBI can still
define tumour borders with a diagnostic gain of 11% (37), which is an important quality when
considering NBI for intraoperative margin assessment.
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A.NBI B. AF C.NIR FLI

_415nm__540nm _ _ -400-525nm_ _650 - 900 nm

emission

mucosa
submucosa

B Figure 1. Schematic representation of fluorescence based imaging working principles.

(A) Narrow-band imaging (NBI): NBI light consists of two wavelengths: 415 nm blue and 540 nm green light.
The blue light penetrates the mucosa, increasing contrast in these capillaries (appearing brown), whereas the
green light reaches the submucosa, visualizing the vasculature in these deeper layers (appearing dark green).
(B) Autofluorescence (AF) imaging: When ex-posed to blue light, healthy laryngeal mucosa emits green fluo-
rescence, whereas neoplastic mucosa emits both light of lower energy (red-violet) and heat. (C) Near-infrared
(NIR) fluorescence imaging (FLI): When exposed to NIR light, previously administered fluorophores emit light
of a wavelength, which is specific to the fluorophore (e.g., excitation and emission wavelengths for ICG: ~780
and 820 nm, respectively). Penetration depth of light in the NIR spectrum ranges from 0.5 to more than 10 mm,
contingent to the wavelength.

The value of NBI during the diagnostic phase for early detection of laryngeal cancer and its
precursor lesions is undisputed (35). Various studies have demonstrated that a combination
of NBI and white light (WL) endoscopy is superior to WL alone for its diagnostic capability
(35-39). Ni et al., for example, reported a diagnostic accuracy of 91% for NBI, compared with
71% for standard endoscopy (38). Detection sensitivity of laryngeal cancer and its precur-
sor lesions in particular is increased in multiple studies, with values ranging between 95
and 100%, confirming its ability to easily distinguish (pre)malignant from benign lesions
(22,35-40). NBI has been reported to identify malignant lesions that were missed by WL
alone (26,39), and, conversely, has also been reported to reduce the amount of suspicious
lesions compared to WL (36). NBI is redundant for diagnosing advanced tumours, as those
can be adequately visualized with conventional WL endoscopy. Nevertheless, NBI can still
define tumour borders with a diagnostic gain of 11% (37), which is an important quality when

considering NBI for intraoperative margin assessment.
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Current intraoperative imaging techniques to improve surgical resection of laryngeal cancer

Beyond the diagnostic phase, NBI holds a lot of promise for achieving more accurate margin
delineation during TLM for early glottis cancer (Table 2, 3) (41). It has been re-ported that
NBI was able to, statistically, significantly reduce (3,18,19,23,25), or completely prevent, the
occurrence of positive superficial margins (20,21). Overall, two studies re-ported the detec-
tion of additional lesions that were not seen with WL alone (20,21). Additionally, four studies
show significantly lower recurrence rates and better recurrence-free survival (RFS) with NBI
as compared to WL alone (3,20-22). The majority of studies conclude superiority of NBI over
WL endoscopy in patients with early laryngeal cancer, with Klimza et al. suggesting that
the added value of NBI is higher in T2 tumours, as compared to T1 tumours (20). Then, one
study included 3 patients with advanced (T3-T4) cancer, without differentiating the results
according to tumour stage (25). Despite the anatomical restraints present in the resection
of advanced laryngeal tumours, Sifrer et al. reported a significantly higher rate of resection
margins that were initially tumour negative in patients treated with NBI compared to their
historical control group, comprising all patients previously operated by the same surgeon,
before availability of NBI instrumentation (23). The proportion of patients with T3 or T4 stage
tumours, however, was not specified. Piersala et al. evaluated intraoperative NBI in patients
with T2-T3 cancer, successfully achieving more accurate superficial resection margins (21).
Finally, Zwakenberg et al. recently re-ported that they were able to identify tumour extent
by an increase of 5.7% with NBI com-pared to WL (P = 0.02) (26). Nonetheless, these findings
were not biopsy confirmed. Additionally, while this study reported inclusion of patients with
Tcis-T4 tumours, the proportions were left unspecified and outcomes were not correlated
with the tumour stage.

Overall, NBI was found to modify intraoperative decision-making in several ways: better
visualization of tumour borders led to more secure resection margins, detection of additional
lesions prompted additional biopsies, and NBI-led upstaging resulted in changes to the
surgical plan (24). With its established position in current clinical practice for early diagnosis
of laryngeal cancer, NBI is the most prominently featured modality in research of optical
modalities for intraoperative margin detection. An important benefit of NBI is that it is not a
labelling technique requiring exogenous agents, therefore side effects or complications are
of no concern, nor does it require laborious agent development. Nevertheless, NBI is specifi-
cally suited to identification of superficial carcinomas due to their aberrant vascular pattern,
thus limited to detection of mucosal margins (8, 42).
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B Table 2. Narrow-band imaging (NBI) trial data.

Negative
margin Patient-related
n=(NBI/ rate NBI outcome NBI  Diagnostic outcome Other findings
Article T-stage WL) (vs. WL) (vs. WL) NBI (vs. WL) related to NBI
Fiz (3) Tis-T2  311/323 50% (30%)  RFS: 83.9% nr nr
(78.9%) DSS:
98.7% (98.8%)
Garofolo (18) Tis-Tla 82/152 96.4% nr nr nr
(76.3%)
Hainarosie (19) nr 23/23 98% (58.8%) nr nr nr
Klimza (20) T1-T2 44/na 100% Local nr Additional lesions not
recurrence: 3/44 seen with WL
(6.8%)
Piersiala (21) T2-T3 98/na 100% Local NBI+WL: Sens: 100% Additional lesions not
recurrence: 5/98 Spec: 98.88% PPV:  seen with WL in 10.2%
(5%) 90% NPV: 100% of patients
Accuracy: 98.98%
Plaat (22) Tis-T2  42/51 nr Local nr nr
recurrence: 2%
(24%) Two-year
RFS: 98% (82%)
Sifrer (23) T3-T4 1l4-aug  88.9% nr NPV: 95.9% (88.4%) nr
(70.9%)
Srivastava (24) Tis-T2  30/na nr nr nr Upstaging TNM class
Vicini (25) T1-T4  T-apr 87.9% nr Sens: 72.5% Spec:  nr
(57.9%) 66.7% NPV: 87.9%
Zwakenberg  Tis-T4  89/89 nr nr Sens: 95% Spec: 82% 5.7% increase in
(26) PPV: 87% NPV: 92% identified tumour
Accuracy: 89% extent with NBI
compared to WL (P
=0.02)

! Percentage of negative resection margins obtained with NBI (vs. with WL). Abbreviations: nr = not reported;
na = not applicable; WL = white light; NBI = narrow-band imaging; RFS = recurrence-free survival; DSS =
disease-specific survival; Sens = sensitivity; Spec = specificity; PPV = positive predictive value; NPV = negative
predictive value.



Current intraoperative imaging techniques to improve surgical resection of laryngeal cancer | 65

White light Imaging

B Figure 2. Clinical examples of fluorescence-based imaging modalities in laryngeal cancer.

(A) White light image of cT1a laryngeal squamous cell carcinoma of the anterior third of the right vocal fold
and its presumptive resection margins (dotted line) compared to (B) Narrow-Band Imaging (NBI), showing
thick dark spots typically associated with carcinoma in situ. The planned superficial resection margins of
type Il cordectomy (A) were extended on the basis thereof (B). (C) White-light laryngoscopy demonstrating a
bulging small squamous cell carcinoma of the right vocal fold with extension from the anterior commissure
to the vocal process. (D) Autofluorescence (AF) laryngoscopy shows a reddish-violet fluorescence of the can-
cerous right vocal fold and green fluorescence of the normal mucosa. (E) Protoporphyrin IX accumulates in
the cancerous tissue demonstrating a bright orange-red fluorescence signal during indirect laryngoscopy. A
and B are adapted and reproduced from Garofolo et al. (18), by permission of SAGE Publications, Inc. C-E are
adapted and reproduced from Arens et al. (43), by permission of Springer Nature.
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INTRAOPERATIVE AUTOFLUORESCENCE IMAGING

Autofluorescence (AF) is the natural fluorescence emission of tissue when exposed to light of a
suitable wavelength (Table 3). AF is based on the common presence of intrinsic biomolecules
acting as endogenous fluorophores (44). Upon illumination, the electrons of a fluorophore
are elevated to a higher energy level. The fluorophore is unstable in this ex-cited state, and
will rapidly revert to a slightly lower, more stable energy level by expelling heat. With some of
the energy already released, the emitted light has a longer wavelength and is of lower energy
than that of the illuminating light (15).

The fundamental principle of AF is related to changes in tissue morphology, optical proper-
ties, and the concentration of endogenous fluorophores in tissue as a result of neoplasia.
When exposed to blue light, healthy laryngeal mucosa emits green fluorescence, whereas
neoplastic mucosa fluoresces red-violet (Figure 1B, 2C-D). The advantage of AF over conven-
tional WL endoscopy stems from the fact that (pre)malignant lesions can be differentiated
from normal tissue because of decreased AF (15,16,45). AF has previously been widely evalu-
ated for the early diagnosis of laryngeal cancer (46), demonstrating demarcation of tumour
borders and high sensitivity compared to standard technique (97.5 vs. 82.5%) (47).

In total, three clinical studies evaluate the intraoperative benefit of AF for margin assessment.
Succo et al. reported high sensitivity and specificity (96.8 and 98.5%), stating an improve-
ment in diagnostic accuracy over WL alone in 12 out of 73 cases (16.4%) (29). Paczona et al.
performed a more extensive excision based on AF in 2 of 10 cases, and re-ported a sensitivity
and specificity of 97.4 and 60%, respectively (28). In 2006, Fielding et al. reported the finding
of additional malignant lesions in 5 out of 48 patients with laryngeal cancer, noting that AF
may have potential for detecting unknown primaries and limiting the amount of sites requir-

ing biopsies (27).

These studies suggest that direct AF can have a positive impact on disease-free survival and
local control. However, more substantive studies are warranted to examine the added benefit
of AF for more discrete identification of tumour presence, or positive margin reduction. AF is
limited to examination of surface tissues. The illuminating light does not penetrate diseased
epithelium, so that neoplastic changes within the basal mucosal layer may be hidden by
epithelial hyperkeratosis. The presence of necrosis, scar tissue, bleeding, and inflammation

can alter mucosal fluorescence in an unpredictable manner (15).

Intraoperative Fluorescence Imaging

Fluorescence Imaging (FLI) is an emerging optical modality that facilitates intraoperative
guidance aimed at complete resection of tumour tissue (48). After systemic administration of



Current intraoperative imaging techniques to improve surgical resection of laryngeal cancer

a fluorescent agent and an appropriate dispersion time interval, FLI is per-formed real-time
using an intraoperative camera system (Figure 1C, 2C, E).

The application of FLI for intraoperative margin detection in laryngeal cancers is thus far
underexplored. A 2004 trial reported a sensitivity of 96% for 5-aminolevulinic ac-id-induced
protoporphyrin-IX (5-ALA Pp-IX) fluorescence in the control of pharyngo-laryngeal cancer
(30). In this study including 13 patients with T1-T2 laryngeal cancer, Pp-IX fluorescence better
visualized the borderline of superficial neoplastic tissue, facilitating more precise diagnosis
and excision.

The attenuating effects of light scattering, non-specific autofluorescence and absorption are
relatively low for fluorescence in the near-infrared (NIR) range (49). In a study on the use of
intravenous administration of NIR agent indocyanine green (ICG) for therapeutic lymph node
dissection, Digonnet et al. briefly described primary tumour examination 3 patients with
laryngeal cancer, reporting a fluorescent signal in 2 patients (31). FLI with tumour-specific
NIR fluorescent agents has not yet been investigated in laryngeal cancer (Table 3).

Contact Endoscopy

Contact endoscopy (CE) is a technique that allows for in vivo visualization in cellular detail.
After staining superficial cells of the mucosa with methylene blue, a microscopic endoscope
is placed in direct contact with the surface, providing images of the suspected area at x60
or x150 magnification (Figure 3A-B, Table 3). Contact laryngomicroscopy is a non-invasive
method capable of obtaining detailed information of cells and blood vessels in the live epi-
thelium without biopsy, distinguishing malignant from benign tissue. CE has been shown to
detect post-radiotherapy residual and recurrent cancer in the upper aerodigestive tract with
similar sensitivity and specificity compared to in non-irradiated tissues (50).

CE has been studied for the detection of microscopic margins during surgery in 10 patients
with early glottic SCC, yielding histopathologically confirmed complete excision (negative
margins defined as = 2 mm) by Dedivitis et al., without local recurrence after a minimum
follow-up period of 5 years (32). This survival benefit in early laryngeal cancer patients is
promising, but needs confirmation from larger scale, adequately powered studies. A more
recent study in 43 patients with T1-T2 vocal fold carcinoma finds a similar, if slightly lower,
negative resection rate for CE compared to frozen sections after histopathological examina-
tion of paraffin sections: 92 vs. 98.3% (33). While these results are indicative of its reliability for
early laryngeal cancer, studies including patients with advanced laryngeal lesions are absent.
Additionally, CE requires topical staining and is associated with considerable instrumenta-
tion costs, requires a steep learning curve for the interpretation of the vascular network, and
is solely capable of characterizing the superficial layers of the mucosa (51).
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normal tumor

wE

CE

OCT | i

B Figure 3. Clinical examples of contact endoscopy (CE) and optical coherence tomography (OCT) in laryn-
geal cancer.
(A) Normal vascular network of the vocal fold in CE. (B) Vascular network of the vocal fold
carcinoma in CE. (C) OCT image of healthy portion of larynx. (D) OCT image of exophytic tumour
of larynx. A and B were adapted and reproduced from Stefanescu et al. (CC BY 4.0) (33). C and D
were adapted and reproduced from Sergeev et al. (CC BY 4.0) (52).

B Table 3. Working principles and clinical usability of all imaging techniques for intraoperative margin as-
sessment in laryngeal cancer.

Clinical usability for intraoperative

Imaging Technique  Working principle margin assessment: pros (+) and cons (-)
Narrow-band NBI uses blue (415 nm) and green (540 nm) + widely studied + provides real-time
Imaging (NBI) light corresponding with the main peak information
absorbance of hemoglobin, to enhance +does not require exogenous agents
visibility of mucosal and submucosal +can be used to scan large surfaces for
capillaries, respectively. occult tumours

+suitable for mucosal margin delineation
(pre-resection)

- not suitable for deep margin assessment
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Clinical usability for intraoperative

Imaging Technique  Working principle margin assessment: pros (+) and cons (-)
Autofluorescence AF detects changes in tissue morphology ~ + provides real-time information
(AF) and optical properties as a result of + does not require exogenous agents
neoplasia. Using blue light, AF can +can be used to scan large surfaces for
differentiate between healthy and occult tumours
neoplastic laryngeal mucosa.
- not suitable for deep margin assessment
Fluorescence FLI uses a systemically administered +suitable for deep margin assessment (i.e.,
Imaging (FLI) fluorescent agent that ‘targets’ tumour wound bed inspection)
cells over healthy cells. A dedicated + provides real-time information
camera system is required to detect these  + can be used to scan large surfaces for
fluorescent agents, facilitating real-time occult tumours
image-guided surgery. + Near-infrared (NIR) FLI has high
penetration depth (up to 10 mm)
- requires administration of fluorescent
agents
- tumour-specific fluorescent agents have
not been studied in laryngeal cancer yet
Contact Endoscopy  After staining of superficial mucosal + suitable to detect residual or recurrent
(CE) cells with methylene blue, a microscopic cancer after radiotherapy
endoscope is placed in direct contact with
the surface, distinguishing tumour from - not suitable for deep margin assessment
healthy cells in vivo. - requires topical staining
- requires direct tissue contact
- steep learning curve for image
interpretation
Optical Coherence  OCT is based on changes in refractive index + provides real-time information
Tomography (OCT)  of tumour cells, by detecting light that is +does not require exogenous agents

Raman Spectroscopy
(RS)

backscattered off tissue boundaries. It is
thus capable of imaging cross-sectional
anatomy at high resolution in living tissue.

RS uses spectral differences between
normal and malignant tissue, and is
capable of near-instant, accurate and non-
invasive analysis of a tissue’s molecular
composition.

- maximum penetration depth of ~2 mm
- requires direct tissue contact

+ able to characterize tissues other than
mucosa

+ suitable for deep margin assessment
+ high specificity

+does not require exogenous agents

- limited to point measurements

- requires direct tissue contact

- does not provide real-time information
(although near-instant)

- Intraoperative RS for margin assessment
in laryngeal cancer has not been studied
yet
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Optical Coherence Tomography

Optical coherence tomography (OCT) is the optical counterpart of ultrasound, and is capable
of imaging cross-sectional anatomy at high resolutions in living tissue (Figure 3C-D, Table 3).
OCT is based on changes in refractive index, by detecting light that is backscattered off tissue
boundaries (15). It is a noninvasive imaging method that allows in vivo use, provides real
time information, and does not cause any side effects.

OCT has only been studied for intraoperative margin assessment during TLM by Shakhov et
al. in 26 patients with early laryngeal carcinoma (34). While they reported tumour margins
extending beyond those seen with WL alone, no data were provided on diagnostic accuracy.

DISCUSSION

There is a paucity of trials that analyze intraoperative imaging as a surgical adjunct during
procedures for laryngeal cancer. The diagnostic value of NBl and AF in early laryngeal cancer
is known. Their intraoperative application as an aid in defining surgical margins has not yet
been studied as extensively, with most data available on NBI in this setting. As NBI visual-
ization is limited to microvascular changes of the (sub)mucosa, evaluation of deep margin
infiltration is impossible. Nevertheless, some recent studies report encouraging results of
intraoperative NBI in patients with moderate-advanced laryngeal tumours. Distinct from
intraoperative margin assessment, an interesting application for NBI is the follow-up of
patients with early to moderate stage glottic cancer after curative treatment. Witkiewicz et
al. recently reported that NBI after TLM is a good predictor of margin positivity, supporting
clinical decision-making regarding the need for second-look surgery (53). NBI during outpa-
tient transnasal endoscopy was found to be an excellent follow-up tool of laryngeal cancer
patients after radiotherapy to screen for recurrent dis-ease (54). Still, caution is warranted in
the interpretation of NBl images. Post-radiotherapy nonspecific inflammation often presents
as brownish spots similar to those that are typical for early cancer, and may thus be mistaken
for recurrence (39,55). More clinical studies are required to make conclusive statements
about NBI for TLM of moderate-advanced laryngeal tumours. AF has been demonstrated to
be useful in early laryngeal cancer detection, although intrinsic mucosal fluorescence can
unpredictably be altered by numerous tissue properties (15).

Both OCT and CE are associated with various technical impracticalities. CE requires topical
staining and is only able to clearly image the superficial layers of the epithelium (45). Previ-
ous ex vivo and probe-based in vivo diagnostic efforts using OCT for laryngeal cancer have
demonstrated the technique’s performance in distinguishing normal from cancerous tissue
(52,56-59). Nevertheless, its maximum penetration depth of ~2 mm restricts its use to pe-
ripheral margin assessment. This inherent limited applicability likely explains the apparent
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shortage of studies using AF, OCT, and CE for intraoperative mar-gin assessment in the larynx.
This systematic evaluation of imaging techniques for intraoperative margin assessment
reveals a prevailing incompatibility of the studied modalities in their utility for advanced
stage laryngeal cancer, primarily attributable to imaging depth limitations. Furthermore, our
assessment based on the MINORS criteria has revealed that the methodology and scientific
evidence of a sizable portion of included studies are of suboptimal quality (Table S1). In view
of this apparent research gap, it may be useful to investigate other, more widely applicable
imaging techniques to improve surgical resection of both early and advanced laryngeal

cancer.

Although only 2 studies employing FLI for margin assessment were identified, laryngeal
cancer surgery might be amenable to the more prevailing developments in FLI. An important
advantage of FLI is that it can be used to scan large surfaces. In addition to the possibil-
ity to image fluorescence at considerable depths and tissues other than the mucosa, FLI is
thus ideally suited for wound bed inspection and detection of clinically occult lesions. An
interesting area to explore for FLI would be to identify suitable tumour-specific tracers for
intraoperative imaging of early to advanced laryngeal cancer (60). Previous re-search on the
diagnostic value of FLI for laryngeal cancer is scarce, and, thus far, only features 5-ALA and
ICG (46,61,62). While these agents are easily available and approved by the U.S. Food and
Drug Administration (FDA), they are both nonspecific. Furthermore, 5-ALA-induced Pp-IX
fluorescence is outside the NIR-range, such that the signal is prone to significant interference
due to the tissue’s optical characteristics (30). The compatibility of FLI with CO2 laser surgery
in head and neck cancer was recently validated by Odenthal and colleagues (63). In vitro and
preclinical results from this study suggest the effective-ness of fluorescence-guided surgery
(FGS) using NIR dyes. Moreover, they demonstrated that laser cauterization and its associ-
ated autofluorescence are unlikely to interfere with the fluorescence signal of the injected
tumour-specific tracer. Additionally, FLI for intraoperative margin assessment in head and
neck cancers is currently a prolific field of research, with numerous phase I/l trials on oral
cancer completed and ongoing (Figure 4) (64-67). Oral cancer is well-suited to FGS, as the
oral cavity is easily accessible to the NIR camera. However, with the rapidly evolving FLI
cameras it is only a matter of time before FGS can be adopted to treat a wider variety of can-
cers. This notwithstanding, tumour-specific FLI is still under development and not without
pitfalls. Signal processing for FLI is complex, and objective evaluation and quantification of
both fluorescence and its influencing factors is challenging (49). Development of suitable
fluorescent agents is costly and time-consuming, with a lot of work left before regulatory
approval and clinical implementation can be realized. Altogether, yet undiscovered potential
for FLI in laryngeal cancer surgery at all stages is strongly hinted at, encouraging dedicated
research for this indication.
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As per the confines of this systematic review, there currently is no real-time application for
Raman spectroscopy (RS) in margin assessment of laryngeal cancer. However, its demon-
strated potential for both in and ex vivo tissue discrimination is worth noting. RS is a tech-
nique based on spectral differences between normal and malignant tissue, and is capable of
near-instant, accurate, and non-invasive analysis of a tissue’s molecular com-position (Table
3). In oral cancer specimen, water concentration analysis with RS has been demonstrated
to objectively localize tumour borders (68). The capacity of RS to differentiate tumour from
healthy cells has been thoroughly demonstrated using laryngeal tissue samples, producing
significant differences in Raman spectra between malignant and normal tissue (69-72).
Bergholt et al. were the first to demonstrate the feasibility of RS in transnasal endoscopic ap-
plications (73). In their 2012 study, they acquired near-instant information of the endogenous
biomolecular tissue composition from the larynx in healthy subjects, using a fiber-optic Ra-
man probe. In 2016, Lin et al. conducted a similar study for in vivo probe-based RS during
endoscopic examination, reporting improved diagnosis (74). In a recent study of Stimulated
Raman Scattering (SRS), Zhang et al. demonstrate the efficacy of deep-learning based SRS
microscopy for margin assessment through simulated resection margins on completely
removed larynx specimen (75). Contrary to NBI and AF, RS is able to characterize tissue other
than the mucosa. This is an important advantage allowing for post-resection assessment of
tumour extension in the deep plane (8). Nonetheless, RS is limited to point measurements,
requiring direct tissue contact. As wide-field imaging isimpossible, RS cannot be employed to
screen for occult lesions and second primary tumours, and resection guidance and complete
wound bed inspection are not currently feasible. The strength of RS lies in its application for
specimen-driven margin assessment, at uniquely high specificity.

Conclusions

The demonstrated effectiveness of NBI in the early diagnosis has led to reasonable evidence
for its application in intraoperative margin detection, although inclusion of patients with
T3-T4 laryngeal cancer is rare. An important disadvantage remains the technique’s intrinsic
inability to image structures other than the (sub-)mucosa. Similar limitations hold for AF,
OCT, and CE. Finally, FLI has scarcely been studied for intraoperative margin assessment
in laryngeal cancer. Indeed, one might need to consider optical imaging advancements in
adjacent anatomical regions and similar applications to gain insight into which modalities
warrant further exploration in achieving adequate margins. NIR FLI with tumour-specific
fluorescent agents and RS are emerging technologies that overcome many of the limitations
associated with NBI, AF, CE, and OCT. With evidence supporting their value in assessing tu-
mour depth infiltration, we believe it is worthwhile to pursue their clinical development for
margin assessment in laryngeal cancer.
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Tumor in vivo Wound bed Excised specimen

White light

Fluorescence

B Figure 4. Fluorescence imaging using pH-activatable nanoprobe ONM-100 in head and neck squamous cell
carcinoma of the tongue.

In vivo (A,B,D,E) and ex vivo (C,F) visualization of high fluorescence signal in the tumour and low
fluorescence signal in tumour-free margin and wound bed. Adapted and reproduced from Voskuil
etal. (CCBY 4.0) (67).
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SUPPLEMENTARIES

Supplementary 1 - Search Strategy

Database

Full search strategy

Embase
(2146
references)

Medline
(140 references)

Web of Science
Core Collection
(156 references)

(‘epiglottis tumour’/exp OR ‘larynx tumour’/exp OR ‘larynx’/exp OR (((epiglott* OR larynx* OR
microlaryng* OR laryng* OR glott* OR postcricoid* OR subglot* OR supraglot* OR vocal-cord*)
NEAR/6 (cancer* OR carcinoma* OR tumour* OR tumour* OR neoplas* OR papilloma* OR
granuloma* OR lesion* OR malignan* OR premalignan* OR leukoplak* OR dysplas* OR surg*
OR operat*))):ab,ti,kw) AND (‘narrow band imaging’/de OR ‘autofluorescence’/de OR ‘Raman
spectrometry’/de OR ‘coherent anti Stokes Raman spectroscopy’/de OR ‘fluorescence’/de OR
‘confocal microscopy’/exp OR ‘fluorescent dye’/de OR ‘white light’/de OR (((narrowband* OR
narrow-band*) NEAR/3 (imag*)) OR autofluorescence* OR auto-fluorescence* OR intrinsic-
fluorescence* OR native-fluorescence* OR ((fluorescen* OR imag*) NEAR/3 guided) OR ((light*
OR optical* OR molecular*) NEAR/3 (imag*)) OR near-infrared OR tracer* OR target* OR dye*
OR probe* OR raman* OR confocal* OR ((contact*) NEAR/3 (endomicroscop* OR microscop*®
OR endoscop*))):ab,ti,kw) AND (‘intraoperative period’/de OR ‘intraoperative monitoring’/

de OR ‘surgery’/exp OR ‘surgery’:Ink OR ‘laryngoscopy’/exp OR (intraoperativ* OR intra-
operativ* OR intrasurg* OR surg* OR real-time* OR margin* OR microsurg* OR laryngoscop*
OR microlaryngoscop*):ab,ti,kw)

(Laryngeal Neoplasms/ OR Granuloma, Laryngeal/ OR (((epiglott* OR larynx* OR microlaryng*
OR laryng* OR glott* OR postcricoid* OR subglot* OR supraglot* OR vocal-cord*) ADJ6
(cancer* OR carcinoma* OR tumour* OR tumour* OR neoplas* OR papilloma* OR granuloma*
OR lesion* OR malignan®* OR premalignan* OR leukoplak* OR dysplas* OR surg* OR
operat*))).ab,ti,kf.) AND (Optical Imaging/ OR Narrow Band Imaging/ OR autofluorescence/
OR Fluorescence/ OR Microscopy, Confocal/ OR Fluorescent Dyes/ OR (((narrowband* OR
narrow-band*) ADJ3 (imag*)) OR autofluorescence* OR auto-fluorescence* OR intrinsic-
fluorescence* OR native-fluorescence* OR ((fluorescen* OR imag*) ADJ3 guided) OR ((light*
OR optical* OR molecular*) ADJ3 (imag*)) OR near-infrared OR tracer* OR target* OR dye*

OR probe* OR raman* OR confocal* OR ((contact*) ADJ3 (endomicroscop* OR microscop* OR
endoscop*))).abti,kf.) AND (exp Intraoperative Period/ OR Monitoring, Intraoperative/ OR exp
Surgical Procedures, Operative/ OR surgery.fs. OR Laryngoscopy/ OR (intraoperativ* OR intra-
operativ* OR intrasurg* OR surg* OR real-time* OR margin* OR microsurg* OR laryngoscop*
OR microlaryngoscop*).ab,ti,kf.)

TS=(((((epiglott* OR larynx* OR microlaryng* OR laryng* OR glott* OR postcricoid* OR
subglot* OR supraglot* OR vocal-cord*) NEAR/5 (cancer* OR carcinoma* OR tumour*

OR tumour* OR neoplas* OR papilloma* OR granuloma* OR lesion* OR malignan* OR
premalignan* OR leukoplak* OR dysplas* OR surg* OR operat*)))) AND ((((narrowband* OR
narrow-band*) NEAR/2 (imag*)) OR autofluorescence* OR auto-fluorescence* OR intrinsic-
fluorescence* OR native-fluorescence* OR ((fluorescen* OR imag*) NEAR/2 guided) OR ((light*
OR optical* OR molecular®) NEAR/2 (imag*)) OR near-infrared OR tracer* OR target* OR dye*
OR probe* OR raman* OR confocal* OR ((contact*) NEAR/2 (endomicroscop* OR microscop*®
OR endoscop*)))) AND ((intraoperativ* OR intra-operativ* OR intrasurg* OR surg* OR real-
time* OR margin* OR microsurg* OR laryngoscop* OR microlaryngoscop*)))
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Supplementary 1 - Search Strategy (continued)

Database Full search strategy

Cochrane ((((epiglott* OR larynx* OR microlaryng* OR laryng* OR glott* OR postcricoid* OR subglot* OR
Central Register supraglot* OR vocal NEXT cord*) NEAR/6 (cancer* OR carcinoma* OR tumour* OR tumour*

of Controlled OR neoplas* OR papilloma* OR granuloma* OR lesion* OR malignan* OR premalignan* OR
Trials leukoplak* OR dysplas* OR surg* OR operat*))):ab,ti,kw) AND ((((narrowband* OR narrow

(54 references)

Other sources

NEXT band*) NEAR/3 (imag*)) OR autofluorescence* OR auto NEXT fluorescence* OR intrinsic
NEXT fluorescence* OR native NEXT fluorescence* OR ((fluorescen* OR imag*) NEAR/3 guided)
OR ((light* OR optical* OR molecular*) NEAR/3 (imag*)) OR “near infrared” OR tracer* OR
target* OR dye* OR probe* OR raman* OR confocal* OR ((contact*) NEAR/3 (endomicroscop*
OR microscop* OR endoscop*))):ab,ti,kw) AND ((intraoperativ* OR intra NEXT operativ* OR
intrasurg® OR surg* OR real NEXT time* OR margin* OR microsurg* OR laryngoscop* OR
microlaryngoscop*):ab,ti,kw)

»

“epiglottis|larynx|laryngeal cancer|carcinoma|tumour|tumour|neoplasm” “narrow band
imaging” |“optical|molecular imaging”|autofluorescence|“autolintrinsic|native fluorescence”
[tracer|target| dye|probe|raman|confocal intraoperative
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Identification

Screening

Eligibility

Included

Records identified through
database searching
(n=4128)

Additional records identified
through other sources
(n=7)

Records after duplicates removed

Records screened

Records excluded based
on title/abstract
(n=2576)

Full-text articles assessed

A 4

Studies included in
qualitative synthesis

Full-text articles excluded
(n=39)

- No outcomes reported (n=3)
- No full text (n=6)

- Article not in English (n=2)

- No intra-operative margin
assessment (n=18)

- No laryngeal cancer (n=9)

- Letter to the editor (n=1)

Studies included

Supplementary 2 -PRISMA flow diagram

Articles excluded based on
MINORS score (<4)
(n=1)
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Fluorescence-guided sentinel lymph
node detection in colorectal cancer
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ABSTRACT

Sentinel lymph node (SLN) mapping can be a valuable addition to the treatment of colorectal
cancer patients. Nevertheless, conventional lymph node mapping methods using blue dye
are limited due to inadequate depth penetration, and the use of a radiocolloid tracer has its
logistic hurdles. With near-infrared (NIR) fluorescence imaging, the SLN can be accurately
identified in most patients resulting in more accurate lymph node staging. Current technical
challenges and the low negative predictive value of the SLN withhold surgeons from its use
in daily practice.
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CONCEPT OF SENTINEL LYMPH NODE MAPPING

Adequate lymph node staging is important in colorectal cancer (CRC) treatment, as lymph
node metastases are an important determinant for patient prognosis and an indication for
adjuvant systemic treatment. The sentinel lymph node (SLN) is defined as the first group
of lymph node(s) draining a tumour. The identification, removal, and analysis of these
SLNs (SLN mapping) can therefore be of added value for the staging of CRC patients, and
subsequent treatment. SLN mapping was first described in 1960 for parotid cancer and is
nowadays standard of care in breast cancer and melanoma patients (1-3).

The SLN concept could also be of added value in CRC patients. Patients with stage | and I
diseases (with no lymph node involvement) still develop distant metastases in up to 30%
of cases (4). This could be the result of, among others, understaging of these patients due
to missed lymph nodes with occult tumour cells and micrometastases during routine
histopathological examination, or inadequate lymph node harvesting at the time of pri-
mary treatment. Routine histopathological examination currently exists of reviewing a single
paraffin-embedded slide per lymph node, with the chance of missing tumour cells away from
the slide’s cutting edge. Extensive histopathological analysis of all lymph nodes using serial
sectioning or reverse transcriptase polymerase chain reaction could result in more accurate
lymph node staging. However, both methods are expensive and time consuming (5-7). As
the SLN procedure identifies the lymph node(s) with the highest chance of containing me-
tastases, more extensive histopathological analysis of only these lymph nodes is feasible.
Furthermore, tumour-negative SLNs create an opportunity for local or endoscopic resection
of CRC, especially in early-stage tumours (8).

Conventional methods for SLN mapping include the use of either blue dye, a radiocolloid
tracer, or the combination of both (2, 3). The use of blue dye for SLN mapping in CRC is
limited due to inadequate depth penetration and the utilization of radiocolloid tracers has
some logistic hurdles (9). A nuclear medicine physician and an endoscopist are required for
tracer injection. Moreover, the gamma probe used for localization does not enable real-time
visualization. These shortcomings have increased the interest in novel techniques, such as
near-infrared (NIR) fluorescence imaging.

FLUORESCENCE-GUIDED SURGERY

NIR fluorescence imaging provides the surgeon with real-time information of the surgical
field and can aid in differentiation between malignant and healthy tissue during surgery (10).
NIR light (700-900 nm) is not visible to the human eye and has relatively deep (up to 10 mm)
tissue penetration. Human tissue itself has low autofluorescence in the NIR light spectrum,

resulting in a high signal-to-background ratio (11). NIR fluorescence-guided surgery requires
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two components: an NIR camera system and a fluorescent agent (Fig. 1). These NIR camera
systems are composed of an NIR excitation light source, collection optics (including opti-
cal filtration), and a camera that can detect emitted NIR light. These systems emit photons
with a specific wavelength, which are absorbed by the fluorescent agent. Electrons within
these agent’s molecules transit to an excited state and fall back to their ground state (Fig.
2). This will release the stored energy in an emitted photon with a longer wavelength than
the exciting light of the NIR camera system, the so-called Stokes shift. This emitted photon
is subsequently captured by the camera system. The camera output is usually displayed on
a monitor including a merged image of the fluorescence signal and the white light image.
Both the camera systems and fluorescent agents have shown great improvements in the last
decades and have resulted in the clinical use of NIR fluorescence for different purposes dur-
ing surgery (e.g., bile duct detection, tissue perfusion) (12-14).

NIR camera +
light source

Color-NIR overlay

NIR
fluorescent
agent

Fluorescent signal

visible + NIR
light

B Figure 1. Fluorescence-guided surgery.
NIR fluorescent agents are administered intravenously or locally. NIR fluorescence is visualized using a spe-
cialized imaging system for intraoperative imaging. The imaging system uses dedicated NIR excitation light
to excite the fluorophore. Collection optics, emission filters, and an image sensor capable of detecting NIR
fluorescence emission light. The NIR fluorescence signal is displayed on a monitor in the surgical theater. A
simultaneous white light image, which can be merged with the NIR fluorescence image, is desirable.
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Several dedicated NIR fluorescence imaging systems are clinically used for open, laparo-
scopic, and robotic surgery. On the other hand, only two fluorescent agents, indocyanine
green (ICG) and methylene blue, have been approved for clinical use by the US Food and Drug
Administration (FDA) and European Medicines Agency (EMA). Both are nontargeted fluores-
cent agents, meaning these agents do not bind to a specific target. ICG, first described in 1957
for the determination of cardiac output, is the most used agent for fluorescence-guided SLN
mapping in various cancer types and can also be used for the visualization of vital structures
(e.g., bile ducts), liver tumours, and assessment of tissue perfusion (14, 15).

S

Excited state

Excitation

W\~

Ground state —

Emission

N\

A
I
|
|
I
I
|
I
|

A e e e e . e

B Figure 2. Schematic overview of the principle of fluorescence.
A photon in the appropriate wavelength (excitation light) is absorbed by the fluorophore, elevating an elec-
tron to an excited state. When the electron transitions back to its ground state, a photon is emitted. This emit-
ted photon is of a longer wavelength and lower energy.

FLUORESCENCE-GUIDED SENTINEL LYMPH NODE DETECTION IN COLORECTAL
CANCER

While peritumoural injection of ICG is the most used technique for NIR fluorescence guided
SLN mapping, alternative fluorescent dyes have also been assessed (Fig. 3). In addition, dif-
ferent injection sites and variable timing of the injection have been investigated.

The injection site of ICG can be either subserosal or submucosal, with a slight preference
for the latter (16-18). The submucosa houses an important part of the intestinal lymphatic
system, which might improve the lymphatic uptake of the fluorescent agent from the tumour
surrounding tissue (19). Submucosal injection is performed prior to or during surgery, via
endoscopy. Subserosal injection, on the other hand, is performed intraoperatively by the sur-
geon. In minimally invasive surgery, this requires transcutaneous injection of the fluorescent
agent. Correct positioning of the needle and maintaining this position during injection of
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the fluorescent agent is easier with the submucosal technique and therefore leads to less
spillage of ICG (16, 17).
White Light Unfiltered Filtered
0] A Y "

B Figure 3. Intraoperative results of sentinel lymph node mapping using with indocyanine green.

Three patients (i - iii) demonstrating NIR fluorescence-guided sentinel lymph node mapping with indocyanine
green (A, a white light image; B, an NIR image without filter; and C, a filtered NIR image). (i) Two bright spots
in the mesocolon were identified in the filtered view, consistent with sentinel lymph nodes. (ii) A bright spot is
seen in the filtered view, consistent with a paraaortic sentinel lymph node. (iii) A bright spot is seen in the fil-
tered view, alongside the right iliac artery, consistent with a sentinel lymph node. The injection site of the rec-
tal tumour is clearly visible, as well as an efferent channel in the sigmoid mesentery which was found to lead
to another sentinel lymph node. Source: Reproduced by permission from Cahill, R. A., Anderson, M., Wang, L.
M., Lindsey, I., Cunningham, C., Mortensen, N. J. (2012) (40). Near-infrared (NIR) laparoscopy for intraoperative
lymphatic road-mapping and sentinel node identification during definitive surgical resection of early-stage
colorectal neoplasia. Surgical Endoscopy, 26(1), 197 - 204.

Timing of fluorescent dye administration and assessment has been assessed directly pre- or
intraoperatively (both referred to as in vivo), and postoperatively (ex vivo). In vivo administra-
tion has some practical drawbacks, particularly for the preferred submucosal injection. For
in vivo submucosal injection, an endoscopy in the operating room is required directly before
or during surgery, which poses a logistical challenge. Furthermore, bowel insufflation might
alter the surgical field and therefore hamper the surgical procedure. The alternative, ex vivo
imaging, is logistically simpler and enables the use of experimental agents. Ex vivo imaging
also has some disadvantages. Lymphatic flow may be disrupted after resection, and altering
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the surgical plan (i.e., perform a more limited resection) based on histopathological analysis
of the harvested lymph nodes is not possible. Moreover, ex vivo fluorescent agent injection
and lymph node identification does not facilitate identifying SLNs in patients with aberrant
lymph node drainage patterns (20).

Table 1 summarizes studies that describe fluorescence-guided SLN mapping in CRC pa-
tients. A procedure is defined as successful if one or more lymph nodes were identified by
fluorescence (the SLN). An upstaged patient is defined as a patient who was staged as NO
(all lymph nodes being tumour-negative) using conventional histopathology but showed
tumour-positive SLNs after additional extensive histopathological assessment of the SLNs.
These patients can consequently change from stage I or Il CRC to stage Ill. The percentage of
upstaged patients was calculated by dividing the number of upstaged patients by all lymph
node-negative patients before extensive histopathological assessment of the SLN.

In all studies, intraoperative identification of the SLNs was performed using ICG and this was
successful in most cases. Andersen et al. had a remarkably lower success rate of 65.5% in
their multicenter trial, with all other studies being single center (16). This could be explained
by a learning curve, which is suggested by Bembenek et al. to be more than 22 cases per
center, a number none of their centers had reached (9). The sensitivity of SLN identification
with ICG ranged from 0.33 to 1, and the negative predictive value was relatively low, with only
three (33%) studies reporting an NPV above 0.9.

91



92 | Chapter4

DS0J9SGNS = SS {IPSOINWIGNS = WS ‘SapoU

ydwiAj jaunuas = NS £430upd 03231 = DY {Uado = O {pa3Iodal Jou = 4u LanjpA aAIpald daripbaU = A\dN B)qpa1ddp jou = bu Didodsoipdp] = 7 fusaib sujupfdopui = 9 ‘urwingo
ubwiny = yH 495Up2 |p32240]02 = DY £8IUDD U0JO = ) SUOIIDIABIGQY "SaAiIpbau anJ) + spusiibd pabpisdn/sjusiind pabpisdn :sp pajpjnajpd s spuaipd pabpisdn jo abp
-ua24ad oy “Abojoy3pdoisiy paoubApD 10 NS dAIISOd-Inowny b 1nq ‘sapou ydwiAj Jjp jo Abojoyapdoysiy |pUOIUSALOI UO JUSWSAJOAUI JNOWNY OU Y2IM SUdIIDd SD paulyap 8
syuanod pabpisdn sainpadoid anippbau asipy pub aaizpbau an.y jo wins ay3 Aq sainpadoid anppbau anJj Jo Junowp ay3 bulpIAIp Aq pauIwiia3ap SI anjpA aA13Ipald aApbau
aly] ‘sainpadoid anizpbau as)pj pup aAnIsod an.y Jo wins ayi Aq (seaiisod aniy) NTS aAIsod-inowny b yim sainpadoad jo saquinu ay3 buipinip Aq pa3pnajod s AIAIISUSS BY |

UONIDIASP PIDPUD]S YIM UDBW,, ,, ‘©DUDJ 8]11apnbid)ul YiIM Upipauw, ,, ‘9bupi yym ubsw,, 9bubi ym upipaw, :sp pajuasald aip SNTS pa32e1ap JO Jaquinu ay |

(%L1) S ¥2°0 790 %86 wn(CTH VY SS eu 2 0S  008VSH (st) 491x19m
Ju ¥6°0 80 %56 wxx(6TF) GE S eu 20 7T 008VSH (rv) ewsyeeyds
(%€7) € 18°0 150 %56 «(70) T SS eu 0 (114 90l (€v) @1e42q17
Ju ¥6°0 680 %00T LG T) € S eu 24D ¥Z  008YSH (9T) uewanny
annesadolsod
Ju €6°0 190 %00T wxx(ELVF) V70T SS 1 20 1€ 9| (zv) aqeuerem
Ju 1 T %26 wxx(80F) T'T NS 0 2 14 90l (1) eANON
au 68°0 i) %06°L6 wrxx (LTF)GE SS 1 24D 8% 90| (ot) eyeSeN
au 18°0 S0 %05°88 wnx(P'TF) 9T SS 0 RIth) 9 90l (6€) ouesny
(%12 € 18°0 780 %96 w(50) L'T SS 0 2 9 9| (8€) ay2a1H
(%S) T SL°0 €€°0 %06 wx(PT) € NS 1 20 o€ 90l (L€g) a1and
(%T1) T 96°0 €L°0 896 (G T)GT SS 1 24D 6 90l (9€) eaessed
(%0) 0 1 1 %00T (G T)9€ WS 1 24D 8T 9l (s€) myed
(%€ET) € 80 10 %0L'68 «(9-0) T NS ST ‘SS +T 1 20 6C YH:DI (LT) Bwsiaquy
(%z1) T 9.0 €€°0 %05°59 «(€-0) T SS 1 2 6C VH:9I (8T) uasiapuy
annesadoesyul

(%) xsauaned AN  AMAIISUdS 33kl sS32dNS SNTS 1oquinN IS uoidafu] ainpacoid sisoudelq sjuaned Juasdy

pasSeysdn

242 40j Buiddpw NS papinb-a3uadsaion)y buissassp |03 |0IUND JO SYNSSY T 9]qLL m



Fluorescence-guided sentinel lymph node detection in colorectal cancer

HSA800 (IRDye 800CW conjugated to human serum albumin) is another fluorescent agent
used for ex vivo SLN mapping in CRC patients, which has not been approved by the FDA or
EMA yet. Preclinical studies have shown an advantage of HSA800 over ICG regarding lym-
phatic entry, flow, fluorescence yield, and reproducibility. This is most likely a result of its
bigger hydrodynamic diameter, resulting in improved retention in the SLN (21). Clinical ex
vivo studies with HSA800 have shown comparable results to in vivo assessment with ICG with
a wide range in sensitivity (0.64 - 0.89) and negative predictive value (0.74 - 0.94).

FUTURE PERSPECTIVES

Fluorescence-guided SLN mapping has the potential to improve adequate staging in CRC
patients. Despite its advantages and several published clinical studies, it is not used in com-
mon day practice. This might be the result of technical and logistic hurdles. Moreover, it is
unknown if the upstaging of patients with micrometastatic lymph nodes and subsequent

adjuvant treatment will lead to improved patient outcomes.

The number of early-stage CRC patients is expected to increase in the coming years, due to
the introduction of nationwide screening programs (22, 23). With this increasing number of
early-stage CRC patients, the number of lymph node-negative patients is also expected to
rise, since 90% of the T1 tumours are NO (24, 25). Especially in these patients SLN mapping
might be valuable. Because of the low incidence of lymph node metastases in these patients,
a reliable SLN procedure showing a tumour-negative SLN enables the possibility for local
excision without an extensive lymphadenectomy, thereby potentially lowering perioperative
morbidity (8).

The relatively low negative predictive value of the SLNs (the probability that in case of a
tumour-negative SLN, all other regional lymph nodes are tumour negative) is an important
reason that this procedure is not yet implemented in daily practice. It withholds surgeons
from performing a local excision and omitting an oncological resection based on a tumour-
negative SLN. The low NPV is mainly a consequence of a high false negative rate (tumour-
negative SLNs in the presence of a tumour-positive regional lymph node). One explanation
for this high false negative rate is the occurrence of the so-called skip metastases, which
are reported in 10 - 22% of the cases (26, 27). Tumour size could be another reason for this
high false negative rate. T3 - T4 tumours showed false negative results in 23% of the cases
compared to 2% of the T1 - T2 tumours (28). It is suggested that these more invasive tumours
(T3 - T4) alter the lymphatic flow, resulting in skip metastases.

Based on the promising preliminary results, the interest in neoadjuvant treatment for colon
cancer has increased in recent years (29, 30). This novel treatment strategy could influence
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the success rate of SLN mapping, as research in other tumour types suggest altered lym-
phatic flow after neoadjuvant treatment (31). As a result, it could be preferable to perform
SLN mapping prior to neoadjuvant therapy.

A meta-analysis by Ankersmit et al. showed a pooled upstaging (no tumour involvement on
conventional histopathology, but a tumour-positive SLN at advanced histopathology) in 15%
of the patients (17). This means that roughly one out of seven patients is wrongly classified
as NO without the use of fluorescence imaging and extensive histopathological assessment
of the SLN. These patients would not have been upstaged to stage Il and wrongfully been
withheld adjuvant therapy, which theoretically leads to worse survival.

As emphasized, the use of fluorescence-guided SLN mapping with ICG increases the detec-
tion rate of SLNs in CRC patients and can result in upstaging in a substantial number of
patients. Nevertheless, this concept still requires postoperative histopathological analysis.
Direct intraoperative feedback regarding the malignancy status of any lymph node could be
provided with the use of tumour-targeted fluorescence-guided surgery. Tumour-targeted
agents consist of a fluorophore conjugated to a targeting component and therefore possess
strong binding affinity for a specific cancer-associated molecular target or biomarker (32).
Unfortunately, tumour-targeted tracers tend to show a relatively high false positive rate
(fluorescent lymph node without tumour localization) of 7% - 33% for lymph node imaging,
due to aspecific tracer localization (33-35). On the other hand, it is still debated whether a
small tumour load (micrometastases and lymph nodes with isolated tumour cells) accu-
mulate enough volume of the tracer to produce a sufficiently enhanced fluorescent signal.
Nevertheless, tumour-targeted agents do not only allow for the identification of lymph node
metastases but also other metastases, the primary tumour and tumour-positive resection
margins (36). Several tumour-targeted agents are currently studied in phase Il and Ill trials
(SGM-101 in Locally Advanced and Recurrent Rectal Cancer (37, 38).

CONCLUSIONS

Fluorescence-guided SLN mapping in CRC can be a valuable addition to detect microme-
tastases and occult metastases in locoregional lymph nodes. It can result in upstaging in a
significant part of the patients, whom otherwise would not have received adjuvant therapy.
The low negative predictive value appears to be an important reason for the delayed intro-
duction to current standard of care. Tumour-targeted fluorescent agents might overcome
these shortcomings in the future.
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Chapter 5
ABSTRACT

Introduction

Oesophageal cancer patients with a clinical complete response (CR) after neoadjuvant
chemoradiotherapy (nCRT) may be offered an active surveillance strategy. Regrowth rates
of 40% after initial clinical CR indicate that identification of a true complete response to
nCRT remains challenging. Near-infrared tumour-specific fluorescence endoscopic imaging
might help to discriminate patients with an true complete response from those with residual
disease. This study aims to find potential markers for molecular imaging and to assess the
effect of nCRT on this marker expression.

Methods

Oesophageal cancer tissue slides of diagnostic biopsies (n=41) (pre-treatment) and paired
surgical specimens (n=31) (post-treatment) were collected. Immunohistochemistry was per-
formed to assess expression of the tumour markers CEA, EpCAM, VEGF-a, EGFR, and c-MET on

adenocarcinoma and squamous cell carcinoma (SCC).

Results

The median total immunostaining score (TIS) of EpCAM in adenocarcinomas was 10, vs. 0 in
healthy mucosa (p <0.001). The median TIS of EGFR in SCC was 12, vs. 4 in healthy mucosa (p
< 0.001). VEGF-a was highly expressed in adenocarcinoma and SCC (median TIS: 8), but this
was also the case in healthy adjacent mucosa (median TIS: 8). Neoadjuvant therapy did not

affect the expression of any of the promising markers.

Discussion

EpCAM and EGFR appear to be the most suitable targets for tumour-specific NIR fluorescence
imaging of oesophageal adenocarcinoma and SCC respectively. Unaffected expression of all
suitable markers by neoadjuvant therapy implies that the diagnostic biopsy can be used to
select a patient-specific target for response evaluation by molecular imaging.
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INTRODUCTION

Oesophageal cancer is the eight most common cancer worldwide, with over 500,000 patients
diagnosed annually (1). With the introduction of neoadjuvant chemoradiotherapy (nCRT),
cure rates and overall survival have drastically improved over the last two decades. Approxi-
mately 30% of all oesophageal cancer patients achieve a pathologically complete response
in the resection specimen after neoadjuvant therapy (2, 3). When a complete response is
suspected based on imaging modalities including PET-CT and white light endoscopy (i.e., a
clinical complete response), patients may be offered an organ preserving treatment strategy
(active surveillance) (4). However, discriminating treatment related fibrosis from residual tu-
mour remains challenging. Regrowth rates of 40% after a clinical complete response under-
line the fact that small residual tumour can be missed with conventional diagnostic tools (5,
6). New imaging modalities may improve tumour identification after nCRT for oesophageal

cancer, either during endoscopic response evaluation, or during surgery.

Tumour-specific fluorescenceimaging (FLI) isa modality that can be used to perform real-time
imaging of tumour cells. To perform FLI, a tumour-specific tracer comprising a fluorophore
and a targeting agent which binds to a specific ligand or is activated by the tumour-specific
environment, is required . The fluorophore can be excited by a specific light source, emitting
photons that are detected by a fluorescence camera. In the near-infrared (NIR) spectrum (700
-900 nm), optical tissue properties (absorption, scattering, and tissue autofluorescence) are
limited, resulting in a higher light penetration depth and enhanced contrast compared to
visible light (7, 8).

For a tumour-targeted fluorescence tracer to adequately delineate a tumour, overexpression
of a specific tumour marker in cancer cells is vital. Likewise, these biomarkers must be absent
or underexpressed in the healthy cells and fibrosis. A recent study showed that carcinoem-
bryonic antigen-related cell adhesion molecule 5 (CECAMS5, from here on to be referred to
as CEA), epithelial cell adhesion molecule (EpCAM), vascular endothelial growth factor a
(VEGF-a), and epithelial membrane antigen (EMA) were all overexpressed in oesophageal
adenocarcinoma tissue, with only minimal overexpression in healthy tissue (9). However,
effects of neoadjuvant treatment on the expression of these markers, as well as marker ex-
pression in oesophageal squamous cell carcinoma (SCC) is currently unknown. Oesophageal
SCC is particularly interesting as these tumours tend to show higher rates of pathologically
complete responses (approximately 40% vs. 20% in adenocarcinomas (10)). This study aims
to find new molecular markers for tumour-specific imaging of oesophageal adenocarcinoma
and SCC, and to explore the effect of neoadjuvant treatment on expression of these markers.
These tumour markers may be suitable targets for NIR fluorescence imaging during endo-

scopic response evaluation.
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METHODS

This study was reviewed and approved by the Medical Ethical Committee of the Erasmus
Medical Centre (METC Erasmus MC, MEC-2021-0339) and was conducted according to the

Declaration of Helsinki (10th version, Fortaleza, 2013).

Tissue selection

Formalin-fixed paraffin-embedded (FFPE) tissue blocks of oesophageal cancer patients that
underwent surgery were collected and reviewed by a dedicated pathologist (MD). Tissue
blocks containing both tumour and healthy tissue were selected. Pre-neoadjuvant treatment
tissue (diagnostic biopsies) were paired with post-neoadjuvant treatment tissue blocks (re-
section specimens). Tissue slides from patients with a pathological complete response (i.e.
Mandard 1), a near-complete response (i.e. Mandard 2) and minimal response (i.e. Mandard
4 - 5) were selected. Tissue slides from patients with a pathological complete response were
selected based on reactive changes such as fibrosis. All tissue blocks were collected from the
tissue bank from the Erasmus Medical Centre from patients that underwent surgery between
2010 and 2020. Tissue slices of 4 um were cut and further processed for immunohistochem-
istry (IHC) staining.

Marker selection

The following markers were selected for IHC staining: CEA, EpCAM, VEGF-q, epithelial growth
factor receptor (EGFR), and c-mesenchymal-epithelial transition factor (c-MET). These mark-

ers were selected based on the (pre-)clinical availability of a fluorescent agent.

Immunohistochemistry staining

Tissue slides were deparaffinized in xylene, and then rehydrated in a series of decreasing
concentrations of diluted ethanol (100%, 70%, and 50%). The slides were rinsed with demin-
eralized water and treated with 0.3% hydrogen peroxide (from Merck Millipore, Darmstadt,
Germany) for 20 minutes at room temperature to block endogenous peroxidase. The used
method for Antigen Retrieval was dependent on the protocol of the antibody (Supplemen-
tary table 1). Antigen retrieval for CEA, EpCAM was performed by heat induction at 95°C for
10 minutes using PT Link (Dako) with low-pH (pH 6.0). For c-MET and EGFR, PT Link with
high-pH (pH 9.0) was used. No antigen retrieval was used for VEGF-a. The slides were incu-
bated overnight at room temperature with the primary antibody (diluted in 1% BSA/PBS). A
negative control was also incubated with 1% BSA/PBS, and tissue sections known to express
the marker(s) were used as positive controls. The following day, slides were washed with
PBS and then incubated with HRP-labelled secondary antibodies (either anti-mouse or anti-
rabbit, both from Dako) for 30 minutes at room temperature. For staining, DAB substrate was
applied for 10 minutes, and for counterstaining hematoxylin (VWR international, Amsterdam,
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the Netherlands) was applied for 15 seconds. Finally, the tissue sections were dehydrated at
37°C for 60 minutes and mounted in Pertex (Histolab, Askim, Sweden).

Scoring methods

All biopsies and surgical specimen were scored for all five tumour markers. In tissue from
patients with a pathological complete response, the tumour area was selected as the tissue
with therapy effect. Scoring was done according to the total immunostaining score (TIS),
which consists of the intensity score (IS) and the proportion score (PS) (11). The IS represents
the intensity of staining of the cells and ranges between 0 and 3 (0 = no staining; 1 = weak; 2
= moderate; 3 = strong). The PS represents the proportion of cells that is stained and ranges
between 0 and 4 (0 =none; 1=1-10%; 2 =11 -50%; 3 =51 - 80%; 4 =81 - 100%). The TIS is
calculated by multiplying the IS and the PS. Marker expression was categorized in low expres-
sion (TIS 0-5) and high expression (TIS 6-12). Both tumour and adjacent mucosa was scored
and a tumour-to-mucosa ratio was calculated for each tissue slide. A ratio of = 2 was deemed

as adequate contrast.

Statistical analysis

Statistical analysis was performed with R-studio software (version 4.1.0, R Foundation for sta-
tistical computing, Vienna, Austria). Patient characteristics were presented with descriptive
statistics. Marker expression was based on the pre-treatment biopsies. Effects of nCRT was
assessed by comparing TIS of pre- and post-treatment tissue samples of the same patient
(i.e. paired samples). Differences in marker expression between tumour and adjacent mu-
cosa was assessed with the Mann-Whitney U test. Differences in marker expression between
the paired pre- and post-treatment tissue samples was assessed with the Wilcoxon signed
rank test. A p-value < 0.05 was considered significant.

RESULTS

Tissues of 41 patients, acquired between 2010 and 2019, were included with a total of 70
FFPE tissue blocks. In total, 31 paired pre- and post-treatment tissue samples were included
and for ten patients, only the pre-treatment biopsies were available. Patient- and tumour

characteristics are presented in Table 1.
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B Table 1: Patient and tissue baseline characteristics

n (%)
Patients 41 (100)
Age, years (mean (sd)) 67.1(8)
Gender Male 33(80)
Female 8(20)
Tumour histology Adenocarcinoma 29 (71)
Squamous cell carcinoma 12 (29)
Tissue available Pair 31(76)
Biopsy only 10 (24)
Differentiation grade Good 2(5)
Good / moderate 5(12)
Moderate 17 (42)
Moderate / poor 5(12)
Poor 12 (29)
Neoadjuvant regimen CROSS 40 (98)
MAGIC 1(2)
Response Complete response 14 (34)
Near-complete response 17 (42)
Minimal response 10 (24)
ypT-stage ypT-0 14 (34)
ypT-1 8(19)
ypT-2 6 (15)
ypT-3 13(32)

Marker expression in oesophageal adenocarcinoma biopsies and healthy
mucosa

In adenocarcinoma, overexpression in tumour compared to healthy mucosa was observed
for CEA (median TIS: 6 vs. 2, p < 0.001), EpCAM (median TIS: 8 vs. 0, p < 0.001), and VEGF-a
(median TIS: 8 vs. 8, p <0.01) (Figure 1). Out of these three markers, EpCAM had the highest
tumour-to-mucosa ratio (median: 10) and the highest proportion of samples with a ratio =
2 (97%) (figure 2a). Figure 3a presents representative stained tissue slide for each tumour
marker on adenocarcinoma. Supplementary table 2 presents a more detailed overview of the

TIS in adenocarcinomas for each tumour marker.
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Marker expression in oesophageal SCC biopsies and healthy mucosa

In SCC, overexpression in tumour compared to healthy mucosa was observed for EGFR (me-
dian TIS: 12 vs. 4,<0.001), EpCAM (median TIS: 4 vs. 0, p <0.001), and VEGF-a (median TIS: 8
vs. 8, p<0.01) (Figure 1). Out of these markers, EGFR had a median tumour-to-mucosa ratio of

3, with 100% of the samples having a ratio of =2 and EpCAM had a median tumour-to-mucosa

ratio of 4, with 82% of the samples having a ratio of a ratio = 2 (figure 2b). c-MET and CEA were

not overexpressed in oesophageal SCC compared to healthy mucosa. Figure 3b presents a

representative stained tissue slide for each tumour marker. Supplementary table 2 presents

a more detailed overview of the TIS in oesophageal SCC for each tumour marker.

Marker expression in healthy tissue

Marker expression in healthy mucosa is scored and presented for adenocarcinoma and SCC

combined (figure 1). VEGF-a expression was high in healthy mucosa in 73% (median TIS: 8)

of the samples and EGFR expression was high in healthy mucosa in 36% (median TIS: 4) of

the samples. c-MET, CEA, and EpCAM had no samples with ‘high expression’ in the healthy
mucosa (Figure 1, Supplementary Table 2). The location of staining in the healthy tissue

samples per tumour marker is summarised in Table 2.

Table 2: Location of staining on tumour tissue and adjacent healthy mucosa

Localisation

Tumour marker expression in tumour

Localisation expression in healthy
adjacent mucosa

Expression in other healthy
tissue

Membranous staining

c-MET with cytoplasmic
background staining
Membranous staining

CEA with cytoplasmic
background staining

EGER Membrano.us and
cytoplasmic

EpCAM Membrano.us and
cytoplasmic

VEGF-a Membranous and

cytoplasmic

No / Minimal expression

Weak - moderate expression in the
upper 33% of the luminal side of the
epithelial cell layer.

Moderate expression in the first
33% - 67% of the basal and para-
basal cell layer of the squamous cell
epithelium.

No / Minimal expression

Moderate - strong expression in the
basal cell layer, gradient weakening
towards luminal side

No expression

No expression

Weak expression of 100% of
the muscular layers

No expression
Weak - moderate expression
in 100% of the muscular

layers

Weak - moderate expression
in 100% of the stromal cells
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B Figure 3: A representative tissue slide of an adenocarcinoma and a squamous cell carcinoma with the H&E
slide and the five tumour markers
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Effects of neoadjuvant therapy on marker expression

Differences in marker expression between pre- and post-treatment samples were scored
for adenocarcinoma and SCC combined. Neoadjuvant therapy did not affect expression of
any of the markers. Only VEGF-a expression was observed in scar tissue of post-treatment
tissue samples of patients with a pathological complete response (median TIS: 3). All other
markers had no expression in the scar tissue of post-treatment tissue samples (mean TIS:
0). Supplementary Figure 1 presents an overview of tumour marker expression in paired
pre- and post-treatment samples for all five tumour markers, stratified for response stage. a

DISCUSSION

Based on IHC on tissue samples to assess tumour marker expression in oesophageal adeno-
carcinoma, EpCAM appears the most suitable target for tumour-specific NIR fluorescence
imaging. The median TIS of 10, median tumour-to-mucosa ratio of 10, and 97% of the
samples having a tumour-to-mucosa ratio = 2.0 al indicate that EpCAM may be a suitable
tumour marker. CEA and VEGF-a were also overexpressed in tumour compared to healthy
mucosa. However, absolute CEA expression was low, with only 46% of the samples having
‘high expression’. With regard to EGFR, only 56% of the samples had a tumour-to-mucosa ratio
higher than 2. As such, both of these targets appear less useful for tumour-specific imaging.
For oesophageal squamous cell carcinoma, EGFR appears most suitable for tumour-specific
imaging as the median TIS was 12, all samples had a tumour-to-mucosa ratio higher than 2
(median 3), and all samples having ‘high expression’. Despite that EGFR expression was high
in 36% of the healthy tissue samples, the tumour-to-mucosa ratio indicate sufficient contrast.
EpCAM expression was also significantly higher in tumour tissue than in healthy mucosa, but
only 45% of the samples showed high expression. With regard to VEGF-a, high expression
was observed in 96% (adenocarcinoma) and 100% (SSC) of the samples. However, this was
also the case for the healthy mucosa, as 73% had high expression. This was also reflected in
the median tumour-to-mucosa ratios of VEGF-a of 1.5 for adenocarcinoma and 1.0 for SCC.
Moreover, stromal cells, scar tissue, and the muscle layers also had significant expression of
VEGF-a. This combination makes VEGF-a a suboptimal tumour marker for tumour-specific
endoscopic fluorescence imaging of oesophageal cancer.

Importantly, expression of all relevant tumour markers was not affected by neoadjuvant
therapy. A patient-specific approach may therefore be feasible in which the optimal marker
could be selected based on the diagnostic (i.e. pre-treatment) biopsy. In resection specimen
with a pathologically complete response, no expression of the most promising tumour mark-
ers (EpCAM, EGFR, CEA) was observed in the areas with therapy effect or tumour scar tissue.
Overall, these results provide promising results regarding in vivo NIR fluorescence imaging of
oesophageal adenocarcinoma and SCC in future studies.
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The immunohistochemistry results for adenocarcinoma were comparable to the results of de
Gouw et al. (9), who also found overexpression of EpCAM and CEA, while only minimal expres-
sion of these markers in healthy tissue samples was observed. Although no clinical trials with
endoscopic NIR fluorescence imaging for oesophageal cancer have been performed, several
were performed assessing the ability to identify Barrett’s segments (12-14). In all three stud-
ies, additional to conventional white light imaging, occult lesions were identified using this
technique, underlining its potential. For oesophageal cancer, endoscopic NIR fluorescence
imaging may be used during clinical response evaluation after neoadjuvant therapy. As
approximately two thirds of the missed residual tumour lesions are located in the mucosa,
endoscopic NIR fluorescence imaging may be a good candidate to improve detection of these
currently missed lesions (15). The other one third of the currently missed residual tumour
lesions are located in the submucosa. Depending on the depth of these lesions, they could
be detected with NIR fluorescence imaging, possibly improving clinical response evaluation
(7). Despite earlier detection and resection of residual disease does not appear to improve
overall survival, it will result in less invasive response evaluations for these patients (16).

Besides its use during endoscopic response evaluation, tumour-specific NIR fluorescence
imaging can also be performed during oesophagectomy. In general, intraoperative NIR
fluorescence imaging can be used for detection of occult metastases and resection margin
assessment. One such application may be to identify peritoneal metastases, in which case
resection should be avoided. NIR fluorescence imaging may also aid in detection of tumour
positive lymph nodes. For instance, the identification of enlarged (metastatic) lymph nodes
seen on preoperative FDG-PET/CT-scan. Although we did not assess tumour marker expres-
sion in metastatic lymph nodes, a previous study showed that expression of tumour markers
was highly correlated between the primary tumour and metastatic lymph nodes (9). The ap-
plication of intraoperative NIR fluorescence imaging for margin assessment appears limited
after oesophagectomy, as tumour positive resection margins are only reported in 5 - 7.5% of
the cases (17). Besides NIR fluorescence imaging, these identified tumour markers may also

be suitable for other purposes such as targeted PET-imaging or targeted therapy.

Performing IHC assessment to assess overexpression of tumour markers is an important first
step in studying tumour-specific NIR fluorescence imaging of oesophageal cancer. Despite
that our results providing promising targets, a good correlation between the tumour marker
expression and the observed in vivo contrast of specific fluorescent tracers is not guaranteed.
Avariety of pharmacokinetic variables can lead to insufficient binding of the tracer to the tar-
get. Moreover, performance of a tumour-specific tracer depends on the dose and the interval
between administration and imaging. Finally, clinical tracers may bind to different epitopes
than the antibodies that were used for the immunohistochemistry staining. As such, the next
step consists of validating these results by performing feasibility studies in vivo.
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In conclusion, our results demonstrate that EpCAM and EGFR are the most promising tar-
gets for NIR fluorescence imaging of oesophageal adenocarcinoma and SCC, respectively.
Neoadjuvant therapy does not negatively affect expression of the assessed markers and no
expression of the most promising was observed in the tumour scar tissue. These results form
an important foundation for subsequent clinical trials with tumour-specific NIR fluorescence
imaging to improve tumour detection of residual oesophageal cancer after neoadjuvant

therapy.
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Supplementary Figure 1: Comparison of total immunostaining score (TIS) per tumour marker between
paired pre-treated biopsies and post-treated specimen (adenocarcinoma and squamous cell carcinoma
combined).

The boxplots represent the median with q1 and g3 with the error bars representing the range and the dots for
outliers. Abbreviations: ns = not significant; *=p <0.05

Supplementary table 1: An overview of the immunohistochemistry methods

Protein Secondary Stock
abbreviation Antibody Company Dilution Antigen retrieval antibody concentration
Dako PT link Target
CEA CI-P83-1 SantaCruz  1/1000 Retrieval Solution,  Anti-mouse 0.2 mg/ml
pH 6.0
Dako PT link Target
c-MET EP1454Y Abcam 27395 Retrieval Solution,  Anti-rabbit ~ 0.479 mg/ml
pH9.0
. . Dako PT link Target
Cellsignaling K . . .
EGFR D38B1XP 1/100 Retrieval Solution,  Anti-rabbit 0.1 mg/ml
technology
pH 9.0
Acris Dako PT link Target
EpCAM MOC31 . . 1/10000  Retrieval Solution,  Anti-mouse  0.64 mg/ml
antibodies
pH 6.0
BD . . .
VEGF-a G153-694 18264 No antigen retrieval Anti-mouse 0.5 mg/ml

Pharmingen
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Supplementary table 2: A detailed overview of the TIS scores per tumour marker in pre-treated tissues,
stratified for tissue histology.

Low expression High expression
Tumour
marker Histology % TIS 0 (n) %TIS1-5(n) %TIS6-8(n) %TIS9-12(n)
c-MET Adenocarcinoma 43% (12) 32% (9) 18% (5) 7% (2)
sscC 38% (3) 50% (4) 13% (1) 0% (0)
Mucosa 38% (15) 63% (25) 0% (0) 0% (0)
CEA Adenocarcinoma 7% (2) 32% (9) 21% (6) 39% (11)
e 64% (7) 36% (4) 0% (0) 0% (0)
Mucosa 16% (6) 84% (31) 0% (0) 0% (0)
EGFR Adenocarcinoma 0% (0) 38% (10) 42% (11) 19% (5)
ssC 0% (0) 0% (0) 11% (1) 89% (8)
Mucosa 8% (3) 56% (20) 25% (9) 11% (4)
EpCAM Adenocarcinoma 0% (0) 10% (3) 40% (12) 50% (15)
SSC 9% (1) 45% (5) 27% (3) 18% (2)
Mucosa 95% (35) 5% (2) 0% (0) 0% (0)
VEGF-a Adenocarcinoma 0% (0) 4% (1) 52% (14) 44% (12)
e 0% (0) 0% (0) 70% (7) 30% (3)
Mucosa 0% (0) 27% (10) 68% (25) 5% (2)

SCC = Squamous cell carcinoma
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ABSTRACT

Oesophageal cancer surgery is complex and carries a high risk of complications. Nowadays,
a gastric conduit is the reconstruction of choice after oesophageal resection. In a limited
percentage of cases a gastric conduit is not possible. Previous gastric surgery, tumour loca-
tion, or iatrogenic injury to the gastroepiploic artery can all be reasons to choose a different
interposition. In these cases, a colonic interposition is the best alternative for continuity
restoration. This video vignette demonstrates how indocyanine green (ICG) fluorescence
angiography can be used to assess perfusion of the colon interposition.

The case reported here is of a 63-year old woman who was diagnosed with oesophageal
cancer for which she received neoadjuvant chemoradiotherapy followed by Ivor Lewis
oesophagectomy with gastric conduit reconstruction. The procedure was complicated by a
diaphragmatic hernia and an intrathoracic colon. During repair of this diaphragmatic hernia,
the gastroepiploic artery was injured, leaving the gastric conduit without sufficient blood
supply and necrosis as a consequence. The gastric conduit was resected, and a temporary
oesophageal fistula was performed. The patient was referred to an academic medical
centre for delayed restoration of continuity with a colon interposition. During surgery, 10
mg ICG was intravenously injected and an intense fluorescence signal over the whole left
colon was observed. After transection of the colon, another 10 mg ICG was administered to
assess perfusion of the colon interposition. Perfusion was judged as sufficient and adequate
anastomoses were created. Postoperatively the patient recovered well and was able to take

full oral intake after 7 weeks.
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The video can be accesed through: https://bit.ly/430eSmk
or by scanning the following QR-code

(scroll down to ‘supporting information’ for the video)






Chapter 7

Fluorescence-guided surgery

using methylene blue to improve
identification of metastatic small
intestinal neuroendocrine tumours

Hidde A. Galema, Tessa M. van Ginhoven, Gaston J.H. Franssen, Johannes Hofland,
Claire G.0.T. Bouman, Cornelis Verhoef, Alexander L. Vahrmeijer, Merlijn Hutteman,
Denise E. Hilling’, Stijn Keereweer*

tShared senior authorship

British Journal of Surgery. 2023 Apr 12;110(5):541-544. doi: 10.1093/bjs/znad043.



128

Chapter 7

ABSTRACT

Introduction

Small intestinal neuroendocrine tumours (SI-NETs) often present with multiple primaries
and metastatic disease. Detection of multiple primaries and metastases is important, as
complete resection of all tumours is the only curative treatment. Resection in asymptom-
atic patients with irresectable disease should be refrained from. Intraoperative near-infrared
(NIR) fluorescence imaging might improve visualisation of SI-NETs and thereby improve
patient selection for surgery. The aim of this prospective clinical trial was to investigate if SI-
NETs and metastatic lesions could be detected by intraoperative fluorescence imaging using
methylene blue as a contrast agent.

Methods

Seventeen patients undergoing open resection of SI-NETs were included in this prospective
clinical trial. Intravenous methylene blue was intraoperatively administered followed by NIR
fluorescence imaging. The primary endpoint was tumour-to-background ratio (TBR) of the
primary tumour. Among the secondary endpoints were the TBR of metastatic lesions (lymph
node, peritoneal, and liver metastases), and the number of extra lesions found.

Results

Seventeen primary tumour lesions, with a median TBR of 1.10 (IQR: 1.00-1.17), were identi-
fied. None of the primary tumours or the multiple primaries had a TBR = 1.5. A total of 109
metastatic lesions were identified, of which 101 (93%) had a TBR = 1.5 (median TBR: 1.90
(IQR: 1.71-2.01)). Based on NIR fluorescence imaging, additional peritoneal metastases were
found in three patients.

Discussion

NIR fluorescence imaging after methylene blue administration can be used to improve vi-
sualisation of peritoneal metastases, liver metastases, and mesenteric masses of SI-NETs.
Methylene blue does not appear to be useful for detection of the primary tumour or occult

multiple primaries.
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INTRODUCTION

Small intestinal neuroendocrine tumours (SI-NETs) are rare tumours with a prevalence of
1 per 100 000 patients per year (1). SI-NETs typically grow slowly, resulting in the majority
of patients presenting with advanced local disease and distant metastases (2, 3). Multiple
primary tumours are common in SI-NETs and are present in up to 50% of the patients (4).
Staging of SI-NETs is of paramount importance, as surgery is only indicated for patients with
resectable disease (curative), or for patients with irresectable disease and symptoms caused
by local tumour growth or hormone production (palliative). In general, resection of any tu-
mour lesion in asymptomatic patients with irresectable disease should not be performed (5).

Current preoperative staging usually includes nuclear imaging with a *Gallium-labelled
somatostatin analogue (SSA) PET/CT scan. However, minor peritoneal- or lymph node metas-
tases or multiple primaries can be too small to be detected with preoperative imaging and
can therefore be missed. Therefore, the international guideline states that curative surgery
should be performed via laparotomy in order to perform palpation of the whole abdominal
cavity for intraoperative staging, prior to proceeding with curative resection (5, 6). Despite
this extensive procedure to optimally select patients for curative surgery, recurrence is
common. Recurrence rates of 9% after 1 year and over 50% after 10 years are reported (7).
Most disease recurrence occurs in the liver or the peritoneum, with a small proportion of
patients developing recurrence in the small bowel (8).This may indicate that with the current
staging protocol, small tumour deposits are still being missed. Better pre- and intraopera-
tive visualization of SI-NETs could possibly improve detection of clinically occult lesions and
increase complete resection rates. Improved intraoperative visualisation prior to resection
could lead to better patient selection for curative-intended surgery, as surgical resection in
asymptomatic patients who have irresectable disease can be avoided.

Near-infrared (NIR) fluorescence imaging is an imaging modality that can be used to improve
visualisation of tumours and vital structures during surgery (9). It can be used in both an open
and a laparoscopic setting. A fluorescent contrast agent is required to image the structures
of interest, which is generally administered systemically (10). Methylene blue is a blue dye
that has been used off-label for fluorescence imaging purposes. Although methylene blue is
primarily used as a blue dye, with no completely understood targeting properties, specific
imaging of occult pancreatic NETs (PNETs) has been described in a case report and a pre-
clinical study (11, 12). The aim of this study is to investigate if SI-NETs can be detected with
intraoperative fluorescence imaging using methylene blue as a fluorescent contrast agent.
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METHODS

This study was reviewed and approved by the medical ethical committee of the Erasmus
medical centre (MEC-2021-0021, METC Erasmus MC) and was conducted according to the
declaration of Helsinki (10th version, Fortaleza, 2013). The trial was registered in the Interna-
tional Clinical Trials Registry Platform (ICTRP, https://trialsearch.who.int) under registration
code ‘NL9305".

Seventeen consecutive patients with SI-NETs eligible for surgery were included and chrono-
logically assigned to one of the two dosing groups. The first five patients received a dose of
0.5 mg/kg methylene blue, after which another five patients received a dose of 1.0 mg/kg
methylene blue. Doses were selected based on earlier studies with methylene blue (12, 13).
Next, an interim analysis was performed to decide the optimal dose based on the tumour-to-
background ratio (TBR) of the primary tumour and metastatic lesions. Patients 11 to 17 were
assigned to the extension cohort with the optimal dose.

Patient selection

All patients with a radiologically (**Ga-DOTATATE-PET-CT positive lesions) or a biopsy proven
SI-NET, with the primary tumour in situ, scheduled for either curative or palliative surgery via
laparotomy, were eligible for inclusion. Exclusion criteria were the use of selective serotonin
reuptake inhibitors (SSRIs), serotonin noradrenalin reuptake inhibitors (SNRIs), tricyclic
antidepressants (TCAs), Bupropion, Buspiron, serotonergic party drugs, Glucose-6-Phos-
phate Dehydrogenase (G6DP) deficiency, a clinically overt carcinoid syndrome, a clinically
significant history of allergic reaction to methylene blue, and females who were pregnant,
breastfeeding, or of childbearing potential without adequate contraceptives.

Endpoints

The primary endpoint of this study was the in vivo TBR of the primary tumour. A TBR of =
1.5 was defined as fluorescence positive (14). Secondary endpoints were the TBR of occult
multiple primaries, the TBR of metastatic lesions, the optimal dose of methylene blue, and
the optimal time frame in which the tumour could be visualised. Occult primaries were
defined as preoperatively undetected tumours in the small bowel, detected during surgery

(visualisation, palpation, and/or fluorescence imaging) or postoperatively by the pathologist.

Surgical protocol

All patients received a standard midline laparotomy, followed by inspection of the abdominal
cavity and identification of the primary tumour. Thereafter, manual and visual assessment of
lymph node, liver, peritoneal, and small bowel status was performed. The surgical approach
(i.e. curative vs palliative intent) was defined prior to fluorescence measurements.
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Near-infrared fluorescence imaging protocol

After completing the standard surgical assessment and locating the primary tumour, the
fluorescence camera was installed on the stabilized arm with optimal view of the primary
tumour at a standardized 20 - 30 cm distance of the surgical field. Then, undiluted (10 mg/
ml) methylene blue was intravenously administered in three to five minutes and for the fol-
lowing ten minutes a snapshot of the primary SI-NET was taken every minute. Between these
snapshots, single snapshots were taken of the clinically suspected metastatic lesions and/
or multiple primaries. Finally, the abdominal cavity was screened for clinically occult me-
tastases with the fluorescence camera. Biopsies were taken from occult lesions to correlate
with histopathology as long as the biopsy did not pose any risk to the patient. In vivo and ex
vivo back-table imaging fluorescence imaging was performed with the Quest Spectrum V2
fluorescence camera (Quest Medical Imaging, Middenmeer, The Netherlands). Closed-field
imaging was performed with the Pearl trilogy imaging system or the Odyssey CLx (Li-Cor,
Lincoln, Nebraska, USA). TBRs were calculated with Quest software.

Statistics

Statistical analyses were performed with R-studio software (version 4.1.0, R Foundation for
statistical computing, Vienna Austria). Patient demographics, TBRs, and mean fluorescence
intensity (MFI) were reported in median with interquartile range (IQR). A Wilcoxon rank test
was done to assess statistical difference between dosing groups and a one-way ANOVA test

was performed for difference in timing intervals.

RESULTS

The study comprised 12 males and 5 females with a median age of 60 years (IQR: 50 - 72).
Ten patients underwent surgery with curative intent and seven patients underwent palliative
surgery. A small bowel resection was performed in 12 patients and a right hemicolectomy

was performed in five patients. All patient characteristics are presented in Table 1.
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B Table 1: Patient characteristics

N (%)
Gender Female 5(29)
Male 12 (71)
Age (median [IQR]) 60 [50 - 72]
Surgery performed* Small bowel resection 12
Right hemicolectomy 5
Jejuno-jejunostomy bypass 1
Indication for surgery Curative 10 (59)
Palliative 7 (41)
pT stage 1 0(0)
2 3(18)
3 5(29)
4 9(53)
pN stage 0 1(6)
1 7 (41)
2 9(53)
M stage 0 9 (53)
1 8(47)
WHO classification 1 7(41)
2 9(53)
3 1(6)

*One patient underwent a combined small bowel resection and right hemicolectomy
Abbreviations: NEC: neuroendocrine carcinoma

Primary SI-NETs

Seventeen primary tumour lesions were detected with pre-operative imaging. All primary
tumours were histopathological confirmed SI-NETs. Median TBR of the primary tumours was
1.10 (IQR: 1.00 - 1.13, Figure 1). None of the primary tumour lesions met the predetermined

criterion (TBR = 1.5) for fluorescence positive.

Multiple primaries

Six multiple primary lesions were intraoperatively identified after inspection and palpation
of the abdominal cavity. Median TBR was 1.16 (IQR: 1.04 - 1.18) and none had a TBR of =
1.5. No occult multiple primaries were detected with fluorescence imaging. After histopatho-
logical assessment of the resected bowel specimens, 37 occult primaries (median 4, range:
2 - 20) were detected by the pathologist in five patients. These tumours were not identified
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with regular intraoperative white light inspection, nor with fluorescence imaging. In two of
those five patients a curative intended resection was performed. Altogether, eight patients

had multiple primaries.

Small bowel |

x
e
é (, %

™ e
(.

Figure 1: A representative image of a primary tumour
White light (left panels) and gradient fluorescence overlay (right panels) images

Table 2: Characteristics of all metastatic lesions, stratified by lesion type

Occult lesions

N identified
(patients, N TBR (median  with FLI (% of
Lesion type (%)) (lesions) TP (%) FN (%) FP (%) (IQR))* patients) Figure
Primary tumours 16 (94) 17 0(0) 17(100) 0(0)  1.10(0.99- 0(0) s1
1.17)
Multiple primaries 8 (47) 43 0(0) 43(100) 0(0) 1.16(1.04- 0(0)
1.18)
Peritoneal 4 (24) 82 76 (94) 5(6) 0(0) 1.88(1.70- 3(18) 1
metastases 2.05)
Liver metastases 2 (12) 14 13(93) 1(7) 0(0) 2.13(1.89- 0(0) 1
2.46)
Mesenteric masses 13 (76) 13 11(85) 2(15) 0(0) 1.91(1.60- 0(0) S3
2.12)
Lymph nodes 4 (24) 6 1(17) 0(0) 5(83) 1.78 1(6) S5

Abbreviations: TP: true positives | FP: false positives | FN: false negatives | FLI: fluorescence imaging |S: Supple-
mentary figure
* benign lesions (i.e. false positives) were excluded from TBR analysis.

Metastatic lesions

In total, 125 lesions suspect for metastases were identified during surgery with white light
inspection or fluorescence imaging. One hundred and fifteen lesions were resected or biop-
sied, of which 109 were histopathological proven SI-NET and six lesions were benign. Ten
lesions were not biopsied and could therefore not be correlated with histopathology. Out of
the 109 confirmed SI-NETs metastases, 101 lesions (93%) were detected with fluorescence
imaging with a TBR >1.5 (true positives). Median TBR for all metastatic SI-NET lesions was
1.90 (IQR: 1.71 - 2.01, Figure 2, Figure 3). In the eight metastatic lesions with a TBR <1.5 (false



134 | Chapter7

negatives), the median TBR was 1.36 (IQR: 1.31 - 1.47). In three patients with overt perito-
neal metastasis, fluorescence imaging showed additional peritoneal lesions, not affecting
the surgical strategy (Figure 2a, b, e, f). Six benign lesions were biopsied or resected. Five
of these were lymph nodes and were resected based on positive fluorescence signal, but
were benign (false positives) and one was malignant (true positive, Supplementary Figure
1). These lymph nodes were not identified with regular white light inspection and were not
suspect for metastatic lymph nodes. Ten similar, potential false positive lymph nodes were
identified but not biopsied due to low clinical suspicion and the explorative design of the
study. One benign peritoneal lesion was clinically suspect to be a peritoneal metastasis, but
fluorescence negative (true negative, Figure 4). Table 2 presents a specified overview of the
metastatic lesions and the characteristics, stratified by lesion type.

-

Small bowel
mesentery

B Figure 2: Representative images of metastases
Images of metastases in a small bowel, b liver, and ¢ greater omentum shown in white light (left panels) and
gradient fluorescence overlay (right panels)
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Methylene blue dose

After ten patients, an interim analysis was performed to determine the optimal dose of meth-
ylene blue (0.5 mg/kg vs 1.0 mg/kg). Median TBRs of the primary tumours were 1.00 and 1.15
respectively (p=0.22). For metastatic lesions, median TBRs were 1.54 and 2.11 respectively
(p <0.01). Based on the TBR for metastatic lesions, the 1.0 mg/kg cohort was expanded with

seven more patients.

After final analysis of all patients, there was no difference in median TBR of the primary
tumours between the 0.5 mg/kg and 1.0 mg/kg group (1.00 vs. 1.11, p=0.55). For metastatic
lesions, a higher median TBR was found in patients that received 1.0 mg/kg of methylene
blue (1.54 vs. 1.91, p=0.02). Supplementary Figure 2 presents median TBRs with (interquar-

tile) range stratified for methylene blue dose and lesion type.

B Figure 3: Representative image of a mesenteric mass
White light (left panels) and gradient fluorescence overlay (right panels) images

Suspect
el lesion

B Figure 4: A clinically suspect, non-fluorescent peritoneal lesion that was proven benign by frozen section

(true negative)
White light (left panels) and gradient fluorescence overlay (right panels) images




136

Chapter 7

Time frame for imaging

The median TBR of primary tumours did not significantly peak within the first ten minutes
(p=0.968). Median time between methylene blue administration and imaging of metastatic
lesions was 8 minutes (IQR: 4.5 - 11 minutes). To assess whether the optimal time frame for
imaging was beyond 10 minutes after injection, delayed imaging of primary tumours and me-
tastases was performed in five patients. Imaging between 20 and 34 minutes after injection
resulted in absence of fluorescence signal of both tumour and background, indicating clear-
ance of the fluorophore in both the tumour and the surrounding healthy tissue. Back-table
imaging and closed-field imaging of the specimen and tissue slides confirmed these results.

Absolute fluorescence intensity

The median MFI for tumour of primary tumour lesions and metastatic lesions were 58.06
(IQR: 47.80 - 102.55) and 78.93 (IQR: 63.84 - 91.08) respectively (p = 0.32). Median MFI for
background of primary tumour lesions and metastatic lesions were 59.17 (IQR: 46.58 - 102.21)
and 45.71 (IQR: 37.10 - 45.71) respectively (p > 0.001).

DISCUSSION

The aim of this study was to investigate if primary SI-NETs could be detected with intraop-
erative NIR fluorescence imaging using methylene blue as a contrast agent. Results showed
that primary tumours and multiple primaries could not be detected with NIR fluorescence
imaging. Small lymph nodes in the mesentery were fluorescent, but this seemed not to be
specific for metastasis as five out of six biopsied lymph nodes were tumour negative. On the
contrary, peritoneal metastases, liver metastases, and mesenteric masses showed excellent
fluorescence signal. Out of all metastatic lesions, 93% had a positive fluorescent signal (TBR
> 1.5) and in three patients additional metastases were found. Interestingly, one clinically
suspect peritoneal lesion that was fluorescence negative was proven benign by frozen sec-
tion analysis. Although this was only one lesion, it suggests that methylene blue selectively
stains malignant lesions and not benign peritoneal lesions. Altogether, there seems to be a
role for NIR fluorescence imaging with methylene blue for improved staging of SI-NET distant
metastases. Especially when considering that, according to current literature, the majority
of disease recurrences present in the liver or the peritoneum. By using this technique, small
occult metastases could potentially be detected intraoperatively to guide the surgeon in
determining the operative strategy. A laparoscopic approach with NIR fluorescence imaging
and methylene blue cannot be advised as primary tumours and multiple primaries will be
missed. Our results confirm that multiple primaries are common, and even after extensive
inspection and palpation of the complete small bowel, these lesions are challenging to iden-
tify. In this study, eight patients (47%) had multiple primaries and in five of those patients
these were not detected pre- or intraoperatively. Importantly, in two of ten patients in whom
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surgery with curative intent was performed, occult multiple primaries were detected during
histopathology assessment.

We found that imaging of metastatic lesions with methylene blue was dose-dependent: a
dosage of 1.0 mg/kg resulted in a higher median TBR of 1.91. Time window to image meta-
static lesions was mostly between four and eleven minutes after administration of methylene
blue. Since our study protocol was designed to find to optimal time window of imaging of the
primary tumour, the exact optimal time window for imaging of metastases could not be de-
termined. Therefore, we hypothesise that TBRs and fluorescence positive rates of metastases
would be higher if imaging of all lesions was performed within an optimal and standardized

time window.

As the methylene blue compound could not be traced anymore in the ex vivo specimens,
mechanism behind the tumour-specific imaging of methylene blue in SI-NET metastases
remains unclear. We hypothesize that the enhanced permeability and retention (EPR) effect
could be responsible for the targeting mechanism (15). Because of a lack of specific binding,
acommon issue of the EPR effect is that no residual tracer can be detected after ex vivo tissue
processing. Next, the observed difference in TBR between primary tumour lesions and meta-
static lesions could have been caused by a ‘background problem’ instead of a lack of uptake
by tumour tissues. Since healthy bowel tissue is well perfused, high fluorescence intensities
of the healthy bowel (background) were observed with subsequent low contrast ratios. Abso-
lute fluorescence intensity of metastatic lesions was not higher compared to primary tumour
lesions, but background intensity of metastatic lesions was significantly lower. Although a
longer washout period might theoretically overcome this problem, our results demonstrated
that all fluorescence signals (i.e. both tumour and background) had been washed out after
approximately 30 minutes.

In current literature, there are no studies regarding NIR fluorescence imaging with methylene
blue for detection of SI-NET. One case report described the use of methylene blue for detec-
tion of multiple pancreatic NETs, as well as a pre-clinical study in ten mice (11, 12). Handgraaf
etal.reported on a patient with a pancreatic NET who was injected with 0.5 mg/kg methylene
blue. After several minutes, multiple additional primary NETs were observed with fluores-
cence imaging, and the procedure was aborted because of this finding. In contrast to the
small bowel, primary tumours of the pancreas appear to be well detected by this technique.
Possibly, perfusion status, and thus background staining of the pancreas is more similar to
the peritoneum or liver than the small bowel.

Tumour-specific tracers are currently being developed for multiple solid cancers to improve
intraoperative detection, but no tumour-specific tracers have yet been studied for SI-NETs
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(9). Interestingly, Dijkstra et al. recently published their pre-clinical results of a somatostatin
receptor 2 (SSTR,) targeted molecular fluorescence tracer for the detection of meningioma.
This tracer might also be suitable for detection of SI-NETSs, as the SSTR, s also the target of
choice for current pre-operative staging with ®*Ga-DOTA-SSA PET/CT scan (16). The majority
of SI-NETs express SSRT,, but approximately 17% of the tumours have no or low expression
(17). Since the tracer is labelled with an 800nm fluorophore (IRDye800CW), dual-wavelength
imaging with methylene blue (~700 nm) may be feasible, which could yield complementary
information (18). Future studies should demonstrate if such tracers can detect (multiple)
primaries and metastases of SI-NETs.

A limitation of the use of methylene blue is that the detection of fluorescent signals in the
~700 nm wavelength region is compromised by tissue optical properties and autofluores-
cence effects (10). In our series, autofluorescence was indeed observed, further hampering

the delineation of the primary tumours.

In conclusion, NIR fluorescence imaging with methylene blue may improve intraoperative
detection of metastatic lesions of SI-NETs, and in particular peritoneal- and liver metastases.
Detection of the primary tumour and occult multiple primaries is not possible with this
contrast agent. There is a clinical need for development and clinical validation of tumour-
targeted tracers to improve intraoperative identification of SI-NETs and thereby improve the
care of these patients with SI-NETs.
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B Supplementary Figure 1: Representative images of clinically non suspect, fluorescence positive lymph
nodes that were benign (a,b, false positives) and malignant (c, d, true positives)
white light view (left panels) and the gradient fluorescence overlay (right panels) images
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B Supplementary Figure 2: Tumour-to-background ratios (TBR) stratified by dose for primary tumours and
metastases
The boxes represent medians with q1 and q3 and the error bars represent the range.
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ABSTRACT

Purpose

Metastasectomy is a common treatment option for patients with colorectal lung metasta-
ses (CLM). Challenges exist with margin assessment and identification of small nodules,
especially during minimally invasive surgery. Intraoperative fluorescence imaging has the
potential to overcome these challenges. The aim of this study was to assess feasibility of
targeting CLM with the carcinoembryonic antigen (CEA) specific fluorescent tracer SGM-101.

Methods

This was a prospective, open-label feasibility study. The primary outcome was the number
of CLM that showed a true positive fluorescence signal with SGM-101. Fluorescence positive
signal was defined as a signal-to-background ratio (SBR) = 1.5. A secondary endpoint was the
CEA expression in the colorectal lung metastases, assessed with the immunohistochemistry
and scored by the total immunostaining score.

Results

Thirteen patients were included in this study. Positive fluorescence signal with in vivo, back
table and closed-field bread loaf imaging was observed in 31%, 45% and 94% of the tumours
respectively. Median SBRs for the three imaging modalities were 1.00 (IQR: 1.00 - 1.53), 1.45
(IQR: 1.00 - 1.89) and 4.81 (IQR: 2.70 - 7.41). All tumour lesions had a maximum total im-
munostaining score for CEA expression of 12/12.

Conclusion

This study demonstrated the potential of fluorescence imaging of CLM with SGM-101. CEA
expression was observed in all tumours and closed-field imaging showed excellent CEA
specific targeting of the tracer to the tumour nodules. The full potential of SGM-101 for in
vivo detection of the tracer can be achieved with improved minimal invasive imaging systems

and optimal patient selection.
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INTRODUCTION

Around 5% of the patients with colorectal cancer (CRC) develop lung metastases after treat-
ment with curative intent (1, 2). For selected, oligo-metastatic patients, metastasectomy
is an important treatment option so long as the primary disease is under control. Tumour
identification during metastasectomy is sometimes challenging, as nodules can be small.
Positive margins are associated with decreased overall survival, which makes complete
removal of the tumour of utmost importance (3). While the introduction of video-assisted
thoracic surgery (VATS) has reduced surgical morbidity, tumour identification has become
more challenging. Therefore, interest is growing in other methods for intraoperative detec-

tion of colorectal lung metastases (CLM).

Intraoperative, tumour-specific, near-infrared (NIR) fluorescence imaging is developed for
several surgical procedures, including lung surgery (4). To realize NIR fluorescence tumour
imaging, patients are administered intravenously with a tumour-specific tracer attached to a
fluorophore. Imaging of these agents with a fluorescence imaging system allows for real-time
intraoperative visualization of the tumour (5). SGM-101 is a fluorescent tracer that consists
of a monoclonal antibody that targets carcinoembryonic antigen (CEA), labelled with a NIR
fluorophore (BM-104). This fluorophore has an excitation and emission wavelength around
700 nm (6). CEA is overexpressed in >95% of the colorectal cancers and thus an excellent
target for molecular imaging of CRC (7). NIR fluorescence imaging of CLM with SGM-101
may improve intraoperative detection of these tumours and thus increase the chance of a

complete resection of the tumour.

Intraoperative NIR fluorescence imaging with SGM-101 has been studied in trials for locally
advanced CRC, peritoneal metastases of CRC, colorectal liver metastases, and pancreatic
cancer (8-12). In a phase Il rectal cancer trial, NIR fluorescence imaging with SGM-101 resulted
in a change in surgical plan in 7 out of 37 patients. Currently, two phase Ill trials are ongoing
with SGM-101 for CRC and peritoneal metastases (13, 14). The aim of this study was to assess
the potential of targeting CLM with SGM-101.

METHODS

This study was reviewed and approved by the medical ethical committee ‘Leiden-Den
Haag-Delft’ and conducted according to the declaration of Helsinki (10th version, Fortaleza,
2013). Informed consent was obtained from all study participants. The study was registered
in Clinicaltrials.gov under identifier NCT04737213. The study was conducted in the Leiden
University Medical Center (LUMC) and the Erasmus MC Cancer Institute (EMC).
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Study design

This was a prospective, open-label, non-randomized feasibility study to assess the ability
of SGM-101 to target CLM. In this single arm trial, all patients were intravenously adminis-
tered with SGM-101. SGM-101 was supplied by Surgimab (Montpellier, France). All patients
received intravenous administration three to five days prior to surgery, based on earlier study
protocols (10-12). The drug was administered over 30 minutes and patients were observed
for three hours after infusion. Patients at least 18 years old, scheduled for resection of (sus-
pected) CLM, and willing and able to give written informed consent were eligible for inclu-
sion. Exclusion criteria were: history of any anaphylactic reaction, other malignancies either
currently active or diagnosed in the last 5 years, hepatic or renal insufficiencies, blood count
abnormalities, known positive test for HIV, hepatitis B surface antigen or hepatitis C virus
antibody or patients with untreated serious infections, patients pregnant or breastfeeding,
or any condition that the investigator considered to be potentially jeopardizing the patient’s
wellbeing or the study objectives.

Outcomes

The primary outcome of this study was the number of CLM that showed a true positive fluo-
rescence signal with SGM-101 and a NIR fluorescence imaging system. Secondary endpoints
were the optimal dose of SGM-101 for fluorescence imaging of CLM, possible change in surgi-
cal management based on fluorescence imaging, and concordance between fluorescence
imaging and CEA expression on the corresponding tissue slides.

For the primary outcome, lesions were considered fluorescent (i.e. a positive index test) if the
signal-to-background ratio (SBR) was = 1.5 (15). The reference standard for demonstrating
CLM was final histopathological assessment. Imaging of the CLM was performed in three
settings: in vivo imaging, ex vivo imaging of the whole specimen on the back table (back table
imaging), and ex vivo imaging of bread loaf slides in a closed-field imaging device (closed-
field imaging). In vivo and back table imaging was performed with the Quest spectrum V2
fluorescence camera (Middenmeer, The Netherlands). During VATS, the endoscopic camera
of Quest spectrum V2 was used. Closed-field imaging was performed with the PEARL MSI
imaging system (Li-Cor ,Lincoln, Nebraska, USA). SBRs were calculated with the ‘Quest TBR
tool’ (Quest Medical Imaging, Middenmeer, The Netherlands) and Image Studio software
(Li-Cor, Lincoln, Nebraska, USA). The SBR was defined as the mean fluorescence intensity
of the signal derived from the tumour divided by the mean fluorescence intensity of the sur-
rounding normal tissue.
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Doses of 7.5, 10, and 12.5 mg were studied. The optimal dose was decided based on
closed-field bread loaf imaging. As this was a feasibility study, no direct change in surgical
management was performed, based on intraoperative fluorescence imaging alone. However,
possible change in surgical management was noted as a secondary outcome measure (type
D study (16)). CEA expression was assessed by immunohistochemistry with the monoclonal
mouse antibody against CEACAMS5 (clone number CI-P83-1, Santa Cruz Biotechnology) (12).
Scoring of staining was done by multiplying the intensity score by the proportion score, to
calculate the total immunostaining score (TIS) (17). A dedicated pathologist (MD) performed
scoring of the immunohistochemistry-stained tissue slides.

Statistics

R software (version 4.1.0, R Foundation for statistical computing, Vienna, Austria) was used
for statistical analysis. Numerical data was described with median and interquartile range
(IQR) or range. To assess SBR differences between dose groups, a Kruskal-Wallis test was
performed. To assess the influence of overlying lung parenchyma on fluorescence signal
intensity, tumours were categorized as closer or further distanced than 14 mm of the visceral
pleura as defined by pre-operative computed tomography (CT) (18). P < 0.05 was considered
significant. The sample size is based upon experience with this type of compounds and not
on a formal power calculation. Using the 3+3 dose escalation design, a minimum of 9 and a
maximum of 15 patients will be included, corresponding to a minimum of 3 patients per dose
level. Patients were allocated in a chronological order.

RESULTS

Between January-2021 and September-2022, 13 patients (ten males, three females) with a
median age of 56 years (IQR: 54.5 - 66.5) were included. Patient and surgical characteristics
are described in Table 1. There were no (serious) adverse events with any possible relation-
ship to the administration of SGM-101.
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B Table 1: Patient- and surgical characteristics

n (%)*
Patients 13 (100)
Sex Male 10 (77)
Female 3(23)
Hospital LUMC 7 (46)
EMC 6(54)
Age (median [IQR]) 56 [54.5 - 66.5]
Serum CEA (pg/ml) 5.8[3.33-8.5]
(median [IQR])
Location metastasis RUL 5(28)
ML 1(6)
RLL 6(33)
LuL 3(17)
LLL 3(17)
Surgical procedure** Lobectomy 4(31)
Segment resection 2(15)
Wedge resection 9 (69)
Lymphadenectomy 5(38)
Surgical approach Thoracotomy 2(15)
VATS 9 (70)
RATS 2 (15)***

* Percentages may not always add up to 100 due to rounding to full numbers

** Multiple patients underwent combined lobectomy and wedge/segment resections

*** One converted to thoracotomy due to haemorrhage

LUMC = Leiden University Medical Centre | EMC = Erasmus Medical Centre | IQR = interquartile range | RUL =
right upper lobe | ML = Middle lobe | RLL = right lower lobe | LUL = left upper lobe | LLL = left lower lobe | VATS =
video assisted thoracic surgery | RATS = robot assisted thoracic surgery

Tumour lesions

Eighteen CLM were resected. Characteristics of all lesions are described in Table 2. In vivo
imaging was performed on 16 lesions, back table imaging on 15 lesions, and closed-field
imaging on 18 lesions. A positive fluorescence signal was observed in five lesions (31%) in
vivo, in seven lesions (47%) with back table imaging and in 17 lesions (94%) with the closed-
field imaging. Median SBRs for the three imaging modalities were 1.00 (IQR: 1.00 - 1.53), 1.45
(IQR: 1.00 - 2.05) and 4.81 (IQR: 2.70 - 7.41) respectively. All metastases were detected based
on preoperative imaging and white light inspection. No lesions were identified solely based
on NIR fluorescence imaging. Five metastases were located > 14 mm of the pleura, none of
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which showed positive in vivo fluorescence (median SBR: 1.00, range 1.00 - 1.34). For lesions
< 14 mm of the pleura, 5 out of 11 (45%) were fluorescent in vivo (median SBR: 1.34, range:
1.00 - 2.15) and 6 out of 11 (64%) lesions on the back table (median SBR: 1.98, range 1.00 -

3.53). Figure 1 presents an example of in vivo and back table imaging (lesion 7).

Tumour
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B Figure 1: Representative in (a,b) and ex vivo (c, d, e, f) fluorescence images of a colorectal lung metastasis
(lesion 7)
White light (left panels) and gradient fluorescence overlay (right panels) images
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B Figure 2: Fluorescence images of of malignant (a - d) and benign (e, f) lymph nodes
White light (left panels) and gradient fluorescence overlay (right panels) images
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Lymph nodes

In patient 1 and 7, two benign lymph nodes were resected based on white light suspicion,
but were fluorescence-negative (true negatives). In patient 13, a lymphadenectomy was per-
formed for preoperatively identified hilar lymph node metastases. Three malignant lymph
nodes were fluorescent on the back table (lesions 25, 27, 28, true positives). Three other non-
fluorescent lesions were resected based on clinical suspicion for tumour involvement. All
three contained fibrosis without tumour (lesions 24, 26, 29, true negatives). Figure 2 presents
the white light and gradient overlay fluorescence images of three lymph nodes (lesions 25,
26, 28).

SGM-101 dose

Five patients (seven lesions) were injected with 7.5 mg SGM-101, four patients (five lesions)
with 10 mg, and four patients (six lesions) with 12.5 mg. Median SBRs (closed-field imaging)
for the dose levels were 6.1 (IQR: 5.50 - 7.25), 4.54 (IQR: 2.35-7.73), and 2.9 (IQR: 2.13 - 4.25)
respectively (Figure 3a, p=0.20). There was no difference in absolute tumour or background
mean fluorescence intensity (MFI) between the three dose groups (tumour: p=0.14, back-

ground: p=0.34, Figure 3b).

Potential change in surgical management

In one patient, three clinically suspect, in vivo non-fluorescent nodules were resected (true
negatives, lesions 9, 10, 11). In patient 5, the surgeon was unsure whether a complete re-
moval of the tumour was achieved. Therefore, a small additional resection was performed.
Fluorescence back table imaging of the primary specimen showed no tumour involvement
of the resection margin (Figure 1, e and f). Final pathology assessment of primary resected
specimen confirmed absence of tumour in the resection margin. In patient 9, tumour identi-
fication was based on the location on the CT scan and white light inspection. After resection,
it was unclear whether the tumour was in the specimen, as the nodule was not palpable. After
removing the staples, a clear fluorescent signal was observed in the specimen (Figure 4). The

fluorescent tissue was sent for frozen section analysis and confirmed as malignant.
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B Figure 3: The signal-to-background ratios (a) and the mean fluorescence intensities (MFI) for tumour and
background tissue per dose group (b) per dose group.
The boxes represent medians with g1 and q3 and the error bars represent the range.

B Figure 4: Images of an invisible and non-palpable tumour with a clear fluorescence signal (lesion 19).
White light (a) and gradient fluorescence overlay (b) images
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CEA immunohistochemistry

All 18 tumour lesions had a total immunostaining score (TIS) of 12 out of 12. Figure 5 repre-
sents a bread loaf tissue section of a CLM imaged with several imaging modalities. Figure 6
presents a slide from the same tissue block with the H&E and CEA immunohistochemistry
staining. Three tumour containing lymph nodes had maximum CEA expression (TIS: 12). One
normal control lymph node had no CEA expression (lesion 24, TIS: 0). CEA expression per
lesion is shown in Table 2.

W L

&l
PEARL - PEARL - PEARL - Odysssey -
white light 700 nm overlay 700 nm
Figure 5: A tissue slide of a CLM imaged with the PEARL MSI and Odyssey CLx scanner.
DISCUSSION

The present study shows that targeting of SGM-101 to CLM was accurate and that CEA is the
target of choice for tumour-specific imaging of CLM. Challenges remain with in vivo detec-
tion of the tumour lesions, especially with the minimally invasive NIR fluorescence imaging
system. The full potential of SGM-101 for in vivo detection of the tracer may therefore be
achieved with improved minimally invasive imaging systems. Optimal patient selection may
also further improve the efficacy of SGM-101. If intraoperative identification of the lesion
is expected to be challenging, SGM-101 may help for the detection of superficial lesions.
Identification of lesions deeper in the lung parenchyma is not expected to be possible with
the technique, as overlying lung tissue negatively affects the observed fluorescence signal.
An earlier study found a distance from the tumour to pleura of 14 mm as determined by
pre-operative CT, to be the maximum tumour depth that can be imaged with an 800 nm
fluorophore (18). For SGM-101 (700 nm) this might be slightly lower (5, 19). In the current
study, five lesions had a distance to the pleura of more than 14 mm on CT and none of these
were fluorescent in vivo. A second application of intraoperative NIR fluorescence imaging is
margin assessment. When close or positive resection margins are expected during surgery
(e.g. when the tumour infiltrates the chest wall or a bronchus), intraoperative fluorescence
imaging with SGM-101 may also be beneficial. For margin assessment, tumour depth is not
influential. This is due to the fact that margin assessment is performed by imaging of the
resection margin on the specimen on the back table. When positive margins are suspected,
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H&E slide SO 20x magnification )/

s e

CEA staining 20x magnification

B Figure 6: Haematoxylin and Eosin (HE) staining and Carcinoembryonic Antigen (CEA) immunohistochem-

istry staining on a the tissue slide as demonstrated in Figure 4.

the wound bed can also be imaged to assess for residual signal. Given that 94% of the tumour
bread loaves showed a positive fluorescence signal, it is expected that when tumour positive
margins occur, they can be detected with this technique. Thus, patients with superficial nod-
ules which are expected to be challenging to identify, or patients with tumours with potential
tumour positive margins are most likely to benefit from the use of SGM-101.

Asecondary objective of this study was to find the optimal dose of SGM-101 for the identifica-
tion of CLM. For primary colorectal cancer, a dose of 10 mg was found to be the optimal
dose (10). Our study assessed three doses. In all dose groups sufficient SBRs were found.
SBRs appeared to decrease with increasing doses but these differences were not significant.
Therefore, a dose of 7.5 mg may be sufficient for pulmonary CLM imaging. The lowest dose is

also preferable with regard to costs.

Recently, the first results were published on the use of SGM-101 for CLM and primary lung
tumours (20). In this study, ten patients were included, of which four had CLM. A dose of 10
mg of SGM-101 was administered according to the standard dose for primary or recurrent
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colorectal cancer. In the paper, only SBRs from the closed-field imaging were reported. When
comparing SBRs from this trial to our results we find similar results, with mean SBRs of 3-4.
For primary lung cancer surgery, several trials have been performed with other fluorescent
tracers (4). OTL-38 is a folate-a targeted fluorescent tracer for pulmonary adenocarcinoma
that has been used in several studies for intraoperative imaging of primary lung adenocarci-
noma. However, OTL-38 is not a good candidate for imaging of most other adenocarcinomas,
including colorectal cancers. Less than 30% of the colorectal cancers express folate-a, while
CEA is expressed on 95% of tumours (7, 21, 22).

Several limitations of this study can be mentioned. The low number of patients might have
affected dose finding. In addition, patients were not selected based on tumour location and
distance to the pleura. This may explain why several nodules were not fluorescent when im-
aged intraoperatively. However, as we asked all eligible patients for participation, we most
likely included a clinically representative cohort of patients.

In conclusion, the present study demonstrates the potential of fluorescence imaging of CLM
with SGM-101. Closed-field imaging of bread loaves showed excellent targeting of the tracer
to the tumour nodules, with maximum target expression on all tumour nodules. Challenges
remain with in vivo detection of this tracer. Improving minimally invasive fluorescence imag-
ing systems and optimal patient selection most likely enables the optimal efficacy of SGM-
101 for CLM surgery.
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ABSTRACT

Introduction

Anastomotic leakage is a severe complication after oesophageal resection with gastric
conduit reconstruction. Poor perfusion of the gastric conduit plays an important role in
the development of anastomotic leakage. Quantitative near-infrared (NIR) fluorescence
angiography with indocyanine green (ICG-FA) is an objective technique that can be used for
perfusion assessment. This study aims to assess perfusion patterns of the gastric conduit
with quantitative ICG-FA.

Methods

In this exploratory study, 20 patients undergoing oesophagectomy with gastric conduit
reconstruction were included. A standardized NIR ICG-FA video of the gastric conduit was
recorded. Postoperatively, the videos were quantified. Primary outcomes were the time-
intensity curves and nine perfusion parameters from contiguous regions of interest on
the gastric conduit. A secondary outcome was the inter-observer agreement of subjective
interpretation of the ICG-FA videos between six surgeons. The inter-observer agreement was

tested with an intraclass correlation coefficient (ICC).

Results

In a total of 427 curves, three distinct perfusion patterns were recognized: pattern 1 (steep
inflow, steep outflow); pattern 2 (steep inflow, minor outflow); and pattern 3 (slow inflow,
no outflow). All perfusion parameters were significantly different between the perfusion
patterns. The inter-observer agreement was poor - moderate (1CC:0.345,95%Cl:0.164-0.584).

Discussion

This was the first study to describe perfusion patterns of the complete gastric conduit after
oesophagectomy. Three distinct perfusion patterns were observed. The poor inter-observer
agreement of the subjective assessment underlines the need for quantification of ICG-FA of
the gastric conduit. Further studies should evaluate the predictive value of perfusion pat-

terns and parameters on anastomotic leakage.
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INTRODUCTION

Annually, around 600.000 patients are diagnosed with oesophageal or junctional cancer
worldwide (1). For most patients with curable disease, neoadjuvant therapy followed by
oesophagectomy with gastric conduit reconstruction is the treatment of choice. Major com-
plications related to the gastric conduit or the anastomosis, such as anastomotic leakage,
abscesses, gastric conduit necrosis, or fistulas are reported in 4-30% of the cases (2, 3). Occur-
rence of major complications increases postoperative mortality significantly and decreases
long term survival (4-6). Poor perfusion of the gastric conduit is thought to play a significant
role in the development of these complications. Therefore, interest in intraoperative perfu-
sion assessment of the gastric conduit using opticalimaging techniques is growing. The most
commonly used technique is near-infrared fluorescence angiography with indocyanine green
(ICG-FA) (7).

ICG-Fluorescence Angiography (ICG-FA) is being used extensively for perfusion assessment
of tissue such as colorectal anastomoses. However, no high-quality evidence has been pub-
lished proving the additional value of ICG-FA to prevent these anastomotic complications
(8, 9). Evidence that ICG-FA reduces the risk of anastomotic leakage of the gastric conduit is
also scarce (10, 11). This might be due to the subjective interpretation of the fluorescence
signal, which depends on the ‘real-time’ interpretation of the surgeon. With this subjective
approach, it can be challenging to distinguish well-perfused from poorly-perfused parts of
the gastric conduit (12). We hypothesized that quantification of the NIR fluorescence signal
could be used to objectively assess various perfusion patterns (13).

Few studies have performed quantitative ICG-FA of the gastric conduit (14-17). Time-intensity
curves of proximal parts of the gastric conduit generally showed a steep inflow, with a peak
immediately followed by a steep outflow. Distal parts showed a gradual increase of fluores-
cence intensity without reaching a peak intensity. However, in these studies, the location
of the ROIs were pre-selected based on parts of the gastric conduit that were subjectively
assumed by surgeons to be well perfused or poorly perfused. In addition, none of these stud-
ies plotted curves on the exact location of the anastomosis. This study aimed to identify
perfusion patterns within the entire gastric conduit to differentiate between well and poorly
perfused areas and to identify transition areas that could be of clinical relevance.

METHODS

This study was reviewed and approved by the medical ethical committee ‘Leiden-Den
Haag-Delft’ (MEC-2021-0876) and was performed according to the declaration of Helsinki
(10th version, Fortaleza, 2013). Informed consent was obtained from all patients. The study
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was conducted in the Leiden University Medical Centre (LUMC) and the Erasmus MC Cancer
Institute (EMC).

Study design and imaging protocol

This was a prospective cohort study. Twenty patients undergoing oesophageal resection with
gastric conduit reconstruction with cervical anastomosis were included.

After creating the gastric conduit, it was placed on a flat surface. The Quest V2 Fluorescence
imaging platform (Quest Medical Imaging, Middenmeer, The Netherlands) was positioned at
a distance of 30 cm above the gastric conduit, at a 90 degrees angle. The gastric conduit was
positioned in such a way that it could be imaged completely. All ambient light was switched
off and the windows were blinded. Camera settings were as follows: the gain was set on 3.5
(colour) and 20 (ICG) decibels, exposure was set on 11 (colour) and 100 (ICG) milliseconds.
Five mg (2 ml of 2.5 mg/ml) ICG solution was then rapidly injected in a peripheral intravenous
catheter, followed by a flush of saline. After administration of ICG, a standardized ICG-FA
video was recorded for 5 minutes.

Outcome

The primary outcome measure was the time-intensity curve and its derived parameters.
Secondary outcomes were the inter-observer agreement of subjective interpretation of
the ICG-FA videos by every upper-Gl surgeon separately (HH, WS, MH, PS, SL, BW). For the
subjective interpretation, surgeons were asked to mark the most distal location of the gastric
conduit where perfusion was still deemed sufficient based on the ICG-FA video (i.e. the loca-
tion where they would create the anastomosis in order to save as much length as possible).
Finally, anastomotic complications (defined as: anastomotic leakage, fistulas originating
from the gastric conduit, gastric conduit necrosis, or abscesses near the anastomosis) within
30 days from surgery were recorded.

Quantification

Postoperatively, continuous ROIs of approximately 1 cm width were drawn from proximal to
distal across the gastric conduit using the Quest Research Framework (figure 1). Overexposed
videos were excluded. From each ROI, a absolute- and normalised time intensity curve was
plotted from which nine perfusion parameters were derived (18). The following five inflow
and four outflow parameters were determined: time to maximum fluorescence intensity
(time to max); maximum fluorescence intensity (Imax); mean slope of the inflow (ingress
rate); maximum slope of the inflow (max ingress slope); normalised maximum slope of the
inflow (normalised ingress slope); maximum slope of the outflow (maximum egress slope);
and the area under the curve (AUC) after 30, 60, 120 seconds (auc30, auc60, auc120) starting
from the Imax.
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B Figure 1: output of the Quest research framework with time-intensity curves of the corresponding ROIs

Statistics

Statistical analyses were performed with R-studio software (version 4.1.0, R Foundation for
statistical computing, Vienna Austria). Descriptive statistics were used to describe numerical
data (mean with standard deviation (SD), median with interquartile range (IQR), or median
with range). To calculate statistical differences in parameters between perfusion pattern
groups (>2 groups, normal distribution), a one-way ANOVA was used. To test statistical dif-
ference in perfusion parameters between anastomotic leakage and non-leakage groups (2
groups, non-normal distribution), a Mann-Whitney U test was conducted. To assess inter-
observer agreement, an intraclass correlation coefficient (ICC) with 95% confidence interval
(C1) was calculated according to a two-way mixed modal, absolute agreement type, single
measurement method. An ICC of < 0.5 was defined as ‘poor agreement’; = 0.5 to 0.75 was
defined as ‘moderate agreement’; > 0.75 to 0.90 was defined as ‘good agreement’; and >
0.90 was defined as ‘excellent agreement’ (19). The distance between the chosen locations
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was measured with ImageJ (version 1.53k, National Institutes of Health, USA) according to a
previously published method (12). The most proximal selected location (i.e. the closest to the
base of the gastric conduit) was used as the baseline measurement. Figures were created in
Graphpad (version 9.3.1., Graphpad software Inc. San Diego, California, USA).

RESULTS

Patient characteristics

The study comprised of 20 patients, 17 (85%) males and 3 (15%) females. The median age
was 63 years (IQR: 62 - 70.5). All patient characteristics are shown in table 1. In total, 427
curves were plotted. The median number of curves per gastric conduit was 22 (range 18 - 25).

Table 1: patient characteristics

Characteristic N (%)
Sex Male 17 (85)
Female 3(15)
Age (median [IQR]) 63.00 [62.00, 70.50]
Hospital LUMC 12 (60)
EMC 8(40)
T stage cl 1(5)
c2 3(15)
c3 13 (65)
c4 3(15)
Surgical approach Transthoracic 9 (45)
Transhiatal 11 (55)
Minimal invasive Yes 12 (60)
No 8(40)
Days of admission (median [IQR]) 8.00 [7.00, 23.50]

Perfusion patterns

Based on qualitative and quantitative assessment of the time-intensity curves and the cor-
responding perfusion parameters, three distinctive perfusion patterns of the gastric conduits
were observed. These patterns were present on every gastric conduit. Pattern 1: a steep
inflow with a short peak and steep outflow. Pattern 2: a steep inflow but no/little egress and
animmediate plateau phase. Pattern 3: a slow gradient inflow that does not or slowly reaches
its peak fluorescence intensity. Pattern 1 was present at the base of the gastric conduit that
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was clinically selected as a vital part of the gastric conduit. Pattern 2 displayed the transition

zone and pattern 3 the ischemic zone at the tip of gastric conduit.

Based on qualitative interpretation of the curves with a quantitative check afterwards, cut-
off values were established for each pattern. pattern 1: time to max < 50 sec and max egress
<-1.5; pattern 2: time to max <50 sec and max egress >-1.5; and pattern 3: time to max > 50
sec. Figure 2 shows the mean curves per perfusion pattern and figure 3 shows the separate
curves with the standard deviation (top row) and the normalised curves per perfusion pat-
tern (bottom row). The mean perfusion parameters per pattern are presented in table 2. All

perfusion parameters were significantly different between the perfusion patterns.

Perfusion patterns
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B Figure 2: average curves of the three perfusion patterns
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B Figure 3: the three separate perfusion patterns, with standard deviations. The bottom row represents the
normalised curves

B Table 2: perfusion parameters of all ROIs, stratified by perfusion pattern

Pattern 1 (mean

Pattern 2 (mean

Pattern 3 (mean

Perfusion parameter (SD)) (SD)) (SD)) P

N (curves) 211 92 124

Time to max (sec) 15.47 (5.22) 31.28 (11.30) 173.92 (79.68) *

Imax 142.64 (33.90) 96.09 (30.99) 59.15 (27.76) <0.001
Ingress rate (a.u./sec) 9.40 (3.44) 3.27(1.72) 0.45 (0.39) <0.001
Max ingress slope (a.u./sec) 16.06 (5.54) 7.67 (3.48) 3.08 (2.32) <0.001
Max egress slope (a.u./sec) -4.34 (1.89) -0.96 (0.29) -0.53 (0.61) *
Normalised max slope (a.u./sec) 11.20 (2.70) 7.96 (2.63) 5.09 (2.33) <0.001
AUC 30 78.12 (6.59) 93.19 (5.44) 96.76 (6.21) <0.001
AUC 60 70.64 (7.16) 88.61 (7.13) 95.37 (8.38) <0.001
AUC 120 64.85 (7.47) 83.91 (8.28) 91.59 (10.45) <0.001

* patterns are categorized based on the time to max and the max egress slope. Therefore, these parameters

are not statistically compared.

Abbreviations: sec = seconds | a.u. = arbitrary units | AUC = area under the curve
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Subjective interpretation of ICG-FA recordings

Six surgeons reviewed all ICG-FA videos and selected the location where they would place the
anastomosis. Inter-observer agreement for this subjective evaluation was poor - moderate;
ICC: 0.349 (95% Cl: 0.164 - 0.584). Per gastric conduit, the median distance between the most
proximal- and distal selected location was 2.79 cm (range 0.49 - 6.46 cm). Supplementary
figure 1 shows the ICC dot plot with the distance (in centimetres) between the locations

selected by the surgeons.

Clinical outcome

In twelve patients (60%), quantitative analysis of the part of the gastric conduit that was used for
the anastomosis showed perfusion pattern 2. In two patients (10%), pattern 1 was present at the
location of the anastomosis and pattern 3 was present in six (30%) patients. Figure 4 displays
all 20 curves at the location of the anastomosis. Anastomotic leakage occurred in three patients
(15%) and all complications were clinically relevant (Clavien-Dindo = 3). In two (67%) patients
with anastomotic leakage the anastomosis location showed pattern 2, and in one patient (33%)
pattern 3. The median Imax was significantly lower in the anastomotic leakage group compared
to the non-leakage group (97.69 vs. 46.81, p=0.023). The ingress rate (2.13 vs. 0.85, p=0.101)
and max ingress slope (7.58 vs. 1.63, p=0.153) did not significantly differ between the groups.
Supplementary table 1 presents all perfusion parameters stratified by anastomotic leakage.

Curves anastomoses

200+ — Leakage
— No Leakage

Intensity (a.u.)

I
0 60 120 180
Time (sec)

B Figure 4: all curves on locations where the anastomosis was placed. The red lines represent the patients
that developed anastomotic leakage
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DISCUSSION

Thisis the first study that used quantitative ICG fluorescence angiography to assess perfusion
patterns of the complete gastric conduit after oesophageal resection. By plotting continuous
ROIs on the gastric conduit, a clear representation of perfusion of the entire gastric conduit
was obtained. Based on these curves, three distinct patterns were recognized. Pattern 1
generally presented on the base of the gastric conduit, whereas pattern 3 was usually found
at the distal end, corresponding with the expected area of poorest perfusion. Pattern 2 was
observed in the transition zone of the gastric conduit. These three perfusion patterns were
clearly distinguishable in each patient and might adequately reflect the perfusion status of
the gastric conduit. Although these results suggest that quantitative ICG-FA can objectively
identify differences in perfusion throughout the gastric conduit, the clinical value of these
perfusion patterns should be further explored.

Another important outcome of this study was the inter-observer agreement of the surgeons’
subjective assessment of the ICG-FA videos, which was considered poor - moderate (ICC =
0.349, 95% Cl: 0.164 - 0.584). This ICC is lower than an earlier study from Hardy et al. (12),
where analysis of ICG-FA videos resulted in a moderate overall ICC of 0.717 for experts and
0.641 for non-experts. Our findings underline the need for standardization and quantification
of these ICG-FA assessment videos. In particular in the gastric conduit, in which a trade-off

between length of the conduit and corresponding tissue perfusion is present.

This study was not powered to assess the correlation between quantitative perfusion as-
sessment and anastomotic leakage. Although there was only a small group of patients with
anastomotic leakage (n=3), a significantly lower Imax was found in these patients, compared
to patients without leakage. These findings should be interpreted with caution, as external
factors such as ICG dose, administration method, and camera distance all influence Imax,
even if they are standardized. Optical properties of the tissue may also influence Imax by
causing scattering and absorption of the emitted photons (20). In addition, patient-related
factors, such as cardiac output and vascular status, may be of importance. Still, it remains
remarkable that the two patients with the lowest Imax both developed anastomotic leakage.
Other parameters, such as the ingress rate, max ingress slope, and the normalised max slope
also showed a non-significant difference between the groups. Further studies should explore
the clinical significance of all perfusion patterns and parameters and normalisation of the
curve, and their predictive value on anastomotic leakage.

This study only included patients with cervical anastomoses. This was due to the difficulty
of making standardized recordings when the gastric conduit is located in the thorax. Intra-
thoracic gastric conduits require imaging with endoscopic or robotic NIR fluorescence cam-
eras. In the intrathoracic setting, standardization of distance and angle can be challenging.
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However, as there is more room to adjust the anastomosis location on the gastric conduit in
intrathoracic anastomosis, ICG-FA assessment may have more direct clinical consequences
in this group of patients.

Several studies have been published regarding quantitative ICG-FA of the gastric conduit.
Due to the use of varying analysis software, a clear comparison of the results is difficult.
Similar to our study, Yukaya et al. (15) reported perfusion patterns based on ICG-FA of the
gastric conduit. In this study, only two ROIs were drawn. Interestingly, three perfusion pat-
terns were reported: the ‘normal flow’ pattern that was similar to our pattern 1, the ‘inflow
delayed’ pattern that was similar to our pattern 3, and the ‘outflow delayed’ pattern that was
similar to our pattern 2. Astudy by Jansen et al. (14) analysed quantitative ICG-FA videos of 20
patients undergoing oesophagectomy with gastric conduit reconstruction. Four pre-selected
ROI’s were analysed. Slope and maximum intensity decreased at more distal locations of the
gastric conduit. Von Kroge et al. (17) measured the slope, time-to-max and Imax on 20 gastric
conduits. Perfusion patterns were not reported, but a decrease in all three parameters was
seen in the most proximal compared to the most distal part of gastric conduit. In general,
these findings are in line with our data. However, in our study, continuous series of ROIs were
drawn on the gastric conduit. Furthermore, we used an extensive set of perfusion parameters
and we applied curve normalisation.

The authors recognize that there remains a subjective factor in the determination of the cut-
off values for categorizing perfusion patterns. Cut-off values were chosen based on qualita-
tive interpretation of the curves with a quantitative check afterwards. Although these cut-off
values were subjective, the method of categorizing the curves is reproducible. A general
limitation of ICG-FA assessment of gastric conduits is that there is often not a possibility to
reduce length of the gastric conduit in a way that an anastomosis with the proximal oesopha-
gus is still feasible. Therefore, some patients have an anastomosis on a location of high risk
of anastomotic leakage. However, even when it is not possible to reduce length of the gastric
conduit, clinical value of ICG-FA exists. In these high-risk patients surgeons should be more
alert to anastomotic leakage by rapidly performing radiological assessment. Also other surgi-
cal options can be taken into account or placement of a drain near the anastomosis.

Larger datasets are needed to assess the prognostic value of the perfusion patterns and
parameters that were found in this study. A follow-up study should be sufficiently powered
to assess whether these patterns and parameters are correlated with anastomotic leakage.
Also, quantitative measurements should be performed intraoperatively to facilitate change
in surgical management.
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In conclusion, this study described three perfusion patterns of the gastric conduit by per-
forming quantified ICG fluorescence angiography. These perfusion patterns were clearly
recognized in every patient. The exact clinical meaning of these perfusion patterns, and the
corresponding parameters, should be evaluated further. The poor inter-observer agreement
of subjective analysis of the videos underlines the need for quantification of NIR fluorescence
imaging with ICG. Larger studies should assess the predictive value of the observed perfusion
patterns and parameters on the occurrence of anastomotic leakage.
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ABSTRACT

Background

Indocyanine green near-infrared fluorescence bowel perfusion assessment has shown its
potential benefit in preventing anastomotic leakage. However, the surgeon’s subjective
visual interpretation of the fluorescence signal limits the validity and reproducibility of the
technique. Therefore, this study aimed to identify objective quantified bowel perfusion pat-
terns in patients undergoing colorectal surgery using a standardized imaging protocol.

Methods

A standardized fluorescence video was recorded. Postoperatively, the fluorescence videos
were quantified by drawing contiguous region of interests (ROIs) on the bowel. For each ROI,
a time-intensity curve was plotted from which perfusion parameters (n=10) were derived and
analyzed. Furthermore, the inter-observer agreement of the surgeon’s subjective interpreta-
tion of the fluorescence signal was assessed.

Results

Twenty patients who underwent colorectal surgery were included in the study. Based on the
quantified time-intensity curves, three different perfusion patterns were identified. Similar
for both the ileum and colon, perfusion pattern 1 had a steep inflow that reached its peak
fluorescence intensity rapidly, followed by a steep outflow. Perfusion pattern 2 had a rela-
tively flat outflow slope immediately followed by its plateau phase. Perfusion pattern 3 only
reached its peak fluorescence intensity after 3 minutes with a slow inflow gradient preceding
it. The inter-observer agreement was poor-moderate (Intraclass Correlation Coefficient (ICC):
0.378, 95%-Cl1 0.210 - 0.579).

Conclusion

This study showed that quantification of bowel perfusion is a feasible method to differenti-
ate between different perfusion patterns. In addition, the poor-moderate inter-observer
agreement of the subjective interpretation of the fluorescence signal between surgeons
emphasizes the need for objective quantification.
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INTRODUCTION

Anastomotic leakage (AL) is a serious postoperative complication in colorectal surgery with
anincidence ranging from 1to 20% (1). Itis associated with high morbidity and mortality, pro-
longed hospitalization, increased healthcare costs, and impaired oncological outcomes (2,
3). The etiology of AL is multifactorial, in which compromised bowel perfusion is considered
as a major contributing factor. Conventionally, bowel perfusion is assessed intraoperatively
based on subjective clinical indicators, including tissue color, peristaltic movements, active
bleeding from marginal arteries and palpable mesenteric arterial pulsations. Additional tests
that may be used to assess the integrity of the anastomosis are the air leak test, intraop-
erative endoscopy and doughnut inspection (4). However, the surgeon’s judgement of these
clinical indicators was found to have low predictive value for AL, which indicates the need for
more accurate intraoperative diagnostic tests (5, 6).

Near-infrared (NIR) fluorescence imaging with indocyanine green (ICG) is a technique that
enables real-time assessment of bowel perfusion. Several studies have shown its benefit
to prevent AL (7). This is currently being validated in ongoing phase Il randomized con-
trolled trials, such as the AVOID trial (8) (NCT04712032), IntAct trial (9), and EssentiAL trial
(jRCTs031180039), that should determine its clinical efficacy. However, the use of this tech-
nique is based on subjective visual interpretation of the fluorescence signal by the surgeon,
which remains a limiting factor for the validity and reproducibility of these data in daily
practice (10-13).

Quantitative evaluation of the fluorescence signal could increase the objectivity and accuracy
of ICG NIR fluorescence bowel perfusion assessment. This method is based on the analysis
of fluorescence intensity over time from which various inflow and outflow parameters can
be derived. Some cohort studies have already investigated quantified bowel perfusion as-
sessment using various generic quantification software (14-25). However, no consensus has
been reached on which perfusion pattern and/or quantitative parameters can considered
to be sufficiently reliable to assess bowel perfusion (26). This is partly due to the lack of a
standardized imaging protocol, given the fact that intensity-based parameters are altered by
camera-to-target distance, angle of camera to target tissue, type of imaging system and its
settings (27).

This prospective cohort study aimed to identify quantified bowel perfusion patterns in
patients undergoing colorectal surgery using a standardized imaging protocol. In addition,
the inter-observer agreement of the surgeon’s subjective interpretation of the fluorescence

signal was assessed.
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METHODS

Study design and population

This prospective, dual center, exploratory study was conducted at the Leiden University
Medical Center (LUMC) and Erasmus MC Cancer institute (EMC), according to the declara-
tion of Helsinki (10™ version, Fortaleza, 2013). Twenty patients with colorectal cancer who
underwent ICG NIR fluorescence-guided colorectal resection with a primary anastomosis
were included in the study.

Medical ethical approval from the ethic committee Leiden-Den Haag-Delft was obtained
(MEC-2021-0876). Informed consent was given by all patients.

Surgical procedure

Astandardized imaging protocol was used to obtain fluorescence videos for quantification of the
fluorescence signal. Fluorescence videos were recorded using the Quest Spectrum 2.0 camera
system (Quest Medical Imaging, Middenmeer, the Netherlands). ICG NIR fluorescence bowel
perfusion assessment was performed extracorporeally in all patients regardless the surgical ap-
proach chosen (i.e., open or minimally invasive surgery). In patients undergoing minimally inva-
sive surgery (i.e., laparoscopic or robotic), the ileum and/or afferent/efferent colon was extracted
extracorporeally through a Pfannenstiel incision. Before extracorporeal ICG NIR fluorescence
bowel perfusion assessment, the camera was fixed in the camera arm and positioned 30 cen-
timeters above the target tissue at an angle of 90 degrees. Standardized camera settings (GAIN:
color 3.5dB, ICG-fluor 20.0 dB; EXPOSURE: color 11.0 ms, ICG-fluor 50.0 ms) were maintained.
After dissection of the vascular branch and prior to bowel transection, all patients received 5 mg
ICG (2.5 mg/ml, Verdye, Diagnostic Green, Aschheim, Germany) intravenously followed by 10 mL
saline flush according to standard care. Surgeons were allowed to change the surgical plan intra-
operatively by performing an additional bowel resection based on their subjective interpretation
of the fluorescence signal. Immediately after administration, a fluorescence video was recorded
for 5 minutes. On each fluorescence video, the resection line was marked by the surgeon.

Quantitative analyses

The Quest Research Framework (Quest Medical Imaging, Middenmeer, the Netherlands) was
used for quantification of the fluorescence videos. Postoperatively, contiguous region of interests
(ROIs; approximately of 1 cm length) from proximal to distal of the resection line were drawn on
the ileum or afferent/efferent colon, depending on the surgical procedure performed (Figure 1).
An example of a standardized fluorescence measurement is displayed in supplementary Video 1.
The fluorescence signal as shown in Video 1 was quantified from multiple ROI’s into correspond-
ing time-intensity curves as illustrated in Figure 1. For each ROI, absolute (i.e., fluorescence

intensity over time) and normalized (i.e., fluorescence intensity as a percentual change over time
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by setting the maximum fluorescence intensity at 100 percent to minimize the influences of pa-
tient and camera-related factors (28)) time-intensity curves were plotted from which 5 inflow and
5 outflow parameters were derived. These time-intensity curves were analyzed separately for the
ileum and colon. The inflow parameters included the maximum fluorescence intensity (Imax),
maximum inflow slope (Ingress slope), mean slope from baseline to maximum fluorescence
intensity (Ingress rate), maximum inflow slope in percentage per second (Normalized slope),
and time to maximum intensity (Tmax); the outflow parameters included the maximum outflow
slope (Egress slope), area under the curve in percentage after 30, 60, 120, and 180 seconds

Outcomes

The primary outcome of this study was to identify quantified bowel perfusion patterns in pa-
tients undergoing colorectal surgery by analyzing the time-intensity curves plotted from each
ROl and its derived inflow and outflow perfusion parameters. The secondary outcomes were
to assess the inter-observer agreement of the surgeon’s subjective interpretation of the fluo-
rescence signal and ALs after 90 days (i.e., early and late AL). The colorectal surgeons (FH, KP,
DH, AB, GF, PT, CV) all experienced with fluorescence-guided surgery, were individually asked
to mark the intended resection line on all 20 fluorescence videos, based on their subjective
interpretation of the fluorescence signal. from Tmax (AUC30, AUC60, AUC120, AUC180).

Time-intensity curve

Intensity (a.u.)
»
<

Figure 1: Quantification of a standardized fluorescence video using the Quest Research Framework quan-
tification tool.

Contiguous region of interests (ROIs) were drawn from proximal to distal of the resection line (located at the
dark blue ROI) on the afferent colon. For each ROI, an absolute time-intensity curve was plotted. The color of
each time-intensity curve corresponds to the color of the ROI.

The distance between the markers (i.e., intended resection lines) on each fluorescence video
was measured with ImageJ (National Institutes of Health, USA), in which the most proximal
marker was used as the baseline measurement according to the previously published method
of Hardy et al. [12, 13]. AL was defined as AL that required active therapeutic intervention but
manageable without reoperation (Grade B) or AL that requires reoperation (Grade C), accord-
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ing to the definition of the International Study Group of Rectal Cancer [29, 30]. To associate
the quantified perfusion patterns with the occurrence of AL, the time-intensity curves plotted
from the ROIs of the anastomosis were analyzed.

The time-intensity curves of the anastomosis from both the afferent ileum or colon and the
efferent colon were analyzed when both could be imaged extracorporeally. If not, only the
time-intensity curves of the afferent ileum or colon were analyzed.

Statistical analyses

Patient characteristics were described using summary statistics. The distribution of all
variables was assessed using histograms and verified with the Shapiro-Wilk test. Normally
distributed variables were reported as means and standard deviation (SD) and skewed con-
tinuous variables were reported as medians and range. The inflow and outflow parameters
from different perfusion patterns were compared using the One-way ANOVA or Kruskal Wallis
test, depending on the distribution. The inter-observer agreement of the surgeon’s subjec-
tive interpretation of the fluorescence signal was assessed by calculating the intraclass
correlation coefficient (ICC) according to a two-way mixed model, consistency type, single
measurement method. An ICC <0.50 indicated “poor agreement”, ICC 20.50 up to 0.75 indi-
cated “moderate agreement”, ICC >0.75 up to 0.90 indicated “good agreement”, and ICC>0.90
indicated “excellent agreement”.

All statistical analyses were performed using SPSS Version 25.0. The statistical outcomes
were considered significant if the p-value was <0.05.

RESULTS

Patient characteristics

Twenty patients (13 males; 7 females) with a median age of 63 years (range 46 - 83) were
included in the analyses. Of these patients, 7 (35%) underwent a right-sided resection (i.e.,
ileocecal resection, right hemicolectomy or subtotal colectomy) and 13 (65%) patients
underwent a left-sided resection (i.e., left hemicolectomy, sigmoid resection or low anterior
resection). The majority (85%) of patients underwent surgery for a malignant tumour. Two
(10%) patients received neo-adjuvant radiotherapy prior to surgical resection. A minimally
invasive approach (i.e., laparoscopic or robotic) was performed in most patients (80%). The
median in-hospital stay was 5 days (range 3 - 90). In total, 2 patients died during hospitaliza-
tion of which 1 died due to an acute coagulation disorder and 1 patient died from an acute
myocardial infarction. A detailed overview of all patient characteristics is shown in Table 1.
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B Table 1: Patient characteristics

N (%) (n=20)

Age, median (range) 63 (46 - 83)
Male 13 (65%)
BMI® 230 14 (70%)
<30 6 (30%)
ASA-score 1 1 (5%)
2 14 (70%)
3 5 (25%)
Smoking Current 4 (20%)
Former 6 (30%)
Never 7 (35%)
Neoplasm Benign 3 (15%)
Malignant 17 (85%)
Neo-adjuvant radiotherapy 2 (10%)
Type of surgery Right-sided resection® 7 (35%)
Left-sided resection® 13 (65%)
Surgical approach Open 4 (20%)
Laparoscopic 11 (55%)
Robotic 5 (25%)
Type of anastomosis Side-to-side isoperistaltic 4 (20%)
Side-to-side antiperistaltic 4 (20%)
Side-to-end 10 (50%)
End-to-side 0 (0%)
End-to-end 1(5%)
Anastomosis technique Handsewn 3 (15%)
Stapled 16 (80%)
Hospitalization in days, median (range) 5(3-90)
Anastomotic leakage 4(20%)
Mortality 2 (10%)

“ Body Mass Index (weight per kilogram/length®)
® Included ileocecal resection, right hemicolectomy, and subtotal colectomy.
¢ Included left hemicolectomy, sigmoid resection, and low anterior resection
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Perfusion patterns

A total of 218 ROIs were drawn on the ileum or afferent/efferent colon, with a mean number
of 11 + 3.8 ROIs per patient. From these ROIs, 35 (16%) time-intensity curves of the ileum and
183 (84%) time-intensity curves of the colon were plotted and analyzed.

Based on qualitative assessment of the quantified time-intensity curves, three different
perfusion patterns were identified. Similar for both the ileum and colon, perfusion pattern 1
was characterized by a steep inflow slope (Ingress slope) that reached its peak fluorescence
intensity (Tmax) rapidly, followed by a steep outflow slope (Egress slope). In contrast, perfu-
sion pattern 2 had a relatively flat outflow slope immediately followed by its plateau phase.
Perfusion pattern 3 only reached its peak fluorescence intensity after 3 minutes with a slow
inflow gradient preceding it.

Cut-off points were determined for each perfusion pattern based on the quantified perfusion
parameters. For the ileum, the time-intensity curves were distributed among the three dif-
ferent perfusion patterns using the following cut-off values; pattern 1: Tmax <70 and Egress
slope <-2.5; pattern 2: Tmax <70 and Egress slope =-2.5; pattern 3: Tmax =70.

The time-intensity curves of the colon were distributed using cut-off values such as pattern 1:
Tmax <70 and Egress slope <-1; pattern 2: Tmax <70 and Egress slope =-1; pattern 3: Tmax =70.
The mean normalized time-intensity curve with standard deviation of each perfusion pattern
for both the ileum and colon are shown in Figure 2.

Pattern 1 Pattern 2 Pattern 3
100- 100 100
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Figure 2. The mean normalized time-intensity curve with standard deviation of each perfusion pattern for
both the ileum and colon.
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The mean quantified perfusion parameters of each perfusion pattern were compared for
both the ileum and colon. The Imax, Ingress slope, Ingress rate, Normalized slope, Tmax,
and Egress slope of the ileum differed significantly between the three perfusion patterns.
The AUC30, 60, 120 and 180 did not differ significantly. The perfusion parameters of the colon
were all significantly different between the three perfusion patterns as shown in Table 2.

Table 2. In- and outflow parameters of the quantified time-intensity curves of the ileum and colon

ILEUM PATTERN 1 (n=17) PATTERN 2 (n=8) PATTERN 3 (n=10) P-VALUE
Imax, a.u. (range) 131.71(70.07 - 162.21) 48.75(13.32 - 64.43) 39.37 (4.15-77.85) <0.001
Ingress slope, a.u./sec (range) ~ 15.45 (4.79 - 17.60) 5.46 (1.55 - 7.41) 1.18 (0.45-9.87) <0.001
Ingress rate, a.u./sec (range)  8.59 (2.49 - 10.17) 1.14 (0.69 - 2.87) 0.16 (0.02 - 0.56) <0.001
Normalized slope, %/sec 11.99 (8.36 - 14.90) 9.90 (5.75-15.22) 4.66 (1.59 - 20.98) 0.018
(range)

Tmax, sec (range) 14.50 (12.00 - 25.50) 27.00 (13.00 - 60.00) 215.25 (84.00 - 272.50) <0.001
Egress slope, a.u./sec (range) -4.18 (-8.59 - -2.51) -1.26 (-2.31--0.58) -0.54 (-8.42 - -0.06) <0.001
AUC 30, % (range) 78.12 (71.96 - 94.51) 95.59 (68.39 - 96.99) 96.46 (49.01 - 97.23) 0.076
AUC 60, % (range) 68.39(62.21-86.28)  90.23 (57.68-95.86)  96.84 (49.02-96.92)  0.135
AUC 120, % (range) 62.14(57.53-82.08)  82.11(53.45-92.56)  95.91(49.83-96.74)  0.191
AUC 180, % (range) 60.12 (55.38 - 79.87) 77.98 (52.38-91.61) 94.07 (94.07 - 94.07) 0.067
COLON PATTERN 1 (n=95) PATTERN 2 (n=32) PATTERN 3 (n=56) P-VALUE
Imax, a.u. (range) 87.49(30.83-193.32)  46.76 (2.61 - 88.61) 25.22 (2.37 - 86.59) <0.001
Ingress slope, a.u./sec (range)  9.86 (3.73 - 35.03) 3.41(0.22-11.29) 0.70(0.11-10.98) <0.001
Ingress rate, a.u./sec (range) 5.51(1.30-21.06) 1.21(0.12-5.12) 0.10(0.01-0.62) <0.001
Normalized slope, %/sec 12.18 (6.58 - 19.38) 8.16 (3.80 - 18.39) 4.16 (1.43-12.68) <0.001
(range)

Tmax, sec (range) 13.00 (8.00 - 39.50) 29.75 (8.00 - 63.00) 231.00 (82.00 -270.00) <0.001
Egress slope, a.u./sec (range) ~ -2.44(-12.06 - -1.04) -0.59 (-0.97 - -0.14) -0.26 (-4.30 - -0.00) <0.001
AUC 30, % (range) 77.56 (59.59 - 94.85) 94.82 (52.69 - 98.08) 96.91 (78.93 - 99.28) <0.001
AUC 60, % (range) 68.44 (52.78 - 91.08) 89.52 (42.54 - 96.91) 95.80 (80.53-98.11) <0.001
AUC 120, % (range) 61.85(48.08-95.90)  84.47 (38.40-96.70)  93.35(81.37-96.11)  <0.001
AUC 180, % (range) 58.43 (45.96 - 85.49) 81.09 (37.95 - 95.01) 85.59 (81.32-93.49) <0.001

White rows: inflow parameters; Grey rows: outflow parameters; a.u.: arbitrary units; sec: second

10

Fmax: maximum fluorescence intensity, Ingress slope: maximum inflow slope, Ingress rate: mean slope
from baseline to maximum fluorescence intensity, Normalized slope: maximum inflow slope in percentage
per second, Tmax: time to maximum intensity, Egress slope: maximum outflow slope, AUC30: area under de
curve after 30 seconds, AUC60: area under de curve after 60 seconds, AUC120: area under de curve after 120
seconds, AUC180: area under de curve after 180 seconds.
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Subjective interpretation of ICG NIR fluorescence imaging

All (n=20) ICG NIR fluorescence imaging videos were independently assessed by 7 colorectal sur-
geons. The inter-observer agreement of the intended resection lines determined by the surgeons
based on their subjective interpretation of the fluorescence signal was poor - moderate, with an
ICC 0f 0.378 (95% Cl: 0.210 - 0.579). The median distance between the most proximal marker (i.e.,
baseline) and the most distal marker on the afferent and/or efferent ileum or colon was 1.122
c¢m (range 0.071 - 3.861). An overview of the distances (in centimeter) between the markers (i.e.,
intended resection lines) per fluorescence video are demonstrated in an ICC dot plot in Figure 3.

The surgical plan has been changed in 4 (20%) patients by performing an additional bowel
resection based on the intraoperative subjective interpretation of the fluorescence signal by the
surgeon (Figure 4.). In 1 patient, perfusion pattern 2 was observed at the location of the intended
anastomosis. After performing additional bowel resection, perfusion pattern 1 was observed.

Perfusion pattern 3 was observed in the other 3 patients at the location of the intended anas-
tomosis and after additional bowel resection, perfusion pattern 2 was observed in 2 patients
and perfusion pattern 1 in another patient. In none of these patients an AL occurred after 90
days of follow-up.

Subjective interpretation of the fluorescent signal
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Figure 3. Inter-observer agreement of the surgeon’s subjective interpretation of the fluorescent signal per
ICG NIR fluorescence video.

Each blue dot represents an intended resection line marked by the surgeon based on the fluorescence signal,
with the most proximal marker used as the baseline. An ICG NIR fluorescence video of both the afferent ileum
or colon and the efferent colon was analyzed separately. Intraclass correlation (ICC) of 0.378 (95%-Cl 0.210 -
0.579).
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B Figure 4. Time-intensity curves before and after additional bowel resection based on the surgeon’s subjec-
tive interpretation of the fluorescence signal in 4 patients.

The red time-intensity curves represent the fluorescence signal of the intended anastomosis and the green time-
intensity curves represent the fluorescence signal of the actual anastomosis after additional bowel resection.

Clinical outcome

A total of 24 time-intensity curves plotted from the ROIs of the anastomosis (afferent ileum
or colon and efferent colon in 5 patients (n=10); afferent ileum or colon alone in 14 patients
(n=14)) were analyzed (Figure 5). Of all (n=24) time-intensity curves, 17 (71%) corresponded
to perfusion pattern 1, 6 (25%) time-intensity curves to perfusion pattern 2, and 1 (4%) time-
intensity curve corresponded to perfusion pattern 3.

AL occurred in 4 (20%) patients. In 1 patient who underwent a right hemicolectomy, the time-
intensity curve of the anastomosis on the afferent ileum corresponded to perfusion pattern
3 and the efferent colon to perfusion pattern 1. Postoperatively, this patient developed an
acute coagulation disorder with subsequent bowel ischemia and anastomotic leakage as
was observed during relaparotomy, after which the patient died. The other 3 patients who
developed anastomotic leakage, underwent left-sided resection and the time-intensity curve
of the anastomosis on the afferent colon corresponded to perfusion pattern 1. In 1 of these

3 patients, macroscopic ischemia on the afferent colon was observed during relaparotomy.
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B Figure 5. The absolute time-intensity curves plotted from the ROI of the anastomosis. The red absolute
time-intensity curves represents the patients who developed an anastomotic leakage.

DISCUSSION

This prospective dual center cohort study identified quantified bowel perfusion patterns in
patients undergoing colorectal surgery by using a standardized imaging protocol. A clear
overview of the bowel perfusion was obtained by drawing contiguous ROIs from proximal
to distal of the resection line on the ileum and afferent/efferent colon. The quantified time-
intensity curves plotted from these ROIs could be divided into three different perfusion pat-
terns. Perfusion pattern 1 implied for well-perfused bowel tissue, as it was mainly observed
at the most proximal side of the resection line on the afferent ileum or colon and at the most
distal side of the resection line on the efferent colon. In contrast, perfusion pattern 3 implied
for poorly perfused bowel tissue, since it was generally present at the avascular region of the
ileum or colon from which the vascular branch was already dissected. Perfusion pattern 2
implied for the transition zone, where perfusion pattern 1 transitions to perfusion pattern 3.
These three perfusion patterns were identified in each patient and might be a representation
of the actual bowel perfusion.

Several cohort studies have investigated quantified bowel perfusion using various quantifi-
cation methods (14-25). In contrast to our study, most of these studies did not use a standard-
ized imaging protocol (i.e., inconsistency in camera-to-target distance, angle of camera on
target tissue, type of imaging system and its settings, etc.). Moreover, the ROIs were selected
based on the surgeon’s subjective interpretation of the fluorescence signal (14-16, 18-21,
23-25). As a result, the study results were difficult to compare, which may negatively affect
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the reproducibility of previously reported quantification methods. Although in our study
cut-off values to divide the time-intensity curves among the three perfusion patterns were
determined based on qualitative assessment of the quantified time-intensity curves, the
subjective factor was limited. Therefore, our quantification method might be more reproduc-
ible, which should be validated in larger studies.

Currently, ICG NIR fluorescence bowel perfusion assessment relies on the surgeon’s subjec-
tive interpretation of the fluorescence signal to guide clinical decision-making, which limits
the reproducibility and validity of the technique (10-13). This is underlined in this study
where a poor-moderate inter-observer agreement of the surgeon’s subjective interpretation
of the fluorescence signal was observed, with an ICC of 0.378 (95%-CI 0.210 - 0.579).

The ICC was lower compared to the previous published study by Hardy et al. (12), in which a
good ICC of 0.753 (95% IC 0.510 - 0.932) for experts and a moderate ICC of 0.613 (95% IC 0.409
- 0.856) for non-experts were found. In this study, there were some outliers in the surgeon’s
subjective interpretation of the fluorescence signal (e.g., ICG NIR fluorescence videos 14, 15,
and 21; Figure 3) for which no clear explanation was found. A possible explanation for this
variability could be the different ways in which surgeons interpret the fluorescence signal,
with one surgeon focusing on eventually the most distal fluorescent resection line, another
surgeon assessing the fluorescence signal by focusing on the time to maximum fluorescence,
and other surgeons being more cautious in defining the resection line based on the fluores-
cence signal. Although a low ICC is not necessarily detrimental to the clinical outcome (i.e.,
AL), this study demonstrates the need for quantification of ICG NIR fluorescence imaging to
improve the objectivity and accuracy of the bowel perfusion assessment. Especially when
bowel length preservation becomes more important, for example in re-resections, Crohn’s

disease, or in ultralow anterior resection.

The AL rate (20%) in this study was remarkably high when compared to the national AL rate of
6% in 2016 according to the Dutch Colorectal Audit (DCRA) (31). This AL rate is believed to be
an overestimation due to the small sample size as both participating hospitals have annual
AL rates that are comparable with the national AL rate by the DCRA. Moreover, the high AL rate
could also be explained by the fact that all included patients underwent surgery in tertiary
academic hospitals that provide healthcare in highly complex patients in whom the a priori
risk of developing AL will be higher. This could also be an explanation of the mortality rate of
10% (n=2) in our study. One patient who developed AL was postoperatively admitted to the
intensive care unit for respiratory insufficiency due to an aspiration pneumonia, followed by
an acute coagulation disorder which resulted in an acute ischemic limb and bowel ischemia
with AL as seen during relaparotomy, after which the patient died. The second patient (ASA-3
with cardiovascular risk factors such as smoking, obesity and diabetes mellitus 2) died of
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acute myocardial infarction postoperatively. In the other patients with AL, one patient un-
derwent robotic low anterior resection (LAR) and a relaparotomy was performed three days
postoperatively to evacuate a hematoma in the small pelvis.

A vital anastomosis was observed during this procedure, however, nine days after primary
surgery, the patient developed AL without any signs of ischemia on the afferent colon during
relaparotomy. In another patient using long-term prednisolone for 1gG4 cholangiopathy, an
AL with macroscopic ischemia on the afferent colon was observed. The last patient devel-
oped AL in whom LAR was combined with a left nephrectomy. During relaparotomy, a limited
AL was observed that required a diverting stoma. Given these highly complex cases, no firm
conclusions can be drawn about the high AL and mortality rates found in this study.

Although this pilot study was too small to assess the correlation between the quantified per-
fusion patterns and AL, the perfusion patterns of the patients who developed AL (n=4) were
analyzed. Interestingly, in three of these patients the time-intensity curves of the anastomo-
sis corresponded to perfusion pattern 1. However, in only one of them macroscopic ischemia
on the afferent colon was observed during relaparotomy. This may be explained by the fact
that ICG NIR fluorescence bowel perfusion assessment has been implemented as standard
care, allowing the surgeon to change the surgical plan intraoperatively based on subjective
interpretation of the fluorescence signal. As a result, risk factors other than tissue perfusion
might be overrepresented in this cohort, since the development of AL is known to have a
multifactorial cause. Future studies should investigate the predictive value of each perfusion
pattern on the development of AL.

This study has some limitations. First, the primary goal of this exploratory study was to
identify quantified bowel perfusion patterns. Therefore, the study design does not allow
for any firm conclusions to be drawn about the reliability of the determined cut-off values
distributing the time-intensity curves among the three perfusion patterns and the correla-
tion between each perfusion pattern and the development of AL. Thus, there might be a risk
of random sampling errors. Additionally, variation in patient-specific hemodynamic factors
or the use of vasopressors during the ICG NIR fluorescence measurement could affect the
observed perfusion pattern which requires further evaluation because of limited evidence
in literature [32). Second, our standardized imaging protocol only allows for extracorporeal
video recordings of the ICG NIR fluorescence bowel perfusion assessment. Therefore, in some
patients undergoing laparoscopic or robotic left-sided resection, only quantification of the
ICG NIR fluorescence imaging video of the afferent colon was possible. Standardization of the
camera-to-tissue distance and angle of the camera to tissue can be challenging to maintain
during intra-abdominal imaging. However, some studies have shown that quantification of
the fluorescence signal using a laparoscopic imaging system might be possible, but the tech-
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nique of this intracorporeal method is still in its early stages and needs further optimization
[23, 33).

Lastly, even though the quantification tool is suited to produce proper time-intensity curves
in most patients (n=18), the motion tracker of the quantification tool was unable to correct
for severe breathing-related movements in two patients. These movements resulted in a
fluctuating line in the time-intensity curve, which affected the accuracy of some perfusion
parameters (e.g., Tmax or Egress slope). Although this effect was negligible in our study, the
quantification software needs further improvement for daily use.

In the future, larger studies with powered sample sizes should investigate the variation in
perfusion patterns and corresponding cut-off values within various bowel parts in cor-
relation to the occurrence of an AL. In addition, these studies should give us a conclusive
answer whether quantified perfusion patterns are a reflection of the actual bowel perfusion
status and if these pattern could be of added value to predict AL intraoperatively. Moreover,
quantification of ICG NIR fluorescence bowel perfusion assessment should be performed
intraoperatively to guide the surgeon’s clinical decision-making during surgery and to allow

immediate modification of the surgical plan when needed.

CONCLUSION

In conclusion, this prospective cohort study showed that quantification of ICG NIR fluores-
cence bowel perfusion assessment is a feasible method to differentiate between different
perfusion patterns. The use of a standardized imaging protocol could improve the reproduc-
ibility of the quantification method. Moreover, the poor-moderate inter-observer agreement
of the subjective interpretation of the fluorescence signal between surgeons emphasizes the
need for quantification of the fluorescent signal to improve the objectivity and accuracy of
the bowel perfusion assessment. Future studies should examine the clinical value of these dif-
ferent perfusion patterns by correlating each perfusion pattern with the development of AL.
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ENGLISH SUMMARY

The aim of this thesis was to further improve clinical implementation of intraoperative near-
infrared (NIR) fluorescence imaging, with a focus on tumour imaging and perfusion assess-
ment. In this section, the methodology and results of each chapter are summarised in order
of appearance in this thesis.

Part I: Current status of intraoperative imaging in surgical oncology

The first part of this thesis consists of systematic literature studies in order to review the
status of (NIR fluorescence) imaging and to describe the challenges that needed to be ad-
dressed for further implementation of the technique in daily surgical practice. To gain more
insights in the current clinical applications of NIR fluorescence imaging in colorectal cancer
surgery, a systematic review was performed and presented in chapter 2. The following clini-
cal applications were identified and discussed: imaging of primary and recurrent tumours,
sentinel lymph node imaging, imaging of peritoneal and liver metastases, imaging of nerves,
imaging of the ureters and the urethra, and perfusion assessment of anastomoses or an
omentoplasty. Both experimental and FDA/EMA approved fluorescent agents are discussed
in this chapter.

In chapter 3 of this thesis, we describe the use of several imaging modalities that can be
used intraoperatively for margin assessment of laryngeal cancer. Laryngeal cancer is a
prevalent head and neck malignancy, with poor prognosis and low survival rates for patients
with advanced disease. In order to improve surgical resection of laryngeal cancer and reduce
local recurrence rates, various intraoperative optical imaging techniques have been inves-
tigated. In this systematic review, we identify these technologies, evaluating the current
state and future directions of optical imaging for this indication. Narrow-band imaging and
autofluorescence are established tools for early detection of laryngeal cancer. Nonetheless,
their intraoperative utility is limited by an intrinsic inability to image beyond the mucosa.
Likewise, contact endoscopy (CE) and optical coherence tomography (OCT) are technically
cumbersome and only useful for mucosal margin assessment. Research on fluorescence
imaging for this application is sparse, dealing solely with nonspecific fluorescent agents. Evi-
dently, the imaging modalities that have been investigated thus far are generally unsuitable
for deep margin assessment. We discuss two optical imaging techniques that can overcome
these limitations and suggest how they can be used to achieve adequate marginsin laryngeal
cancer at all stages.

In chapter 4 of this thesis we focus on fluorescence imaging for sentinel lymph node (SLN)
mapping in colorectal cancer. SLN mapping can be a valuable addition to the treatment of
colorectal cancer patients. Nevertheless, conventional lymph node mapping methods using
blue dye are limited due to inadequate depth penetration, and the use of a radiocolloid tracer
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has its logistic hurdles. With near-infrared (NIR) fluorescence imaging, the SLN can be ac-
curately identified in most patients resulting in more accurate lymph node staging. Current
technical challenges and the low negative predictive value of the SLN withhold surgeons
from its use in daily practice.

Part Il: Tumour target expression in tumour tissue samples for NIR fluorescence
imaging

In the second part of this thesis, we aimed to identify new tumour markers for NIR fluores-
cence imaging. Overexpression of these targets was assessed with immunohistochemistry
(IHC). In chapter 5, we focussed on marker expression in oesophageal cancer. The expression
of the following tumour markers was studied: CEA, c-MET, EGFR, EpCAM, and VEGF-a. Marker
expression was quantified with the total immunostaining score (TIS) with a cut-off value of =
6 for ‘high expression’. The effect of neoadjuvant therapy on tumour marker expression was
assessed by comparing the TIS from the paired pre- and post-treatment tissue samples. We
found that EpCAM expression was high in 89% of the adenocarcinomas and EGFR expression
was high in 100% of the squamous cell carcinomas SCC. Expression of all markers was not
negatively affected by neoadjuvant therapy. Expression of all tumour markers was absent
in tumour scar tissue after pathological complete response. Thus, these markers create op-
portunities for future studies assessing endoscopic NIR fluorescence imaging of oesophageal
cancer during clinical response evaluation. Given that expression was not affected by neoad-
juvant therapy, a patient specific tracer may be selected based on marker expression on the
diagnostic biopsy.

Part IlI: Clinical studies on intraoperative NIR fluorescence imaging in
oncological surgery

In the third part of this thesis we present several clinical studies on intraoperative NIR fluo-
rescence imaging. In chapter 6 of this thesis we present a study in which we investigated
whether NIR fluorescence imaging with methylene blue improves visualisation of small in-
testinal neuroendocrine tumours (SI-NETs). Seventeen patients undergoing open resection
of SI-NETs were included in this prospective clinical trial. Intravenous methylene blue was
intraoperatively administered followed by NIR fluorescence imaging. Seventeen primary
tumour lesions, with a median TBR of 1.10 (IQR: 1.00 - 1.17), were identified. None of the
primary tumours or the multiple primaries had a TBR = 1.5. A total of 109 metastatic lesions
were identified, of which 101 (93%) had a TBR = 1.5 (median TBR: 1.90 (IQR: 1.71 - 2.01)).
By using NIR fluorescence imaging, additional peritoneal metastases were found in three
patients. Based on these results, it can be concluded that NIR fluorescence imaging using
methylene blue allows for improved visualisation of peritoneal metastases, liver metastases,
and mesenteric masses of SI-NETs. However, methylene blue does not appear to be useful for
detection of the primary tumour or occult multiple primaries.
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The presented study in chapter 7 assesses binding of the CEA specific tracer SGM-101 to
colorectal lung metastases (CLM). During CLM surgery, margin assessment and identification
of small nodules can be challenging, especially with a minimally invasive approach. Intraop-
erative real time fluorescence imaging has the potential to overcome these challenges. We
conducted a prospective open-label study, in which 13 patients undergoing surgical resection
for CLM were included. Patients were administered with SGM-101 3 - 5 days prior to surgery.
Eighteen CLM were identified and positive fluorescence signal with in vivo, back table and
closed-field bread loaf imaging was observed in 31%, 45% and 94% of the tumour lesions.
Median signal-to-background ratios (SBRs) for the three imaging modalities were 1.00 (IQR:
1.00-1.53), 1.45 (IQR: 1.00 - 1.89) and 4.81 (IQR: 2.70 - 7.41) respectively. Six resected benign
lesions were all negative for fluorescence (true negatives). All tumour lesions had a total
immunostaining score for CEA expression of 12/12. The study demonstrated the potential
of fluorescence imaging of CLM with SGM-101. CEA expression was observed in all tumours
and closed-field imaging showed excellent binding of the tracer to the tumour nodules. The
full potential of SGM-101 for in vivo detection of the tumours can be achieved with improved
minimally invasive imaging systems and optimal patient selection.

In chapter 8 we graphically present the unique application of Indocyanine green fluores-
cence angiography (ICG-FA) to guide transection planes for a colon interposition. The case
reported is a complicated course after oesophagectomy, in which eventually restoration of
continuity was performed using a colon interposition. In order to assess perfusion of the
colon interposition, we suggest an approach in which a situation is created where the colon is
solely perfused by the middle colic artery, before transection of the colon and its vascularisa-
tion. This was done by placing forceps on the left colic artery and on the colon at the location
of the future distal transection line, in order to prevent retrograde blood flow. After doing so,
10 mg ICG was intravenously injected, and an intense fluorescence signal over the whole left
colon was observed. After transection of the colon, another 10 mg ICG was administered to
assess perfusion of the colon interposition. Perfusion was deemed sufficient and adequate
anastomoses were created. Postoperatively, the patient recovered well and was able to take
full oral intake after 7 weeks.

In the last two chapters of this thesis we present two pilot studies in which we aimed to
further improve outcomes of ICG-fluorescence angiography (ICG-FA). As stated in the intro-
duction section of this thesis, the observed signal of ICG-FA can be affected by unstandard-
ized imaging or administration protocols. Moreover, it was hypothesised that subjective
interpretation of the signal leads to variation between surgeons in selection of locations to
create an anastomosis. In chapter 9 we focussed on the role of quantified ICG-FA in perfusion
assessment of the gastric conduit, whereas in chapter 10 bowel tissue was assessed. In both
studies, standardized imaging and administration protocols were followed. Twenty patients
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per study were included. For every patient, a standardized NIR ICG-FA video was recorded,
with fixed camera settings and surrounding factors. Postoperatively, the signal was quan-
tified in order to objectify the measurements. Primary outcomes were the time-intensity
curves and nine perfusion parameters from contiguous regions of interest on the gastric
conduit. A secondary outcome was the inter-observer agreement of subjective interpreta-
tion of the ICG-FA videos between six surgeons. The inter-observer agreement was tested
with an intraclass correlation coefficient (ICC). For both the gastric conduit and the bowel,
three distinct perfusion patterns were recognized: pattern 1 (steep inflow, steep outflow);
pattern 2 (steep inflow, minor outflow); and pattern 3 (slow inflow, no outflow). All curves
were systematically categorized in one of each patterns based on the time-to-max and max
egress slope parameters. It was demonstrated for both applications that interpretation of
intraoperative ICG-FA images by the surgeons was indeed subjective, as a poor - moderate
inter-observer agreement (gastric conduit: ICC: 0.345, 95% CI: 0.164 - 0.584, bowel: 0.378,
95% Cl: 0.210 - 0.579) was present. This underlines the need for quantification of the signal.
Further studies are currently evaluating the predictive value of perfusion patterns and pa-
rameters on anastomotic leakage.
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Het doel van dit proefschrift was om de klinische implementatie van intra-operatieve nabij-
infrarood (NIR) fluorescentiebeeldvorming verder te verbeteren, met de nadruk op tumour-
beeldvorming en perfusiebeoordeling met indocyanine groen (ICG). In deze sectie worden de
methodologie en resultaten van elk hoofdstuk samengevat in de volgorde van verschijning
in dit proefschrift.

Deel I: huidige status van intra-operatieve beeldvorming in de chirurgische
oncologie

Het eerste deel van dit proefschrift bestaat uit systematisch literatuuronderzoeken om de
status van (NIR-fluorescentie) beeldvorming te evalueren en om de uitdagingen te beschri-
jven die moeten worden beantwoord voor verdere implementatie van de techniek in de
dagelijkse praktijk. Om meer inzicht te krijgen in de huidige klinische toepassingen van NIR-
fluorescentiebeeldvorming voor colorectale kankerchirurgie, werd een systematische review
uitgevoerd en gepresenteerd in hoofdstuk 2. De volgende klinische toepassingen werden
geidentificeerd en besproken: beeldvorming van primaire en recidiverende tumouren,
beeldvorming van de schildwachtklier, beeldvorming van peritoneale en levermetastasen,
beeldvormingvan zenuwen, beeldvormingvan de ureters en de urethra, en perfusiebeoordel-
ing van anastomosen of een omentumplastiek middels ICG. Zowel experimentele als FDA/
EMA-goedgekeurde fluorescente stoffen worden besproken in dit hoofdstuk.

In hoofdstuk 3 van dit proefschrift beschrijven we het gebruik van verschillende beeldvorm-
ingstechnieken die intra-operatief kunnen worden gebruikt voor margebeoordeling van het
larynxcarcinoom. Het larynxcarcinoom is een veel voorkomende maligniteit in het hoofd-
hals gebied met een slechte prognose en lage overlevingspercentages voor patiénten met
gevorderde ziekte. Om de chirurgische resectie van larynxkanker te verbeteren en het aantal
lokale recidieven te verminderen, zijn verschillende intra-operatieve optische beeldvorming-
stechnieken onderzocht. In deze systematische review identificeren we deze technologieén
en evalueren we de huidige staat en toekomstige richtingen van optische beeldvorming voor
deze indicatie. Narrow-band imaging (NBI) en autofluorescentie (AF) zijn gevestigde hulp-
middelen voor vroege detectie van larynxkanker. Desalniettemin wordt hun intra-operatieve
bruikbaarheid beperkt door een intrinsiek onvermogen om structuren dieper dan de mucosa
af te beelden. Contactendoscopie (CE) en optische coherentietomografie (OCT) zijn technisch
omslachtig en alleen nuttig voor de beoordeling van de mucosale marges. Onderzoek naar
fluorescentiebeeldvorming voor deze toepassing is schaars en focust uitsluitend op niet-
specifieke fluorescente stoffen. Het is duidelijk dat de beeldvormingsmodaliteiten die tot nu
toe zijn onderzocht over het algemeen niet geschikt zijn voor beoordeling van diepe marges.
We bespreken twee optische beeldvormingstechnieken die dit wel kunnen en stellen voor
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hoe ze kunnen worden gebruikt om in alle stadia adequate marges te bereiken bij chirurgie
voor larynxkanker.

In hoofdstuk 4 van dit proefschrift richten we ons op fluorescentiebeeldvorming voor het in
kaart brengen van schildwachtklieren (SLN-mapping) bij darmkanker. SLN-mapping kan een
waardevolle aanvulling zijn op de behandeling van darmkankerpatiénten. Desalniettemin is
de conventionele methoden voor het in kaart brengen van lymfeklieren met blauwe kleurstof
beperkt vanwege onvoldoende dieptepenetratie. Ook het gebruik van een radiocolloide
tracer heeft zijn logistieke hindernissen. Met nabij-infrarood (NIR) fluorescentiebeeldvorm-
ing kan de SLN bij de meeste patiénten nauwkeurig worden geidentificeerd, wat resulteert
in een nauwkeurigere lymfeklierstadiéring. De huidige technische uitdagingen en de lage
negatief voorspellende waarde van de SLN weerhouden chirurgen van het gebruik ervan in
de dagelijkse praktijk.

Deel Il: Expressie van tumour markers in solide tumouren voor NIR-
fluorescentiebeeldvorming

In het tweede deel van dit proefschrift hebben we getracht nieuwe tumour markers te
identificeren voor NIR-fluorescentiebeeldvorming. Overexpressie van deze markers werd
beoordeeld met immuunhistochemie (IHC). In hoofdstuk 5 hebben we een studie uitge-
voerd waarin we de expressie van CEA, c-MET, EGFR, EpCAM en VEGF-a in slokdarmkanker
weefsel van 44 patiénten hebben beoordeeld. Marker expressie werd gekwantificeerd met
de ‘total immunostaining score’ (TIS) met een afkapwaarde van = 6 voor ‘hoge expressie’.
Het effect van neoadjuvante therapie op tumour marker expressie werd beoordeeld door de
TIS van dezelfde weefsels voor en na de neoadjuvante therapie met elkaar te vergelijken.
We vonden dat EpCAM expressie hoog was in 89% van de adenocarcinomen en dat EGFR ex-
pressie hoog was in 100% van de plaveiselcelcarcinomen SCC. De expressie van geen van de
tumour markers werd negatief beinvloed door neoadjuvante therapie. Alleen VEGF-a toonde
enkele expressie in het tumourlittekenweefsel na een pathologische complete respons.
Deze tumour markers zijn interessant voor toekomstige studies waarin endoscopische NIR-
fluorescentiebeeldvorming van slokdarmkanker tijdens klinische responsevaluatie wordt
onderzocht. Aangezien expressie niet werd beinvloed door neoadjuvante therapie, zou een
patiént specifieke tracer kunnen worden geselecteerd op basis van markerexpressie op het
diagnostische biopt.

Deel llI: Klinische studies naar intra-operatieve NIR-fluorescentiebeeldvorming
binnen de oncologische chirurgie

In het derde deel van dit proefschrift presenteren we verschillende klinische studies naar
intra-operatieve NIR-fluorescentiebeeldvorming. In hoofdstuk 6 van dit proefschrift presen-
teren we een studie waarin we onderzoeken of NIR-fluorescentiebeeldvorming met methy-
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leenblauw de visualisatie van dunne darm neuro-endocrine tumouren (NETs) verbetert.
Zeventien patiénten die een open resectie van een dunne darm NET ondergingen werden
geincludeerd in deze prospectieve klinische studie. Intra-operatief werd intraveneus methy-
leenblauw toegediend gevolgd door NIR-fluorescentiebeeldvorming. Zeventien primaire tu-
mourlaesies, met een mediane TBR van 1.10 (IQR: 1.00 - 1.17), werden geidentificeerd. Geen
van de primaire tumouren of de ‘meerdere primaire’ had een TBR = 1.5. In totaal werden 109
metastasen geidentificeerd, waarvan 101 (93%) een TBR = 1.5 hadden (mediane TBR: 1.90
(IQR: 1.71 - 2.01)). Door gebruik te maken van NIR-fluorescentiebeeldvorming werd bij drie
patiénten extra peritoneaal metastasen gevonden. Op basis van deze resultaten kan worden
geconcludeerd dat NIR-fluorescentiebeeldvorming met behulp van methyleenblauw een ver-
beterde visualisatie van peritoneaal metastasen, levermetastasen en mesenteriale massa’s
van dunne darm NETs mogelijk maakt. Methyleenblauw lijkt echter niet bruikbaar te zijn voor

de detectie van de primaire tumour of occulte ‘meerdere primaire’.

In de gepresenteerde studie in hoofdstuk 7 onderzoeken we de binding van de CEA-
specifieke tracer SGM-101 aan colorectale longmetastasen (CLM). Tijdens CLM-chirurgie
kunnen margebeoordeling en identificatie van kleine tumouren een uitdaging zijn, vooral
tijdens minimaal invasieve chirurgie. Intra-operatieve fluorescentiebeeldvorming kan deze
uitdagingen adresseren. We voerden een prospectieve open-label studie uit, waarin 13
patiénten werden geincludeerd die chirurgische resectie voor CLM ondergingen. Patiénten
kregen 3 - 5 dagen voorafgaand aan de operatie SGM-101 toegediend. In vivo, ‘back table’
en ‘closed-field’ fluorescentiebeeldvorming werd uitgevoerd van het resectie preparaat met
de tumour. Achttien CLM werden geidentificeerd en een positief fluorescentiesignaal met in
vivo, ‘back table’ en ‘closed-field’ fluorescentiebeeldvorming werd waargenomen in 31%,
45% en 94% van de tumourlaesies. De mediane signal-to-background ratio’s (SBR) voor de
drie beeldvormingsmodaliteiten waren respectievelijk 1.00 (IQR: 1.00 - 1.53), 1.45 (IQR: 1.00 -
1.89) en 4.81 (IQR:2.70 - 7.41). Zes gereseceerde goedaardige laesies waren allemaal negatief
voor fluorescentie (waar negatief). Alle tumourlaesies hadden een TIS voor CEA-expressie
van 12/12. De studie toonde het potentieel aan van fluorescentiebeeldvorming van CLM met
SGM-101. CEA-expressie werd waargenomen in alle tumouren en ‘closed-field’ beeldvorming
toonde een uitstekende binding van de tracer op de tumour laesies. Het volledige potentieel
van SGM-101 voor in vivo detectie van de tumouren kan worden bereikt met verbeterde

minimaal invasieve beeldvormingssystemen en optimale patiénten selectie.

In hoofdstuk 8 presenteren we grafisch de unieke toepassing van indocyanine groen fluores-
centie angiografie (ICG-FA) voor het selecteren van het optimale doorsnijdingsvlakken voor
een coloninterpositie. De casus beschrijft een gecompliceerd beloop na slokdarmresectie,
waarbij uiteindelijk herstel van de continuiteit met een coloninterpositie werd uitgevoerd.
Om de perfusie van de coloninterpositie te beoordelen, stellen we een benadering voor waar-
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bij een situatie wordt gecreéerd waarbij het colon uitsluitend wordt gevasculariseerd door de
arteria colica media, voordat het colon en alle vascularisatie wordt doornomen. Dit werd
gedaan door klemmen te plaatsen op de arteria colica sinistra en op het colon ter hoogte
van de toekomstige distale doorsnijdingslijn, om retrograde doorbloeding te voorkomen.
Hierna werd 10 mg ICG intraveneus geinjecteerd en werd een intens fluorescentiesignaal
waargenomen over het gehele linker colon. Na doornemen van het colon werd nog eens 10
mg ICG toegediend om de uiteindelijke doorbloeding van de coloninterpositie te beoordelen.
Perfusie werd als afdoende beschouwd en er werden anastomosen gecreéerd. Postoperatief
herstelde de patiént goed en na 7 weken kon de patiént volledig eten.

In de laatste twee hoofdstukken van dit proefschrift presenteren we twee pilotstudies waarin
we de uitkomsten van ICG-FA verder proberen te verbeteren. Zoals vermeld in de inleiding van
dit proefschrift kan het signaal van ICG-FA worden beinvloed door niet-gestandaardiseerde
beeldvorming- of toedieningsprotocollen. Bovendien werd verondersteld dat subjectieve
interpretatie van het signaal leidt tot variatie tussen chirurgen in de selectie van locaties
om een anastomose te creéren. Kwantificatie van ICG-FA signaal zou deze problemen kun-
nen oplossen. In hoofdstuk 9 concentreren we ons op de rol van gekwantificeerde ICG-FA
bij perfusie beoordeling van de buismaag, terwijl we ons in hoofdstuk 10 concentreren op
de darm. In beide onderzoeken volgden we gestandaardiseerde beeldvorming- en toedien-
ingsprotocollen. Per studie werden er twintig patiénten geincludeerd. Per patiént werd een
gestandaardiseerde NIR ICG-FA video opgenomen, met vaste camera-instellingen en omgev-
ingsfactoren. Postoperatief werd het ICG signaal van de video’s gekwantificeerd. De primaire
uitkomstmaten waren de tijd-intensiteitscurven en de negen afgeleide perfusieparameters
van aangrenzende Bregions of interest’ op de buismaag. Een secundaire uitkomstmaat was
de overeenstemming over de subjectieve interpretatie van de ICG-FA-video’s tussen zes
chirurgen. De inter-observer overeenstemming tussen de chirurgen werd getest met een
intraclass correlatiecoéfficiént (ICC). Voor zowel de buismaag als de darm werden drie ver-
schillende perfusiepatronen herkend: patroon 1 (steile instroom, steile uitstroom); patroon 2
(steile instroom, geringe uitstroom); en patroon 3 (langzame instroom, geen uitstroom). Alle
curves werden systematisch gecategoriseerd in een van elk patroon op basis van de ‘time-
to-max’ en ‘max egress slope’ parameters. Voor beide toepassingen werd aangetoond dat de
interpretatie van intra-operatieve ICG-FA-beelden door de chirurgen subjectief was, gezien
een slecht tot matige inter-observer overeenstemming (buismaag: ICC: 0.345, 95% BI: 0.164
-0.584, darm: 0.378, 95 % BI: 0.210 - 0.579). Dit onderstreept de noodzaak van kwantificatie
van het signaal. Vervolgstudies onderzoeken op dit moment de voorspellende waarde van
deze perfusiepatronen en parameters op naadlekkage.
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General Discussion and Future Perspectives

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

The aim of this thesis was to further improve clinical implementation of intraoperative
near-infrared (NIR) fluorescence imaging, with a focus on tumour imaging and perfusion
assessment. Here, the results of this thesis are evaluated and placed in a broader perspective
of current literature. Finally, we reflect on future perspectives leading to a broad implemen-
tation of intraoperative NIR fluorescence imaging in standard of care.

TUMOUR IMAGING

To successfully implement the use of a tumour-specific NIR fluorescence tracer into standard
of care, roughly three steps need to be taken. The first step involves identifying a suitable
tumour marker for targeted imaging. The second step involves both preclinical and clinical
trials to evaluate safety, toxicity, and binding of a specific fluorescent tracer to the tumour
marker identified in step one. Several doses and timing intervals of the tracer can be studied
in this step. In the third step, studies focus on evaluating whether the use of the tracer, with
the optimal dose and timing, results in improved patient-related outcomes such as adequate
surgical margins and survival rates. The studies presented in this thesis were mainly focussed
on the first two steps.

Identifying tumour markers for targeted imaging

In order to identify suitable tumour markers for targeted tracers, immunohistochemistry
(IHC) experiments are typically performed on cancer tissue to assess overexpression. These
tumour markers are specific characteristics of cells that ideally have higher expression on
tumour cells compared to surrounding healthy tissue. In the study presented in chapter 5 we
found suitable tumour markers (EGFR and EpCAM) for NIR fluorescence imaging of oesopha-
geal cancer. An important additional conclusion from this study is that marker expression
in oesophageal cancer tissue remains unaffected after neoadjuvant therapy. This finding is
consistent with earlier results from Boogerd et al., who observed unaffected tumour marker
expression after neoadjuvant therapy in rectal cancer (1). In both rectal and oesophageal
cancer, an organ preserving strategy is currently being explored in patients with a clinical
complete response after neoadjuvant therapy (2, 3). These tumour markers offer opportuni-
ties for targeted NIR fluorescence imaging during endoscopic response evaluation. While
ideally a single fluorescent tracer for all tumours would be used, this may not be possible due
to heterogeneity in tumour marker expression between (and even within) tumours. For that
reason, unaffected marker expression after neoadjuvant therapy is essential as it enables the
selection of a patient-specific targeted tracer for fluorescence imaging, based on target ex-
pression on the diagnostic biopsy. Endoscopic spraying of the tracer on the lesion of interest
(i.e. topical administration), opposed to conventional intravenous administration, appears
to be feasible during endoscopic fluorescence imaging and this method is expected to be
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more frequently used in future studies (4, 5). Topical administration is a major advantage,
as it does not require an extra or earlier hospital visit, prior to endoscopy. While the required
dose for topical tracer administration has not yet been reported, it is reasonable to assume
that it would be lower, reducing costs and toxicity. Currently, the lack of commercially avail-
able flexible NIR fluorescence endoscopic imaging systems withholds the technique from
being further integrated in clinical trials. Close collaborations with NIR fluorescence camera
manufacturers should therefore be maintained.

Assessing tracer binding to the associated tumour marker

Binding of a tumour-specific tracer to the earlier detected tumour markers is not guaranteed.
Tracer dose, interval between administration and imaging, and pharmacokinetics all affect
tracer binding to the tumour, subsequently affecting the fluorescent contrast. Moreover,
clinical tracers may bind to different epitopes than the antibodies used for the immuno-
histochemistry staining. As such, the second step of tracer development is to evaluate its
binding ability to the tumour, to assess the optimal dose and timing interval, and to assess
toxicity. The two main applications of tumour imaging include detection of clinically invisible
tumour lesions (i.e. occult lesions) and detection of inadequate resection margins. These
applications require different approaches, and thus, different outcome measures should be
considered when assessing the usability of the tracer and determining the optimal dose and
timing strategy.

Detection of occult lesions is exclusively carried out through in vivo imaging. To this end,
reporting in vivo Tumour-to-Background Ratios (TBRs) and the number of detected occult
metastases is essential. In chapter 6 we described the utility of methylene blue as a fluo-
rescent agent for the detection of small intestinal neuroendocrine metastases (SI-NETs) to
the liver and peritoneal surface. High TBRs in the smallest metastases were observed, which
implicates that methylene blue is a useful contrast agent for the detection of occult lesions.
Since large metastases are typically detected by palpation and inspection already, TBRs in
small lesions are particularly relevant in this context. In general, detection of occult (perito-
neal) metastases can lead to additional resection, or to refraining from resection at all when
achieving complete resection is not possible anymore. In case of the latter, the use of NIR
fluorescence imaging is used to for improved patient selection by withholding patients from
useless operations. Improved patient selection is another important result of the use of NIR
fluorescence imaging, though its importance is sometimes underestimated.

Opposed to peritoneal surface and liver metastases, primary tumours were not identified
using methylene blue. As detection of occult primary and metastatic lesions is both impor-
tant , we are currently exploring whether second window ICG results in sufficient TBRs in
primary SI-NETs (OCEANS-II trial). Second window ICG, in which doses of up to 5 mg/kg are
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intravenously injected 24 hours before surgery, has been demonstrated to enhance detection
of several thoracic and intracranial malignancies (6, 7). The underlying mechanism is based
on the enhanced permeability and retention effect (EPR) of tumours (8). If second window
ICG, alone or combined with methylene blue, proves to enhance detection of all SI-NETs, a
laparoscopic approach for patients with these tumours may be possible.

In chapter 8 we present a study in which binding of the CEA specific antibody SGM-101 to
colorectal lung metastases was assessed. The use of this tracer might be useful for margin
assessment, as well as detection of occult or small lesions. We found sufficient binding of
the tracer to the tumour with high TBRs with ex vivo black box imaging of the bread loaves.
However, in- and ex vivo TBRs (of the whole specimen) were significantly lower, hampering
the intraoperative detection of the tumours with fluorescence imaging. These low in vivo
TBRs were attributed to the lack of high quality 700 nm minimally invasive imaging systems.
Consequently, SGM-101 is currently suboptimal for the detection of small and occult lesions.

A different tracer, that may be superior to SGM-101 for colorectal lung metastases, is the
integrin specific cRGD-ZW800-1 (hereafter referred to as ‘cRGD’). It was already demonstrated
that integrins are highly expressed in colon carcinomas and that the tracer binds to primary
colorectal cancers (9). The cRGD molecule is relatively small, particularly compared to larger
antibodies like SGM-101, bevacizumab-800CW, or panitumumab-IRDye800CW (10, 11). The
use of small molecules is preferable to larger antibodies owing to the shorter time interval
between administration and imaging. Consequently, imaging with small molecules does not
necessitate an additional hospital admission for tracer administration, unlike the case for
most antibodies. Asecond advantage of cRGD is that it is labelled with the 800 nm fluorophore
ZW800-1, which has a higher wavelength than the 700 nm fluorophore (BM-104) of SGM-101.
This may lead to a slight improvement in penetration depth, allowing for imaging of deeper
seeded lesions (12). Moreover, multiple minimally invasive NIR fluorescence imaging systems
already allow for imaging of 800 nm fluorophores, as opposed to 700 nm fluorophores.
Given this, cRGD may be particular useful for intraoperative use during (minimally invasive)
colorectal lung metastases surgery.

Binding of cRGD to tumour cells is also currently being explored by our research group in
patients with oral squamous cell carcinoma (the Guided by Light trial, (13)). Moreover, con-
tinuing on our findings presented in chapter 3, the STELLAR trial will be carried out, in which
efficacy and feasibility of targeting advanced laryngeal cancer with cRGD-ZW800-1 will be
studied (14). Both the Guided by Light and STELLAR trial may provide us with valuable result
regarding the optimal dose and timing strategy of cRGD and its efficacy of identifying inad-
equate resection margins. If the use of cRGD appears to improve identification of inadequate
margins in these head and neck cancers, a subsequent study (third step of implementation)
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will be conducted. Such a study will assess whether the use of cRGD increases the rate of
adequate resection margins, potentially improving survival outcomes of these head and
neck cancer patients.

Assessing patient related outcomes

Though not part of this thesis, clinical trials in which direct patient benefit is explored are
currently ongoing for multiple fluorescent tracers. Worth mentioning are two phase-Ill
studies with SGM-101 (chapter 8) for advanced colorectal cancer and the studies that led to
the recent registration by the Food and Drug Association (FDA) of OTL-38, a folate-a target-
ing tracer, for detection of ovarian and primary lung cancer (15-18). OTL-38 is now the first
clinically approved tumour-specific NIR fluorescence tracer. It is expected that more of these
phase-Ill studies will be conducted which eventually will lead to registration for clinical use
by the FDA or European Medicine Agency (EMA).

The sentinel margin approach

Inrecentyears, ithas becomeincreasingly evident that standardised approaches are required
for NIR fluorescence imaging, including margin assessment. For this purpose, the sentinel
margin approach was introduced by van Keulen et al (19, 20). This approach involves imag-
ing of the surgical specimen in a black box imager, which allows for standardised imaging
with respect to camera distance, absence of surrounding light, and fixed gain and exposure
settings. As a result, absolute fluorescence intensities can be measured more reliable. By
imaging the resection margin of the specimen in this black box, the location with the highest
fluorescence intensity can be identified. This location should correspond to the closest resec-
tion margin (i.e. the sentinel margin), assuming sufficient sensitivity and specificity of the
tracer. The tumour-free margin at this location can then be measured using frozen section
analysis to determine whether an adequate resection is achieved. Ideally, this final frozen
section analysis will also become redundant, as it is time consuming and not available in
every clinic. Therefore, multiple research groups are currently exploring whether absolute
or relative fluorescence intensities at the location of sentinel margin can predict adequate or
inadequate resection margin status (20, 21).

While the sentinel margin approach was initially introduced for oral cancer, it is currently
validated for other tracers and tumour types as well. Examples are the earlier mentioned
Guided by Light trial, STELLAR trial, and the SGM-LARRC trial. Overall, we believe that the
sentinel margin approach shows great promise for detection of inadequate resection margins
and should therefore be incorporated in every study with tumour-specific tracers assessing
resection margin status.
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PERFUSION ASSESSMENT

The second application of NIR fluorescence imaging studied in this thesis is tissue perfu-
sion assessment with Indocyanine Green Fluorescence Angiography (ICG-FA). This thesis
focused on ICG-FA in gastrointestinal surgery, specifically perfusion assessment of the colon
and gastric conduit. The first randomized controlled trials (RCTs) evaluating the efficacy of
Indocyanine Green Fluorescence Angiography (ICG-FA) in reducing anastomotic leakage
after colorectal surgery yielded negative results, as reported in chapter 2. The low incidence
of anastomotic leakage might have resulted in underpowered trials, thereby necessitating
larger randomized studies over recent years. The EssentiAL trial, which included 850 rectal
cancer patients randomized to receive either ICG-FA or standard of care, recently finished
accrual. Preliminary results showed that the incidence of anastomotic leakage was signifi-
cantly lower in the ICG-FA group (7.6% vs. 11.8%) (22). The AVOID trial has recently reached
full inclusion of 978 colorectal cancer patients, thereby making it the largest randomized
controlled trial (RCT) conducted on this subject thus far (23). Definitive results of both trials
are expected on short-term and these may definitively prove the value of ICG-FA in reducing
anastomotic leakage.

Standardisation of ICG-FA

Other important factors that may have contributed to the negative results reported in chap-
ter 2 are the lack of standardized imaging protocols and the subjective interpretation of the
signal. Therefore, we aimed to further standardise and improve interpretation of ICG-FA by
conducting two pilot studies on quantitative ICG-FA, presented in chapter 9 and 10. Our find-
ings demonstrate that the standard interpretation of the ICG-FA signal by surgeons for both
the gastric conduit and bowel is highly subjective, highlighting the need for quantification of
the signal. Standardisation of imaging, with fixed gain and exposure settings of fluorescence
cameras, as well as a fixed distance to the tissue, is the first crucial step when performing
(quantitative) ICG-FA. No standardisation of these factors leads to severely affected results
and subsequently, incomparable data. It is therefore remarkable that in recent publications
on quantitative ICG-FA these factors have not been standardised or reported (24, 25).

For the gastric conduit and the bowel we demonstrated feasibility of performing quantified
ICG-FA and acquiring time-intensity perfusion curves. Currently larger datasets are being
obtained, by which we aim to develop prediction models providing risk rates of anastomotic
leakage per tissue location. With these prediction models, the surgeon can be guided more
precisely in selecting an adequately perfused part to create an anastomosis. Quantitative
ICG-FA also has a few challenges that need to be addressed for full integration into the clinic.
The most important challenge is that quantification in real-time during surgery is not pos-
sible yet, which means that the surgical strategy cannot be altered based on the perfusion
parameters. We expect that this will be resolved in the near future, as the first real-time
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quantification software has been introduced recently (26). A specific limitation of chapter 9
is that our results have solely been focussing on cervical anastomoses, as the gastric conduit
is brought extracorporal during this procedure, facilitating standardised imaging with the
open camera system. Nonetheless, we aim to introduce quantitative ICG-FA in intrathoracic
procedures as well. The biggest challenges to address in this procedure is to maintain a stan-
dardized imaging protocol, in particular a fixed distance between the camera and gastric
conduit. Moreover, most high quality NIR minimally invasive imaging systems are currently
lacking a function to fix gain and exposure settings. The main advantage of procedures with
intrathoracic anastomoses, opposed to cervical anastomoses, is that there is more room to
reduce the length of the gastric conduit.

NIR FLUORESCENCE IMAGING AND ARTIFICIAL INTELLIGENCE (Al)

Deep learning models using Al is currently a topic of interest in almost all scientific fields,
including surgery. Al is an ideal tool to for image analysis, which makes its combination
with NIR fluorescence imaging very promising. Al algorithms can analyse large amounts of
complex data generated by NIR fluorescence imaging and can therefore assist in the identifi-
cation and localization of specific targets within the tissue, such as cancer cells. This may be
very beneficial during in vivo imaging, in which an Al model might be better in recognising
the fluorescence signal of small occult lesions than the surgeon. This concept was recently
introduced for the first time during endoscopic fluorescence imaging of the oesophagus (27).
Al models can also be trained to recognize perfusion patterns and parameters within ICG-FA
videos, which can then be used to generate more accurate and reliable prediction of anasto-
motic leakage per tissue location (28). Furthermore, Al models can aid in the identification of
new tumour markers for new contrast agents that can improve the sensitivity and specificity
of NIR fluorescence imaging (29).

The integration of Al in NIR fluorescence imaging also presents some challenges, such as the
need for large and diverse datasets to train machine learning models and the potential for
bias in the analysis of data. Collection of such datasets may take a long time as the technique
is fairly new. However, due to the rapid expansions of the use of NIR fluorescence imaging
(especially ICG-FA) this may go faster than expected. Additionally, the use of Al in medical
imaging raises ethical and regulatory concerns regarding the safety and privacy of patients.

NIR FLUORESCENCE IMAGING AND OTHER IMAGING TECHNIQUES

Interpretation of NIR fluorescence images poses a challenge in that the fluorescence signal
is affected by absorption and scattering due to tissue optical properties (30). Additionally,
the markers for tumour-specific tracers are also expressed in healthy tissue that can contrib-
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ute to false positive or false negative signals. To resolve these problems, NIR fluorescence
imaging can be combined with other imaging techniques. Raman spectroscopy (RS) is an
optical technique that is used to characterise cancerous and non-cancerous tissue based on
their molecular composition and water concentration. Measurements are typically acquired
through point-based measurements with an optical fibre, which makes its use alone prone to
sampling error. However, its uniquely high specificity for detecting tumour makes RS an ideal
candidate for combination with wide-field NIR fluorescence imaging. For margin assessment,
the optical fibre can be inserted in the tissue at the location of the sentinel margin in order
to precisely measure the tumour free distance. It was recently shown for the first time by
Lauwerends and Abbasi et al. that RS measurements can be performed in combination with
the presence of a fluorescent agent (31). The combination of these two techniques may be
very beneficial in further intraoperative tissue characterisation. Currently, two clinical trials
in patients with oral cancer and rectal cancer are ongoing, in which we further aim to bring

these two techniques together.

A second imaging method that may be combined with NIR fluorescence imaging is photo-
acoustic imaging. Photoacoustic imaging is a hybrid imaging technique that combines the
imaging depth of ultrasound with the contrast of molecular imaging. Photoacoustic imaging
allows for imaging of fluorescent agents located several centimetres below the surface. This
may be useful for imaging of tumour targeted NIR tracers to detect lymph node metastases,
for example in head and neck cancer (32). To date, it was demonstrated that two fluorescent
tracers yield high sensitivity and specificity to detect lymph node metastases, when these
nodes were imaged in an ex vivo setting (33, 34). However, due to the low penetration depth
of NIR light, it is unlikely that these results can be translated to in vivo imaging. Accordingly,
refraining from an elective lymph node dissection, based on absence of fluorescence signal,
appears not realistic. Due to the relatively high imaging depth of photoacoustic imaging, this
technique may offer better differentiation between malignant and benign lymph nodes. This
may allow for an approach in which preoperative, tumour-specific, photoacoustic assess-
ment of nodal status is performed in order to decide for an elective lymph node dissection.

COST-EFFECTIVENESS

As healthcare costs continue to rise annually in the Netherlands, it is important to criti-
cally evaluate the feasibility of costly new therapies, including NIR fluorescence imaging.
NIR fluorescence imaging, especially using tumour-specific tracers, is currently an expensive
technique. Thus, it is imperative to remain vigilant regarding cost-effective methodologies or
fluorescent tracers, for example methylene blue (chapter 6). In future studies, cost-effective-
ness analyses of the use of the NIR fluorescence imaging will become increasingly important.
Additional costs that should be considered in such analyses include the costs accompanied
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with the production and administration of the tracer, and those of NIR fluorescence camera
systems. Potential financial benefits include less adjuvant therapy, less recurrences and
subsequent treatment, and less re-operations or interventions for surgical complications. So
far, one cost-effectiveness study was published on the use of Bevacizumab-800CW to detect
inadequate breast cancer margins (35). It was demonstrated that the use of this tracer saved
€663 per patient, mainly due to the reduction of re-operations for inadequate resection
margins. It should be noted that this analysis was based on a set presumptions and that
changes in effectiveness of inadequate margins, or a change in costs of the tracer, will likely
affect the results.

With regard to cost-effectiveness of ICG, a study by Nguyen et al. demonstrated cost-
effectiveness of ICG-FA assessment in post-mastectomy breast reconstruction (36). Based on
the break-even point analysis, 318 surgical cases with 18 prevented ischaemic complications
are needed to recover the costs of the fluorescence camera, ICG, and other costs associated
with operating room expenses. However, given the versatility of fluorescence cameras and
their ability to be utilized in different surgical specialties, the actual break-even point may
be lower. A second study found ICG to be a cost-effective option for bile duct identification
during laparoscopic cholecystectomy (37). This was primarily driven by the reduction in op-
erating time (21 minutes) and in conversion rate (1.6 vs. 6.7%). A cost-effectiveness analysis
of the earlier mentioned AVOID trial is also expected (23).

CONCLUSION

In conclusion, NIR fluorescence imaging has emerged as a powerful tool in surgical research
and clinical applications, owing to its high sensitivity, resolution, and higher penetration
depth than white light. With the development of Al algorithms, improved camera systems,
and new contrast agents, NIR fluorescence imaging is expected to become even more ad-
vanced and versatile in the next decade. It is likely that Al-assisted NIR fluorescence imaging
will enable real-time visualization and quantification of biological processes at the cellular
and molecular level, paving the way for personalized medicine and precision surgery. More-
over, the integration of NIR fluorescence imaging with other imaging modalities will provide
complementary and synergistic information for diagnosis and treatment monitoring. Chal-
lenges that need to be addressed in the following years are the further development of safe
and effective contrast agents, the standardization of imaging protocols, the validation of Al
algorithms, and proving efficacy in improving patient outcomes in third phase (randomized
clinical) trials. Overall, NIR fluorescence imaging holds great promise forimproving outcomes
of surgically treated oncological patients.
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binnenkort de STELLAR. Ongetwijfeld tot snel in het EMC en wie weet kan ik je ooit nog eens

het verschil tussen een buismaag en een colon laten laten zien.

Geachte leden van de beoordelingscommissie Prof. dr. M. Smits, Prof. dr. C.W.G.M. Lowik en
Prof. dr. S. Kruijff, hartelijk dank voor jullie bereidheid om zitting te nemen in de beoordeling-
scommissie en mijn proefschrift te beoordelen.

Geachte Dr. A.L. Vahrmeijer, Beste Lex, als in Leiden geboren Rotterdammer ben ik meer
dan trots dat ik het eerste Rotterdamse GreenLight Leiden lid mocht zijn. Je zorgt met jouw
bevlogenheid en humor voor een ontzettend goede sfeer binnen je groep. Dank dat ik deel
mocht uitmaken van een van de meest vooruitstrevende onderzoeksgroepen op het gebied

van fluorescentie beeldvorming.

Beste Sandra en Esmee, eigenlijk zouden jullie bovenaan dit dankwoord moeten staan. Wat
jullie allemaal voor ons onderzoekers regelen is ongekend. Veel dank voor alles en voor de

prettige samenwerking.

Alle chirurgen van de OCG die hebben bijgedragen aan de inclusie van patiénten en daarbij de
totstandkoming van dit proefschrift. Alexandra, Bas, Dirk, Eva, Gaston, Joost, Linetta, Pieter
van der Sluis, Pieter Tanis, Sjoerd, Tessa en Thijs. Bedankt voor jullie eeuwige geduld tijdens
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de fluorescentie metingen; ik besef me dat jullie bijna nooit direct iets aan deze metingen
hadden. Des te meer dank voor de gezelligheid op OK, maar ook op de afdelingsuitjes.

Hoofd-hals chirurgen Hetty, Brend, Atilla, Dominiek, José, Aniel en longchirurgen Lex, Edris,
Sabrina en Amir. Ook jullie bedankt voor jullie bijdrage aan inclusie van de studies in dit
proefschrift en de nog lopende studies.

Geachte Dr. Hutteman, Beste Merlijn, ook jij veel dank voor je bijdragen aan nagenoeg alle
stukken in dit boekje. Sorry dat ik Denise af en toe heb ingezet om jou naar mijn stukken te
laten kijken, maar het werkte vaak wel erg goed. Uiteraard ben ik blij dat je (eindelijk) een
vaste plek in een academisch centrum hebt gevonden. Het is je meer dan gegund.

Geachte Dr. Doukas, beste Michail, ik denk dat er in het Erasmus MC weinig mensen rond-
lopen die een groter hart hebben dan jij. De ochtenden coupes scoren om 8:00 waren altijd
gezellig. Je hebt daarmee een belangrijke rol gespeeld in de totstandkoming van het lastigste
hoofdstuk van dit proefschrift. Zeer veel dank daarvoor.

Collega ‘fluorescentie onderzoekers’ Lorraine en Bo, het is mooi om te zien dat jullie de
klinische projecten zo goed hebben opgepakt en hier gaan ongetwijfeld een paar fantast-
ische papers uit voort komen. Lorraine, ik weet dat het niet altijd makkelijk voor je is om
als ‘techneut’ in een ziekenhuis rond te lopen. Toch is het bewonderingswaardig hoe je dit
hebt opgepakt de laatste jaren. Je creatieve en taalkundige kwaliteiten hebben menig artikel
aanzienlijk verbeterd. Daarnaast heeft je creativiteit ook geleid tot het ontwerp van de cover
van dit proefschrift. Dank voor alles en succes met de afronding van je eigen proefschrift.
Bo, als mijn opvolger ben je voortvarend van start gegaan en heb je (zoals Kees het noemde)
al mijn ‘corvee taken’ over genomen. Uiteraard dank daarvoor en mede daardoor is het mij
gelukt om dit proefschrift binnen de full-time termijn af te ronden. Mooi om te zien dat je je
draai ook helemaal hebt gevonden op Na-21.

Dear Hamed, thanks for the nice collaboration in the past years and I’m happy to hear that
you settled in Breda with your wife. | enjoyed working together and I’m curious to hear your
Dutch speaking in the following months. Dear Dom and Riette, although I have seen your
formulas to calculate scattering and absorption at least ten times, | still don’t understand
them. Therefore, I’'m very glad that you two were on our team and you both have contributed
a lot to the Guided by Light trial. Thanks for everything!

Alle huidige en voormalig collega onderzoekers van Na-21, alle borrels, congressen en uitjes
hebben de afgelopen 3 jaar bijzonder veel glans gegeven. Een aantal mensen wil ik in het
bijzonder bedanken: Job, Ben, Berend: dank voor het warme welkom toen als verdwaalde
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onderzoeker op de 21° aankwam. Mooi om te zien dat deze vriendschap zich nog steeds
voortzet en onthoud: ‘Please stop repyling to all’. Jan, het samen mogen codrdineren van de
Surgimab studie, met als hoogtepunt de vrouw van een patiént die jou telefonisch bedreigde
(‘als je tegenover me had gezeten had ik je een klap gegeven’), zal ik nooit vergeten. Mooi
om onze samenwerking voort te zetten in het Ikazia! Stassen en Sam (van Dick), prijzenwin-
naars van de ESSO en bewakers van ‘de mannenkamer’, dank voor de lol de afgelopen jaren.
Mannen van de leverkamer: Huppie, Boris, Wills, Yannick en Stijn: het is de hoogste tijd dat
Huppie weer eens op zijn handen gaat staan. Hakan, Het waren drie fantastische maanden.
Evalyn, Marloes, lvona, Anne-Rose, Kelly en Michelle, zelfs het geschreeuw uit jullie kamer
ga ik missen! Gelukkig wordt de herrinerering aan deze klanken nog eens opgehaald in de
Fame. Ev, het was sowieso de best georganiseerde chirurgencup ooit, ondanks de 7¢ plaats....

Collega’s van de GreenLight Leiden, Ruben, Mats, Robin, Floris, Okker, Martijn en Lisanne,
mooi dat ik onderdeel mocht uitmaken van de GreenLight en dank voor het altijd warme
welkom in Leiden! We gaan elkaar ongetwijfeld nog vaak tegenkomen.

Chirurgen en assistenten van het Ikazia Ziekenhuis: van Forgeron naar co-assistent, naar
oudste co-assistent en nu ANIOS. Terugkomen voelt altijd weer als een warm bad. Ik kijk
ontzettend uit naar mijn eerste echte stappen in de kliniek.

Boudewijn en Robert, stelling 9 komt van jullie en deze weerspiegelt de mooie periode
waarin ik onder julie supervisie mijn eerste wetenschappelijke stappen kon zetten. Dank dat
jullie mij toen het vertrouwen gaven. Helaas toen nog niet zo succesvol in het binnenhalen
van subsidies, maar mooi om te zien dat jullie deze projecten ondertussen aardig op gang
hebben.

Free en Marijn, studiematen van het eerste uur. Sinds de eerste colleges in 2012 waarbij Free
graag de goede antwoorden wilde geven (‘tumor!’) tot Swirls halen met extra ‘crunch’ voor
Marijn, en ‘1 pinnen, 2 chippen’. Ik wacht nog steeds op het moment tot de oude hoofdingang
wordt hersteld. Op jullie kan ik altijd terugvallen.

De schoonfamilie en (mede)aanhang, ontzettend blij dat ik als nieuwste lid heb mogen toe-
treden tot de gezelligste groepswhatsapp van Nederland, de PH5 partycrew. Het is elke keer
weer genieten in Utrecht en natuurlijk ook in Cadzand. Ontzettend mooi dat ik (hopelijk) als
3°dit jaar mag promoveren.

Mijn twee broertjes (en tevens Paranimfen), Jouke en Geert, alleen al het idee dat jullie in
rokkostuum een uur lang aan mijn zijde staan tovert een glimlach op mijn gezicht. Hoewel we
(volgens sommige mensen) heel veel op elkaar lijken, hebben we ook heel veel verschillen,
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wat onze chemie alleen maar versterkt. Ik geniet van het feit dat jullie je eigen pad bewan-
delen. Gelukkig is dat geen Geneeskundig pad, want anders zou het wel heel saai worden
binnen ons gezin.

Lieve papa en mama, dat ik als 3¢ gezinslid een PhD kan afronden maakt het extra speciaal en
het maakt mij meer dan trots. Ik besef me dat dit allemaal niet mogelijk was geweest zonder
de stabiele basis die jullie ons hebben gegeven, thuis in Rotterdam. Mijn dank is oneindig.

Lieve Elies, het laatste woord is voor jou. Nooit gedacht dat jij het mooiste ‘hoofdstuk’ van
mijn promotietijd zou zijn. Jij kan het saaiste nog leuk maken en je gekke maniertjes fleuren
alles op. Er is geen fijnere plek om elke dag te zijn dan bij jou. Ik ben blij dat alles voor jou op
zijn plaats is gevallen en kijk enorm uit naar de komende jaren samen in Rotterdam in ons

nieuwe huis.
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