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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. During surgical procedures a NIR light source can be strategi-
cally placed above the patient or be integrated within the laparoscopic system. 
The resulting fluorescence can be instantly visualized in real-time on the camera 
system screens in the form of images with color, overlay, and NIR representations, 
allowing surgeons to interpret the information seamlessly. NIR fluorescent agents 
are predominantly injected intravenously and can be divided into two groups: 
targeted (binding to a specific ligand or activated by the tumor-specific environ-
ment) and non-targeted. Currently, various targeted fluorescent agents are tested 
in phase I-III clinical trials.6 In this thesis the focus was on SGM-101.

Figure 1  The basics of near-infrared fluorescence imaging. 
Near-infrared (NIR) fluorescent agents can be administered either intravenously or locally, 
and their imaging is conducted using a specialized fluorescence imaging system. This system 
comprises a white light source, a standard camera, a dedicated NIR excitation light, collection 
optics and filtration, and a camera specifically for capturing NIR fluorescence emission. The NIR 
fluorescence output is displayed on a screen in the operating theatre. Ideally, a simultaneous 
visible light image is captured and can be merged with the NIR fluorescence image for 
enhanced visualization.

Tumor-targeted NIR fluorescence with SGM-101

Colorectal cancer

With almost 2 million new cases annually worldwide, colorectal cancer (CRC) 
is one of the most frequent diagnosed malignancies and the second cause of 
cancer related deaths.1 Despite implemented screening programs and improved 
non-invasive treatment options, surgery is still the primary approach for colorec-
tal cancer. Surgical success is based on two major outcome measures: complete 
tumor resection (including metastases) and surgical complications. Ensuring 
tumor-negative resection margins is of utmost importance, as tumor-positive 
resection margins are associated with a significant decrease in overall survival.2,3 
In addition, surgical complications, like anastomotic leakage (AL) and nerve dam-
age are dreaded because of their impact on quality of life and, in the case of 
AL, the risk of reoperations, with increased mortality.4,5 Therefore, it is crucial to 
identify comprised tissue perfusion at the anastomosis site and to differentiate 
between tumor tissue and vital structures. Although, the integration of minimally 
invasive and robotic surgery had great advantages, it came at the expense of this 
differentiation, given the absence of tactile feedback.

Moreover, identifying tumor tissue becomes even more challenging in cases 
that have undergone prior resection or neoadjuvant treatment. This results from 
the development of scar tissue, making it challenging to distinguish between 
fibrosis and remaining tumor tissue, both visually and tactically. Novel intra-
operative identification techniques could provide the surgeon with a solution.

Near-infrared fluorescence imaging

Near-infrared (NIR) fluorescence imaging offers the potential of improved visual 
feedback during surgery. By employing fluorescence imaging principles, it en-
hances surgical outcomes by providing real-time intraoperative visual feedback of 
the surgical field. This technology can aid surgeons in discriminating malignant tis-
sue from healthy tissue effectively. It can potentially improve oncological outcome 
and protect vital structures. NIR fluorescence imaging relies on the administration 
or application of a fluorescent contrast agent that selectively accumulates in the 
target tissue. NIR fluorescence imaging is a real-time imaging technique that 
combines a NIR fluorescent agent with a specialized imaging system (figure 1). 
These systems can capture light emitted by a fluorescent agent after excitation 
with an appropriate light source. NIR light (650-900 nm) is favorable for intraopera-
tive imaging compared to visible light because of its better depth penetration in 
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first lymph node draining the tumor, seems important for nodal staging because 
it is believed to be the first place for lymphogenic metastases. Moreover, ap-
proximately one-third of patients with stage I and II colon cancer, who are staged 
as lymph node-negative, still develop distant metastases.16 This may result from 
understaging by histopathology, attributed to the presence of lymph nodes with 
occult malignant cells and micrometastases. Current routine histopathological 
analysis typically involves the examination of a single paraffin-embedded slide 
per lymph node, which increases the likelihood of missing tumor cells not located 
at the slide’s cutting surface. More extensive histopathological analysis of all 
resected lymph nodes could enhance nodal staging, but this process is time-
consuming and costly.17-19 However, extensive analysis of only the SLN is feasible, 
and thus unfolds a niche for SLN mapping in CRC. Fluorescent dyes like ICG, offer 
promise for SLN mapping, both in vivo and ex vivo.20,21

Though techniques like ICG mapping show high success rates, they also 
face issues such as false negatives due to skip metastases.22 Despite these 
challenges, fluorescence-guided SLN mapping shows potential for improving 
staging and guiding treatment decisions in CRC, warranting further exploration 
and optimization of techniques.

Over the past decade NIR fluorescence-guided surgery has developed 
from the preclinical stage to initial small-scale (first-in-human) clinical trials. A 
significant challenge now lies in transitioning these promising results to more 
extensive clinical trials, as presented in this thesis. These large-scale trials must 
unequivocally demonstrate patient benefit, such as enhanced complete tumor 
resections and reduced complication rates, for the technique to be integrated 
into standard care surgical practices.

Thesis outline

In this thesis, clinical applications of fluorescence guided surgery in colorectal 
cancer and its metastases are described. It focusses on the clinical use of both 
targeted and non-targeted fluorescent agents with the use of dedicated open 
and minimal invasive NIR camera systems. As a result, this thesis will provide in-
sights into the future development and implementation of this technology within 
the realm of colorectal surgery. Part I of this thesis starts with a review of the 
current status of fluorescence-guided surgery in colorectal cancer (chapter 2).  
Subsequently the use of ICG in sentinel node detection (chapter 3) and per-
fusion assessment (chapter 4, chapter 5) in colorectal cancer surgery will be 

Only a handful of tumor-targeted fluorescent agents have been tested in early 
phase clinical trials for colorectal cancer. One of these agents is SGM-101, a 
monoclonal antibody targeting the carcinoembryonic antigen (CEA) bound to 
the fluorophore BM-104.7 CEA is notably overexpressed in numerous solid tu-
mors. Specifically, CEA expression is observed in approximately 90% of colorectal 
adenocarcinomas and 70% of pancreatic adenocarcinomas.8,9 A phase II study, 
consisting of 37 patients, showed the first promising clinical results of SGM-101.10 
Based on fluorescence assessment, the surgical plan was changed in nine (24%) 
patients. In seven 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. These promising results are the basis of the multiple clinical 
trials described in this thesis.

Perfusion assessment
AL is among the most serious complications in CRC surgery, frequently neces-
sitating additional surgical or radiological interventions, leading to a prolonged 
hospital stay. AL is reported up to 20% of patients undergoing CRC surgery with 
associated mortality rates as high as 27%.11,12

Inadequate bowel perfusion is considered a significant contributing factor 
to AL.13,14 Indocyanine green (ICG) fluorescence-angiography can provide real-
time feedback of bowel perfusion and aid to determine in the optimal location 
for the anastomosis.15 During the procedure ICG is injected intravenously, and 
its fluorescence allows for dynamic monitoring of blood flow. This information 
helps surgeons identify regions with compromised blood supply, which may 
indicate areas at risk of ischemia or necrosis. By incorporating NIR fluores-
cence perfusion assessment into standard of care, surgeons could optimize 
surgical outcomes by preserving well-perfused tissues and minimizing the risk 
of postoperative complications like anastomotic leakage. Pooled analysis of 
cohort studies has demonstrated that ICG fluorescence angiography reduces 
anastomotic leakage, but high-quality evidence is currently lacking. This has 
led to our initiation of a Dutch multicenter randomized controlled trial assessing 
the influence of NIR fluorescence perfusion assessment on AL, the AVOID trial.

Lymph node assessment
In CRC patients, accurate lymph node staging is crucial for determining prog-
nosis and treatment decisions. Especially the sentinel lymph node (SLN), the 
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explored. In part II several clinical studies using the CEA-targeted fluorescence 
tracer SGM-101 will be highlighted. The first chapter (chapter 6) will be an out-
line of the development of this targeted fluorescent agent. This will be followed 
by chapters about the detection of distant liver metastases of colorectal and 
pancreatic cancer (chapter 7), the detection of colorectal lung metastases 
(chapter 8) and the detection of both primary lung cancer and colorectal lung 
metastases (chapter 9). In part III a study for the identification of novel targets 
for fluorescence-guided lung surgery with the use of data driven software was 
performed (chapter 10).
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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 sur-
gical 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 applica-
tion 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.

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.

NIR fluorescence imaging is a real-time imaging technique that combines a NIR 

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 discrimi-
nation between 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) tumour imaging, (2) senti-
nel lymph node imaging, (3) imaging of distant metastases, (4) imaging of vital 
structures, (5) imaging of perfusion. Both experimental 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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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 ap-
plications and promising future modalities of fluorescence-guided surgery in 
the treatment of CRC patients.

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 reporting 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 December 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 ex-
perimental fluorescent agents, all clinical studies were included in the final refer-
ence 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 tumour-
to-background (TBR), sensitivity, specificity, change in surgical management, 
and other outcomes.

fluorescent agent with a specialised imaging system (figure 1). These systems 
can capture light emitted by a fluorescent agent after excitation with an appro-
priate light source (figure 2). NIR light (650-900 nm) is favourable for intraopera-
tive 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.

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 di-
vided into two groups: targeted (binding to a specific ligand or activated by the 
tumour-specific environment) and non-targeted. Currently, various targeted flu-
orescent agents are tested in phase I-III clinical trials.4 In the group of non-target-
ed agents, indocyanine green (ICG) and methylene blue (MB) are approved by 
the United States Food and Drug Administration (FDA) and the European Medi-
cines Agent (EMA), for other purposes. ICG was first used in 1957 to determine he-
patic function, but its fluorescent properties (excitation peak around 800 nm),  
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Imaging of the primary tumour and local recurrence
Achieving tumour-negative resection margins is of utmost importance in the 
surgical treatment 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 occurrence of up to 14% in T4 
colon cancer.2 Moreover, in primary locally advanced rectal cancer the propor-
tion 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 consequence 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 iden-
tification 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.

Table 1  Overview of all fluorescent agents used for colorectal cancer surgery and their 
optical properties. 

Fluorescent Agent Molecular  
target

Fluorophore ~Peak 
absorbance 
wavelength

~Peak  
emission 

wavelength

Reference

Bevacizumab-800CW VEGF-A IRDye-800CW 778 nm 794 nm 21

cRGD-ZW800-1 Integrins  
(αvβ6, αvβ3, αvβ5)

ZW800-1 785 nm 805-850 nm 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

IS-001 na IS-001 780 nm 815 nm 70

LUM015 Cathepsins  
(K,L,S,B)

Cy5 650 nm 675 nm 22

MB na MB 667 nm 685 nm 6

ONM-100 Metabolic 
acidosis*

ICG 780 nm 830 nm 5

SGM-101 CEA BM-104 685 nm 705 nm 19

ZW800-1 na ZW800-1 785 nm 805-850 nm 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

Quality assessment
Quality assessment was performed for all studies assessing experimental fluo-
rescent 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 fluorescence-
guided surgery (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).

Figure 3  A schematic overview of all clinical applications of fluorescence guided 
surgery for colorectal cancer.

Abbreviations: ICG Indocyanine Green | MB: Methylene blue

Liver metastases
Rim fluorescence

Anastomotic 
perfusion

Sentinel 
lymph node

Peritoneal 
metastases

Omentoplastic 
perfusion
Ureter

Primary tumour /  
local recurrence
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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 dos-
ing of 0.05 mg/kg.15

Figure 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 A and B (C).

Bevacizumab-800CW consists of a monoclonal antibody targeting vascular en-
dothelial growth factor A (VEGF-A), bound to IRDye800CW.20,21 Bevacizumab-
800CW has been studied in eight rectal cancer patients.16 During back table fluo-
rescence assessment of the resection margins on the surgical specimen, a tu-
mour-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.

ONM-100 is a pH-activatable fluorescent agent that exploits the metabolic 
microenvironment of solid tumours.17 It does not bind to specific tumour recep-
tors 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 

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 identification 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 injec-
tion 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 in-
creased 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 TBR. This is a ratio of the 
mean fluorescence intensity of the tumour and the surrounding tissue (back-
ground). 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 II study of 37 pa-
tients showed an intraoperative 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 III trials using 
SGM-101 (NCT03659448, NCT04642924).

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-hu-
man study, 12 colon cancer patients were included. Intraoperative fluorescence 
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especially the peritumoural injection of ICG, has increased. These fluorescent 
dyes have already shown to be of additional value for the identification of com-
plete 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 procedure (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. Submucosal 
injection is preferred over subserosal injection because of better accuracy of injec-
tion near the tumour and easier endoscopic needle positioning.31

ICG is the only fluorescent dye that has been reported for in vivo SLN map-
ping 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 histopathological analysis using serial 
sectioning and immunohistochemistry. SLN mapping with ICG and subsequent 
advanced histopathology resulted in upstaging in 6-23% of the patients.31-33 

underwent surgery for CRC. All three CRC patients showed a sharply demar-
cated fluorescent signal during back table imaging. Currently, a phase II study 
using ONM-100 is ongoing in which patients undergoing surgery for CRC are 
also included (NCT03735680).

A phase I/II trial will be conducted using LUM015, a novel PEGylated pro-
tease-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 imaging is a feasible addition to CRC surgery. The fluorescent 
agents detected most of the known tumours and SGM-101 even detected ad-
ditional 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 prog-
nostic feature and determines the need for (neo)adjuvant chemotherapy and/
or radiotherapy. The sentinel lymph node (SLN) may be crucial in nodal staging, 
as it is defined as the first lymph node draining the tumour and is believed to be 
the first place for lymphogenic metastases. Moreover, one in three patients with 
stage I and II colon cancer, who are staged as lymph node-negative, still develop 
distant metastases.23 This might be a consequence of understaging by histopa-
thology, 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.24Extensive analysis of only the SLN is feasible, and 
thus unfolds a niche for SLN mapping in 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 pa-
tients 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 minimal depth penetration in 
the mesocolic and mesorectal fat.27 Therefore, the interest in fluorescent dyes, 
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patients with mucinous tumours (46). Moreover, neoadjuvant treatment result-
ed in a higher false-negative rate (53.8% vs. 42.9%) and lower sensitivity (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 detec-
tion of peritoneal metastases in CRC: bevacizumab-800CW and SGM-101. 
Bevacizumab-800CW was the first tumour-targeted fluorescent agent that 
was reported to yield promising results, identifying additional peritoneal me-
tastases 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 PCI in 5 out 
of 12 (42%) patients (figure 5). Four patients had a higher PCI and one patient a 
lower PCI, 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

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).

Although plausible, it is yet unknown whether upstaged patients with micro-
metastatic 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 fluorescence-guided SLN identification are currently 
used. It is recommended to first determine the optimal agent, injection tech-
nique and patient population. The high false-negative rate (tumour-negative 
SLN with tumour-positive regional nodes) remains a major drawback for SLN 
mapping in CRC in general.  Nevertheless, its value in terms of upstaging and 
the consequence of adjuvant treatment seems enough reason to further ex-
plore this field.

Imaging of distant metastases
Peritoneal metastases
Approximately 10% of all CRC patients develop peritoneal metastases during the 
course of the disease.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 cytoreductive surgery followed by intra-
operative 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, identi-
fication of small peritoneal lesions can be challenging, especially after previous 
abdominal surgery or neoadjuvant therapy with subsequent fibrosis. An accu-
rate peritoneal cancer index (PCI) 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 
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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 associ-
ated with a significant decrease in local recurrence-free survival (HR: 0.74; 95% 
CI: 0.42-1.28), and overall survival (HR: 0.94; 95% CI: 0.50-1.76).

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.

Besides detection of CRLM, fluorescence imaging can also be used for margin 

assessment and aiding in tumour delineation for CRLM resection. Two small case 
series with a total of 52 patients achieved 100% tumour-negative resection mar-
gins 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 resec-
tion 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).

One clinical trial is currently ongoing using LUM015, including patients with 
peritoneal metastases of gastrointestinal cancer, ovarian cancer, and mesothe-
lioma (NCT03834272). The aforementioned phase III study with SGM-101 will also 
include patients with peritoneal metastases (NCT03659448).

The feasibility of fluorescence-guided detection of peritoneal metastases 
has been demonstrated, allowing for detection of peritoneal deposits and 
potentially also of occult lesions. This is especially valuable knowing that treat-
ment success is primarily determined by complete cytoreduction.

Liver metastases
Over the course of the disease, 20-30% of CRC patients develop liver metas-
tases (CRLM).51 Complete resection of these metastases is an important treat-
ment option, with positive 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 intraop-
erative 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 detecting small superficial metastases (up 
to eight mm deep), but also for resection margin assessment. 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 randomized.55-57 In one system-
atic review, six out of nine studies reported 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 (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
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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 became fluo-
rescent 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 IS-001 in-
cluded 24 patients who underwent laparoscopic gynaecological surgery70. 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, IS-001, and IRDye-800BK appear suitable for ureter identification 
with NIR fluorescence imaging and have advantages over MB and ICG. Future 
clinical trials are needed to confirm the promising early results of these experi-
mental fluorescent agents. However, large sample sizes are required for such 
studies due to relatively low incidence of iatrogenic ureteral injury. Therefore, 
phase III studies should focus on patients with high risk for intraoperative ure-
teral 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 clinical study with urethral administration of ICG during prostatectomies 
in 12 patients has been 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 successful 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 

Fluorescence imaging with ICG has been demonstrated to improve intraopera-
tive 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.

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
Iatrogenic 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 diag-
nosis, 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 loca-
tion. The introduction of minimal invasive surgery in the last decades has further 
increased this challenge.61 Intraoperative fluorescence imaging can guide the 
surgeon in identification of the ureter, which could result in less ureteral injury. 
ICG and MB have both been studied for ureteral identification. Due to the hepatic 
clearance of ICG, retrograde intra-ureteral injection is needed, which makes 
ureteral identification with ICG a complex procedure.63 Successful ureteral iden-
tification using ICG is reported in 94-100% of procedures.63-65 As MB is cleared 
renally, intravenous injection is possible for intraoperative identification of ure-
ters. Outcomes of intravenous MB administration for ureteral identification show 
variable 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, IS-001, and IRDye800BK.69-71 These experimental 
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group (9.1% vs 16.3%; p = 0.04).88 However, this difference was predominantly 
based on the occurrence 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 assessing 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 stud-
ies 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 undergo-
ing abdominoperineal resection (APR) and carry major morbidity.91 Omentoplasty 
can be performed for the prevention and management of these complications. 
It is hypothesised that the transferred omentum prevents dead space forma-
tion, 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 omen-
toplasty 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 

undergoing rectal surgery acquire some sort of sexual or urological dysfunc-
tion.75 The hypogastric, splanchnic, and levator ani nerves are at risk during (colo)
rectal surgery.76 Nerve targeted fluorescence-guided surgery has the potential 
to improve nerve identification, and therefore prevent injury. 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. Anastomotic 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 anastomosis. 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 anastomoses are sporadic and fail to show a significant 
decrease in anastomotic leakage rates when using ICG fluorescence angiog-
raphy.84,85 More data has been reported on rectal surgery. Song et al. published 
the most recent and complete meta-analysis on rectal anastomoses including 
2088 patients from nine retrospective studies.86 Their pooled analysis showed 
an odds ratio for anastomotic leakage of 0.34 (95% CI: 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 undergo-
ing left-sided colon or rectal resection and failed to show a significant differ-
ence in anastomotic leakage rate between 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 
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laparoscopic cameras. Most laparoscopes that are currently clinically avail-
able 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 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 al-
ready 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 developed 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, improving 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.

fluorescence angiography guided omentoplasty. The reported alteration of the 
surgical plan in 80% of cases suggests that ‘standard’ omentoplasty is vulnerable 
to 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 applications in CRC surgery. This review provides an overview of the clini-
cal applications of all fluorescent agents for CRC surgery. ICG, the nonspecific 
FDA/EMA approved fluorescent agent is already used in a variety of clinical ap-
plications 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 experimental fluores-
cent agents (targeted and non-targeted) have been investigated. These agents 
could potentially improve intraoperative fluorescence imaging, ultimately lead-
ing to improved detection of tumour tissue, vital structures, and vascularisation.   
Improving intraoperative detection of tumour could not only lead to more com-
plete 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 scattering, 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
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Supplement 1  Search strategies per database and the corresponding hits after removal 
of duplicates. 
 
Database Full search strategy

Embase  
(1123 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

Medline  
(198 articles)

(((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*))).ab,ti,kf.) NOT (letter* OR news 
OR comment* OR editorial* OR congres* OR abstract* OR book* OR chapter* OR 
dissertation abstract*).pt. AND english.lg.

Cochrane  
(73 articles)

((((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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Supplement 4  MINORS score per study assessing experimental fluorescent agents. 
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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.

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 iden-
tification, 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 I and II 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 examina-
tion, or inadequate lymph node harvesting at the time of primary 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 metasta-
ses, 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 utili-
zation 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.
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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 two components: 
an NIR camera system and a fluorescent agent (figure 1). These NIR camera sys-
tems are composed of an NIR excitation light source,  collection optics (including 
optical 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 (figure 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 during surgery (e.g., bile duct detection, tis-
sue perfusion).12-14

Several dedicated NIR fluorescence imaging systems are clinically used for 
open, laparoscopic, and robotic surgery. On the other hand, only two fluores-
cent 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 fluorescent 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

Figure 1  Fluorescence-guided surgery. 
NIR fluorescent agents are administered intravenously or locally. NIR fluorescence is visualized 
using a specialized 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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Figure 2  Schematic overview of the principle of fluorescence. 
A photon in the appropriate wavelength (excitation light) is absorbed by the fluorophore, 
elevating an electron to an excited state. When the electron transitions back to its ground 
state, a photon is emitted. This emitted 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 fluo-
rescence guided SLN mapping, alternative fluorescent dyes have also been 
assessed (figure 3). In addition, different 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 surgeon. In minimally 

invasive surgery, this requires transcutaneous injection of the fluorescent 
agent. Correct positioning of the needle and maintaining this position during 
injection of the fluorescent agent is easier with the submucosal technique and 
therefore leads to less spillage of ICG.16-17

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 administration has some practical drawbacks, particularly for 
the preferred submucosal injection. For in vivo submucosal injection, an en-
doscopy 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 alterna-
tive, 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 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 patients. 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 N0 (all lymph nodes being tumour-negative) 
using conventional histopathology but showed tumour-positive SLNs after ad-
ditional extensive histopathological assessment of the SLNs. These patients 
can consequently change from stage I or II CRC to stage III. The percentage of 
upstaged patients was calculated by dividing the number of upstaged patients 
by all lymph node-negative patients before extensive histopathological assess-
ment 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.
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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 filtered view, alongside the 
right iliac artery, consistent with a sentinel lymph node. The injection site of the rectal 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. 

Table 1  Results of clinical trials assessing fluorescence-guided SLN mapping for CRC. 
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Intraoperative

Andersen (16) ICG:HA 29 CC L SS 1 (0-3)* 65.50% 0.33 0.76 1 (12%)

Ankersmit (17)
ICG:HA 29 CC L

14 SS;  
15 SM

2 (0-6)* 89.70% 0.44 0.8 3 (13%)

Cahill (39) ICG 18 CRC L SM 3.6 (1-5)** 100% 1 1 0 (0%)

Carrara (40) ICG 95 CRC L SS 1.5 (1-5)** 96.8 0.73 0.96 1 (1%)

Currie (41) ICG 30 CC L SM 3 (1-4)*** 90% 0.33 0.75 1 (5%)

Hirche (42) ICG 26 CC O SS 1.7 (0-5)** 96% 0.82 0.87 3 (21%)

Kusano (43) ICG 26 CRC O SS 2.6 (± 2.4)**** 88.50% 0.5 0.81 nr

Nagata (44) ICG 48 CRC L SS 3.5 (± 1.7) **** 97.90% 0.44 0.89 nr

Noura (45) ICG 25 RC O SM 2.1 (± 0.8)**** 92% 1 1 nr

Watanabe (46) ICG 31 CC L SS 10.4 (± 4.73)**** 100% 0.67 0.93 nr

Postoperative

Hutteman (18) HSA800 24 CRC na SM 3 (1-5)* 100% 0.89 0.94 nr

Liberale (47) ICG 20 CC na SS 1 (0-4)* 95% 0.57 0.81 3 (23%)

Schaafsma (48) HSA800 22 CC na SM 3.5 (± 1.9)**** 95% 0.8 0.94 nr

Weixler (49) HSA800 50 CC na SS 4.4 (± 2.2)**** 98% 0.64 0.74 5 (17%)

The number of detected SLNs are presented as: *median with range, **mean with range, ***median 
with interquartile range, ****mean with standard deviation. The sensitivity is calculated by dividing 
the number of procedures with a tumour-positive SLN (true positives) by the sum of true positive and 
false negative procedures. The negative predictive value is determined by dividing the amount of true 
negative procedures by the sum of true negative and false negative procedures. Upstaged patients 
are defined as patients with no tumour involvement on conventional histopathology of all lymph 
nodes, but a tumour-positive SLN at advanced histopathology. The percentage of upstaged patients 
is calculated as: upstaged patients/upstaged patients + true negatives. Abbreviations: CC = Colon 
cancer; CRC = colorectal cancer; HA =  human albumin; ICG = indocyanine green; L = laparoscopic;  
na = not applicable; NPV = negative predictive value; nr = not reported; O = open; RC = rectal cancer; 
SLN = sentinel lymph nodes; SM = submucosal; SS = subserosal.
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HSA800 (IRDye 800CW conjugated to human serum albumin) is another fluores-
cent 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 lymphatic 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 stag-
ing in CRC patients. Despite its advantages and several published clinical stud-
ies, it is not used in common 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 
N0.24,25 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 expla-
nation 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 treat-
ment for colon cancer has increased in recent years.29,30 This novel treatment 
strategy could influence the success rate of SLN mapping, as research in other 
tumour types suggest altered lymphatic 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 N0 without the use of fluorescence 
imaging and extensive histopathological assessment of the SLN. These pa-
tients would not have been upstaged to stage III and wrongfully been withheld 
adjuvant therapy, which theoretically leads to worse survival.

As emphasized, the use of fluorescence-guided SLN mapping with ICG in-
creases the detection rate of SLNs in CRC patients and can result in upstaging in 
a substantial number of patients. Nevertheless, this concept still requires post-
operative 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 con-
sist of a fluorophore conjugated to a targeting component and therefore pos-
sess 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) accumulate enough volume of the trac-
er to produce a sufficiently enhanced fluorescent signal. Nevertheless, tumour-
targeted agents do not only allow for the identification of lymph node metasta-
ses but also other metastases, the primary tumour and tumour-positive resec-
tion margins.36 Several tumour-targeted agents are currently studied in phase 
II and III trials (SGM-101 in Locally Advanced and Recurrent Rectal Cancer.37,38
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Abstract

Significance  Near-infrared (NIR) fluorescence imaging using indocyanine 
green (ICG) has proven to be a feasible application for real-time intraoperative 
assessment of tissue perfusion, although quantification of NIR fluorescence 
signals is pivotal for standardized assessment of tissue perfusion.

Aim  Four patients are described with possible compromised bowel perfusion 
after mesenteric resection. Based on these patients we want to emphasize 
the difficulties in the quantification of NIR fluorescence imaging for perfusion 
analysis.

Approach  During image-guided fluorescence assessment, 5 mg of ICG 
(2.5 mg/ml) was intravenously administered by the anesthesiologist. NIR fluo-
rescence imaging was done with the open camera system of Quest Medical 
Imaging. Fluorescence data taken from the regions of interest (bowel at risk, 
transition zone of bowel at risk and adjacent normally perfused bowel, and nor-
mally perfused reference bowel) were quantitatively analyzed after surgery for 
fluorescence intensity- and perfusion time-related parameters.

Results  Bowel perfusion, as assessed clinically by independent surgeons 
based on NIR fluorescence imaging, resulted in different treatment strategies, 
three with excellent clinical outcome, but one with a perfusion related compli-
cation. Post-surgery quantitative analysis of fluorescence dynamics showed 
different patterns in the affected bowel segment compared to the unaffected 
reference segments for the four patients.

Conclusions  Similar intraoperative fluorescence results could lead to dif-
ferent surgical treatment strategies, which demonstrated the difficulties in 
interpretation of uncorrected fluorescence signals. Real-time quantification 
and standardization of NIR fluorescence perfusion imaging could probably aid 
surgeons in the nearby future.

Introduction

Extensive oncological abdominal surgery occasionally includes removal of part 
of the mesentery containing blood vessels supplying the associated bowel. 
Because mesenteric resection can result in compromised bowel perfusion lead-
ing to necrosis, it is commonly combined with bowel resection and subsequent 
anastomosis formation. However, anastomosis formation harbors the risk of an 
anastomotic leakage, which is the most feared complication of bowel resections 
and accounts for considerable morbidity and mortality.1-3 Indirect perfusion of 
adjacent bowel segments with intact mesenterial blood supply could be sufficient 
to avoid bowel resection and subsequent anastomosis after partial mesenteric 
resection. For decades, surgeons rely on the use of tactile and visual feedback to 
determine the perfusion state, which has certain limitations. Near-infrared (NIR) 
fluorescence imaging using indocyanine green (ICG) has proven to be a feasible 
and reproducible application for real-time intraoperative quantification of tissue 
perfusion.4-6 Surgical procedures in which part of the mesentery is resected can 
benefit from NIR fluorescence imaging with ICG. However, quantification of NIR 
fluorescence signals is pivotal for standardized assessment of tissue perfusion. 
This report aims to demonstrate the current shortcomings in intraoperative 
quantification of NIR fluorescence imaging for bowel perfusion assessment after 
mesenterial disruption without a planned bowel resection.

Methods and case reports
Methods

Four patients underwent standard-of-care NIR fluorescence imaging using 
ICG for intraoperative bowel perfusion assessment after mesenteric resection. 
Informed consent for publication of this work was obtained from the patients. 
For the surgical procedures, 25 mg of ICG (Pulsion Medical Systems, Munich, 
Germany) was diluted in 10 ml sterile water to obtain a 2.5 mg/ml concentration. 
During image-guided fluorescence assessment, 5 mg of ICG was intravenously 
administered by the anesthesiologist. NIR fluorescence imaging was done 
with the open-camera system of Quest Medical Imaging (Middenmeer, The 
Netherlands).

Fluorescence data were quantitatively analyzed after surgery for fluores-
cence intensity- and perfusion time-related parameters according to Son et 
al.7 Snapshots were taken every 2 s after ICG injection from the video recording, 
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and fluorescence intensities of each image were sequentially analyzed using 
Mevislab (MeVis Medical Solutions AG, Bremen, Germany). Five regions of in-
terest were taken: one from the part of the bowel at risk, two from the margin of 
adjacent normally perfused bowel to bowel at risk (the transition zone), and two 
from normally perfused bowel adjacent to the bowel at risk. Results were aver-
aged in case of two regions per zone. The following fluorescence parameters 
were analyzed: Half of difference between baseline and maximum fluorescence 
intensity (F½ max), difference between baseline and maximum fluorescence 
intensity (Fmax), time from first fluorescence increase to maximum intensity 
(Tmax), slope of the fluorescence inflow (slope = Fmax/Tmax), slope in 10 s after 
the rise of fluorescence intensity (slope10), time from first fluorescence increase 
to half of maximum intensity (T½ max), and the ratio of T½ max over Tmax  
(TR = T½ max/Tmax).

Case I
A 25-year-old man, who underwent several resections for recurrent osteosar-
coma, was referred for resection of a progressively growing abdominal nodule 
of 21 mm in size detected on routine computed tomography that was suspected 
to be a metastatic lesion. At explorative midline laparotomy, no other metastases 
were found. The lesion was situated in the mesocolon adjacent to the descend-
ing colon and consequently a mesenteric resection sparing the left colic artery 
was performed. Visual assessment of the colon showed slight discoloration 
at the resection side over a trajectory of 4 cm. Intraoperative subjective fluo-
rescence assessment of the bowel perfusion showed slightly slower increase 
of fluorescence intensity of the bowel segment at risk (figure 1), but this part 
became as fluorescent as the reference bowel within one minute. The perfusion 
was judged as being sufficient and it was decided to not perform a bowel seg-
ment resection. The postoperative period was uneventful, and discharge was at 
postoperative day 3.

Postoperative quantitative fluorescence analysis showed lower maximum 
fluorescence intensities (27.3 versus 39.2 versus 50.8 arbitrary units (AU)), inflow 
slope (0.76 versus 1.56 versus 2.56 AU∕s), and slope10 (1.05 versus 2.04 versus 
3.74 AU/s) in the affected bowel compared to the transition zone and reference 
bowel (Table 1). Furthermore, Tmax (36 versus 25 versus 19 s), T½ max (12 versus 
9.5 versus 7.5 s) and TR (0.33 versus 0.38 versus 0.39) were lower at the transi-
tion zone and directly perfused reference bowel segments.

figure 1  Overview of ICG inflow and quantitative perfusion analyses.  
(a), (d), and (j) Case I, II, and IV showed a delayed fluorescence inflow; (b), (e), and (k) lower 
maximum fluorescence intensity levels in the affected bowel, which is illustrated by (c), (f), and 
(l) quantitative analysis. Case III showed minimal difference in (g) fluorescence inflow or (h) 
maximum fluorescence intensity. ROIs were taken in the affected bowel with compromised 
perfusion (red), transition zone with possible impaired perfusion (yellow), and reference bowel 
with normal perfusion (blue).

 

Abbreviations: ICG: indocyanine green; ROI: region of interest; AU: arbitrary units

(a) (c)

(b)

(d) (f)

(e)

(g) (i)

(h)

(j) (l)

(k)



NEAR-INFRARED FLUORESCENCE IMAGING IN COLORECTAL CANCER AND ITS METASTASES70 Chapter IV   Quantitative near-infrared imaging for bowel perfusion 71

Case II
A 71-year-old man, without any relevant other diagnosis in his medical history, 
was referred because of esophageal cancer, eligible for resection after neoadju-
vant treatment. During the dissection of the greater gastric curvature, iatrogenic 
injury of the mesocolon occurred. Visual assessment of the colon showed an area 
of about 3 cm that was slightly darker than the surrounding bowel. Intraoperative 
fluorescence assessment of the bowel perfusion showed decreased fluores-
cence intensity adjacent to the aperture in the mesocolon (figure 1, lower panel). 
It was concluded that perfusion of this part of the bowel was inadequate and 
therefore the two well-perfused parts were approximated with serosal sutures, 
thereby folding the less perfused part intraluminally. The postoperative recovery 
was uneventful, and discharge was at postoperative day 7.

Postoperative quantitative fluorescence analysis showed a difference in 
Fmax (14.8 versus 40.4 versus 73.0 AU), slope (0.57 versus 1.35 versus 3.65 AU/s), 
and slope10 (0.51 versus 1.27 versus 3.82 AU/s) between the bowel segment at 
risk, the transition zone, and the unaffected bowel segment (Table 1). Tmax was 
higher at the transition zone compared to the affected bowel and reference 
bowel (30 versus 26 versus 20 s). T½ max was higher for the affected bowel 
compared to the transition zone and reference bowel (17 versus 15 versus 10 s). 
TR was equal between the transition zone and reference bowel (0.50), although 
TR was higher (0.65) for the affected bowel segment.

Case III
A 53-year-old female patient underwent a pylorus-preserving pancreaticoduo-
denectomy because of an adenocarcinoma of the duodenum. A partial resection 
of the mesentery of the transverse colon including the right colonic artery was 
unavoidable due to tumor involvement. Visually, no problems were suspected 
regarding the perfusion of the adjacent bowel segment. Assessment of the 
perfusion using ICG-guided fluorescence showed clear and equal fluorescence 
in all parts of the bowel (affected and unaffected zones). As a result, no further 
intraoperative intervention was deemed necessary. During her recovery the 
patient did not develop any symptoms of inadequate bowel perfusion.

Postoperative quantitative fluorescence analysis showed similar maximum 
fluorescence intensities (38.9 versus 36.15 versus. 38.3 AU), inflow slope (2.43 
versus 2.15 versus 2.30 AU/s), and slope10 (3.11 versus 2.67 versus 2.42 AU/s) in the 
affected bowel compared to the transition zone and reference bowel (Table 1). 
Furthermore, Tmax (16 versus 17 versus 17 s), T½ max (8 versus 8.5 versus 10 s) 
and TR (0.5 versus 0.5 versus 0.59) did not show any clinical significant differ-
ence at three different zones of the bowel.

Table 1  Quantitative perfusion analysis of described cases compared to literature for anastomotic 
leakage.

C
as

e 
I

C
as

e 
II

C
as

e 
III

C
as

e 
IV

Li
te

ra
tu

re
 

co
m

pa
ri

so
n

A
ffe

ct
ed

 
bo

w
el

Tr
an

si
tio

n 
zo

ne

R
ef

er
en

ce
 

bo
w

el

A
ffe

ct
ed

 
bo

w
el

Tr
an

si
tio

n 
zo

ne

R
ef

er
en

ce
 

bo
w

el

A
ffe

ct
ed

 
bo

w
el

Tr
an

si
tio

n 
zo

ne

R
ef

er
en

ce
 

bo
w

el

A
ffe

ct
ed

 
bo

w
el

Tr
an

si
tio

n 
zo

ne

R
ef

er
en

ce
 

bo
w

el

S
ug

ge
st

ed
 

cu
to

ff 
va

lu
es

 
fo

r p
oo

r 
pe

rf
us

io
n

Fluorescence intensity related factors

F ½ max (AU) 13.7 19.5 24.2 7.4 20.2 36.5 19.5 18.1 19.2 2.75 16.5 84.9 NA

F max (AU) 27.3 39.2 50.8 14.8 40.4 73.0 38.9 36.2 38.3 5.5 32.9 169.8 <528

Slope or 
ingress rate 
(AU/s)

0.76 1.56 2.56 0.57 1.35 3.65 2.43 2.15 2.30 0.23 0.97 12.13 <0.77; <2.18

Slope10 
(AU/s)

1.05 2.04 3.74 0.51 1.28 3.82 3.11 2.67 2.42 0.21 0.97 12.02 NA

Perfusion time-related factors

Tmax (s) 36 25 19 26 30 20 16 17 17 24 35 14 >578

T½ max (s) 12 9.5 7.5 17 15 10 8 8.5 10 12 14.5 7.5 >187;  
>148; >109

TR 0.33 0.38 0.39 0,65 0.50 0.50 0.50 0.50 0.59 0.5 0.43 0.54 >0.67

Abbreviations: F ½ max: half of difference between baseline and maximum fluorescence intensity; NA: not available; 
F max: difference between baseline and maximum fluorescence intensity; AU: arbitrary units; slope: slope of the 
fluorescence inflow; slope10: slope in 10 s after the rise of fluorescence intensity, Tmax: time from first fluorescence 
increase to maximum intensity; T½ max: time from first fluorescence increase to half of maximum intensity;  
TR: ratio of T½ max and Tmax.

Case IV
A 76-year-old male patient, diagnosed with gastric cancer, underwent residual 
stomach resection, because of a tumor-positive resection margin after previous 
distal gastrectomy 3 months before. During the current surgical procedure part 
of the mesentery of the transverse colon had to be resected, due to extensive 
adhesions, as the patient had multiple abdominal surgeries in the past. At visual 
inspection the adjacent transverse colon was darker than the assumed healthy 
bowel segments and arterial pulsations were weak. Subjective intraoperative 
fluorescence assessment of the bowel perfusion showed delayed fluorescence 
inflow of a 3-cm long transverse colon segment. Subjective fluorescence inten-
sity seemed equal at all bowel sites 3 min after ICG administration. It was decided 
not to intervene, based on doubtful palpable pulsations and fluorescence sig-
nals after 3 min. Two days postoperative a relaparotomy was performed, which 
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showed an ischemic part of the transverse colon of 3 cm and poor perfusion over 
10 cm, which was resected and subsequently an anastomosis was created. The 
patient recovered and was discharged 2 weeks after the initial surgery.

Postoperative quantitative fluorescence analysis showed decreased maxi-
mum fluorescence intensities (8.8 versus 36.1 versus. 173.25 AU), inflow slope 
(0.23 versus 0.97 versus

12.13 AU/s), and slope10 (0.21 versus 0.97 versus 12.02 AU/s) in the affected 
bowel and transition zone compared to reference bowel (Table 1). Tmax (24 
versus 35 versus 14 s), T½ max (12 versus 14.5 versus 7.5 s) and TR (0.5 versus 0.43 
versus 0.54) did not show any clinical significant difference at three different 
zones of the bowel.

Discussion

In this report, four patients with clinically suspect compromised bowel perfu-
sion after mesenteric resection are described. Bowel perfusion, as assessed by 
independent surgeons based on NIR fluorescence imaging, resulted in different 
treatment strategies, which are supported for case I, II, and III by quantitative 
fluorescence analysis as compared to current literature. The affected bowel in 
patient I and II showed slightly impaired perfusion parameters, which was more 
pronounced in the second patient. The third patient did not show any impaired 
perfusion parameters and might therefore be considered as a negative control 
in patients with normal bowel perfusion after mesenteric resection. Patient IV 
showed distinct poor perfusion parameters. Unfortunately, conventional meth-
ods, including interpretation of the unquantified NIR fluorescence imaging with-
held the surgeon from doing a resection with subsequent anastomosis. Patient IV 
also emphasizes an important drawback of subjective NIR fluorescence assess-
ment. After time, ICG tends to distribute even to ischemic zones which possibly 
leads to overestimation of the perfusion quality at the end of ICG distribution.

Quantification of NIR fluorescence signals is pivotal for standardized assess-
ment of tissue perfusion. Currently, available fluorescence imaging systems 
lack the capacity to perform real-time quantitative imaging during surgery. 
Therefore, surgeons have to assess the fluorescence signal in a qualitative 
manner using the perceived intensity and inflow as the only parameters. This 
can easily lead to misinterpretation as fluorescence intensities vary greatly with 
the experimental conditions and do not take into account the time-dependent 
diffusion of ICG. More precisely, fluorescent intensity is dependent on type and 

amount of injected tracer, the camera-target distance, the local tissue absorp-
tion, and scattering properties and camera system specific settings including, 
but not limited to the excitation light delivery mode and fluorescence light 
collection.10-13

Quantitative fluorescence parameters are categorized in time-dependent 
and fluorescence intensity-related that have already been investigated dur-
ing reconstructive, vascular, and intestinal surgery in several studies.7,10,13-15 For 
bowel surgery, fluorescence parameters have mainly been correlated to the 
occurrence of anastomotic leakage and have to our knowledge not yet been 
described in patients with mesenteric resection, in which collateral vessels 
provide perfusion to the affected bowel segment. It has been suggested that a 
smaller fluorescence inflow slope (arterial inflow) and a low Fmax are important 
predictors for poor vascular perfusion.8,10 Three studies described cutoff values 
for these fluorescence parameters to determine higher risk of either colorec-
tal or free jejunal graft anastomotic leakage, even though these studies used 
different cutoff values and demonstrated contradictory results.7-9 Slope (<0.7 
AU/s; <2.1 AU/s)7,8 and T½ max (>18 s; >10 s)7,9 were significantly associated with 
anastomotic leakage in two out of three studies, whereas Fmax (<52 AU)8 and 
TR (>0.6)7 were significantly associated in one out of three studies. Although 
these cutoff values are not directly applicable to our cases, it provides a general 
indication of bowel perfusion.

According to the flow chart proposed by Son et al.,7 the affected bowel seg-
ment in the second case could be described as a zone with an acceptable 
perfusion, to which surgeons should pay extra attention. In the current cases, 
the surgeons decided on different treatment strategies after subjective fluores-
cence assessment. Post-surgical analysis showed mildly compromised tissue 
perfusion of the affected bowel segments in patient I and II, but more pro-
nounced in the second case. One could say that the surgeons interpreted the 
fluorescence images sufficiently, as the surgeon of the second case decided 
for a small intervention. Moreover, good clinical outcome in case I indicates 
sufficient indirect perfusion of adjacent bowel segments, justifying the decision 
not to intervene.

As the area of the resected mesenteric layers was quite small in the four 
cases (~5×5 cm), it would be worthwhile to further investigate the effect of the 
size of the resected mesentery on the perfusion fluorescence parameters at 
certain distances on the bowel and correlate this to serum lactate levels in 
more controlled circumstances.10,13 Moreover, patient-related factors, such as 
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smoking or hypertension,16 could also influence the bowel perfusion and should 
also be considered when analyzing the bowel perfusion using NIR fluorescence 
imaging.

Current quantification methods include temporal analysis of the fluores-
cence dynamic signal,13 such as in this study, ratiometric imaging using an 
additional reflectance channel to normalize the fluorescence signal,17 and 
quantitative fluorescence imaging using spectral, or spatial modulation of 
light.12 It is important to acknowledge both benefits and disadvantages of each 
quantification method. The analysis of the fluorescence dynamics in time al-
lows to quantify the temporal properties of the contrast agent diffusion within 
the tissues. Though this is a powerful method to assess adequacy of perfusion, 
the advantage may be off-set as it necessitates point measurements preclud-
ing real-time availability of results or a complex acquisition and processing 
methodology to gather all the necessary information and display results as a 
quantitative heatmap. Ratiometric imaging has the advantage of being simple 
to implement and allows to eliminate variation factors such as distance or il-
lumination inhomogeneity, but it has to be acknowledged that tissue optical 
properties (absorption and scattering) are not fully addressed.17

Soon, improvements in imaging devices and quantitative imaging methods 
will provide more reliable and interpretable information content in real-time 
during surgery. Both quantitative fluorescence and dynamic fluorescence 
imaging are demonstrating the potential of optical imaging to augment the 
capacity for surgeons to observe objectively and identify problems during the 
surgery. Systems able to display the dynamic evolution of the fluorescent sig-
nal, such as fluorescence-based enhanced reality (FLER) provide a quantitative 
and reproducible estimation of the bowel perfusion in augmented reality.18 FLER 
is independent from the distance, since it is time-dependent and independent 
from the camera-to-target distance. Nevertheless, improvement in quantifica-
tion methods are necessary to move the field forward. It is suggested that cor-
recting for arterial input function by pulse dye densitometry could improve the 
currently used quantification methods by reducing the intra- and inter-subject 
variability.19 Furthermore, fluorescence imaging can be combined with other 
methods such as endogenous functional imaging of oxygenation or blood per-
fusion to increase the capabilities of optical imaging to guide surgery reliably 
and in real time.20,21

Conclusion

This report demonstrates the difficulties of visual assessment of fluorescence 
perfusion imaging in patients with potentially compromised bowel segment 
following partial mesenteric excision. In the presented cases, a bowel resec-
tion with subsequent anastomosis was not planned, which makes it difficult to 
compare our results with existing literature. Moreover, the currently available 
quantitative fluorescence parameters are sparsely studied, and their cutoffs dif-
fer significantly among studies warranting validation in large clinical trials. More 
fundamental studies are needed on underlying kinetic mechanisms causing the 
variance in these parameters.
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Abstract

Introduction  Anastomotic leakage (AL) is one of the major complications 
after colorectal surgery. Compromised tissue perfusion at the anastomosis site 
increases the risk of AL. Several cohort studies have shown that indocyanine 
green (ICG) combined with fluorescent near-infrared imaging is a feasible and 
reproducible technique for real-time intraoperative imaging of tissue perfusion, 
leading to reduced leakage rates after colorectal resection. Unfortunately, these 
studies were not randomised. Therefore, we propose a randomised controlled 
trial to assess the value of ICG-guided surgery in reducing AL after colorectal 
surgery.

Methods and analysis  A multicentre, randomised controlled clinical trial will 
be conducted to assess the benefit of ICG-guided surgery in preventing AL. A 
total of 978 patients scheduled for colorectal surgery will be included. Patients 
will be randomised between the Fluorescence Guided Bowel Anastomosis 
group and the Conventional Bowel Anastomosis group. The primary endpoint 
is clinically relevant AL (defined as requiring active therapeutic intervention or 
reoperation) within 90 days after surgery. Among the secondary endpoints are 
30-day clinically relevant AL, all-cause postoperative complications, all-cause 
and AL-related mortality, surgical and non-surgical reinterventions, total surgical 
time, length of hospital stay and all-cause and AL-related readmittance.

Ethics and dissemination  This protocol has been approved by the Medical 
Ethical Committee Leiden-Den Haag-Delft (METC-LDD) and is registered at 
ClinicalTrials.gov and trialregister.nl. The results of this study will be reported 
through peer-reviewed publications and conference presentations.

Trial registration numbers  NCT04712032 and NL7502

Introduction

Anastomotic leakage (AL) is a major complication after colorectal surgery, ac-
counting for considerable morbidity and mortality.1-6 The incidence of AL in 
colorectal surgery ranges from 2.4 to 11% in colon cases and up to 23.3% in rectal 
cancer surgery.4-15 The occurrence of AL often has a multifactorial cause, including 
risk factors such as tumour location, level of anastomosis, male gender, high ASA 
score, comorbidities, smoking, obesity and (neoadjuvant) radiotherapy.3,4,6,11,13,14,16

Most risk factors for AL can no longer be changed at the time of surgery. 
Therefore, it is important to focus on the few factors that can be influenced, 
such as compromised tissue perfusion at the anastomosis site. It has been re-
ported that this factor significantly increases the risk of AL.17-19 Perfusion is com-
monly assessed by palpating the mesenteric arterial pulsations, inspection of 
the bowel colour, and bleeding at the anastomosis sides. Other intraoperative 
tests to prove the integrity of the anastomosis are the air leak test and inspec-
tion of the resection doughnuts.20 Though useful, these clinical assessments 
have proven to have a low predictive value for AL which emphasises the urge 
for a better diagnostic test.21

A promising diagnostic tool is intraoperative near-infrared (NIR) fluores-
cence imaging. This technique combines a fluorescent contrast agent, e.g. 
indocyanine green (ICG), and a dedicated NIR imaging system.22 The intrave-
nous injection of ICG has proven to be a feasible and reproducible application 
for real-time perfusion assessment.23-25 ICG was introduced by Fox et al. in 
1957 and is currently used for a variety of diagnostic indications.26 Diluted and 
intravenously injected ICG, with a peak emission at 820 nm, is invisible for the 
naked eye and will therefore not interfere with the surgical field.27 Moreover, it 
is cleared quickly by the liver and has low toxicity.28

Several cohort studies have investigated the benefit of NIR fluorescence 
imaging with ICG for intraoperative assessment of bowel perfusion. Some of 
these studies have shown that this technique enables clear visualisation of 
bowel perfusion within minutes after intravenous injection of ICG, resulting in 
reduced leakage rates and hospital stay.29-32 Moreover, several systematic re-
views support this promising results concerning the prevention of AL.33-34 This 
has already led to the start of two randomised controlled trials (ICG-COLORAL; 
NCT03602677 and InTACT trial; ISCRN 13334746) which are currently recruiting 
patients. On the other hand, Kin et al. have shown no benefit by using ICG in 
preventing AL.35 Major drawbacks of these cohort studies are that they were 
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not randomised and did not use clinically relevant AL as the primary endpoint. 
Therefore, we propose AVOID: ‘Anastomotic leakage and Value Of Indocyanine 
green in Decreasing leakage rates’, a randomised controlled trial to investigate 
the benefit of intraoperative imaging with ICG for the reduction of AL rate in 
colorectal surgery.

Methods and analysis
Primary aim

The main objective of this study is to assess if ICG-guided perfusion assessment 
will result in a reduction of the AL rate within 90 days after surgery. ICG-guided 
perfusion assessment will be an adjunct to conventional laparoscopic imaging 
versus conventional laparoscopic imaging alone.

Hypothesis
It is hypothesised that intraoperative assessment of bowel perfusion using NIR 
fluorescence imaging with ICG will lower the incidence of clinically relevant AL 
within 90 days after colorectal resection.

Study design
In this multicentre randomised controlled trial, patients will be allocated to two 
groups: the Fluorescence Guided Bowel Anastomosis group (FGBA) or the 
Conventional Bowel Anastomosis group (CBA). Patients in the FGBA group will 
receive at least one dose of 5 milligram ICG, up to a maximum of 3 doses, to 
assess bowel perfusion. Patients in the CBA group will not receive any study 
related interventions and will be treated according to standard of care. The al-
located treatment result is not blinded for the surgeon performing the procedure. 
Patients will be unblinded after the procedure.

Setting
This national study will take place in multiple academic and large teaching hos-
pitals in the Netherlands. More Dutch hospitals will be added during the course 
of the study.

Participants
All patients scheduled for laparoscopic or robotic-assisted colorectal surgery 
(malignant and benign indications) with primary anastomosis will be screened 
for eligibility during multidisciplinary team meetings and, when eligible for 

participation, informed about the study by their attending physician. It will be 
emphasized that a patient can withdraw from the study at any given moment 
without having to offer any reason. The fundamental concepts outlined in the 
Declaration of Helsinki will be followed during the execution of the trial.36

Sample size calculation
The power analysis was performed based on Dutch national AL percentages, 
derived from the Dutch ColoRectal Audit (DCRA).37  It is hypothesized that the 
use of ICG will decrease the AL rate in colorectal surgery from 7 to 3%. With a sig-
nificance of 0.0492 (adjusted for the interim analysis using the O’Brien-Flemming 
approach), power of 80%, drop-out of 5% and a control-intervention ratio of 1:1, a 
sample size of 978 (489:489) patients is needed.38

Inclusion criteria
In order to be eligible to participate in this study, a patient must meet all of the fol-
lowing criteria: aged 18 years and above, scheduled for laparoscopic or robotic-
assisted colorectal resection with primary anastomosis, able to communicate in 
the Dutch language and willing to comply with the study restrictions, and signed 
informed consent prior to any study-mandated procedure.

Exclusion criteria
A potential patient who meets any of the following criteria will be excluded from 
participation in this study: known allergy or history of adverse reaction to ICG, 
iodine or iodine dyes, severe liver or kidney insufficiency, hyperthyroidism or a 
benign thyroid tumour, pregnant or breastfeeding women, scheduled for emer-
gency surgery, palliative surgery or terminally ill, scheduled for a defunctioning 
stoma, taking phenobarbital, phenylbutazone, primidone, phenytoin, haloperi-
dol, nitrofurantoin, and probenecid, or any other condition that the investigator 
considers to be potentially jeopardizing the patients well-being or the study 
objectives (following a detailed medical history and physical examination).

Randomisation
After inclusion in the study (i.e., after written informed consent is obtained), 
patients will be randomised to the FGBA or the CBA group. Randomisation will 
be performed online via Castor EDC (Castor, Amsterdam, the Netherlands) with 
variable block sizes and stratified by institute. The allocated treatment result is 
not blinded for the surgeon performing the procedure. Patients will be unblinded 
after the surgical procedure.
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Figure 1  Surgical flowchart.

Abbreviations: CRF, case report form; ICG, indocyanine green; NIRF, near-infrared fluorescence.

Intervention
Patients in the CBA group will undergo laparoscopic or robotic colorectal resec-
tion according to standard of care using conventional methods to assess the 
integrity and viability of the anastomosis. Patients in the FGBA group will undergo 
the same standard of care surgical procedure as patients in the CBA group; 
however, in addition to the conventional methods, NIR fluorescence imaging 
with ICG will be performed to assess the bowel perfusion at the anastomosis 
side. All surgeries, in both arms, will be performed by an attending surgeon. NIR 
fluorescence imaging with ICG will be performed as follows (Figure 1): after dis-
section of the vascular branch, the preferred level of anastomoses (proximally 
and distally) will be highlighted by a stitch or diathermic mark in the adjacent 
mesocolon or mesorectum. Then, 5 mg ICG (2.5 mg/ml, Diagnostic Green, 
Aschheim, Germany), followed by 10 ml saline flush, will be injected intravenously 
by the anaesthesiologist. Within a few minutes,  the anastomotic microvasculari-
sation of both bowel ends will be assessed using the Olympus Medical Imaging 
Video System and Laparoscope (Olympus, Leiderdorp, the Netherlands) or Da 
Vinci Firefly (Intuitive Inc., Sunnyvale, CA, United States of America). The green 
overlay setting of these systems will be used for perfusion assessment. The level 
of resection and subsequent anastomosis may be changed accordingly (with 
the mesocolic stitch serving as the baseline). During the procedure, the ICG 
injection (5 mg) may be repeated for a second or third time with a 15 minute 
wash-out period between each administration. Repeated doses may be appli-
cable when, for example, both anastomosis sides do not fit into the optical field, 
or when perfusion seems compromised after anastomosis finalisation. All injec-
tions, including the reason(s) for repeated injection(s), and the consequences of 
administration, will be documented in the case report form (CRF).

The 90-day follow-up is a standard of care follow-up moment in all participat-
ing hospitals. It will be done either by phone, by videoconference or in person, 
according to standard of care in the participating hospital. Patients who, for 
any reason, do not visit the hospital 90 days after resection, will be contacted 
by phone and asked for any postoperative complications or reinterventions.

Outcome measures
Primary outcome
The primary outcome is the rate of clinically relevant AL within 90 days after 
surgery. This will be compared between the FGBA group using ICG for perfu-
sion assessment and the standard of care surgery, CBA group. The definition 
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of clinically relevant AL is derived from the definition of Rahbari et al.39 Grade B 
(requiring active therapeutic intervention but manageable without re-operation) 
and C AL (requiring re-operation) will be considered clinically relevant. There 
is no central study protocol for the detection of AL. No routine CT scans will be 
performed for AL assessment. Post-operative blood tests, radiologic assess-
ment and subsequent assessment of AL will be based on local protocols and the 
judgement of the local surgical team.

Secondary outcomes
30-day clinically relevant AL
30- and 90-day all-cause postoperative complications
30- and 90-day mortality; all-cause and AL related
30- and 90-day reinterventions; surgical and non-surgical
Total surgical time of primary surgery
Postoperative length of hospital stay; primary stay and readmittance 

	within 90 days
Readmittance; all-cause and AL related

Training
Prior to their first inclusion, surgeons and other involved hospital staff of the 
participating center will be trained during a site initiation visit by the principal 
investigator or one of the coordinating investigators. If needed, training with the 
Olympus Medical Imaging Video System and Laparoscope or Da Vinci Firefly 
will be provided by either Olympus or Intuitive. Surgeons are invited to observe 
surgical procedures, using NIR fluorescence imaging with ICG for intraoperative 
assessment of bowel perfusion, in the Leiden University Medical Centre (LUMC). 
One of the coordinating investigators, with a broad experience in fluorescence-
guided surgery, will assist all participating surgeons during their first number of 
cases to ensure standardization of the technique.

This study is performed in collaboration with Olympus. In order to keep the 
study data as homogenous as possible, the use of camera system has been 
limited to the Olympus Medical Imaging Video System and the Da Vinci Firefly 
in case of  robotic-assisted surgery.

Data collection
A CRF will be filled in during surgery by trained local research staff. This CRF 
captures baseline characteristics, basic surgical data and study specific data. For 
patients in the FGBA group it will be documented whether the resection margins 

have been adjusted and, if so, which margin (distal or proximal margin) and the 
extent of adjustment in centimetres. In addition, in case of a non-planned de-
functioning stoma, it will be recorded whether ICG-guidance contributed to this 
decision. All clinical data will be prospectively registered via an electronic CRF 
(eCRF) in a digital database of Castor EDC. We will not transfer or collect imaging 
data (video or pictures) for postoperative analysis.

Data validation and management
Patient data will be registered coded and analysed by comparing the FGBA 
group with the CBA group. Only the local investigators will have access to local 
source data after informed consent is given. The research group from LUMC will 
have access to all coded data in the Castor EDC database.

Study timeline
Patients have been included in the study from July 2020, starting in the LUMC. 
As per August 1st 2021, 352 patients were included in 6 different hospitals. With 
a mean inclusion rate of 40 patients per month the anticipated last inclusion will 
be in the final quarter of 2022. There is no maximum for the number of centres 
nor the number of inclusions per centre.

Statistical analysis
The most recent version of SPSS (IBM, Armonk, New York, USA) will be used 
for statistical analysis. Categorical variables of the FGBA and CBA group will be 
compared by the Chi-Square test. Numerical variables will be compared by the 
independent sample T-test or the Mann-Whitney U test, depending on distribu-
tion. All p-values will be 2-sided. A p-value of less than 0.0492 will indicate a 
statistically significant difference. All data will be analysed on an intention-to-
treat principle and, when applicable, on a per protocol analysis.

The primary outcome measure, clinically relevant AL within 90 days after 
surgery, will be compared using the Mantel-Haenszel test, stratified by centre.

An interim analysis will be conducted after 489 patients have been ran-
domised and reached the last day of follow-up (day 90). This interim analysis 
will aim at stopping the study for futility, if the conditional power for the primary 
endpoint (clinically relevant AL within 90 days after surgery) with the planned 
sample size, based on the observed results at the interim analysis, using the 
original settings of null and alternative hypothesis, is less than 10%.

If this interim analysis shows efficacy based on the primary endpoint with a 
nominal alpha level of 0.0054, the study will be stopped as well. Already included 
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Abstract

Near-infrared (NIR) fluorescence imaging is a promising intraoperative technique 
for real-time visualization of tumor tissue during surgery. The process of clinical 
translation of novel fluorescent agents is an essential part in the evolution of NIR 
fluorescence guided surgery. Poor visualization of tumors during surgery is one 
of the major challenges surgeons often face in oncologic patients, mainly due to 
the improved neo-adjuvant treatment patients receive. In these cases, NIR fluo-
rescence imaging with the use of tumor-targeted fluorescent agents can play 
an essential role and help provide better oncologic results or patient outcomes. 
However, before this technique can be implemented in standard of care, optimal 
tumor-targeted fluorescent agents need to be developed and novel fluorescent 
agents need to undergo a successful process of clinical translation. Here we 
describe the clinical translation of SGM-101, a fluorescent anti-CEA monoclonal 
antibody.

Introduction

Surgery is the most important therapy for patients with colon, rectum or pan-
creas cancer. Complete resection, which is a crucial factor for patient prognosis, 
is challenging as surgeons have to rely on the visual appearance and palpation 
of tissue to discriminate between tumor and normal tissue. Consequently, in-
complete resection of malignant tissue or unnecessary removal of healthy tissue 
may occur. This problem may become bigger as open surgery is increasingly 
replaced by minimal invasive surgery. In these cases, or complex open surger-
ies, NIR intraoperative imaging techniques can be of added value. Intraoperative 
NIR fluorescence imaging is an evolving technique that combines the use of a 
fluorescent agent with a dedicated NIR camera system, to allow real-time visual-
ization of lymph nodes, tumor tissue and/or vital anatomic structures for surgical 
guidance.1 Particularly the use of tumor-specific markers coupled to fluorescent 
imaging moieties show great potential to improve the intraoperative tumor stag-
ing and possibly allow more radical tissue resections.

Carcinoembryonic antigen (CEA) is a tumor-specific marker that is highly ex-
pressed in several tumors of epithelial origin (such as colorectal and pancreas 
cancer) while it is minimally expressed in normal tissue. Anti-CEA monoclo-
nal antibodies have been used in more than 100 clinical studies without any 
toxicity concerns. In addition, it has been shown that it is possible to link an 
anti-CEA monoclonal antibody to a NIR fluorophore. The compound that will 
be discussed in this paper is SGM-101, a CEA-specific antibody conjugated 
to the fluorophore BM104, developed by SurgiMab (Montpellier, France). The 
hypothesis is that, following preoperative intravenous (IV) administration of 
SGM-101 in patients with colon, rectum or pancreas cancer, SGM-101 will bind 
to CEA expressing cancer cells, consequently enhancing malignant tissue with 
the use of a NIR fluorescence imaging system. Due to this, surgeons will be able 
to visualize tumors in real-time during surgery and thereby increase the chance 
of complete resections.

This article gives an overview of the clinical translation of SGM-101, starting 
with the preclinical work all the way to the currently enrolling phase III studies.

Clinical translation of sgm-101

In the past years SGM-101 has successfully been translated from the preclinical 
setting to a currently enrolling international phase III study. As one of the first 
tumor specific fluorescent antibodies, this path towards clinical approval is still 
new and lacking standardization. The translational route of SGM-101 can serve 
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as a platform for discussion about standardizing the clinical methodology in 
fluorescence-guided surgery research.

Preclinical work
Preclinical studies are of great importance, as it acts as a preliminary study to 
determine whether further studies are consequential. Most importantly, they 
are crucial in the step towards the clinic (i.e. humans) as the preclinical data is 
needed to validate and determine the toxicity of a novel agent before it gets ex-
posed to humans. The studies provide useful information regarding the toxicol-
ogy, as well as the initial diagnostic value of a new agent. Once the novel agent 
has passed the validation process of whether it is useful for further employment, 
it will undergo the Good Manufacturing Practice (GMP) production and release 
by a qualified person so that it can be used in humans. The GMP batch will yet 
again undergo, more extensive, toxicity testing in animals.

The preclinical work of SGM-101 has demonstrated SGM-101’s efficacy 
in binding CEA in vitro and in vivo in human CEA expressing mouse models. 
Stability testing showed no amounts of the dye used for SGM-101 released after 
up to 96 hours of incubation. Furthermore, biodistribution studies showed high 
values of SGM-101 at the tumor site and almost none in normal tissue. Moreover, 
the injection of SGM-101 was well tolerated in all mouse models, Wistar rats 
and beagle dogs during the in vivo pharmacology studies. The lowest NOAEL 
(no observed adverse effect level) was determined in dogs at 5 mg/kg per day 
(which corresponds to a 15-fold the intended maximum clinical dose).2

The final preclinical study of SGM-101 showed the detection of tumor nodules 
in three different colon cancer models. Positive predictive values ranged from 
90.24 (nodules <1 mg) to 99.04% (nodules >10mg). Free BM105 dye (BM104 with 
an activated ester for conjugation to the antibody) and an irrelevant conjugate 
did not induce any NIR fluorescence.3

These preclinical data formed the solid base for conducting the first clinical 
studies with SGM-101 in CEA-expressing tumors.

First-in-human
After completion of the preclinical studies and approval by the medical ethics 
committee, the first major step in the clinic could be performed, which is the 
exposure of the agent in humans. First-in-human studies with novel fluorescent 
agents can be performed in either healthy volunteers or in a selected group of the 
target patient population. SGM-101 was first injected in 18 patients with peritoneal 
metastasized cancer. All doses, including the maximal dose of 15 mg, were well 

tolerated; no dose-limiting toxicity has been recorded during the dose escalation 
phase and none of the adverse events observed have been considered related 
to the investigational medicinal product.

Colorectal cancer
After first-in-human studies it is important to determine the right dose and dos-
ing interval, respecting the maximum dose tested in previous studies. Nowadays, 
the only quantitative endpoint for (tumor) visibility using NIR fluorescence is the 
tumor-to-background ratio (TBR). Nevertheless, there is no consensus about the 
cut-off points for a sufficient TBR.

Boogerd et al. included 26 patients in a multicenter trial, to assess the safety, 
tolerability and feasibility of SGM-101 in detecting colorectal cancer. SGM-101 did 
not cause any treatment-related adverse events and showed good intraoperative 
results (Figure 1). A mean intraoperative TBR of 1.6 was found and the surgeons 
changed their initial surgical plan, based on SGM-101 NIR assessment, in 6 pa-
tients. They reported a sensitivity of 98%, specificity of 62% and accuracy of 84%.4

In order to find the optimal dose and dosing time to surgery the study by 
Boogerd et al. got expanded by de Valk et al. (Unpublished data). The optimal 
dose of 10 mg, 4 days prior to surgery, was determined in 36 patients. Moreover, 
comparable intraoperative results were found.

Peritoneal metastases
An exploratory multicenter pilot study was performed in 14 patients with perito-
neal metastasized colorectal cancer who were scheduled for hyperthermic in-
traperitoneal chemotherapy (HIPEC).5 Due to too extensive disease, two patients 
only underwent explorative laparotomy, without HIPEC.

In the remaining 12 patients, a total of 103 lesions were resected. Sixty-five of 
the 66 malignant lesions were fluorescent (true positive) and 23 of the 37 benign 
lesions showed no fluorescence (true negative), resulting in a sensitivity of 98.5% 
and a specificity of 62.2%. The study demonstrated a positive predictive value of 
82.3%, a negative predictive value of 95.8% and an accuracy of SGM-101 of 85.4%.

The peritoneal cancer index (PCI) changed in 7 out of 12 patients due to fluo-
rescence imaging. In six patients the PCI increased under fluorescence, which 
was accurate in four, confirmed by histopathological analysis. In those four pa-
tients the score increased with 1 or 2 points, but did not result in termination of 
the surgical procedure. According to Dutch guidelines, a planned surgical pro-
cedure is terminated when a PCI of more than 20 is determined or more than 5 
regions are affected. The one case with a decrease in PCI (PCI 5 to 4) due to flu-
orescence was correct, but definitive pathological analysis concluded a PCI of 3.
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Although the detection of extra tumor tissue might not influence the PCI or 
alter the surgery, SGM-101 still showed additional benefit in 5 out of 12 patients. 
Detection of those extra lesions still resulted in a more complete cytoreduction, 
which might be beneficial on the oncologic outcome.

Figure 1  Intraoperative images from NIR detected additional lesions.  
All lesions were undetected or not suspicious for malignancy in white light, but detected by NIR 
fluorescence and confirmed malignant by histopathological analysis. (A) Fluorescent hotspot 
in the bowel mesentery. (B) Two small tumor hotspots in the omentum. (C) Intense fluorescent 
signal in the right ovary. (D) Retroperitoneal lymph nodes, visible below a layer of overlying tissue.

Liver metastases
In total, 11 patients with liver metastases were included (Unpublished data, Meijer 
et al.). Eight patients had liver metastases from colorectal origin and three patients 
from pancreatic origin. In those 11 patients all malignant lesions were fluorescent.
This study showed no additional lesions or alterations due to SGM-101. 
Nevertheless, these results are promising since all malignant liver lesions were 

fluorescent and only a very limited number of patients were studied for the visu-
alization of liver metastases with SGM-101. One possible benefit of SGM-101 might 
be lowering the number of positive resection margins in liver matastasectomies, 
since recent reports still show 28% resection margin positivity.6

Pancreatic cancer
Twelve patients were included in the first study using SGM-101 for pancreatic 
cancer.7 In vivo results showed a mean TBR of 1.6 and ex vivo with the Pearl 
imager (LI-COR, Lincoln, USA) a mean TBR of 3.2 was measured. Only 7 tumors 
were resected and six were confirmed as adenocarcinomas. One lesion was 
deemed false-positive since pathological assessment showed a premalignant 
lesion (intraductal papillary mucinous neoplasm with low-grade dysplasia). In 
the remaining patients the surgical procedure was abandoned due to irresect-
ability or metastases.

Future perspectives

The abovementioned results offer a great basis for new projects, both confirm-
ing the previous results in phase III studies, as well as extending them to new 
oncological fields. During the preparation of phase III studies in fluorescence-
guided surgery, new challenges emerge. One of the biggest challenges is 
choosing proper endpoints, in the constantly changing field of oncology. Not only 
the procedures themselves change (i.e. robot-assisted surgery), but also other 
treatment strategies, like (neo)adjuvant therapy are subject to change. With this 
perspective, multiple follow-up studies are being executed with SGM-101.

Phase III
Currently two large phase III studies are enrolling colorectal cancer patients; 1)  
“The performance of SGM-101 for the delineation of primary, recurrent and 
metastatic colorectal cancer (SGM-CLIN03; EudraCT# 2018-000151-40 and 
IND# 134725)” and 2) “SGM-101 in Locally Advanced and Recurrent Rectal Cancer 
(SGM-LARRC; EudraCT# 2019-001748-23)”.

SGM-CLIN03 is an international, semi-blinded, randomized, controlled clini-
cal study including patients with different advanced staged colorectal cancer 
(T4 colon, T3/4 rectal, peritoneal metastasized and recurrent colorectal cancer). 
In total 300 patients will be randomized (4:1 for SGM-101:placebo) in 10 centers in 
Germany, Italy, the Netherlands and the United States. The primary objective is 
to show benefit in terms of additional resections only identified by fluorescence 
and confirmed malignant by histopathological analysis.

A

B
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D



Chapter VI  The clinical translation of SGM-101 103NEAR-INFRARED FLUORESCENCE IMAGING IN COLORECTAL CANCER AND ITS METASTASES102

References

1	 Vahrmeijer AL, Hutteman M, van der Vorst JR, van 
de Velde CJ, Frangioni JV. Image-guided cancer 
surgery using near-infrared fluorescence. Nat Rev 
Clin Oncol. 2013;10(9):507-18.

2	 Framery B, Gutowski M, Dumas K, Evrard A, Muller 
N, Dubois V, et al. Toxicity and pharmacokinetic 
profile of SGM-101, a fluorescent anti-CEA chimeric 
antibody for fluorescence imaging of tumors in 
patients. Toxicol Rep. 2019;6:409-15.

3	 Gutowski M, Framery B, Boonstra MC, Garambois 
V, Quenet F, Dumas K, et al. SGM-101: An innovative 
near-infrared dye-antibody conjugate that targets 
CEA for fluorescence-guided surgery. Surg Oncol. 
2017;26(2):153-62.

4	 Boogerd LSF, Hoogstins CES, Schaap DP, Kusters 
M, Handgraaf HJM, van der Valk MJM, et al. Safety 
and effectiveness of SGM-101, a fluorescent 
antibody targeting carcinoembryonic antigen, for 
intraoperative detection of colorectal cancer: a 
dose-escalation pilot study. Lancet Gastroenterol 
Hepatol. 2018;3(3):181-91.

5	 Schaap DP, de Valk KS, Deken MM, Meijer RPJ, 
Burggraaf J, Vahrmeijer AL, et al. Carcinoembryonic 
antigen-specific, fluorescent image-guided 
cytoreductive surgery with hyperthermic 
intraperitoneal chemotherapy for metastatic 
colorectal cancer. Br J Surg. 2020.

6	 Fretland AA, Dagenborg VJ, Bjornelv GMW, 
Kazaryan AM, Kristiansen R, Fagerland MW, et al. 
Laparoscopic Versus Open Resection for Colorectal 
Liver Metastases: The OSLO-COMET Randomized 
Controlled Trial. Ann Surg. 2018;267(2):199-207.

7	 Hoogstins CES, Boogerd LSF, Sibinga Mulder BG, 
Mieog JSD, Swijnenburg RJ, van de Velde CJH, et al. 
Image-Guided Surgery in Patients with Pancreatic 
Cancer: First Results of a Clinical Trial Using SGM-
101, a Novel Carcinoembryonic Antigen-Targeting, 
Near-Infrared Fluorescent Agent. Ann Surg Oncol. 
2018;25(11):3350-7.

8	 Debove C, Maggiori L, Chau A, Kanso F, Ferron 
M, Panis Y. Risk factors for circumferential R1 
resection after neoadjuvant radiochemotherapy 
and laparoscopic total mesorectal excision: a study 
in 233 consecutive patients with mid or low rectal 
cancer. Int J Colorectal Dis. 2015;30(2):197-203.

9	 Gebhardt C, Meyer W, Ruckriegel S, Meier 
U. Multivisceral resection of advanced 
colorectal carcinoma. Langenbecks Arch Surg. 
1999;384(2):194-9.

10	 Frykholm GJ, Pahlman L, Glimelius B. Combined 
chemo- and radiotherapy vs. radiotherapy alone 
in the treatment of primary, nonresectable 
adenocarcinoma of the rectum. Int J Radiat Oncol 
Biol Phys. 2001;50(2):427-34.

11	 Dresen RC, Gosens MJ, Martijn H, Nieuwenhuijzen 

GA, Creemers GJ, Daniels-Gooszen AW, et 
al. Radical resection after IORT-containing 
multimodality treatment is the most important 
determinant for outcome in patients treated for 
locally recurrent rectal cancer. Ann Surg Oncol. 
2008;15(7):1937-47.

12	 Dresen RC, Kusters M, Daniels-Gooszen AW, 
Cappendijk VC, Nieuwenhuijzen GA, Kessels 
AG, et al. Absence of tumor invasion into pelvic 
structures in locally recurrent rectal cancer: 
prediction with preoperative MR imaging. Radiology. 
2010;256(1):143-50.

13	 Palmer G, Martling A, Cedermark B, Holm T. A 
population-based study on the management and 
outcome in patients with locally recurrent rectal 
cancer. Ann Surg Oncol. 2007;14(2):447-54.

14	 Heriot AG, Byrne CM, Lee P, Dobbs B, Tilney H, 
Solomon MJ, et al. Extended radical resection: the 
choice for locally recurrent rectal cancer. Dis Colon 
Rectum. 2008;51(3):284-91.

15	 Casiraghi M, De Pas T, Maisonneuve P, Brambilla 
D, Ciprandi B, Galetta D, et al. A 10-year single-
center experience on 708 lung metastasectomies: 
the evidence of the “international registry of lung 
metastases”. J Thorac Oncol. 2011;6(8):1373-8.

16	 Wang J, Ma Y, Zhu ZH, Situ DR, Hu Y, Rong TH. 
Expression and prognostic relevance of tumor 
carcinoembryonic antigen in stage IB non-small cell 
lung cancer. J Thorac Dis. 2012;4(5):490-6.

SGM-LARRC is a Dutch national multicenter study, supported by the Dutch 
Cancer Society (KWF), including patients with locally advanced or recurrent 
rectal cancer in parallel arms. In these patients, clear resection margins are key 
in terms of overall and disease-free survival. Despite the introduction of neoadju-
vant therapy, a positive resection margin is found in 25% of the locally advanced 
and 50% of the recurrent rectal cancer cases.8-14 Therefore, the primary endpoint 
is based on the clinical benefit of fluorescence-guided surgery combined with 
SGM-101 as the intraoperative imaging agent. The corresponding endpoint is the 
rate of patients with R0 resections.

Lung cancer
In addition, new areas for the use of SGM-101 are being explored. This has led 
to the development of two studies in lung cancer; “SGM-101 in colorectal lung 
metastases (SGM-CLM; EudraCT# 2019-002044-24)” and “SGM-101 in primary 
lung cancer (SGM-CLIN06; IND# 145137)”.

Despite novel therapeutic developments curative surgery is still an important 
treatment option for patients with colorectal lung metastases. Complete resec-
tion (R0) is crucial, leading to 46% 5-year overall survival versus 20% in the R1 
group. Unfortunately, one in 10 patients will belong to the R1 group.15 SGM-CLM 
will enroll patients scheduled for the resection of colorectal lung metastasis 
in multiple Dutch hospitals. In this feasibility study a maximum of 15 patients 
will be included in different dosing groups. The primary endpoint will be the 
concordance between the pathology result with respect to the presence of 
malignancy and the intraoperative fluorescence assessment. This multicenter 
Dutch study is expected to start enrolling patients in mid-2020.

Up to 72% of the lung and pleural malignancies express CEA, therefore making 
it an interesting application for SGM-101.16 As a proof of concept, SGM-CLIN06 
will aim to include 10 to 20 patients in a single-center study, to determine the 
sensitivity of SGM-101 in the detection of lung nodules. Inclusion is expected to 
start in the first half of 2020, at the University of Pennsylvania (Philadelphia, USA).

Conclusion

SGM-101 is the first fluorescent agent being tested in phase III studies for 
colorectal cancer. The promising results in primary, recurrent and metastasized 
colorectal cancer formed the base for this important step. Moreover, the use of 
standardized methodology in the field of fluorescence-guided surgery will be of 
added value for regulatory approval.



NEAR-INFRARED FLUORESCENCE IMAGING IN COLORECTAL CANCER AND ITS METASTASES104

Chapter VII

INTRAOPERATIVE DETECTION  
OF COLORECTAL AND PANCREATIC 

LIVER METASTASES USING  
SGM-101, A FLUORESCENT ANTIBODY 

TARGETING CEA
Ruben P.J. Meijer, Kim S. de Valk, Marion M. Deken, Leonora S.F. Boogerd, 
Charlotte E.S. Hoogstins, Shadhvi S. Bhairosingh, Rutger-Jan Swijnenburg, 

Bert A. Bonsing,  Bérénice Framery c, Arantza Fariña Sarasqueta, Hein Putter, 
Denise E. Hilling, Jacobus Burggraaf, Françoise Cailler, J. Sven D. Mieog, 

Alexander L. Vahrmeijer

European Journal of Surgical Oncology. 2021 Mar;47(3 Pt B): 667-673.



NEAR-INFRARED FLUORESCENCE IMAGING IN COLORECTAL CANCER AND ITS METASTASES106 Chapter VII  SGM-101 in colorectal and pancreatic liver metastases 107

Abstract
Background  Fluorescence-guided surgery can provide surgeons with an 
imaging tool for real-time intraoperative tumor detection. SGM-101, an anti-CEA 
antibody labelled with a fluorescent dye, is a tumor-specific imaging agent that 
can aid in improving detection and complete resection for CEA-positive tumors. 
In this study, the performance of SGM-101 for the detection of colorectal and 
pancreatic liver metastases was investigated.

Methods  In this open-label, non-randomized, single-arm pilot study, patients 
were included with liver metastases from colorectal origin and intraoperatively 
detected liver metastases from pancreatic origin (during planned pancreatic 
surgery). SGM-101 was administered two to four days before the scheduled 
surgery as a single intravenous injection. Intraoperative fluorescence imaging 
was performed using the Quest Spectrum® imaging system. The performance 
of SGM-101 was assessed by measuring the intra-operative fluorescence signal 
and comparing this to histopathology.

Results  A total of 19 lesions were found in 11 patients, which were all suspected 
as malignant in white light and subsequent fluorescence inspection. Seventeen 
lesions were malignant with a mean tumor-to-background ratio of 1.7. The re-
maining two lesions were false-positives as proven by histology.

Conclusion  CEA-targeted fluorescence-guided intraoperative tumor detec-
tion with SGM-101 is feasible for the detection of colorectal and pancreatic liver 
metastases.

Introduction

Tumor-targeted near-infrared (NIR) fluorescence imaging is a surgical technique 
that allows real-time detection of malignant tissue to aid surgeons in the per-
operative decision making.1 The added value of tumor-targeted fluorescence 
imaging is twofold: identification of novel, mostly small malignant lesions and 
prevention of tumor-positive resection margins.2,3

Achieving a complete resection is of utmost importance during oncologic 
surgery. Especially for colorectal liver metastases, in which a tumor-positive 
resection margin (<1 mm) is one of the main factors associated with limited 
overall survival.4 Unfortunately, margin-positive resections are found in 12%-
28% of the patients after liver metastasectomy.5-7 In pancreatic cancer, intra-
operative detection of occult liver metastases immediately translates into a 
change in treatment strategy, mostly palliation.8,9 Therefore, adequate pre- and 
intraoperative staging is important in this vulnerable patient population to avoid 
a futile high-risk resection.

Preoperative imaging modalities, such as computed tomography (CT), posi-
tron emission tomography (PET), and magnetic resonance imaging (MRI), used 
for the detection of possible liver metastases lack sensitivity for subcentimeter 
and (sub)capsular lesions.10-12 Intraoperative detection, by means of palpa-
tion, visual inspection, and ultrasonography (in case of deep-seated tumors) 
is therefore of great importance. With this in mind, real-time intraoperative 
fluorescence imaging can be a useful tool for surgeons, as it is known to have a 
high sensitivity in identifying small, superficially located malignant lesions in the 
liver.13-15 Additionally, due to the growing use of minimally-invasive procedures, 
fluorescence imaging can be beneficial as it enhances the visual inspection, 
thereby compensating for the lack of tactile feedback.

The carcinoembryonic antigen (CEA) is overexpressed in more than 90% of 
colorectal and 70% of pancreatic adenocarcinomas.16,17 SGM-101 (SurgiMab, 
Montpellier, France) is a chimeric antibody targeting CEA, labelled with a fluo-
rescent dye, making it a promising tumor-targeted agent for imaging of CEA-
positive cancers. Recent publications have shown promising results in the field 
of fluorescence-guided surgery using SGM-101.3,18,19 In complex colorectal can-
cer, fluorescence imaging with SGM-101 resulted in the additional identification 
of malignant lesions in 43% of the patients.3 These lesions were not detected by 
preoperative imaging or with the naked eye during surgery and were only de-
tected with fluorescence imaging, resulting in a change in treatment strategy 
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in 35% of the patients.3 Moreover, the intravenous injection of SGM-101 was 
considered safe as no related (serious) adverse events were reported in these 
patients.3 SGM-101 was further evaluated in additional patients with pancreatic 
ductal adenocarcinoma and primary and recurrent colorectal cancer to assess 
the safety, efficacy and optimal dose of SGM-101. The aim of this study was to 
assess the performance of SGM-101 for the detection of colorectal and pancre-
atic liver metastases.

Methods

The study was an open-label, non-randomized, single-arm pilot study performed 
in eleven patients with colorectal or pancreatic adenocarcinoma metastasized to 
the liver, to evaluate the performance of SGM-101 for the detection of these liver 
metastases. In the pancreatic cancer patients, the liver metastases were found 
during the explorative phase of the surgical procedure and were not diagnosed 
upfront by routine imaging techniques.

Four of these 11 patients have previously been described.3,18 The study was 
a collaborative effort between SurgiMab (Sponsor; Montpellier, France), the 
Centre for Human Drug Research (CHDR; Leiden, the Netherlands) and the 
Department of Surgery of Leiden University Medical Center (LUMC; Leiden, 
the Netherlands). The study was approved by a certified medical ethics review 
board (Stichting BEBO, Assen, the Netherlands) and performed in accordance 
with the laws and regulations on drug research in humans of the Netherlands. 
The study is registered in ClinicalTrials.gov under identifier NCT02973672 and 
aimed to include patients with primary and recurrent colorectal cancer and 
primary pancreatic cancer. For the current analysis only patients with liver 
metastases were subtracted from the total group to determine the potential of 
CEA-targeted fluorescence imaging for liver metastases.

Patients were included in the study after evaluation in a multidisciplinary 
team meeting and met the following inclusion criteria: aged over 18 years with 
elevated serum CEA levels (>3 ng/ ml) and scheduled for a surgical resection of 
colorectal liver metastases or exploration of pancreatic ductal adenocarcinoma 
with possible subsequent resection of the primary tumor. The exclusion criteria 
ruled out pregnancy, history of (severe) allergic reactions, impaired renal or 
hepatic function, and a diagnosis of another malignancy in the last 5 years. All 
subjects provided written informed consent to the investigators prior to the 
start of any study-related procedure.

SGM-101 is a CEA-specific chimeric antibody conjugated to a NIR emitting fluoro-
chrome with a fluorescence peak around 705 nm.20 Intravenous administration of 
SGM-101 (5-15 mg over 30 min) was performed at the CHDR, where patients were 
admitted 2e4 days before their scheduled surgery. After infusion, patients were 
observed for at least 6 hours for safety and tolerability assessments. Plasma CEA 
levels were determined before and after administration of SGM-101.

All patients underwent the scheduled surgical procedure at LUMC ac-
cording to standard of care by certified HPB surgeons who were familiar with 
fluorescence imaging. First, the surgical field was explored under white light 
using standard visual and tactile methods and subsequently completed with 
ultrasound imaging based on the surgeon’s preference. Next, fluorescence 
imaging was performed, using the Quest Spectrum® (Quest Medical Imaging 
BV, Middenmeer, The Netherlands). This imaging system can measure at two 
different wavelengths. For this study, the tissue was illuminated with 680 nm 
laser light and visualized at approximately 710 nm.

Every liver lesion was recorded as 1) suspect or not suspect for malignancy 
as assessed on preoperative imaging 2) suspect or not suspect for malignancy 
as assessed with the naked eye under white light during surgery and 3) suspect 
or not suspect for malignancy as assessed with fluorescence imaging. It was 
the surgeon’s decision whether resection of the suspected liver lesion was 
feasible (which applied to both fluorescent and non-fluorescent lesions) and if 
intraoperative frozen sections (e.g. in case of pancreatic cancer) were needed 
for histologic confirmation.

Images obtained with the Quest Spectrum® were viewed and processed 
with the use of the Architector Vision Suite (version 1.8.3; Quest Medical Imaging, 
Middenmeer, the Netherlands). For every fluorescent lesion, an intraoperative 
tumor-to-background ratio (TBR) was calculated, using ImageJ (version 1.51j8; 
National Institute of Health, MD, USA). The TBR was calculated by dividing the 
quotient of the signal intensity of a region of interest (ROI) selected in the tu-
morous tissue with an ROI located in the directly surrounding liver parenchyma.

Due to the exploratory nature of the study, the sample size was not based on 
statistical considerations. For statistical analysis, IBM SPSS Statistics (Version 
25, La Jolla, CA, USA) was used. To explore a possible TBR difference between 
the different dosing groups a Kruskal-Wallis test was conducted. P < 0.05 was 
considered as significant.

All resected lesions were assessed at the Department of Pathology using 
a standardized pathology manual designed for fluorescence-guided surgery 
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studies, including immunohistochemistry analysis with haematoxylin and eosin 
(H&E) staining and CEA staining on 4 mm formalin-fixed, paraffin-embedded 
sections. These tissue sections were scored for expression of CEA using the 
total immunostaining score (TIS), by multiplying the percentage score (PS) and 
intensity score (IS) found. The PS represented the percentage of positively 
stained cells and ranged between 0 and 4 (0: none, 1: <10%, 2: 10-50%, 3: 51-
80%, 4: >80%). The IS represented the intensity of the stained cells and ranged 
between 0 and 3.

(0: no staining, 1: mild, 2: moderate, 3: intense). The calculated TIS was then 
defined as negative (0), weak (1-4), moderate (6-8) or intense (9-12).

For all lesions, the definitive histological diagnosis was compared with the 
clinical white light assessment and the fluorescence imaging data to determine 
concordance. A confirmed malignant lesion which was fluorescent during sur-
gery was considered a true-positive. A malignant lesion without fluorescence 
during surgery was a false-negative. Benign lesions without fluorescence dur-
ing surgery were considered as true-negative and finally, benign lesions that 
emitted fluorescence during surgery were considered as false-positive.

Results

From January 2016 to January 2019, a total of 11 patients (9 males and 2 females; 
median age 70 years) were included in this study (Table 1). Eight patients had 
highly suspect liver metastases from colorectal origin and three patients were 
scheduled for an exploration and potential resection for pancreatic ductal ad-
enocarcinoma. All patients received SGM-101 and underwent the scheduled 
surgery (10 open procedures, 1 laparoscopic procedure). Patients were sched-
uled for a liver metastasectomy for colorectal metastases (n = 6), exploration and 
potential pancreatoduodenectomy (n = 3), sigmoid resection with synchronous 
liver metastasectomy (n = 1) and low anterior resection with synchronous liver 
metastasectomy (n = 1; Table 1). All serum CEA-levels decreased after injection 
with SGM-101. No adverse events (AEs) or serious adverse events (SAEs) were 
reported that were directly related to SGM-101.

Table 1  Patient characteristics.

Demographics SGM-101 dosing Diagnosis

ID Age Sex CEA serum level
pre-injection 

(μg/L)

Dose 
(mg)

Interval 
(days)

CEA serum level
post-injection 

(μg/L)

Primary 
carcinoma

In situ Executed 
procedure

1 71 M 10.6 5 2 1.1 Pancreas Yes Aborted PS (o)

2 68 M 23.5 7.5 2 1.0 Pancreas Yes Aborted PS (l)

3 71 M 41.1 7.5 4 13.9 Pancreas Yes Aborted PS (o)

4 64 M 9.1 7.5 4 1.5 Sigmoid Yes Sigmoid resec- 
tion with LM (o)

5 72 M 49.9 10 4 U Sigmoid No LM (o)

6 70 F 5.3 10 4 2.5 Sigmoid No LM (o)

7 76 M 5.0 10 4 0.4 Colon No LM (o)

8 61 F 46.2 10 4 44.2 Sigmoid No Aborted LM (o)

9 59 M 147.8 10 4 30.9 Rectal Yes LM (o)

10 44 M 140.7 12.5 4 U Sigmoid Yes Low anterior 
resection with 

LM (o)

11 73 M 11.5 15 4 U Rectal No LM (o)

Abbreviations: CEA carcinoembryonic antigen, M Male, PS pancreatic surgery, o open, LM liver 
metastasectomy, F Female, l laparoscopic, U unknown.
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Table 2  Intraoperative and pathology results.

Intraoperative Pathology IHC

ID Lesion Location 
(segment)

WLS IOUS NIR TBR Histopathology Size 
(mm)

Tumor 
free

margin 
(mm)

Concor- 
dance

IS PS TIS

1 1 2 + NA + 1.37 Adenocarcinoma NA NA TP 3 4 12

2 2 2 + NA + 1.41 Adenocarcinoma NA NA TP 1 1 1

3 3 + NA + 1.19 Adenocarcinoma NA NA TP 3 4 12

3 4 4 + NA + 2.39 Adenocarcinoma NA NA TP 3 4 12

5 4 + NA + 2.00 Adenocarcinoma NA NA TP 3 4 12

4 6 2/3 + + + 1.55 Adenocarcinoma 17 4 TP 3 4 12

7 4B + + + 1.72 Adenocarcinoma 13 15 TP 3 4 12

8 6 + + + 1.43 Adenocarcinoma 11 5 TP 3 4 12

5 9 8 + + + 1.55 Calcified nodule NA NA FP 0 1 0

10 6 + + + 1.99 Adenocarcinoma 22 7 TP 3 4 12

11 6/7 + + + 1.46 Adenocarcinoma 14 12 TP 3 4 12

6 12 6 + + + 2.03 Adenocarcinoma 38 R1 TP 3 4 12

7 13 7/8 + + + 2.10 Adenocarcinoma 28 6 TP 3 4 12

8 14 6 + + + 1.31 Adenocarcinoma NA NA TP 3 4 12

9 15 8 + + + 1.80 Adenocarcinoma 85 3 TP 3 4 12

16 8/9 + + + 2.04 Adenocarcinoma 32 3 TP 3 4 12

10 17 8 + + + 1.32 Adenocarcinoma 7 1 TP 3 4 12

11 18 6 + + + 1.31 Liver parenchyma NA NA FP 0 1 0

19 2/3 + + + 1.15 Adenocarcinoma 16 80 TP 3 4 12

Abbreviations: IHC immunohistochemistry, WLS White Light Suspect, IOUS intraoperative ultrasound, 
NIR Near Infrared Suspect, TBR Tumor-to-background ratio, mm milli- meter, IS Intensity Score, PS 
Percentage Score, TIS Total Immunostaining Score, U unknown, + Positive, NA not applicable, TP 
true-positive, FP false-positive.

Lesions
A total of 19 lesions were resected (Table 2). All lesions were suspected for ma-
lignancy under white light and with intraoperative ultrasound, as well as with 
fluorescence imaging (figure 1 and figure 2). Seventeen lesions were confirmed 
malignant by histological evaluation. These 17 lesions had a mean TBR of 1.7 
(range 1.2-2.4) with the highest median TBR of 2.0 found in the group dosed with 
10 mg 4 days before surgery (figure 3, p = 0.235). The two false-positive lesions 
were a calcified nodule with inflammation and steatosis (lesion 5, TBR 1.6) and 
normal liver parenchyma (Lesion 11, TBR 1.3).

Radicality assessment was possible in 11 lesions, as lesion 1-5 and 14 were 
intraoperative frozen sections of which radicality could not be evaluated with 

certainty. Of the evaluated lesions, one lesion was irradically resected with 
microscopic tumor invasion of the resection margin (Lesion 12). The planned 
surgical procedure (Whipple or pancreatic tail resection) was aborted in all 
patients with pancreatic ductal adenocarcinoma immediately after histological 
confirmation with intraoperative frozen section analysis of the liver metastases. 
In one patient with colorectal liver metastases (patient ID 8), multiple small le-
sions in different segments of the liver were detected (both in white light and 
with fluorescence) and were confirmed malignant at frozen section analysis 
leading to a non-curative situation as decided by the surgeon.

figure 1  Fluorescence evaluation of a colorectal liver metastasis (Patient 4, Lesion 8). 
a. Intraoperative fluorescence imaging shows clear fluorescence at the tumor site (liver 
segment 6, TBR 1.4). Note the intense auto-fluorescence signal from the surgical gloves. 
b. Ex vivo breadloafs from the lesion in A show co-localisation of fluorescence with visual 
tumor localisation. c. Staining with hematoxylin and eosin (H&E) and for carcinoembryonic 
antigen (CEA). Total immunostaining score (TIS) of 12, the CEA pattern corresponds to the site 
containing tumor cells visible on H&E staining.
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figure 2  Fluorescence evaluation of a liver metastasis from a pancreatic ductal 
adenocarcinoma (Patient 3, Lesion 4).  
a. Intraoperative fluorescence imaging showed clear fluorescence at the tumor site (liver 
segment 4, TBR 2.4). b. Ex vivo back table image from the lesion in A shows co-localisation  
of fluorescence with visual tumor localisation. c. Staining with hematoxylin and eosin (H&E) 
and for carcinoembryonic antigen (CEA). Total immunostaining score (TIS) of 12, the CEA 
pattern corresponds to the site containing tumor cells visible on H&E staining.

figure 3  Scatter plot of the tumor-to-background ratios of all malignant lesions.  
Every true-positive lesion is presented as an individual point. The median per dose is presented 
with a horizontal line (p ¼ 0.235).

Immunohistochemistry
Sixteen out of 17 true-positive lesions had a maximum TIS of 12 (Table 2). One 
true-positive lesion was weak for CEA expression (TIS 1, TBR 1.4). Both false-
positive liver lesions were negative for CEA-expression (TIS 0, TBR 1.5 and 1.3).

Discussion

This study describes the first series of intraoperative fluorescence imaging for 
the detection of liver metastases using a tumor-targeted agent. SGM-101 en-
abled detection of all liver metastases of pancreatic and colorectal origin and 
resulted in an 89% accuracy rate without any false-negative lesions.

A limitation of this study is the small sample size of 11 patients. This is a conse-
quence of the decision to analyse 2 subgroups (liver metastases and peritoneal 
metastases) separate from the main study population (primary and recurrent 
colorectal cancer and primary pancreatic cancer).3,18,19 Moreover, we decided 
to combine the results from colorectal and pancreatic liver metastases, as both 
entities are CEA-positive in most cases, to show the potential of CEA-targeted 
fluorescence imaging in these patients.
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The current marketing information on SGM-101 is insufficient to elaborate on the 
cost of the procedure and the possible subsequent financial benefit. The costs 
for fluorescence-guided surgery in general are incurred through the one-time 
purchase of an imaging system and the use a fluorescent agent. These costs 
will, most likely, be compensated by a reduction in complications and improved 
patient outcomes.

The majority of the resected liver metastases in this study were true-
positives (17 out of 19). Only two lesions were reported as false-positives but 
were also suspected as malignant under white light. However, both these false-
positive lesions did not show any CEA expression with immunohistochemistry, 
making it plausible that fluorescence was triggered by other factors, such as 
auto-fluorescence which is known to be more common for this wavelength 
(700 nm).21 Another explanation may be the enhanced permeability retention 
effect, in which macromolecular drugs (such as antibodies) tend to accumulate 
in tissue with hypervascularisation and compromised lymphatic drainage.22

During fluorescence imaging intraoperative TBR measurements should be 
considered leading, as tissue resection and decision making occurs during sur-
gery, while the tissue is still inside the patient. However, current commercial-
ly available imaging systems cannot calculate the TBR in real-time. Therefore, 
TBRs are calculated after the procedure. In this study, a mean intraoperative TBR 
of 1.7 was found, which is relatively high given the fact that SGM-101 is cleared by 
the liver. This is most likely a consequence of the relatively long interval from in-
jection till surgery, as the mainstream of patients were administered with SGM-
101 4 days before surgery, which potentially lowers the background in the liver 
and thus increases the TBR. Previously, Cetuximab-IRDye800, a NIR fluorescent 
agent, targeting the epidermal growth factor receptor (EGFR), was used for the 
intraoperative detection of pancreatic cancer.23 Interestingly, liver metastases 
were detected by negative contrast. This might be a consequence of the relative 
high dye/protein ratio (1.8) of Cetuximab-IRDye800 and a higher EGFR expres-
sion in healthy hepatocytes compared to the tumor cells. The dye/protein ratio 
for SGM-101 is 1.6, which is approximately the same as for Cetuximab-IRDye800. 
Nevertheless, CEA-expression in the tumor surrounding hepatocytes was not 
detected, explaining the clear contrast found in our cohort.

Immediate back table imaging of resected liver lesions can be used to iden-
tify positive resection margins. Additionally, these images can be compared 
to the intraoperative images of the wound bed to recognize any remaining 
fluorescence and thus a potential margin-positive resection, which can be 

addressed immediately. Given the margin-positive resection rate of up to 28% 
in liver metastasectomy patients, identification of remaining malignancy at the 
wound bed can lead to a direct re-resection and change an R1 resection into a 
R0 resection.5 In this patient series, in 1 out of 11 assessable lesions, the resection 
margin was positive for tumor. Unfortunately, assessment of fluorescence at 
the wound bed was not recorded in this study.

In 2009, Ishizawa et al., described the results of indocyanine green (ICG) for 
the detection of liver metastases and primary liver malignancies.24 ICG causes 
a fluorescent rim, due to the accumulation of ICG in the tumor surrounding 
hepatocytes. Our group previously reported the identification of additional liver 
lesions using ICG in approximately 12% of patients.13-15 The current study with 
SGM-101 did not show detection of additional liver lesions, which might be a 
consequence of the small study population and the inclusion of four patients 
with irresectable disease (patient ID 1-3 and 8). However, SGM-101 is, opposed 
to ICG, tumor-specific. As a CEA-targeting antibody, SGM-101 has the possibil-
ity to detect other types of metastases (eg. peritoneal), as well as the primary 
tumor. Therefore, SGM-101 seems to be a promising alternative or adjunct to 
ICG, especially in those patients who still have their primary tumor in situ or 
have a high probability of synchronous metastases (i.e. liver or peritoneal me-
tastases). A larger study is currently being prepared and expected to start in 
the first quarter of 2021, to assess the added value of SGM-101 for the detection 
of additional liver metastases and tumor-positive resection margins, potentially 
in combination with ICG. A benefit of the combination SGM-101 and ICG, is that 
these agents work on different wavelengths (700 nm and 800 nm, respectively) 
and provide tumor detection with a different mechanism. With the use of a NIR 
camera system that has the ability to image both wavelengths independently, 
one can switch between those wavelengths without interference.

Conclusion

All liver metastases from colorectal and pancreatic origin were fluorescent with 
SGM-101, administered 2-4 days prior to surgery. These results warrant further 
research to determine the added value of this technique.
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Abstract

Purpose  Metastasectomy is a common treatment option for patients with 
colorectal lung metastases (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 chal-
lenges. 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 immunostaining 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.

Introduction

Around 5% of the patients with colorectal cancer (CRC) develop lung metastases 
after treatment 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 
detection 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 wave-
length 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 II rectal cancer trial, NIR fluo-
rescence imaging with SGM-101 resulted in a change in surgical plan in 7 out 
of 37 patients. Currently, two phase III 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 
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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).

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 administered 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 (suspected) 
CLM, and willing and able to give written informed consent were eligible for 
inclusion. Exclusion criteria were: history of any anaphylactic reaction, other ma-
lignancies 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 inves-
tigator 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 fluorescence signal with SGM-101 and a NIR fluorescence imaging sys-
tem. Secondary endpoints were the optimal dose of SGM-101 for fluorescence 
imaging of CLM, possible change in surgical 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 spec-
trum 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 surrounding normal tissue.

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 CEACAM5 (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 be-
tween dose groups, a Kruskal-Wallis test was performed. To assess the influ-
ence 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). anti-CEACAM5 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 fe-
males) 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 relationship to the administration of SGM-101.
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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 (µg/ml)
(median [IQR])

5.8 [3.33-8.5]

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

n = number | LUMC = Leiden University Medical Centre | EMC = Erasmus Medical Centre |  
CEA = carcinoembryonic antigen 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 ob-
served 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 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).

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.



NEAR-INFRARED FLUORESCENCE IMAGING IN COLORECTAL CANCER AND ITS METASTASES128 Chapter VIII  SGM-101 in colorectal lung metastases 129

Table 2  Characteristics per lesion. 
 

Preoperative Intraoperative Pathology IHC

ID D
os

e 
SGM


-1

01

Le
si

on

Lo
ca

tio
n

D
is

ta
nc

e 
to

 p
le

ur
a 

(m
m

)

C
T

W
L

SB
R 

(in
 v

iv
o)

*

SB
R 

(e
x 

vi
vo

)*

H
is

to
pa

th
ol

og
y

M
ar

gi
n 

(m
m

)

SB
R 

(b
re

ad
 lo

af
)*

C
on

co
rd

an
ce

 *
*

IS PS TI
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1 7.5 1 RLL 6 + + 2.15 miss metastasis crc 4 6.1 TP 3 4 12

2 station 11 n/a - + 1 miss benign LN n/a miss TN n/a n/a n/a

3 RLL 17 + - 1.34 miss metastasis crc 20 5.91 TP 3 4 12

2 7.5 4 RUL 10 + + 1.62 3.53 metastasis crc 5 6.43 TP 3 4 12

3 7.5 5 LLL 0 + + 1.51 1.98 metastasis crc 10 4.09 TP 3 4 12

6 LLL 18 + + 1 1.57 metastasis crc 23 5.07 TP 3 4 12

4 10 7 RLL 22 + + miss miss metastasis crc 2 10.44 TP 3 4 12

5 10 8 LUL 0 + + 1.61 2.19 metastasis crc free 4.54 TP 3 4 12

6 10 9 RUL 8 + + 1 1 fibrosis n/a miss TN n/a n/a n/a

10 RUL 2 + + 1 1 fibrosis n/a miss TN n/a n/a n/a

11 RUL n/a - + 1 1 fibrosis n/a miss TN n/a n/a n/a

12 RLL 23 + + 1 1 metastasis crc 3 1.52 TP 3 4 12

13 ML 0 + + 1 1 metastasis crc 5 2.35 TP 3 4 12

7 12.5 14 RLL 3 + + 1.34 1.19 metastasis crc 6 2.99 TP 3 4 12

15 ML 1 + + 1 1 metastasis crc 1 2.01 TP 3 4 12

16 RUL 15 + + 1 1 metastasis crc 10 1.23 FN 3 4 12

17 station 11 n/a - + miss 1 benign LN n/a miss TN n/a n/a n/a

8 12.5 18 RUL 9 + + miss 1.45 metastasis crc 26 9.93 TP 3 4 12

9 12.5 19 RLL 7 + - 1 2.04 metastasis crc free 3.8 TP 3 4 12

10 7.5 20 LUL 20 + + 1 1 metastasis crc 10 8.06 TP 3 4 12

11 7.5 21 LUL 10 + + 1 2.13 metastasis crc free 9.88 TP 3 4 12

12 12.5 22 RUL 2 + + 1 1.37 metastasis crc free 2.49 TP 3 4 12

13 10 23 LLL 0 + + 1.6 2.06 metastasis crc free 7.73 TP 3 4 12

24 station 7 n/a - + miss 1 benign LN n/a miss TN 0 0 0

25 station 8 n/a - + miss 1.78 malignant LN n/a miss TP 3 4 12

26 station 9 n/a - + miss 1 benign LN n/a miss TN n/a n/a n/a

27 station 10 n/a + + miss 1.63 malignant LN n/a miss TP 3 4 12

28 station 11 ventral n/a + + 1.59 1.69 malignant LN n/a miss TP 3 4 12

29 station 11 dorsal n/a - + miss 1 benign LN n/a miss TN n/a n/a n/a

* an SBR of ≥ 1.5 is considered fluorescence positive ** concordance between fluorescence imaging and histopatho
logy. Abbreviations: IHC = immunohistochemistry | mm = millimetre | CT = computed tomography | WL = white light 
suspect | SBR = signal-to-background ratio | IS = intensity score | PS = proportion score | TIS = total immunostaining 
score | RLL = right lower lobe | miss = missing | crc = colorectal cancer| TP = true positive | n/a = not applicable |  
LN = lymph node | TN = true negative | RUL = right upper lobe | LLL = left lower lobe |  LUL = left upper lobe |  
ML = middle lobe | FN = False negative

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 performed 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 re-
sected 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 (le-
sions 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, background: 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 removal of the tumour was achieved. Therefore, a small 
additional resection was performed. Fluorescence back table imaging of the pri-
mary 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 identification 
was based on the location on the CT scan and white light inspection. After resec-
tion, 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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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

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 q1 and q3 and the error bars represent the range.

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

CEA expression

Preoperative serum CEA levels were elevated (> 5.0 μg/L) in 6 out of 11 patients 
and unknown in the other two patients. CEA expression of all 18 tumor lesions 
was assessed by immunohistochemistry and all 18 lesions had a total immunos-
taining score (TIS) of 12 out of 12. Figure 5 presents 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 tumor 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.

Figure 5  A tissue slide of a CLM imaged with the PEARL MSI and Odyssey CLx scanner.
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Figure 6  H&E staining and CEA immunohistochemistry staining on a tissue slide as 
demonstrated in Figure 5.

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 detection 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 ob-
served 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 as-
sessment. 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 assess-
ment, tumour depth is not influential. This is due to the fact that margin assess-
ment is performed by imaging of the resection margin on the specimen on the 
back table. When positive margins are suspected, 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 nodules 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.

A secondary objective of this study was to find the optimal dose of SGM-101 
for the identification 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 prefer-
able 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 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-α targeted fluorescent tracer for pulmonary adeno-
carcinoma that has been used in several studies for intraoperative imaging of 
primary lung adenocarcinoma. However, OTL-38 is not a good candidate for 
imaging of most other adenocarcinomas, including CRC. Less than 30% of the 
CRCs express folate-α, while CEA is expressed on 95% of tumours.7,21,22

Several limitations of this study can be mentioned. The low number of pa-
tients 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 imaged intraoperatively. However, 
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as we asked all eligible patients for participation, we most likely included a clini-
cally 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 imaging systems and 
optimal patient selection most likely enables the optimal efficacy of SGM-101 
for CLM surgery.
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Abstract

Importance  Localization of subcentimeter ground glass opacities during mini-
mally invasive thoracoscopic lung cancer resections is a significant challenge in 
thoracic oncology. Intraoperative molecular imaging has emerged as a potential 
solution, but the availability of suitable fluorescence agents is a limiting factor.

Objective  To evaluate the suitability of SGM-101, a carcinoembryonic antigen 
(CEA)-related cell adhesion molecule type 5 (CEACAM5) receptor-targeted near-
infrared fluorochrome, for molecular imaging-guided lung cancer resections, 
because glycoprotein is expressed in more than 80% of adenocarcinomas.

Design, setting, and participants  For this nonrandomized, proof-of-
principal, phase 1 controlled trial, patients were divided into 2 groups between 
August 1, 2020, and January 31, 2022. Patients with known CEACAM5-positive 
gastrointestinal tumors suggestive of lung metastasis were selected as proof-of-
principle positive controls. The investigative group included patients with lung 
nodules suggestive of primary lung malignant neoplasms. Patients 18 years or 
older without significant comorbidities that precluded surgical exploration with 
suspicious pulmonary nodules requiring surgical biopsy were included in the 
study.

Interventions  SGM-101 (10 mg) was infused up to 5 days before index opera-
tion, and pulmonary nodules were imaged using a near-infrared camera system 
with a dedicated thoracoscope.

Main outcomes and measures  SGM-101 localization to pulmonary nodules 
and its correlation with CEACAM5 glycoprotein expression by the tumor as quan-
tified by tumor and normal pulmonary parenchymal fluorescence.

Results  Ten patients (5 per group; 5 male and 5 female; median [IQR] age, 66 
58-69 years) with 14 total lesions (median [range] lesion size, 0.91 [0.90-2.00] cm) 
were enrolled in the study. In the control group of 4 patients (1 patient did not 
undergo surgical resection because of abnormal preoperative cardiac clearance 
findings that were not deemed related to SGM-101 infusion), the mean (SD) le-
sion size was 1.33 (0.48) cm, 2 patients had elevated serum CEA markers, and 2 
patients had normal serum CEA levels. Of the 4 patients who underwent surgical 

intervention, those with 2+ and 3+ tissue CEACAM5 expression had excellent 
tumor fluorescence, with a mean (SD) tumor to background ratio of 3.11 (0.45). In 
the patient cohort, the mean (SD) lesion size was 0.68 (0.22) cm, and no eleva-
tions in serum CEA levels were found. Lack of SGM-101 fluorescence was associ-
ated with benign lesions and with lack of CEACAM5 staining.

Conclusions and relevance  This in-human proof-of-principle nonrandom-
ized controlled trial demonstrated SGM-101 localization to CEACAM5-positive 
tumors with the detection of real-time near-infrared fluorescence in situ, ex vivo, 
and by immunofluorescence microscopy. These findings suggest that SGM-101 
is a safe, receptor-specific, and feasible intraoperative molecular imaging fluoro-
chrome that should be further evaluated in randomized clinical trials.

Introduction

Lung cancer, particularly non-small cell lung cancer (NSCLC), carries one of the 
highest rates of cancer-related morbidity and mortality worldwide.1 Although 
implementation of screening programs in high-risk patient groups and educa-
tion around tobacco use prevention have made an impact over the past few de-
cades, NSCLC still inflicts significant strains on the general population.2 Despite 
the introduction of advanced immune checkpoint treatments and targeted 
radiotherapy regimens, surgery remains the best tool in the armamentarium 
against the disease.3,4 Stage by stage, surgery confers the highest survival prob-
ability in non-disseminated disease.5 However, success of surgical intervention 
is intimately related to oncologically sound disease removal by ensuring nega-
tive margins and identification of occult synchronous or metachronous lesions. 
Recurrence after surgery is correlated with inferior survival outcomes.6

Therefore, thoracic surgeons continually strive for R0 oncologic disease 
clearance at index operation.7 Surgeons have traditionally relied on sensory 
feedback, such as visualization and tactile assessment, to confirm lesion lo-
calization and removal. However, with the increasing use of minimally invasive 
techniques, these core techniques have been continually challenged, as the 
surgeon has to rely on the visual field achieved via a thoracoscope or assess 
lesion characteristics ex vivo on the back table.7 Intraoperative molecular imag-
ing (IMI) has recently emerged as a potential solution to circumvent the current 
challenges.7-9 This technology involves systemic delivery of tumor-targeted 
fluorochrome, which is then visualized using specialized near-infrared (NIR) 
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(700- 2526 nm) camera systems.7 Several types of fluorochromes have been 
approved for a variety of clinical uses by the US Food and Drug Administration 
(FDA). These fluorochromes include indocyanine green, pafolacianine, and 
gleolan, which improve outcomes in various solid organ malignant tumors, 
including sarcomas, lung cancer, colorectal cancer, breast cancer, intracranial 
tumors, and ovarian cancer. However, due to the large heterogeneity that ex-
ists within various NSCLC tumors, particularly lung adenocarcinomas, not all 
patients benefit from currently available NIR tracers.8,10-15

A promising target is the glycoprotein carcinoembryonic antigen-related 
cell adhesion molecule type 5 (CEACAM5), also known as carcinoembryonic 
antigen (CEA). Although the glycoprotein has been extensively studied and 
used for screening, diagnosis, and prognosis in gastrointestinal malignant 
neoplasms, it has been relatively underused in lung cancer, although 30% to 
80% of lung adenocarcinomas express this surface receptor.16-20 In addition, the 
surface glycoprotein expression in CEACAM5-positive tumors is significantly 
higher than that in normal tissue, making it an attractive antigen to be explored 
(106 surface antigens per cell).21-23 Targeted delivery of anti-CEACAM5- conju-
gated NIR fluorochromes, such as SGM-101 (Surgimab), has been demonstrated 
in colorectal and pancreatic adenocarcinomas, with encouraging results.21,24-26 
SGM-101 is an anti-CEACAM5 antibody conjugated to the NIR BM-104 fluo-
rochrome that specifically emits fluorescence once it binds to CEACAM5-
expressing tumors. Given the specificity of the fluorochrome, the ability to 
readily determine CEACAM5 tumor expression from preoperative biopsies, and 
the serum detection of glycoprotein, SGM-101 presents an intriguing area to 
explore in IMI-guided lung cancer resections.

In this study, we explored the safety, efficacy, and specificity of SGM-101 
during IMI-guided lung nodule resections. First, we explored a large national 
cancer database for CEACAM5 RNA expression levels in various lung cancers. 
Second, we assessed glycoprotein expression levels in 33 patients diag-
nosed with lung adenocarcinoma from our institution to assess local rates of 
CEACAM5 tumor presence. Third, we performed an open-label nonrandom-
ized controlled trial in patients with gastrointestinal tumors who presented with 
lung metastases based on serum CEA levels as a control and compared the 
results in subsequent patients who underwent SGM-101-guided primary lung 
cancer resection. We hypothesized that SGM-101 would specifically localize to 
CEACAM5-positive lung nodules and allow lesion localization in vivo, ex vivo, 
and on immunohistopathologic assessment.

Methods
Study design and patient selection

The current study was an open-label, nonblinded, proof-of-principle, phase 1 
nonrandomized controlled trial performed in patients 18 years or older at the 
Hospital of the University of Pennsylvania in Philadelphia from August 1, 2020, to 
January 31, 2022. The trial protocol appears in Supplement 1. Details on immuno-
histochemistry, The Cancer Genome Atlas analysis, inclusion and exclusion cri-
teria, fluorochrome parameters, camera systems used, and outcomes analyzed 
are detailed in the eMethods in Supplement 2. Data on race and ethnicity were 
not collected because this was a cellular molecular study and such data would 
not be informative. The study was reviewed and approved by the University 
of Pennsylvania Institutional Review Board in accordance with Good Clinical 
Practice guidelines as outlined by the International Council of Harmonization 
of Technical Requirements for Pharmaceuticals for Human Use in addition to 
laws and regulations for human research by the state of Pennsylvania and the 
FDA. All patients were informed of the risks, benefits, and alternatives regarding 
the interventions in the study. Participants enrolled in the study signed written 
informed consent forms approved by the University of Pennsylvania Institutional 
Review Board before initiation of the trial. The rationale, background, methods, 
design, analysis, and interpretation of the study follow the recommendations 
set by the Transparent Reporting of Evaluations With Nonrandomized Designs 
(TREND) reporting guideline.

Study groups
In this nonrandomized controlled trial, the first group (positive control) included 
patients with known primary or recurrent gastrointestinal adenocarcinoma 
(colon, rectal, and pancreatic adenocarcinoma) with or without elevated serum 
CEA levels who were found to have nodules suggestive of pulmonary metasta-
ses. The second group included patients with nodules suggestive of malignant 
primary pulmonary disease on screening imaging who were scheduled for surgi-
cal resection regardless of serum CEA status. Of note, our institutional practice 
does not include preoperative nodule sampling.

NIR tracer
SGM-101 was manufactured in accordance with Good Laboratory Practice 
guidelines and supplied by Surgimab. The SGM-101 active ingredient is a 
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covalent conjugate of the SGM-Ch511 anti-CEACAM5 chimeric monoclonal anti-
body with the fluorochrome BM-104. Patients in this study were administered 10 
mg of SGM-101 intravenously for 30 minutes followed by a 50-mL flush of isotonic 
saline to account for the dead volume of the tubing. Patients were administered 
SGM-101 3 to 5 days (±1 day) before surgery at the Center for Health and Precision 
Surgery and monitored for a minimum of 1-hour after infusion.

Surgical procedures
Surgical procedures were performed by a thoracic surgeon (J.K. and S.S.). During 
surgery, surgeons used standard visualization and finger palpation (when ap-
plicable) to identify known tumors. After identification of the tumor, NIR imaging 
was used to confirm lesion fluorescence. If the preoperatively identified nodule 
was unidentifiable by white-light visualization or palpation, localization using 
fluorescence guidance was attempted. After the primary lesions were identi-
fied, fluorescence imaging was used to assess the hemithorax for occult lesions. 
After resection of the nodules, the specimen was analyzed ex vivo on a back 
table using an NIR camera system to assess nodule fluorescence and margin 
assessment. All samples were analyzed in triplicate by Pearl and Odyssey NIR 
Imager (LI-COR Biosciences) as well as ImageJ, version 1.53t (National Institutes 
of Health). The sample was then sent for frozen section analysis by a board-
certified thoracic pathologist.

Statistical analysis
Data are presented as mean (SD) unless otherwise noted. Data were analyzed 
for parametric distribution. An unpaired t test was used to compare continuous 
variables across 2 groups, whereas analysis of variance was used to compare 
continuous variables across more than 2 groups. Univariate statistical signifi-
cance between groups were confirmed using the Fisher exact test. A 1-sided P 
< .05 was considered statistically significant.

Results
Demographic characteristics

A total of 35 patients were eligible for enrollment in the study, of whom 10 (5 
per group; 5 male and 5 female; median [IQR] age, 6658-69 years) with 14 total 
lesions (median range lesion size, 0.91 [0.90-2.00] cm) consented to undergo a 
proof-of-principle SGM-101-guided lung resection clinical trial (eTables 1 and 2 in 

Supplement 2). There was no loss of follow-up in the study. Given that SGM-101 
was successful in the localization of pancreatic and colorectal malignant neo-
plasms, we selected 5 patients with malignant neoplasms suggestive of colorectal 
or pancreatic cancer as a control group in the study before use of the tracer in the 
primary lung cancer group (eTable 2 in Supplement 2).21,26 After selection of the 
control group, we selected 5 patients for the primary lung malignant neoplasm 
cohort. All patients received 10 mg of SGM-101, with a median (range) time from 
infusion to surgery of 92.88 (91.2-94.67) hours. The median (range) preoperative 
serum CEA level was 3.0 ng/mL (2.0-3.5 ng/mL) (to convert to micrograms per 
liter, multiply by 1), with the metastasis cohort having an elevated median (range) 
CEA level of 5.11 ng/mL (3.10-9.18 ng/mL) (P = .03).

No SGM-101 infusion-related complications and no severe (Clavien-Dindo 
classification higher than 3) postoperative complications occurred. Patient 5 in 
the metastasis control cohort underwent infusion of SGM-101 but had abnor-
mal electrocardiographic findings during preoperative clearance and did not 
undergo surgery. Demographic details and complication profiles are provided 
in eTables 2 and 3 in Supplement 2.

Localization of CEACAM5-positive metastatic nodules
A total of 5 patients were recruited for the control group. One patient (patient 5) 
did not undergo surgical resection because of abnormal preoperative cardiac 
clearance findings that were not deemed related to SGM-101 infusion. The mean 
(SD) lesion size in the control cohort was 1.33 (0.48) cm. Patients 1 and 2 had 
elevated serum CEA markers, whereas patients 3 and 4 had normal serum CEA 
levels. Of the 4 patients who underwent surgical intervention, those with 2+ and 
3+ tissue CEACAM5 expression had excellent tumor fluorescence, with a mean 
(SD) tumor to background ratio (TBR) of 3.11 (0.45) (Figure 1 and Figure 2; eFigures 
1 and 2 in Supplement 2).

Patient 1 had 2 concerning nodules on preoperative workup (Figure 1 and 
Figure 2; eFigures 1, 3, and 4 in Supplement 2). SGM-101 identified 1 nodule in vivo 
and ex vivo by fluorescence microscopy (Video). The mean (SD) TBR for nodule 
1 was 3.12 (0.38). Nodule 2 was visualized in vivo but did not demonstrate any 
fluorescence in vivo or ex vivo (Video). The CEACAM5 staining demonstrated a 
3+ score for nodule 1, and no staining was observed for nodule 2. Nodule 1 was 
confirmed to be a metastatic lesion associated with primary pathology (Figure 
2 and Figure 3), whereas nodule 2 was a lymphoid aggregate. Similar observa-
tions were noted in patient 2, whereas serum CEA levels were elevated and 
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demonstrated excellent fluorescence in vivo, ex vivo, and on histologic assess-
ment (Video). The mean (SD) TBR was 2.89 (0.51) for the fluorescent nodule for 
patient 2. SGM-101 fluorescence correlated with 3+ CEACAM5 staining (Video; 
Figure 2; eFigures 2, 4, and 5 in Supplement 2).

Figure 1  SGM-101-guided lung nodule resection in a control patient.  
a. Computed tomography images of the tumor (yellow arrowheads indicate tumor).  
b. Nodule 1. c. Nodule 2. NIR indicates near infrared.

Patient 3 had known stage 3 (T2N3M0) pancreatic adenocarcinoma that was 
operated on 6 months earlier. This patient had no serum CEA elevation. The 
nodule was not visualized in vivo but demonstrated mild CEACAM5 (1+) stain-
ing with fluorescence that was detected on ex vivo assessment. Retrospective 
analysis of the index operation revealed a normal serum CEA level at the time 
of pancreaticoduodenectomy with mild CEACAM5 staining on uncinate tumors. 

Conversely, in patient 4 with colorectal adenocarcinoma, who never had serum 
CEA elevation but had strong CEACAM5 staining at the time of index operation, 
nodules suggestive of disease were visualized in vivo and ex vivo and were 
associated with CEACAM5 staining (2+). Compared with patients 1 and 2, the 
nodule was significantly smaller (0.51 cm) and produced visible but statistically 
significantly lower fluorescence emission (mean [SD] TBR, 1.89 [0.33]; P = .04) 
(eFigure 5 in Supplement 2).

Figure 2  Association of SGM-101 fluorescence with carcinoembryonic antigen-related 
cell adhesion molecule type 5 (CEACAM5) presence by immunohistochemical analysis. 
Scale bars = 100 μm.
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Figure 3  Localization of SGM-101 to carcinoembryonic antigen-related cell adhesion 
molecule type 5 (CEACAM5) tumors.  
Patient 8 with invasive adenocarcinoma demonstrated a tumor with a large necrotic core 
(>80%) but had high CEACAM5 staining correlating with the thyroid transcription factor 1 (TTF-1) 
score (scale bar = 100 μm). Tumors were able to localize in vivo, ex vivo, and on a near-infrared 
scanner. AU indicates absorbance units; CK5/6, cytokeratin 5/6.

SGM-101 Fluorescent Labeling of CEACAM5-Positive 
Lung Tumors
Five patients with primary nodules were selected for a proof-of-principle study. 
No elevation in serum CEA levels were found in this patient cohort. The mean 
(SD) lesion size was 0.68 (0.22) cm. Lack of SGM-101 fluorescence was associated 
with benign lesions and with lack of CEACAM5 staining. Benign lesions lacked 
any fluorescence in ex vivo and histologic analyses (Figure 4). Patient 1 demon-
strated an abscess cavity that was positive on positron emission tomography at 

preoperative assessment. No SGM-101 fluorescence, no CEACAM5 staining, and 
no other immunohistochemical staining were associated with markers of lung 
malignant neoplasms, including thyroid transcription factor 1 (TTF-1), cytokeratin 
5/6 (CK 5/6), and p63 (Figure 4; eFigure 6 in Supplement 2). The presence of 
CEACAM5, particularly strong (>2+), was associated with the detection of SGM-
101 fluorescence in vivo (Figure 4; eTables 4-6 in Supplement 2).

Figure 4  Fluorescence microscopy assessment of primary lung nodules analyzed in 
the study.  
The benign lesion (A) demonstrates no uptake of SGM-101 fluorescence, which corresponded 
with a lack of carcinoembryonic antigen, p63, and thyroid transcription factor 1 (TTF-1) staining 
(scale bar = 100 μm). Conversely, malignant lesions (primary lung adenocarcinoma) (B) demon-
strate areas of fluorescence corresponding to areas of carcinoembryonic antigen-related cell 
adhesion molecule type 5 (CEACAM5) staining that were also congruent with areas of TTF-1 
expression, demonstrating CEACAM5- dependent SGM-101 labeling. Adjacent normal lung 
parenchyma (inset, C) demonstrates a lack of fluorescence and a lack of CEACAM5 staining. 
H&E indicates hematoxylin-eosin.

 (A) Benign lesion 				    (B) Malignant lesion

Immunofluorescence

h&e h&e

ceacam5 ceacam5

p63 p63

ttf-1 ttf-1

Immunofluorescence

 (c) Adjacent normal

h&e ceacam5
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The area of fluorescence in patient 8 was lower than the lesion size, but on 
inspection, the tumor had a significant area of necrosis (>80%); however, the 
viable areas demonstrated fluorescence with a strong association with areas 
of TTF-1 and CEACAM5 and a lack of CK 5/6 and p63 staining, indicating ad-
enocarcinoma spectrum lesions. Similarly, CEACAM5 staining was associated 
with SGM-101 fluorescence emission in this cohort (eFigure 7 in Supplement 2). 
Four of 5 patients in this cohort had lesions deeper than 12 mm from the pleural 
surface, indicating a lack of in vivo fluorescence (1.2 cm in patient 7 vs 0.33 cm 
in patient 8). SGM-101 allowed the assessment of CEACAM5-positive nodules, 
margins, and normal tissue (eFigures 7-9 in Supplement 2). Malignant nodules 
with the highest antigenic concentration of CEACAM5, as demonstrated with im-
munohistochemical staining, had the highest fluorescence emission compared 
with the margin of the tumor and normal lung and distant normal lung. In addi-
tion, none of the lymph nodes examined during the procedures demonstrated 
fluorescence, which was concordant with final pathology demonstrating the 
absence of lymphatic metastases.

Discussion

Intraoperative molecular imaging-guided resections have been increasingly 
added to the armamentarium of solid organ malignant neoplasm resections. 
However, malignant tumors, particularly in the lung, are heterogonous, which 
requires exploration of different cellular targeting agents. One such target 
we explored in this study was the CEACAM5 cell surface glycoprotein, which 
is expressed in various adenocarcinomas, including colon, rectum, pancreas, 
esophagogastric, and lung adenocarcinomas.16 We hypothesized that SGM-101, 
which is an anti-CEACAM5 antibody-conjugated fluorochrome, will specifically 
fluorescently label CEACAM5-positive lung nodules. To our knowledge, this is 
the first study in the literature that explores CEACAM5 glycoprotein as a potential 
target in IMI-guided lung nodule resections.

The feasibility and applicability of IMI tracers rely significantly on the clinical 
utility and ability to use the product in practice daily. Although the CEACAM5 
glycoprotein has been extensively studied and validated in the management 
of various gastrointestinal malignant neoplasms, the same cannot be said in 
lung cancer.21,25 Literature reports17,18,23,27,28 demonstrate variable expression of 
the glycoprotein in lung cancer, and significant geographic variables are as-
sociated with the data. Therefore, we initially wanted to explore CEACAM5 as a 
potential target in our overall patient population.

Twenty-two of 33 lung adenocarcinomas (67%) analyzed in our cohort dem-
onstrated CEACAM5 expression by immunohistochemistry, and glycoprotein 
expression was largely detected in the tumor core itself rather than adjacent 
normal tissue, which is significant in developing targeted tracers to avoid false 
positivity (eFigures 1 and 2 and eTable 1 in Supplement 2). Analysis of a large na-
tional cancer database similarly demonstrated NSCLC to have a high messenger 
RNA expression of CEACAM5 compared with normal and in line with pancreatic, 
gastric, and esophageal cancers for which glycoprotein is an established clinical 
diagnostic and prognostic marker (eFigure 3 in Supplement 2).16,29 In addition, 
although the sample size was small, higher CEACAM5 expression was noted in 
higher-stage disease.

In the control group of patients with metastatic pulmonary nodules, SGM-101 
allowed for the in vivo and ex vivo localization of CEACAM5-positive tissues 
(eTable 6 in Supplement 2). Serum CEA levels had a good positive predictive 
value, but negative or normal values did not necessarily exclude fluorescence 
detection (Figure 1 and Figure 2). These results corroborate previous findings of 
SGM-101 and indicate the glycoprotein targeting and specificity of the antibody 
fluorochrome conjugate, which does not change behavior in the pulmonary pa-
renchyma.30 The CEACAM5 expression levels at index primary lesion resection 
also appear to be correlated with metastatic CEACAM5 expression, which can 
further inform thoracic surgeons about the feasibility of using SGM-101 during 
metastasectomy.

With the observation that lung parenchyma does not hinder SGM-101’s abil-
ity to penetrate pulmonary parenchyma, we explored NIR tracer lesion label-
ing in patients with pulmonary nodules suggestive of disease. It is our routine 
institutional practice not to perform diagnostic biopsy for patients with lesions 
concerning for primary lung cancer and unlike the control cohort did not have 
preoperative CEACAM5 or diagnosis status. Nevertheless, none of the 2 pa-
tients with benign tumors had any fluorescence in vivo, ex vivo, or in histologic 
assessment. This finding was associated with a lack of CEACAM5, TTF-1, CK 5/6, 
p63, and Ki-67 staining (Figure 3 and Figure 4).

Conversely, patients with strong CEACAM5 expression demonstrated fluo-
rescence similar to that of the control group. SGM-101 could be detected in ex 
vivo analysis colocalized with CEACAM5 staining. Tumors with no CEACAM5 
expression as predicted did not demonstrate any fluorescence in any setting. 
Unlike the control group, most lesions were smaller than 0.75 cm and tended 
to be deeper in the pulmonary parenchyma. The depth of lesion localiza-
tion is a known challenge for NIR tracers and correlates with the emission 
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wavelength of the target fluorochrome. With the increasing developments of 
new fluorochromes that operate in the NIR-II range (>1000 nm), it is expected 
that deeper parenchyma in solid organ malignant neoplasms can be explored. 
We demonstrated that the targeted antibody in SGM-101 is highly specific and 
can potentially be conjugated to a different validated fluorochrome once NIR-II 
tracers become accessible.

Limitations
There are several limitations that need to be addressed in this proof-of-principle 
study. The sample size in each arm of the study was small, with a total of 9 pa-
tients with 14 total lesions undergoing SGM-101-guided resection. Larger clinical 
phase 2 and 3 randomized controlled studies are needed to discern the benefit 
of SGM-101 in IMI-guided lung cancer resections. In addition, in this early ex-
ploratory cohort, the selection of patients with positive serum CEA levels and/
or preoperative biopsy with CEACAM5 immunohistochemical assessment can 
identify optimal patients who would benefit from SGM-101. Ideal patients who 
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Conclusions

This proof-of-principle, phase 1 nonrandomized controlled trial demonstrates 
that the CEACAM5- targeted NIR tracer SGM-101 can detect CEACAM5 glyco-
protein-positive lung tumors. Ideal patients are those with lesions larger than 
1.0 cm who are CEACAM5 positive or patients with positive serum CEA levels. 
Additional, larger-scale trials are needed to validate the study findings, but the 
current results demonstrate that CEACAM5 surface glycoprotein targeting is a 
feasible target with clinical utility.
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Abstract

Purpose  Intraoperative identification of lung tumors can be challenging. 
Tumor-targeted fluorescence-guided surgery can provide surgeons with a tool 
for real-time intraoperative tumor detection. This study evaluated cell surface 
biomarkers, partially selected via data-driven selection software, as potential tar-
gets for fluorescence-guided surgery in non-small cell lung cancers: adenocar-
cinomas (ADC), adenocarcinomas in situ (AIS), and squamous cell carcinomas 
(SCC).
 
Procedures  Formalin-fixed paraffin-embedded tissue slides of resection 
specimens from 15 patients with ADC and 15 patients with SCC were used and 
compared to healthy tissue. Molecular targets were selected based on two strate-
gies: (1) a data-driven selection using > 275 multi-omics databases, literature, and 
experimental evidence; and (2) the availability of a fluorescent targeting ligand 
in advanced stages of clinical development. The selected targets were carbonic 
anhydrase 9 (CAIX), collagen type XVII alpha 1 chain (collagen XVII), glucose 
transporter 1 (GLUT-1), G protein-coupled receptor 87 (GPR87), transmembrane 
protease serine 4 (TMPRSS4), carcinoembryonic antigen (CEA), epithelial cell 
adhesion molecule (EpCAM), folate receptor alpha (FRα), integrin αvβ6 (αvβ6), 
and urokinase-type plasminogen activator receptor (uPAR). Tumor expression of 
these targets was assessed by immunohistochemical staining. A total immunos-
taining score (TIS, range 0-12), combining the percentage and intensity of stained 
cells, was calculated. The most promising targets in ADC were explored in six AIS 
tissue slides to explore its potential in non-palpable lesions.
 
Results  Statistically significant differences in TIS between healthy lung and 
tumor tissue for ADC samples were found for CEA, EpCAM, FRα, αvβ6, CAIX, col-
lagen XVII, GLUT-1, and TMPRSS4, and of these, CEA, CAIX, and collagen XVII 
were also found in AIS. For SCC, EpCAM, uPAR, CAIX, collagen XVII, and GLUT-1 
were found to be overexpressed.
 
Conclusions  EpCAM, CAIX, and Collagen XVII were identified using con-
comitant use of data-driven selection software and clinical evidence as promis-
ing targets for intraoperative fluorescence imaging for both major subtypes of 
non-small cell lung carcinomas.

Introduction

Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related 
deaths worldwide.1 Most NSCLC patients are diagnosed with disseminated 
disease, leaving only palliative treatment options. Therefore, much attention is 
given to screening programs to identify patients with early-stage tumors.2-4 This 
may change the treatment options for instance by lung parenchyma sparing 
resections, potentially resulting in more residual lung tissue and better postop-
erative lung function.

Although lung parenchyma sparing resections (e.g., segmentectomies), as 
treatment of small-sized pulmonary nodules, have good clinical outcomes in 
terms of disease-free and overall survival, these may be technically difficult, 
particularly for small nodules.5-7 Especially adenocarcinomas in situ (AIS) are 
difficult to identify as they are barely palpable. In addition, more lung resections 
are performed minimally invasive, using video-assisted thoracoscopic surgery 
(VATS) or robotic-assisted thoracoscopic surgery (RATS), and the diminished 
or absent tactile feedback increases the risk of missing synchronous local 
metastases.8,9 Also, in patients with more advanced tumor stages, there may 
be challenges albeit from a different nature. Namely, tumor-positive resection 
margins are found at histopathologic assessment in 20% of the patients with 
T3 or T4 lung cancer,10,11 which negatively affect prognosis and approximately 
halves the 5-year survival rate.11-13 Moreover, up to 60% of patients develop a 
recurrence despite curatively intended surgeries of early-stage NSCLC.14-16 It is 
hypothesized that a significant portion of these local recurrences is explained 
by occult local metastases that are already present during primary surgery. 
Tumor-targeted fluorescence-guided surgery has the potential to overcome 
several of these challenges.

Near-infrared (NIR) fluorescence imaging is a real-time imaging technique, 
which requires a dedicated camera system and a fluorescent agent.17 These 
agents can be divided into two groups: non-targeted and targeted, binding to 
a specific ligand, which is upregulated in tumor cells or activated by the tumor-
specific environment. Light in the NIR spectrum (700-900 nm) has better depth 
penetration, up to 10 mm, compared to visible light. Moreover, this light is invis-
ible to the human eye and will thereby not interfere with the standard surgical 
field.18 The potentially added value of tumor-targeted fluorescence imaging in 
lung parenchyma sparing resections of NSCLC is threefold: detection of the 
surgical target, identification of synchronous additional, mostly small malignant 
lesions, and reduction of tumor-positive resection margins.
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Optimal target characteristics for fluorescence-guided surgery include target 
localization on the cell membrane, evenly distribution throughout the tumor tis-
sue, low expression in surrounding normal tissue, and upregulation in a majority 
percentage of patients.19 Potential targets are often identified by reviewing key 
publications from recent literature. Currently, a data-driven selection method is 
available that combines multiple databases and interlinks literature. It provides 
researchers with unique insights and has the potential to dramatically reduce 
the time required compared to a conventional literature search. This study aims 
to identify potentially suitable targets for fluorescence-guided surgery in NSCLC, 
both using conventional strategies, and with the use of a data-driven selection 
platform, combining public data on gene expression and protein localization.

Material and methods
patients

Formalin-fixed paraffin-embedded tissue blocks from 30 patients (15 adenocar-
cinomas (ADC) and 15 squamous cell carcinomas (SCC)) who underwent surgical 
resection of a primary NSCLC between 2000 and 2017 and without previous neo-
adjuvant therapy were randomly selected from the Department of Pathology, 
Leiden University Medical Center (LUMC), the Netherlands. Medical records and 
pathology reports were retrospectively reviewed. A board-certified pathologist 
(DC) reviewed all tissue samples before inclusion in the study. After analysis of 
the immunohistochemistry (IHC) staining results of the ADC and SCC slides, 
additional analysis on a random selection of 6 AIS was performed. AIS tissue 
slides were stained for the most promising targets, based on the immunostaining 
results in ADC.

Tissue samples were used in accordance with the code for secondary use 
of human tissue as prescribed by the Dutch Federation of Medical Scientific 
Societies, which does not require additional informed consent. The study was 
approved by the Institutional Ethics Review Board of the Leiden University 
Medical Center (Leiden, The Netherlands).

Target Selection
In this study, a selection of ten potential targets was chosen based on two dif-
ferent strategies. The first 5 targets were chosen after an unbiased search using 
data-driven selection software (Euretos, Utrecht, the Netherlands) integrating 
more than 275 multi-omics databases along with literature and experimental 

evidence. This data-driven selection platform compares the RNA expression 
of genes between different types of tissues. In our search, we compared RNA 
expression in lung cancer to healthy lung and lymph node tissue. RNA expres-
sion data on primary NSCLC were derived from the TCGA-LUAD and TCGA-LUSC 
datasets.20,21 Expression data on healthy lymph node tissue and healthy lung 
tissue was derived from the GTEX-project.22 All expression values were normal-
ized to transcripts per million (TPM), which is the most effective normalization in 
reducing non-biological variability in transcriptomic data.23 To predict whether 
encoded proteins are present on the cell surface, we explored presence in the 
experimentally derived cell surface protein atlas (CSPA)24 or bioinformatically 
predicted sets of cell surface proteins.25,26 We performed an exhaustive search 
for targets by applying the following criteria: (1) median expression in tumor ex-
ceeding expression in the healthy lung or lymph nodes and (2) surface expres-
sion predicted or experimentally confirmed. The different proteins for ADC (56 
results) and SCC (114 results) were presented with multiple parameters per gene. 
A log2- fold change of tumor vs normal tissue was calculated by converting the 
TPM-values to log2-values and analyzed with the limma-package in R.27 Log2-
fold changes were then obtained from the topTable-function. From this gene list, 
only genes that are abundantly expressed in both ADC and SCC but minimally in 
healthy lung tissue or lymph nodes were included, resulting in a set of 30 genes. 
The five genes with the highest log2-fold change of tumor in comparison to nor-
mal were then selected for immunohistochemical analysis: carbonic anhydrase 
9 (CAIX), collagen type XVII alpha 1 chain (collagen XVII), glucose transporter 1 
(GLUT-1), G protein-coupled receptor 87 (GPR87), and transmembrane protease 
serine 4 (TMPRSS4).

In addition to the data-driven selection-derived targets, 5 targets were in-
cluded, based on the availability of a fluorescent targeting ligand in advanced 
stages of clinical development for the detection of various cancer types: carci-
noembryonic antigen (CEA), epithelial cell adhesion molecule (EpCAM), folate 
receptor alpha (FRα), integrin αvβ6 (αvβ6), and urokinase-type plasminogen 
activator receptor (uPAR).

Immunohistochemistry Staining
Formalin-fixed and paraffin-embedded tissue blocks were cut in sections with a 
thickness of 4 µm and mounted on adhesive Starfrost slides (Waldemar Knittel 
Glasbearbeitungs GmbH, Braunschweig, Germany). Subsequently, the slides 
were deparaffinized with xylene and rehydrated in decreasing concentrations 
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of diluted ethanol (100%, 70%, and 50%). Then slides were rinsed with demin-
eralized water, and endogenous peroxidase was blocked with 0.3% hydrogen 
peroxide (Merck Millipore, Darmstadt, Germany) for 20 min at room temperature. 
The method used for antigen retrieval was dependent on the protocol of the 
antibody (Supplementary Table 1). Antigen retrieval for uPAR, CEA, FRα, GLUT-1, 
CAIX, collagen XVII, and GPR87 was performed by heat induction at 95 °C dur-
ing 10 min using PT Link (Dako) with low-pH (pH 6.0). For TMPRSS4, PT Link with 
high-pH (pH 9.0) was used. For αvβ6, antigen retrieval was performed with 0.4% 
pepsin at 37 °C using a water bath for 10 min, and for EpCAM, trypsin was used 
during 20 min. The sections were incubated overnight at room temperature with 
primary antibody (diluted in 1% BSA/PBS). The negative control was incubated 
with 1% BSA/PBS. Tumor sections known to express the target(s) were used as 
positive controls. The slides were washed with PBS followed by incubation with 
HRP-labelled secondary antibody (either anti-mouse or anti-rabbit (both Dako)) 
for 30 min at room temperature. For staining, DAB substrate was applied for 10 
min, and for counterstaining, hematoxylin (VWR international, Amsterdam, the 
Netherlands) was applied for 15 s. Lastly, the tissue sections were dehydrated at 
37 °C for 60 min and mounted in Pertex (Histolab, Askim, Sweden).

Immunohistochemistry Staining Scoring
Two authors (AZ and DC) evaluated the stained slides independently. In case of 
discrepancy, rescoring was done until consensus was achieved. Total immunos-
taining score (TIS) was used for tumor and normal tissue. TIS is the mathematical 
product of a proportion score (PS) and an intensity score (IS) with a maximum 
score of 12. The PS describes the estimated fraction of positively stained tumor 
cells (0 = none, 1 = < 10%, 2 = 10-50%, 3 = 51-80%, 4 = > 80%), and the IS repre-
sents the estimated staining intensity (0 = no staining, 1 = weak, 2 = moderate, 3 = 
strong). The calculated TIS was then defined as no expression (0), weak expres-
sion (1-4), moderate expression (6-8), or intense (9-12) expression.

Statistical analysis
For statistical analysis, IBM SPSS Statistics version 25 (IBM Corp., Armonk, NY, 
USA) and GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA, USA) were 
used. Paired differences in expression level between normal and tumor tissue 
were calculated using the Wilcoxon signed rank test. Test results were consid-
ered statistically significant at the level of p < 0.05.

Results

Patient and tumor characteristics are summarized in Table 1. Histological subtyp-
ing showed heterogeneity within the ADC group; all SCC samples were non-
keratinizing tumors. Representative images of tissue samples are presented in 
figure 1 (ADC), figure 2 (AIS), and figure 3 (SCC). In the case of tumor-positive 
staining, a predominant cell membrane pattern was seen in both ADC and SCC 
for CEA, EpCAM, FRα, αvβ6, CAIX, collagen XVII, GLUT-1, and GPR87. The stain-
ing pattern of uPAR was dominant in the extracellular matrix, whereas TMPRSS4 
showed positive staining for both the cell membrane as the extracellular matrix.

Table 1  Patient and tumor characteristics.

Characteristics ADC (n=15) AIS (n=6) SCC (n=15)

Age at surgery median years (range) 69 (53-79) 65.5 (47-72) 66 (57-78)

Gender

Male
Female

9
6

2
4

11
4

Tumor size (cm) median (range) 2.9 (1.2-5.2) 1.3 (0.6-2.6) 4.2 (1.8-8.2)

Histological subtype

Acinar
Lepidic
Mucinous
Micropapillary
Papillary
Solid
Keratinized
Non-keratinized

9
6
2
3
4
5

6

0
15

TNM staging 
Tumour stage (T)
1
2
3
4
Nodal stage (N)
0
1
2
3
Metastatic stage (M)
0
1

5
7
1
2

13
2
0
0

15
0

5
0
0
1

6
0
0
0

6
0

5
4
3
3

10
5
0
0

14
1

Abbreviations: ADC Adenocarcinoma, AIS adenocarcinoma in situ, SCC Squamous Cell Carcinoma, 
cm centimeter
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Adenocarcinoma
Based on the TIS, normal tissue had low (no to weak) expression in all of the sam-
ples for CEA, EpCAM, FRα, uPAR, collagen XVII, GLUT-1, and GPR87, whereas 
86.7% of the samples were low for CAIX (figure 4, Supplementary Table 2). Tumor 
tissue showed high expression (moderate to intense) in 100% of the samples for 
TMPRSS4 and in 93.3% for αvβ6, CAIX, and collagen XVII. Matched sampling 
using the Wilcoxon-signed rank test showed significantly higher expression in 
the tumor compared to the adjacent normal lung tissue for CEA, EpCAM, FRα, 
αvβ6, CAIX, collagen XVII, GLUT-1, and TMPRSS4 (respectively p = 0.003, 0.003, 
0.005, 0.006, 0.001, 0.000, 0.007, and 0.035; figure 5). No significant difference 
in staining intensity was found for uPAR and GPR87 (both p = 0.066). Multiple 
samples showed CAIX and collagen XVII expression in necrotic tumor fields. 
The uPAR staining pattern for all samples was dominant in stromal tissue, as was 
staining GLUT-1 in erythrocytes and nerve sheath branches and for TMPRSS4 in 
lung epithelium.

figure 1  Representative slides of adenocarcinoma cases stained for different markers. 
A representative lung tumor sample (first row), detailed tumor sample (second row), and 
detailed normal lung tissue (third row) are shown for each marker. The area of the detailed 
tumor staining is indicated with a rectangle in the tumor overview. The black bar represents 1 
mm in the overview pictures and 100 μm in the detailed pictures. 

Abbreviations: CEA, carcinoembryonic antigen; EpCAM, epithelial cell adhesion molecule; FRα, folate 
receptor alpha; αvβ6, integrin αvβ6; uPAR, urokinase-type plasminogen activator receptor; CAIX, 
carbonic anhydrase 9; Collagen XVII, collagen type XVII alpha 1 chain; GLUT-1, glucose transporter 1; 
GPR87, G protein-coupled receptor 87; TMPRSS4, transmembrane protease serine 4.

figure 2  Representative slides of adenocarcinoma in situ cases stained for different 
markers.  
A representative lung tumor sample (first row), detailed tumor sample (second row), and 
detailed normal lung tissue (third row) are shown for each marker. The area of the detailed 
tumor staining is indicated with a rectangle in the tumor overview. The black bar represents 1 
mm in the overview pictures and 100 μm in the detailed pictures. 

Abbreviations: CEA, carcinoembryonic antigen; EpCAM, epithelial cell adhesion molecule;  
CAIX, carbonic anhydrase 9; Collagen XVII, collagen type XVII alpha 1 chain.
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figure 3  Representative slides of squamous cell carcinoma cases stained for different 
markers.  
A representative lung tumor sample (first row), detailed tumor sample (second row), and 
detailed normal lung tissue (third row) are shown for each marker. The area of the detailed 
tumor staining is indicated with a rectangle in the tumor overview. The black bar represents 1 
mm in the overview pictures and 100 μm in the detailed pictures. 

Abbreviations: CEA, carcinoembryonic antigen; EpCAM, epithelial cell adhesion molecule; FRα, folate 
receptor alpha; αvβ6, integrin αvβ6; uPAR, urokinase-type plasmino- gen activator receptor; CAIX, 
carbonic anhydrase 9; Collagen XVII, collagen type XVII alpha 1 chain; GLUT-1, glucose transporter 1; 
GPR87, G protein-coupled receptor 87; TMPRSS4, transmembrane protease serine 4.

figure 4  Target expression in adenocarcinomas.  
This figure shows per target the percentage of adenocarcinoma tissue slides and healthy 
tissue slides that had high target expression with IHC staining. High expression was defined as 
a total immunostaining score of 6 or higher. The TIS is a product of a proportion score (0 = none, 
1 = < 10%, 2 = 10-50%, 3 = 51-80%, 4 = > 80%) and intensity score (0 = no staining, 1 = weak, 2 = 
moderate, 3 = strong). Abbreviations: TIS, total immunostaining score; CEA, carcinoembryonic 
antigen; EpCAM, epithelial cell adhesion molecule; FRα, folate receptor alpha; αvβ6, integrin 
αvβ6; uPAR, urokinase-type plasminogen activator receptor; CAIX, carbonic anhydrase 9; 
Collagen XVII, collagen type XVII alpha 1 chain; GLUT-1, glucose transporter 1; GPR87, G 
protein-coupled receptor 87; TMPRSS4, transmembrane protease serine 4.

figure 5  Target expression of adjacent normal lung compared to adeno-carcinoma 
tissue.  
Shown are the total immunostaining scores of the normal lung and tumor tissue in 
adenocarcinomas, per patient and per biomarker. The horizontal line indicates the median TIS.

Abbreviations: CEA, carcinoembryonic antigen; EpCAM, epithelial cell adhesion molecule; FRα, folate 
receptor alpha; αvβ6, integrin αvβ6; uPAR, urokinase-type plasminogen activator receptor; CAIX, 
carbonic anhydrase 9; Collagen XVII, collagen type XVII alpha 1 chain; GLUT-1, glucose transporter 1; 
GPR87, G protein-coupled receptor 87; TMPRSS4, transmembrane protease serine 4.

figure 6  Target expression in adenocarcinomas in situ.  
This figure shows per target the percentage of adenocarcinoma in situ tissue slides and 
healthy tissue slides that had high target expression with IHC staining. High expression was 
defined as a total immunostaining score of 6 or higher. The TIS is a product of a proportion 
score (0 = no staining, 1 = weak, 2 = moderate, 3 = strong). 

Abbreviations: TIS, total immunostaining score; CEA, carcinoembryonic antigen; EpCAM, epithelial cell 
adhesion molecule; CAIX, carbonic anhydrase 9; Collagen XVII, collagen type XVII alpha 1 chain.



NEAR-INFRARED FLUORESCENCE IMAGING IN COLORECTAL CANCER AND ITS METASTASES168 Chapter X  Data driven target identification 169

figure 7  Target expression of adjacent normal lung compared to adenocarcinoma in 
situ tissue.  
Shown are the total immunostaining scores of the normal lung and adenocarcinoma in situ 
tissue, per patient and per biomarker. The horizontal line indicates the median TIS. 

Abbreviations: CEA, carcinoembryonic antigen; EpCAM, epithelial cell adhesion molecule; CAIX, 
carbonic anhydrase 9; Collagen XVII, collagen type XVII alpha 1 chain

figure 8  Target expression in squamous cell carcinomas.  
This figure shows per target the percentage of squamous cell carcinoma tissue slides and 
healthy tissue slides that had high target expression with IHC staining. High expression was 
defined as a total immunostaining score of 6 or higher. The TIS is a product of a proportion 
score (0 = none, 1 = < 10%, 2 = 10-50%, 3 = 51-80%, 4 = > 80%) and intensity score (0 = no 
staining, 1 = weak, 2 = moderate, 3 = strong).

Abbreviations: TIS, total immunostaining score; CEA, carcinoembryonic antigen; EpCAM, epithelial 
cell adhesion molecule; FRα, folate receptor alpha; αvβ6, integrin αvβ6; uPAR, urokinase-type 
plasminogen activator receptor; CAIX, carbonic anhy- drase 9; Collagen XVII, collagen type XVII 
alpha 1 chain; GLUT-1, glucose transporter 1; GPR87, G protein-coupled receptor 87; TMPRSS4, 
transmembrane protease serine 4.

figure 9  Target expression of adjacent normal lung compared to squamous cell 
carcinoma tissue.  
Shown are the total immunostaining scores of the normal lung and tumor tissue in squamous 
cell carcinomas, per patient and per biomarker. The horizontal line indicates the median TIS. 

Abbreviations: CEA, carcinoembryonic antigen; EpCAM, epithelial cell adhesion molecule; 
FRα, folate receptor alpha; αvβ6, integrin αvβ6; uPAR, urokinase-type plasminogen activator 
receptor; CAIX, carbonic anhydrase 9; Collagen XVII, collagen type XVII alpha 1 chain; GLUT-
1, glucose transporter 1; GPR87, G protein-coupled receptor 87; TMPRSS4, transmembrane 
protease serine 4 Adenocarcinoma in situ

ADENOCARCINOMA IN SITU 
Since AIS in particular are barely palpable, 6 additional AIS were stained for the 
four most promising targets in ADC. Low target expression in normal lung tis-
sue was seen for all CEA, EpCAM, CAIX, and collagen XVII samples (figure 6, 
Supplementary Table 3). Tumor expression was high in 66.7%, 0%, 83.3%, and 
100% of the samples for respectively CEA, EpCAM, CAIX, and collagen XVII. 
Differences in staining intensity between AIS and healthy lung were significant 
for CEA, CAIX, and collagen XVII (respectively p = 0.043, 0.024, and 0.026) (fig-
ure 7). No statistical difference was found for EpCAM (p = 0.180).

Squamous cell carcinoma
The TIS value for CEA, EpCAM, uPAR, collagen XVII, GLUT-1, and GPR87 was 
low in all normal tissue samples. Expression of FRα and CAIX was low in 93.3% of 
normal tissue samples (figure 8, Supplementary Table 4). A high TIS value in tumor 
tissue was seen in 100% of the samples for GLUT-1 and TMPRSS4 and in 86.7% of 
the samples for collagen XVII. Differences in staining intensity between tumor 
and healthy lung were significant for EpCAM, uPAR, CAIX, collagen XVII, and 
GLUT-1 (respectively p=0.003, 0.012, 0.003, 0.001, and 0.000; figure 9). No statisti-
cal difference was found for CEA, FRα, αvβ6, GPR87, and TMPRSS4 (respectively 
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p=0.059, 0.317, 0.705, 0.066, and 0.102). Necrotic tumor fields were positive for 
CEA, αvβ6, uPAR, and GLUT-1 in multiple samples. uPAR showed high expression 
in the stromal tissue of all samples. A substantial number of samples showed 
staining for GLUT-1 in erythrocytes and nerve sheath branches and TMPRSS4 in 
lung epithelium.

Discussion

A suitable molecular target for fluorescence-guided surgery (FGS) in NSCLC 
should be overexpressed in the tumor compared to adjacent normal lung tissue. 
As NSCLC comprises various subtypes, it would be beneficial if a potential agent is 
suitable for multiple types of NSCLC, hence overexpressed in ADC, AIC, and SCC. 
   In this study, ten cell surface targets in NSCLC were investigated with IHC 
staining to find a suitable target for tumor-targeted fluorescence imaging. Five 
targets were selected using an extensive multiomics database search using 
data-driven selection software, and those were compared with five targets 
chosen based on the availability of fluorescent targeting ligands in advanced 
stages of clinical development in other cancer types.

Following this strategy, EpCAM, CAIX, collagen XVII, and GLUT-1 are sig-
nificantly overexpressed in both ADC and SCC. However, in contrast to EpCAM, 
CAIX, and collagen XVII, GLUT-1’s high expression on erythrocytes makes it 
an unsuitable target for FGS as this will most likely provide high background 
fluorescence. Resulting in a high false positive rate using fluorescence imag-
ing during surgery. Even though the expression of GLUT-1 on erythrocytes has 
been described in previous publications, it was reported as a promising option 
after our data-driven selection.28 This was not an error of the platform itself, but 
a consequence of an incomplete search strategy. To perform a search in the 
platform, you have to decide between which tissue types you want to compare 
RNA expression in genes. In our research, we chose to compare lung tumor 
tissue to normal lung and lymph node tissue. Besides tumor tissue and normal 
lung tissue, this data-driven selection did not include target expression in other 
cell types present in the healthy lung (e.g., blood). This emphasizes the impor-
tance of a relevant and complete research question before starting a search.

Data-driven selection software identified 2 out of the 3 most promising targets  
(CAIX and collagen XVII).

EpCAM, chosen based on our institution’s experience in colorectal cancer, 
was also identified as a potential target for ADC in the initial results of the 

data-driven selection software. Due to the absence in the SCC results and, 
according to the data-driven selection, the relatively high expression on normal 
lung tissue, it was excluded in the final selection. These conflicting results be-
tween the results of the data-driven selection and IHC demonstrate the value of 
IHC confirmation of the data-driven selection. It must be stated that data-driven 
selection software is a discovery tool and can therefore be beneficial to discov-
er new targets, but cannot replace current validation tools as IHC. A possible 
explanation for the difference between the results of the data-driven selection 
and IHC could be that the data-driven selection platform uses RNA expression of 
genes, and this does not always correspond to the protein expression of genes. 
    Not only suitable targets for fluorescence imaging in invasive ADC and SCC 
were assessed, but also for AIS. Significantly overexpressed targets in AIS are 
CEA, CAIX, and collagen XVII. Preferably, a target is used that is overexpressed 
in all types of lung cancer (ADC, SCC, and AIS); therefore, CAIX and collagen 
XVII are the most favorable targets, given the results in ADC (including early 
stage) and SCC. CEA and CAIX had similar expression in ADC and AIS; EpCAM 
was not expressed in AIS samples, while 60% of ADC samples had high expres-
sion of EpCAM. This might be due to the fact that EpCAM is involved in tumor 
initiation and tumor cell invasion.29 A difference in target expression between 
carcinoma in situ and invasive carcinoma has been described previously.30

NSCLC is genetically and phenotypically known to be highly heterogenic, 
both across individuals as well as within individual tumors.31,32 Therefore, it is 
not remarkable that none of the targets had a perfect score concerning higher 
expression in the tumor compared to normal lung tissue. To counteract this 
heterogeneity, we expect the long-term clinical application of this technology 
to include a tumor-tailored selection of different targets resulting in the use of 
multiple fluorescent agents in one patient.

OTL-38, targeting FRα, is the only tumor-targeting agent of which clinical 
results in NSCLC patients have been published. Intraoperative tumor detection 
using OTL-38 was successful in 81% of the ADC and 54% of the SCC. During back 
table imaging (ex vivo), fluorescence imaging with OTL-38 was able to visualize 
100% of the ADC and 69% of the SCC.33,34 Several studies have evaluated the 
expression of FRα in lung cancer. FRα was found to be expressed in 72-87% of 
the ADC and in 13-57% of the SCC.35,36 Our study report supports these results 
in ADC and corroborates the finding of high variability in the expression of FRα 
in SCC tumor tissue. The IHC staining rates for FRα are lower as compared with 
fluorescence imaging rates with OTL-38 in tumor tissue. There is no explanation 
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for this difference. There has been suggested that IHC is only able to detect 
large differences in amounts of FRα molecules, while a smaller difference could 
be enough to discriminate normal from tumor tissue using fluorescence imag-
ing.37 However, this needs to be further confirmed with subsequent research.

Roughly, there are two methods for fluorescent agent administration: lo-
cally (e.g., topically and inhalation) or systemic (intravenously). CT-guided 
intraparenchymal injection of indocyanine green into lung tumors has been 
performed successfully in the past.38 However, this is an invasive method and 
carries the risk for several complications, such as pulmonary hemorrhage or 
pneumothorax. In addition, this method can only be used to intraoperatively lo-
calize known tumors, as it cannot identify additional lesions. Inhalation of non-
targeted contrast agents has been evaluated, but not yet in a clinical setting.39 
At present, most clinical and preclinical studies use intravenous administration 
of fluorescent agents. To use this administration route, it is important that there 
is blood flow to the tumor. Intravenous administration appears to be feasible in 
lung tumors, since it has been shown that these tumors even have increased 
blood flow.40 This is supported by the observation that tumors were visible after 
the administration of the agent OTL-38 intravenously.

Currently, there are clinical trials recruiting lung cancer patients scheduled 
for resection aided by fluorescence-guided surgery. Among the fluorescent 
agents used in these studies are panitumumab-IRDye800 and IRDye800CW-
nimotuzumab, both targeting the epidermal growth factor receptor (EGFR).41,42 
EGFR is upregulated in most cancer types and is a popular target for fluores-
cence-guided surgery, because of the clinical availability of EGFR antibodies. 
According to our search with the data-driven selection platform, the expression 
of EGFR in NSCLC is lower compared to our selected targets with the platform. 
However, we did show that IHC scorings in these targets were not always 
correlated to what was expected with the search. Another study, recruiting 
patients with different tumor types, including NSCLC, investigates ONM-100, a 
pH-activable fluorescent agent that does not bind to a target, but exploits the 
acid microenvironment of solid tumors.43 Moreover, SGM-101, targeting CEA, is 
being investigated not only in primary lung cancer, but also in colorectal lung 
metastases.44,45 A common endpoint in all these studies is the tumor-to-back-
ground ratio (TBR). This ratio of the mean fluorescence intensity of the tumor 
and the surrounding tissue (background) is the most used semiquantitative 
parameter in FGS. Although IHC serves as an indicator for potential clinically 
useful fluorescent agents, its correlation with the TBR is unknown.

Targets suitable for ADC, SCC, and AIS are CAIX and collagen XVII. A fluores-
cent-labeled contrast agent, 111In-DOTA-girentuximab-IRDye800CW, targeting 
CAIX, has already been clinically investigated and shown to be safe and able to 
detect all CAIX-positive clear cell renal cell carcinomas.46 Although EpCAM does 
not seem to be an optimal target for AIS, it is still a promising target for NSCLC in 
general. Firstly, it is suitable for ADC and SCC, and these are the most common 
subtypes of NSCLC. Moreover, a fluorescence-labeled contrast agent VB5-
845D- 800CW, a fluorescent agent targeting EpCAM, is currently being tested in 
healthy volunteers and colorectal cancer patients.47 The fact that these agents 
targeting CAIX and EpCAM have already been tested and proven to be safe in 
patients could facilitate a clinical trial using these agents for the visualization of 
NSCLC in the short term.

Conclusion

Data-driven selection has proven to be a valuable tool for the identification of 
novel targets in NSCLC. After histological evaluation, EpCAM, CAIX, and col-
lagen XVII have been shown to be the most promising targets for NSCLC. 
However, the clinical potential of these targets for fluorescence-guided surgery 
has to be confirmed in clinical trials.
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The rapidly evolving field of near-infrared (NIR) fluorescence-guided surgery is 
gradually finding its way into the clinic. Before becoming standard of care patient 
benefit needs to be unequivocally demonstrated. This thesis primarily focuses on 
clinical applications for NIR fluorescence-guided surgery in colorectal surgery. 
Both targeted and non-targeted fluorescent agents are addressed.

Part I: NIR fluorescence imaging in colorectal 
cancer surgery
The first part of this thesis focuses on the use of NIR fluorescence imaging in 
colorectal cancer patients. It includes an extensive review followed by three 
chapters that detail studies involving non-targeted fluorescent agents.

Chapter 2 comprises a comprehensive overview of fluorescence-guided 
surgery in colorectal cancer. It displays current clinically available applica-
tions, and focuses on promising future modalities. The discussed applications 
encompass the imaging of primary and recurrent colorectal tumors, sentinel 
lymph node imaging, visualization of peritoneal and liver metastases, nerve im-
aging, urinary tract imaging, as well as perfusion assessment. The first studies 
show additional value of this technique regarding change in surgical manage-
ment. Future trials should focus on patient related outcomes such as quality of 
life, complication rates, disease free survival, and overall survival.

In chapter 3 of this thesis, the literature on the application of NIR fluores-
cence imaging for sentinel lymph node (SLN) mapping in colorectal surgery is 
examined. SLN mapping shows promise as a valuable tool in the treatment of 
colorectal cancer patients. Nevertheless, conventional lymph node mapping 
methods using a combination of a radiocolloid tracer and patent blue, face 
limitations because of poor depth penetration of patent blue, while the logisti-
cal challenges associated with radiocolloid tracer pose additional hurdles. 
With NIR fluorescence imaging, the SLN can be accurately identified in most 
patients resulting in more accurate lymph node staging. Despite its potential 
benefits, current technical challenges (like endoscopic dye injection and the 
low negative predictive value of the SLN) withhold surgeons from incorporating 
this application into routine practice.

Despite the promising results on indocyanine green (ICG) perfusion analy-
sis there is still debate about the interpretation of the observed fluorescence 
signal. The current visual interpretation is subjective and therefore hampers 
standardisation. In Chapter 4, a case study, four patients are described with 
possible compromised bowel perfusion after mesenteric resection, revealing 

challenges in interpreting uncorrected fluorescence signals. This study em-
phasizes the importance of quantifying NIR fluorescence signals for assessing 
tissue perfusion during surgery. Bowel perfusion, as assessed clinically by 
independent surgeons based on NIR fluorescence imaging, resulted in differ-
ent treatment strategies, three with excellent clinical outcome, but one with 
a perfusion related complication, highlighting the complexities of interpreting 
uncorrected fluorescence signals. Post- surgery quantitative analysis of fluo-
rescence dynamics showed different patterns in the affected bowel segment 
compared to the unaffected reference segments for the four patients. The 
study suggests that real-time standardized quantification of NIR fluorescence 
imaging could improve surgical decision-making in the future. However, few 
studies explore the use of quantification software beyond feasibility due to 
method limitations.1

Chapter 5 introduces a protocol for a multicenter, randomized controlled 
clinical trial evaluating the effectiveness of NIR fluorescence imaging with ICG 
in reducing anastomotic leakage (AL) rate in colorectal surgery. In the final study, 
931 patients were randomized between the Fluorescence Guided Bowel Anas-
tomosis group and the Conventional Bowel Anastomosis group.2 There was no 
significant differences in overall AL rate. However, subgroup analysis showed a 
significantly lower AL rate in patients undergoing left-sided colorectal surgery, 
especially for patients who underwent rectosigmoid resection. It underlines the 
value of NIR fluorescence imaging with ICG in reducing anastomotic leakage 
rates in colorectal surgery.

Part II: Intraoperative imaging using SGM-101;  
a tumor targeted NIR fluorophore
The second part of this thesis focusses on the clinical results of the carcino-
embryonic antigen (CEA) specific antibody SGM-101. This anti-CEA fluorescent 
antibody is primarily used in colorectal cancer, but other malignancies have been 
studied as well.

The process of clinical translation of novel fluorescent agents is an essential 
part in the evolution of NIR fluorescence guided surgery. Chapter 6 gives an 
overview of the clinical translation of SGM-101, a novel fluorescent anti-CEA 
monoclonal antibody.

SGM-101 can aid in improving detection and complete resection for CEA-
positive tumors. In chapter 7, the performance of SGM-101 for the detection of 
colorectal and pancreatic liver metastases was investigated. In this pilot study, 
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all clinically suspected malignant lesions were detected with NIR fluorescence-
guided surgery. These findings show that SGM-101 can facilitate real-time 
detection of liver metastases, potentially aiding surgeons in achieving more 
precise and complete tumor removal.

On the contrary, only 31% of the colorectal lung metastases were intraopera-
tively detected (chapter 8). In this chapter we have explored the feasibility of 
NIR fluorescence-guided surgery, using SGM- 101, for the detection of colorectal 
lung metastases. Metastasectomy is a common treatment option for patients 
with colorectal lung metastases (CLM). Challenges exist with margin assess-
ment and identification of small nodules, especially during minimally invasive 
surgery. Intraoperative fluorescence imaging has the potential to overcome 
these challenges. The study focuses on in vivo, back table, and closed-field 
bread loaf imaging. It demonstrated the potential of fluorescence imaging of 
CLM with SGM-101. CEA expression was observed in all tumors and closed-field 
imaging showed excellent CEA specific targeting of the tracer to the tumor 
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.

The difference between colorectal liver and lung metastases may be a con-
sequence of the use of minimal invasive NIR fluorescence imaging systems, as 
this was used in most lung metastases cases (85%), but in only 1 (9,1%) of the 
liver procedures. Moreover, closed-field imaging showed excellent results for 
colorectal lung metastases. This confirms the hypothesis that improving mini-
mal invasive NIR systems should lead to better intraoperative imaging results. 
The promising results from those phase I/II studies served as the basis for a 
phase III multicentre trial (NCT03659448), including patients in Europe and the 
US. This trial focuses on primary, recurrent and abdominal metastatic colorec-
tal cancer, aiming to demonstrate added value of fluorescence guided surgery 
regarding resection margins and the detection of additional lesions.

Chapter 9 reports on the first in-human surgical trial using SGM-101 to evalu-
ate the suitability for molecular imaging-guided lung cancer resections, along 
with its correlation with the expression of carcinoembryonic antigen-related 
cell adhesion molecule type 5 (CEACAM5) glycoprotein. Among the 4 patients 
undergoing surgery, lesions with 2+ and 3+ tissue CEACAM5 expression had 
outstanding tumor fluorescence, displaying a mean tumor-to-background ratio 
of 3.1. Conversely, the absence of SGM-101 fluorescence was linked to benign 
lesions and a lack of CEACAM5 staining. This study demonstrated SGM-101 

localization to CEACAM5-positive tumors with the detection of real-time near-
infrared fluorescence in situ, ex vivo, and by immunofluorescence microscopy. 
These findings suggest that SGM-101 is a receptor-specific, and feasible intra-
operative molecular imaging fluorochrome that should be further evaluated in 
randomized clinical trials.

Part III: New ways for identification of novel targets 
for NIR fluorescence imaging
The final section of this thesis focuses on the future: finding new targets for NIR 
fluorescence imaging.

Selection of novel cell surface biomarkers for fluorescence-guided surgery 
is conventionally done by reviewing key publications from recent literature. 
Unfortunately, this is time consuming. Nowadays a data driven selection method 
is available that combines multiple databases and interlinks literature (chapter 
10). This chapter encompasses a study assessing cell surface biomarkers for 
non-small cell lung cancer that are potentially suitable for fluorescence-guided 
surgery. The selection of these biomarkers involves a data driven selection 
using >275 multi-omics databases, literature, and experimental evidence. Ten 
biomarkers were selected, and tumor expression was assessed by immuno-
histochemical staining. Epithelial cell adhesion molecule (EpCAM), carbonic 
anhydrase 9 (CAIX), and collagen type XVII alpha 1 chain (collagen XVII) were 
identified as promising targets for intraoperative fluorescence imaging for both 
major subtypes of non-small cell lung carcinomas and should be investigated 
further in future studies. This approach offers researchers unique insights 
and has the potential to significantly reduce the time required compared to 
a conventional literature search. On the other hand, data driven selection can 
lead to new targets, for which no clinical fluorescent target ligands are yet 
available. These completely new targets will therefore require more research, 
probably including immunohistochemistry (IHC). Although IHC serves as an 
indicator for potential clinically useful fluorescent agents, its correlation with 
NIR fluorescence-guided surgery endpoints, like the tumor-to-background 
ratio, is unknown.

In conclusion, this thesis underscores the burgeoning potential of NIR 
fluorescence-guided surgery, especially in colorectal cancer. Through com-
prehensive analyses of both targeted and non-targeted fluorescent agents, 
significant advancements have been identified that could transform surgi-
cal precision and patient outcomes. Despite promising preliminary results, 
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challenges such as standardization of fluorescence signal interpretation and 
technical limitations of current imaging systems persist. Future research 
should focus on large-scale clinical trials to unequivocally demonstrate patient 
benefits, refine imaging techniques, and explore new biomarkers for a broader 
range of malignancies. Ultimately, the integration of NIR fluorescence-guided 
surgery into routine practice hinges on continuous innovation and robust clini-
cal validation to enhance surgical accuracy and patient care.
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Met bijna 2 miljoen nieuwe gevallen per jaar is het colorectaal carcinoom een 
van de meest voorkomende vormen van kanker wereldwijd. Ondanks screening-
programma’s en verbeterde niet-invasieve behandelingsopties blijft chirurgie de 
hoeksteen van de behandeling. Twee belangrijke factoren bepalen het succes 
van chirurgie: complete tumorresectie inclusief metastasen en het minimalise-
ren van chirurgische complicaties.

Deel I: NIR-fluorescentiebeeldvorming bij 
oncologische colorectale chirurgie
Het eerste deel van dit proefschrift richt zich op de toepassing van nabij-infra-
rood (NIR) fluorescentiebeeldvorming bij oncologische colorectale chirurgie. Dit 
deel begint met een uitgebreide literatuurreview, gevolgd door klinische studies 
waarin zowel niet-specifieke (non-targeted) als tumor-specifieke (targeted) 
fluorescentiemiddelen worden onderzocht.

In hoofdstuk 2 wordt een overzicht gegeven van de huidige klinische 
toepassingen van fluorescentiegeleide chirurgie bij colorectale kanker. De 
besproken toepassingen omvatten beeldvorming van primaire en recidive-
rende tumoren, schildwachtklierprocedures, visualisatie van peritoneale en 
levermetastasen, zenuw- en urinewegbeeldvorming, en beoordeling van 
weefselperfusie. De eerste klinische studies tonen aan dat deze technieken 
bijdragen aan veranderingen in het chirurgisch beleid. Toekomstig onderzoek 
moet zich richten op patiëntgerelateerde uitkomsten zoals kwaliteit van leven, 
complicaties, ziektevrije overleving en algehele overleving.

Hoofdstuk 3 richt zich op NIR-fluorescentiebeeldvorming voor schild-
wachtklierdetectie in colorectale chirurgie. De conventionele methoden, zoals 
patent blauw en radiocolloïden, hebben beperkingen door respectievelijk een 
beperkte weefselpenetratie en logistieke uitdagingen. NIR-fluorescentie kan 
de schildwachtklier nauwkeurig identificeren en de lymfeklierstadiering verbe-
teren. Technische uitdagingen, zoals de noodzaak van endoscopische injectie 
en een lage negatief voorspellende waarde, beperken echter de implementatie 
in de klinische praktijk.

In hoofdstuk 4 wordt een casusstudie beschreven waarin de interpretatie 
van fluorescentiesignalen bij darmperfusie wordt onderzocht. Bij vier pati-
ënten met een mogelijk verminderde darmperfusie na mesenteriale resectie 
blijkt dat subjectieve beoordeling van fluorescentiesignalen kan leiden tot 
variatie in behandelstrategieën. Dit hoofdstuk benadrukt het belang van een 

gestandaardiseerde en kwantitatieve benadering van fluorescentiesignalen 
voor een beter onderbouwde chirurgische besluitvorming.

Hoofdstuk 5 introduceert een protocol voor een multicenter, gerandomi-
seerde klinische studie waarin de effectiviteit van indocyanine groen (ICG)-
fluorescentiebeeldvorming bij het verminderen van naadlekkage in colorectale 
chirurgie wordt onderzocht. In de uiteindelijke studie werden 931 patiënten 
gerandomiseerd tussen een fluorescentiegeleide anastomosegroep en een 
conventionele anastomosegroep. Hoewel er geen significant verschil werd ge-
vonden in het totale percentage naadlekkages, toonde subgroepanalyse een 
lager risico bij patiënten die een linkszijdige colorectale resectie ondergingen, 
vooral bij rectosigmoïdresecties.

Deel II: Intra-operatieve beeldvorming met SGM-101; 
een tumor-specifieke NIR-fluorofoor
Het tweede deel van dit proefschrift richt zich op de klinische resultaten van 
SGM-101, een fluorescerend antilichaam dat zich specifiek richt op het carci-
no-embryonaal antigeen (CEA). Dit middel wordt voornamelijk gebruikt voor de 
beeldvorming van colorectale kanker, maar er wordt ook onderzoek gedaan naar 
toepassingen bij andere maligniteiten.

Hoofdstuk 6 beschrijft de klinische vertaling van SGM-101 van laboratoriu-
monderzoek naar toepassing in klinische trials. SGM-101 heeft de potentie om 
de detectie en complete resectie van CEA-positieve tumoren te verbeteren 
door middel van intra-operatieve fluorescentiegeleide chirurgie.

In hoofdstuk 7 wordt het vermogen van SGM-101 om levermetastasen van 
een pancreas- of coloncarcinoom te detecteren onderzocht. In een pilotstudie 
werden alle klinisch verdachte metastasen geïdentificeerd met fluorescentie-
geleide chirurgie, wat suggereert dat SGM-101 kan bijdragen aan nauwkeuri-
gere tumorresecties.

Hoofdstuk 8 richt zich op de haalbaarheid van NIR-fluorescentiegeleide 
chirurgie met SGM-101 voor de detectie van colorectale longmetastasen. De 
detectiegraad in vivo bleek lager (31%) dan bij levermetastasen, waarschijnlijk 
door het gebruik van minimaal invasieve NIR-systemen. Dit resultaat sugge-
reert dat verbeterde laparoscopische NIR-systemen en een zorgvuldige pa-
tiëntselectie nodig zijn om het volledige potentieel van SGM-101 te benutten.

In hoofdstuk 9 wordt de eerste klinische studie beschreven waarin SGM-
101 wordt gebruikt voor moleculaire beeldvorming bij longkanker. De resultaten 
tonen aan dat SGM-101 zich specifiek richt op CEACAM5-positieve tumoren 
met een hoge tumor-achtergrond ratio. Deze bevindingen bevestigen de 
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haalbaarheid van SGM-101 als intraoperatieve fluorescerende tracer en vormen 
de basis voor verdere klinische trials.

Deel III: Identificatie van nieuwe biomarkers voor 
fluorescentiegeleide chirurgie
Het laatste deel van dit proefschrift richt zich op de toekomst van NIR-
fluorescentiebeeldvorming en de ontwikkeling van nieuwe biomarkers.

In hoofdstuk 10 wordt een data-gedreven methode geïntroduceerd voor 
het selecteren van nieuwe moleculaire doelwitten voor fluorescentiegeleide 
chirurgie. Met behulp van meer dan 275 multi-omics databases worden po-
tentiële biomarkers voor het niet-kleincellig longcarcinoom geïdentificeerd. Dit 
resulteert in de selectie van tien kandidaat-biomarkers, waarvan epithelial cell 
adhesion molecule (EpCAM), carbonic anhydrase 9 (CAIX) en collagen type XVII 
alpha 1 chain (collagen XVII) als veelbelovende doelen worden aangemerkt. 
Dit hoofdstuk benadrukt dat bio-informatica kan bijdragen aan een snellere en 
efficiëntere ontwikkeling van nieuwe fluorescentiemiddelen.

Conclusie en toekomstperspectief
Dit proefschrift laat zien dat NIR-fluorescentiegeleide chirurgie een veelbelo-
vende techniek is voor het verbeteren van chirurgische precisie en oncologische 
uitkomsten bij het colorectaal carcinoom. Zowel niet-specifieke als tumor-speci-
fieke fluorescentiemiddelen dragen bij aan een betere intra-operatieve detectie 
van tumoren, verbeterde beoordeling van weefselperfusie en optimalisatie van 
chirurgische beslissingen. De studies tonen aan dat technieken met SGM-101 en 
ICG waardevolle hulpmiddelen kunnen zijn, maar dat verdere standaardisatie en 
validatie in grootschalige klinische trials noodzakelijk is.

Toekomstige onderzoeken moeten zich richten op de integratie van ge-
avanceerde beeldvormingssystemen, zoals verbeterde minimaal invasieve 
NIR-camera’s, en de ontwikkeling van nieuwe biomarkers die nog beter onder-
scheid maken tussen tumor- en gezond weefsel. Daarnaast zal kwantitatieve 
analyse van fluorescentiesignalen bijdragen aan een meer objectieve en repro-
duceerbare interpretatie van de beeldvorming.

Hoewel er nog uitdagingen bestaan, bieden de bevindingen uit dit proef-
schrift een solide basis voor verdere klinische implementatie van NIR-fluores- 
centiegeleide chirurgie. De uiteindelijke doelstelling is om deze technologie te 
integreren in de standaardzorg, zodat patiënten profiteren van nauwkeurigere 
operaties, minder complicaties en verbeterde oncologische uitkomsten.
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