L))

Check for
updat

Original Articl

Real-time surgical margin assessment using ICG-fluorescence
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Background: Almost a third of the resections in patients with colorectal liver metastases (CRLM)
undergoing curative surgery, end up being tumor-margin positive (<1 mm margin). Near-infrared fluorescent
(NIRF) imaging using the fluorescent contrast agent indocyanine green (ICG) has been studied for many
different applications. When administered in a relatively low dose (10 mg) 24 hours prior to surgery, ICG
accumulated in hepatocytes surrounding the CRLM. This results in the formation of a characteristic
fluorescent ‘rim’ surrounding CRLM when located at the periphery of the liver. By resecting the metastasis
with the entire surrounding fluorescent rim, in real-time guided by NIRF imaging, the surgeon can
effectively acquire margin-negative (>1 mm) resections. This pilot study aims to describe the surgical
technique for using near-infrared fluorescence imaging to assess tumor-margins iz vivo in patients with
CRLM undergoing laparoscopic or robot-assisted resections.

Methods: Out of our institutional database we selected 16 CRLM based on margin-status (R0; n=8, R1;
n=8), which were resected by a minimally-invasive approach using ICG-fluorescence. NIRF images acquired
during surgery, from both the resection specimen and the wound bed, were analysed for fluorescent signal.
We hypothesized that a protruding fluorescent rim at the parenchymal side of the resection specimen could
indicate a too close proximity to the tumor and could be predictive for a tumor-positive surgical margin.
NIRF images were correlated to final histopathological assessment of the resection margin.

Results: All lesions with a NIRF positive resection plane iz vivo were reported as having a tumor-positive
margin. Lesions that showcased no protruding rim in the wound bed iz vivo were diagnosed as having a
tumor-negative margin in 88% of cases. A 5-step surgical workflow is described to document the NIRF
signal was used assess the resection margin in vivo for future clinical studies.

Conclusions: The pilot study shows that image-guided surgery using real-time ICG-fluorescence has the
potential to aid surgeons in achieving a tumor-negative margin in minimally invasive liver metastasectomies.
The national multi-centre MIMIC-Trial will prospectively study the effect of this technique on surgical
tumor-margins (Dutch Trial Register number NL7674).
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Introduction

Laparoscopic liver resection is shown to be safe and feasible
with concordant oncological outcomes compared to open
surgery. Unfortunately, both procedures result in a tumor-
positive resection in 28% of cases (1). According to recent
literature, achieving a tumor-negative resection with a
margin of at least 1 mm is associated with improved long-
term and disease-free survival in patients with metastatic
disease isolated to the liver (2,3). Hence, in order to
improve patient outcome, finding effective means to
increasing tumor-negative resection rates are required.

Image-guided hepatobiliary surgery using near-infrared
fluorescence (NIRF) is a technique which can improve real-
time demarcation of tumors located in the liver (4). NIRF
imaging, using indocyanine green (ICQG), has emerged as a
promising method for detecting colorectal liver metastases
(CRLM) in both open and minimally invasive procedures (5).
NIRF imaging studies showed an easily identifiable
fluorescent rim, caused by the accumulation of ICG in the
surrounding hepatocytes, which surround the CRLM (6).
These studies mainly focused on the identification of
additional CRLM not seen on conventional imaging
modalities prior to surgery. Now, we hypothesize that
the surgical removal of the entire fluorescent rim, guided
by NIRF imaging, can greatly improve tumor-negative
resection rates during minimal invasive procedures.
Improving tumor-negative resection rates could potentially
lead to prolonged disease-free and overall survival. This
hypothesis is supported by the fact that NIRF signal has a
penetration depth of around 8 mm. The absence of NIRF
signal in the resection plane should therefore indicate a
tumor-negative, or radical (RO) resection.

Recent developments in fluorescent imaging systems led
to a variety of laparoscopic and robotic platforms which
can display fluorescence and bright field images merged
and in real-time (7). This eliminates the need to switch
between imaging channels which significantly reduces any
interference with the surgical procedure during fluorescent-
guided resections. In addition, during NIRF guided
laparoscopic liver resections, repeatedly introducing the
ultrasound probe to examine the progress of the resection
will become less interruptive and decisive.

While the development and adaptation of these
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technologies in surgery provide an immense amount of
information, interpretation of these fluorescent images
and mastering the technique of using fluorescence in
the operating room requires training and experience.
In this report, we aim to share our institute’s decade-
long experience with NIRF guided liver surgery. More
specifically, we describe the use of NIRF image-guided
CRLM resections during minimally invasive (laparoscopic
or robotic) procedures. Furthermore, we highlight the
advantages of this technique in properly assessing tumor
margins in vivo using ICG as a contrast agent. The
technique was explored in a patient cohort composed from
our institute’s database to represent a variety of possible
surgical outcomes. We present the following article in
accordance with the STROBE reporting checklist (available
at http://dx.doi.org/10.21037/atm-20-1999).

Methods
Patients

For the purpose of this study a cohort was composed.
CRLM resected by minimally invasive approach
(laparoscopic or robot-assisted) guided by ICG fluorescence
imaging, were selected from the institutional database.
The patient cohort represents a variety of common
surgical outcomes to display the surgical technique and the
interpretation of fluorescent signal in vivo, namely: eight
lesions with tumor-negative margins in vivo matched by
an equal number of lesions with tumor-positive margins.
Lesion characteristics are summarized in Table 1.

CRLM were selected from patients 18 years of age
and older, were diagnosed with CRLM and eligible for
minimally invasive surgery with curative intend. According
to the national protocol, all patients underwent either a
contrast-enhanced abdominal computed tomography (CT)
scan and/or gadoxetate disodium (Primovist®) enhanced
magnetic resonance imaging (MRI) scan prior to surgery.
All patients were administered 10 mg (5 mg/mL) ICG
(Verdye, Diagnostic Green GmbH) intravenously 24 hours
prior to surgery, according to the institution’s protocol.
The decision to perform a laparoscopic or robot-assisted
liver resection was based on the localization of the lesion(s),
patient characteristics, availability of the robotic system
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Table 1 Lesion characteristics

Characteristics Number (n=16) %

Disease
Primary CRLM 15 94
Recurrent CRLM 1 6
Synchronous 3 19
Metachronous 13 81
Lesion size in mm (median; range) 22.5 [8-37]
Surgery
Laparoscopic 8 50
Robotically assisted 8 50

Liver segments

| 0 0
Il 3 19
n 1 6
II-11l (anatomical resection) 1 6
lva-b 4 25
\Y 3 19
Vi 1 6
Vil 1 6
Vil 2 13
Blood loss in mL (median; range) 100 [10-500]

CRLM, colorectal liver metastases.

and surgeon’s preference. Patients were selected from the
institute’s database between October 2017 and September
2018. This study was conducted according to the
declaration of Helsinki (as revised in 2013) and approved
by the Institutional Ethics Review Board of the Leiden
University Medical Center (The Netherlands, G19.012).
All patient data was registered after informed consent was
acquired.

Technique and signal definition

Previous data from our center consistently showed the
development of a fluorescent rim which encases all
CRLM (4). Hence, the basic principle of our surgical
technique relies on defining this fluorescent rim as the
resection margin and to acquire a tumor-negative resection
by removing the entire fluorescent rim with the metastasis
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Figure 1 Computer-assisted model of the liver with a CRLM
in segment V/VIII including a fluorescent rim surrounding the
lesion. (A) Cross-section through the tumor in (B) surrounded by
a fluorescent rim caused by the accumulation of ICG in immature
hepatocytes surrounding the tumor. (C) Removing the entire rim
should result in a tumor-negative resection. CRLM, colorectal

liver metastases.

included (Figure 1).

No real-time quantitative method for defining the
fluorescent signal intensity during the procedure is yet
available. Therefore, in vivo fluorescent signals were
registered by the following classification system: (I) no
fluorescent signal (Figure 2A); (II) bright fluorescent
signal; where a very intense fluorescent signal from liver
parenchyma is observed, that correlates to the intensity
of the fluorescent rim at the liver capsula (Figure 2B,C).
This signal is caused by the presence of ICG in liver tissue
and indicates a protruding tumor rim; (III) intermediate
fluorescent signal; where a fluorescent light is scattered
by normal liver parenchyma. Surgical fluorescent images
from the procedure were analyzed. A bright fluorescent
signal after resection of the CRLM either produced by the
resection specimen and/or the wound bed was registered as
a potential tumor-positive resection.

NIRF systems

The minimally invasive surgical procedures were performed
either laparoscopically or robot-assisted. The following
systems were used: (I) Viscera Elite II IR-s200 light engine
(Olympus Medical Systems, Hamburg, Germany); (II) 1588
AIM platform (Stryker, Waardenburg, The Netherlands);
(ITT) da Vinci® firefly (Intuitive Surgical, Inc., Sunnyvale,
California, USA). All are clinically approved and CE
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Figure 2 A computer-aided design of the liver showcasing three
different scenarios. (A) No fluorescent signal produced by either
the liver’s wound bed or the resection specimen. (B) Fluorescent
rim protruding trough the liver tissue of the resection specimen
indicating a potential tumor-positive resection margin and (C)
bright fluorescent signal in both the wound bed and protruding
trough the liver tissue of the resection specimen (potential

resection with tumor-positive margin).

(Conformité Européenne) marked. All laparoscopic systems
were commercially available and equipped with both
NIRF imaging and regular white light imaging (WLI)
modules. This allowed for a real-time coloured overlay to
be produced. During the procedures a 10 mm 30-degree
angled laparoscope was used.

Surgical procedure

Access to the abdominal cavity was acquired by placing
a 12 mm port in the umbilicus. Peritoneal disease was
excluded with laparoscopy before any additional ports
were placed; pending the location of the target lesion(s)
and under the surgeon’s discretion. First, the liver was
mobilized to facilitate visual inspection of the liver surface
and in some cases to better access to the metastasis. The
liver’s surface is thoroughly inspected visually and the entire
liver parenchyma is assessed using laparoscopic IOUS.
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Figure 3 Identification and resection of a CRLM using IOUS
and NIRF guidance. Surgical workflow for the identification and
resection of CRLM. (A) Identification of the lesion in segment V
using WLI and (B) using NIRF. (C) correlation of the lesion’s size
with (D) the fluorescent rim using IOUS. (E) Demarcation of the
lesion with the permanent cautery hook using WLI and (F) using
NIRF. (G) Regular WLI of the resection plane and (H) frequent
NIRF imaging is performed to check for potential fluorescent spots
(no spots on image). (I) The wound bed and resection specimen in
white light and (J) NIRF imaging to diagnose fluorescent spots (no
fluorescent spots on image). CRLM, colorectal liver metastases;
IOUS, intraoperative ultrasound; WLI, white light imaging; NIRE,

near-infrared fluorescence.

Subsequently, NIRF imaging is used to identify the target
lesion(s) (Figure 3A4,B) and, if present, any additional lesions.
All acquired NIRF and bright-field images were stored
and documented. Fresh frozen sections were collected for
histopathological confirmation of any suspected lesions. All
lesions were registered on a case registration form (CRF),

according to their anatomical location in the liver according
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Figure 4 Correlation between iz vivo and ex vivo NIRF imaging. (A) Resection of a CRLM in liver segment IVb in normal white light and,

(B) with NIRF imaging. (C) Too close proximity of the demarcation line to the (D) fluorescent rim might result in a resection with tumor-

positive margin. (E) Suspected resection with tumor-positive margin using WLI and (F) confirmed with NIRF. Ex vivo NIRF imaging of the

(G) front of the lesion and (H) from the back show the same protruding rim. (I) Gross sectioning reveals a potential resection with tumor-

positive margin, indicated by the yellow arrow. Which is confirmed by NIRF imaging. Later histopathological assessment of the suspected

tumor-margin in (J) is confirmed by H&E staining. WLI, white light imaging; NIRE, near-infrared fluorescence; H&E, haematoxylin and

eosin; L, normal liver tissue; T, tumor tissue.

to Couinaud’s liver segments (8).

The fluorescent rim was identified and correlated to the
tumor’s location and size using IOUS (Figure 3C,D), after
which the lesion is demarcated using an electrocoagulation
device. After demarcation (Figure 3E,F), the resection is
performed using both a vessel sealing device (Ligasure™,
Medtronic, USA) and a laparoscopic compatible Cavitron
Ultrasonic Surgical Aspirator (CUSA) in case of a
laparoscopic procedure. In the robot-assisted procedures,
the da Vinci® Xi Permanent Cautery Hook was used
for demarcation and the da Vinci® Xi vessel sealer with
EndoWrist in combination with bipolar cautery was used to
perform the parenchymal transection. During the resection,
inspection of the wound bed and resection plane using
NIRF imaging was performed routinely (Figure 3G,H). Any
fluorescent signal in the wound bed or resection specimen
was identified and documented. All NIRF images were later
analysed and correlated to histopathology. After finalizing
the resection, in vivo WLI and NIRF images of the wound
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bed and both sides of the tissue specimen were acquired
(Figure 3L7). Figure 44,B,C,D,E,F shows the chronological
documentation of the procedure where a NIRF positive
resection specimen was observed.

Histopathology

Directly after surgery, the resected specimen is conserved
on ice and transported to the pathology department. Prior
to gross sectioning, white light images and NIRF images
were acquired from the complete resected specimen (Figure
4G,H). Within 24 hours after surgery and after fixation
with formalin, gross sectioning was performed and all bread
loafs were imaged consecutively to identify the fluorescent
rim. Discontinuities of the fluorescent rim or the absence
of overlaying liver tissue was documented as a potentially
tumor-positive resection margin (Figure 41, 7). Subsequently
the macroscopic resection margin is determined by the
pathologist and the tissue was paraffin embedded. Slides
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Table 2 In vivo tumor-margin assessment with NIRF

Lesion Tumor margin determined by

T-margin (in mm)
No. In vivo NIRF Histopathology
1 Negative Negative 6
2 Negative Negative 16
3.1 Negative Negative 1.2
4 Negative Negative 8
5 Negative Negative 4
6 Negative Negative 1.7
7 Negative Negative 3
8.1 Negative Positive <1
8.2 Positive Positive <1
9 Positive Positive <1
10 Positive Positive <1
11 Positive Positive <1
3.2 Positive Positive 0
12 Positive Negative* <1t
13 Positive Negative* o'
14 Positive Positive 0

T, assessment of initial resection specimen; *, assessment after
additional resection. NIRF, near-infrared fluorescence.

with a 3 pm thickness were sectioned from fresh frozen and
paraffin embedded (FFPE) tissue blocks and stained with
haematoxylin and eosin (H&E) to microscopically assess
the lesion and the resection margin. A resection margin
with a microscopical distance of more than 1 mm from the
resection plane to the tumor burden is classified as a radical
or margin-negative resection (R0). While resection margins
with less than 1 mm were considered as margin-positive
resections (R1) (2,3).

Statistical analysis

Continuous variables related to the surgical procedure were
displayed in median values followed by the range. All tumor
margins were providing in millimeters.

Results
NIRF guided resection

All target lesions were identified using NIRF imaging
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and displayed a fluorescent rim at the liver capsula in vivo
(Figure 3B). Sixteen lesions were resected and sent for
histopathological examination. In one patient, diagnosed
with a local recurrence after ablative therapy, a deviant
fluorescent pattern was observed. ICG had accumulated
around the previously ablated liver tissue causing residual
fluorescent signal in both the wound bed and the resection
specimen after resection of the metastasis. While in all the
other cases, the fluorescent rim correlated with the tumor
location and size. In total, out of the 16 lesions, seven
displayed a positive fluorescent signal from the specimen’s
resection plane iz vivo, produced by a protruding rim
(Figure 4F). Out of these seven cases, three also showed
NIRF signal in the corresponding plane of the wound bed
of the residual liver tissue (Figure 2C). All NIRF signals
were scored as a direct fluorescent signal generated by the
lesion’s rim and, therefore, registered as potential tumor-
positive resections. In addition, the other nine lesions
showed the presence of the normal rim feature on the
liver surface with no fluorescent signal at either side of the
resection plane or wound bed (Table 2).

Histopathology

All lesion showed the presence of a fluorescent rim
during ex vivo examination. The median lesion size based
on histopathological examination was 22.5 mm (range,
8-37 mm). Median reported resection margin was 5.5 mm
for RO resections. All resection specimens showing a
protruding rim iz vive and ex vivo were reported as a Rl
resection (Figure 41,7). An additional lesion which was
identified by NIRF inspection was reported as a 15 mm
CRLM with a tumor margin smaller than 1 mm. This
lesion showed no protruding fluorescent rim iz vivo and was
therefore reported as false-negative. All other iz vivo NIRF
negative lesions (n=8) were reported as tumor-negative
resections.

Discussion

In this study, we report a technique which can improve
surgical margin determination iz vivo during minimal
invasive resections of CRLM, using real-time NIRF
imaging with ICG. Injecting a low dose of ICG (10 mg)
24 hours prior to surgery, enables the surgeon to visualize
a fluorescent rim surrounding the metastasis. Current
results show the concordance between the appearance
of fluorescent signal in vivo and the histopathological
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resection margin, indicating that complete resection of
the fluorescence rim is sufficient for obtaining a resection
with tumor-negative margins. Although this cohort is
not a representation of the patient population in terms of
resection margins, this report does showcase the technique’s
ability to differentiate between tumor positive and negative
margins in a realistic 7z vivo environment.

Patients with primary CRLM (synchronous and
metachronous) or recurrent patients with newly developed
metastases could benefit from using this technique. We
were able to distinguish between tumor margins with high
accuracy using our intraoperative NIRF workflow (Figure 3,
Video S1). If the resection plane of the specimen shows
a direct fluorescent signal produced by the protruding
tumor rim, a tumor-positive margin is very likely. Residual
fluorescent signal in the wound bed resulted in a resection
with tumor-positive margins in all cases, but is found to be
less predictive than a protruding rim. In addition, in case
no fluorescent signal was observed in the resection plane
during the procedure, we were able to predict a tumor-
negative resection in almost all cases.

This study pointed out a subset of patients who might
not benefit from this surgical technique: patients with
local recurrence at the site of previous resection or ablative
therapy might display a deviant tumor rim. Regenerative
tissue or scar tissue from the liver appears to retain
ICG, therefore, we hypothesize that ICG accumulation
in regenerative tissue is either caused by accumulation
inside immature hepatocytes or caused by the Enhanced
Permeability and Retention effect (EPR) (9). For the
purpose of this study (e.g., to explore the possibilities of
this surgical technique) patients with low tumor burden and
peripheral tumor location were selected.

NIRF guided resections during minimal invasive
procedures provide many advantages (5). The real-time
imaging capabilities of NIRF imaging which provides an
overlay of the fluorescent image on the regular bright field
images. This significantly simplifies the correlation of the
signal in correlation to the anatomy. Furthermore, since
NIRF is directly incorporated into the laparoscopic system,
it only requires one port, eliminating the need for additional
ports or constantly switching between instruments required
for laparoscopic IOUS, known to be technically challenging.
Secondly, in our study, all lesions were located at the liver’s
surface or directly below. Presenting the clinician with the
opportunity to identify the lesions using the fluorescent rim.
Although identification of the lesion with NIRF is more
challenging when located more centrally in the liver, the
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fluorescent rim is still present and can therefore still be used
to assess the tumor-margin after part of the parenchymal
transection is performed.

Previous reports also relied on NIRF imaging with
ICG to resect tumors from patients with hepatocellular
carcinoma and CRLM (10). In these studies, a higher dose
of ICG (0.5 mg/kg) was administered 2—14 days prior to
surgery. The high doses of ICG were shown to promote
passive accumulation in the tumor itself due to EPR effect.
This allowed differentiation of cancerous tissue from
healthy tissue through NIRF imaging. While this approach
seemed very promising, we believe that highlighting the
tumor itself can still provide risk of tumor-positive resection
margins and potential tumor spill. Furthermore, our
technique is able to better assess the resection margins by
ICG accumulation around the tumor.

Image interpretation and the lack of in vivo signal
quantification is still found to be one of the major hurdles
in implementing fluorescent guided surgery on a large
scale and incorporating it into daily practice (11). Although
an effort is made to develop real-time fluorescent signal
quantification in vivo (12), this technique is not available
on current clinical systems. Therefore, we feel that
implementing the use of fluorescence guided surgery in
new clinical centers might be achieved during a study
collaboration to transfer knowledge between clinicians and
to train new users.

ICG has been used in many surgical interventions as
a diagnostic agent (13-15). The relatively low costs and
stability in patients make it a favorable contrast agent.
Nevertheless, ICG is a non-specific fluorescent dye that is
either used to visualize organ perfusion (e.g., liver perfusion,
biliary tract demarcation) or tumors using the EPR-effect.
A variety of tumor specific fluorescent dyes are being
developed to become the next generation of diagnostic
fluorescent dyes. These dyes visualize the cell’s molecular
biology by binding to overexpressed receptors specific to
one type of tumor (16), or in some cases specific to multiple
types of cancer (17-20). This might enable a more binary
approach to discriminate between tumor and healthy tissue,
since a positive in vivo signal resembles almost certain a
resection with tumor-positive margin.

When combining a non-specific dye and a tumor-
specific protein-dye conjugate that emits fluorescent light
in separable wavelengths, the surgeon would be able to
use the benefits of both techniques. In this ‘dual-channel’
approach, tumor-specific dyes allow tumor detection
beyond the liver (e.g., peritoneum, lymph nodes) for more
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accurate disease staging and preventing surgery in advanced
stage metastasized patients (16). The use of tumor-targeted
imaging agents will allow for a more specific identification
of metastases. Earlier studies with a CEA-targeted NIRF
labelled antibody have shown to accurately identify
peritoneal disease up to one cubic millimeter in size, and
might in that perspective also benefit sensitivity (21).
However, in this study, an additional subcapsular lesion
of 15 mm in diameter was identified using the rim
enhancement pattern, which was not visualized using IOUS
nor during visual inspection. This further emphasizes the
need for collaboration between clinicians, probe developers
and camera technicians to further expand the translatability
and quantification.

To further study the ability and potential limitation of
our technical approach, we initiated a large multicenter
prospective cohort study. In this study the technique’s
ability to increase tumor-negative resection margins will
be investigated in a realistic patient cohort. This trial also
poses the ability to transfer knowledge to other clinicians
and to implement this technique into other clinics. As part
of the study’s endpoints, disease recurrence and patient
survival will be monitored and analyzed at the 6 months and
S-year time point. In this Minimally Invasive, ICG-guided
Metastasectomy in Patients with Colorectal liver metastases
"Trial (MIMIC "Trial, Dutch Trial Register number NL7674).

Conclusions

Using a fluorescent rim surrounding CRLM has the
potential to aid the surgeon in acquiring a tumor-negative
resection in minimal invasive resections. The presence of a
protruding fluorescent tumor-rim is predictive for a tumor-
positive resection. Respectively, the absence of NIRF signal
is indicative for a tumor-negative resection.
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