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Abstract

Introduction

Near-infrared fluorescence (NIRF) imaging is a relatively novel development in
colorectal liver metastases (CRLM) surgery which has proven to be an added value for
the detection of new lesions and surgical guidance. However, new possibilities of NIRF
imaging in CRLM surgery are yet to be explored. The fluorescent rim of indocyanine
green (ICG) surrounding CRLM can potentially be used to predict the resection margin.
By predicting the resection margin, irradical resections can be observed during
surgery. Additional tissue can be removed intraoperatively, probably resulting in
improved outcomes. This research describes a method to analyze the data retrieved
at the Department of Pathology. The goal of this thesis is to provide a verdict on
whether ICG could be used as a quantitative indicator for distance to the tumor and
therefore, help the surgeon to evaluate the resection margin on-site.

Materials & Methods

Results

Discussion
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Data was collected by imaging bread loaves from resected CRLM. Methods to
generate data from these images, to evaluate the collected data, and to evaluate the
interobserver error were described. The data were evaluated with the use of general
and histogram parameters. Moreover, the data was separated four times into
different groups. These groups aimed to investigate the general distribution of ICG
around CRLM and the effect of tumor and patient-specific characteristics.
Subsequently, the results of the data analysis were used to make a rough estimation
of the expected measured fluorescence intensities during surgery.

The interobserver error was 0.9 or higher (Sgrensen-Dice coefficient) for 8 out of the
10 delineation pairs including three pairs with a coefficient of 0.95 or higher. However,
two pairs of delineations showed coefficients of 0.566 and 0.797. 33 bread loaves
were included in this research for data analysis of the general and histogram
parameters. Various distributions of ICG around the tumors were found for the groups
varying in tumor and patient characteristics. Moreover, differences between groups
in general parameters were observed. The rough estimation of the expected
measured fluorescence intensity showed a peak intensity around 5 millimeters from
the tumor.

The delineation of CRLM proved to be a reproducible operation in most of the
delineations (80%). However, there is a need for ground truth delineations to
examine the accuracy of delineations. Besides, the effects of chemotherapy, the
location of the tumor, and the size of the tumor on the peritumoral fluorescent rim,
as well as the flaws of this research were discussed.
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Future recommendations

Additional research must be performed to be able to develop a method to evaluate
resection margins intraoperatively. Future research should focus on the formulation
of an implementation plan and the development of the database, the MeVisLab
network, the resection margin prediction method, and a protocol that enables the
opportunity to create ground truth delineations.

Conclusion

This study showed the potential of the use of the peritumoral fluorescent rim to
develop a method that can predict resection margins of resected CRLM
intraoperatively. However, additional research must be performed to accurately
implement the method and to increase its accuracy.
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Introduction

Colorectal cancer (CRC) is the fifth most
common malignancy in the Netherlands with
12.900 cases in 2019 (1). Globally, CRC has the
third-highest prevalence. The liver,
peritoneum, and lungs are the most common
sites for metastases from CRC (2). Of all CRC
patients, approximately25% have synchronous
or metachronous colorectal liver metastases
(CRLM) (2-5). The importance of adequate
treatment of CRLM is high as CRC is the cancer
type third most common with metastasis being
the cause of death (6). Resection is the
treatment option of choice for CRLM. Besides
resection, ablation and chemotherapy are
other often used treatment options for CRLM
(7, 8). It is not uncommon that a combination
of treatments is used for the best outcome.

An important factor in the 5-year survival rate
of patients with CRLM is the resection margin.
Ardito et al. showed that patients treated with
resection with RO margins (microscopically
margin-negative, tumor margin 2 1 mm) and
pre-operative chemotherapy had a 5-year
survival rate of 54.9%. Moreover, R1 resection
margins (macroscopic negative but
microscopically margin-positive) showed a
significantly lower overall 5-year survival rate
(33.7%) (9). Therefore, achieving RO resections
in CRLM patients is of great importance.

Currently, surgeons in the Leiden University
Medical Center (LUMC) cannot react on
irradical resection margins during the
procedure as the resection margins are
determined approximately one week after
surgery at the Department of Pathology in the
LUMC. Ideally, resection margin assessment is
performed intraoperatively, enabling the
surgeon to increase the margin where
required. The change to an RO resection from
an R1 resection may improve oncologic
outcomes.

One of the new developments in CRLM surgery
is the use of the fluorescent dye indocyanine
green (ICG). ICG is excited by a light source
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(laser, 740-800 nm), and emits light (800—-860
nm) at an emission peak of 820 nm (10, 11).
Originally, ICG was used for measuring liver
function before liver surgery (12) as ICG is
taken up by hepatocytes and excreted by the
biliary system. Therefore, the decrease of
fluorescence in the blood flow over time
indicates liver function. Eventually, Ishizawa et
al. discovered ICG can help identify CRLM (13).
ICG accumulates around CRLM and can be
visualized intraoperatively by inspecting the
liver with a fluorescence camera. Near-
Infrared Fluorescence (NIRF) imaging is only
applied in combination with intraoperative
ultrasound (IOUS) as tumors located deeper
than 8-10 mm are not identifiable solely by
NIRF imaging, as the light emitted from ICG
penetrates around 10 mm through human
tissue (11, 13). Preoperative CT and/or MRI
scans are used to identify tumors before
surgery. During surgery, inspection, palpation
and IOUS of the liver surface are used to find
additional tumors. Nonetheless, the
combination of these methods cannot prevent
tumors from being overlooked as the methods
lack accuracy in finding small lesions (11). NIRF
imaging has been proved as added value for
finding preoperatively identified lesions,
identification of additional lesions, and for
tumor margin assessment. The combination of
NIRF-guidance and IOUS showed additional
lesions in significantly more patients compared
to solely use of I0US (11). Therefore, NIRF-
guided surgery is standard-of-care in the
LUMC. ICG is administered intravenously
approximately 24 hours before surgery,
leading to a typical rim-shaped fluorescence
enhancement pattern around superficial CRLM
(Figure 1) (14, 15). During surgery, a NIRF
camera is used to project the fluorescence in
the liver to identify CRLM. After resection, the
wound bed and the resection border are
inspected with the NIRF camera to identify
high fluorescent regions which indicate
suspected irradical resection margins. Despite
the use of NIRF imaging the liver-specific
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recurrence-free survival at 4 years is only 47%
and the overall survival 62% (11).

The fluorescence intensity of ICG around the
CRLM can be used intraoperatively as an
indicator for resection margins, ultimately
leading to a decrease in R1 resections. This will
lead to an increase in the overall survival. A
prediction of resection margins can be made
during surgery with NIRF imaging with the use
of ICG, enabling the surgeon to increase the
resection margins if necessary. However,
before the fluorescence intensity of ICG can be
used to define resection margins, the effect of
cauterization on the measured fluorescence
intensity needed clarification. As cauterization
has a potential effect on the liver tissue, tumor
tissue, and the fluorescence intensity of ICG. A
literature review aimed to give a better
understanding of the effect of cauterization on
the measured fluorescence intensities during
surgery was written as preparation for this
thesis.

Cauterization devices ‘cut and burn’ through
liver tissue. The ‘burn’ mode is used to
decrease the amount of blood loss of patients,
as small blood vessels are simply sealed with
the device (16). However, the use of
cauterization to resect CRLM could potentially
influence the complexity of the prediction of
the resection margin. During cauterization,
tissue temperature increases to a level where
tissue damage occurs. Consequently, the
structure of tissue changes, leading to a change
in optical properties. The scatter and
absorption coefficient of the tissue will
increase and will cause a decrease in the
distance photons can travel through the tissue.
Besides the change in tissue due to
cauterization, the increase in temperature
during cauterization influences the
degradation of ICG. However, the effect of the
temperature rise is believed to be far below
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the effect of tissue damage. The exact effect of
cauterization on tissue and fluorescence
depends on the cauterization device and the
settings of the device used.

When the measured fluorescence intensity can
be compensated for the exact effects of
cauterization during surgery, the use of the

Figure 1 - Fluorescence rim of ICG around a CRLM

fluorescent rim around CRLM is a promising
technique to evaluate resection margins.
Therefore, the exact effects of cauterization by
using varying cauterization devices used at
varying settings combinations still must be
examined. However, the effects of
cauterization are not expected to prevent the
fluorescent rim to be used to evaluate
resection margins.

This research describes a method to analyze
the data retrieved at the Department of
Pathology. This method will provide insights
into the distribution of ICG around CRLM, the
effect of tumor and patient characteristics
such as size of the tumor and preoperative
chemotherapy. The goal of this thesis is to
provide a verdict on whether ICG could be used
as a quantitative indicator for distance to the
tumor and therefore, help the surgeon to
evaluate the resection margin on-site.
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Materials and methods

Materials

This study was approved by the Dutch Medical-
ethical Committee Leiden, Delft, Den Haag,
with study number B19.056. The materials
used in this research were possessed by the
LUMC or freely available online. For obtaining
data from the resected metastases the PEARL
Trilogy Small Animal imaging system (LI-COR
Biotechnology, Lincoln, Nebraska USA) was
used. This system was used to make both white
light images as fluorescence images at 800nm.
MeVisLab version 3.4.1 (MeVis Medical
Solutions AG and Fraunhofer MEVIS — Institute
for Medical Image Computing), QuPath (17),
and Excel (Microsoft Windows) were used for
data processing and data analysis. ImageJ was
used to Vvisualize the distribution of
fluorescence around the CRLM.

Methods

Sample/Data collection

Directly after surgery, the resected metastases
were collected and transported to the
Department of Pathology. First, an image of
the complete specimen was made, when
possible, with the PEARL. On the resection
border, ink was applied so the resection border
could be identified when the sample was cut in
bread loaves. The sample was prepared for
imaging with the PEARL by cutting the sample
in bread loaves of +/- 0,5 to 1 centimeter in
width. The bread loaves were imaged on both
sides with the PEARL. The settings used with
the PEARL can be found in Table 1. After
imaging, the bread loaves were taken by the
pathologist and prepared for microscopic
analysis (Figure 2).

Table 1 - Settings of the PEARL imaging system

Parameter

Setting

Resolution

85 um (300 dpi*)

Wavelengths

White light & 800 nm

Focus

-2

Image size

1300 x 964 pixels

* dpi = dots per inch

Preparation of
CRLM at the bread loaves
operation = by a
room pathologist

Resection of

Miscroscopic
assesment of
the surgical
margins

Imaging of the
bread loaves

with the
PEARL system

Figure 2 - Flowchart of the route of resected samples
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Image generation

The collected PEARL images were used for
generating data which was performed in
MeVisLab. However, before data could be
generated in MeVisLab, QuPath was used to
make several other types of images. The
different types and specifications of these
images can be found in Table 2. The bread
loaves and tumors were delineated manually
in QuPath by interpreting the intensity values.
Several bread loaves could be imaged at the
same time in the PEARL as multiple bread
loaves, depending on the size of the bread
loaves. To select one specific bread loaf, the
delineation of tumor and bread loaf was
performed separately for each bread loaf. Both
the bread loaf delineations and the tumor
delineations were exported separately (Figure

3). Both images were used as masks in
MeVisLab. The fluorescence image was
exported via QuPath to reorganize the
intensity values of the image from the original
pixel intensities to pixel intensities between 0
and 255, where 255 was the maximum
fluorescence intensity in the image and the
intensities were divided proportionally. This
was performed for image processing purposes
in MeVisLab and to be able to compare
different samples with each other. Besides the
intensity values between 0 and 255, the
original fluorescence image was exported a
second time with the original pixel values in an
OME TIFF format to be able to perform
calculations with the original pixel values.

Table 2 - Specifications of the generated images in QuPath

Image Specification
Tumor delineation 1300 x 964 pixels
0/178/255
Bread loaf delineation 1300 x 964 pixels
0/178/255
Fluorescent image 1300 x 964 pixels
0—255

Fluorescent image

Original pixel intensities

1300 x 964 pixels

= <
7 N
/ \
_I |
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e N /
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Figure 3 - Overview of the images used to generate data

loaf image results in an image of the background (C).
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The tumor (A) and bread loaf (B) were delineated in the original image (left) and were exported. The inverse of the bread




Interobserver error

The interobserver error was calculated to
evaluate the accuracy of the delineation of the
researcher. To calculate the interobserver
error an experienced pathologist delineated 10
CRLMs in bread loaves. Simultaneously, the
researcher, who delineated all CRLMs for this
research, delineated the same CRLMs. The
delineations were then compared with each
other. The Sgrensen-Dice coefficient was used
to evaluate the interobserver error. The
Segrensen-Dice coefficient is as follows:

Equation 1 - Sgrensen-Dice coefficient

DSC 2 X n Yl
= 2% —
axt + 1vn
Where,

DSC = The S@rensen-Dice index
X =Image 1

Y =Image 2

. Universiteit
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The Sgrensen-Dice coefficient measures the
similarity between two images. |[X N Y] is the
number of overlapping pixels between the two
images X and Y. | X| is the number of pixels of
which image 1 exists and |Y| of which image Y
exists.

After completing the delineations of the
CRLMs, all delineations were manually checked
and evaluated by the pathologist. Both the
pathologist and researcher delineated CRLMs
in images generated with the PEARL imaging
system in QuPath for the first time. Therefore,
the delineations of the researcher could not be
compared with a ‘ground truth’ image.
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MeVisLab structure
MeVisLab was used to extract data from the
images generated in QuPath.

Preprocessing

The delineated tumor and bread loaf images
were first preprocessed. In both images, the
noise was removed and converted into an
image consisting of pixels with the values 1 or
minus 1. The noise was removed by filtering
the specific pixel intensities for noise out the
image. The pre-processed image was used to
be able to perform calculations with the
fluorescence images. The background pixels
were given the value minus 1 to be able to
distinguish background pixels and pixels in the
fluorescent images with a pixel intensity of 0
a.u.

Generation of the dilated images

Generation of dilated images of the tumor was
performed separately for each tumor and
bread loaf. The tumor delineation image was
taken and dilated at varying extents. The steps
taken for dilation can be found in Table 3. The
original delineated tumor image was then
subtracted from the dilated image so a halo
around the tumor was produced (Figure 4,
Table 3, Table 4). For better understanding of
the distribution of ICG from the tumor border
to the various halos, the halos ware subtracted
from each other. This results in smaller halos at
different distances from the tumor (Table 4).
These halos were then used as a mask for the
fluorescence image (0 — 255) so a halo around
the tumor consisting of fluorescence data was
generated. Only the subtracted halos were
then used to generate data per tumor to
compare the different tumors.

Tumor
0-0,5mm
0,5-1mm
1-2mm
2-3mm
3-4mm
4-5mm

5-10 mm

11 1 1

Figure 4 - Dilation of the tumor and generation of halos

To obtain more information about the distribution of fluorescence around the tumor, the
tumor is dilated with varying extents (B). The tumor is subtracted from the dilated tumor, so
a halo is generated with an open center in the shape of the tumor (A). (B) gives an overview

of the different halos and how the different halos relate.
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Table 3 - Distances from the borders of the dilated halos to the tumor

Dilation (mm)

distance to tumor

Halo border

(mm — mm)

0,5

~

0-0,5

VR IWIN|F

0-
0-
0-
0-
0-

N IWIN|F

0-1

o

Table 4 - Distances from the borders of the subtracted halos to the tumor

Halo border distance to tumor
(mm - mm)

i lw|N

Octant generation

Octants were used as a method to provide a
better understanding of the distribution of the
fluorescence around the tumor on bread loaf
images. Octants were used instead of
guadrants as octants can give more
information about the fluorescence intensity
gradient from the liver border to the resection
border. The dimensions of the octants were
calculated by calculating a bounding box
around the tumor. The bounding box shows a
border around the tumor in which all data
points of the tumor are located (Figure 5).
Subsequently, the center of mass of the tumor
was determined. Since tumors can have
irregular shapes, the center of mass was not
necessarily the geometric middle of the tumor.
The center of mass was used in this research as
the center of mass is the point of rotation of

v, Universiteit
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the tumor. The center of mass was then used
as the intersection of the middle four octants.
The distance between the center of mass and
the borders of the bounding box were then
calculated. One centimeter was then added to
the highest distance between the center of
mass and the border of the bounding box in the
vertical and horizontal direction. So, that a
symmetric box around the center of mass was
generated (Figure 5). The box is divided into 4
equal parts between the liver border and the
resection edge (horizontal direction in Figure
5) to gain more knowledge about the
distribution of ICG when going deeper into the
liver. In the other direction (vertical direction
in Figure 5) the box was divided into 2 equal
parts. The points were connected, so the
equally shaped octants were generated.
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Figure 5 - Generation of the octants

The image of the whole bread loaf (left) was used to generate the octants. In this image, the liver border is
on the left in all images. A bounding box was then applied around the tumor (upper middle). The bounding
box was then dilated. This results in the image (lower middle) which was used to generate the octants. The
octants were generated in the same way for every bread loaf. The octants are numbered 1 to 8. Octants 1
to 4 are on the upper row of the image and octants 5 to 8 are on the lower row. Where octants 1 and 5 lay
on the left side of the image where the capsule of the liver lays. Octants 4 and 8 lay on the right side of the
image and always lay at the deep side of the liver. Octants 2, 3, 6, and 7 lay around the center of the
tumor.
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Outcomes
General parameters

For every octant and the subtracted halos,
several generic parameters were determined.
The outcomes are found in Table 5. For every
tumor, the background fluorescence intensity
of the liver was determined. The background
fluorescence intensity of the liver was
determined by calculating the mean
fluorescence intensity in the whole bread loaf
without tumor tissue. Besides the background
fluorescence intensity of the liver, the
background fluorescence intensity in the
tumor was used as an outcome. The
fluorescence in the tumor was determined by
calculating the mean fluorescence intensity
over an area of 10 x 10 pixels at the center of
mass of the tumor. A smaller area was chosen
as bread loaves are three-dimensional.
Therefore, ICG could be present underneath
the surface. This could have a significant effect
on the mean fluorescence when calculating the

mean fluorescence in the whole tumor. The
parameters mentioned above were named the
‘general parameters’ in this research.
Moreover, the size of the tumor was
determined. The minimum and maximum
intensity values of the original pixel intensity
images were calculated and exported. These
values could be used to perform calculations to
rescale the fluorescent images. All outcomes
were calculated automatically. Therefore, no
corrections for errors were made during the
data generation.

Histogram parameters

Histograms were made for every subtracted
halo for every octant (Table 4). This was
performed for every octant separately. The
parameters determined from these histograms
are found in Table 5. All histogram parameters
were calculated for every histogram of all
subtracted halos in all octants. All histogram
parameters had values between 0 and 255.

Table 5 - Outcomes of the MeVisLab network

Parameter Calculated from
Background Bread loaf minus tumor,
fluorescence (liver) fluorescence (0-255)
Background 10 x 10 pixels at center of mass,
fluorescence (tumor) fluorescence (0-255)
Size tumor Tumor
Minimum Bread loaf minus tumor (OPFI*)
Maximum Bread loaf minus tumor (OPFI*)
Mean All Histograms

Median (Q50)

All Histograms

Non-zero minimum

All Histograms

Non-zero maximum

All Histograms

Confidence interval

All Histograms

Q25

All Histograms

Q75

All Histograms

* OPFI - Original pixels fluorescence image
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Overview of the network
A simplified overview of the network is found in Figure 6.

Output

e

Extract data from histograms

Create histograms

..y . Extract data from
Divide in octants

e

3

Calculate dimensions

Create rims
of the octants

Calculate center of

] mass
Dilate tumor

Preprocessing

Fluorescence

Fluorescence
Real values

Tumor Bread loaf

0-255

bemcccccccc e —— ———— ———— e ———— ————

Figure 6 - MeVisLab network

This figure gives a simplified overview of the MeVisLab network used to generate data. As input for the network,
images of the delineated tumor, delineated bread loaf, fluorescence image with real intensity values, and
fluorescence image with intensity values between 0 and 255 were used. At first, the delineated tumor and bread
loaf images were pre-processed. The tumor image was then dilated and used together with the fluorescence
image (0-255), the bread loaf image, and the non-dilated tumor image to generate halos. To divide the halos in
octants the tumor image was used again to calculate the center of mass. Followed by calculations to determine
the dimensions of all octants. All halos were then divided into the octants from which histograms are made. From
these histograms, several parameters were extracted. These parameters were exported to Excel together with the
general parameters of all four input images.
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Data analysis

Microsoft Excel was used for data analysis. The
data generated in MeVisLab were exported to
Excel (Table 5). To gain more knowledge about
the effect of several tumor and patient
characteristics on the distribution of
fluorescence around CRLM, the data was
divided four times into different groups which
were compared (Table 6).

General distribution of ICG around CRLM

The first analysis aimed to find the general
distribution of ICG around CRLM for all bread
loaves. Therefore, a group including all bread
loaves was generated.

Effect of preoperative chemotherapy on the
peritumoral fluorescent rim

The effect of preoperative chemotherapy was
investigated by dividing the data into two
groups. The first group was filled with bread
loaves from patients who did receive
preoperative chemotherapy. The second
group was filled with bread loaves from
patients who did not receive preoperative
chemotherapy.

Effect of the location of the CRLM in the liver
on the peritumoral fluorescent rim

The effect of the location of the CRLM was
investigated by dividing the data into two

groups. The first group was filled with bread
loaves with capsular lesions. The second group
was filled with bread loaves with tumors with
subcapsular lesions.

Effect of the size of the CRLM on the
peritumoral fluorescent rim

To analyze the effect of the size of the CRLM
the bread loaves were divided into four
groups. The bread loaves were divided into
groups with CRLM with a size between 0-1 cm?,
1-2 ¢cm?, 2-3 cm?, and larger than 3 cm?.

For the analysis of all comparisons to examine
the effect of the different patient and tumor
characteristics the same method was used.
First, the general parameters were compared
to find differences between the groups. P-
values were calculated with the use of the
unpaired two-tailed t-test to examine the
significance of the differences between the
groups. Eventually, the groups were compared
with the use of the comparisons of image
characteristics which can be found in Table 7.
The background fluorescence intensity of the
tumor, of the bread loaf, and the maximal
fluorescence intensity of the image were
compared to find the relation between those
three image characteristics. Furthermore, the
histogram parameters in Table 5 were
analyzed by comparing the histogram
parameter values of all subtracted halos for all
octants.

Table 6 - Patient and tumor characteristics investigated for their effect on the peritumoral fluorescent rim

Patient or tumor characteristic

Preoperative chemotherapy

Location of the CRLM in the liver

Size of the CRLM
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Table 7 - Comparisons of image characteristics

Comparisons of image characteristics

Background fluorescence intensity of the tumor versus maximal
fluorescence intensity

Background fluorescence intensity of the tumor versus background
fluorescence intensity of the bread loaf

Background fluorescence intensity of the bread loaf versus maximal
fluorescence intensity

Analysis of the histogram parameters per octant per halo

Propagation of fluorescence through tissue

An estimation of the propagation of
fluorescence through the tissue was made to
translate the data to real intraoperatively
expected outcomes as the data in this research
is retrieved in another plane then a surgeon
would use during surgery (Figure 7). A
systematic approach was needed to translate

the data to the other plane. However, the
resulting data did not have to be exact as an
estimation of the proportions of the data
would already provide insights if on-site
evaluation of the resection margins was
possible.
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Figure 7 - Perspective for retrieving data with the PEARL versus perspective for the surgeon during surgery

This figure shows the difference in perspective for retrieving data and the perspective during surgery for the surgeon. (A)
Shows the perspective for retrieving data. The sample was cut in bread loaves where at one end (D) lays the liver border and
at the other side lays the ‘inside of the liver and the resection plane (C). However, during surgery, the surgeon approaches
the CRLM from outside the liver (B). This perspective lays perpendicular to the perspective during the data collection. (E)
shows ‘the back’ of a resected CRLM. This view corresponds to the image which will be retrieved when the camera views the
resected sample from side (C). (F) shows bread loaves from (E) and (G). This image corresponds with (A). (G) shows the
resected CRLM from the outside of the liver and corresponds with the image resulting when the camera is positioned as
showed above.
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A prediction, about whether the fluorescence
intensity of ICG can be used as indicator for
distance to tumor, was made with the use of a
formula. The formula was designed to make a
rough estimation of the expected ratios
between varying distance to tumor and

expected measured fluorescence intensity.
This specific formula could only be used for
distances to the tumor of 2, 3, 4, and 5
millimeters with the generated data. The
formula used is as follows:

Equation 2 - Formula to predict the measured fluorescence intensity at various distances to the tumor

m-—0,25

m-0,75

m
F,= 05x (10,5 0,5 TMFP_ + [, % 0,5 TMFP ) + ) I » 0,5(m-(=05)/TMFP

i=2

F, = Expected measured fluorescence intensity

I, = The average fluorescence intensity in the halo up to x millimeters to the tumor

m = Measuring distance to the tumor in mm

i = The distance of the border of the halo most far away from the tumor in mm

TMFP = Transport mean free path

A variation of the formula was used to
calculate the expected measured fluorescence
intensities at 0,5, 1, and 10 millimeters from
the tumor. To calculate the expected

measured intensity at 0,5 millimeters from the
m-—0,25
tumor F, =0,5x[y5*0,57TMFF was used.

For 1 millimeter from the tumor F, = 0,5 *
m-—0,25 m-0,75
(10‘5 * 0,5™mFP 4 [} % 0,5 TMFP ) was used.

The calculation at 10 millimeters was
performed by filling in 10 millimeters at every
m except for the m above the summation sign.
For this m the value 5 must be filled in. By
adding the result of I; * 0,5(10~(10-2,5))/TMFP
to the formula, the expected measured
fluorescence intensity at 10 millimeters from
the tumor was calculated. Equation 2 made
use of the average mean fluorescence intensity
per halo and assumed the fluorescence was
only present in the middle of the halo. Besides,
the formula assumed photons only leave their
initial path after a scatter event or after they
were absorbed. The chance for a photon to
leave its initial path was calculated by using the
Transport Mean Free Path (TMFP). TMFP was
described as follows:

Universiteit

Equation 3 - Transport mean free path

Hs + Uqg

Where,
s = Reduced scattering coefficient
Uq = Absorption coefficient

The reduced scattering coefficient was defined
as Wg = us(1 — g), where g is the anisotropy
function which describes the probability of
scattering in the forward direction and i is the
scattering coefficient. In this formula, the g-
value 0,964 was used which is earlier described
by Saccomandi et al. (18). As absorption and
scattering coefficient 0,12 mm™ and 2,6 mm*
were used, respectively. These values were
found in chicken livers for photons at the
wavelength of 810nm (19). Completing the
formula with these values resulted in a TMFP
of 4,68 mm. Therefore, the average distance a
photon is expected to travel through liver
tissue before leaving its initial path is 4,86 mm.
Equation 2 was formulated by the assumption
50% of the photons will leave their initial path
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before 4,86 mm and 50% will leave after its
initial path after 4,86 mm. The expected
number of photons, which were measured at a
specific distance from the tumor after traveling
through the liver, was then calculated by
calculating the expected number of photons
that left their initial path over that specific
distance.

Besides all aforementioned assumptions, the
assumption that the measurements were
performed directly at the surface of the bread
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loaf was made to eliminate interactions of
photons in the air. Another important
assumption that was made is that liver tissue
was homogeneous. The refraction, the
reflection of the light, and the measurement of
scattered photons were not considered in this
formula. Furthermore, the damage created
during surgery, for example, damage caused by
cauterization, was not considered to be able to
use the scattering and absorption coefficients,
as found in literature (19).
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Results

Images of 33 different bread loaves from 7
different patients were included in this
research. For all bread loaves the tumor and
bread loaf were delineated by the researcher.
These images were exported and used for data
generation and analysis.

Interobserver error

In total, 10 CRLM were delineated by the
researcher and the pathologist. Table 8 shows
the results of the comparison of the
delineations from the researcher and the
pathologist.

Table 8 - Differences in delineation of 10 CRLM between the researcher and the pathologist

Tumor Difference Difference Combined Overlap Sgrensen-
researcher pathologist difference (# pixels) Dice

(# pixels) (# pixels) (# pixels) coefficient
1 3252 1313 4565 25469 0.918
2 4287 3916 8203 76881 0.950
3 3335 4093 7428 53357 0.935
4 279 181 460 4105 0.947
5 9 3192 3201 2090 0.566
6 738 715 1453 7322 0.910
7 245 750 995 9610 0.951
8 827 1826 2653 5194 0.797
9 5678 806 6486 59032 0.948
10 3560 1810 6370 106147 0.975

* # pixels = Number of pixels

In total, the researcher and pathologist shared
349207 overlapping pixels, which combined to
an area of 25,23 cm? of tumor tissue. The
researcher selected a total of 22210 extra
pixels as tumor tissue which is comparable to
1,60 cm? of tumor tissue, resulting in 6,4%
extra tumor tissue compared to the
overlapping pixels. The pathologist selected a
total of 18602 extra pixels as tumor tissue
which is comparable to 1,35 cm? of tumor
tissue, resulting in 5,3% extra tumor tissue
compared to the overlapping pixels. Therefore,
a mean of 1,48 cm? (5,8%) extra tumor tissue
was selected by the pathologist and
researcher. Out the 10 delineations, 80%
showed a Sgrensen-Dice coefficient above 0.9
including three pairs with a coefficient of 0.95
or higher. The lowest coefficients were found
in tumors 5 and 8, which showed 0.566 and
0.797 as coefficients, respectively.

After completing the delineations of all
tumors, all 10 pairs of delineations were
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manually inspected and evaluated by the
pathologist. Images of tumors 5 and 8,
including the delineations of the pathologist
and researcher, can be found in Figure 8. Both
tumors displayed significant differences
between the delineations of the researcher
and the pathologist. The pathologist could not
select the correct delineation of tumor 5, as
the tumor in the image showed a low contrast
with the liver tissue. Tumor 8 did show a spot
which the pathologist suspected of being
tumor tissue. Therefore, the delineation of the
pathologist of tumor 8 was expected to be
more accurate. Other delineations of tumors
did not show significant differences during the
evaluation. However, the pathologist did
observe marginal differences between all pairs
of delineations. However, the correct
delineation could not be identified as the exact
location of the tumor borders was uncertain
(Figure 9).
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Figure 8 - Delineations of tumor 5 and 8

Figures (A), (B), and (C) show tumor 5. Figures (D), (E), and (F) show tumor 8. Figures (A) and (D) show the
delineations of the pathologist, (C) and (F) the delineations of the researcher, and (B) and (E) the tumor without
delineations. Figures (A) and (C) show significant differences between both delineations. Tumor 8 (E) shows a spot
suspicious for tumor tissue (blue circle). The pathologist did identify this spot as tumor tissue (D) while the
researcher (F) did not identify these pixels as tumor tissue.

Figure 9 - Delineations of tumor 10

Figure (A) shows the delineation of the pathologist, figure (C) shows the delineation of the researcher, and Figure (B) shows
the tumor without delineations. Marginal differences between the delineation of the researcher and the pathologist were
observed. The pathologist did not select pixels as tumor tissue (blue arrows) which were found suspicious for tumor tissue

during the manual evaluation of the delineations. However, the exact location of the border of the CRLM remained
uncertain.
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Outcomes

Histogram parameters

As displayed in Table 5, several parameters
were extracted from histograms of equally
shaped octants. However, analysis of the data
from octants 1, 4, 5, and 8 showed that most
of the bread loaves did miss data in these four
octants. Only 3 out of the 33 bread loaves did
present mean values higher than zero for all
octants in the fluorescent halo of 0 to 0,5
millimeters from the tumor. In the halo of 5 to
10 millimeters from the tumor, 12 bread loaves
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showed usable data. As a result of the missing
data, octants 1, 4, 5, and 8 were not included
in the data analysis in this research. Besides,
the octants in 6 bread loaves were reorganized
to correct the different orientation of these 6
bread loaves compared to the other bread
loaves. Octant 2 was filled with the data from
octant 3, octant 3 with data from octant 7,
octant 6 with data from octant 2, and octant 7
with data from octant 6.
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Data analysis
General distribution of ICG around CRLM

General parameters

In total, 33 bread loaves of resected CRLM
samples were included in this research. The
CRLMs were resected from 7 different patients
of which 5 patients received preoperative
chemotherapy. In total, 21 bread loaves were
exposed to chemotherapy. The mean maximal
fluorescence intensity of all bread loaves was
1,79 +/- 0,98 a.u. and the mean size of the
tumors 2,33 +/- 2,58 cm? The mean

background fluorescence intensity in the
tumors and the bread loaves (0-255) were
22,58 +/- 24,79 and 40,15 +/- 13,74,
respectively. Both types of background
fluorescence intensities showed a large spread
in data (2,33 — 122,35 and 15,93 — 80,94). The
characteristics of the group including all bread
loaves can be found in Table 9.

Table 9 - Characteristics of the group including all bread loaves

Parameter Mean Min - Max
Different patients N=7 -
Size tumor (cm?) 2,33 +/- 2,58 cm? 0,02-11,18
Maximal fluorescence intensity (a.u.) 1,79 +/- 0,98 0,24 - 4,05

Preoperative chemo

N=21

Background in tumor (0-255)

22,58 +/- 24,79

2,33-122,35

Background in bread loaves (0-255)

40,15 +/- 13,74

15,93 - 80,94

Background fluorescence intensity in the tumor
vs maximal fluorescence intensity

The background fluorescence intensity in the
tumor was compared with the maximal
fluorescence in the bread loaf in arbitrary units
(Figure 10). The background fluorescence
intensity was compared to the maximal
fluorescence intensity in the bread loaf in a.u.
and in values between 0-255. The comparison
of the background fluorescence intensity in
values between 0-255 in the tumor did not
show a high correlation with the maximal

Universiteit

26

fluorescence intensity.  The maximal
fluorescence intensity showed a high spread of
datapoints. Most of the datapoints (72,7%
(24/33) were positioned between 0 and 25 for
the background fluorescence intensity in the
tumor (0-255). However, 9 datapoints were
positioned outside of this range. The change of
the units of the background fluorescence
intensity in the tumor to a.u. did not provide
additional information. The outliers farthest
away from the cluster, when using the
arbitrary units, did appear in bread loaves with
higher maximal fluorescence intensities.
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Figure 10 - Background fluorescence intensity in the tumor versus maximal fluorescence intensity

Figure (A) shows the background fluorescence intensity in the tumor in units between 0 and 255. Figure (B) shows the
background fluorescence intensity in arbitrary units.

Background fluorescence intensity in the
tumor versus background fluorescence
intensity in the bread loaf

The background fluorescence intensity in the
tumor and the background fluorescence
intensity in the bread loaf were compared with
each other using values between 0-255 (Figure
11). The values were not compared again while
using arbitrary units as this would not provide
additional information. The graph showed
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0 50

clustering of datapoints between 0 and 25 for
the background fluorescence intensity in the
tumors (0-255) and between 25 and 55 for the
background fluorescence intensity in the bread
loaves (0-255). However, 10 datapoints were
positioned outside of this cluster. 8 of these
datapoints corresponded to bread loaves with
a relatively high background fluorescence
intensity in the tumor, as well as in the bread
loaf.

100 150

Background in tumor (0-255)

Figure 11 - Background fluorescence intensity in the tumor versus background
fluorescence intensity in the bread loaf
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Background fluorescence intensity in the
bread loaf versus maximal fluorescence
intensity

The graph comparing the background
fluorescence intensity in the bread loaf using
values between 0-255 and the maximal
fluorescence intensity (Figure 12A) displayed a
cluster of datapoints with a high spread in
maximal fluorescence intensity. The spread in
background fluorescence intensity in the bread
loaf (0-255) was, as observed earlier, between
25 and 55. The use of the background
fluorescence intensity in a.u. in the comparison
with the maximal fluorescence intensity
showed a correlation between both
parameters (Figure 12B). As displayed, an
increase in the maximal fluorescence (a.u.) led
to an increase in background fluorescence
intensity in the bread loaf (a.u.).

Analysis of the histogram parameters per halo
per octant

The results of the histogram parameters of all
halos in octants 2, 3, 6, and 7 can be found in
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Figure 13. Octants 3 and 7 showed the highest
‘mean’, ‘Q25’, ‘Q50’, and ‘Q75’ values up to the
halo of 4 to 5 millimeters from the tumor. For
all octants, all histogram parameters of the
halo of 5 to 10 millimeters from the tumor laid
in a range of 20 (0-255). Octants 3 and 7
showed an increase in the values of the
parameters ‘mean’, ‘Q25’, ‘Q50’, ‘Q75’, and
‘non-zero minimum’ until the halo of 0,5 to 1
millimeter from the tumor. The mean of these
parameters decreased after the halo of 0,5 to
1 millimeter from the tumor when increasing
the distance to the tumor. Octants 2 and 6
displayed the same for the parameters ‘Q25’
and ‘non-zero minimum’.

However, octants 2 and 6 both presented the
highest mean of the parameters ‘mean’,
‘standard deviation’, ‘Q50’°, ‘Q75’, and ‘non-
zero maximum’ at the halo of 1 to 2 millimeters
from the tumor. Octants 3 and 7 showed the
highest means at the halo of 1 to 2 millimeters
from the tumor for the parameters ‘standard
deviation’ and ‘non-zero maximum’.
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Figure 12 —Background fluorescence intensity in the bread loaf versus maximal fluorescence intensity

Figure (A) shows the background fluorescence intensity in the bread loaf in units between 0 and 255. Figure (B) shows
the background fluorescence intensity in arbitrary units.
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Effect of preoperative chemotherapy on the peritumoral fluorescent rim

General parameters

The characteristics of the groups with patients
receiving preoperative chemotherapy and
patients who did not receive chemotherapy
can be found in Table 10. Five of the seven
patients received preoperative chemotherapy,
with a total of 21 bread loaves. Twelve bread
loaves analyzed in the
chemotherapy group. Similar percentages of
capsular lesions were found in both groups
(57,1% vs 58,3%). The mean size of the tumors,
the mean background fluorescence intensity in

were non-

the tumor, and the mean background
fluorescence intensity in the bread loaf were
similar for both groups. The largest difference
between the two groups was the mean of the
maximal fluorescence intensity. The mean
maximal fluorescence in the chemotherapy
group was 1,29 +/- 0,64 a.u. which was
significant lower (P-value <0.001) compared to
the non-chemotherapy group (2,68 +/- 0,82
a.u.).

Table 10 - Characteristics of the preoperative chemotherapy and the non-chemotherapy groups

Parameter Chemo Min - Max Non-chemo Min - Max P-
(N=21) (N=12) value
Different patients 5 - 2 - -
Size tumor (cm?) 2,12 +/- 3,03 0,02 -11,18 2,70 +/- 1,45 0,63 -5,86 0.551
Maximal 1,29 +/- 0,64 0,24 -2,54 2,68 +/-0,82 1,53 -4,05 <0.001
fluorescence
(a.u.)
Capsular tumors N=12 - N=7 - -
Background in 23,41 +/-27,64 | 2,33-122,35 | 21,15 +/-18,69 3,83 -68,44 0.809
tumor
(0-255)
Background in 40,77 +/- 14,97 | 15,93-80,94 | 39,05+/-11,19 | 24,99-61,62 | 0.739
bread loaves (0-
255)

Background fluorescence intensity in the tumor
versus maximal fluorescence intensity

The difference in maximal fluorescence
intensity between both groups was visible in
the comparison between the background
fluorescence intensity in the tumor and the
maximal fluorescence intensity (Figure 14). No

difference background fluorescence
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intensity in the tumor between both groups
was visible. The two groups could be separated
with the use of these two parameters, with
some overlap in the middle of the graph, based
solely on the maximal fluorescence intensity.
The use of arbitrary units as units for the mean
background fluorescence intensity in the
tumor did not change the difference between
both groups.
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Figure 14 - Background fluorescence intensity in the tumor versus maximal fluorescence intensity

Figure (A) shows the background fluorescence intensity in the tumor in units between 0 and 255. Figure (B) shows the
background fluorescence intensity in arbitrary units.

Background fluorescence intensity in the tumor
versus background fluorescence intensity in the
bread loaf

No difference between the chemotherapy and
non-chemotherapy groups was seen when
comparing background fluorescence intensity
in the tumor and the bread loaf (0-255) (Figure
15). Similar percentages of datapoints which
laid outside of this cluster were found for both
groups (29% and 33%).

Background fluorescence intensity in the
bread loaf versus maximal fluorescence
intensity

No additional differences were found in the
comparison of the background fluorescence
intensity (for values between 0-255 and in a.u.)
and the maximal fluorescence intensity
between the chemotherapy and the non-
chemotherapy group (Figure 16).
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Figure 15 - Background fluorescence intensity in the bread loaf versus background
fluorescence intensity in the tumor
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Figure 16 - Background fluorescence intensity in the bread loaf versus maximal fluorescence intensity

Figure (A) shows the background fluorescence intensity in the bread loaf in units between 0 and 255. Figure (B) shows

the background fluorescence intensity in arbitrary units.

Analysis of the histogram parameters per halo
per octant

The results of the histogram parameters for
the different octants for the different halos can
be found in Appendix A and Appendix B. The
preoperative chemotherapy group showed
higher parameter values in octant 3 and 7,
compared to octant 2 and 6, up to the halo of
3 to 4 millimeters, except for the parameter
‘standard deviation’, which was similar to the
analysis of the group including all bread loaves.
For both octants 3 and 7 the parameter values
of the parameters ‘mean’, ‘Q25’, ‘Q50’, and
‘Q75’ did increase up to the halo of 0,5 to 1
millimeter from the tumor and then
decreased. The parameter ‘standard deviation’
increased up to the halo of 1 to 2 millimeters
from the tumor for both octants. The
parameter ‘non-zero minimum’ increased up
to the halo of 0,5 to 1 millimeter from the
tumor in octant 7 and only decreased in octant
3. Octants 2 and 6 showed the same
distribution of parameter values as found in
the analysis of the group including all bread
loaves for both octants. All histogram
parameter values in octants 2 and 6 increased
up to the halo of 1 to 2 millimeters from the
tumor after which they decreased. The
parameter ‘non-zero minimum’ in both octants
and the parameter ‘Q25’ in octant 6 were the
only parameters that followed a different
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distribution by decreasing before the halo of 1
to 2 millimeters from the tumor.

Furthermore, octants 3 and 7 showed the
highest values for all parameters in the non-
chemotherapy group except for the parameter
‘non-zero maximum’. The parameter ‘non-zero
maximum’ showed similar values for all four
octants. The distribution of the parameter
values in octants 3 and 7 was slightly different
in the non-chemotherapy group compared to
the chemotherapy group. Most parameters
increased up to the halo of 1 to 2 millimeters
from the tumor. The parameters in octants 2
and 6 followed the same distribution of values
of the parameters as seen in the
chemotherapy group. The differences
between octants 2 and 6 (the octants at the
capsule side of the bread loaf) and octants 3
and 7 (octants positioned deeper in the bread
loaf) were larger in the non-chemotherapy
group compared to the chemotherapy group
(Figure 17). The non-chemotherapy group
showed slightly higher ‘mean’ fluorescence
intensities in octants 3 and 7 compared to the
chemotherapy group e.g., the difference in
‘mean’ (0-255) in the halo of 0,5 to 1 millimeter
from the tumor in octant 3 was 21,6 (P-values
of 0.296). Octants 2 and 6 showed significantly
higher ‘mean’ values in the non-chemotherapy
group e.g., the difference in ‘mean’ (0-255) in
the halo of 0,5 to 1 millimeter from the tumor
in octant 2 was 47,4 (P-values of 0.007).
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Figure 17 - Histogram parameter 'mean' values per halo per octant of the preoperative chemotherapy and non-
chemotherapy groups

Figure (A) shows the mean ‘mean’ values of the preoperative chemotherapy group. Figure (B) shows the mean ‘mean’
values of the non-chemotherapy group.

Effect of the location of the CRLM in the liver on the peritumoral fluorescent rim

General parameters

The characteristics of the groups containing
capsular lesions and subcapsular lesions can be
found in Table 11. Four bread loaves were not
divided into the groups with capsular or
subcapsular lesions as they were too damaged
to be identified as a capsular or a subcapsular
lesion. The groups of capsular and subcapsular
lesions showed a comparable mean of the size
of the tumors and background fluorescence
intensity in the bread loaves. The group with

capsular lesions had a marginally higher rate of
patients receiving preoperative chemotherapy
(63,2% vs 50%). Furthermore, the capsular
lesion group showed a higher mean maximal
fluorescence intensity (P-value of 0.175) and
mean background fluorescence intensity in the
tumor (P-value of 0.249). Both parameters
showed a higher spread in values in the group
with capsular lesions.

Table 11 - Characteristics of the capsular and subcapsular lesions groups

Parameter Capsular Min - Max Subcapsular Min - Max P-value
(N =19) (N = 10)
Different patients N=5 - N=3 - -
Size tumor (cm?) 2,67 +/-2,98 0,31-11,18 2,59 +/-1,70 0,44 -5,86 0.944
Maximal 2,15 +/-1,02 0,81 -4,05 1,66 +/- 0,43 1,21-2,54 0.175
fluorescence
intensity (a.u.)
Preoperative N=12 - N=5 - -
chemotherapy
Background in 22,13 +/-19,28 | 2,33-71,05 | 13,88+/-12,60 | 3,82-39,36 0.249
tumor
(0-255)
Background in 38,37 +/-10,37 | 24,99-61,62 | 41,90+/-14,63 | 25,63-80,94 | 0.474
bread loaves
(0-255)
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Background fluorescence intensity in the tumor
vs maximal fluorescence intensity

Both the capsular and subcapsular lesions
groups showed no correlation between the
background fluorescence intensity in values
between 0-255 in the tumor and the maximal
fluorescence intensity (Figure 18A). The
subcapsular group clustered between 0 and 40
for the background fluorescence intensity in
the tumor and between 1 and 2,5 a.u. for the
maximal fluorescence intensity. The group
with capsular lesions did not cluster. Both
types of lesions could not be separated using
these two parameters. Furthermore, the
background fluorescence intensity in the
tumor in a.u. and the maximal fluorescence

Capsular
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Background in tumor (0-255)

>

intensity did not show a correlation (Figure
18B). However, the datapoints of the
subcapsular lesions showed clustering.

Background fluorescence intensity in the
tumor versus background fluorescence
intensity in the bread loaf

The comparison between background
fluorescence intensity in the tumor and bread
loaf can be found in Figure 19. Both types of
lesions showed datapoints inside and outside
of the cluster. The capsular lesions group
showed the most outliers (42,1% (8/19) versus
20% (2/10)).
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Figure 18 - Background fluorescence intensity in the tumor versus maximal fluorescence intensity

Figure (A) shows the background fluorescence intensity in the tumor in units between 0 and 255. Figure (B) shows the
background fluorescence intensity in arbitrary units.
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Figure 19 - Background fluorescence intensity in the tumor versus in the bread loaf
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Background fluorescence intensity in the bread
loaf versus maximal fluorescence intensity

No additional differences between both types
of lesions were found by comparing the
background fluorescence intensity (for values
between 0-255 and in a.u.) in the bread loaf
and the maximal fluorescence intensity (Figure
20).

Analysis of the histogram parameters per halo
per octant

The results of the histogram parameters for
the different octants for the different halos can
be found in Appendix C and Appendix D. The
highest mean values for the parameters
‘mean’, ‘Q25’, ‘Q50°, ‘Q75’, ‘non-zero
minimum’, and ‘non-zero maximum’ were
found in octants 3 and 7 for the capsular
lesions. The parameter values in these octants
increased up to the halo of 0,5 to 1 millimeter
from the tumor and then decreased over a
steep line. This was comparable to the
distribution of the parameter values for the
group including all bread loaves. The only
exception was the ‘non-zero maximum’ in
octant 7, which increased up to the halo of 1 to

2 millimeters from the tumor. The same
distribution of values was seen for octants 2
and 6. However, both octants showed lower
parameter values compared with octants 3 and
7 and both octants showed more parameters
with a slightly different distribution of values
as more parameters showed an increase up to
the halo of 1 to 2 millimeters from the tumor
(Figure 21A & Figure 22A).

In the subcapsular group, the highest ‘mean’
values were found in octants 2 and 6. Octants
3 and 7 show slightly lower ‘mean’ values for
every halo. This was different from the
capsular group as the capsular group showed
higher ‘mean’ values in octants 3 and 7.
However, the largest difference in the middle
four octants between the subcapsular and
capsular groups was the distribution of values
of the parameters. All parameter values,
except for the ‘non-zero minimum’ in octant 2
and 7, increased in the subcapsular group to a
minimum of the halo of 1 to 2 millimeters from
the tumor before decreasing. The ‘mean’ value
increased up to the halo of 2 to 3 millimeters
from the tumor in octants 2, 3, and 6, before
decreasing. The ‘mean’ in octant 7 increased
up to the halo of 3 to 4 millimeters from the
tumor (Figure 21B).

Capsular @ Subcapsular

90
80 °
70
60
50
40 L
30
20
10

L o

Background in bread loaf (0-255)

1 2 3 4
Maximal fluorescence (a.u.)

>
o

5

1

El
08
©
o
20,6
(]
£
<04
20 ° ol
o
20,2 ¢ @ [
3
o
0
B 0 1 2 3 4 5

Maximal fluorescence (a.u.)

Figure 20 - Background fluorescence intensity in the bread loaf versus maximal fluorescence intensity

Figure (A) shows the background fluorescence intensity in the bread loaf in units between 0 and 255. Figure (B) shows
the background fluorescence intensity in arbitrary units.
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Figure 21 - Histogram parameter 'mean’ values per halo per octant of the capsular lesions and subcapsular lesions groups

Figure (A) shows the mean ‘mean’ values of the capsular lesions group. Figure (B) shows the mean ‘mean’ values of the
subcapsular lesions group.
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lesions groups

Figure (A) shows the mean ‘mean’ values of the capsular lesions group. Figure (B) shows the mean ‘mean’ values of the
subcapsular lesions group.
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Effect of the size of the CRLM on the peritumoral fluorescent rim

General parameters

The bread loaves were divided into four
different groups to analyze the effect of the
size of the tumor on the peritumoral rim.
Groups with tumors smaller than 1 cm? (N =
14), with tumors from 1 to 2 cm? (N = 5), with
tumors from 2 to 3 cm? (N = 6), and with
tumors larger than 3 cm? (N = 9) were
separated. The characteristics of these groups

can be found in Table 12 and Table 13. The
groups were difficult to compare as the patient
and tumor-specific variables differed much
between the four groups. A clear trend was
observed in the mean background
fluorescence intensity in the tumor. The mean
background fluorescence intensities decreased
when the tumor size increased.

Table 12 - Characteristics of the groups with tumors from 0 to 1 cm? and 1 to 2 cm?

Parameter 0-1 cm? Min - Max 1-2 cm? Min - Max
(N =14) (N=5)
Different patients N=4 - N=4 -
Size tumor (cm?) 0,40 +/- 0,24 0,02-0,79 1,39 +/- 0,26 1,00-1,64
Maximal fluorescence 1,41 +/- 0,81 0,24 -3,35 2,35 +/- 0,83 1,21-3,35
(a.u.)
Preoperative N=13 - N=2 -
chemotherapy
Capsular tumors N=8 - N=2 -
Background in tumor 33,15+/-32,31 | 6,46 —122,35 22,46 +/- 13,76 5,89 -40,21
(0-255)
Background in bread 43,69 +/- 17,77 15,93 - 80,94 38,68 +/- 4,39 34,21 - 45,82
loaves (0-255)

Table 13 - Characteristics of the groups with tumors from 2 to 3 cm? and tumors larger than 3 cm?

Parameter 2-3cm? Min - Max 3+ cm? Min - Max
(N=6) (N=8)
Different patients N=2 - N=3 -
Size tumor (cm?) 2,61 +/-0,30 2,08 -2,92 6,08 +/- 2,48 3,01-11,18
Maximal fluorescence 2,75 +/- 0,95 1,50 - 4,05 1,87 +/-0,27 1,53-2,25
(a.u.)
Preoperative N=2 - N=4 -
chemotherapy
Capsular tumors N=5 - N=4 -
Background in tumor 18,60 +/- 13,35 5,36 —41,79 7,16 +/- 3,34 2,33-12,26
(0-255)
Background in bread 42,13 +/-11,76 | 24,99 -59,48 33,38 +/- 6,02 25,63 -43,40
loaves (0-255)
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Background fluorescence intensity in the tumor
versus maximal fluorescence intensity

The comparison between the background
fluorescence intensity and the maximal
fluorescence intensity can be found in Figure
23. The comparison between the background
fluorescence intensity in the tumor in units
between 0 and 255 and the maximal
fluorescence intensity showed tumors
between 1 and 3 cm? did not cluster. However,
all datapoints of tumors for the group with
tumors of 3+ cm? did cluster between maximal
fluorescence intensities of 1,5 to 2,3 a.u. and
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Background in tumor (a.u.)

between background fluorescence intensities
in the tumor of 0 to 20 (0-255). However, these
datapoints could not be separated from the
other groups as one datapoint from the group
with tumors between 2 and 3 cm? was present
in this cluster. Most of the datapoints from
tumors smaller than 1 cm? did cluster as most
of the bread loaves showed low maximal
fluorescence intensities. However, this group
of tumors showed 2 outliers with maximal
fluorescence intensities of 2,5 and 3,3 a.u. The
use of arbitrary units for the background
fluorescence intensity in the tumors did not
add additional information (Figure 23B).
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Figure 23 - Background fluorescence intensity in the tumor versus maximal fluorescence intensity

Figure (A) shows the background fluorescence intensity in the tumor in units between 0 and 255. Figure (B) shows the
background fluorescence intensity in arbitrary units.
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Background fluorescence intensity in the tumor
versus background fluorescence intensity in the
bread loaf

Datapoints from all 4 different sized tumor
groups laid in the cluster, which is described in
the analysis of the group including all bread
loaves. The group with tumors larger than 3
cm? did not present outliers of this cluster
(0/8). The groups with tumors smaller than 1
cm?, between 1 and 2 cm?, and between 2 and
3 cm? showed 42,9% (6/14), 40% (2/5), and
33,3% (2/6) outliers, respectively.

Background fluorescence intensity in the
bread loaf versus maximal fluorescence
intensity

The comparison of the background
fluorescence intensity in the bread loaves in
units between 0 and 255 with the maximal
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fluorescence intensity displayed similar results
to the comparison of the maximal fluorescence
intensity and the background fluorescence
intensity in the tumor (Figure 25A). The groups
with the smallest and largest tumors clustered
and the groups with tumors between 1 and 3
cm? showed a larger spread of datapoints and
did therefore not cluster. The dimensions of
the clusters of the groups of the tumors
smaller than 1 cm? and larger than 3 cm?
decreased when the background fluorescence
intensity in the bread loaf was measured in
arbitrary units (Figure 25B). However, overlap
with datapoints from other groups increased.
Especially the cluster of the tumors larger than
3 cm? showed more overlap as three
datapoints of the groups between 1 and 3 cm?
were positioned in the cluster. Therefore, the
groups were more difficult to distinguish with
the use of arbitrary units.
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Figure 24 - Background fluorescence intensity in the tumor versus background
fluorescence intensity in the bread loaf
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Figure 25 - Background fluorescence intensity in the bread loaf versus maximal fluorescence intensity

Figure (A) shows the background fluorescence intensity in the bread loaf in units between 0 and 255. Figure (B) shows
the background fluorescence intensity in arbitrary units.

. Universiteit
4. Leiden
> 'The Netherlands

4 Delit
TUDelft i

Erasmus
University
Rotterdam | 39

ACzetons



Analysis of the histogram parameters per halo
per octant

The results of the histogram parameters for
the different octants for the different halos can
be found in Appendix E, Appendix F, Appendix
G, and Appendix H. The group with tumors
smaller than 1 cm? showed the highest
parameter values in octants 3 and 7. The
parameter values were all significantly higher
up to the halo of 4 to 5 millimeters compared
to octants 2 and 6 e.g., the difference in ‘mean’
(0-255) in the halo of 0,5 to 1 millimeter from
the tumor between octant 2 and was 79,7 (P-
values < 0.001) The peak in mean ‘mean’
values in octant 2 of the smallest tumors was
56,0 which was significantly lower compared
to the 135,3 in octant 3. Octants 6 and 7
showed similar results (59,5 and 116,1) (Figure
26A). The parameter values, except for the
‘non-zero maximum’ and the ‘standard
deviation’, in octants 3 and 7 increase up to the
halo of 0,5 to 1 millimeter from the tumor after
which they decreased. Octant 6 showed an
increase up to the halo of 1 to 2 millimeters
from the tumor. Octant 2 displayed the same
distribution of parameter values as octant 6.
However, especially at the halo of 4 to 5
millimeters from the tumor, the distribution
was disturbed by an increase in all parameter
values compared to the halo of 3 to 4
millimeters from the tumor. Moreover, the
parameter ‘mean’ showed values for octant 2,
3, and 6 in the halo of 5 to 10 millimeters from
the tumor of 17,1, 29,8, and 22,6, respectively.
These values were considerably lower than the
mean background fluorescence intensity in the
bread loaves which was 43,69 +/- 17,77 for the
smallest tumors.

The group with tumors between 1 and 2 cm?
presented comparable results to the group
with tumors smaller than 1 cm? The highest
parameter values were found in octants 3 and
7 except for the parameters ‘non-zero
maximum’ and ‘standard deviation’. However,
the difference between the octants 3 and 7
compared to octants 2 and 6 was smaller in the
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group with tumors between 1 and 2 cm? The
parameter values of octants 3 and 7 increased
up to the halo of 0,5 to 1 millimeter from the
tumor and the parameter values of octant 2
increased up to the halo of 1 to 2 millimeters
from the tumor. However, the parameter
values in octant 6, except for the ‘non-zero
minimum’, did increase up to the halo of 2 to 3
millimeters from the tumor. The halo of 5 to 10
millimeters from the tumor of octant 3 was the
only halo to show a mean ‘mean’ value of the
halo of 5 to 10 millimeters from the tumor
(27,6), which was considerably lower than the
mean background fluorescence intensity
(38,68 +/- 4,39) of the group with tumors
between 1 and 2 cm? (Figure 26B).

In the group with tumors between 2 and 3 cm?,
octant 6 showed similar values for the
parameter ‘mean’ compared to octant 3 and 7.
The distribution of the most parameter values
of octant 6 with increasing distance from the
tumor was similar to the distribution of
parameter values of octants 3 and 7. The
values increased up to the halo of 0,5 to 1
millimeter from the tumor for most
parameters. Octants 3 and 7 displayed for the
tumors between 2 and 3 cm? lower ‘non-zero
minimum’ and higher ‘non-zero maximum’
values in most halos compared to the group of
tumors between 1 and 2 cm?. However, the
comparison of the group with tumors of the 2
to 3 cm? with the group with tumors smaller
than 1 cm? did not show differences.

The group with tumors larger than 3 cm?
presented more comparable octants. The
mean ‘mean’ for every halo was comparable
foroctants 2, 3, and 7. Octant 6 showed slightly
lower values. However, the difference
between the octants was smaller compared to
the difference in octants in the other groups.
Octant 7 showed an increase in most
parameter values up to the halo of 0,5 to 1
millimeter from the tumor. Octant 6 showed
an increase up to the halo of 1 to 2 millimeters
from the tumor as seen in the other groups
with different sized tumors. However, octant 2
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showed an increase up to the halo of 2 to 3 millimeter farther away from the tumor
millimeters from the tumor and octant 3 up to compared to the groups with smaller tumors
the halo of 1 to 2 millimeters from the tumor (Figure 26D).

for most parameter values. This was one
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Figure 26 - Histogram parameter 'mean’ values per halo per octant of the groups with different sized tumors

Figure (A), (B), (C), and (D) show the mean ‘mean’ values of the groups with tumors of the size 0-1 cm?, 1-2 cm?,
2-3 cm?, and 3+ cm?, respectively.
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Propagation of fluorescence through tissue

Equation 2 was applied on the data from the
parameter ‘mean’ of octant 3 of the group
including all bread loaves, the group with
patients who did not receive preoperative

chemotherapy, and the group of capsular
lesions (Table 14). The results are summarized
in Table 15.

Table 14 - Values of histogram parameter 'mean’ per halo of octant for the group including all bread loaves, the non-
chemotherapy group, and the capsular lesions group

Octant 3 Octant 3 Octant 3
All bread loaves Non-chemotherapy Capsular lesions
Distance of halo borders| Mean fluorescence Mean fluorescence Mean fluorescence
to tumor (mm) intensity intensity intensity
0-0,5 108,41 125,29 128,46
0,5-1 118,77 135,22 138,60
1-2 115,78 135,86 134,54
2-3 93,21 118,68 110,99
3-4 70,52 98,02 83,88
4-5 52,20 79,70 48,98
5-10 32,13 47,40 33,08

Table 15 - Results of the expected measured fluorescence intensities of octant 3 for the group including all bread loaves, the
non-chemotherapy group, and the capsular lesions group

All bread loaves Non-chemotherapy Capsular lesions
Distance Expected Percen?age Expected Percen?age Expected Percen.tage
to of maximal of maximal of maximal
measured measured measured
tumor . . fluorescence . . fluorescence | . fluorescence
intensity . . intensity . . intensity . .
(mm) intensity intensity intensity
0,5 52,23 20,48% 60,37 23,68% 61,89 24,27%
1 105,74 41,47% 121,22 47,54% 124,26 48,73%
2 198,71 77,92% 230,70 90,47% 232,10 91,02%
3 257,92 101,14% 309,16 121,24% 303,23 118,92%
4 287,91 112,91% 357,64 140,25% 339,40 133,10%
5 296,76 116,38% 382,43 149,97% 338,17 132,62%
10 252,51 99,03% 346,09 135,72% 275,54 108,06%

The tipping point for the group including all
bread loaves, when using Equation 2, laid
between 5 and 10 millimeters from the tumor.
Thus, it is expected that the fluorescence
intensity will increase when moving towards
the tumor when imaging during surgery. At a
certain point between 10 and 5 millimeters
from the tumor, the fluorescence intensity is
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then expected to decrease. The group with
patients who did not receive preoperative
chemotherapy showed the same distribution
of expected fluorescence intensity values.
However, when the lesion was capsular, the
measured fluorescence intensity displayed an
increase until 4 millimeters from the tumor.
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Discussion

To calculate the interobserver error, 10 bread
were delineated by a pathologist and a
researcher. The calculation of the Sgrensen-
Dice coefficient showed eight pairs of
delineations with a coefficient higher than 0.9.
Three of these eight pairs of delineations
showed coefficients of 0.95 or higher.
However, two pairs of delineations showed
low coefficients (0.566 and 0.797). Manual
inspection and evaluation of the delineations
by the pathologist showed a tumor that was
difficult to delineate and a tumor in which the
researcher potentially missed tumor tissue.
Therefore, the delineation of CRLM based on
images generated with the PEARL imaging
system proved to be difficult in 20% of the
delineations. However, the operation was
reliable in 80% of the delineations. The
delineations of the pathologist were not
considered the ‘ground truth’ as the
pathologist delineated CRLM in images
generated by the PEARL imaging system.
Therefore, the Sgrensen-Dice coefficient did
not indicate the accuracy of the researcher.
However, the high coefficients suggest the
delineation of CRLM based on the PEARL
images was an operation that was
reproducible between different observers.

The lack of a ‘ground truth’ is a problem that
must be solved to be able to precisely predict
resection margins with the use of fluorescence
intensity. However, regarding this research,
the similarities between the delineations of the
researcher and the pathologists were assumed
to be sufficient to be able to do calculations on
the peritumoral fluorescent rim.

The current gold standard in the determination
of the resection margin is histological research.
However, the standard protocol of histological
research does not include the enclosure and
examination of the whole tumor. To generate
ground truth images, the enclosure and
examination of the whole resected tumor are
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needed to validate the delineations. Therefore,
a new excision and processing protocol must
be developed to be used at the Department of
Pathology.
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For the main part of this research, all 33 bread
loaves were used. Before data was generated
out of the bread loaves, all bread loaves were
divided into octants to gain more knowledge
about the distribution of ICG around the CRLM.
However, octants 1, 4, 5, and 8, did not contain
enough data to be able to make a
representative analysis in most of the tumors.
This was due to two factors. The first factor is
that only data in the bread loaves was used to
generate data. The areas, which did not
contain liver or tumor tissue, were filtered out.

When a tumor was resected with a small
resection margin, the halos which were
situated farther away from the tumor could
not have overlap with the bread loaf (Figure
27). Besides, one centimeter was added from
the edge of the bread loaf in the horizontal and
vertical direction to create the octants. In case
the tumor was small, octants 1, 4, 5, and 8
would also not contain information. A
visualization of this problem can be found in
Figure 28.

Figure 27 - Image of a resected tumor with a small resection margin

This figure shows a tumor with a small resection margin. When going farther away from the tumor the chance rises
that the halo will not contain data as there will be no overlap with the bread loaf. In this image there is practically no
liver tissue left (blue uninterrupted arrows). However, there are also parts (red dotted arrows) were there is a chance

the halos farther away will not contain data.

lcm

\ 4
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Figure 28 - Visualization of the problem of octants which do not contain data caused by a small tumor

The orange circle visualizes a small tumor. The vertical and horizontal lines visualize the edges of the octants. As
displayed, the octants at the outside will not contain data for the first few halos.
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Moreover, the use of data only present in
bread loaves influenced the data of the middle
four octants (Figure 27). A small resection
margin increased the chance for the varying
halos to fall outside of the bread loaf. This
resulted in ‘mean’ values of zero. Besides, the
border of the tumor did provide pixel intensity

values of zero. This was caused by for example
the effect of cauterization, ink, or a small error
that was made during the delineation of the
bread loaf. Figure 29 shows the effect of ink
and cauterization on the fluorescence
intensity.

Figure 29 - Effect of cauterization and ink on measured fluorescence intensity with the PEARL imaging system

(A) shows a black and white image made with the PEARL. The ink, applied before imaging, is clearly visible (blue
undisrupted arrows). (B) shows a graph of the fluorescence intensities from the box in (A) and (C). The left side of the
image is the left side in (A) and (C). (C) shows a boosted fluorescent image made with the PEARL. Dark spots (low
fluorescence intensity) are visible where ink is clearly visible in (A). (D) shows a fluorescent heatmap of the bread loaf.
Low fluorescent intensities are found in the section where ink is applied on the tumor. These regions show lower
fluorescent intensities compared to the fluorescent intensities in liver tissue (red dotted arrow). High fluorescence
intensities are seen near these regions. There is no ink applied on the high fluorescent regions.
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A pixel with the value zero that was only
included in one of the two halos, which were
subtracted from each other, resulted in a pixel
value of one in the subtracted halo. A whole
halo only consisting of the background value
minus one, which was not used in the
calculations of the histogram parameters, and
this value one resulted in the values zero or
one for the histogram parameters ‘mean’,

‘Q25’, ‘Q50’, ‘Q75’, ‘Non-zero minimum’, ‘non-
zero maximum’ and ‘standard deviation’. The
mean histogram parameter values per halo of
all bread loaves were therefore, in most of the
cases, an underestimation of their real values.
Table 16 shows the mean ‘mean’ values in the
different subtracted halos for octants 2 and 3
of the group including all bread loaves, after
deleting the ones and zeros from the group.

Table 16 - Corrected mean values per halo for the histogram parameter 'mean’ of octants 2 and 3 with data from the whole

Halo border Mean ‘mean’ Corrected mean Mean ‘mean’ Corrected mean
distance to values of octant | ‘mean’ values of | values of octant3 | ‘mean’ values of
tumor 2 octant 2 (0-255) octant 3
(mm - mm) (0-255) (0-255) (0-255)
0-0,5 68,26 68,26 108,41 108,41
0,5-1 73,71 73,71 118,77 118,77
1-2 75,58 75,58 115,78 115,78
2-3 66,92 70,68 93,21 93,21
3-4 57,55 64,97 70,52 73,25
4-5 55,35 59,79 52,20 59,19
5-10 34,99 45,82 32,13 39,23

*mm = millimeter

With increasing distance to the tumor, the
effect of the correction becomes visible. The
highest decrease was seen in the halo from 5
to 10 millimeters from the tumor in octant 2.
The correction showed a decrease of 23,6% of
its initial mean ‘mean’ value. However, this
correction only corrected for halos consisting
out of only zeros or ones. Halos with higher
mean ‘mean’ values than one could still
contain several pixels with intensities of zeros
and ones. Therefore, it was assumed that the
mean ‘mean’ values of the halos close to the
borders of the bread loaves still showed an
underestimation of the real mean ‘mean’
values per halo. This distortion was likely to be
present in all other histogram parameters.
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Correction for pixel intensities of zero or one
will be difficult as all pixels will have to be
checked manually. Real pixel values of zero or
one must not be corrected. To be able to
analyze large groups with bread loaves, the
method must be objective and automatic.
Therefore, it is assumed that the method used
during this research is the right method to use.
However, to be able to obtain complete data,
which is not distorted by missing or wrong
data, bread loaves with tumors large enough to
prevent the situation in Figure 28 and with
enough liver tissue around the tumor to fill all
octants, must be analyzed. This must be done
to ultimately be able to make a complete and
precise prediction of distances to a tumor with
the use of the fluorescent rim.
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Two other parameters which could be
calculated more accurately are the background
fluorescence intensity in the bread loaves and
in the tumor.

The analysis of the general parameters of the
group including all bread loaves showed a high
spread in datapoints for the background
fluorescence intensity in the tumor and the
bread loaf. This could be addressed to the
differences in the size of the bread loaves and
tumors. The calculation of the background
fluorescence intensity in the bread loaf proved
to be difficult as the fluorescence in the liver
tissue was inhomogeneous and not all bread
loaves had enough ‘fluorescent halo-free’ liver
tissue to calculate the  background
fluorescence intensity in the bread loaf.
Therefore, manually selecting an area to
calculate the background fluorescent intensity
was not achievable. Besides, manually
selecting an area would add a subjective factor
to the calculations. In this research an
automatic and objective method was used to
calculate the background fluorescence
intensity. The background fluorescence
intensity was calculated as the mean
fluorescence intensity in the whole bread loaf.
Nevertheless, high background fluorescence
intensities were measured. These high
background fluorescence intensities were
especially found in small bread loaves. In small
bread loaves the fluorescent halo around the
tumor had a significant influence on the
background fluorescence intensity. However,
the objective and automatic method used
during this research is believed to be the
superior method to use for especially large
groups compared to a manual method.
Besides, manually selecting the background
fluorescence intensity in the bread loaf will not
assure exclusion of high background
fluorescence intensities.

A high background fluorescence intensity in
the tumor could be a result of the small size of
the tumor in the bread loaf. A small tumor
could mean that the tumor edge is located in
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the bread loaf. Therefore, the fluorescent halo
behind that edge could provide fluorescence to
the measurements. This effect was less
observed in larger tumors. The second source
of a high background intensity in the tumor in
units between 0 and 255 was a low maximal
fluorescence intensity in the image of the
bread loaf. The different comparisons between
the background fluorescence intensity in the
tumor, in the bread loaf, and the maximal
fluorescence intensity did show this
phenomenon (Figure 10, Figure 11, and Figure
12). A relatively high amount of data showed
high background fluorescence intensities and
low maximal fluorescence intensities. The low
maximal fluorescence intensity affected the
ratio to the background fluorescence intensity.
However, a low maximal fluorescence intensity
indirectly indicates a halo with low
accumulation of ICG around the tumor was
found in these bread loaves.

The comparison between both background
fluorescence intensities showed that the
background fluorescence intensity in both the
tumor and bread loaf could be predicted when
the maximal fluorescence intensity s
retrieved. Most datapoints could be clustered
between 0 and 20 for the tumor and 25 and 55
for the bread loaf background fluorescence
intensity (0-255). Clustering of the datapoints
in the comparison of both fluorescent
background intensities suggested that both
parameters were related to the maximal
fluorescence intensity and each other. When
the background fluorescent intensity in the
bread loaf is retrieved it is possible to predict
the background fluorescent intensity in the
tumor and the maximal fluorescence intensity
in an acceptable range and vice versa.
However, 30,3% of the datapoints (10/33)
were not present in this cluster. Most of these
outliers were small tumors (8/10 were smaller
than 1,7 cm?), laid in small bread loaves,
and/or had low maximal fluorescence
intensities. Therefore, it is assumed the cluster
gave a correct representation of the real values
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which are expected to be measured
intraoperatively.

Furthermore, the clustering of the background
fluorescence intensities in the bread loaves
was found in the graph of the comparison with
the maximal fluorescence intensity (Figure
12A). The graph showed the background
fluorescence intensity was, in 84,8% of the
cases (28/33), between 9,8% (25/255) and
21,6% (55/255) of the maximal fluorescence
intensity. However, the spread in background
fluorescence intensity values was still large
(11,8%). Especially when taken into account
that the data will be used to evaluate resection
margins in millimeters or even smaller.
Therefore, more research on the precise
relation between background fluorescence
intensity in the bread loaf and the maximal
fluorescent intensity needs to be performed.
The background fluorescent intensity in the
bread loaf in a.u. correlates with the maximal
fluorescent intensity in Figure 12B. Bread
loaves with a higher maximal fluorescent
intensity  displayed higher  background
fluorescence intensities in the bread loaves.
However, the background fluorescent intensity
in the bread loaf was calculated by taking the
mean fluorescent intensity in the whole bread
loaf without the tumor tissue. Therefore, the
mean includes the fluorescent halo around the
tumor. However, as mentioned earlier,
calculating the real background intensity in the
bread loaf proved to be difficult.

The group including all bread loaves showed
the highest values for the parameters ‘mean’,
‘Q25’, ‘Q50’, and ‘Q75’ in octants 3 and 7. This
suggested higher fluorescent intensity values
are expected around the CRLM when moving
deeper into the liver compared to the
fluorescence intensities at the liver surface
around the CRLM. The histogram parameter
‘mean’ showed the highest values in the halo
of 0,5 to 1 millimeter from the tumor in octants
3 and 7, and of 1 to 2 millimeters in octants 2
and 6 from the tumor. Therefore, the
fluorescent rim is expected to have the highest

¥ Universiteit

48|

Leiden ig f Pl o
i ‘The Netherlands TU Del t Qgr‘ﬁ‘;"lq;c

fluorescent intensities close to the tumor
which decreases after 1 or 2 millimeters
depending on the perspective in which the
bread loaf is imaged. A relatively high amount
of low pixel intensity is expected in the bread
loaves as the ‘Q50° values were lower
compared to the ‘mean’ values.

In this research, the bread loaves were divided
multiple times into different groups to find the
effect of patient- and tumor-specific
characteristics.

Preoperative chemotherapy showed to have a
negative effect on the maximal fluorescence
intensity as bread loaves in the non-
chemotherapy group showed significantly
higher maximal fluorescent intensities. The
other general parameters were similar for
groups including patients who did or did not
receive preoperative chemotherapy. The
comparisons between the background
fluorescence intensity in the bread loaves,
tumors, and the maximal fluorescence
intensity in the image supported the finding of
the significantly higher maximal fluorescent
intensities in the non-chemotherapy bread
loaves. For both the comparisons of the
background fluorescence intensities in the
bread loaves and the tumor with the maximal
fluorescence intensity, the non-chemotherapy
and chemotherapy groups could be divided
with some overlap in the middle of the graphs.
Therefore, these findings suggest preoperative
chemotherapy will lead to lower maximal
fluorescence intensities.

Despite the groups differed in maximal
fluorescence intensity, both groups did have a
similar share in the datapoints positioned
inside of the cluster in the comparison
between both background fluorescence
intensities. Therefore, preoperative
chemotherapy showed to not affect the ratio
of both background fluorescence intensities
with the maximal fluorescence intensity.

Bread loaves from patients who did receive
preoperative  chemotherapy showed a
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different distribution of the parameter value
‘mean’” compared to non-chemotherapy
patients. These bread loaves showed a peak in
the mean ‘mean’ fluorescence intensity farther
away from the tumor. Therefore, preoperative
chemotherapy will affect the distribution of
ICG around CRLM and must be compensated to
be able to predict the distance to the tumor.

Besides, the chemotherapy patients showed
lower mean ‘mean’ values (in values between
0-255) for all octants in all halos. Combined
with the lower maximal fluorescence intensity
in a.u., this suggests preoperative
chemotherapy will lead to less accumulation of
ICG around the CRLM. Moreover, the signal-to-
background ratio in the chemotherapy bread
loaves will be lower as the background
fluorescence intensity in the bread loaf (0-255)
was similar for both groups and the mean
‘mean’ fluorescence intensity (0-255) lower in
the chemotherapy group.

The accumulation of ICG around CRLM is
assumed to be caused by the presence of
immature hepatocytes around the CRLM with
reduced bile excretion (15) as ICG is excreted
by the biliary system. Chemotherapy causes a
lower accumulation of ICG in the liver as well
as a relatively lower accumulation around the
CRLM. Therefore, chemotherapy is believed to
affect the uptake of ICG in or excretion of ICG
out of the liver. However, additional research
is needed to find the reason for this difference
in the accumulation of ICG after preoperative
chemotherapy.

The capsular and subcapsular lesions did not
show any significant differences in general
parameters. However, the mean maximal
fluorescence intensity (a.u.) in the images in
subcapsular lesions was slightly lower and
showed a lower spread in values. Furthermore,
the datapoints from the subcapsular group
showed a lower spread of datapoints over the
maximal fluorescence intensity axis compared
to the capsular group in the comparisons with
both background fluorescent intensities.
Therefore, the absolute accumulation of ICG in
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livers with subcapsular lesions is expected to
be more predictable compared to the capsular
lesions. Both types of lesions showed
datapoints in the cluster of the comparison of
both background fluorescence intensities
(Figure 19. However, 42,1% (8/19) of the
lesions of the capsular group were positioned
outside of the cluster while the subcapsular
group only had 20% (2/10) of their lesions
positioned outside of the cluster. However, as
mentioned before, most of the datapoints
outside of the cluster laid in bread loaves with
small tumors or in small bread loaves.
Therefore, it is not expected that the type of
lesion  will affect both  background
fluorescence intensities.

An interesting observation between both types
of lesions was the difference in the octants
with the highest values for the parameter
‘mean’. Capsular lesions showed the highest
values in octants 3 and 7, the octants deeper
into the liver, while subcapsular lesions
showed the highest values for the parameter
‘mean’ in octants 2 and 6. Therefore, the
highest accumulation of ICG around
subcapsular lesions was observed in between
the liver border and the tumor. However, the
differences in the mean ‘mean’ fluorescence
intensities in the different halos were smaller
between the octants in the subcapsular lesions
group compared to the capsular lesions group.
Besides, the values of the parameter ‘mean’
were lower in subcapsular lesions group
compared to the capsular lesions group.
Concluding, capsular lesions showed less
excretion or a higher uptake of ICG around the
tumor deeper in the liver compared to
subcapsular lesions. While subcapsular lesions
had less excretion or a higher uptake of ICG
between the liver border and the tumor
compared to the side deeper in the liver of the
subcapsular tumors.

Another interesting observation was the
difference between both types of lesions in the
distribution of the histogram parameter values
over distance to the tumor. Subcapsular
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lesions showed an increase in values up to the
halos of 2 to 3 or 3 to 4 millimeters from the
tumor for varying octants, while capsular
lesions showed an increase up to the halo from
1 or 2 millimeters for most octants. This
observation, combined with the lower peak in
the mean fluorescence intensities of the
histogram  parameter ‘mean’, suggest
subcapsular lesions have a different effect on
the accumulation of ICG compared to the
capsular lesions. Therefore, the type of lesion
will affect the prediction of the resection
margin. Besides, for both types of lesions, the
perspective (front or back) from which the
lesions were imaged will affect the expected
accumulation of ICG around the tumor.
Therefore, the perspective from which the
tumor is imaged must also be considered for a
correct prediction of the resection margin.

The effect of the size of the tumor on the
general parameters was difficult to determine.
The groups had a large variation in patient and
tumor characteristics. However, the parameter
background fluorescence intensity in the
tumor did decrease with the increase of the
size of the tumors. This finding supported the
assumption that in smaller tumors it is possible
to measure the fluorescence of ICG which is
positioned behind the tumor tissue in the
bread loaf and increases the background
fluorescence intensity in the tumor.

The group with the largest tumors (>3 cm?) did
present a low spread of values in the graphs
comparing one of both background
fluorescence intensities with the maximal
fluorescence intensity. Based on these findings
it is assumed that it is possible to accurately
predict the background fluorescence
intensities for this group of tumors when the
maximal fluorescence intensity is retrieved and
vice versa. However, the three groups with
tumors smaller than 3 cm? did show less
clustering. Therefore, the prediction of the
background fluorescence intensities based on
the maximal fluorescence intensity will be less
accurate for these three groups of tumors. The
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same is seen when comparing both
background fluorescence intensities. It is
surely possible to predict one of the two
parameters, within an acceptable range, when
the other parameter is retrieved for the group
with the biggest tumors (>3 cm2). While the
three groups with smaller tumors showed
outliers for 33% of their datapoints and are,
therefore, less predictable.

Despite the different groups of tumors were
difficult to compare, the parameter ‘mean’
showed the highest values in octants 3 and 7
for almost all different halos in all four groups
of tumors. The group with the largest tumors
showed the highest parameter values farther
away from the tumor compared to the other
three groups of tumors. This suggests the size
of the tumor could potentially affect the
accumulation of ICG around the tumor. The
group with the smallest tumors (0-1 cm?)
showed low ‘mean’ values. However, this
could be caused by ‘missing’ data for these
halos as most tumors laid in small bread
loaves, and ink and cauterization affected the
measurements.

In conclusion, it is difficult to predict the exact
effect of tumor size on the distribution of ICG
around the CRLM. More data is needed to be
able to make a precise prediction about the
effect of tumor size as this group did not
include enough bread loaves to create generic
groups. The only group which showed constant
results was the group with tumors larger than
3 cm?. For this group, it is expected the tumor
size can be used as a predictive factor for the
distribution of ICG around the tumor.

At last, the data found during this research was
inserted in Equation 2. This showed maxima of
predicted measured fluorescence intensities at
around 5 millimeters from the tumor. As
mentioned earlier, the formula gives a rough
estimation for the expected values as it had its
weaknesses. However, a peak intensity at
around 5 millimeters from the tumor is
feasible. The photons are expected to move a
mean of 4,68 millimeter through liver tissue
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and the mean fluorescence intensity
decreased after the halo from 0,5 to 1
millimeter from the tumor.

The distribution of the expected measured
values showed the potential of the use of
peritumoral rim as an indicator for the
resection margin. However, development to
improve the calculation method is needed to
be able to predict resection margins.
Moreover, the outcomes of this method must
be compared to values which are measured in
the operation room.

The formula used the mean fluorescence
intensity of a whole halo in an octant to
calculate the expected measured fluorescence
intensity. However, intraoperatively, the mean
fluorescence intensity must be calculated over
smaller areas to accurately predict the smallest
margin to the tumor. This makes the prediction
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of the resection margin more challenging as
the smaller area will be affected by the high
variation in pixel intensities. Therefore, areas,
which are large enough to compensate for the
variation in pixel intensities, must be selected
to be able to make accurate predictions of the
distances to the tumor.

Theoretically, based on the findings of this
research, it is not impossible to predict the
resection margin with the use of the
fluorescence of ICG which accumulated around
CRLM. However, several improvements and
additions must be made to this research to be
able to make the prediction of the resection
margin. Several potential improvements are
already mentioned in this section. However,
these improvements completed by additional
potential improvements will be further
discussed in the section ‘Future
recommendations’.
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Conclusion

This research aimed to investigate the
possibility to use the fluorescent rim around
CRLM to evaluate resection margins
intraoperatively. Based on the findings of this
research, there is no reason to assume it is not
possible to develop a predictive model using
the fluorescent rim to evaluate resection
margins during surgery.

This research showed that the background
fluorescence intensity in the liver and in the
tumor (in units between 0 and 255) were
related to the maximal fluorescence intensity
in a.u. and were constant between patients.
Therefore, these parameters can be used to
calibrate a predictive model. Besides, the
effects of preoperative chemotherapy, the
location of the CRLM, and the size of the CRLM
on the distribution of ICG around CRLM were
shown. Therefore, the model must correct for
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the patient and tumor characteristics.
Moreover, more data should be obtained to
expand the database to increase the accuracy
of the data analysis. Besides, a method to
generate ‘ground truth’ delineations of CRLM
in images generated with the PEARL imaging
system must be developed to increase the
accuracy of the data generation in MeVisLab.
At last, the findings of this research must be
validated in the operation room. This will show
the usability of the fluorescent rim around
CRLM to evaluate resection margins.

In conclusion, the peritumoral fluorescent rim
of ICG around CRLM could potentially be used
as a predictive factor for resection margins.
However, additional research must be
performed to be able to develop an accurate
predictive model.
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Future recommendations

This research showed the potential of the
fluorescent rim. However, to be able to
develop an accurate predictive model several
steps must be taken. This section will elaborate
about the steps that must be taken. Moreover,
several more recommendations will be made
regarding future research.

Implementation plan

This research aimed to investigate the
possibility to develop a model which can be
used to evaluate resection margins. Effects of
several tumor and patient characteristics on
the peritumoral fluorescent rim were shown as
the distribution of ICG around CRLM was
analyzed. However, before further
development of this method, an
implementation plan should be written. This
plan should focus on the possibilities to
intraoperatively image the resected samples
and answer questions such as, ‘Will the PEARL
imaging system or the Quest camera be used
to evaluate the resection margin?’, ‘How will
the resected samples be imaged?’, ‘How can
the whole resected sample accurately be
evaluated during surgery?’, ‘What are the
possibilities to calibrate calculations during
surgery?’, and ‘Will the sample be imaged in
whole or after the sample is cut in bread
loaves?’. These are only examples of questions
which must be answered before the next steps
in this research should be taken. The answers
on these questions will have a great influence
on how the data must be processed, what kind
of new data is needed to be generated, and
how the predictive model should work.
Therefore, an implementation plan must be
written to optimize the research activities.

Intraoperative imaging method

An important decision, which must be made in
the implementation plan, is the decision on
how the resected sample will be imaged during

Universiteit

Leiden z colt
‘The Netherlands T U D e I ft ‘T‘F‘?r‘w?‘rg.\lq;vc

surgery to predict the resection margin. A
standardized method is not yet used and
therefore needs to be designed. This method
must be capable to be standardized and
repeatable for all tumors. One of the
possibilities lays in a camera which can move
around the resected tumor. A camera which
can rotate around the resected tumor with the
tumor as origin would be an ideal option. In
this way the whole specimen can be examined
to determine the exact location where the
margin between resection plane and tumor is
the smallest. The same distance needs to be
capped to the sample as the measured
fluorescence intensities will vary when varying
in distance to the tumor. However, this
problem could be solved by compensating for
variations in distance to the resected sample.

Development of the database

The development of the data and data analysis
is an important next step following the
conclusions of this research. An expansion of
the database will contribute to generate better
comparable groups when characteristics are
compared with each other. Eventually the
database must be expanded with more tumor
and patient characteristics to investigate more
potential prognostics factors for the
distribution of ICG around CRLM.

Moreover, a new group of bread loaves must
be generated. This new group must include
bread loaves with sufficient liver tissue around
the tumor to fill all octants. This will lead to a
more completed database and therefore a
better understanding on the exact distribution
of ICG around CRLM. Naturally, an exception
must be made for capsular lesions. The
analysis of this new group of bread loaves will
contribute to interpret the data analysis of
groups containing tumors where not all
octants are filled with liver tissue.
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Generation of ground truth images from the
PEARL images

As mentioned at the interobserver section,
there is a need for ground truth delineations of
CRLM in PEARL images. Therefore, a new and
special protocol to enclose and examine CRLM
must be developed for histological research.
The histological margins must be compared
with the delineations from the tumor in the
PEARL images. This comparison will contribute
to add accuracy to the calculations, as well as
contribute to revalue the mean histogram
parameters found in this research.

Development of the MeVisLab network (data
generation)

The MeVisLab network used in this research
can be improved to decrease the chance of
missing data. The first development should be
the change from octants to quadrants. This
research did not include the results from
octants 1, 4, 5, and 8 as for most tumors data
was missing in these four octants. This will be
prevented when changing the octants to
quadrants (Figure 30A).

The octants should have provided an increase
in information about the distribution of ICG
around the tumor. However, because of

e ——

e ——— -
- — -

missing data, the octants could not show their
potential. An option to gain more information
about the distribution of ICG then by using
guadrants alone could be dividing these
quadrants by adding a diagonal line between
the corner of the quadrant in the middle of the
tumor and the corner farthest outside of the
tumor (Figure 30B). This could add information
about the distribution around the tumor and is
expected to be less sensitive for missing data.

Another improvement of the MeVisLab
network could be the increase in the number
of halos used. The calculations of the expected
measured fluorescence intensities showed a
peak between 5 and 10 millimeters from the
tumor. By adding the halos of 5to 6, 6 to 7, 7
to 8, 8 to 9, and 9 to 10 millimeters from the
tumor a more precise prediction of the
expected measured values can be performed.

Development of the calculation method

This research used a formula which used the
mean fluorescence intensity in different halos
as a variable to give a rough estimation of the
expected measured fluorescence intensities at
various distances to the tumor. To improve the
accuracy of the calculation, and to decrease
the dependency on one specific parameter, a

e T

e

Figure 30 - Alternative for the initial octants

The orange circle shows a tumor, and the grey area shows the imaged bread loaf. (A) shows the initial
octants. After deleting the red dashed lines quadrants are created. (B) shows an alternative for the octants
used in this research. The dashed green lines will be added to the quadrants so eight triangles are created. As
displayed, this alternative will prevent cases of missing data.
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combination of parameters could be used to
evaluate the resection margin. The
combination of parameters will improve the
calculations’ robustness what is needed for
images with a high variation in pixel intensities.
Every different parameter analyzed in this
research showed a unique distribution of its
values over distance from the tumor.
Therefore, a combination of more parameters
could be an option to consider. However, the
calculations will get more complicated and
therefore will demand more computational
power what will slow down the calculations.
Thus, a trade-off must be made between the
speed of the calculations and the accuracy of
the calculations.

Correlation between intraoperatively
measured values and values measured
during research

An important next step would be to translate
the findings of this research to real imaging in
the operation room. The implementation plan
will provide the method how the resected

& Universiteit
4. Leiden

> The Netherlands

specimen will be imaged in the operation
room. However, before finishing the
implementation plan, the calculation method
can already be checked with the use of the
PEARL. By landmarking specific areas and
imaging the specimen in whole in the PEARL,
there will be an opportunity to cut the sample
in bread loaves at those specific landmarks. In
this way one should be able, in combination of
the new enclosing and examining protocol for
CRLM, to measure the resection margin at that
specific point. The fluorescence intensity
measured at this specific point can then be
correlated with the findings of this research.
This will lead to a better understanding of the
real measured fluorescence intensities which
are expected to measure intraoperatively.

In conclusion, several potential steps can be
taken to improve this research and contribute
to build towards real-time tumor margin
assessment in colorectal liver metastases
surgery using near-infrared fluorescence-
imaging.
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