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Abstract

This research project is concerned with the development of simulation models and image analysis algorithms,
as well as instrumentation for characterizing anastomotic leakages after a patient has undergone surgery for
esophageal cancer. Anastomotic leakage is a high-incidence complication after esophagectomy, a surgical
procedure for esophageal cancer. In an esophagectomy, the cancerous part of the esophagus is resected, and
an artificial counterpart is created by stretching the ventricle. After sewing these two tissues together, there
is a high chance of the stitches rupturing due to poor healing, something which in turn arises from poor and
complicated blood perfusion in the area. This thesis work aims to utilize indocyanine green, a fluorescent
molecule which binds to plasma proteins in blood. By imaging the anastomotic area after an ICG injection
and illuminating it with a fitting excitation light source, one may be able to determine areas of poor perfusion
by studying the time evolution of the fluorescence signal. The algorithms developed in this thesis achieve this
in two different ways: purely by calculating the time to the fluorescence maximum for each pixel, and also
by numerically approximating the time-intensity derivative. These are tested on the aforementioned Monte-
Carlo simulation model, as well as on tissue phantoms, and finally in-vivo in a porcine model. The results
indicate that the algorithms perform well and reveal relevant features in the fluorescence signal, in all cases.
The porcine measurements prove highly useful to show the benefits and disadvantages of each algorithm,
and the conclusion is that they should likely be used together to provide physicians with a full picture of
the perfusion. Finally, an outlook on how this could be incorporated into a gastroscopy setup is provided,
something which was discussed during this thesis work but never fully realized.



Populirvetenskaplig sammanfattning pa svenska

De flesta av oss har sorgligt nog en personlig anknytning till sjukdomen cancer. Fér en god prognos ar det helt
avgorande att sjukdomen uppticks i ett tidigt skede sd att behandling kan paborjas. Nir det giller cancer i
matstrupen (esofaguscancer) ir detta sillan fallet och prognosen idr dirfor ofta mycket dalig for den drabbade,
med en generell dverlevnadsgrad pa ca 10-20% efter fem &r.[1d]

Esofaguscancer behandlas operativt i de fall dir det 4r méjligt, nagot som forbéttrar prognosen for patienten
avsevirt. Den operativa behandlingen ir vanligtvis en s kallad esofagektomi, vid vilken en stor del av matstru-
pen opereras bort och rekonstrueras genom att ansluta magsicken till det som aterstar av esofagus. Prognosen
efter detta dr generellt sett god for patienten, da denne bade blir fri fran sin cancer samt kan ita och svilja
normalt en tid efter ingreppet.[i]

Trots detta dr proceduren inte riskfri. Omradet dir matstrupen anslutits till magsicken 4r generellt mycket
kinsligt for anomalier i blodflddet, som i sin tur paverkar likningen. Om den kirurgiska anslutningen inte
liker samman ordentligt 16per patienten stor risk att drabbas av sakallad anastomosinsufficiens, dir den kirur-
giska anslutningen brister. Detta ir en fruktad komplikation, d& den bade ir svér for likare att férutse samt,
om den limnas obehandlad, i princip alltid innebir en dodlig utging dé patienten snabbt utvecklar kraftig
inflammation och drabbas av blodférgiftning.[i] Detta sker i ca 15-25% av de fall dir patienten genomgatt
behandling i Sverige, en férhallandevis hog frekvens.[21]

Att uppticka och forutse stundande anastomosinsufficiens ar svért, da det kriver en invasiv undersokning.
Ytterliggare ér det inte trivialt att mita blodflédet i anastomosomradet, och saledes ir oftast problemet sedan
linge uppkommet nir en likare uppticker det.[i]

I detta arbete amnar vi att anvinda fluorescensdiagnostik for att karakterisera blodflodet i den rekonstruerade
esofagus efter en patient genomgatt esofagektomi. Fluorescerande dmnen aterfinns dagligen i bland annat
lysror[3d], drinken gin & tonic [41] samt i vissa typer av tvittmedel[40]. Begreppet innebir kort sagt att
ett amne borjar lysa om det belyses med en viss vaglingd, med en annan ton in belysningskillan. Denna
fluorescensvaglingd ir i de flesta fall lingre 4n den ingdende, men motsatsen forekommer ocksa.

Indocyaningront (ICG) ir ett fluorescerande protein som kemiskt binder till de plasmaproteiner som fore-
kommer i blod.[32] Genom att injicera detta i en patients blodfléde och med hjilp av ett gastroskop belysa
anastomosomradet dmnar vi att mita den tid det tar att fi en fluorescenssignal, i den matris av pixlar som fés
nir en avbildar nagot fotografiskt. Genom att visualisera tidsforloppet i varje pixel kommer detta ge en bild
av hur snabbt ICG, och saledes blod levereras i olika delar av den rekonstruerade esofagus. Genom att snabbt
och regelbundet genomfora sidana mitningar efter genomgéngen operation ir forhoppningen att detta skall
avsloja blodflodesfokaliteter i god tid innan anastomosinsufliciens uppstar.

Projektet innefattar utveckling av simuleringar samt bildanalysalgoritmer, och ex- samt in-vivo experiment f6r
att utvirdera dessa. Ytterliggare presenteras en utblick mot hur ett gastroskopiinstrument for dessa mitningar
kan byggas. ICG fluorescerar infrarétt, vid ca 8oo nm[32] och gastroskopet behover drfor utékas bide med en
kamera som kan se detta ljus samt en ljuskilla for att excitera det. De flesta industriellt tillverkade gastroskop
dr utrustade med en arbetskanal dir olika typer av instrument kan f6ras in. Tanken 4r att denna skulle kunna
anvindas for att leverera samt insamla ljus i omradet.

Den hoga frekvensen av anastomosinsufficiens har digra konsekvenser bade for de efterlevande samt sam-
hallet, da sjukhusutgifter dven okar kraftigt bade i fallet att patienten dér och fallet att den overlever. Siffror
fran Skanes universitetssjukhus uppskattar kostnaden av varje intriffat fall av anastomosinsufficiens till ca en
miljon kronor oavsett utgangen for patienten. [25]

Malet 4r att presentera en mer eller mindre komplett 16sning for att karakeirisera upptag av indocyaningront i
esofagus, som ir forhallandevis billig att tillverka samt enbart kriver befintliga komponenter. Férhoppningen
ar att detta projekt skall utgéra det forsta steget mot ett instrument som kan anvindas kliniske, for att minska

ii



den héga frekvensen anastomoslickage och saledes lidandet for alla inblandade.
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Chapter 1

Introduction

This thesis deals with the development of a fluorescence imaging technique to alleviate the early detec-
tion of poor blood perfusion as well as complications after a patient has undergone surgical treatment for
esophageal cancer. In this chapter, the main motivation and aims behind the work are described.

1.1 Background and motivation

Esophageal cancer is a collective term, which denotes tumours
occurring in the esophagus - a long and narrow muscular tube

which connects the pharynx with the stomach. [g] Its main Oesophagus
function is to allow the ingestion and swallowing of food and cancer

Part removed
nutrition.

Stomach
The mortality rate of patients with esophageal cancer is ex- S ——

tremely high in comparison to several other cancers,
approaching 90% when considering patient survival in five
Stomach is

years after their initial diagnosis. [33] Part of this can be at- puled up

into the

tributed to clear symptoms such as difficulties swallowing chest and
. reattached

only occurring at an advanced stage of the tumour growth,

at which metastases may already be present throughout the

body. The detection of an esophageal tumour at earlier stages
Figure 1.1: An illustration of the esophagectomy

involves invasive procedures such as gastroscopy and is usually o
procedure

not performed unless the disease is highly suspected in the
patient. [33]

As a result of this, esophageal cancer is often treated surgically through a procedure known as an esophagec-
tomy. Esophagectomies involve a partial or most often, full resection of the esophagus, which is then re-
constructed using ventricular (stomach) tissue. [i] The ventricle is stretched and surgically connected to the
remainder of the esophagus. The surgical connection itself is denoted an anastomosis.

As with any surgery, there are many complications which may arise after an esophagectomy. One of these
is so-called anastomotic insufficiency, in which the aforementioned anastomosis fails and subsequently rup-
tures. If left without surgical intervention, this is a catastrophic complication for the patient which may
lead to multiple organ failure and even death. [{] What follows are dire consequences: higher rates of in-
hospital mortality, suffering for the ones who survive the deceased, as well as excessive health care costs.

(i]



Anastomotic insufficiency often occurs as a result of ischemia - poor blood perfusion in the ventricular
tube. [i] The perfusion in this region is very poor, especially in the area directly below the anastomosis as
it is supplied by a single artery after an esophagectomy has been performed. [g] As such, this area is highly
sensitive to discrepancies in blood perfusion. This can ultimately lead to poor healing and subsequently,
anastomotic insufficiency and leakage.

Fluorescence imaging is a standard technique in several medical
disciplines and has been for many years. [2] Such techniques rely
on fluorophores, fluorescent molecules which emit light after hav-
ing been excited. If a fluorophore is excited by illumination with
another source of light, the fluorescence signal is always longer

in wavelength than the excitation source. [34] If this shift is large
enough, one may obtain a very clear contrast between signals from
the light source and the fluorescence signal. [2]]

Figure 1.2: An angiographic ICG-fluorescence Indocyanine-green [ICG] is a green fluorescent dye, developed by
image of the human eye, clearly Kodak during the second world war and used for medical purposes
displaying the choroidal arteries®! . he | It h k al ab . d
where blood is flowing, = since the late 1950s. [24] It has a peak spectral absorption at aroun
800 nm and as such fluoresces in the near-infrared. Clinically, its
properties are excellent as it is nontoxic in reasonable doses and it is cleared by the liver and bile in minutes
following injection. [32]

ICG chemically binds to albumin and other common proteins found in human blood plasma. As such

the fluorescence signal is often used for angiography, the visualization of blood flow through arteries and
veins.[2] These techniques however only display that blood is flowing and serve a qualitative purpose. To
make quantitative predictions, such as deriving perfusion speeds in different parts of the image one must
apply further mathematical and statistical analysis on the optical image. This is the case if one for example
intends to predict the healing of the anastomosis after an esophagectomy: as the anastomosis is supplied
with blood by several arteries, the unprocessed fluorescence image will display this. It will however not
show if there are any discrepancies in the perfusion speed of the blood, the factor which mainly contributes
to poor healing and subsequent anastomotic insufficiency.

1.2 Aim of this work

This work strives towards developing a complete fluorescence imaging toolkit to quantify ICG-fluorescence
in the context of esophagectomies.

The work includes the following:
* The development of a Monte-Carlo simulation model for ICG-fluorescence in the context of esophagec-
tomies

* Algorithm development for the quantification of the ICG fluorescence signal, specifically to charac-
therise blood perfusion

* Ex- and in-vivo measurements of ICG-fluorescence, to test the image analysis algorithms

* Discussion around the required instrumentation to perform these measurements, as well as an out-
look toward how this toolkit could be extended into a full endoscopic instrument.



Chapter 2

Theory of light-matter interaction in
biological tissue

As this thesis presents work that is highly interdisciplinary it is worth dividing the usual theory chapter
into two parts. In this chapter the relevant theory from physics is described, starting from the interaction
between light and matter. In chapter 3, the relevant medical background is described.

2.1 Energy states and transitions in molecules

When light of high enough energy is incident on a molecular compound it excites the molecules into
higher energy states. As a consequence of quantum mechanics, these states are discrete and characterized
by the difference in energy between them. [34] For matter to undergo excitation in this way, the energy
of each incident photon must either exceed or be equal to the energy difference between the ground state
and the excited state. Do note that if the photon energy is greater than the energy difference between the
ground state and a certain excited state, the molecule may be excited to a higher energy state or undergo

ionization.

The energy of a photon of wavelength A is given

hc
Ep = 5% (2.1)

where c is the speed of light in a medium (with a certain refractive index) and h is Plancks constant. [34]
The energy structure of a molecule is usually well described
by the so-called Born-Oppenheimer approximation [36]

Et);(t:ie‘ed electronic Eiotal = Eeiectronic + Evibrational + Erotational (2.2)

Electronic
transition

(in optical
or uv) [ dissociation

s\ The total energy of a molecule can as such

by Ground state .

& be separated into three subsequent parts.

Rotational . . .
Vibrational ool The levels are discrete according to quantum mechanics and
transition i
(In microwave) each type of transition is accompanied by its own quantum

(in infrared)

Internuclear separation number. We refrain from exact expressions for these here

Figure 2.1: An illustration of the different types of as they are of little relevance to this thesis, but they can be

energy transitions present in a molecule, found in almost any graduate-level textbook on atomic and
and their respective energy ranges. [[T6]
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molecular physics (see for example Atomic and Molecular

Spectroscopy by Svanberg. [3d])

Given two energy levels E'; and E, it is regardless of their

nature required that

q E,2

Epn = |E2 — Ei| (2.3)
for the molecule to undergo excitation from £ to Es by the Incident photon,
H E=lf =E,-E, /W
absorption of a photon.
Emitted photon,
. . . E=/

Matter, which has been excited will eventually decay back )f
into its ground state resulting in the emission of energy. 3
In this process, it may either undergo a radiative transition 1

in which the energy 1s emitted as a phOton of energy AE Figure 2.2: An illustration of the absorption and spon-

or it may undergo a non-radiative transition, for example taneous emission of a photon between two
. energy levels in for example a molecule.

by transfer to other molecules in the compound. The non-

radiative process in question is dependent on the molecular

compound.

2.2 Photoluminescence: fluorescence and phosphorescence

If the molecule in question has a decay scheme in which it undergoes both radiative and non-radiative pro-
cesses after excitation by a photon, it is denoted photoluminescent. This subsequently leads to the emission
of photons of longer wavelengths, and thus lower energy (see eq. (2.1)) than that of the incident photons
(it is worth noting that there exist cases where the contrary is true, and the output wavelength is blue-
shifted instead. These are however not described in this section as they are not relevant to the scope of this
project.). This wavelength shift is commonly denoted the Stokes shift.[7]

The lifetime of the transitions depends on their so-called spin multiplicity, a purely quantum mechanical
effect. [34] Here, only a brief outline is provided and the reader is referred to for example Azomic Physics(Ls]
by C. J. Foot for a thorough description.

Due to their leptonic nature, electrons always have a spin of s = :I:%. [i§] The total spin S of an atom is
given [36]
S = Z Si (2.4)
7

where s; 5, denotes the spin of electron ¢.
The spin multiplicity is in turn given by

E,

~_SNon-radiative m=25+1 (2.5)
L
L Each energy level in an atom will have a certain multiplicity
W as it contains a certain number of electrons. As a consequence
E=if 25, -E, /W of quantum mechanics, transitions between energy levels of
Emitted photon, equal multiplicity are favored and as such more probable than
Erbubisl transitions between states of different multiplicity. Such tran-
sitions are called spin-forbidden whereas transitions between
E1 - states of equal multiplicity are spin-allowed. [Is]

Figure 2.3: An illustration of general photolumines-
cence, in which there are one or several
intermediate non-radiative transitions,
resulting in the emission of a photon of 5
longer wavelength than the incoming
photon.



If the radiative transition in a photoluminescent molecule is

spin-allowed, it generally happens quickly after excitation as
it has a higher probability. Such molecules are denoted fluorescent, and the process itself is denoted fluores-
cence. On the contrary, if the transition is spin-forbidden, the process takes much longer and light emis-
sion is not immediately observed. This form of photoluminescence is called phosphorescence. [34]

The fluorescence cross-section of a certain fluorescent molecule (henceforth denoted fluorophore) can be

defined as (7]

[ ftuor
O fluor = "N0abs ;:-Zm (2.6)
abs

where 045 is the corresponding absorption cross-section, 7 is the quantum efficiency (i.e. the ratio of the
number of fluorescence events per second over the number of absorption events per second) and ffuor
and f,ps are the frequencies of the emitted and incident light respectively.

The lifetime 7 of a fluorophore, i.e the average time until fluorescence is no longer observed following
excitation is given by [7]

n
T fluor

T= (2.7)

where 7 f10r is the fluorescence rate constant.

The lifetime in itself is highly affected by a process known as guenching in which the quantum yield is low-
ered due to other means of de-excitation being favoured over the fluorescence transition. [7] The amount
of quenching depends highly on the surroundings of the fluorophore. For example, a high amount of
quenching is obtained if the fluorophore is diluted in a molecular compound in which collisional energy
transfer is probable. [f]]

The quenched quantum yield is given by
n

_ .8
14+ 7reNg (2:8)

Mg
where 74 is the quenching rate constant and Ny is the concentration of molecules which contribute to the
quenching.

2.2.1 Fluorescence imaging and indocyanine-green for measuring blood flow

Fluorescent molecules, henceforth referred to as fluorophores are often used in medical diagnostics for var-
ious purposes.[f7] They are generally classified as either endogenous, which refers to fluorophores that occur
naturally in the human body, or exogenous referring to fluorophores that do not occur naturally and have
to be administered to the patient prior to any diagnostics work.[(7] The work in this thesis only concerns
work carried out with an exogenous fluorophore. As such, this section primarily focuses on diagnostics
with exogenous fluorophores.

Fluorescence imaging is a broad term, which itself can refer to many different types of imaging techniques
in which fluorophores are used. In medicine, fluorophores are most commonly used as a type of contrast
agent to distinguish between different types of tissue.
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Figure 2.4: The (normalized) absorbance of several common tissue constituents, displaying the therapeutic window where deep light
penetration is possible. [B]

There are several imaging techniques which utilize the fluorescence spectrum to deduce medical informa-
tion. In fluorescence spectroscopy, only the wavelength-intensity spectrum is used to characterise the fluores-
cent signal. Such techniques can for example be used to characterize cancer cells as they display a change
in their endogenous fluorescence in comparison to their non-cancerous counterparts. Depending on the
imaging depth, it is often beneficial if both the excitation and emission wavelengths are in the so-called
therapeutic window, where the absorbance of several common tissue constituents is the lowest.

Indocyanine-green (ICG) is a commonly used
fluorescent dye which binds to serum albumin,
the most abundant protein in human blood =
plasma.[32] The peak absorbance of ICG is gen-

erally observed in the range of 750 to 800 nm, )j

with a fluorescence peak in the near-infrared at o
approximately 830 nm. This wavelength falls into S0 07§ |

the aforementioned therapeutic window which © O'Na

leads to easy detection and characterization of the ~ Figure 2.5: The molecular structure of ICG [T3] (C43Ha7N2NaOgS2)
fluorescence signal.

Due to its ability to bind to albumin as well as other plasma proteins, ICG is usually used to qualitatively
image blood flow.

101 | —— Absorption In - 1.0
— — Fluorescence / \
i ro8 B
s = N
t g
E f =
& 06 &
£ @
c (5]
[
= 8
=3 04 q
2 £
2
= I
02
-
00
1000

Wavelength (nm)

Figure 2.6: Two spectra which indicate the wavelength of the light used for excitation (absorption) as well as the fluorescense signal. [37]

It is hard to make quantitative predictions about for example blood perfusion from the optical image itself,



and one must thus apply some kind of post-measurement analysis to characterize the fluorescence signal.

2.3 Tissue optics

2.3.1 Light-tissue interaction: scattering and absorption

In physics, biological tissues can be described as complex media composed of discrete particles (e.g. cells)
that highly scatter and absorb light in an inhomogeneous fashion. [3§] Photons will take seemingly ran-
dom paths and be absorbed or scattered according to the optical properties of the tissue in question. [f]

Due to the complex and seemingly random nature of this process, describing it in a macroscopic and statis-
tical way will prove worthwhile.

The macroscopic attenuation of light in biological tissues is given by the Beer-Lambert law [38]
(n—1)

_ I —HAZ
<n+1>2> o

where Ij is the incoming intensity, n is the average refractive index of the tissue and z is the path length
which the light has travelled. pu4 is the attenuation coefficient given by

I(z) (2.9)

HA = s+ [a (2.10)  Air,
n=1
where 15 and i, are the scattering and absorption coeflicients of D i
. . . . reflection reflection
the medium in question. These describe the average number of eden flecdos
scattering and absorption events a photon will undergo per length Z
unit it propagates. Thus, the mean free path between two such Tisje’ //
n
events is given by -
—_— // /
lfp = — (Z'II) Absorbed "1 |
HA photon // Ballistic path
o1 . . . . . . - - \
The angular probability distribution for scattering events is given N\
by the scattering phase function ®(p - '), which describes the prob- ”~ \,
ability of a photon propagating in a direction p to be scattered in o rtse puth

the incident direction p'. It is normalized such that []

/ o(p- §)dQ =1
47

From the scattering phase function, one can define an anisotropy
parameter as the expectation value of the scattering phase function

(7]
g =/ (P
4

where (cos 6) is the average value of cos 6 over all scattering angles 6. For biological tissues, ¢ is usually in
the range of 0.8 — 0.98. [7]

N\,
\\
si-ballis: ’~\\
Quasi-ballistic N
path \, -

Figure 2.7: A depiction of how light is scattered
and absorbed in biological tissues,
and which paths photons may take
in such a medium.

(2.12)

PN®(p- p)dQ = (cos ) (2.13)

It is worth noting that no general expression of ®(p - p') exists, and instead, there are several solutions
depending on the type of tissue in question. [38] One very common expression that is usually sufficient for



most practical applications is the Henvey-Greenstein phase function, given [38]

1— g2
A Al
O(p-p') = P(cos () = 3 (2.14)
(14 g% —2gcosh)?2
Henvey-Greenstein phase function, g = -0.5 Henvey-Greenstein phase function, g = 0
90° 90°

0° 180°

270° 270°

Henvey-Greenstein phase function, g = 0.5
90°

270°

Figure 2.8: Polar plots displaying the Henvey-Greenstein phase function for three different values for g, showing backward, perfectly
isotropic and forward scattering respectively. Propagation is taken along the § = 0° direction. These all mimic real life cases.
g = 0 exemplifies how fluorescence would behave for example, whereas the other two mimic a close to coherent light source,
such as a laser.

The transport of radiation throughout tissue can be generally described by the radiative-transfer equation
(RTE). [f7] The RTE is a differential equation that describes the transport of power throughout a tissue
sample over time, and it takes all energy gains and losses into account.

Let R(7, p, t) denote the radiance, which describes the power radiated within a solid-angle element d2
through an infinitesimal area element dA. The transport is taken in the p direction and evaluated at time ¢
and position 7, yielding an expression for R(7, p, t) [7]

dpP

) = TAdQ (2.15)

where dP is the power radiated along the same direction. The RTE for a medium of mean refractive index



n is then given|[f]

n OR(T,p,t - "/ 7o t)p
RIREDD - urpn) £ 9 (REAO
—_———— —_—

Energy loss due to Energy loss/gain due to
scattering and absorption  divergence/convergence of the beam

s / B(p- VR, J Y+ S(Fpot)  (216)
A \“/—/

Source term, e.g.
Energy gain due to scattering a light source
of photons into the p direction

where ¢ denotes the speed of light in vacuum. The RTE is not soluble analytically unless restricted to sim-
ple cases, where it can usually be treated as a diffusion problem. [[f] As such, numerical methods such as
Monte-Carlo-based ones are highly relevant in the field of medical optics.

2.3.2  Monte-Carlo methods for simulating the propagation of light in tissue

Monte-Carlo methods are numerical methods based on generating pseudo-random numbers, repeatedly
sampled with respect to a probability density function. When a sufficiently large number of random sam-
ples is obtained this can be used to numerically estimate some quantity. [4]

In the C programming language, which is used throughout this project for simulations, pseudo-random
number generation is implemented as a recursion relation that yields pseudo-random integers in the range

0 to 32767 [24]

(\‘1103515245 - R, + 12345
7?/nJrl =

65536 J) mod 32768 (2.17)

where | .| denotes the floor operation, equivalent to rounding downwards for positive numbers. It is worth
noting that a certain initial value of R, (commonly denoted the seed) will always yield the same sequence
of pseudo-random numbers.

There are several (more or less advanced) Monte Carlo frameworks used to approximate the radiative trans-
fer equation in tissue. One such framework, upon which the simulations performed in this project are
based is MCML [39], developed by Steven Jaques et al. and published in 1995. There have been several im-
provements and alterations to this model since, such as the Multi-Scattering [28] software package by E.
Berrocal and J. Jénsson which runs a voxel-based model on graphics processors. [23]

For the purpose of this chapter, the basic MCML model is sufficient to convey the general simulation
steps. The general idea can be viewed in fig. p.g, and the specifics are described below.

Representation of photons Each model photon is represented
by its 2, y and z position. To simulate the loss of energy due to

scattering and absorption each photon is subsequently given a
typedef struct photon {

weight, initialized to 1 and then decreased as the photon’s energy is /5, y, z coordinates
attenuated. float x;
float y;

If the photon exits the medium, it no longer contributes to the tloat z;

. . . K //photon weight
radiance. As such, another variable is added to mark if the photon float w = 1;
is still "alive” or if it no longer contributes to the simulation. //keep track if the photon

has exited

I . l h b d h h h int outside = 0;
n a programming language, this can be done through the use } photon;
of some composite data structure. For example, in C, one could Listing 2.1: An example of an implementation
implement a model photon via the struct data type. of the model photon described

above, as a type-defined standard C
struct. The implementation would
be analogous in other programming

10 languages



Angles In spherical coordinates both the azimuthal and polar angles need to be taken into account when
propagating a photon. The azimuthal angle ¢; ,, at each iteration 4 for each photon n is given by

Yin = 2TR;in (2.18)

where R; p, € [0, 1] according to eq. (2:17) (or any other method to generate pseudo-random numbers).

The polar angle 6; ,, is randomly sampled from the scattering-phase function. As such all possible values of
0; n, are not equally likely and the probabilities are given by eq. (2.12)). If R; ;, above is once again consid-
ered, the weighted random sample of 6; ,, can be obtained by

gi,n = Cil(ei,n)Ri,n (2-19)

where

Oin
C(0;0) = /O B(p - 7)d92 (2.20)

Step size  The updates to the step size of each photon can be derived from the Beer-Lambert law (eq. (2.9)).
The path length at iteration ¢ for photon 7 is found from

lim = 7111 (Rin) (2.21)
HA

The (z,y, z) coordinate of photon n is then updated by

Titin = Tip + lijnsin(0;n) cos(pin)
Yit1n = Yim + linsin(0; ) sin(p; ) (2.22)

Zit1n = Zin + lin cos(6in)

This applies when the photons are sufficiently close to the z-axis,
often suitable for tissues as the penetration depth is generally very

Launch photon
small.[39] In other cases one instead has to use the so-called direc- 1

e —,

tional cosines which are also based on spherical coordinates. Exact

expressions for these can also be found in the MCML paper[39] by

Jaques et. al.
Hit boundary? —
(dp g <=s) Yo
N .
Photon energy loss The energy loss due to absorption and l ore st | | o |
scattering is, as previously mentioned modeled by the weight pa- <=0 sos-dom ||
rameter of each photon. The energy reduction is solely determined [ Roson | [ransmt e

L]

by the attenuation coefficient of the tissue in question. As such,

Scatter

Photon dead?
N

the weight at iteration 7 is updated as

Ha
WiJrl,n = Wi,n - VVi,n (2.23)
HA
This accounts for energy losses from both absorption and scattering
as 14 is the total attenuation coefficient taking both the scattering
and absorption coeflicients into account.

The modifications to this framework to account for fluorescence as
well as the specifics related to this project are described further in

Chaptel‘ 4. Figure 2.9: A flowchart [89] showing the
simulation steps in the MCML
framework.

II



Chapter 3

Medical background

In this chapter, the medical background for this project will be described, starting with a biological descrip-
tion of tissue. After this, surgical treatments for esophageal cancer will be described and finally, the blood

perfusion in the area of the anastomosis will be discussed.

3.1

All living things are composed of cells.
(3] Even though they are diverse in their
size and function, cells share the same
basic structure and chemistry. Humans
are composed of eukaryotic cells, which
contain a number of different compo-
nents (in biology denoted organelles).
‘The main distinctor between eukaryotic
and prokaryotic cells is that they carry
their genetic information, DNA, in a
structure that is separate from the rest of
the organelles (denoted the nucleus). [3]
Cells are organized into more complex
structures by their function, denoted
tissues. Each type of tissue is also accom-
panied by extracellular matrix, which in
various ways supports the function of
the tissue.

Brief introduction to cells and biological tissue

Nucleus
Nuclear pore
Chromatin
Nuclear envelope
Nucleus
Nucleolus

Peraxisome
Microtubule
Lysosome

Free Ribosomes
Mitachondrion

Plasma membrane

Golgi vesicles

(golgi apparatus)

Ribosomes

Rough endoplasmic reticulum
Smooth endoplasmic reticulum
Actin filaments

Cytoplasm

ecretory vesicle

Centrosome
(with 2 centrioles)

Flagellum

Figure 3.1: The typical structure of an eukaryotic cell, displaying its different
constituents. Figure from Wikimedia Commons. [42]

A common example is collagen, a protein and extracellular matrix often responsible for increasing the ten-

sile strength and rigidity of tissues. [§]

The tissues present in the human body are generally arranged into four main types, namely

1. Connective tissue, which binds other types of tissue together.[38] Here, extracellular matrix is usually
highly abundant in contrast to other tissue types. Blood is considered a type of connective tissue.

(3]

2. Epitheal tissue is a protective type of tissue that lines most of the body’s organs and cavities. [38]

12
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3. Muscle tissue, the main constituent of muscles characterized by its ability to extend and contract on

demand.[38]

4. Nervous tissue which consists of nerve cells.[38] This is the main component of the nervous system.

3.2 Cancer of the esophagus: anatomy, detection and surgical

treatment

3.2.1 Esophageal anatomy

The esophagus is a long and narrow muscular tube
which traverses the thorax as well as the upper por-
tion of the abdomen.[g] In an adult it is usually
around 25 cm in length and approximately 2 cm
in diameter. Its function is to carry food and nu-
trients to the stomach, where it terminates in a
connection to the cardia, the uppermost portion
of the stomach. The stomach and esophagus are
both parts of what is known as the gastrointesti-
nal system.[d] The esophageal wall consists mainly
of muscle tissue layered with fibrous connective
tissue, with an innermost layer of epitheal tissue
(mucosa).[9]

Small intestine
Large intestine

Figure 3.2: An illustration of the gastrointestinal system [[T2]

3.2.2 Esophageal cancer and its surgical treatment

The main surgical treatment for esophageal cancer is to perform a so-called esophagectomy in which parts
of or the entirety of the esophagus are resected and subsequently reconstructed.[lf] The reconstruction is
commonly performed by stretching the stomach, forming a gastric tube which is then surgically attached
to the remainder of the esophagus (a procedure commonly known as esophagectomy with gastric conduit
reconstruction). The surgical connection is medically denoted an anastomosis.

2011 medicalartstudio.com

| A
diaphragm %

Figure 3.3: Two figures [[T9] displaying the intestines of the patient before (left) and after (right) having undergone esophagectomy with

gastric conduit reconstruction.
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There are several complications which may occur, one of the most severe being so-called anastomotic leak
in which the anastomosis connecting the esophagus and the stomach ruptures. This is a highly severe com-
plication which can lead to multiple organ failure and subsequently, the death of the patient if left un-
treated.[[f] This can occur in all stages of the post-operative process, either due to incorrectly constructing
the anastomosis or due to poor healing.

3.3 The cardiovascular system, blood perfusion and its implica-
tions for predicting anastomotic leak

3.3.1 Brief anatomic description of the cardiovascular system

Blood is transported throughout the body by blood vessels. Vessels through which blood enters the heart are
denoted veins whereas those that transport blood away from the heart are denoted arteries. All oxygenated
blood in the body is delivered from the heart and via the aorta, a blood superhighway which branches out
to different organs in the body.[9] The oxygen is deposited, and the de-oxygenated blood is transferred
back to the heart via a network of veins, colloquially the venus system. The blood is then once again oxy-
genated in the lugns, and the cycle repeats. [9]

Capillaries
Arteries

Head and br: Ascending
Upper limbs arteries

Superior
vena cava

Pulmonary
arteries

Right atrium

aorla

vena cava )

Coronary arteries

Digestive
tract |

B, Renal arteries

Kidneys

Descending
arteries

Pelvis and lower limbs

Figure 3.4: A qualitative illustration of the blood flow, or cardiovascular system in a human. Here, red denotes oxygenated blood while
blue denotes deoxygenated blood. [H]

3.3.2 Perfusion of the esophagus and stomach

The two main areas of interest in the context of esophagectomy are the perfusion of the esophagus and
stomach.

The esophagus is situated next to the thoracic portion of the aorta and is perfused by a group of arteries
usually denoted the esophageal arteries. These branch from the inferior thyroid artery, the bronchial arter-
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ies, directly from the thoraic aorta as well as from an ascending portion of the left gastric artery[l]] (see sec-
tion B.3.7).

When it comes to the stomach, the situation is more complicated: it is perfused by several arteries all
branching from the abdominal portion of the aorta. The main artery of interest for the purpose of this
report is the gastroepiploic artery which runs along the greater curvature of the stomach, as most of the
other vascular sources are removed as part of the esophagectomy procedure. This artery is itself a branch
of the gastroduodenal artery which in turn branches from the hepatic artery. As such, the delivery of blood
to the stomach through the gastroepiploic artery is not as direct as for the esophagus, as blood has to travel
through several branching arteries before reaching it.

Esophageal branch of
inferior thyroid
artery

Esophageal
branch of
bronchial artery Esophageal branches
of thoracic aorta

Esophageal branch
= of inferior phrenic

artery
)\
Esophageal branch

of splenic artery

Esophageal branch
of left gastric artery

Source: D. 3. Sugarbaker, R. Bueno, Y. L. Colson, M. T. Jaklitsch, M. J. Krasna, . 3. Mentzer,
M. Williams, A. Adams: Adult Chest Surgery, 2nd Edition: www.acoesssurgery.com
Copyriaht & McGran-Hill Education. All rights reserved.

Figure 3.5: The esophageal blood supply. Here, it is highly visible that it is close to directly supplied by the aorta. [35]

Left gastric artery

Spleen

Aorta

D liver = Short gastric arteries

Right gastric artery Splenic artery

Celiac trunk L
Left gastroepiploic artery
Gastroduodenal artery

tight gastroepiploic artery

Figure 3.6: Illustration showing the arterial supply to the stomach, where one can see the complicated network leading to a high degree
of vascularization. [27]

3.3.3 Arterial supply to the anastomotic area, post esophagectomy

The area above the anastomosis, i.e. the remainder of the esophagus is still well perfused by its near direct
connections to the thoracic aorta post esophagectomy. The area below the anastomosis, i.e. the gastric
conduit constructed from the stomach is supplied solely via the gastroepiploic artery. One can expect a
gradient to arise in the blood pressure along the direction of the stomach, with the perfusion being the
highest in the lowest point of the gastric conduit and consistently decreasing upwards. As such, the area
directly below the anastomosis will always be poorly perfused in contrast to the area above it. Furthermore,
it is highly sensitive to physiological stress. The gastroepiploic artery is a part of the splenic circulation.
This is not a vascularly prioritized circulation in these conditions as it contains many organs that are not as
vitally essential (such as the spleen). The conclusion is that due to the vulnerable nature of the anastomosis,
there is a major risk for the patient to develop leakages. If any discrepancies in the perfusion should arise,
the already poor perfusion of the stomach will be further affected. This could in turn lead to worsened and
slower healing of the anastomotic area.

I5



Figure 3.7: The blood supply to the gastric conduit post esophagectomy. [20]
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Chapter 4

Simulating ICG fluorescence with
Monte-Carlo techniques

As this work encompasses image analysis work to a large degree, Monte-Carlo simulation techniques have
been used to predict the light distribution from ICG fluorescence in the esophagus. These simulations
have subsequently been used as a basis for the development of the image-analysis software, and also serve
a qualitative purpose. The simulation software subsequently generates a video file, in which the expected
progression of the fluorescence image is shown.

To account for the possibility of an anastomotic defect as well as fluorescence, a new software package has
been developed specifically for this purpose, based on the aforementioned MCML package by Jaques. et.

al. [39]

In this chapter, the methods and assumptions of these simulations, are presented.

4.1 The ICG-sim software package

4.1.1  Implementation

1CG-=sim is implemented in the Cr7 (ISO/IEC 9899:2018) [18] standard of the C programming language
[24], and uses the OpenMP API[29] for parallelization to make execution more efficient. The complete
source code can be found at the end of this thesis, or accessed at https://github.com/Ikildetott/ICG-sim.

Number of photons  Number of iterations Runtime (OpenMP enabled) Runtime (OpenMP disabled)
1-10° 500 ~~ 5.53 s ~ 26.8 s
1-107 500 ~ 32.3s ~2ml4s
1-108 500 ~bHm36s ~22m29s

Table 4.1: Benchmark of one run of the ICG-sim software package, with and without OpenMP parallelization enabled and with a different
number of photons for each run. All of these simulations had identical parameters otherwise and were run on an Intel Core
i5-4590s quad-core CPU[[T7] with 24 GB of DDR3 ram.

The software package can be considered a derivative of the original MCML software[39] as it uses the same
basic routines (although implemented from scratch) for photon propagation, but with a geometry which
specifically mimics a tissue slab of the gastric conduit after esophagectomy. It also includes extensions to
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account for fluorescence as well as the gradual uptake of ICG when injected into the human circulatory
system. These extensions are further explained in sections 4.1.2 and 4.1.3 below respectively.

4.1.2  Simulating an incoherent light source

Generally, illuminating as much of the area of interest as possible is beneficial, as this allows fluorescence to
be induced in more points than if one utilizes a coherent light source (e.g. a laser).

In the subsequent instrument, an optical fibre will be used as for light delivery. When photons exit the
fiber tip they will generally acquire a large angular divergence. This leads to a conical beam profile as shown

in fig. [f.1.

Cladding Air

Core Screen

Figure 4.1: A qualitative illustration of light rays exiting an optical fiber, showing the conical divergence as discussed above.

In ICG-sim the fiber tip is assumed to behave as a point source with coordinate (z, ¥, z)source- Each pho-
ton is then given the starting coordinate

(SU, Y, Z)n,start = (Ia Y, Z)source + (Tn COS P, 0’ T, SiN Son) (4-1)

where 7, is a random number between 0 and 7 (see fig. [4.1) and ¢, is also a random number but this time
between 0 and 27. This distributes the photons such that they all lie within a circle of radius 7 on the out-
ermost surface of the simulation geometry.

4.1.3 Accounting for gradual ICG uptake and anastomotic defect

When ICG is injected into the human bloodstream, it will gradually be delivered to the esophagus at a
speed proportional to the blood perfusion. This gradual uptake continues until it reaches the injected con-
centration.

In ICG-sim, each photon can either interact with respect to the attenuation coefficient of the tissue or
the attenuation coefficient of ICG. The frequency of these interactions is governed by the probability of
encountering ICG at each iteration, which can be considered proportional to the concentration of ICG at
each time following injection. In ICG-sim, this probability grows at a fixed rate at each iteration undil it
reaches a maximum value, after which it is kept constant.

To account for anastomotic insufficiency, the simulation geometry has been divided into three distinct
parts in which the ICG concentration can grow at different rates. These rectangular areas cover the entire
slab in the z— and y directions and are solely defined by their z positions.

As is described in Chapter 3, a pressure gradient will arise along the gastroepiploic artery, which is decreas-
ing with the positive z-direction in fig. f.3. This leads to a slower perfusion speed directly below the staple
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row than at the bottom of the simulation geometry. To simulate this gradient in the perfusion speed the
ICG concentration in this region is updated according to (where 2,4z is the 2 position of the anastomosis)

cit1(2) = ¢i(2) + Kmaz (1 - W) (4.2)

Zmaz Well perfused area,

concentration grows at fixed rate
where Kpqz is the concentration update rate at

z=0and 0 < Kgpqq < 1is the fraction of Kz mbmm Jetaplerow
at which the blood pressure decreases with each

step in Z.

The light source in the final instrument will be
continuous and illuminate the region of interest Lesser petfused area, concentration
during the entire data-taking process. To simu- grows according to pressure gradient
late this continuity, photons are launched from
their starting positions in packets given by the
total number of photons divided by the total num-
ber of iterations. At each iteration, both all previ-

ously launched photons as well as a new packet are

propagated. This continues until the last iteration,
where all photons are subsequently propagated. X

A . f ﬂ Figure 4.2: A 2d representation of the simulation geometry, with
4.1.4 Ccountlng or rnuorescence the three rectangular regions indicated. In actuallity, the

simulation also considers a depth, indicated by the y-axis
in the figure. lllumination is done in this direction as well.

When a photon encounters ICG and its weight

is below a pre-set threshold, a fluorescence event can be induced in proportion to a pre-defined probabil-
ity. The existence of a finite probability for fluorescence can be considered as an analog for quenching, as
described in section 2.1.2.

If a fluorescence event is induced, it will re-launch the photon but it will now be pre-conditioned to in-
stead interact according to the optical parameters for the fluorescence wavelength. If a fluorescence photon
reaches a distance of 1 mm to the front face of the simulation slab, it is considered to be detected and the
subsequent distribution of fluorescence photons is saved. The re-use of pre-existing photons instead of
launching new fluorescence photons is mainly motivated by its memory efficiency, and should not lead to
any discrepancies in the physical accuracy of the simulation as only the detection of fluorescence photons is
considered in the resulting histograms.

4.1.5 Limitations

As aforementioned, directional cosines are not used and all interactions are assumed to take place close to
the z-axis. This may provide inaccuracies in the resultant photon distribution if detected over large dis-
tances, but for verification purposes, it is safe to assume that the detection of the photons takes place suffi-
ciently close to the z-axis. In an endoscopy situation, the endoscope will surely always be located close to
the anastomosis with a separation on the order of a few centimeters.

Even though the simulation is based on an experimentally verified previous model by Jaques et. al. there
may be errors in the representation of the fluorescence signal. Furthermore, it is not known if the expected
pressure gradient in the patient’s blood flow is completely linear, even though it seems like a physically
sound assumption. This is of course a big limitation of this model.
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This is however not at all the main focus of this thesis. The Monte-Carlo model is only used for verifica-
tion purposes, mainly for the image analysis software. As long as the model provides a gradually increasing
probability for photons to interact across the simulation geometry, it should be enough to verify that the

image analysis algorithm can characterize deficiencies. Any added level of physical accuracy is merely a
bonus in this case.
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Chapter s

Quantifying ICG fluorescence: an

algorithmic approach

As aforementioned, the presence of a fluorescence signal itself is not the main factor of interest to deter-
mine if the blood perfusion in the anastomotic area is poor. As long as ICG is delivered, it can be expected
to fluoresce at some point.

In this chapter, methods to quantify ICG-fluorescence in a perfusion based setting are discussed. Firstly, a
current state of the art is provided. Then, two algorithms which were developed specifically for this thesis
are discussed, and verified using Monte-Carlo simulations. Lastly, time evolution measurements on tissue
phantoms that crudely mimic blood perfusion are presented.

s.1 State of the art

Nerup. et. al. have previously presented a software algorithm for real time perfusion assesment utilizing
ICG, which performs very well. This algorithm (Q-/CG) utilizes a similar type of metric as the ones pre-
sented here, namely an estimation of the fluorescence time-intensity slope. This is done by performing a
linear regression on the recorded fluorescence signal with respect to a baseline. Several studies have been
performed where Q-/CG is utilized to monitor perfusion speed. The main take-away is that utilizing the
time-intensity slope is a very reliable way of analyzing these types of measurements.

The second algorithm presented here provides what can be viewed as an alternative approach to calculating
the same metric as Q-/CG does. Here, a numerical approximation of the derivative is used in lieu of linear
regression. Further, this is tested against another algorithm which instead utilizes the absolute time to fluo-
rescence maximum, which is meant to be used in conjunction with the second if this proves worthwile. As
such, the work presented here can be seen somewhat as a unique extension to Q-/CG.

5.2 Two metrics for time-evolution measurements

When imaging the anastomotic region, we can assume that each pixel will experience a maximum intensity
I'mag,i where ¢ denotes the pixel number. Let the intensity evolution for each pixel be given by I;(t). To
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approximate this function, the pixel value needs to be sampled over time such that a sequence of values
Io = {Il(tn) | tn € R, to <ty < tmam}

for each pixel is obtained. If this is the case, two metrics are of interest to estimate the blood perfusion in
the area:

1. The time it takes for pixel 7 to reach a certain threshold fluorescence intensity If;,,0r, €.g. solve
I;(tn) = Ifiuor for ty, to compute At = ¢, — to.

2. An approximation of the time derivative %Ii(t), e.g. the slope of the fluorescence intensity curve
per pixel.

A slow evolution of the pixel intensity would, in turn, be suggested by a large time difference At = t,, — tg
and a small time derivative in contrast to the surrounding pixels.

In the case of this thesis project, both metrics are used and evaluated. The first metric would likely suffice
in many cases, but has a big disadvantage: one may, depending on the measurement conditions, need to
establish a threshold intensity (/;5,42) which may vary in different conditions. One can however utilize the
maximum intensity per pixel. The second metric however completely avoids this, as it is independent of
any case-to-case differences in 1,44

As it is not inherently clear if I;(t) is linear in time, the derivative has to be approximated numerically. The
following symmetric difference formula has been shown to provide accurate enough results in terms of its
truncation error.[31] Given a step size ¢sz¢p, we approximate %Ii(t) as

gfi(t) ~ I(t + tstep) - I(t - tstep) _ I(tn—i-l) - I<tn—1) (5'1)
t=typ 2t5t€1’ t=tn tnt1 — tn—1

To form a qualitative and human-understandable picture of where in the imaged region the ICG concen-
tration is growing slowly, a mapping is used where each pixel is assigned an RGB value (a so-called col-
ormap) depending on the value of %Iz(t) If a distinct region of pixels in which %Ii(t) is significantly
small, this is marked as a danger zone in which the blood flow in the tissue is poor and may require surgical
intervention.

Two algorithms were developed, utilizing each metric. These are described in the following two sections.
To evaluate if they properly provide a picture of how intensity signals evolve over time, and if they are ap-
propriate for ICG-fluorescence, they were first evaluated on Monte-Carlo simulations as well as on tissue
phantoms.

Both algorithms are designed so that they carry out the calculation of each of the above metrics frame-
by-frame and pixel-by-pixel. They both utilize this to generate a colormapped image of the fluorescence
evolution in each pixel. This image has the same dimensions as a single frame.

s.2.1 Algorithm I: absolute time

The pseudo-code below (algorithm [|) provides a basic implementation template for the absolute time algo-
rithm.
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Algorithm 1: Absolute time

Input: Array of frames Fj . xn, threshold intensity 7', framerate s
Output: Matrix M, xn,

begin
n <+ 0
forp <+ Oto k do
[ Flp]
for i < 0 to m do
for j < Oton do
if (f[i,j] > T) A (M]i,j] = 0) then
| Mli,j] < n/s
else
| M[i,j] <0
end if
end for
end for
n+<—n+1
end for
end

This implementation may in certain programming languages provide a poor time complexity due to the
triple for-loops. As such, in the Python implementation used in this thesis, several optimizations have been
made using the numpy package [31]. The full analysis code can be viewed in Appendix B of this report.

s.2.2  Algorithm II: fluorescence slope

Here, a pseudo-code template for implementing the fluorescence slope metric as is done in this thesis is

provided.

Algorithm 2: Fluorescence slope

Input: Array of frames Fjymxn, framerate s
Output: Matrix M, «n,

begin
forp< 1tok —1do
fi < Flp—1]
fo+ Flp+1]
for i < 0 to m do
for j <+ Oton do
| Ml 5] Mli, ] + LA
end for
end for
end for
M+ M/k
end

The same specifities regarding the time-complexity as in the previous section once again apply.
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s.2.3 Verification using Monte-Carlo simulations

A single Monte-Carlo simulation was performed for verification purposes.

Optical depth 5 cm
Size of slab 2X2X§cm
Esophagus scattering coeff. [3§] 29.5 cm !
Esophagus absorption coeff.[38] 3.3cm !
Injected ICG concentration 0.25
Anastomosis location Pixel row 420

Table 5.1: The parameters used for the Monte-Carlo simulation.

The obtained figures for this simulation with the optical parameters in table f.] can be viewed below.
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Figure 5.1: The absolute time algorithm applied on the aforementioned simulation
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Figure 5.2: The fluorescence slope algorithm applied on the same simulation as in fig. p71.
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Both of these figures do display the time evolution throughout the simulation geometry. The absolute time
algorithm clearly shows the trend, whereas it is a bit more unclear in the fluorescence slope figure. These
tests do however fulfill their purpose of verifying if the algorithms can detect trends in the time-evolution
in conditions similar to the expected tissue conditions.

5.3 Time evolution measurements of ICG-fluorescence in tissue
phantoms

Several experiments were performed where ICG fluorescence was measured in tissue phantoms. The main
purpose of these were to test the two image analysis algorithms for different cases, especially different time
evolutions. It is not inherently known what the perfusion speed in a subsequent patient may be, and it is
likely that it varies from patient to patient, if they have a medical history of arterial pressure disease, for
example. It is of interest to know if each algorithm performs better for a certain case, and if it is beneficial
to use both for providing a complete picture of the blood perfusion in the anastomotic region.

5.3.1 Experimental setup and methodology

The main plasma protein in blood to which ICG
binds is as aforementioned #/bumin. Albumin
(human) solution is readily available for clinical
use in varying concentrations.

The tissue phantoms designed for this experiment
are albumin solution, at a concentration of so g/l
(which mimics arterial conditions) mixed with

an aqueous ICG solution. The subsequent con-
centration is the same as is used in most clinical
circumstances, at roughly 5 mg/ml.

The solution is hosted in a plastic cuvette with
a thickness of 3 mm. This is on the same order
as the esophageal tissue and mucosa which the

laser has to penetrate As such. it provides a gOOd Figure 5.3: Tissue phantom solution which is used in this thesis.
. ol

compromise in place of actual, perfused tissue to
study ICG-fluorescence.

A picture of the setup used in these experiments can be seen below in fig. f.4.

The light source used is a 760 nm DFB laser diode (Eagleyard photonics DFB-0760-00040-BFWor-0002)
coupled into a single-mode optical fiber.
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Figure 5.4: A picture of the experimental setup used in the tissue phantom measurements, indicating the different components.

The fluorescence image is obtained utilizing a near-infrared enhanced CMOS camera, which is highly sen-
sitive to light in the ~780 nm to 2.5 um wavelength region (/DS Imaging Ul-s240CP-NIR). The incident
light is filtered before impinging on the camera sensor, something which is highly necessary: the fluores-
cence signal may be quite low, and as the camera images monochromatically it would therefore be indistin-
guishable from background light and reflections. The filter used is a Schorr RG830 longpass-filter which has

a steep transmittance cutoff below 830 nm.

The experiment is based on successively filling the empty plastic cuvette with tissue phantom while illu-
minating it and simultaneously recording it with the camera. The Monte-Carlo simulations have a already
verified that the algorithms indeed can distinguish differences in the time evolution over the imaged re-
gion. As such, two measurements were performed here: one where the cuvette was filled very quickly, and
one where ICG-albumin was instead slowly added.

With the camera and light source aligned and turned on/recording, tissue phantom was added to the cu-
vette with a plastic pipette. In the fast case, it was quickly ejected with a single squeeze whereas for the slow
case, it was dripped with constant speed over a duration of 54 seconds.

26



s.3.2 Results - slow drop speed
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Figure 5.5: The absolute time algorithm applied on a slow drop speed measurement. Here, tissue phantom was slowly added to a cuvette
over 54 seconds while illuminated and imaged. The rightmost plot displays the time per row of pixels of the final image, to
further indicate if there are any discrepancies in the time to fluorescence is reached.
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Figure 5.6: The fluorescence slope algorithm applied on the same measurement as in fig. B-3.
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5s.3.3 Results - fast drop speed
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Figure 5.7: The absolute time algorithm applied on a measurement where ICG was quickly ejected into the cuvette. Once again, the
average time per row of pixels is plotted to further display any discrepancies which are not visible from the colorbar on its

own.
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Figure 5.8: The fluorescence slope algorithm applied to the same measurement as in fig. -4
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5.3.4 Discussion

From the drop speed measurements above, it is clearly indicated that the two algorithms in both cases pro-
vide a quantitative picture of how the fluorescence signal evolved throughout the imaged region. This can
be seen for both cases from the average row-time graph on the right in each figure: there are clear differ-
ences across the geometry in both cases. As the cuvette was filled down and upward by dripping, it was
mainly interesting to look at the average values of the pixel rows. This may not be the case in actual mea-
surements however as discrepancies may also arise along the width of the image. As such, it may be of great
interest to look at the pixel-column averages in conjunction with row averages in measurements where this
is relevant.

If comparing fig. f.4 and fig. f.4 (i.e. absolute time and fluorescence slope for the slow drop case) purely
from the color-mapping, it is seen that fig. f.§ provides a much clearer picture of the evolution of the flu-
orescence signal. This is highly reasonable from a mathematical standpoint: if the time difference between
each droplet entering the cuvette is small enough the drop speed will be close to constant. The drop speed
is proportional, or even identical to the time-intensity slope. There is however a large difference between
the maximum time (top of the cuvette) to fluorescence and the smallest, leading to it being distinguishable
in the absolute time case.

The contrary is true for the fast evolution case. Here, the difference between the maximum and minimum
times is too small to be visualized, and one as such obtains a close to homogenous color-mapping. The
fluorescence slope algorithm however manages to provide both an understandable and quantitative picture
of the time evolution throughout the geometry.

In a clinical setting, the algorithm needs to be able to detect vanishingly small discrepancies in the blood
flow of the patient. It is not inherently known if one will obtain results similar to the slow drop or fast
drop measurements, and this may even differ throughout the imaged tissue. As such, it could be reasonable
to combine the two algorithms to form a complete picture: in regions of the tissue where the difference
between the maximum and minimum time is large, the absolute time algorithm could be used. Similarily,
the fluorescence slope algorithm could be used in regions where the contrary applies. By combining all
imaged regions into one image, one would be able to obtain a full picture of the tissue perfusion while
alleviating the difficulties with each algorithm.
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Chapter 6

In vivo measurements to predict

anastomotic insufhiciency in a porcine
model

This chapter presents results obtained over two days from studies performed at Umed University Hospital
(Norrlands universitetssjukhus). These were performed iz vivo in a pig, where the small intestine was used as
a model for the esophagus as well as the ventricular tube. These results serve as a proof-of-concept of how
the technique could be applied in humans as the tissue conditions can be expected to be highly similar.
The studies were all performed in conjunction with all animal ethics regulations (ezikansokan A-32-19), with
doctors who had all undergone ethics training specific to pigs.

6.1 Surgical and experimental procedure

The measurements were performed on a healthy, adult pig that had been raised and cared for at a nearby
farm. After having been anesthetized, a portion of the small intestine was extracted through an incision in
the abdomen. Three separate anastomoses were sewn, although only two of these were used for the final
measurements. One part of each was left unaltered, retaining its previous vascularization. This mimics the
direct aortic blood supply in the human esophagus. The other part had a certain number of arteries limited
in their perfusion speed, utilizing surgical clips. Two of the anastomoses were clipped so that they retained
a one-to-three de-vascularization ratio (i.e. one of three arteries was clipped), and the third one with a two-
to-three ratio. This subsequently mimics the poor blood supply in the ventricular tube.

The ICG was mixed with distilled water to the typical clinical concentration of 5 mg/ml, and injected fol-
lowed by flushing with saline. The pig had an allergic reaction immediately following both injections, but
anaphylaxis was quckly avoided by adrenalin treatment. The injections were performed through an artery

in the right frontal leg of the pig.
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Figure 6.1: The two imaged anastomoses, with de-vascularization ratio indicated to the left. The anastomoses are located at roughly 2.6
cm and 7.3 cm respectively, according to the ruler to the right. This can be seen from the visible stitches. The part above this
line in each is the de-vascularized part.

Imaging was done from above, with a ceiling-mounted NIR camera with Schozr RG830 longpass filter. The
camera used was once again the /DS Imaging Ul-5s240CP-NIR as in the previous chapter. Two of the three
anastomoses were illuminated using the 760 nm DFB laser diode (Eagleyard photonics DFB-0760-00040-
BFWo1-0002) coupled into a single-mode optical fiber as in the previous chapter. The reason for only il-
luminating two anastomoses was a compromise due to the power loss of the light source being too great
at the distance required to illuminate all three: it was unclear if one would be able to achieve fluorescence
atall. As such, it was set at a distance where a fluorescence signal could be verified using a phantom con-
taining diluted ICG, and the two-to-three ratio as well as one of the one-to-three ratio anastomoses were
illuminated and subsequently imaged.

Two ICG injections were performed, with 30 minutes of downtime between each to allow the chemical
to saturate and be cleared hepatically. The two anastomoses were simultaneously recorded during the full
course of ICG circulation until saturation appeared to have been achieved.

After the full procedure, the pig was sacrificed per standard regulations.

6.2 Data processing

The videos were processed with the aforementioned scripts, also used in the previous chapter (see Appendix
B for the implementation). In addition to this, standard deviations for each pixel were also calculated and
visualized.

The standard deviation for a single pixel value z is defined as

o = (z ;VM)2 (6.1)

where (1 is an arithmetic mean extracted from the data containing =, and NN is the total number of pix-
els. The standard deviation is a commonly used statistical measure that is interesting to investigate in the
case of this project. It may further reveal discrepancies in the produced figures, especially when correlating
between the two.

In the case of figures produced using algorithm P, the average derivative in the same well-perfused area of
the image was used in place of p. For algorithm [, a mean time to saturation in a well-perfused region over
all four images was calculated and used as ji. The reasoning behind using p-values obtained only in well-
perfused regions of the tissue is that it is more physiologically relevant than utilizing the mean value over
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the full fluorescence image. Doctors are interested in knowing how much a certain region of tissue deviates
from what is considered a physiological standard for well-perfused tissue, rather than from a mean value
that might be biased by the regions that performed poorly. The value for I}, used in the absolute time
measurements was the saturation intensity for each pixel. This provides a slight modification according

to the previous chapter, where a common threshold was used for all pixels. In a physiological context this
is reasonable: one cannot agree on a physiological maximal saturation intensity as this could vary greatly
from patient to patient. Furthermore, the light source, injected ICG concentration as well as the camera
used would all affect this as well. The algorithm should be general, and as such the intensity of each pixel
in the last frame of the sequence is used as the threshold.

The colormappings were also normalized in contrast to the previous section, to avoid the confusion which
may arise from a low slope not indicating the same as a short time, rather the opposite. A different col-
ormapping is used in these figures, which provides more steps to display small differences. Furthermore,
the ranges were set such that red tones indicate poor perfusion for both algorithms, whereas blue indicates
good.

6.3 Results, injection 1

As aforementioned, two separate ICG injections were performed and the same two anastomoses were im-
aged. This resulted in four separate recordings, which in turn resulted in a mean time to saturation of 29
seconds in a well perfused area, as well as a slope of 600 s~! being considered the lower limit for poor per-
fusion, and 1000 s~ the opposite.

6.3.1 Anastomosis I, de-vascularization ratio 2/3
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(a) Raw fluorescence slope images for the 2/3 de- (b) Raw absolute time images for the 2/3 de-
vascularized porcine model. Anastomosis located vascularized porcine model. Anastomosis located
at pixel row index 200. at pixel row index 200.

Figure 6.2: The obtained results for the 2/3 de-vascularized anastomosis from the first ICG injection, i.e. the upper one in fig. p-1.
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Figure 6.3: Evolution of the fluorescence signal for a single pixel in fig. B-4(a) with numerically estimated derivative in the same pixel.

6.3.2 Anastomosis 2, de-vascularization ratio 1/3
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(a) Raw fluorescence slope images for the 1/3 de- (b) Raw absolute time images for the 1/3 de-
vascularized porcine model. Anastomosis located vascularized porcine model. Anastomosis located
at pixel row index 400. at pixel row index 400.

Figure 6.4: The obtained results for the 1/3 de-vascularized anastomosis from the first ICG injection, i.e. the upper one in fig. 1.
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6.4 Results, injection 2

6.4.1 Anastomosis 1, de-vascularization ratio 2/3
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Figure 6.5: The obtained results for the 2/3 de-vascularized anastomosis from the second ICG-injection, i.e. the upper one in fig. p-1.

6.4.2 Anastomosis 2, de-vascularization ratio 1/3
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Figure 6.6: The obtained results for the 1/3 de-vascularized anastomosis from the second ICG injection, i.e. the lower one in fig. b1
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6.5 Discussion

6.5.1 Injection 1

Beginning with the results in fig. .3, i.e. the 2/3 de-vascularization ratio anastomosis, it is clear that both
algorithms display the same trend. There is a clear contrast in both images between the area below the
anastomosis, which was well perfused and the area above it, where the perfusion speed was limited.

In the absolute time image, the general trend is very clear up to pixel row 80o. Above this row, something
interesting happens: the fluorescence slope algorithm indicates very poor perfusion in this area, which is
also strengthened by its standard deviation plot as this is the area where it is the greatest (see fig. 5.7a.)).
This should also indicate a very long time to saturation, but the corresponding area in fig. 5.2b.) shows

the contrary. The conclusion is something which poses a big possible disadvantage with the absolute time
algorithm: if a region of pixels is so poorly perfused that it never reaches saturation intensity, and rather
stay essentially the same as at the start of the recording, they will have reached their maximum intensity al-
most instantly. Such a region is as such displayed in exactly the same way as a very well perfused one which
reaches saturation intensity very quickly. The derivate approach of course alleviates this, as it distinguishes
between a steep slope and a close to constant one. Furthermore, this displays a use case for the standard
devation as a verification metric. The area in question is highlighted as highly red as it deviates highly from
the surroundings. Other small patches which are similar in their value can easily be disregarded as artifacts.
It is easily to correlate the two areas by eye and draw the conclusion that if there is such a sharp deviation
in the trend as in fig. [6.2b.) over a large area, this rather indicates poor perfusion than an extremely well
perfused area.

There is an inherent patchiness in the produced figures. Patches of poor perfusion appear in the well per-
fused area below the anastomosis, and vice versa. It is suggested that this may have arisen due to the com-
plex and to the group, somewhat unknown at the time arterial network supplying the small intestine in
pigs. Even though a blood vessel is located at the side where one wants to limit blood flow it may still later
branch to other areas of the tissue. As such, patches of both types may arise and this could also be expected
in humans. An idea to alleviate this could be to perform fluorescence angiography of the arterial network
in conjunction with the production of these results. By visualizing the blood vessels themselves and corre-
lating over areas of different perfusion, one could determine why the patchiness arises in a well substanti-
ated way.

Continuing with the second anastomosis which was more vascularized than the first, i.e. the results dis-
played in fig. 6.4, it is clear that both algorithms reflect a higher degree of good blood flow to both sides of
the anastomoses. Both the absolute time and fluorescence slope figures display a much more homogenous
trend throughout the tissue. One can however still distinguish that above the anastomosis, the number

of areas which tend toward a slower evolution is greater than below it. This is once again mainly revealed
by the fluorescence slope algorithm, which once again highlights individual discrepancies rather than the
general trend. In the case of fig. [.4b.) the same trend is shown but harder to make out. The standard de-
viation once again proves worthwile when interpreting the absolute time image as it increases the contrast
between areas of poor and rich perfusion respectively.

6.5s.2 Injection 2

The second injection was performed after a downtime period of around 30 minutes, to allow the ICG to
flush and exit the bloodstream hepatically. This was not verified quantitatively, and there may as such have
been some initial fluorescence at the time of injection. The reason for this is two fold: firstly, it was hard
to verify with the toolset available to us during the experiment. Secondly, it provides yet another test for
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the algorithms as it would indicate if they are sensitive to this. In medical conditions it would not always
be possible to know for sure if the fluorophore has been completely cleared if one performs several injec-
tions. One would likely work in a similar way to what was done here with allowing a somewhat arbitrary
downtime between the injections.

The results obtained from the first anastomosis with 2/3 ratio (fig. B.§) mimic the trends presented from the
previous, albeit with a larger number of areas taking on values which are smaller than the lowest value in
the colormap normalization (a slope of 600 s~1). This can explained by the simple fact that the recording
in this case was longer than the first (53 and 82 seconds respectively). The outcome of this is positive rather
than negative, as it provides a better granularity between the pixels themselves. A longer recording holds
more data on when pixels reached saturation which is reflected in the final figure. The resulting increase in
contrast may be further revealed by adapting the normalization of the colormap, something which could
prove worthwile in future developments where one might want to study individual focalities in the blood
perfusion of a patient rather than display the general trend in the tissue. For the purposes of this report,
the same normalization still holds, however.

The fact is also reflected in fig. [f.gb.) where at least a certain number of pixels in the pixel region above row
800 actually reached saturation, alleviating the aforementioned issue of pixels which fluoresced quickly ap-

pear the same as pixels which never reached saturation in the time span of the recording. The conclusion is

that, to alleviate this problem completely, one would have to decide on a statistically substantiated standard
recording length, which likely allows all pixels to reach saturation.

Furthermore, the results were not greatly affected by the possibility of fluorophore still being present in the
tissue at the time of injection. The images display exactly the same trends as in the corresponding previous

section, which is what is physiologically expected. To say for sure if the flushing downtime affect the results
greatly, more tests would have to be performed. The naive conclusion is however that it does not affect the

outcome greatly.

All of the above can also be said for fig. .4, the 1/3 ratio anastomosis.

It is clear that a greater recording length also affects the standard deviation plots, where the standard devi-
ations seem somewhat amplified. This is however completely reasonable as the same physiologically moti-
vated values of 1t were used in these cases. A longer recording length will allow more pixels to deviate from
these values than in the other case. This outcome is not necessarily a positive aspect, as it does not bring a
lot to the table, more so than possible confusion for the person interpreting the images.
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Chapter 7

Outlook

The work presented in this thesis has dealt with the development of simulations and image analysis algo-
rithms to analyze indocyanine-green fluorescence in the context of esophagectomies and their possibility
to lead to anastomotic leakages. The purpose of the work was to work toward a full and complete setup

to measure blood perfusion in the anastomotic area, as this is theorized to be one of the main factors con-
tributing to anastomotic leaks. Furthermore, experiments have been performed both in- and ex-vivo, on a
porcine model of the thoracic situation after an esophagectomy, and in tissue phantoms respectively. The
results obtained in these were analyzed using the aforementioned image analysis algorithms, that approach
the same problem in two different ways. These were initially verified using the Monte-Carlo simulation
model, to see if they at all could visualize differences in the time evolution, with conditions similar to the
ones found in esophageal/ventricular tissue.

7.1 The thesis work

Two Monte-Carlo simulations of the collected fluorescence light distribution were performed, which pro-
vide recordings which were highly similar to the ones obtained during the in-vivo experiments, indicating
that the assumptions and conditions were correctly estimated. Furthermore, the image analysis algorithms
succeed in identifying discrepancies in the blood perfusion, both simulated and in tissue phantoms. The
experiments regarding the latter indicate that the two algorithms may have different usecases depending
on the patient-to-patient perfusion conditions: the absolute time approach highlights slow evolutions well,
where the slope of the fluorescence may be close to constant throughout. Similarily the fluorescence slope
approach highlights fast evolutions, where the absolute time algorithm is less well suited. The conclusion
is that the algorithms may either be applied selectively in different regions of the tissue, or that they simply
serve different usecases and should ideally be used together.

The in-vivo experiments involved two modeled anastomoses, sewn in the small intestine of a pig. The
blood supply to the region above and below it was modulated, such that the area below was left untouched,
simulating the human esophagus and the region above had a certain number of blood vessels clipped such
that the perfusion speed was limited.

The image analysis algorithms were further tested on these, leading to a few important conclusions. The
results from the absolute time algorithm can be misleading if perfusion is highly limited in a certain area
of the tissue, such that it does not reach saturation during the time of recording. This issue can however be
alleviated by recording for longer, to allow all pixels to reach saturation, and by including and interpret-
ing the standard deviation from the physiological well-perfused mean, for each tissue. This does not arise
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with the fluorescence slope algorithm, which also indicates individual focalities much better, something
displayed by the patchiness in these images due to the complex blood supply in the imaged area. In con-
clusion, both of the algorithms should be used in conjunction to provide doctors with a full picture of the
perfusion in to and from the anastomotic area.

It is worth noting that the perfusion throughout the tissue was not validated using established methods.
This would be a necessary step if the developed algorithms are to be used clinically. Even though the al-
gorithms provide the picture we expect, it would be highly necessary to validate the results as this would
provide further clues toward if the algorithms show true discrepancies in the perfusion. This could for ex-
ample be done using laser speckle contrast imaging, a method which has been explored for perfusion speed
measurements like these to a high degree (see for example [{f] for a description of the technique).

7.2 Future work: towards a full gastroscopy setup for ICG mea-
surements

In the beginning of this thesis work, the plan was to, in contrast to the above, develop an instrument
which could be used in gastroscopies of the anastomotic area. Even though a substantial amount of work
towards this was done, it is not presented here as it never left the planning stage. This is mainly due to dif-
ficulities with the imaging capabilities of clinically used gastroscopes, as well as due to the secretive nature
of their design.

A gastroscopy is a procedure where an endoscope is used to image the upper gastrointestinal tract of a pa-
tient. Endoscopes are long and narrow tubular devices, which contain a light source and some type of
viewing optics, nowadays most commonly a camera. Most clinically used endoscopes contain a narrow
working channel (typically 2-3 mm in diameter) in which medical devices can be inserted that may then be
used during the gastroscopy.

ENDOSCOPY

Esophagus

Stomach

Camera [ S

/
Tool Eoone Endoscope

Figure 7.1: An illustration of the gastroscopy procedure, indicating the endoscope and how it is inserted into the patient. [22]

Post-esophagectomy, the imaging of the anastomotic area would of course have to be done in this way.

This could be combined with an instrument which could be inserted into the working channel of the en-
doscope, containing the excitation light source as well as imaging optics for recording the fluorescence. It
was found during the course of the thesis work that the endoscopes used at the Lund university hospital
either contain a strong IR-filter or are not sensitive to infrared light at all. As such, the build in camera can
in most cases not be used to image fluorescence without modification, something which, due to industrial
secrecy, could only be done in cooperation with an endoscope manufacturer. This is most likely the reason-
able approach, as it was found during the course of the thesis work that a small enough infrared camera of
high quality, which could fit in the working channel together with a fiber coupled light source, is extremely
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hard to find. As such, a proposed design would be to remove the IR-filter/modify the camera such that it

is IR-sensitive. To simultaneously obtain an optical image, one could modulate the excitation light source
with a rate of for example, the frame rate of the camera. Half of the recorded frames would then be the
raw image, whereas half would record the fluorescence induced from the excitation light source. One could
then extract these for processing with the developed algorithms. This approach could alleviate filtering the
signal, which in turn requires a separate camera for the optical images (as in this thesis).

In conclusion, this work provides a clear proof of concept of how ICG-fluorescence can be quantified us-
ing different image analysis algorithms. This has been done specifically with anastomotic conditions after
esophagectomies in mind. The work provides the first stepping stone toward future studies which should
be focused on making the measurements applicable in practice.
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Appendix A

Simulation code

A.1  Header files and their implementations

A.1.1  RandChoice.c

#include <stdlib.h>
#include

float randChoice(float *randlist, float *weights, int len) {
/*
Generate weighted random numbers by calculating the cumulative
sum of the weights and finding the weight which is greater or
equal to the generated random number.

Arguments :

*randlist: array of floats containing numbers to choose from.
*weigths: array of floats containing the weight of each number
in the distribution. Must be indexed and equal in length to
randlist.

len: the length of the arrays.

Returns:

A weigthed random pick.

*/

int low = O0;

int mid = 0;

float wsum = 0;

float *cweights = calloc(len, sizeof (float));
//Calculate cumulative sums of weights

if (cweights == NULL) {
return -1;
} else {
for (int i = 0; i < len; i++) {
wsum += weights[i];
cweights[i] = wsum;
¥
};

//Generate a random number between 0 and wsum
float rnd = ((float)rand()/(RAND_MAX))*wsum;
//Find the weighted choice by binary search
while (low < len) {
mid = (low + len - 1)/2;
if (rnd == cweights[mid]) {
break;
} else if (rnd > cweights[mid]) {
low = mid + 1;
} else {
len = mid - 1;
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};
free(cweights);

return randlist[mid];

(-}

A.1.2 ddHist.c

#include "ddHist.h"
/%
Author: Love Kildetoft
*/
void genBinEdges(float *1lbin_edge, float
float width = (high - low)/nbins;
float curr_bin = low;
for (int i = 0; i < nbins;
lbin_edge[i] = curr_bin;
hbin_edge[i] = curr_bin + width;
curr_bin += width;

*hbin_edge, float

i++) {

};

void genHist (int **hist, float *rl_edges, float *rh_edges,
int ncols, float x, float y) {
int row_idx, col_idx;

int nrows,

i++) {
rl_edges[i];
rh_edges[i];

for (int i = 0; i < nrows;
float curr_row_1 =
float curr_row_h =

for (int j = 0; j < ncols; j++) {
float curr_col_1 = cl_edges[j];
float curr_col_h = ch_edges[j];
int row_cond = O0;
int col_cond 0;

if ((y > curr_row_1l) && (y < curr_row_h)) {

row_idx = 1i;
row_cond = 1;

}

if ((x > curr_col_1l) && (x < curr_col_h)) {
col_idx = j;
col_cond = 1;

}

if ((y == curr_row_1l) && (i != 0)) {
row_idx = i - 1;
row_cond = 1;

}

if ((y == curr_row_h) && (j != (nrows - 1))) {
row_idx = i + 1;
row_cond = 1;

}

if ((x == curr_col_1l) && (j != 0)) {
col_idx = j - 1;
col_cond = 1;

}

if ((x == curr_col_h) && (j '= (mcols - 1))) {
col_idx = j + 1;
col_cond = 1;

}

if ((row_cond == 1) && (col_cond == 1)) {

hist[row_idx][col_idx] += 1;
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A.1.3 Distrs.c

#include "Distrs.h"
#include <math.h>
#include <stdio.h>

/*

Author: Love Kildetoft

*/

//Everyones favourite numerical constant
const float pi = 3.141592653589793;

float phaseFunc(float theta, float g) {
/*

Henvey-Greenstein scattering phase function.

Arguments :

theta: angle in radians. Range depends on coordinate
system.

g: anisotropy factor of medium, between -1 and 1.

Returns:

Value of the scattering phase function at theta, g.

*/

float p = (float) ((1/(4*pi))*((1-pow(g, 2))/(pow(i+pow(g, 2)-2*g*cos(theta), 3/2))));
return p;

};

float flowGrad(float idx, float max_idx, float max_conc, float max_low, float grad_low, float

high_factor) {
float grad;
if (idx > max_idx) {

grad = high_factor;
} else if (idx < max_idx) {

if ((max_low - grad_lowx(idx/max_idx) >= 0)) {

grad = max_low*(1- grad_low*(idx/max_idx));

} else {
grad = 0;
}
}
return grad;
}
float expFunc(float x, float mue) {
/*
Ezponentially decaying distribution (see Beer-Lambert law).
*/

float p = (float) (muexexp(-mue*x));
return p;

A.1.4 Simulation.c

/¥

Author: Love Kildetoft
*/

#include <math.h>
#include <stdlib.h>

#include "Distrs.h"

#include "RandChoice.h"
#include "Simulation.h"
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void genPhaseVals(float *plist, int size, float lim, float g) {

/*

Modify an empty float array to contain scattering phase function
values.

*/

int n = 0;

for (float i = -1 * lim; i < lim; i += (2 * 1lim / size)) {

plist[n++] = phaseFunc(i, g);
};
};

void genUniform(float *ulist, int nvals) {

/¥

Just the same wvalue over and over. In statistics we call it a

uniform distribution :D

*/

for (int i = 0; i < nvals; i++) {
ulist[i] = (float)1/nvals;

};

};

void interact(photon *p, esophagus *eso, indocyn *icg,
t_phasevals, int len) {
/*

float conc,

float *t_angles,

Simulates the interaction of photons in a medium with appropriate parameters.

A "photon" is absorbed and scattered at each call.
*/
float w = p->w;

//Account for a certain concentration of ICG in the tissue

float choices[2] = {0, 1};
float choice_prob[2] = {conc, 1.0-conc};

float mua;
float mus;
//Find the appropriate coefficients

int choice = randChoice(choices, choice_prob, 2);
if (choice == 0) {
mua = icg->mua;
mus = icg->mus;
p->curr_abs = 1;
} else {
mua = eso->mua_ex;
mus = eso->mus_ex;
p->curr_abs = 0;
};
float mue = mua + mus;
float 1;

//Calculate new path from angles and randomly generated path length
float theta = randChoice(t_angles, t_phasevals, len);

float phi = 2*pi*((float)rand()/(float)RAND_MAX);
float path = (float)rand()/(float)RAND_MAX;
if (path == 0) {
1 = 0;
} else {
1 = -1xlog(path)/(mue);
}
float xs = l*sin(theta)*cos(phi);
float ys = lxsin(theta)*sin(phi);
float zs = l*cos(theta);
//Update the weight and coordinates of the photon

p->w -= (mua/mue)*w;
p—>x += Xs;
p->y += ys;

p->z += zs;

};

void fluoress(photon *p, esophagus *eso, indocyn *icg,
t_phasevals, int len) {
/*

float conc,

float *t_angles,

Simulates the interaction of photons in a medium with appropriate parameters.

A "photon" is absorbed and scattered at each call.
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*/

float w = p->w;

//Account for a certain concentration of ICG in the tissue
float choices[2] = {0, 1};

float choice_prob[2] = {conc, 1.0-conc};

float mua;
float mus;
//Find the appropriate coefficients

int choice = randChoice(choices, choice_prob, 2);
if (choice == 0) {
mua = icg->mua;
mus = icg->mus;
p->curr_abs = 1;
} else {
mua = eso->mua_fl;
mus = eso->mus_fl;
p->curr_abs = 0;
};
float mue = mua + mus;
float 1;

//Calculate new path from angles and randomly generated path length
float theta = randChoice(t_angles, t_phasevals, len);
float phi = 2*pix((float)rand()/(float)RAND_MAX);
float path = (float)rand()/(float)RAND_MAX;
if (path == 0) {
1l = 0;
} else {
1 = -1xlog(path)/(mue);
}
float xs = lxsin(theta)*cos(phi);
float ys = l*sin(theta)*sin(phi);
float zs = l*cos(theta);
//Update the weight and coordinates of the photon

p->w -= (mua/mue)*w;
p->x += Xxs;
p->y += ys;

p->z += zs;

A.2 Main function

/*

ICG-SIM: A Monte-Carlo simulation of light propagation and fluorescence from
indocyanine-green (ICG) in tissues. Can easily be modified for other fluorophores.
Specifically developed to simulate mal-perfusion in the anastomosis after esophagectomy,

as such allows for three distinct areas with ICG-concentrations growing at different speeds.

Author: Love Kildetoft

Based on MCML by Steven Jaques et. al. and its exztension to simulate
fluorescence, but written and adapted from scratch.

Saves the current "face"” and depth image of the absorbed and fluorescence
photons at each iteration. These files may become very large in the end
depending on the amount of photons/iterations/binning, so tread
carefully!

To run a simulation:

Right now, the parameters have to be modified directly in the main function. If
you strictly follow my guide here, nothing should break :) All are set to
appropriate defaults corresponding to the human esophagus.

After the parameters have been set, compile and run using your favourite
compiler!

Parameters:
int niters: total number of iterations
B e T

int nvals: the number of wvalues (granularity/resolution) for the sim,
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*/

eg. the number of paths/angles/total grid on which the photons may

propagate.

B e ]
int nphotons: total number of "photons" used in the simulation, usually

a very large number.
B e ]
float ls_z: z-position of the light source

float ls_y: y-position of the light source

float ls_z: z-position of the light source

float ls_sp_r: radial spread, a point source can be simulated by making

this wvariable very small.
e ]
float e_zmaxz: z-length of the tissue.

float e_ymaxz: y-length of the tissue.

float e_zmaz: z-length of the tissue.

float e_mus_exz: scattering coefficient of the tissue, for ezcitation photons.
float e_mua_exz: absorption coefficient of the tissue, for exzcitation photons.
float e_mus_fl: scattering coefficient of the tissue, for fluorescence photons.
float e_mua_fl: absorption coefficient of the tissue, for fluorescence photons.
S e e T
float <_mus: scattering coefficient of indocyanine green.

float i_mua: absorption coefficient of indocyanine green.
B e T
float g_exz: overall anisotropy parameter for excitation photons.

float g_fl: overall anisotropy parameter for fluorescence photons.
B e
float injected_conc: total "injected"/maximum ICG-concentration

float mal_conc: initial concentration for mal-perfusive region.

float icg_conc_upper: initial concentration above mal-perfusive region.

float <cg_conc_lower: initial concentration below mal-perfusive region.
B ]
float mal_factor: ICG-concentration increase at each iteration, mal-perfusive
region.

float icg_upper_factor: ICG-concentration increase at each iteration, upper
region.

float icg_lower_factor: ICG-concentration increase at each iteration, lower
region.
B e ]
float 1l_mal_area: lower z-bound for mal-perfusive region.

float h_mal_area: upper z-bound for mal-perfusive region.

B ey
float fl_ratio: 1 - probability for photon to undergo fluorescence by ICG.
O e e e ]
int nrows: number of rows in the output histograms/images.

int ncols: number of columns in the output histograms/images.
B P e
Good luck!

#include <stdio.h>
#include <stdlib.h>
#include <time.h>
#include <string.h>
#include <math.h>
#include <omp.h>

#include "Distrs.h"
#include "Simulation.h"
#include "RandChoice.h"
#include "ddHist.h"

int main(int argc, const char * argv[]) {

//Sim parameters, see above.
//clock_t begin = clock();
int niters = 5000;

int nvals = 500;

int nphotons = (int)1e8;

float 1ls_x
float 1s_y
float 1ls_z
float 1ls_sp_r =

[}
= O =

float e_xmax = 2;
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float
float
float
float
float
float

e_ymax =
e_zmax
e_mus_ex
e_mua_ex
e_mus_fl
e_mua_£f1 =

o N

29.5;
3.3;
33;
3.3;

float
float

i_mus
i_mua

float
float

g_ex =
g_fl =

float
float
float

inj_conc 0.25;
icg_upper_factor
icg_lower_factor =

int ana_idx = 24;

int fl_ratio = 20;

int
int

nrows
ncols

32;
24;

/%

Here, the actual simulation starts and no more parameters should

require modification.

*/

lightsource *source &(lightsource){ls_x, 1ls_y, ls_z, ls_sp_r};

esophagus *eso &(esophagus){e_xmax, e_ymax, e_zmax, e_mus_ex, e_mua_ex, e_mus_fl,
e_mua_fl};

indocyn *icg

int npackets

&(indocyn){i_mus, i_mual;
nphotons/niters;

float fl_choice[2] = {1, 0};
float fl_probl[2] {(float) (1
//Seed random generator

srand ((unsigned) time (NULL)) ;
//Create output files and their corresponding file-pointers.
FILE *frontFluor fopen(”frontfflfframes.txt”, Tw');

FILE *frontAbs fopen("front_abs_frames.txt", "w");

FILE *depthFluor fopen(”depthfflfframes.txt”, Tw');

FILE *depthAbs fopen("depth_abs_frames.txt", "w");
//Allocate space in memory for everything needed for the sim

photon *photons calloc(nphotons, sizeof (photon));

- 1/f1_ratio), (float)(1/fl_ratio)};

float *theta calloc(nvals, sizeof(float));

float *conc_arr calloc(nrows, sizeof(float));

float

calloc(nvals,
calloc(nvals,

*t_plist_ex

float *t_plist_fl

sizeof (float));
sizeof (float));

float *rl_edges calloc(nrows, sizeof(float));

float *rh_edges calloc(nrows, sizeof(float));

genBinEdges (rl_edges, rh_edges, 0, eso->zmax, nrows);

(rl_edges[ana_idx] + rh_edges[ana_idx])/2);

printf ("Anastomosis located at %f cm",
float *cl_edges calloc(nrows, sizeof(float));
float *ch_edges calloc(nrows, sizeof(float));
genBinEdges (cl_edges, ch_edges, 0, eso->xmax, ncols);

int **front_hist_fl = calloc(nrows, sizeof (intx*));
int **front_hist_abs = calloc(nrows, sizeof (intx*));
int **depth_hist_fl = calloc(nrows, sizeof (int*));
int **depth_hist_abs = calloc(nrows, sizeof (int*));
for (int i = 0; i < nrows; i++) {
front_hist_f1[i] = calloc(ncols, sizeof(int));
front_hist_abs[i] = calloc(ncols, sizeof(int));
depth_hist_f1[i] = calloc(ncols, sizeof(int));
depth_hist_abs[i] = calloc(ncols, sizeof (int));
};

//Fill scattering phase function arrays
genPhaseVals(t_plist_ex, nvals, pi, g_ex);

5O



genPhaseVals(t_plist_f1l, nvals, pi, g_fl);

//Fill polar angle array

int k = 0;

for (float i = -pi; i < pi; i+=(pi)/(float)nvals) {
theta[k++] = i;

}s

printf("Initializing %d photons, please wait \n", nphotons);
//Fill photon array with appropriate homogenous distribution over the tissue surface.
#pragma omp parallel for
for (int i = 0; i < nphotons; i++) {
float ang = 2*pi*((float)rand()/(float)RAND_MAX);
float sp = (source->spread_r)*((float)rand()/(float)RAND_MAX);
photons[i] = (photon){((source->x)+(sp)*cos(ang)), source->y, ((source->z) + (sp)*sin(
ang)), 1.0, 0, 0, 0};
};

printf("Simulation started with %d photons, please wait \n'", nphotons);
//Main simulation loop
int curr_iter_max = npackets;
for (int iter = 0; iter < niters; iter++) {
//Keep track of the number of absorbed/fluorescense photons each iteration.
printf ("Running simulation, %f %% done \n", ((float)iter/miters)=*100);
printf ("Working on photons 0 to %d \n", curr_iter_max);
//Update the ICG-concentration in each area
for (int i = 0; i < nrows; i++) {
if (conc_arr[i] < inj_conc) {
conc_arr[i] += flowGrad(i, ana_idx, inj_conc, icg_lower_factor, 0.6,
icg_upper_factor);
} else {
}
}
//Loop over all photons
#pragma omp parallel for
for (int q = 0; q < curr_iter_max; q++) {
photon *p;
p = &photons([ql;
//Check fluorescence
if ((p->w <= 0.1) && (p->outside == 0) && (p->curr_abs == 1)) {
float fl_event = randChoice(fl_choice, fl_prob, 2);

if (fl_event == 1) {
p->w = 1.0;
p->fluor = 1;

}
}
//Let the current photon interact/fluoress appropriately depending on its current
parameters
if ((p->w > 0) && (p->outside == 0) && p->fluor == 0) {
if (((p->x)*(p->x - eso->xmax) > 0) || ((p->y)*(p->y - eso->ymax) > 0) || ((p
->z)*(p->z - eso->zmax) > 0)) {
p->outside = 1;
} else {
for (int i = 0; i < nrows; i++) {
float curr_bin_1 = rl_edges[i];
float curr_bin_h = rh_edges[il;
if ((p->z - curr_bin_1)*(p->z - curr_bin_h) <= 0) {
interact(p, eso, icg, conc_arr[i], theta, t_plist_ex, nvals);

}
¥
}
} else if ((p->w > 0) && (p->outside == 0) && p->fluor == 1) {
if (((p->x)*(p->x - eso->xmax) > 0) || ((p->y)*(p->y - eso->ymax) > 0) || ((p
->z)*(p->z - eso->zmax) > 0)) {
p->outside = 1;
} else {
for (int i = 0; i < nrows; i++) {
float curr_bin_1 = rl_edges[il;
float curr_bin_h = rh_edges[i];
if ((p->z - curr_bin_1)*(p->z - curr_bin_h) <= 0) {
fluoress(p, eso, icg, conc_arr[i], theta, t_plist_f1l, nvals);
}
¥
}
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}

//Generate histograms

if ((p->w <= 0.1) && (p->outside == 0) && (p->curr_abs == 1) && (p->fluor == 0)) {

genHist (front_hist_abs, rl_edges, rh_edges,

p->x, p-—>2z);

cl_edges, ch_edges, nrows,

ncols,

genHist (depth_hist_abs, rl_edges, rh_edges, cl_edges, ch_edges, nrows, ncols,

pP->y, p->2z);
}

if ((p->w > 0) && (p->fluor == 1) &&
genHist (front_hist_f1l, rl_edges,
->x, p->z);
genHist (depth_hist_f1l, rl_edges,
->y, p->2z);
}
¥
//Write each histogram at each iteration
for (int row 0; row < nrows; row++) {
for (int col = 0; col < ncols;
fprintf (frontFluor, "%d",
fprintf (depthFluor,
fprintf (frontAbs, "%d",
fprintf (depthAbs,
if (col < (ncols 1)) {
fprintf (frontFluor, ",");
fprintf (depthFluor, ",");
fprintf (frontAbs, ",");
fprintf (depthAbs, ",");

}
}
fprintf (frontFluor, "\n");
fprintf (depthFluor, "\n");
fprintf (frontAbs, "\n'");
fprintf (depthAbs, "\n'");
}
curr_iter_max += npackets;
}
//Finished! Nice
printf ("Done \n");
//clock_t end clock();
//double benchmark (double) (end - begin) /
//printf ("J1f s", benchmark);
//Free up memory
fclose(frontFluor);
fclose(frontAbs);
fclose(depthFluor);
fclose(depthAbs);

free(photons) ;

free(theta);

free(t_plist_ex);

free(t_plist_f1l);

for (int i 0; i < nrows;
free(front_hist_f£f1[il]);
free(front_hist_abs[i]);
free(depth_hist_£1[i]);
free(depth_hist_abs[il]);

i++) {

};

free(front_hist_f1);
free(front_hist_abs);
free(depth_hist_£f1);
free(depth_hist_abs);
//Close all file-pointers

return O;
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(p->outside == 0) && (p->y <= 0.1)) {
rh_edges, cl_edges, ch_edges, nrows,
rh_edges, cl_edges,

ch_edges, nrows,

to the appropriate file

col++) {
front_hist_f1l[row][coll);
"%d", depth_hist_fl[row][coll);
front_hist_abs[row] [col]);
"d", depth_hist_abs[row][coll);

CLOCKS_PER_SEC;

ncols,

ncols,

p

p



Appendix B

Implementations of the image
analysis algorithms

B.1 Code to read movie files

import cv2

import numpy as np

import matplotlib.pyplot as plt
import matplotlib as mlt

import itertools as it

def readmovie(fname: str) -> np.ndarray:
nnn
Reads a movie file and returns an array of frames, stored
as multidimensional numpy arrays (pizel matrices) in a
numpy array.

Arguments :
fname: str
The name of the file you would like to parse. Must be an
appropriate file format (eg. *.avi or similar).

Returns:
frames: np.ndarray
Array containing each frame from the input file.
mnn
#Check for errors
if isinstance(fname, str):
vidcap = cv2.VideoCapture (fname)
nframes = int(vidcap.get(cv2.CAP_PROP_FRAME_COUNT))
frame_h int(vidcap.get (cv2.CAP_PROP_FRAME_HEIGHT))
frame_w = int(vidcap.get(cv2.CAP_PROP_FRAME_WIDTH))
fps = float(vidcap.get(cv2.CAP_PROP_FPS))
print (f )
else:
raise TypeError ( )

frames = np.fromiter ((cv2.cvtColor(vidcap.read() [1], cv2.COLOR_BGR2GRAY) for i in range(

nframes)), dtype = np.dtype(object, (nframes, frame_h, frame_w)), count =

vidcap.release ()
#Check if parsing succeeded
if len(frames) == O0:
raise ValueError (
else:
print( )
return frames, fps
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B.2 Implementation of algorithm [f

def gen_danger_matrix(framearr: np.ndarray, fps: float = 25) -> np.ndarray:
mnn
Generates a "danger area" from the input video where it takes a long time to
reach peak pizel intensity

Arguments :

fname: str

The name of the file you would like to parse. Must be an
appropriate file format (eg. *.avi or similar).

Returns:
frames: np.ndarray
Array containing each frame from the input file.

wmn

if len(framearr) != O:
if framearr[-1].ndim > 1:
print( )
mask = np.zeros(np.shape(framearr[-1]))

for i in range(len(framearr)):
mask [(framearr [i] >= framearr[-1]) & (mask == 0)] = i/fps
mask [mask == 0] = len(framearr)/fps
else:
raise ValueError(
else:
raise ValueError( )
if not np.any(mask):
raise ValueError( )
else:
print( )
return mask

B.3 Implementation of algorithm P

def gen_danger_matrix_deriv(framearr: np.ndarray, fps: float = 25) -> np.ndarray:
mask = []
for i in range(0, len(framearr) - 1):

mask.append ((framearr [i+1] - framearr[i])/((1/£fps)))
mask = np.sum(mask, axis = 0)/len(mask)

return mask
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