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POPULARVETENSKAPLIG SAMMANFATTNING

Med optiska tekniker avser vi en grupp metoder som anvénder ljus for att utfora
matningar. Spatial frequency domain imaging (SFDI) &r en optisk teknik som funge-
rar genom att belysa malet med sinusformade ljusmonster och analysera den mangd
som reflekteras tillbaka beroende pa den spatiala frekvensen (fy) hos ménstren. Den-
na frekvensspecifika respons kan anviandas for att bestimma materialets inneboende
optiska egenskaper, t.ex. absorptionskoefficienten (y;) och den reducerade sprid-
ningskoefficienten (1}). I biologiska tillimpningar kan dessa optiska egenskaper kor-
releras till fysiologiska strukturer och molekyler, vilket ger forskare och kliniker ett
anvandbart verktyg for att studera de fenomen som sker i biologisk vavnad. Malet
med detta arbete &r att bidra till utvecklingen av SFDI, sa att tekniken kan anvédndas
som ett diagnostiskt verktyg for att studera sarlakningsprocessen i vavnad. I arti-
kel I introducerar vi begreppet korskanaler, som ges av den spektrala 6verlappning-
en mellan de bredbandiga LED-lamporna och RGB-kamerasensorerna som anvands
i SFDI-instrumentationen. Syftet med korskanaler ar att forbattra den begransade
spektrala informationen hos RGB-enheter, vilket gor det mojligt att detektera fler bi-
ologiska molekyler. En av de storsta begransningarna med SFDI ar att den bygger pa
antagandet att ljus sprids genom ett homogent, tjockt materialskikt. Detta antagan-
de forlorar sin giltighet nar vi vill undersoka biologisk vdvnad, som bestar av flera
tunna lager med olika egenskaper. I artikel IV har vi utvecklat en ny metod for att
bearbeta SFDI-data som vi kallar multifrekvens-SFDI. I denna nya metod utnyttjar
vi ljusmonstrens olika penetrationsdjup beroende pa deras f, for att fa djupkansli-
ga mdtningar. Vi definierade ocksé en 2-lagersmodell for ljusspridning som imiterar
fysiologin i ett sar, for att berdkna de partiella volymbidragen till u; fér de enskil-
da lagren. Tvéskiktsmodellen baseras pé analytiska formuleringar av ljusflodet. Vi
jamforde prestandan hos tre fluensmodeller, varav en har tagits fram av oss sjdlva
som en forbattring av en befintlig formulering. I artikel II kunde vi testa var nya
SFDI-metod med flera frekvenser genom att delta i en djurstudie om stamcellsbase-
rade regenerativa terapier. Vi bidrog genom att utféra SFDI-métningar pé ldkande
sar, i syfte att tillhandahalla ytterligare ett utvarderingsmatt som kompletterade den
kliniska utvédrderingen och cellhistologin som utfordes i studien. Analysen av SFDI-
data vid olika fy belyste olika processer som sker pé ytan jamfort med i den djupare
vavnaden. I artikel V forfinar vi ytterligare den teknik som introducerades i artikel
IV genom att utveckla en algoritm for inverslosning for att isolera tjockleken pé det
tunna skiktet och de skiktspecifika y.. De rekonstruerade parametrarna testades ba-
de pé tunna optiska silikonfantomer och ex-vivo brannskador som behandlats med
stamceller.



ABSTRACT

With optical techniques, we refer to a group of methods that use of light to perform
measurements on matter. Spatial frequency domain imaging (SFDI) is an optical tech-
nique that operates in the spatial frequency domain. The technique involves using si-
nusoidal patterns of light for illumination, to study the reflectance of the target based
on the spatial frequency (fy) of the patterns. By analysing the frequency-specific re-
sponse with the aid of light transport models, we are able to determine the intrinsic
optical properties of the material, such as the absorption coefficient (y,) and reduced
scattering coefficient (u) In biological applications, these optical properties can be
correlated to physiological structures and molecules, providing a useful tool for re-
searchers and clinicians alike in understanding the phenomena happening in biolog-
ical tissue. The objective of this work is to contribute to the development of SFDI,
so that the technique can be used as a diagnostic tool to study the process of wound
healing in tissue. In paper I we introduce the concept of cross-channels, given by
the spectral overlap of the broadband LED light sources and the RGB camera sen-
sors used in the SFDI instrumentation. The purpose of cross-channels is to improve
the limited spectral information of RGB devices, allowing to detect a larger number
of biological molecules. One of the biggest limitations of SFDI is that it works on
the assumption of light diffusing through a homogeneous, thick layer of material.
This assumption loses validity when we want to examine biological tissue, which
comprises multiple thin layers with different properties. In paper IV we have devel-
oped a new method to process SFDI data that we call multi-frequency SFDI. In this
new approach, we make use of the different penetration depth of the light patterns
depending on their fy to obtain depth-sensitive measurements. We also defined a
2-layer model of light scattering that imitates the physiology of a wound, to calculate
the partial volume contributions to p of the single layers. The 2-layer model is based
on analytical formulations of light fluence. We compared the performance of three
fluence models, one of which we have derived ourselves as an improvement over
an existing formulation. In paper II we were able to test our new multi-frequency
SFDI method by participating in an animal study on stem-cells based regenerative
therapies. We contributed by performing SFDI measurements on healing wounds,
in order to provide an additional evaluation metric that complemented the clinical
evaluation and cell histology performed in the study. The analysis of the SFDI data at
different f, highlighted different processes happening on the surface compared to the
deeper tissue. In paper V we further refine the technique introduced in paper IV by
developing an inverse solver algorithm to isolate the thickness of the thin layer and
the layer-specific u}. The reconstructed parameters were tested both on thin silicone
optical phantoms and ex-vivo burn wounds treated with stem cells.
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The following is a list of the abbreviations and symbols appearing in this thesis.

6 Penetration depth

€ Extinction coefficient

fx Spatial frequency (in the x direction)
g Anisotropy factor

A Light wavelength

Ha Absorption coefficient

Us Scattering coefficient

N Transport coefficient

T Reduced scattering coefficient
Heff Effective scattering coefficient

n Refraction index

p(0) Phase function

¢ Fluence rate

s Scattering cross-section

T Optical depth / optical thickness
AL O3 Aluminium dioxide

DNIRS Diffuse near infrared spectroscopy
ECM Extracellular matrix

EM Electromagnetic

Hb Haemoglobin

HbO Oxygenated haemoglobin

HT Hankel transform
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LSI Laser speckle imaging

Muc Modulated intensity
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NIR Near infrared

OoCT Optical coherence tomography
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Introduction

A wound is a disruption of biological tissue that compromises its functionality. When
a tissue is wounded, the body will undergo a long process of healing, that involves
different biological components acting on different time scales [1, 2, 3]. There are four
phases in the healing process: hemostasis, inflammation, proliferation and remodel-
ing, which can last anywhere from a few hours to a few months. When a wound is
not following the normal healing process, we are in the presence of a chronic wound
or non-healing wound. A chronic wound can be caused both by external factors (e.g.
bacterial infection) or preexisting internal conditions. Chronic wounds comport high
management costs and can bring complications leading to reduction in the quality of
life and higher mortality rates [4]. For this reason, early detection of irregularities in
the healing process is essential so that corrective measures can be taken to avoid the
formation of non-healing wounds.

In order to assess the progression of healing, multiple techniques are required to mea-
sure parameters for all these factors involved at different stages. The assessment
methods can range from simple and non-invasive (e.g. visual inspection) to highly
specific and disruptive (e.g. biopsy and cell histology).

Optical methods present ideal characteristics that makes them a potentially valu-
able addition to the tools available to the healthcare personal for the assessment of
wounds. Optical methods are techniques that use light to perform measurements
that can be related to specific biological phenomena. They have the advantages of
being non-invasive, fast and able to detect microscopical features on a large area. Op-
tical devices can also be compact and low-cost, making their integration in clinical
and remote medical setting easy. The optical method we use is called Spatial Fre-
quency Domain Imaging (SFDI), which works by projecting sinusoidal patterns of
light on the tissue and measuring the frequency-dependent tissue diffuse reflectance

(Ra(fx))-

Scattering is a useful source of information in biological tissue that can be correlated
with the dimension and density of microscopical organelles and extracellular matrix
(ECM) components. In wound healing assessment applications, light scattering can
be used to differentiate between different tissues associated with different phases of
healing (e.g. collagen formation, re-epithelization...). Most optical methods work
under the assumption of homogeneous tissue, which is not really suited to wound
healing applications, as the process involves heterogeneous tissue at various depths.
For this purpose, we introduce a new approach to process data obtained from SFDI
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called multi-frequency SFDI, which adds depth information to the measurements of
optical properties. The increased sensitivity in depth is then used as a basis to develop
a 2-layer model of light scattering, which can isolate layer-specific optical properties
related to the different mechanisms of a healing wound. The model is used to extract
optical parameters from the multi-frequency SFDI data, that are useful for wound
assessment purposes.

1.1 Aim

The aim of this thesis is to improve the SFDI technique for the purpose of studying
skin conditions, providing tools that can be useful for diagnosis in a clinical setting.
The techniques and models developed in this work are focused in particular on the
assessment of wound healing through light scattering. In particular the aim is to:

1. Develop customized SFDI systems tailored for the applications in the study, with
an emphasis on ease of use and portability to be able to acquire data in a variety
of research and clinical settings.

2. Develop and test models of light transport to process SFDI data and extract depth-
specific scattering properties, which will be used as biological indicators in the
assessment of wound healing.

1.2 Structure of the thesis

Chapter 2 gives a background on the subject of the application, nominally skin phys-
iology, wounds and the healing process, light interactions with tissue and optical
properties. Chapter 3 describes the principles of SFDI, the instrumentation neces-
sary and how the data is processed. This chapter also explores multiple models of
light transport used in SFDI data processing. Finally, the concept of multi-frequency
SFDI is introduced. Chapter 4 is about tissue-simulating optical phantoms, what
are their applications and how are they manufactured. This chapter also explores
how these tissue simulating phantoms can be used as stable, traceable references and
standards to test and evaluate the performance of new optical methods. Chapter 5
introduces a 2-layer scattering model, what are its governing equations and how an
inverse solving algorithm is used to extract parameters from multi-frequency SFDI
measurements.



Background

2.1 Skin physiology

The skin is the largest organ in the human body and it acts as a physical barrier and
interface to the external world. It is made up by several layers of tissues and cells,
which can be roughly categorized in three principal layers: the epidermis, the dermis
and the hypodermis (shown in figure 2.1) [5].

The epidermis is the most superficial skin layer. It varies in thickness around the body,
from approximately 100ym to Imm in the thickest regions (e.g. the soles of the feet).
It is itself organized in multiple layers of epithelial cells and it presents no blood
vessels. Most of the cells in the epidermis are keratinocytes, cells that produce the
keratin protein, which is what makes the skin, hair and nails rigid and waterproof.
Cells on the surface of the epidermis are constantly dying and being replaced by new
cells born from epidermal stem cells in the deeper layers. This means that we are
literally wearing an entire new skin approximately every two months [6]. Another
important component found on the deeper layer of the epidermis are the melanocytes,
cells responsible for the production of melanin as a protective measure when the skin
is exposed to UV rays.

Below the epidermis we find the dermis, a layer made up mostly by connective tis-
sue with a thickness ranging around 1-4mm. The dermis contains other tissues such
as blood vessels, nerves, sweat glands and hair follicles. It can be divided in two
layers: the papillary layer, made up by loose collagen and elastin fibres generated by
fibroblasts cells, and the reticular layer, a more dense and irregular layer of connective
tissue, rich in blood vessels and nerve endings.

The deepest layer of the skin is the hypodermis, or subcutaneous layer. It is the thickest
layer, ranging from few millimeters up to 3 centimeters. Its main functions are to
connect the skin to the muscle and bone underneath and to store fat tissue, both for
insulation and energy storage purposes.
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Epidermis 7

Dermis

Hypodermis

Figure 2.1: The three layers of the skin and the tissues they contain.
Figure made with Biorender.com

Wounds and healing

Being the organ most exposed to the environment, the skin is also particularly subject
to damage. When the ability of the skin to act as a barrier is compromised, the body is
left vulnerable to water loss, infections and thermal imbalance. Wounds can caused
by a multitude of factors, that can either be internal (like diabetic ulcers) or external
(like burns, abrasions and lacerations) [7]. Wounds can also be classified depending
on their severity:

- superficial: when the wound is limited to the epidermis.
- partial thickness: when the wound extends to part of the dermis.

- full thickness: when there is a complete loss of dermis and the wound extends
to the sub-dermal tissues.

The healing process is continuous, but four general phases can be distinguished. The
first phase is hemostasis, which begins right after the wound formation and involves
contraction of the blood vessels and coagulation to stop any bleeding. The coagulated
blood also serves as a support for the migration of cells in the following phases.

The second phase is inflammation, in which cytokines are released in the hours follow-
ing the wound formation to increase the production of white blood cells and combat
external pathogens. An over-expression of cytokines can bring to the destruction of
the new formed tissue, and is one of the causes of chronic wounds.



2.1. Skin physiology

In the following days, the migration of fibroblasts in the wound site gives start to the
third phase, proliferation, that is characterized by production of collagen type III to
form a semi-permanent ECM which causes the wound to contract, and migration of
epithelial cells from the wound edges (i.e. re-epithelization). At the same time, an-
giogenesis is promoted by growth factors to bring oxygen to the new cells, through
the formation of a new micro-circulatory network.

The final phase, remodeling, can last months to years and consists in the replacement
of the collagen type III with collagen type I, in order to form a more permanent ECM
and scar tissue. The new collagen might regain up to 80% of the original tensile
strength of the healthy tissue.

Wound assessment methods

In literature, it’s possible to find a great quantity of methodologies for wound assess-
ment, ranging from standard visual inspection to histopatological analysis and imag-
ing techniques [3]. This section gives an overview of the methods currently used in
clinical practice and what parameters are they measuring.

Wound Healing Rate (WHR): It’s the most reliable measurement that can be
done in clinical practice. The WHR is defined as the percentage change in
wound area: WHR = (A; — A f) / A;, where A, is the initial wound area and
Ay the final area [3].

Here follows a list of the most common assessment techniques currently in use:

* Wound tracing: it’s an inexpensive way of tracking the shape and dimension
of a wound over time. Its done by placing a transparent film over the wound
and tracing the margins with a marker.

¢ Photography: it’s a non-invasive method useful for documenting the evolu-
tion of wounds, capable of capturing both the shape, dimension and color. A
few things need to be considered when taking a picture, to avoid altering the
perspective or the color of the wound. A scale should also always be present
for size reference (e.g. a ruler). Analysis of digital pictures can be easily per-
formed by software, either manually or automatically.

¢ Histopatological analysis: it’s an invasive method that requires a biopsy on
the wound, but it’s useful to understand better the physiology of non-healing
wounds (watching for structural changes, looking for malignancies...). The
tissue from biopsy is subject to several processes like freezing, sectioning and
staining. Colored dyes are used to highlight the features most relevant in
wound healing (white blood cells, blood vessels, collagen, cell nuclei, fibrob-
lasts...).

¢ Immunoassay: it’s a group of techniques that use antibodies to detect specific
molecules. In the context of wound healing, immunological techniques can be
used to quantify the presence of cytokines and growth factors.

¢ Biochemical methods: it’s a large category of techniques used to detect the
presence of proteins and other biological molecules associated with some as-

7
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pect of wound healing. Examples include hydroxyproline for detecting collagen,
myeloperoxidase to detect neutrophils and reactive oxygen species to determine if
the cells are suffering from oxidative stress.

* Optical methods: a category of non-contact, non-invasive measurements tech-
niques using light. Common methods used on tissue include optical coher-
ence tomography (OCT) to study microscopic morphological changes, diffuse
near-infrared spectroscopy (DNIRS) to quantify the level of oxygenated and
de-oxygenated haemoglobin, and laser speckle imaging (LSI) to assess the mi-
crocirculation.

2.2 Light interaction with tissue

Light is an electromagnetic radiation, which occupies just a small portion of the elec-
tromagnetic (EM) spectrum. There are different definitions of what ranges of the EM
spectrum are considered "light" depending on the application [8], so for the sake of
clarity the definition used in the field of biophotonics will be adopted (shown in fig-
ure 2.2). This definition is based on the principal types of interaction of light with
biological tissue and spans the range of wavelengths (A) from 100nm to 1000pm. This
interval is further classified in spectral ranges: ultraviolet (UV) light: 100nm - 400nm;
visible light: 400nm - 780nm; infrared (IR) light: 780nm - 1000ym. In biomedical ap-
plications is also useful to specify a near infrared (NIR) range that includes light in the
spectrum 780nm - 2500nm.

In a vacuum, light travels in a straight line at a constant speed of ¢ = 3 - 108m/s.
When a light beam enters a different a material, its speed and direction are modified
according to Snell’s Law:

Gamma Ultraviolet  Infrared
rays X-Rays light light Radar

1x10™  1x10% 1x10° et e 1X10 1x10
Visible Light
4x107 5x 107 6x107 7x107
Wavelength (m)

Figure 2.2: The electromagnetic spectrum with respective wave-
lengths. Image made with Biorender.com
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sinf;  n; Uy

sinf,  ny vy @1
Where 6 is the angle of incidence with respect to the normal to the incident surface,
ny, ny are the refractive indices of the two materials and vy, v, are the velocities of
light in the medium. Vacuum (and by approximation, air) has by definition n =1
and v = c. In biological tissue n can range approximately between 1.37 - 1.45, but for
skin is commonly assumed n = 1.4.

This equation is actually a simplification that is valid only for homogeneous, non-
scattering media with a smooth surface. Most of biological tissues are instead turbid,
non-homogeneous and rough, so the propagation of light is non-ideal and compli-
cated by the insurgence of other phenomena. The following sections are going to
illustrate the most common tissue-light interaction that are of interest in the biomed-
ical field.

Absorption

Absorption happens when light loses part of its radiating energy while travers-
ing a material. Absorption in tissue is mainly due to the presence of chromophores,
molecules that have the capacity of absorbing light at certain wavelengths by transfer-
ring the photons’ radiation energy to their molecules (e.g. electron transition, vibra-
tion modes, rotation modes...). The level of radiation energy depends on the wave-
length of light, which then determines what is the principal phenomena involved.
For example light in the UV-visible spectrum is mainly transferred to electronic exci-
tation, while light in the IR spectrum causes molecule vibrations.

Absorption in tissue is represented by the absorption coefficient (1,), which indicates
on average what is the probability of a photon to be absorbed per unit length and is
usually measured in cm~! or mm ™. The absorption coefficient is directly related to
the characteristic extinction coefficient (¢) of the chromophore and its molar concen-
tration (C) [9]:

#a = Ce (2.2)
Or when more than one chromophore is present:
Ha =Y, Citi (2.3)
i

A simple equation that models the behavior of light absorption is Lambert-Beer’s
law:

I(d) = Io exp(—pa - d) (24)
Where Iy is the incident light intensity and d is the distance travelled by light.
Lambert-Beer’s law is based on the assumptions that the incident light is monochro-
matic, absorption is limited to a single direction and the absorbers are independent
from each other. Lambert-Beer is also only valid where absorption is the only source
of light attenuation. In turbid media the problem becomes more complex as the pres-
ence of scattering randomly alters the propagation direction, so that each photon will
travel along a different path of unknown length.
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Some of the principal absorbers found in biological tissue are described in the follow-
ing section, and their absorption spectra are shown in figure 2.3, which shows their
unique absorbing features [9].

10

Haemoglobin: a molecule present in red blood cells, which is responsible of
binding to oxygen (O;) and carbon dioxide (CO,) molecules. This is made pos-
sible by a protein complex called heme group containing an iron atom which
gives the cells their characteristic red color. Haemoglobin can be normally
found in two states: oxygenated (HbO) and de-oxygenated (Hb), each of
which has a characteristic absorption spectrum. Met-haemoglobin (Met-Hb) is
a product of haemoglobin degradation that can be found in coagulated blood
and wounds.

Bilirubin: an haemoglobin metabolic byproduct with a typical yellow color,
produced from the breakdown of old red blood cells and processed by the
liver. An abundance of bilirubin can give a skin a yellow tint (jaundice) and
may be a sign of problems with the liver.

Melanin: a molecule produced in the epidermis as a protection against UV
light. There are two main types of melanin present in skin: eumelanin, charac-
terized by a brown tint, and pheomelanin, with a typical red tint.

Carotenoids: it’s a category of similar molecules (beta carotene, licopene...)
that possess an orange tint and can be found in fruits and vegetables. They are
converted in vitamin A in the body and are lipid soluble, so they accumulate
in fat tissue (e.g. liver, subcutaneous fat).

"Transparent”" molecules: Not all substances found in the body have an ab-
sorption spectrum in the visible light range. For example water and lipids do
not have molecular structures that allow them to transfer photon energy in
the visible spectrum to their electrons, but instead they have significant vibra-
tional modes, which causes high absorption in the NIR spectrum.
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Figure 2.3: Absorption spectra of the principal chromophores in bio-
logical tissue. The curves are represented with an arbitrary scale on
the vertical axis.

Scattering

Scattering happens when light encounters an obstacle on a microscopic scale, with a
different refractive index (n) from the one it’s currently traversing. There is no loss
of energy, but the direction of the photon is altered. The distribution of the scatter-
ing particles in turbid media is considered to be random, so scattering is a stochastic
phenomenon. Typical models assume the scattering particles to be spherical, which
allows to model it exactly according to Mie theory (if the size of the particles is com-
parable or larger than A), or Rayleigh theory (when the size of the particles is much
smaller than A) [10]. When the obstacle is much larger than A, then the behaviour of
light can be simply modeled through Snell’s Law (equation 2.1).
In tissue, bulk scattering is represented by the scattering coefficient (ys), which is
given by the scattering cross-section (0s) and the density of the scattering particles
per unit volume (Nj).

Ms = 05N (2.5)
The scattering cross-section is the probability of light scattering given by a single
particle, and it is not exactly equal to the particle cross-section (A;), but it is closely
related to it by a coefficient called scattering efficiency (Qs).

Hs = osN = Qs AsN; (2.6)

The scattering coefficient is dependent on the wavelength of light and can be mod-
elled with a relation of the kind: AA~?, for Mie scattering or AA~* for Rayleigh scat-
tering, where the coefficient b is in the range (0 - 4). Some models include contribu-
tions from both Mie and Rayleigh scattering:

us(A) = AqAT0 4 Apn 2.7)

The coefficient A is the scattering amplitude, which is a dimensionless quantity re-
lated to the density of scattering particles. The coefficient b is the scattering slope
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which is related to the size distribution of the particles in the tissue [11, 12]. Examples
of biological scatterers in tissue (and their order of magnitude) include: cell mem-
branes (10nm), collagen fibrils (50 - 500nm), mitochondria (1xm) and cells (10um).

Anisotropy factor

The scattering coefficient can tell what is likelihood of scattering in a tissue, but it tells
nothing about the direction changes. This is modeled by the scattering phase function
p(0), which represents the probability distribution for a photon to be scattered at an
angle 6 with respect to the incident direction. The phase function is normalized so
that the integral of p(6) over the solid angle is equal to 1.

The phase function is a property specific to a single scattering particle, depending
on its size and shape, so it is unsuited to represent the bulk property of the tissue. A
more appropriate coefficient is the anisotropy factor (g), which is defined as the average
cosine of the scattering angle, obtained by integrating the phase function over the
entire solid angle (€)):

g ={cosf) = J cos 6 p(0) dQ) (2.8)
4rm

If the light is unpolarized and the particles isotropic, there is no dependence on the
azimuthal angle (¢), which is assumed to have an equal probability of scattering in
any direction, and the equation can be expressed as a function of the angle 6:

27T
g ={cosb) = erf cos 0 p(0) sinf db 2.9)
0

The value of g is normalized between 0 and 1. For very small values of g, approach-
ing zero, the scattering is caused by particles much smaller than A and is almost
completely isotropic. In the opposite extreme, for values of ¢ approaching 1, the
scattering particles are much larger than A and the scattering is extremely forward-
directed. Biological tissue has different distributions of particles of different sizes, so
typical values of g range between 0.75 - 0.98 [13].

Reduced scattering coefficient: since in tissue the scattering events are pri-
marily forward directed (small angular deviation), it is convenient to define
a reduced scattering coefficient

pe=(1—g)us (2.10)

14 is correlated to the probability of encountering an isotropic scattering event
(major angular deviation). The relation in equation 2.10 is a similarity relation,
because different combinations of ¢ and y; exist that can return the same p;,
value. This consideration, however is only valid for large source-detector
separations. When dealing with small optical distances (in a regime called
sub-diffuse), higher order approximations of anisotropy give a better repre-
sentation of light scattering [14, 15].
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2.2. Light interaction with tissue

Fluorescence

Fluorescence is a secondary phenomenon that can happen after light absorption. The
photon energy excites molecules to a high energy state, which then decays to the
ground energy state by emitting a photon. Some of the energy is lost in the process,
so the emitted photon has a longer wavelength than the absorbed one, a phenomenon
called red-shift. The emission is not instantaneous, since it involves thermal relaxation
of molecules. The time T between the excitation and re-emission is the fluorescence
halftime, which in biological tissue is on the order of nanoseconds. Fluorescence is a
tool widely used in biochemistry, as a non-invasive method to identify the presence
of molecules and their concentration.

Phosphorescence: it’s a particular type of fluorescence, where the energy decay is
very slow (from milliseconds to seconds). This usually happens when the transition
from the excited state to the ground state of the molecule is "forbidden" according to
quantum mechanics, so the molecule is held in the excited state longer because the
decay is thermodynamically unfavourable. Phosphorescence is at the base of biolog-
ical phenomena like bioluminescence.
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SFDI

Spatial frequency domain imaging (SFDI) is an optical method and the subject of this
thesis. SFDI measures the diffuse reflectance (R;), which is the non-specular light that
is reflected back from the tissue, using sinusoidal patterns of light. By changing the
spatial frequency (fx) of these patterns, the response of the tissue changes depending
on the combination of absorption (y,) and reduced scattering (u}) of the tissue [16].
In particular, measurements at low fy are more sensitive to variations in absorption,
while measurements at higher fy are more sensitive to variations in scattering. By
modeling this behaviour of Ry (fx, a, 1), it is possible to reverse the solution, starting
from experimental measurements of the diffuse reflectance, and obtain the (j4, p5) of
the tissue, as will be further explained in section 3.1. The problem is generally not
easy, as a reverse solution might not correspond to an unique combination of (i, y2).
This process usually involves one of two approaches:

- The use of a pre-computed lookup table of R;(fy) for every possible combina-
tion of (fy, ita, #5), which is a fast but less accurate method.

- An optimization approach, where the measured R;(fy) is compared with a
model (either analytical or numerical simulation) and the parameters (y4, y%)
are iteratively updated in the parameter space in search of a global solution.

This chapter will describe the principles upon which SFDI is based, the necessary
instrumentation and how the data is acquired and processed. The chapter ends by
introducing multi-frequency SFDI, which is the new approach to processing SFDI data
at the core of this thesis work.

3.1 Principles

Radiative Transport Equation

In order to understand how SFDI is used to measure the optical properties of a ma-
terial, it’s necessary to understand how light propagates and is influenced by p, and
5. The radiative transport equation (RTE) is the equation at the base of everything and
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3. SFDI

it describes how light propagates in a turbid medium, like biological tissue [17]:

10L(r, Q1)

Q-VL(r,O,t) =
v ot +0-VL(nO.h

@3.1)
—utL(r, O, t) + pis J L(r,Q, H)p(r, Q0 — Q)dQ + Q(r, O, t)

47

Following are the definitions of its components:

* v is the speed of light in the medium

e L(r,O,t) is the Radiance, the energy flow per unit of area, solid angle and time.
¢ ()is the solid angle

® 1t =Yg + Us is the transport coefficient

e p(r, Q0 — Q) is the phase function

e Q(r,Q,t) is the volumetric source term, which includes all the other internal

sources of light (e.g. fluorescence, virtual sources...).

Then a breakdown of its contributions:

10L(r, 0, 1)
v ot
e O-VL(r,Q,t) is the variation of radiance over the solid angle.

is the variation of radiance over time.

e —uL(r, Q) t) are the losses of radiance due to absorption and scattering.

o s §y L(r,Q, t)p(r, Q0 — Q)d(Y is called Green’s equation and it represents the
gain of radiance due to light that is scattered from adjacent volumes.

The presence of Green’s equation makes the RTE impossible to solve directly, so dif-
ferent approaches have been developed over time that make use of either approxima-
tions of Green’s equation or numerical simulations like the Monte Carlo method. The
RTE is normally solved in terms of light fluence rate (¢), which is an indication of the
light power per unit area, and reflectance (R), which is a measure of the light energy
reflected at the surface.

Diffusion Approximation

By using this simplification of the RTE, it is possible to reduce it to a first order differ-
ential equation, which is possible to solve. The standard diffusion approximation (SDA)
is based on the following assumptions:

¢ The measured light field must be completely diffuse ( distance >> 1/ul).

e Scattering is predominant over absorption (yg >> ).

¢ The medium is homogeneous.
In the SDA, radiance is expressed as a 1st order spherical harmonics expansion, in-
cluding one isotropic fluence rate (¢) term and one anisotropic directional flux (J) [18].

By applying the appropriate boundary conditions and source terms, the SDA can be
solved to obtain ¢ and the diffuse reflectance R;. The full derivation of the SDA can
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3.1. Principles

be found in previous works from other groups [18]. In the next section is reported the
equation of ¢ (normalized to the incident power Py) in the spatial frequency domain
[16], as it is relevant to the thesis work:

¢(§;({X) = A-exp(—p1 2) + C-exp(—pepp(fr) 2) (3.2)

Where iy = pia + pl, Heff = /3paps and V;ff = /]‘gff + (27 fx)? if the patterns are
1D and oriented in the x direction. The A and C coefficients are obtained trough the
appropriate boundary conditions:

3ul/ ut
(2 1)1

—3(pg/pt)(1+3R)

Par g\ (s 5
M e

Reff is the effective Fresnel coefficient and is normally obtained from a polynomial
function of the refractive index (n):

C=

1-R
e
—2(1+ Refy) (33)

Repp(n) ~ 0.0636n + 0.668 +0.71n " — 1.44n >

J-P1 approximation

Scattering from particles presents a strong anisotropy, which is impossible to correctly
represent with low order approximations. In this context, the J-P1 approximation is
an enhancement over the SDA, as it takes in account the strong asymmetrical forward
scattering of the phase function [19].

The §-P1 approximation is based on a model of the phase function p(cosf) that in-
cludes a Dirac delta to represent the forward scattering peak and an isotropic two-
term expansion of the phase function [20]:

p(cosf) = ﬁ[Zfé(l —cos)] + (1 — f)[1+ 3¢™(cos 0)] (3.4)

Where f is the amount of light that is forward scattered and g* is the anisotropy
factor of the remaining (1-f) diffused scattered light. To obtain the values of f and
g™, the 6-P1 is set to approximate another phase function, like the Henyey-Greenstein
phase function [21]. This gives as a result the following values:

— o2 *_ _ 81
f=& & =Ty

with g7 being the first moment of the phase function obtained from the Legendre
polynomial [19, 20]. The full derivation can be found in Carp et al. [20], but it should
be noted that this implementation is not specific to the spatial frequency domain
(SFD). An alternative version of the -P1 approximation for the SFD was described
in Seo’s doctoral thesis [22], including an AC and a DC component. The solution for
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3. SFDI

¢ac (normalized to the incident power Py) is reported in the following section for
convenience:

Pac(z fx) c*

P T [exp(—p* z) — exp(—posf 2)]

*

+ ————lexp(—puff z) —exp(—pls (z+2z 35
yeffw;k{ P(—Hi z) — exp(—pepy ( b)) (35)

where puf = (1— f)us, uff = pa + p¥ and the constants C* and z;, are obtained by the
application of boundary conditions:

ox _ s L _ 2 14R
2uly, " T 1-Ry

(3.6)

R is the first moment of the Fresnel reflection coefficient. The ratio
R* = (1+Rq1)/(1-Ry)

is usually simplified by a polynomial function of the refractive index (n) (accurate
within 1% error):

R*(n) ~ —0.1375n° + 4.339n — 4.903661 + 1.6896 3.7)

Modified 6-P1

An alternative 6-P1 approximation was derived in paper IV, by extending the origi-
nal derivation described in Carp et al. [20] to the spatial frequency domain, with a
procedure similar to what Cuccia et al. have done for the SDA [16]. This new 6-P1 ap-
proximation is called modified 6-P1 or mod-J-P1, and its full derivation can be found
in the appendix of paper IV [23]. In the following section is the mod-/-P1 equation
for ¢ (normalized to the incident power Py):

¢(z, fx)

B (1+ A" exp(—pf z) + C" exp(—pepp 2) (3.8)

With the coefficients:

= 3 (8% pa)
- ;7 2 %2
Hepr — M

2
oA (1 + gR*W?‘) + 2Ry g%
c

_ —
(1 * §R*"”‘eff)

1+R
R* = 3.9
- (3.9)

Where pff = ps(1 = f), uf = pta + &, pregy = /3paptr and piyee = 105 + (27f2)2.
The Ratio of the Fresnel coefficients R* is the same already seen in equation 3.6 and
can be calculated with the polynomial in equation 3.7.
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Monte Carlo method

A different approach in solving the RTE is using stochastic methods of photon trans-
port. The Monte Carlo (MC) method is a class of algorithms that are used to solve
problems dealing with uncertainty by repeatedly doing random sampling and ob-
taining a numerical solution. In order for the Monte Carlo method to be reliable, the
quantity of random samples must be large enough to satisfy the law of large numbers
[24]. Monte Carlo methods are more accurate than analytical solutions like SDA and
6—P1 for certain aspects, like in proximity of boundaries and in regimes where the
diffusion assumptions are not valid (e.g. when y, is comparable to y}). On the other
hand, it is a much slower approach and it requires significantly higher computing
power.

A MC algorithm for photon transport follows this general routine, repeated for a
large number of photons (N = 106 and higher) [25]:

1. A photon is launched from air in the tissue geometry.

2. Reflection is calculated if crossing a boundary between two layers.

3. Refraction is calculated if moving in a layer with different refraction index (n).
4

. A random pathlength is calculated, based on the y; of the tissue and the photon is
moved.

i

The probability of absorption is calculated according to the i, of the tissue.
6. The random scattering angle is calculated based on the p(cos) of the tissue.

7. The photon continues propagating from step 2, until it is absorbed or detected.
Regarding absorption, there are two types of possible approaches:

* Analog (discrete) absorption: in this method, absorption is a single event and
it terminates photon propagation. It mimics the real photons behavior more
closely, but it is less efficient.

* Continuous absorption: in this method, instead of individual photons a "packet”
of photons is launched at the same time. At every step a percentage of the
packet is lost to absorption, according to Lambert-Beer law. It is computation-
ally more efficient, but less accurate.

Since MC algorithms are computationally expensive, several optimizations are used
to reduce the number of calculation necessary. One common example is the use of a
cylindrical symmetry with pencil beam illumination, to reduce the problem from 3D
to 2D. The output result of a MC simulation is normally the diffuse reflectance (Ry)
of the tissue (either in the spatial domain or in the time domain, as shown in figure
3.1), however more complex models are available to calculate the fluence rate ¢ in a
3D mesh geometry [26, 27]
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(@) (b)

Figure 3.1: Monte Carlo simulations of diffuse reflectance (R;) in the
space domain (a) and in the time domain (b).

White Monte Carlo: It’s a particular Monte Carlo simulation that is used to
efficiently emulate simulations with any arbitrary combinations of optical pa-
rameters (jig, pi5) [28]. The base simulation has no absorption (hence the name
"white") and unitary reduced scattering (u = 1mm~1). In order to match a
simulation with a different absorption and scattering, first the y/ is altered by
changing the particle density (as seen in equation 2.5). This can be done by
simply expanding or contracting the coordinates and the pathlengths of the
photons by multiplying them by the target 1/u}. After having adjusted the
density of the scattering particles, absorption is artificially introduced using
Lambert-Beer law (equation 2.4), over each photon pathlength.

There are a few limitation over the usability of White MC, namely it can be
only used on single-layer, semi-infinite homogeneous geometries. On the
other hand it has the advantage of greatly reducing the simulation time, espe-
cially when hundreds or thousands of simulations are necessary, since only
one White MC simulation is required and all the others can be derived by the
application of a couple of equations.

Hankel Transform

In the previous section it was mentioned that Monte Carlo algorithms often make use
of optimizations to reduce the simulation time, like using a geometry with a cylin-
drical symmetry in 2D. Another issue with Monte Carlo simulations is that it’s not
normally possible to directly perform simulations in the spatial frequency domain,
so the data needs to be transformed from one domain to another.

The Hankel Transform (HT) is conceptually the equivalent of a 2D Fourier Transform in
polar coordinates [29]. Given a function f(r), the Hankel transform H(k;) is defined
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as:
Hlke) = [ £ (k) v (3.10)

Where Jo(r-ky) is the Bessel function of zeroth order of the first kind and ky = 27t fy.
The HT can be used to transform MC simulations of R;(r) (spatial domain, in polar
coordinates) to R;(fx) (spatial frequency domain).

Ralke) = [ Rar) o(r-ke) v (311

3.2 Data acquisition

The minimum instrumentation required to acquire SFDI data is shown in figure 3.2
and consists in a modulated light source (e.g. a digital projector), a sensor (e.g. a
digital camera) and a processor to control the devices and store the data (e.g. a PC).
Linear polarizing filters are often placed in front of the light source and the sensor,
rotated by 90° with respect to each other to attenuate the specular reflection at the
surface of the tissue. The components might range from anywhere low-cost to ex-
pensive research-grade instruments [30]. If a spectrometer is used as a sensor instead
of an imaging device, another system operating in the spatial frequency domain is
obtained, for a method called spatial frequency domain spectroscopy (SFDS) [31, 32].
SFDS is a technique similar to SFDI in which all the spatial information is lost in ex-
change for a much higher spectral resolution.

The acquisition process consists in projecting sinusoidal patterns at multiple fy on
the tissue, then capturing the diffuse reflectance from the tissue at each frequency.
The reflectance intensity is constituted by the sum of an AC component and a DC
component: I = I4¢c + Ipc. Since only the modulated (AC) part is relevant to SFDI,
a demodulation technique from signal processing must be employed. A very sim-
ple implementation is the three-phase demodulation method, adapted from the time
domain to the spatial domain [16, 33]:

Mac(fi) = g\/(h D)2+ (L—B)*+ (I3 —1;)? (3.12)
Mini ...
Projector - ™.

Processing unit

Figure 3.2: Schematic of a typical SFDI system
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Where I, I, I3 are the intensities of the images captured at three phases, with a phase

shift of %7‘[ each, and fy is the spatial frequency. The modulated response Mc(fx)

is given by the product of the Source intensity Iy, the modulated transfer function
(MTF) of the imaging system and the diffuse reflectance of the tissue R;.

Mac=1Io- MTFsystem Ry (3.13)

Since R; is the quantity that is necessary to measure, it’s possible to perform a cali-
bration measurement on a reference phantom with known optical properties to com-
pensate for the other terms:

M
R, = -Mac
Mac,ref

“Riref (3.14)

Where Mac . is the modulated response measured on the reference phantom and
Rgref is the predicted diffuse reflectance of the phantom, obtained from a direct
model of light transport like SDA or Monte Carlo simulations.

3.3 Processing

Once the calibrated diffuse reflectance (R;) of the tissue has been obtained from the
measurement data, the next step is to determine what are its optical properties (y,
12). To do that, it’s necessary to solve an inverse problem: until now only forward
models of reflectance (like SDA and Monte Carlo) have been discussed, which take
the optical properties (j5, p5) in input to calculate R;. The reverse is not an easy
problem, as more than one combination of optical properties might exist that returns
the same reflectance, so that R; is often expressed as a function of a ratio of scatter-
ing and absorption: R;(p,/pa) [34]. To solve this inverse problem, it’s necessary to

s/ 1, =500

0.2 1
0.0 W/ il 10 : . 0.0 s/ Ha = 60 : .
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
fi (mm~1) fi (mm~1)
(a) (b)

Figure 3.3: How diffuse reflectance (R;) changes in the spatial fre-
quency domain. (a) When y/, is kept constant (Imm ™), changes to p,
generate contrast at low fy. (b) When y, is kept constant (0.005mm 1),
changes in . generate contrast visible over all f.
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add more dimensionality to the measurements, which for SFDI is done in the spa-
tial frequency domain. As can be seen in figure 3.3, changes in y, and y. generate
contrast in R; over fy that is different for unique values of (y,, 117). In particular, y,
generates changes in R; at low fyx and p generate changes over all f,. Since in the
SFD the inverse solution to R, (p}/p,) is not uncertain anymore, it’s possible to take
measurements of R, at (at least) 2 spatial frequencies and do a reverse fitting to the
light transport model to obtain (j4, y2).

The process consists in an optimization problem, where an arbitrary initial guess of
(#a, pt) is picked and used to model Ry ;0401- The modeled reflectance is then com-
pared with the measured R; and a minimization algorithm like least squares is used
to iteratively update the values of (j4, f) in search of a minimum of the difference
between R; and Ry ,04.1- A more in-depth explanation and practical examples can be
found in the OpenSFDI project [35].

e D

3.4 Multi-frequency SFDI

Optical methods normally measure different volumes of tissue by exploiting
the different penetration depth of light wavelengths [36, 37]. Techniques in
the SFD have an ulterior advantage in this regard: the penetration depth of
light patterns is also dependent on their spatial frequency fy. Since the tissue
acts as a low-pass filter on the patterns, higher frequencies have less penetra-
tion depth than lower frequencies. This property has been used with some
success to try and reconstruct objects with optical contrast in depth [38, 39].
This section introduces an approach for processing SFDI data named multi-
frequency SFDI. The method consists in subdividing the SFDI dataset in
smaller subsets containing a few spatial frequencies each (see figure 3.4),
which are then individually processed with the procedure described in sec-
tion 3.3 to obtain (y,, p5). The optical properties obtained from each subset
have a different penetration depth in tissue, which depends on the average
fx of the subset.

In paper III [40] is shown how measurements on multi-layered targets pro-
cessed with this method return different values of u. depending on their fy,
while the same measurements on homogeneous targets lack this behaviour.
This seems to indicate that the multi-frequency SFDI approach is effectively
returning optical properties by sampling different depths at different fy.
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Figure 3.4: In multi-frequency SFDI, the dataset is divided in smaller

subsets (that can be partially overlapping) and processed individually,
so that the average fy of each sub-set corresponds to a different pene-

tration depth.
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Optical phantoms

In order to calibrate optical devices and test the performance of new optical meth-
ods, a physical, traceable model of the target tissue is necessary. Biological tissues
are highly variable between individuals and across time, so they are not a reliable
source of consistent measurements. Optical phantoms are liquid or solid mixtures
of dyes and scattering particles with controlled optical properties (y4, pts, g, 1) and
are widely used as a testing, validation and calibration tool in bio-optics applica-
tions [11, 41]. The advantages of using optical phantoms is to have standardized
and stable reference with known optical properties that can be easily reproduced and
exchanged between different research groups, to improve the consistency of mea-
surements, identify the accuracy and limitations of optical methods and for devices
calibration.

Another important use of optical phantoms is to make physical models of biological
tissue, which might be otherwise not available or difficult to procure (see figure 4.1).
This way it’s possible to test devices and techniques on a consistent target, without
the need to make use of animal models.

Optical phantoms are made up of three basic components: a matrix, a scattering agent
and one (or more) absorbers.

Figure 4.1: A silicone skin phantom, with a pink dermis layer and a
thin brown scattering layer mimicking skin melanoma.
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Liquid phantoms

In liquid phantoms water-soluble absorbers and scattering agents are suspended in
aqueous solution. The advantages of liquid phantoms are ease of fabrication and low
cost, which makes them a suitable choice for producing them in large quantity. With
liquid phantoms is also possible to perform measurements directly in the middle of
the phantom, to avoid possible boundary effects. On the negative side they are less
stable in time, more difficult to store and transport and can only be homogeneous.
Also, the index of refraction (n) of water is different from skin.

For absorbing agents, any water-soluble ink or fluorescent molecule is suitable. For
the scattering agent, polymer microspheres can be used, but the most common
choices are organic lipid-based substances. Milk is a cheap alternative, but it’s highly
variable and not easy to reproduce. The most popular choice is a commercial lipid
emulsion called Intralipid (or equivalent trademarked products), as it is much more
stable and consistent between batches. Liquid phantoms are normally used to vali-
date optical measurements of changes in haemoglobin oxygenation [43] and to test
the detection limit and accuracy of devices over a large range of properties.

Gelatin phantoms

Gelatin phantoms are more stable than liquid-based ones and are particularly suited
for embedding organic molecules and water-soluble inks. Gelatin allows to control
the water content of the phantom, which can be used to alter its mechanical proper-
ties or increase the diffusion of molecules through the surface, to model drug diffu-
sion dynamics. For scattering agent, Metal oxides such as TiO, or Al,O3 are a com-
mon choice. Other additive can be added to gelatin to improve its properties (e.g.
formaldehyde, to increase its melting point) [44].

Gelatin phantoms are normally used to model water concentration in tissue [45] and
to model molecular diffusion dynamics in drug delivery applications.

Silicone phantoms

The substrate in silicone phantoms is liquid silicone oil, that needs to be polymerized
through vulcanization or (more commonly) with the addition of a curing agent. Sili-
cone phantoms are more stable than liquid and gelatine phantoms and easier to store
and transport. Their mechanical properties can be tuned and matched to the tissue
elasticity. The index of refraction of silicone is also very close to real tissue. On the
negative side, it’s difficult to mix silicone oil with water-soluble molecules and the
fabrication procedure is more complex. For the absorbing agents, inks can be used
although water-soluble ones are more difficult to mix. For the scattering agents, inor-
ganic microspheres and metal oxides (TiO; or Al,O3) are preferred, as they are more
stable in time. The scattering coefficient of the phantom can be controlled by using
particles with different sizes and concentration [11].

Silicone can be easily molded in any shape, so silicone phantoms are normally used
to generate structures and layers with defined optical properties. Their high stability
makes silicone phantoms also useful as calibration standards for optical systems.
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Figure 4.2: A chart of the process for fabricating silicone phantoms.

4.1 Fabrication process

The preparation of liquid and gelatin phantoms will not be discussed, as the process
is quite straightforward. For silicone phantoms, the entire procedure is described
in Saager et al. [41] and summarized in figure 4.2. The absorbing agents are mixed
with the uncured silicone oil, while the scattering particles are mixed in the curing
agent. To reduce clumps of particles that will change the scattering properties of
the phantom, the curing agent is then placed into a sonic bath for 10-30 minutes.
After that, the curing agent is mixed with the silicone oil and poured in molds of the
desired shape and thickness. While the mixture is still liquid, the molds are placed
in a vacuum chamber to remove any air bubbles that were formed while mixing,
the presence of bubbles would otherwise change the scattering properties of the
phantom. The phantoms are then left to cure on a level surface for at least 24 hours,
until they become solid, and removed from the molds. Thin silicone phantoms can
be overlapped to create multi-layers phantoms. When assembling the thin phantoms
some air might remain between the layers, which would create a refractive index
mismatch and alter the reflectance of the assembled phantom. To decrease this
mismatch, ultrasound gel can be applied between the layers, then squeezed out as
much as possible with a rolling pin.
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Layered scattering model

Diffuse spectroscopy techniques (like SFDI) allow to indirectly measure biological
molecules in a non-invasive way through the measurements of i, and y;, (as already
discussed in chapter 2.2). Techniques like SFDI are already largely used in clinical ap-
plications, whether for the assessment of skin microcirculation [46], investigation of
burn severity [47, 48, 49], Cancer detection [50, 51, 52] or skin optical characterization
[53, 54].

A limitation of these techniques is that they operate on the assumption of a homo-
geneous target, whereas biological tissue is layered and full of heterogeneous struc-
tures. Chapter 2.1 describes the various layers that compose the skin and what are
the principal cells and structures contained in them. Since skin (and biological tissue
in general) is not homogeneous, the models used in optical methods should also con-
tain layers with the appropriate optical properties.

Skin tissue is usually modeled as a combination of an epidermis with a fixed thickness
d and a dermis with semi-infinite thickness, or large enough so that the penetration
depth 6 << d [22, 37, 55]. Most of these models are focused on light absorption and
define the diffuse reflectance of the tissue depending on a difference in y, between the
layers, or define the total y, as a linear combination of (tig,top, Hapot) [37]- Scattering in
the epidermis is assumed to be mostly irrelevant, so it is either ignored or set to be a
fixed value [55]. Another disadvantage with these models is that a priori knowledge
about the tissue is required, as they use a fixed thickness for the "epithelial" layer,
with values of d estimated from literature on skin physiology [56, 57].

5.1 2-layer wound model

To overcome the limitations of previous models, a 2-layer model of light scattering
that mimics the physiology of a healing wound was defined. The model’s geometry
consists of a thin scattering layer overlapped to a second thick scattering layer (see
figure 5.1). In this model the features of interest are the difference in p between the
layers, since it allows to differentiate between particles of different sizes (e.g. colla-
gen fibres vs cells), and the thin layer thickness, which can be used as an objective
parameter to evaluate the progression of epithelial growth in a wound. For this rea-
son d is left as a free parameter, together with the scattering coefficients of the top and
bottom layers (y;/top, y;/b o). The contribution from absorption becomes of secondary
importance: haemoglobin absorption is mostly coming from deeper layers and, since
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Figure 5.1: Geometry of the model. The top layer of thickness 4 has a
scattering coefficient y; ,,,, and the bottom layer has a scattering coef-
ficient pi( ., On the left, is shown the linear partial volume contribu-
tion, given by d/J. On the right is the fluence integral partial volume
contribution a(d).

the epidermis is assumed to be damaged or missing, the absorption from melanin
should also be negligible.

The 2-layer scattering model assumes the scattering we measure on a layered tissue
is given by a linear combination of the y in the two layers:

Womod = () 1 top + (1 — a(d)) il oy (5.1)

where a(d) is the partial volume contribution of scattering from the top layer, so it
has a dependence on d. Typical partial volume models assume a linear contribution
expressed as a ratio between d and the penetration depth of light § = 1/p, ff [37].
This representation is a very simple approximation, which doesn’t take in consider-
ation the real distribution of photons inside the tissue. Since light intensity decays
exponentially with depth, this tends to overestimate the contribution from the bot-
tom layer. In this chapter a partial volume contribution a(d) is presented, obtained
by integrating a function that describes the density of photons in depth. For this pur-
pose, the photon hitting density (PHD) [58] was chosen, which is a measure of how
much time a photon spends in a determined volume while moving from the source
to the detector. In a SFDI system, both the source (planar illumination) and the detec-
tor (wide-field imaging) have the same probability distribution function of how deep
a photon can reach, which is represented by the light fluence rate (¢). Multiplying
the source and detector functions gives a PHD equal to the fluence squared (¢?). The
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partial volume contribution «(d) then becomes:

f e (5.2)

fqv

In chapter 3.1 multiple models of light fluence have been defined, which can be used
in equation 5.2, and their individual performances have been tested on layered optical
phantoms, as described in paper IV [23].

For the purpose of this thesis work, ¢ is approximated with a homogeneous fluence
model calculated using the experimental SFDI measurements of (y4, }), which are
assumed to be homogeneous. Note that fluence is also dependent on fy, so when
operating in the spatial frequency domain, equation 5.2 becomes:

‘szr

a(d, fe) = (5.3)
J ‘P (z,fx)d

5.2 Inverse problem

The scattering model defined in equation 5.1 has three free parameters (d, ystop,
V;,b ot)- In the direct model, if these parameters are known, it’s possible to calculate an
estimate of the measured p} on a 2-layered target, as shown in paper IV on layered
silicone phantoms [23]. This is however not enough for practical applications. The
model parameters are more interesting from a clinical standpoint, as yg,mp, }”é,b ot CAN
be used to estimate the microstructure of the two layers and d is an objective metric
to evaluate the re-epithelization of a wound.

To obtain the model parameters, we need to solve a minimization problem:

min{.”;,meas - ;”g,mod (d, V;,top/ Au;,bot)} (5.4)

Where fif 0,5 is the scattering coefficient measured with SFDI and y o 18 the model
of the measurements. Since there are three unknowns, at least three different mea-
surements are necessary for the problem to be determined. Multiple measurements
can be introduced in the SFD using the multi-frequency SFDI approach described in
chapter 3.4. The problem then becomes:

Vé,meas (,fxl ) - y;,mgd (,fxlr d, V;,top’ ;u;,hot)
V;,meas (fo) - ‘ug,mod (for d, ‘u;,top’ V;,bot)
V;,meas (f3) — V;,mgd (fx3/d, Au;,top' :u;,bot)

min (5.5)

Where f 005 (fx i) are the measured scattering coefficients in each sub-set from the
multi-frequency SFDI. Note that fy is also present in the model, as the partial volume
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Figure 5.2: Flowchart of the inverse solving algorithm

contributions a(d, fx) depend on ¢, which is also fx-dependent. The more measure-
ments in the SFD are introduced, the more the solution will be accurate.

Paper V [59] Describes an iterative algorithm to solve the minimization problem in
equation 5.5. The flow of the algorithm can be seen in figure 5.2. An arbitrary initial
guess is chosen for the parameters (d, s top, V;,b o) and the root mean square error
(RMSE) is calculated from the difference between pf ., and y;m od- The RMSE is
used as a cost function to minimize by iteratively adjusting the parameters (d, yis top,
V;,bot)' to find their combination that gives the . model as close as possible to the
data. The iteration is repeated as long as the cost function is greater than an arbitrary
small tolerance value € or a maximum number of iterations is reached, meaning that
the algorithm is not converging because it’s stuck in a non-optimal local minimum.
To reduce non-convergence due to a bad choice of initial parameters guess, the min-
imization is repeated with 1000 random initial guesses in the parameters space and
the converged solution with the lowest RMSE is chosen as the final result.

There are several gradient-based optimization algorithms that can be used, but it’s
outside the scope of this thesis to discuss what algorithm is the most appropriate one
to the problem.

Coupling of parameters

Separating the effects of optical properties have on reflectance is not an easy prob-
lem, because of the principle of similarity. In chapter 2.2 was already shown that
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Figure 5.3: Example of converged solutions of 1000 random initial
guesses in the 3D parameter space, after minimization. The green star
is the solution with the smallest RMSE. The SFDI data was measured
at 536nm on a 2-layered phantom with top layer thickness of 0.13mm.

different combinations of ¢ and .5 can have the same overall effect on light scattering
(expressed by pl), even if caused by different physical phenomena. The similarity
effect is extended to the diffuse reflectance Ry, as it can be expressed as a function of
the ratio of reduced scattering and absorption: R;(p}/q) [34]. This means that an
infinite number of pairs (u,, 11;) exist, that give the same R; value and it’s necessary
to introduce additional dimensionality in our measurements (e.g. in the SFD) to be
able to differentiate them, as already discussed in chapter 3.3.

When dealing with multi-layer models, the thickness of the layers introduces a new
level of uncertainty and the optical parameters are often combined into a single one
called optical thickness or optical depth (t = d(pua + u5)), as shown in a work by Yu-
dowsky et al. [55].

In the 2-layer models of scattering defined in equation 5.1 there is strong correlation
between the thickness of the top layer and V;,top’ as it is not possible to determine
whether a change in R; is due to a change in y;/top or d. This correlation is shown
in paper V, in the converged inverse solution. Figure 5.3 shows an example of the
1000 random initial guesses in the parameter space after convergence. The data in
the figure comes from the study done in paper V, done on 2-layer silicone scattering
phantoms, with a top layer thickness of 0.13mm. It is possible to see that the ini-
tial random samples (except for a few non-converging points) converge to a curve
in the 3D parameter space, rather than a single global minimum, indicating that any
solution along this curve will give very similar results. The correlation seems to be es-
pecially between d and y;,mp, which exhibit an inverse proportionality as anticipated.
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This coupling of 4 and P‘é,top is however not absolute. There seems to be a global
minimum along the curve (marked by the green star), which is quite close to the ac-
tual solution (d = 0.13mm, pg,,, = 2.93mm™1, e pot = 0.83mm™1). This might be
an indication that introducing depth sensitivity to the measurements through multi-
frequency SFDI is helping to solve the uncertainty brought by the principle of simi-
larity.

34



Discussion

The objective of this thesis was to improve the SFDI technique with the aim of obtain-
ing more information from light scattering, that could be useful in the study of skin
conditions and diagnosis of wound healing. To pursue these objectives, we have:

¢ Built and characterized a hand-held SFDI system, that has been successfully
used in multiple projects in collaboration with clinical partners.

* Developed and tested the multi-frequency SFDI approach to data processing,
that introduces depth information.

* Developed a 2-layer scattering model with partial volume contributions based
on light fluence, which mimics the scattering difference due to microscopic
changes in the wound structure. The model accuracy has been validated on
layered silicone phantoms.

¢ Developed an inverse solver algorithm to extract optical parameters of interest
from the multi-frequency SFDI data using the 2-layer scattering model. The
algorithm has been tested on silicone phantoms and ex-vivo burn wounds.

6.1 Future work

The 2-layer model we developed in paper IV is still based on an homogeneous ap-
proximation of the fluence, so it’s not able to model the data accurately in the entire
range of parameters. A more realistic discontinuous model of ¢ should be able to
improve the accuracy of the integral partial volume contribution «. In order to define
a 2-layer model of fluence, previous knowledge of optical parameters in the two lay-
ers is necessary, which makes it an interesting problem as they are the unknowns we
aim to estimate. A possible approach is to use the homogeneous model of ¢ to make
an initial estimate of (4, p}) in the two layer, then use these layer-specific optical
properties to iteratively refine the estimate by using a 2-layer ¢ model.

This thesis was focused on analytical models of ¢, mainly because of the faster com-
puting times. Monte Carlo simulations models of fluence are possible (albeit ex-
tremely time consuming) and could return more accurate results, especially in the
regimes where the diffusion approximations are not valid. A compromise between
analytical solutions and pure simulations of ¢ could be hybrid or semi-empirical 2-
layer models like the one from Horan et al. [60].
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6. DISCUSSION

Lastly, the range of thickness in the skin layers and healing epithelium that are the
subject of the study (10 - 100um) are smaller than the ones were investigated in this
work (0.1 - Imm). By increasing the range of measured spatial frequencies (fy > 0.5
mm_l), it’s possible to sample even more superficial volumes of tissue, which can
help in discriminating scattering contrast in smaller layers. The problem, however, is
that for very small distances the SDA assumptions are not valid anymore and we en-
ter the sub-diffuse scattering regime [15, 61]. Applications using high-order scattering
parameters already exist, both in the for SFDI [62] and single fibre spectroscopy [63]
and should be relatively easy to implement in our models.
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Summary of papers

7.1 Paperl

Handheld multispectral imager for quantitative
skin assessment in low-resource settings

In this article we describe the way to build an SFDI device prototype using low-cost
commercial components. We have compared the measurements made with this low-
cost device with another research-grade instrument to show that the data obtained
from the former instrument is accurate enough to be used in practical applications.
The commercial components used in the prototype are based on broadband RGB
LEDs and colored filters, which is a limiting factor on the spectral information that
can be obtained from these devices. To overcome this limitation, we introduced the
concept of cross-channels, which are additional colored bands found on the spectral
overlap of the LED light sources and the sensor color filters. The introduction of
cross-channels adds a few additional spectral bands at no cost in devices that are
normally limited to three colors, improving the capability of the device to detect bio-
logical species from their absorption and scattering spectral signatures.

7.2 Paper Il

miR-155 mediates multiple gene regulations per-
tinent to the role of human adipose-derived mes-
enchymal stem cells in skin repair

In this collaboration article, a porcine animal model was used to study the efficacy of
several wound regeneration therapies based on stem cells. Multiple surgical wounds
were provoked under general anesthesia on two pigs included in the study. The
wounds were then injected with different compositions of stem cells and negative
controls in a double blind setup. The condition of the wounds has been assessed
right after the treatment and at other two time points every 7 days. After the two
weeks have passed, the animals were sacrificed and biopsies were performed on the
wounds, to perform more specific measurements like histological analysis and pro-
tein analysis. We contributed to the study by performing SFDI measurements on the
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wounds at each time point and analysing the absorption and scattering data using the
multi-frequency SFDI approach mentioned in paper III. Our measurements showed
a significant difference between the stem cells treated wounds and the negative con-
trols, offering an additional validation of the efficacy of the therapies in exam.

7.3 Paper III

Beneath the skin: multi-frequency SFDI to detect
thin layers of skin using light scattering

Stem cells based therapies are a promising approach in the field of regenerative
medicine, but the current methods used for the evaluation of these treatments are
either destructive (requiring biopsies) or not specific enough (visual inspection). The
problem we aim to solve in this conference proceedings is how to evaluate the pro-
gression of wound healing in a way that is both objective, non-invasive and capable
of measuring its evolution in time. The solution we propose is to use SFDI to mea-
sure the scattering coefficient p}, which contains information about the microscopical
structures in the tissue and can be used as a biomarker for the changes happening
during the proliferation and remodeling phases of wound healing. Measuring the
4 coefficient is not enough to properly interpret these physiological changes, due to
the multi-layered nature of biological tissue. For this reason we introduce the con-
cept of multi-frequency SFDI, which allows us to change the penetration depth of light
patterns and obtain depth-resolved SFDI data. We also developed a 2-layer scatter-
ing model that mimics a healing wound and present some initial results obtained by
comparing the multi-frequency SFDI data to the model.

7.4 Paper IV

Multi-frequency SFDI: a depth-resolved optical
scattering model to isolate scattering contrast in
thin layers of skin

In this article we expand the preliminary work introduced in Paper III. Light scat-
tering is an underutilized source of information for biological phenomena. When
operating in a biological setting however, measuring scattering (y.) using common
optical methods is subject to limitations due to the fact that these methods are based
on light diffusion models. These models work on the assumption that light propa-
gates through a thick and homogeneous volume of tissue, which is not the case in
biological tissue. In order to overcome this limitation, we developed a 2-layer scat-
tering model where the partial volumes contribution of each layer are derived from
light fluence. We employed three different analytical derivations of light fluence, one
of which was derived by ourselves. By using multi-frequency SFDI it is possible
to obtain depth-resolved scattering measurements, which change according to the
thickness of the thin layer and the ratio of the two p. Data obtained from the 2-layer
model was compared with measurements made on silicone scattering phantoms of
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known properties, showing that the multi-frequency measurements can be expressed
as a combination of the y in each layer.

7.5 PaperV

Multi-frequency SFDI: inverse solving algorithm to
reconstruct depth-resolved scattering properties in
wound healing

After having shown that the yj measured on 2-layered phantoms can be modeled
as a combination of the y. in the two layers in paper IV, we have developed an it-
erative inverse-solving algorithm that takes in input the multi-frequency SFDI mea-
surements and fits them to our 2-layer model, in order to obtain the free model pa-
rameters ygtop, iy and d. The performance of the algorithm was studied on thin
silicone phantoms over a range of thicknesses, to determine within which limits we
can expect results that are reliable enough to be of practical use. The aim of the ar-
ticle is to obtain parameters that can be used to help with the assessment of healing
wounds. The scattering coefficients can be correlated to the formation of microscop-
ical structures (e.g. collagen and cell nuclei), which can help in establishing if new
epithelial cells are being formed, or if there are irregularities in the extracellular ma-
trix (ECM). The thickness of the thin epithelial layer () is also an objective parameter
useful in evaluating the efficacy of different treatments and it’s a type of informa-
tion that is usually only available through invasive methods (i.e biopsy). As a sam-
ple case, multi-frequency SFDI measurements were taken on ex-vivo burn wounds
treated with stem-cells based therapies, and the model parameters were calculated
with the inverse-solving algorithm. The results have been then interpreted and com-
pared with the ones obtained from cell histology.
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