AR
W Durham

University
Durham E-Theses

Spatial Frequency Domain Imaging for Characterising
the Wound Healing Process

LAI ZHANG

How to cite:

ZHANG, LAI (2024) Spatial Frequency Domain Imaging for Characterising the Wound Healing
Process. Doctoral thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/15557/ is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/15557/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

Spatial Frequency Domain
Imaging for Characterising the

Wound Healing Process

Lai Zhang

A thesis presented for the degree of

Doctor of Philosophy

Centre for Advanced Instrumentation
The University of Durham
United Kingdom
October 2023



“I understand now that boundaries between noise and sound are conventions.
All boundaries are conventions, waiting to be transcended.

One may transcend any convention if only one can first conceive of doing so.”

Cloud Atlas, 2004



Spatial Frequency Domain Imaging for Characterising
the Wound Healing Process
Lai Zhang

Abstract

Postoperative surgical wound infection is a serious global problem and a non-
contact and early diagnosis method is urgently required. In this thesis, we
explore the use of spatial frequency domain imaging (SFDI) as a non-contact
optical imaging method for characterising surgical wound healing and detect-
ing early infection. Firstly, a numerical model is built up for analyse the
vertical heterogeneity in biological tissue using the Monte Carlo method. The
lateral resolution of SFDI is determined related to the wound width, the re-
duced scattering and the spatial frequency used. Then, we set up a practical
SFDI system and conduct resin phantom experiments to validate the result of
the simulation. Finally, we have three clinical interesting cases: SLS triggered
acute skin irritation, chronic eczema and biopsy wound monitored by our SFDI
system for the first time. SFDI is found to have great potential in character-

ising the wound area after surgery.

Supervisors: Prof. John Girkin and Prof. Timothy Morris
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CHAPTER ].

Introduction

1.1 Surgical site wound healing and infection

The human skin is the largest organ in body serving as the first barrier to the
pathology. It plays a key function interfacing between the body and the outside
world, including sensing and linking the internal tissues. The damage in the skin

disrupts the physical function of the skin and also weakens the defence barrier.

There are situations in which there is a requirement to temporarily cut the skin
when invasive surgery is an effective and widely used approach for illness diagnosis
and treatment. Clinicians open the skin and underneath tissue layer by layer to
reach the target site. After the operation is finished, the the incision is closed and

forms a surgical wound.

Postoperative care is also crucial for the primary disease treatment. Surgical site
infection (SSI) is a global healthcare problem leading to high morbidity and mor-
tality while significantly adding burden in surgical expense and procedures. In the
UK, SSI accounts for up to 1 in 7 hospital patient acquired infections[17]. Patient
with SSI are required to stay 7 - 11 days longer compared to the patient without
such wound infections. On a population basis, the estimated cost attribute to
SSI is £700 million per annual to the National Health Service (NHS) in UK[18].

The medical human resource cost is also significant along with the money expense.




1.1.1. Human skin structure

The annual wound management involves around 54.4 million district/community
nurse visits, 53.6 million healthcare assistant visits and 28.1 million practice nurse
visits[19]. This illustrates why a method to rapidly detect SSI is important area to

study.

1.1.1 Human skin structure

Human skin is formed of three main layers including epidermis, dermis, and sub-
cutaneous tissue.[20] Together they significantly serve the human body with their

anatomy and function. The geometry of the skin is shown in Fig. 1.1.

Hair

Sebaceous Gland
Sensory Nerve Ending
- Epidermis

| | ~Nerve

Sweat Gland Fat, Collagen, Fibroblasts

Figure 1.1: The cross section of human skin anatomy, adapted from [1].

The epidermis is the superficial layer of the skin 80% formed by keratinocytes[21].
This layer acts as a protective layer and provides the skin of colour with melanin.
There is a continuously regeneration in the epidermis by keratinization progress-
ively undergoing with cells generating in the stratum germinatum of the epidermis[22].
As the cells mature, they migrate to the outer layer of the epidermis and become

flatter.

The medium layer dermis contains collagen fibres and elastic fibres also facilitating
vessel network and nerve endings, hair follicles and glands[23]. This layer provides

nutrition support for the epidermis and the elasticity of the skin. The collagen
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is the principal filamentous protein occupying 18% - 30%[24] of the dermis and

serving as the principal protein.

The bottom layer of skin is the subcutaneous tissue (also known as hypodermis)|[25].
It attaches the skin to muscles, bones and organs also serving as a shocker absorber
for protection. The vessels and nerves in the dermis are branching out to body
through subcutaneous tissue. The subcutaneous tissue also helps to regulate the

body temperature as storing body’s fat.

1.2 Physiology of the wound healing

The surgical wound normally takes two to three weeks to be visibly healed. The
skin wound healing time scale is depended on the wound size, shape and depth.
Other factors influence the healing time include the position of the wound, age of
the patient and patient’s conditions (e.g. diabetes, smoking and weakened immune
system). There are four overlapped stages[2, 26] in the wound healing process:
early response, inflammation, new tissue formation and remodelling. The diagram

for demonstrating the physiological process is shown in the Fig. 1.2.

Early response Haemostasis appears immediately when blood starts to leak[27].
It prevents the blood loss and protects the vascular system of the tissue. The
vasoconstriction occurs and platelets become active and aggregate in the injury
site. The blood clot is formed from insoluble fibrin which fills the wound bed as a
provisional wound matrix. At the same time it traps the platelets and attracts the

immune cells to the wound site.

Inflammation Right after the injury, the inflammation stage occurs and nor-
mally last for 2 - 5 days[27, 28]. The injured blood vessels leak transudate leading
to the local swelling appears as inflammation. The soluble fragment of degraded

collagen recruits the immune cells while acting as signal to promote the develop-
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Figure 1.2: The diagram for the wound healing process adapted from [2]. The early
phase picture is for the early response and inflammation stage, the intermediate
picture is for the proliferation stage, the late picture is for the remodelling stage.
The bottom bar is the legends for the cell involved in the wound healing.

ment of new blood vessels[29]. The immune cells are delivered through the blood
flow to patrol the wound[26]. The neutrophils clear the bacteria and produce the
reactive oxygen. The macrophages remove dead cells, debris and bacteria. In ap-

pearance, a scab is formed to protect the wound and provides a ideal moisture
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Figure 1.3: The graphic timeline representation for the wound healing stages ad-
apted from [3]. The four stages are overlapping to each other and working jointly.
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Figure 1.4: (a) The biopsy section from the keratinocyte-specific Heparin-binding
growth factor (HB-EGF) knockout mice (HB~/~) at the day 7 of wound healing.
Without the keratinocyte-specific HB-EGF, the re-epithelialization cannot happen
in the wound healing. (b) The biopsy section from the normal mice (HB#/!o%)
measured at day 7 in the wound healing. The keratinocyte migration can be seen
from the leading edge change resulting the wound contraction. The epidermis was
stained with anti-keratin antibody. The picture is adapted from [4].

environment for wound healing. The swelling, heat, pain and redness are common

signs in the inflammation stage of wound healing.

Proliferation The proliferation stage starts approximately 10-12 days after wound-
ing and can last for two weeks thereafter[30]. The granulation tissue forms from
the previous provisional wound matrix replacing the fibrin clot with capillary-rich
fibroblastic tissue[31, 32]. In this process, angiogenesis generates new capillaries to
replace the damaged vessels and restore circulation. At the same time, fibroblasts
proliferate and deposit collagen and extracellular matrix (ECM) aiding with gran-

ulation formation. As a result, the wound contracts by the deposition process due
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to granulation tissue gradually filling the wound gap[33]. Parallel with this, the
re-epithelialization takes place where keratinocytes migrate from the edge of the
wound to the centre of the wound as shown in the Fig. 1.4. Thus, the epidermis is

thickened at the top of the wound and resurfaces the skin.

Remodelling This is the final and longest stage of the wound healing process,
taking from months to years|[26]. In this stage, the new epithelium and final scar
are developed. The cells no longer needed for the wound repair are removed or
programmed for cell death. Meanwhile, the capillaries stop growing and blood flow
to the wound area decreases.[34] The collagen matrix in the dermis are remodelled
from type 3 to type 1 (a more stable form of the collagen) resulting in a more
oriented and cross-linked structure. The tensile strength of the tissue is increased
but is still lower than the strength of unwounded skin area. In the end, the wound

site turns into a fully matured scar with high tensile strength.

1.2.1 Wound infection

The majority of surgical wound infections are superficial skin infections[35]. The
wound infection can happen at any time 2 to 3 days after the surgery until the
wound is fully healed[36] The infection is caused by the bacteria contaminate the
wound site. In most SSIs, the responsible pathogens originate from the patient’s en-
dogenous flora, including staphylococcus aureus, coagulase-negative staphylococci,
enterococcus spp. and escherichia coli.[37]. The risk factors of the wound infec-
tion are the basic health condition of the patient, the degree of bacterial wound
contamination, and use of antibiotic prophylaxis. The wound infection contributes
negatively to each stage of wound healing, including disruption, tissue damage or

slower and deeper scarring|[38].

The identification for the wound infection has always been a challenge for the wound
management[39]. Currently 98% of the wound infection is diagnosed based on the

clinical sign of the wound via naked eye observation accompanied with symptoms
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reported from the patient and wound cultures[40]. The signs include absecess,
discharge (serous exudate with inflammation, seropurulent, heamopurulent, pus)
and cellulitis[41, 42]. The golden standard[43, 44] for the diagnosis is wound culture
acquired by a swab or biopsy to determine the antibiotics regime. These methods
are invasive and take several days to culture, frequently making it’s too late for
the early treatment. Along with the infection control in the surgery and wound
dressing, the rapid, highly specific and accurate diagnosis for wound infection is

significantly required by clinicians.

Before the clinical characteristics of the wound infection becoming visible, most of
the symptoms have been developed underneath. Therefore the optical method is
feasible in non-contact skin imaging for the wound infection. Along with regular
infection prevention protocols, the close monitoring and early infection detection

are significant for accurate and effective treatment.

There are two factors we are interested at in this thesis, one is the sign of the
infection. Can we determine the infection earlier than the naked eye can figure
out or before patient report? The other factor is characterising wound structure
change precisely. As quantification of the wound structure change is significant for
monitoring the all aspect of the wound progress. It serves as a overall determination
for the wound healing and repairing outcome.[45]. Along with these two aspects,
the other biomedical markers and their changes during the wound healing are
also of great interests to clinicians. We are looking to explore the wound healing

monitoring with optical imaging method to detect them at the same time.

1.2.2 Optical methods for skin imaging

Optical imaging tools can provide more detailed, accurate, potentially quantifiable
and earlier information on the wound healing process for detection, diagnosis and
monitoring of treatment compared to visual inspection alone[46]. There have been

non-invasive imaging methods aiding with the wound monitoring along with the
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visual inspection. For skin imaging and clinical diagnosis, there are state-of-art

instruments as potential candidates.

Optical coherence tomography Optical coherence tomography (OCT)[47] scans
the biological tissue like an optical “ultrasound” to provide high resolution (3-
5 pm) structure information. There have been matured OCT instruments used
in hospital for retina assessment[48, 49]. For skin imaging, OCT has been em-
ployed to characterising the collagen denaturation[50], epidermis presence in wound
healing[51, 52, 53] and burn wound depth[54]. The image depth of OCT for human
skin is around 0.5 mm. The trade-off of OCT in high resolution in vertical 2D
structure is the time costing for the the point-to-point scan. However, the OCT is
not capable to measure the absorption coefficient which limits in monitoring the

chromophores concentration in the wound healing.

Optoacoustic imaging Optoacoustic imaging (OA)[55, 56] is conducted by pro-
jecting short laser pulse to be absorbed within the target tissue area and consequent
generation of pressure waves are introduced by the thermal expansion. OA is ad-
vance in detecting the chromophores through the human skin and reconstruct capil-
lary and lipid structures with high resolution (laterally 4 gum). The detection depth
is from 1 mm to 10 mm depending on the wavelength utilised. It has been applied
to detect and quantify cancer[57, 58], skin layers[59], burn wound depth[60, 61, 62]
and ulcers[63]. However, the field of view is limited to couples of millimetre[64]
range which is not effectively matching for surgical wound size. At the same time,

epidermis migration and the collagen structure cannot be determined by OA.

Spatial frequency domain imaging Spatial frequency domain imaging (SFDI)
is a rapid and wide field non-contact imaging tool for mapping reduced scattering
coefficient p/, and absorption coefficient u, of the biological tissue[65, 6, 5]. The
reduced scattering properties p, is an indicator of the structural change whilst the

absorption present the chromophore concentration. The field of view is relatively
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larger, i.e. 3 cm x 3 cm, which is feasible for surgical wound site imaging. SFDI
has been utilised for a range of clinical applications[66, 67, 68] for in vivo and
preclinical model study [69, 70] for the skin complication measurement. SFDI can
provide rapid imaging to the wound site and by changing the spatial frequency, one
can obtain the tomography information. The cost for build and maintenance SEDI
system is cost-effective in the laboratory, i.e. approximate 2269 dollars for optical
components according to openSFDI instruction[71]. However, the trade-off here is
the lateral resolution of SFDI is relatively lower at 1 mm|[6] and the mathematics

model is complex.

Laser Doppler imaging The laser Doppler imaging (LDI)[72, 73] is developed
based on the Doppler shifting where incident light undergoes a change in the fre-
quency when encounter the moving blood cells. The blood perfusion can be cal-
culated with LDI method which have been used as an healing indicator for burn
wound[74, 75]. However, this method cannot provide information neither on the

other structural or absorption chemical change.

Hyperspectral imaging The hyperspectral imaging (HSI)[76, 77] is capable for
determining the skin chromophores by reflectance from the skin area are taken
with different wavelength. HSI have been employed in various research to obtain
the water, lipid, oxy-hemoglobin, deoxy-hemoglobin and melanin distribution and
concentration in the skin. It has been a good candidate for monitoring the skin
complications[10, 78, 79] combining with classification method[80, 81]. However,
the reduced scattering and absorption coefficients in the skin cannot be derived

from HSI measurements.

By comparing the prons and cons for the above optical imaging tools, the SFDI
method matches our purpose best. The wound size will be at centimetre range,
which requires a larger field of view in the imaging. At the same time, SFDI

is capable to detect the structural change, e.g. collagen, skin fibrosis and epi-
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dermis presence, by reduced scattering coefficient. At the same time, absorption
coefficient can be separated from the SFDI imaging result. This will aid us in mon-
itoring hemodynamic such as hemoglobin and oxygen saturation which indicating

the blood volume and metabolism activity in the target area.

Therefore, in this thesis we will explore SFDI for early sign of infection detection
and wound healing monitoring. The principle behind SFDI and detailed review of

its applications will be introduced in the following section.

1.2.3 Spatial frequency domain imaging

Spatial frequency domain imaging (SFDI) was first proposed by Beckman Laser
Institute in University of California, Irvine in 2009 by Cuccia et al[6]. It is a quant-
itative, wide-field and non-contact imaging tool for mapping the optical properties
of tissue with the ability to provide depth information[65, 6, 5]. The diagram in

the Fig. 1.5 illustrates how SFDI works.
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Figure 1.5: SEFDI method projects three phases sine patterns to the tissue separ-
ately. A camera records diffuse reflected light from the tissue for each individual
pattern. The collected images are calibrated and demodulated to obtain the spatial
modulation transfer function (MTF) of the tissue to recover the reduced scattering
and absorption coefficient. Picture adapted from [5].

In this thesis, we utilise SFDI method for the wound healing observation as it is
capable in mapping the reduced scattering coefficient p/, and absorption coefficient

g Of the tissue at millimetre resolution.
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1.2.4 SFDI application for biological tissue

For the acute wound, SFDI aids in assessment of burn wound depth and severity[69,
70] within 72 hours in porcine model and infection risk prediction [82] in rat model.
The hemoglobin breakdown in the burn wound is analysed with spectral informa-
tion with SFDI[83]. For the chronic wound and long-term skin condition, risk of
diabetic foot ulcers[66], pressure ulcers[67] and scleroderma skin are assessed by

SFDI[68].

Beside from the wound imaging, SFDI is applied to the cancer field for diagnos-
ing nonmelanoma skin cancer[84] and determining the breast cancer margin in
surgery[85]. SFDI demonstrates the potential to detect early stage dental caries
[14] by quantitatively identifying demineralized areas of dental enamel and dentin
with pl. Combined with the polarisation, the hypertrophic scar[86, 87] and heart

tissue[88] has been characterised by SFDI method.

We expect reduced scattering and absorption coefficient work jointly to interpret
the structural and functional parameters of the target area. SFDI application has
not yet extended to the surgical wound site monitoring. But based on various SFDI
clinical application, we believe SFDI has great potential to characterise the surgical

wound healing in a non-contact way.

1.2.5 SFDI modelling

For the surgical wound healing monitoring, identifying the wound margin is the key
for wound structure measurement. For this purpose, we need to know how accurate
SEFDI could detect the position of the margin and determine optical properties for
the wound-skin interface and surrounding area, as shown in the Fig. 1.6 (b). Thus,
building up the mathematical and photon propagation model for SFDI method is

the vital step.

The SFDI method provides significantly more information than the simple observa-

11
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Figure 1.6: The tissue model in the conventional SFDI works compares to the
model we explore in this thesis.

tion by naked eye into the detailed biological process that may be taking place on
or below to the skin surface. Previous modelling works in SFDI has been targeted
at measuring the optical properties of each pixel precisely from the diffuse reflect-
ance Ry (see Fig. 1.6 (a)), based on single layer homogeneous model with variation
occurring only with depth. People are working on better solution for the Radi-
ative Transfer Equation (RTE) analytically or numerically. There are analytical
solutions extended for two-layer tissue measurement[89, 90, 91]. The partial cur-
rent boundary condition for the RTE function is utilized to upgrade the analytical

solution[92].

In the numerical solution, diffuse reflectance R4, the modulation transfer function
(MTF) value of the tissue, is calculated by performing a Fourier transform to point
spread function (PSF) (We will detail this in the Section 2.2.2.2). Hayakawa[93] de-
termining the depth-dependent probability distributions in diffuse reflectance using
a numerical method. ANN network was trained with two layer optical properties

to provide the numerical solutions[94].

Regarding the error estimation work of the SFDI measurement, most of them
are based on the homogeneous tissue model. Pera[95] used an ill-posed problem
method combined with machine learning method to estimate the uncertainty in
optical properties from the diffuse reflectance error. Tabassum[96] analysed the

effect of instrument design into the SFDI’s resolution. The source of SFDI error is

12



1.2.5. SFDI modelling

discussed with the input parameters and how it propagate into the results[97]. The

error from the look up table (LUT) recovery method has also been analysed[98].

Due to the definition of PSF, the phantom must be symmetric in horizontal direc-
tion. However, there are no perfect homogeneous biological tissues as heterogeneity
always exists in skin and this is further complicated when a wound is formed and
healing taking place. SFDI method has rarely looked much into the heterogeneous
effect on the SFDI resolution. The previous works are not sufficient for modelling

the surgical wound structure.
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Figure 1.7: Two gelatin phantoms with a three times p, and p!, step for adjacent
blocks separately. (a) The diffuse reflectance measured by SFDI. (b) The edge
profile for the absorption coefficient u, and reduced scattering coefficient p, are
compared to the true value of the media. This picture is adapted from [6].

The edge response is known in the SFDI measurement due to the discontinuity
in optical properties as shown in the Fig. 1.7. The different optical properties
in adjacent points do have an effect and influence each other. Laughney et al[99]
designed phantoms with vertical inclusions varying the scattering coefficient and
radius to help determine the SFDI resolution in breast tumour surgery. Wirth et
al[100] assembled phantom blocks having laterally different optical properties to
analyse the edge function on scattering and absorption maps. They noticed the
edge response at the boundary of heterogeneity limiting SFDI’s lateral resolution
but only conducted specific ex vivo tissue or phantom experiments without further

modeling.
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The reason behind is the partial volume effect[101] limiting the resolution of the
imaging system at very small object or discontinuity in the optical properties. This
effect has been found and corrected in the PET-CT and MRI[102, 103], but only be
noticed for SFDI measurement result uncertainty[104, 105, 106]. For our purpose,
this impact at the heterogeneous interface (i.e. the path of the surgeon’s scalpel)
needs to be closely investigated via diffuse reflectance and optical property maps

for the wound.

1.3 Synopsis

In this thesis, chapter 2 covers the methodology of the SFDI method, introducing
the optical property features of skin and explaining the principle behind the SFDI
method. This Chapter gives a detailed guideline in using the SFDI method from

capturing diffuse reflected images to recovering the optical properties step by step.

In chapter 3, we build up thee vertical heterogeneous tissue model of the SFDI
method using a 3D Monte Carlo simulation. The sensitivity of SFDI method to
detect the wound structure is discussed with the spatial frequency, wound reduced
scattering coefficient and wound width. We also try a snapshot way for figuring
out the change in the structure. The reason behind the sensitivity is explored with

tracking the photon trajectory in the simulation.

Chapter 4 covers building and operation of the lab built SFDI instrument optimized
for the wound healing application. This chapter then goes on to describe the
phantom experiments to validate the modelling conclusions from Chapter 3. A

resin sample are designed to mimic the wound model in the simulation.

Chapter 5 reports in vivo human tissue imaging experiments with the SFDI in-
strumentation built in chapter 4. The SLS irritation response of six volunteers,
chronic eczema and biopsy wound healing are monitored by the SFDI system. The
measurement results are discussed in the context of the known biological changes

and the feasibility of SFDI system are evaluated for these conditions.

14
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Chapter 6 proposes the future improvement plan for this approach in surgical

wound healing monitoring.
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CHAPTER 2

Methodology

2.1 Physics of scattering, absorption and Optical

properties of human skin

2.1.1 Interaction between biological tissue and light

When light reaches human skin, Fresnel reflection and transmission occurs. The
major light interactions with the tissue are absorption and scattering with the trans-
mitted light. The reflection taking place on the top surface is negligible (around
4% to 7%)[24].

Absorption decreases the incident light intensity along the path of travel. The
direction of the light propagating through the tissue remains the same after the
absorption process. The absorption coefficient u, describing the effectiveness of

absorption is defined as

10T

= —=— 2.1
Ha = —7aT (2.1)
where T is the transmitted fraction of the incident light after the path length JL.
The light attenuation fraction can be calculated with the Beer-Lambert law[107].

For biological tissue the absorption effect is mainly due to the chromophores in-

cluding melanin, oxy-hemoglobin, deoxy-hemoglobin, water and lipid.
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End point

Start point

Figure 2.1: One reduced mean free path mfp’ equal to, for example, seven small
steps of the mean free path m fp. The 0 is the deflection angle during the scattering
event.

Scattering operates in a different way, changing the direction of the photon without
consuming the energy of the light. Scattering can be considered a process of colli-
sion between photons and the particles on its path continuously removing intensity
from the incident light and re-radiating it into different directions and not following

the law of reflection[108].

The phase function p(f) is used to describe the angular distribution of the re-
radiating direction of a scattered photon where 6 is the deflection angle from the
photon’s original forward trajectory. Anisotropy g is the expectation value of cos(6)
determined by measuring the scattering phase function p(6). The scattering coef-
ficient us represents the concentration of scattering particles per volume in the
media. The mean free path mfp = i is the average path length the photon
travels before getting involved in the next the scattering event. Multiple individual
scattering steps can be extrapolated into one large displacement as shown in the
Fig. 2.1. The incorporated one big step is the reduced mean free path mpf’ = ,%;
where p1), = ps(1—g). Thus, we have the reduced scattering p/, which is commonly
used to describe the overall scattering effect of the light in tissue in the SFDI

method.
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2.1.2 Human skin optical properties

The optical properties of the skin are the parameters which describe the overall
effect of light interaction with the skin. Here we review the human skin’s absorption
and scattering properties in the 400 nm - 1000 nm region as a guidence for the

following simulation and experiment design.

The absorption property of skin is dependent on the skin chromophores which
include blood, water, melanin and lipids[109]. In the visible (VIS) region (400 nm -
700 nm), the melanin and the hemoglobin dominate the absorption effect in human
skin[24]. Melanin is contained in melaninsomes which lie in the epidermis providing
a broadband absorption for the human skin decaying from the ultraviolet (UV)
to infrared (IR) regions[110]. The volume fraction of the melaninsomes in the

epidermis is from 1% in pale to 5% in darker skin[111].

The spectral graphs for blood content, melanin, water and lipid at the wavelength

range 400 nm - 1000 nm are shown in the Fig. 2.2, Fig. 2.3 and Fig. 2.4 separately.
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Figure 2.2: The molar extinction coefficient of the oxy-hemoglobin (HbO3) and the
deoxy-hemoglobin (Hb) in the blood in the 400 nm - 1000 nm range. The data
points to draw this figure are adapted from [7, 8, 9]

The dermis is permeated with blood vessels where red blood cells contain hemo-

globin making up 95% of its dry mass[21]. When the hemoglobin binds with oxygen,
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Figure 2.3: The absorption coefficient of the melanin in the 400 nm - 1000 nm
range. The data points are adapted from [10].
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Figure 2.4: The absorption coefficient of the water and lipid in the 400 nm - 1000
nm range. The data points are adapted from [11, 12, 13].

it becomes oxy-hemoglobin (HbO3) or it will stay as deoxy-hemoglobin (Hb). The
total hemoglobin content (THC) present in blood content, can be measured with
a single wavelength which is high in both absorption coefficient for HbOs and Hb.
At 600 nm - 900 nm, either HbO2 or Hb (see Fig. 2.2) dominates the absorption
providing a spectral region to measure the oxygen saturation by using at least
two wavelengths[112]. The melanin absorption is decreasing with the wavelength
increase. Thus, using longer wavelength will benefit from this feature to detect
deeper into skin. As water and lipid have low absorption coefficient there, this
spectral range is suitable for quantifying hemoglobin-derived biomarkers. Longer
IR wavelengths (> 900 nm) are suitable for characterising the lipid (absorption

peak 930 nm) and water (absorption peak 970 nm) content of the skin.

The scattering of the wound is related to the skin structure where the primary
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2.2. Spatial frequency domain imaging

scattering agent is the filamentous proteins[21]. In the epidermis, keratin is a fila-
mentous protein formed inside the keratinocytes. In the dermis, collagen is the main
scattering agent, here occupying 18% - 30% of the dermis volume[113]. The reduced
scattering coefficient of the epidermis is significantly higher than the dermis[114].
However, the scattering effects from the epidermis have a small contribution to the

overall skin p/, due to its thin depth.

The refractive index and the anisotropy ¢ also influence the light propagation.
From the previous work, the epidermis has a refractive index from 1.41 - 1.49 and
the dermis is 1.39-1.41 in the VIS to IR range[115]. The anisotropy g value for the

soft biological tissue is commonly taken as 0.9[116].

2.2 Spatial frequency domain imaging

2.2.1 Diffuse theory

Biological tissue is a turbid media where light transport in it is a stochastic process
involving scattering and absorption. It can be modelled analytically using the
Radiative Transfer Equation (RTE) (see Equ.2.2[117]) or via numerical solutions.
The numerical method is more accurate but more computational intensive and time
consuming. In this chapter, we will look at the analytical light transport model

and the numerical solution will be discussed in Chapter 3.

The mathematical starting point for diffuse optics is the RTE function

10L(r,Q,t) 5 Q 9
U(ra’t’) + Q- VL(r,Q,t) = —pe L(r, Q,1)+Q(r, Q, 1)+

ps | L(r, Q1) f(Q,Q)deY
47

(2.2)

where t stands for the time, v is the speed of the light in the media (v = , where

c = 3 x 108 m/s is the speed of the light, n is the refractive index of the media),
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2.2.1. Diffuse theory

T is position and Q and Q' are the direction of incident light and scattered light

separately.

The left-hand side of the equation represents the convective time derivative of the
radiance from the light source. L(r, ﬁ, t) is the light radiance, standing for the light
power at position r time ¢ per unit area heading in Q direction. The right-hand side
of the equation is formed of the loss within the media due to the absorption and
scattering, the gain from the light source in the incident direction Q and the diffuse
scattering light into the direction €. f(€, ) is the probability function for the
incident light in Q direction, scattering into the direction Q. Wt 1S the transport
coefficient given by fir = f1q + 1, and pepyp = V/31tapth,.. The p, is the absorption
coefficient and the p/, is the reduced scattering coefficient where ), = ps(1 — g), g

is the anistropy.

To begin with, here we will briefly review the simple conceptual framework of the
diffuse light interaction with ideal biological tissue assumption. We will discuss the

RTE solution via numerical method for more realistic situation in Chapter 3.

The analytical solution can be derived from approximation for specific conditions.
Regarding a homogeneous and semi-infinite biological tissue the diffuse approxim-

ation of the RTE is

V3o — s = —3uunq (2.3)

where the ¢ is the fluence rate,  represents the illumination source. For the SFDI,

the light source is a 1D sine pattern given as

q = qo(2)cos(kyx + ) (2.4)

where k, is the wavenumber, ¢o(z) is the amplitude of the projected sine pattern
and « is the spatial phase of the pattern. The sine pattern is modulated in the x
direction with the spatial frequency of f, = k,/27. Assuming the biological tissue
is a linear media, for a wave propagating into the tissue the lateral phase and the

spatial frequency stays constant as the projected sine pattern. Thus, we have the
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2.2.2. Inverse method

fluence rate as

0 = @o(z)cos(kyz + ) (2.5)

By taking Equ. 2.4 and Equ. 2.5 into the Equ. 2.3, the 1D second order Helmholtz

equation is written as

d2
—3%0(2) = 1 pp0(2) = =Bpurao (2) (2:6)

where the scalar attenuation coefficient p/, g Is given as

feps = \[ 12y + K2 (2.7)

Equ. 2.6 represents scalar photon density wave attenuation via depth z in biological
media, equal to the planar illumination for Equ. 2.3. The effective penetration

depth [ of the sine pattern can be calculated with

1

l=—
Ferr

2.2.2 Inverse method

Using diffusion theory to predict the diffuse reflectance Ry(f.), i.e. tissue’s spatial
modulation transfer function (s-MTF), with a known set of (uq, ik, g, n) is the
forward process. Conversely, solving the optical properties from the Ry(f,) is
the inverse process which is what SFDI targeting to do. The inverse process is
in need of a very large database of Ry4(f;) data to recover the optical properties
from biological tissue. Two inverse methods are normally considered including the
analytical method by applying the boundary condition to the Equ. 2.6 and the
look up table (LUT) method.

22



2.2.2.1. Multi-frequency fitting

2.2.2.1 Multi-frequency fitting

The attenuation coefficient p1/, £f depends on the spatial frequency f, and the optical
properties of tissue. Adding the derivation of the planer photon density wave

reflectance[118], the extended source can be written as
qo(z) = Popgerp(z) — purz (2.9)

where Py is the power of the light source. Taking this into the Equ. 2.6, the fluence
rate via depth z is

3Pya

— Wemp(—,utrz) + Ceap(—pigyr2) (2.10)
e T

¢o(2)

where o/ = % is the reduced albedo, C' is the constant value related to the choice

of boundary condition. Following partial current boundary condition the flux j[119]

is set proportional to the fluence at the interface z = 0 j|_o+ = mfzfﬁ‘ Then
the diffuse reflectance R4(f;) is given as
| o+ 3Ad
Ra(fs) = 1200 = (2.11)

P, He Fe
0 (G (L +34)

where the proportionality constant A = 21_Reff , and the effective reflection coef-

2(1+Reff)
ficient: R.yy ~ 0.0636n + 0.668 + % — 1':3# where n is the refractive index.
Therefore Equ. 2.11 is spatial frequency f, dependent according to the definition
of the u’ef 5 Two optical properties p and the u, can be recovered by applying
multiple measured Ry(f;) values and their f, values to the Equ. 2.11 with a fitting

algorithm method.

The Equ. 2.3 also matches the low-pass filter feature of the biological tissue. When
the k, (spatial frequency f, = k;/2m) increases, the ratio between the % increases

leading to the Ry value decreasing.
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2.2.2.2. 2D look up table

2.2.2.2 2D look up table

Another effective inverse method is using a look up table (LUT) with fine grid
R4(f.) formed by a wide range of reduced scattering p/, and absorption p, coeffi-
cients. As the u!, and p, is of two degrees of freedom, the LUT is required to be
2D by two different spatial frequencies’ Ry. This requires a large number of calcu-
lations in advance to predict the R4(f;) value. However, this helps significantly in
reducing the number of spatial frequencies measurements. The p and p, are then
retrieved by pairing two calculated Ry(fs) values to the 2D look up table as shown

in the Fig. 2.5.
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Figure 2.5: There is an example for using the look up table method for recovering
the reduced scattering and absorption coefficient. We will pair two Ry values at
two f, to the point in the table and then obtain the optical properties.

As Ry(fz) serves as the MTF of the biological tissue, we can predict it via the
spatial point spread function (s-PSF) R4(p). Based on the assumption of an infinite
width homogeneous tissue, the Fourier transformed s-PSF is the MTF. The impulse
response of the biological tissue is easy to obtain with projecting a narrow radius
collimated beam onto the tissue in a Monte Carlo simulation. Then Ry(ky) (kz =

27 f) is written as

Ri(kz) = 27T/PiJ0(kai)Rd(Pi)dPi (2.12)
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2.2.8. Illumination, Acquisition and Calibration

where the Jy(kp;) is the zeroth-order Bessel function of the first kind. The simula-
tion process is discrete where p is binned in the interval Ap;. Therefore Equ. 2.12

used in practice to calculate Ry(k;) is given by

Ry(ke) =27 pido(kapi)Ra(pi) Aps (2.13)
=1

2.2.3 Illumination, Acquisition and Calibration

In practice, an ideal sinusoidal intensity profile cannot be projected as it contains

negative values. The pattern intensity S in the x direction is formed by

S = %[1 + Mocos(27 fox + )] (2.14)

where the Sy is the intensity of the light parameter of light source, My is the
modulation depth and « is the spatial phase.

The geometry of a SFDI system is shown in the Fig. 2.6, where three phases of
sinusoidal pattern for each f, at 0 rad, %” rad and %’r are projected onto the top
surface of the tissue. The back scattered light from each projection is captured

separately as Iy, I, Io. The three phases conduct sampling at every point on the

tissue that is illuminated.

The captured back scattered light is the sum of an alternating component (AC)

I4¢ and a direct component (DC) Ipc. The I4¢ can be described as

Tac = Mac(z, fz)cos(2m frx + ) (2.15)

where the Mac is the amplitude of the AC image encoding the biological optical
properties which is the key of SFDI measurement. The DC image amplitude, Mpc,
is the tissue response to the uniform light projection. The M4¢ can be calculated

as

Mac(z, fz) = \f\/(fl — D)2+ (I — I3)? + (I2 — I3)? (2.16)
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2.2.8. Illumination, Acquisition and Calibration
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Figure 2.6: (a) The geometry of the SFDI system and data flow of the optical
properties recovery.

whereas M pc can be obtained as

Mpe(w, f2) = 5(hi+ T2+ ) (217)

In the frequency domain, the M 4¢ is composed of the light source intensity Sp, the
MTFsystem of the imaging system itself and the MTF of the tissue using equivalent

theoretical Ry(f;) in theory:

MAC’(x’ fz) = SO : MTFsystem : Rd(x> fz) (218)

To obtain the Ry4(f,) of a target sample, a calibration sample with known optical
properties is imaged under the same imaging condition and same spatial frequency

fz- The Ry(f;) of the target biological sample can be obtained by

. MAC('ra fm)
Rd(m7 fx) B MAC’,pred(x7 f:r)

Rd,pred(l'a fm) (219)

where the Mac prea(, fz) is calculated from the three-phase image from the cal-
ibration sample, and Mac sampie(2, fz) is calculated from the three-phase image
of target sample. The Rgpreq(fz) is predicted by the Monte Carlo method with

calibration sample’s i, and pu value.
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2.3. Conclusion

2.3 Conclusion

In this chapter, we firstly reviewed the human skin parameters and the light in-
teractions with the biological tissue. The key using the SFDI method to measure
the biological tissue is to recover two optical properties: reduced scattering coeffi-
cient p, and the absorption coefficient p,. Here we learn p/, changes the direction
of the light propagation while u, reduces the intensity. Then we introduce the
principle of the SFDI including the analytical and numerical solution behind, the
instrumentation design and inverse method. We know the analytical method has
more limitations with the prior parameters than the numerical one. In the follow-
ing chapter, we will use the numerical method to concentrate on SFDI’s ability to

monitoring the surgical wound.
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CHAPTER 3

Monte Carlo simulation

3.1 Overview

To observe the surgical wound healing process, the structure and optical properties
of the tissue are important indicators and studying the time course change of them
will provide insight into that wound healing process. For the surgical wound, we
also need to consider the impact of the skin and wound interface in the absorption
and scattering coefficient measurement to understand how accurately and reliably

SFDI can determine the change in the optical properties and structure change.

As discussed in the Chapter 1 and 2, analytical solution for the SFDI is not a
suitable approach for our surgical wound imaging purpose as it is limited to the
assumption of homogeneous tissue model (when p}, >> p,). At the same time,
conventional numerical solution for obtaining the diffuse reflectance via the point
collimated beam also breaks down, because the Fourier transform from the PSF to

MTF is only valid for the homogeneous tissue model.

In order to accurately model the heterogeneity, we will need to select the optimal
numerical method. Most commonly the light propagation in has been simulated via
Monte Carlo simulation[120] and recently Finite element method (FEM) is adapted

to SFDI forward modelling[121, 122].

The Monte Carlo method is a computational tool using repeated random exper-
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3.1. Qverview

iments to determine the value expected based on the law of large numbers. The
Monte Carlo method was first introduced to solve the laser interactions within bio-
logical tissue by Wilson et al[123]. In the simulation, numerous number of photons
conduct random walk individually to travel in the biological tissue with the step
size and angular deflection statistically selected with random number generator. It
was further developed[120, 124, 125, 126, 127, 128] to become a powerful tool for
obtaining the numerical solution for light transportation in turbid media. Though
with more computational cost, the input tissue parameters can be widely varied to

simulate multiple possible tissue conditions.

FEM simulates the light propagating by discretising the diffuse equation by com-
prising small interconnected tiny sub regions [56, 129]. Proposed by Dehgani et
al[122, 130] in 2009, this method has been successfully applied for diffuse optical
tomography (DOT) image reconstruction for mapping internal optical properties
for breast cancer[131, 132, 133] and brain function imaging[134, 135]. The FEM
method is recently adapted to SFDI simulation with projecting the sine pattern
directly to the biological tissue by NIRFAST tool[136]. However, future work is

required to improve the FEM method in reducing the boundary error in simulation.

Therefore, the Monte Carlo method is with better accuracy and widely applied for
the SFDI simulation. Thus, we are utilising the Monte Carlo simulation in this
thesis. In this chapter, we apply the Monte Carlo method not only to simulate a
homogeneous tissue model for sensitivity testing but also to determine a "pattern”
in the result. The sensitivity of SFDI to characterise the difference in the reduced
scattering will be investigated with various wound width and optical properties
input in the simulation. Based on the results we discuss the strength and limitation

of SFDI for wound healing.
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3.2. Monte Carlo algorithm

3.2 Monte Carlo algorithm

The flow chart for the basic Monte Carlo method[120] is shown in the Fig. 3.1.
Each individual photon follows this flow chart propagating within the tissue inde-

pendently.

Launch photon
(set weight =1)

%’ Generate the movement ‘

Move to boundary

Transmitted to
another tissue voxel

Absorbing

(weight reducing)

)

Scattering
(spin)

Still alive?

N
end

Figure 3.1: The flow chart of the Monte Carlo simulation for individual photon.

The photon is launched at a certain position on the top surface of the tissue assigned
with a initial weight W = 1 and direction of movement is down in the z direction. In
the computing loop, the position of the photon at the current step is (z,y, z). The
step size s of each step is calculated based on sampling the probability distribution

for the photon free path

s = —In(€) /s (3.1)

where ¢ is a random number generated uniformly between 0 and 1 (inclusive).

Before the movement of the photon, we check the distance dp between the photon

and the nearest boundary, i.e. the new voxel of the starting position and the
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3.2. Monte Carlo algorithm

boundary for the tissue. If movement in the next step means the photon will not
hit the boundary, it will be moved directly with the distance s. The update for the

photon position is

T =T+ UyS
Y=y +uys (3:2)

z2=2z4+uys

where the u;, uy and u, are the cosines value of the angle between the direction
vector and the coordinate axes. If the boundary is in the way, we move and transmit

the photon just across the boundary into the adjacent voxel.

After the movement, the absorption along the path is calculated with

AW = Wexp(—pqas) (3.3)

Then the updated weight of the photon is

W =W — AW (3.4)

After the tally for the absorption, the photon is scattered with the deflection polar

angle 0 generated by the Henyey-Greenstein function [137].

1—g°
2(1 + g2 — 2gcosf)3/2

p(cosh) = (3.5)

As the g value for the biological tissue is normally 0.9, the cosine of the deflection

angle 6 is

1—g ]

1
cos = —1+¢*>— —F
[ g 1—g+2¢¢

(3.6)
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3.2. Monte Carlo algorithm

The azimuthal angle ¢ for the photon scattering is sampled uniformly over a range

of 0 to 27 by

¢ = 2m¢ (3.7)

where £ is the generated random number between 0 and 1.

After the scattering process, the new direction vector of the next movement is

updated as

sinB(uzpu,co8¢ — U, Sin
Uy = (ugu-cosg y5in9) + u,cos6

V1—u?

Uy = sinb(uyuzcosd + uzsing) + uycost (3.8)

V1—u?
uy = /1 — u2sinfcosp + u,cosb

The photon will be checked to see if it is ’alive’ based on the position and the final

weight after the above process is finished. If the position of the photon is outside
the tissue, the photon is ’dead’ immediately. When the position of escape is above
the top surface, the final weight of it will be collected into the back scattered light

I(x,y) where (x,y) is the position the photon escapes at the surface.

While the photon still remains in the tissue, the weight of the photon is compared
with a threshold. If the weight is lower than the threshold, the unbiased termina-
tion will be utilised on the photon. We play Russian roulette[138] to improve the
simulation efficiency but also consider the likelihood a photon might live long but
only make a minor contribute to the final results. The photon will be terminated at
the probability & > m where ¢ is the random number between 0 and 1. Otherwise

it will have its weight increased by 1/m to stay ’alive’ representing the likelihood.

LW ife&<m
W+ (3.9)
0 if&>m
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3.3 Homogeneous skin model

In this section we will look at the sensitivity of SFDI in detecting changes in the
optical properties in the biological media. We apply the MCCL package[139] (ver-
sion 4.9.0 Beta, downloaded in 13/03/2020). A point collimated beam is projected
onto the infinite one-layer homogeneous tissue. As discussed in the Section 2.2.2.2,

diffuse reflectance can be obtained by the Equ. 2.13.

The tissue model is expanded infinitely in the x and y directions with a depth
of 16 mm in the z direction applying 3,000,000 photons per simulation. The z
depth for the model guarantees the photons cannot escape from the bottom of
the tissue while saving on computational cost[93]. The homogeneous skin models
are assigned with multiple pairs of u/, and u, where the ! is changed from 0.473
mm ™! to 4.73 mm ™! with the linear interval 0.473 mm~!. The refractive index of
the biological tissue is set to be fixed at n = 1.42 and anistropy g = 0.9]24]. The
f range is from 0.05 mm~! to 0.35 mm~' with a gap of 0.05 mm™! covering the

most commonly used spatial frequency ranges in the SFDI method.

(a) p. =0.023 mm™’ (b) p.=0.08 mm™ (c) p =012mm™
a a a
0.7 0.7 0.7
— 06 — 06 — 06
3 N 3 3
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spatial frequency fx [mm'1] spatial frequency fx [mm'w] spatial frequency fx [mm'1]

Figure 3.2: The normalised diffuse reflectance at same p/ with three p, 0.023
mm~ ', 0.08 mm~! and 0.12 mm™! separately. The curves from top to bottom are
with the p, value decreasing.

The simulations are run for ju, for 0.023, 0.08 and 0.12 mm~! and their results
are demonstrated in the Fig. 3.2. When p, increases, the intensity of the diffuse
reflectance Ry decreases which matches the Beer-Lambert law. When p/, increases,

the intensity of the R, increases. The distance between each curve at the same g,
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3.3. Homogeneous skin model

and low f, value range (approximately < 0.25 mm™!) are not identical indicating
the difference of SFDI sensitivity for detecting the changes in p}. The same interval
in the i/, value yields greater change in the Ry intensity when the reduced scattering
is lower. Also, the SFDI is sensitive to the u, change when the f, is lower in the
value. In this way, SFDI can capture the changes in p/, more easily when f, and

p, is both low.

low spatial frequency pattern high spatial frequency pattern

Figure 3.3: The pattern propagation within the low pass filter biological tissue [14].
The different spatial frequency pattern can reach different depth.

In the low f, value range, the intensity of R4 is always relatively higher due to the
low pass filter feature of the biological tissue. As illustrated in the Fig. 3.3, the
lower spatial frequency pattern (wide stripe pattern) can penetrate further down
in the biological tissue while high spatial frequency pattern (fine stripe pattern)
gets blurred at a shallow depth. The back scattered light I(x,y) from the low
spatial frequency pattern has better contrast as most of photons are travelling
down further. Conversely the back scattered light from the high spatial frequency
pattern has low contrast as the photons are more likely to “bounce” back and

escape at top surface.

Comparing the Fig. 3.2 (a), (b) and (c), the trends of Ry sensitivity to the u/ value
change with respect to three p, values are similar. The change in the absorption
does not add much effect on the trend. As we discussed in the previous chapter,
1o only reduces the intensity linearly with the value and is easy to predict with

the Beer-Lambert law. Also, the y, value at 0.12 mm™*

is covering the maximum
value for the illumination wavelength range (600 nm to 850 nm)[140] we are using

for the human skin in vivo measurement. At the same time, the reduced scattering
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3.4. 8D Monte Carlo simulation

change is non-linear with the value change is highly related to the wound structure.
Therefore, we can concentrate on SFDI detection sensitivity change via the u

assuming the absorption is constant. We will discuss this in Section 3.5.

3.4 3D Monte Carlo simulation

For wound modelling, we use the 3D Monte Carlo simulation algorithm in a typical
structure of surgical wound model as shown in the Fig. 3.7. Our code is based
on the mexyz[127] (version July 22, 2019, downloaded in 10/06/2020) supporting
the customized tissue structure assigned with optical properties. To overcome
the shortcoming of the analytical and conventional method, obtaining the MTF
from PSF, the three phases sine pattern are projected to the top surface of the
model directly. Our 3D Monte Carlo simulation is designed to have two outputs.
One is the diffuse reflectance Ry (the tissue’s MTF) from the three phases back
scattered light. This will aid us with obtaining more accurate results from the
heterogeneous model. As the ‘imaging system’ are perfect in the simulation, the
AC image intensity I4¢ calculated from simulation results is equal to the Ry of the

tissue.

The other output is recording the photon trajectory within the phantom as shown in
the Fig. 3.4. We insert non-destructive detector planes at regular intervals (we use
the bin size in z direction for the interval), to record the depth—dependent weight
Wap(z) and Weeyn(2) within the tissue, as shown in the Fig. 3.4, for the photon
moving back up through the tissue or down respectively. The two outputs give the
overall trajectory of the photon within the tissue to help with understanding the
R, intensity profiles as well as monitoring the photon behavior at the wound and
skin edge. When the photon moves to a new voxel, the weight of the photon will
be updated and recorded subsequently by the detector planes. The upward facing
detector will record the current weight of the photon travelling down through the

tissue, where the cosine value of the angle between the direction vector and z axes
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3.4.1. Photon propagation

of the coordinate is over 0 (shown in the Fig. 3.4). Similarly, a photon going up

will be recorded by the bottom face.

detector
Photon
7 oing down
| Double faced going
detector A X
3| é N

Z: v direction
\ ; t of photon
————————————————————— / z
Photon
going up

Figure 3.4: The geometry of recording the photon trajectory.

The simulation is conducted in the Cartesian coordinate system. The basic unit
of the simulation is a 3D cube-shaped voxel with the assigned bin size in x, y, z
direction. The size of the bin is the resolution of the photon movement detection,
equal to the pixel in the detector. In this chapter, the bin size is chosen to be
0.02 mm in all three directions to balance the signal noise ratio (SNR) and the

computational cost.

3.4.1 Photon propagation

To better understand the result from Section 3.3, we project the sine pattern onto
the top surface of the homogeneous tissue model with three !, values of 0.473, 1.42

and 4.73 mm~! separately and at f, = 0.25 mm™".

The absorption is selected
as 0.023 mm™' and the refractive index n = 1.42. The wound depth is set as
16 mm as same as in Section 3.3. The Weight,, and Weightgi,,, are recorded
when simulating the back scattered light I(z,y) profile. We slice the yz plane at
the x = 0 for the weight profile to observe the photon trajectory as shown in Fig.
3.5 (g). The profiles are shown in depth(z) range from 0 mm to 8 mm to highlight

the sine pattern propagation. Their back scattered light images I(x,y), are shown

in the Fig. 3.6 for x range -14 mm to 14 mm and y range -10 mm to 10 mm.
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Figure 3.5: The variation of pattern intensity with depth and scattering from
photon distribution. (a) and (d) are the low scattering wound yz plane slices;
(b) and (e) are the healthy skin yz plane slices; (c¢) and (f) are the high scattering
wound xz plane slices. (g) Slicing the Weight,, and Weight o,n at x = 0 to obtain
the profile at yz section.

A photon is capable of travelling further in the lower scattering media while photons
keep “bouncing” near the top surface in the high scattering media. With the
reduced scattering ! value increasing in the media, the photons are redirected
more frequently by short step sizes (reduced mean free path ' = 1/u.) hence
reemerging closer to the top surface where they have been launched[98]. Comparing
the Weight joun for three types of tissue model, the penetration depth of the sine
pattern decreases progressively with pu/ increasing according to Fig. 3.5 (d), (e)
and (f) as expected. Consequently, in the Weight,, profiles shown in the Fig. 3.5
(a), (b) and (c), there are fewer photons travelling back to the top surface when

the !, value is low.

Thus, as shown in the Fig. 3.6, the I(x,y) image of a low scattering media illus-
trates blurred stripes. Conversely, the high scattering results demonstrate a sharp
contrast I(z,y) image. In this way, the high scattering media has a relatively
high intensity diffuse reflectance R4 profile matching the simulation results in the

Section 3.3.
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3.5. Single layer surgical wound model
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Figure 3.6: The back scattered light I(z,y) of three different u, phantoms.

3.5 Single layer surgical wound model

During surgery, the incision will be made through skin to access the operation
site. At the end of the procedure, the skin and underneath tissue is sealed with
the suture, steri-strips or glue forming a vertical wound embedded in the tissue.
Here we assume both skin and vertical wound are homogeneous in their optical

properties, the 3D tissue model is built as shown in the Fig. 3.7.

Healthy skin

28 mm Surgical site wound

20 mm X
x | depth N
= 10 mm width

16 mm /

(a)

Figure 3.7: (a) The 3D structure of the surgical site wound. (b) The xz section of
the tissue.

The healthy skin and the surgical site wound block are assigned with their own
optical properties. The height width and the length are chosen as 16 mm, 20 mm
and 28 mm. With the bin size of each voxel, the resolution in three dimensions are
800, 1000 and 1400 pixel accordingly. As discussed in the section 3.3, the absorption
impact is easy to predict and we are more focused on the change in scattering. The

absorption of the wound model is kept the same at 0.023 mm™"' from the empirical
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3.5.1. Orientation of the sine pattern projection

skin optical parameters. The anisotropy g is 0.9 as a common value for biological
tissue[24]. The skin has the empirical skin g/ at 1.42 mm~![141]. Three phases
(0 rad, 2% rad and %’T rad) of sine patterns are projected to the tissue top surface.
The AC image intensity I4¢c of each spatial frequency is calculated utilizing the

Equ. 2.15.

In the following text, we are using the AC image instead of R, to described the
diffuse reflectance Ry results obtained from the simulation. In the simulation here,
the MT Fystem is always 1 as it has perfect optical transmission chain from the
light source to the tissue surface. In the practice, diffuse reflectance R; image is

calibrated AC image from the SFDI system.

3.5.1 Orientation of the sine pattern projection

In the previous SFDI work, people haven’t considered the sine pattern orientation
as they assumed the tissue is homogeneous. However, the discontinuity at the
wound-skin boundary can affect the photon trajectory hence influence the accuracy

of the AC images to map the heterogeneity.

To simplify the observation of changes in wound structure with the intensity of the
AC image I4¢, here we formulate a 1D AC profile for the wound. When looking
at a small wound site area in our model, we can assume the wound and skin region
are each locally uniform with respect to their own optical properties. Therefore,
we determine I.,ve,4c by averaging the intensity of the AC image along the y
direction as in Equ. 3.10 where N, is the number of pixel in the y direction which
direction the sine pattern is orthogonal to as shown in the Fig. 3.8 (a). This helps
to reduce the number of the photons that are launched into the original model as

well as averaging random noise in the Monte Carlo method.

1
Icurve,AC(ﬂf) = ﬁ ZIAC(%?J) (310)
vy
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3.5.1.  Orientation of the sine pattern projection

To determine the best orientation to project the sine pattern, we model both par-
allel and orthogonal sine patterns to the wound as shown in the Fig. 3.8. The two
projections are applied to the same wound model and wound widths are selected
to be 1 mm or 4 mm with the reduced scattering of the wound area le,wound =
0.473 mm~! and 4.73 mm~! respectively. The sine pattern with spatial frequency
fz = 0.15 mm~! is projected at two direction to the same wound model at three

phases separately to obtain the AC images.

Figure 3.8: The geometry of projecting the sine pattern (a) orthogonal to the
wound (b) parallel to the wound.
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Figure 3.9: The I.yrpe ac of the wound i, = 4.73 mm ™! with two type of projection.
The curves are all normalised to the same skin intensity level. Two vertical dashed
lines mark the wound area inside. The horizontal dashed line is the ideal intensity
of the wound area when the tissue is homogeneous with same pu/, parameters.

The I.yrve,ac are calculated and plotted in the Fig. 3.9. For orthogonal pattern,

the Ieyrve,ac is calculated by averaging I4c through the y direction and the I4¢
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3.5.1. Orientation of the sine pattern projection

of parallel pattern is averaged by x direction. The wound area is located between
the black dashed lines. The structure of the wound are both exaggerated in the
Iourve,ac by the two ways of sine pattern projection. The AC images from the
orthogonal sine pattern projection provides a more similar shape to the wound
than the parallel sine pattern projection. This matches previous works[5, 99, 142],
where the edge response exists and introduces an error in determining the real
shape of the heterogeneity. The parallel sine pattern even increases the intensity
of the skin area near the wound (see the arrow pointing on in Fig. 3.9). Also
the wound centre intensity value from the orthogonal sine pattern, particularly of
the 1 mm wound, is much closer to the homogeneous wound level. (The reason
behind why the wound centre intensity for the narrow wound is lower than the

homogeneous wound model will be discussed in the Section 3.5.3.)

Therefore the orthogonal sine pattern is selected as it better aids in identifying the
structure and optical properties. To look into this closely, we track the photon tra-
jectory for the 4 mm wound model with wound p), = 4.73 mm~". The Weight gouwn
profiles sliced in xz section for parallel projection and in yz section for orthogonal
projection shown in Fig. 3.10.

log(Weightgown) log(Weightgoun)
(b()) slicing orthogonal sine pattern  [a.u.]

x [mm] y [mm]

Figure 3.10: (a) The Weightjoun slicing at y = 0 mm for the parallel sine pattern
projection. The white dashed lines indicate the wound inside. (b) The Weightiown
slicing at x = 0 mm where the ) = 4.73 mm~! (wound area) for the orthogonal
sine pattern projection.

The edge effect at the wound-skin boundary in the parallel projection is more
evident not only due to the response at the p/ discontinuity but also adding on

disruption effect to the sine pattern. The distinctive p) change at the wound-
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3.5.2. Wound width measurement
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Figure 3.11: The back scattered light of (a) parallel pattern projection (b) ortho-
gonal pattern projection. The spatial frequency f, for both sine pattern is 0.15
mm~'. The white dashed lines indicate the wound area between them.

skin edge results in more uncertainty to the AC image making the photons have
additional horizontal migration. This leads to the exaggeration in the solid line
(parallel sine pattern projection) illustrated by the black arrow in the Fig. 3.11.
Any other orientation of the sine pattern projection (except the orthogonal one)
still suffers from the same effect as it always has the portion contributing to this
direction. Thus, the orthogonal sine pattern projection is the optimal projection to
measure the wound. In the following wound simulation and validation experiments

we will only use the sine pattern projected orthogonally to the wound.

3.5.2 Wound width measurement

From the above section, we notice that SFDI exaggerates the wound shape in the
AC images even with the orthogonal pattern offering more efficient sampling. From
a conventional SFDI perspective, what SFDI can detect is usually more than the
naked eye can. However, to better determine the heterogeneity with SEFDI method,
a question must be put forward first: how much can people trust the information

from the “more than naked eye can see” from the results?

The AC image is the key input factor for the accuracy of the optical properties
recovered to help answer our question. If the change in the wound structure can-
not be at least illustrated from the intensity change of the AC curve, then the

subsequent inverse process will not be able to see any change either. In this sec-
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8.5.2.1. Error from wound width measurement

tion, we will focus on the AC result from the wound model to study the SFDI’s
sensitivity in observing the wound width and the dependence of parameters from

both system and the wound model.

3.5.2.1 Error from wound width measurement

For instance, a typical SFDI simulation result is shown in the Fig.3.12 (a) where
the AC image result is colour coded for intensity. In this model, the wound width is
2 mm with a spatial frequency of f, = 0.15 mm~'. The wound has a lower reduced
scattering coefficient y/, = 0.71 mm™~! than skin g/ = 1.42 mm~!. The wound area,
with its lower scattering in this example and therefore lower returned intensity, can
clearly be seen as the blue stripe in the centre. From the view in previous SFDI
works, the complications are indicated by the difference in the optical properties.
The width of wound is measured approximately using imageJ from the intensity
difference as the marked on the Fig. 3.12 (a). The result is a width of 2.85 mm
compared to the actual wound width 2 mm which significantly overestimate the

wound structure by 42.5% demonstrating the partial volume effect.

normalized intensity

(a) [a.u.]
3 05 fx=0.15mm™ wound width=2mm, ;z_'=0.71mm""
3 0.35F% g || gr R
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Figure 3.12: The I4¢ image of 2 mm width wound model with wound pl =
0.71 mm~!. (b) The Ieurve,Ac of the wound model in (a). The green line marks the
skin intensity level and two black lines mark the half maximum and 0.9 maximum
of the wound intensity. The wound width is measured with the distance between
two red points. The vertical dashed line is the real wound area according to the
model parameters.

The answer to our question is that we cannot fully trust the SFDI’s “more than
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8.5.2.1. Error from wound width measurement

the naked eye can see” directly for the heterogeneity observation. Thus we need
to look into the SFDI’s accuracy in characterising the surgical wound structure
change (wound width change). 3D Monte Carlo simulations are utilized for different
wound widths, spatial frequencies and wound reduced scattering coefficients. The
wound width are selected as 0.5 mm, 1 mm, 1.5 mm, 2 mm, 4 mm, and 6 mm.
The interval between 0.5 mm and 2 mm is selected as 0.5 mm to test where the
SFDI measurement breaks down as previous work[6] states the SFDI resolution is
approximately 1 mm for most homogeneous sample. The four types of the possible
wounds and one control type to mimic possible healing status with different reduced

scattering p, are listed in the Table. 3.1.

Table 3.1: The reduced scattering u/, of four types of wound and one control type.

Tissue Type Reduced Scattering !, / mm~1
very low scattering wound 0.47
low scattering wound 0.71
no wound (healthy skin) 1.42
high scattering wound 2.84
very high scattering wound 4.73

The I.yrpe,ac of the simulation results is calculated with Equ. 3.10. One of the
typical Icyrpe, ac resulting for the wound g, = 0.71 mm~! with 2 mm wound width
is presented in the Fig. 3.13 (b). The wound width is measured with the full width
half maximum from each of the I.y;e,ac curves. The error of the measurement is

obtained by widtheasured — Widthye and plotted in the Fig. 3.13.

The results show a general trend that the error in estimating the wound width
is decreased where the wound has a higher scattering coefficient as well as higher
spatial frequency (this matches the experimental result from Bassi et al[143]). The
relative error is significantly higher for the 0.5 mm and 1 mm wound especially
in the low scattering wound model. This matches the previous conclusion that
SEFDI breaks down at around 1 mm resolution. Though the error when the wound
width at 1 mm wound g/ is unexpectedly low due to the shape of the Ioyrpe ac- It

can be seen that for the narrow wounds the error is significantly greater both in
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3.5.2.1.  Error from wound width measurement
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Figure 3.13: The error of the wound width measurement at the full width half
maximum level in three spatial frequencies. The dashed line is y = 0.

distance and percentage of the actual wound width. This indicates that the photon
interaction between the wound and healthy tissue is adding an effect to the wound
structure measurement result. The key factor is the media’s reduced scattering
difference leading to the change in the ability of “keeping” photons in the same

reduced scattering area. We will look further into this in the next section.
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Figure 3.14: The error of the wound width measurement at the full width % max-
imum level in three spatial frequencies. The dashed line is y = 0.

As the SFDI can exaggerate wound shape, then in clinical practice we should keep
in mind to add on some compensations for this if possible. The two other ratios %
and ﬁ of the full width maximum are also utilized to estimate the wound width

from the I.yrve,ac. The absolute error of the wound width measurement for two
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8.5.2.1. Error from wound width measurement
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Figure 3.15: The error of the wound width measurement at the full width ﬁ
maximum level in three spatial frequencies. The dashed line is y = 0.

ratios are shown in the Fig. 3.14 and Fig. 3.15. The ratio ﬁ always has largest

error among three ratios in measuring the wound width. The % provides less error
at narrow wound width than full width half maximum. The larger ratio value for
measurement results for the wound width are measured at the I.yrve ac closer to
the skin intensity level (see Fig. 3.12 (b)). Thus the error of the width will be

higher as this can overestimate the wound width.

However, the low ratio is not always beneficial to the wound width result. The
ratio % shows in the Fig. 3.14 resulting in a large error in the original large wound
width models. SFDI is already good at characterising the wider wound widths, so

the low ratio cannot aid with this situation but in fact add extra uncertainty.

In the practice, one is suggested to select the ratio based on the estimated wound
width and the reduced scattering coefficient of the wound area. We suggest to select
the ratio 0.5 if the wound width is less than 2 mm, or even less than 0.5 for wound
width less than 1 mm visibly. If the wound width is larger than 4 mm, we may
suggest a ratio greater 0.5 as the p is able to present the real width. The larger

wound width is, the more reliable the p, map can reflect the wound structure.
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3.5.3 Edge response

To examine the edge response (photon behaviour at the vertical interface between

the healthy tissue and wound), four typical wound models with two wound widths

0.5 mm and 2 mm, are selected with wound reduced scattering p, = 0.473 mm™!

and i, = 4.73 mm~!. The spatial frequency used for these four models is 0.1 mm™!.
We slice the Weight g, through xz section at y = 0 (see Fig. 3.16 (e)) to view
how the edge response contributes to the back scattered light intensity. In the

Weightiown plots we can only note photons once they have undergone one scatter-

ing event.
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Figure 3.16: (a) - (d) The 3D edge response observed from the xz section of
Weightyown profile for the wound width 0.5 mm and 2 mm wound at ,u’s’wound
= 0.473 mm~! and M wound = 473 mm~1. (e) The slicing method through xz
section at y = 0 mm. (g) - (i) is the selected area in plots (a) - (d) shown with the
dashed yellow rectangle. The red dashed contour line locates where the intensity
is 70% percent of the maximum intensity within the whole wound area. The ideal
70% intensity contour line assuming the wound is infinite homogeneous and with
reduced scattering value is indicated with a black dashed line.

In the low scattering wounds, as shown in the Fig. 3.16 (a) and (c), the brown
arrows point out the first scattering event occurrences at a significant depth into
the tissue. In the skin, the first scattering event occurrence is closer to the top

surface pointed out by white arrows. For the high scattering wounds, the first
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3.5.8. Edge response

scattering event occurs at a lower depth than in the low relatively lower scattering
healthy skin, as illustrated by the grey arrows in the Fig. 3.16 (c) and (d). As
expected, photons penetrate more deeply in the lower scattering tissue. However,
there are clear contributions to the profile from the tissue adjacent to the wound

which has different scattering values.

To look at this edge response more closely, we plot the the contour line of 70%
maximum intensity in Fig. 3.16. If we assume there is an infinite homogeneous
wound area, any intensity contour line should be flat. However, all of the contour
lines here show a U-shape indicating the influence of the edge effect. For the low
scattering wound model, the photons propagate down further in the 2 mm wound
than the 0.5 mm wound as the two contour lines are both deeper. Though the
absorption reduces the “weight” of the photons, the wider wound has significantly
more photons at a greater depth. The photons between the real and ideal contour
line as illustrated by the pink arrow in Fig. 3.16 (f) and (g), are the photons
entering the wound from the skin. They have less chance of being scattered back
to skin so generally travel within the wound resulting in the upper U-shape 70%
contour line. There is decreased weight o intensity in the healthy tissue adjacent
to the wound where the photons have been lost. The photons scattered into the
wound hence have already travelled further when they enter the wound and lose
their “weight” at a more shallow depth than the photons in the center forming the

lower U-shape 70% contour curve.

Inversely, in the high scattering wound, the first scattering event is near the sur-
face leading to a nearly flat 70% contour curve approximately at the surface for all
the wound widths. Photons are scattering out of the wound leading to the higher
intensity in the healthy tissue adjacent to the wound. Similarly, the photons en-
tering the healthy tissue, with relatively lower reduced scattering, is less likely to
be scattered back. Therefore the intensity is very low between the real and ideal
70% contour line as indicated by the pink arrow in Fig. 3.16 (h) and (i) where

photons are lost from the wound to the healthy skin. The influence of the edge
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3.5.8. Edge response

effect is greater for narrower wounds. When comparing the narrow wound with the
wide wound for the same scattering properties, the high scattering, narrow wound

demonstrates lower intensity while the low scattering wound has higher intensity.
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Figure 3.17: Four wound width 0.5, 1, 2, 4 mm I.ye ac are plotted particularly
at the range where the curve approaching from the skin level to the centre of the
wound area. The Ioyrpe ac are aligned at full width 90% maximum by the 0.5 mm
wound at right side.

To verify what we find from the Weightiown, we align the I.ympe ac curves to
the full width 90% maximum to compare the transition around the wound-skin
boundary area. From Fig. 3.17, the 0.5 mm and 1 mm wound curve are separated
from other curves due to the more significant edge response and photons staying
in the lower scattering media. The 2 mm and 4 mm wound curves almost overlap

at the transition area.

To include as much of the edge response in the .y, ac as possible, in Fig. 3.18
we plot the calculated wound width using the full width at 90% percent of peak
value. Here the high scattering wound always has a more accurate value as the

difference in the mean free path between the healthy and wounded tissues is lower
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Figure 3.18: The error of the I yrpe ac measured at full width 90% maximum.
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leading to the reduction of the edge effect.

3.5.4 Can single phase rectangle pattern projection help?

We have demonstrated that three-phase sine wave projection is a feasible method
in SFDI to determine the optical change in the wound structure. However, the
three-phase imaging takes time hence increasing the chance of target area motion
or side effect on the tissue. According to Nadeau et al[144], the single rectan-
gular pattern can also be applied to obtain the back scattered image I(z,y) for
optical properties. The calculation complexity increases as the extraction of the

AC information requires a 2-D Hilbert transform.

object Image(response)
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Figure 3.19: The example of the optical system response in our tissue to a periodic
rectangle wave pattern.

For our wound monitoring purpose, the change in the wound p/, and wound struc-
ture are more crucial than obtaining the exact value. As we discussed in Chapter
2.2.2, the Ry is the MTF response of the tissue. The MTF could be obtained in
two ways: one is calculating the contrast of the optical system response[145] (see
Fig. 3.19 as an example) and the other is Fourier transforming the PSF of the
optical system. If we regard the biological tissue as a black box, the contrast calcu-
lated from the diffuse reflectance via different spatial frequencies is the MTF of the
biological tissue. In this section, we will test the single phase rectangle pattern to
figure out if it is capable to detect the change in the optical properties and wound

width.
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8.5.4.1. MTF curve for different wound conditions

3.5.4.1 MTF curve for different wound conditions

In this subsection, size of the wound model here is Nx = 1400, Ny = 500 and Nz
= 800 pixels. The number of pixel in the y direction is reduced as there is no
requirement for a number of periods in the x direction. As we have done in the
previous sections, we keep the absorption p, = 0.023 mm~! and the anistropy g
= 0.9 of the wound model constant as well. Three wound widths are selected at
1 mm, 2 mm and 4 mm. The spatial frequencies used are 0.1, 0.25, 0.5, 0.8, 1.5
and 2 mm~!. The p/, for the wound are 0.473, 0.71, 2.84 and 4.73 mm™~! while the

skin g/, is 1.42 mm~*.

The orientation of the rectangle pattern is only parallel to the y direction (see the
4 mm wound width model example in the Fig. 3.20 (a)) magnifying the the edge
response effect at the wound skin boundary. The orthogonal rectangle pattern can
not provide sufficient contrast information from the wound and skin as shown in
the Fig. 3.20 (b). The averaging result via x direction is the DC information of
the wound model eliminating the effect of modulation. The averaging via the y

direction mixes the wound and skin optical properties.
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Figure 3.20: The wound width is 4 mm with g/, = 0.71 mm™! located at the centre
of the wound, indicated by the black dashed lines. The spatial frequency of the
pattern is f, = 0.25 mm~!. (a) A example of back scattered light image I(x,v)
of the parallel rectangle pattern. The 1D profile curve is calculated by averaging
the intensity of the I by y direction. (b) A example of back scattered light image
I(x,y) from the rectangle pattern with the same wound model as in the (a). Two
curves are averaged by both x and y direction.
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8.5.4.1. MTF curve for different wound conditions

Similarly, the back scattered light image I(z,y) is averaged via the y direction to

create a 1D profile Iyype rect Of the wound model, reducing the noise as well.

1
Icurve,rect = F Z I(l’, y) (311)
vy

Then the contrast is calculated by the contrast of I.yrve,rect as

maw(lcurve,rect) - min(-[curve,rect)

contrast = -
maw([curve,rect) + mln(Icurve,rect)

(3.12)

where the I(x,y) is the back scattered light image from the top surface. The MTF

curve is formed with the Ioypperect contrast at each f;.

The MTF curves for the homogeneous tissue models with !, at 0.473, 0.71, 1.42,
2.84 and 4.73 mm~! are shown in the Fig. 3.21. With the f, increasing, the
MTF curve monotonically decreases, presenting the low pass filter feature of the
biological tissue. The higher value in p, leads to the greater contrast of the wound

model matching the Ry trend in the Section 3.3 using the PSF to obtain the MTF.
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Figure 3.21: The MTF curves for homogeneous tissue model.

The MTF curves for the wound model, with healthy skin as the control group,
are demonstrated in the Fig. 3.22. The curve cluster profiles via different wound
ps can be classified into two group: low scattering wound (Fig. 3.22 (a), (b))
and high scattering wound (Fig. 3.22 (c), (d)). For the low scattering wound,
the curve cluster converge at relative low spatial frequency and separate around

fr = 0.25 mm~!. However the high scattering wound has the converse trend in

52



8.5.4.1. MTF curve for different wound conditions

I to

the MTF curve cluster. The MTF curves separates from f, = 0.1 mm~™
fz = 0.8 mm~! and then overlap at the following higher spatial frequency. There-
fore the sampling effect from the sine pattern is not always better when the spatial

frequency is increasing.
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Figure 3.22: The MTF curves different wound width are plotted with same wound
reduced scattering p/,. The MTF of skin as control group are shown in the yellow
curves.

To look into the cluster performance, we plot the I.yryerect Of the typical wound
model with 1 mm, 2 mm and 4 mm wound width with two typical wound
0.71 and 2.84 mm~! applied in the simulation. We also mark the maximum and
minimum data points for MTF calculation with hollow and solid circle marker

separately on the I.yrve rect -

In the low scattering wound models (see the blue and red curves in Fig. 3.23 (a),
(c) and (e)), all of the maximum values for different f, are located in the skin
area’s peak on Iyrperect- Due to the edge response, the minimum value there are
from the skin area’s valley. Therefore, in the Fig. 3.22 (a) and (b), the MTF value

I are presenting the homogeneous skin model

from f, = 0.1 mm~! to 0.25 mm™
which overlaps with the skin’s MTF curve. When the spatial frequency increases

(see yellow curves in the in Fig. 3.23 (a), (c) and (e)) the valley value in the wound
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8.5.4.1. MTF curve for different wound conditions
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Figure 3.23: The Icyrverect 0f three wound widths are plotted with same wound
reduced scattering p). The dashed vertical lines in each graph mark the wound
area inside them. The hollow circle is the maximum data point in the curve and
the solid circle is the minimum data point in the curve.

area becomes lower than the skin area’s valley due to elimination of edge response.
Thus, the minimum value of the I.yryerect is from the wound area’s valley and
varies with different wound width. Thus, the MTF curves in the Fig. 3.22 (a) and

(b) are separated when f, is higher than 0.25 mm™1.

In the Fig. 3.23 (b), (d) and (f)), Leurverect’s minimum values are located in the
valley of the wound area at f, at 0.1 mm~! and 0.25 mm~! pairing with vari-
ous different maximum values from the wound or skin’s peak. Thus, the MTF
curves in the Fig. 3.22 (¢) and (d) are separated at relative low spatial frequency
(< 0.8 mm~1). However, with the f, increasing, the minimum value locates in the
skin area’s valley while the maximum value always same from the wound area’s
valley as well. Again, the contrast results (MTF) are identical presenting a homo-

geneous wound model. Thus, at relatively high spatial frequency (f, = 0.8 mm™1),
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8.5.4.1. MTF curve for different wound conditions

the MTF curves overlap in the relatively high f, range.

The high f, is able to distinguish the difference in the low scattering wound as edge
response buries the lower amplitude feature there but the high spatial frequency
can overcome this. The low f, is capable of demonstrating the difference in the
high scattering wound when at least one of the maximum or minimum value is
from the wound valley or at the wound-edge boundary. Therefore, we can confirm

that the change in the wound model can be seen in the MTF curves.

For the simulation above, the valley of the rectangle pattern is sampling the wound
area. More distinctive points might appear when the rectangle pattern’s peak is
covering the wound area especially for the narrow wounds. Thus, it’s important
to try shift the pattern to see if the pattern peak aids in detecting the change in
the wound. We shift the rectangle pattern phase by 7 and %” rad in the projection
keeping the same spatial frequencies of pattern. The phase shift in 7 rad here flips
the rectangle pattern to move the pattern peak into the wound. The MTF curve

results from shifting two phases are shown in the Fig. 3.24 and 3.25.

(a) shift = rad , wound p_' = 0.473 mm™ (b) shift m rad , wound p_' = 0.71 mm™!
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Figure 3.24: The MTF curve results from the rectangle pattern shifted with = rad
compared to the Fig. 3.22.

The MTF result for the 7 and %” are almost identical in the curve cluster profile.

The trend of the curve cluster is similar but few separating points in low scattering
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(a) shift 2"/3 rad , wound p ' = 0.473 mm""! (b) shift 2"13 rad , wound p_'=0.71 mm™
1 T T T 1 T T T T
‘ wound width =1 mm I wound width =1 mm
= . wound width =2 mm = wound width =2 mm
©, \ —-—-—wound width = 4 mm ©, wound width = 4 mm
:Gé 0.5 \\% skin ;LS' =142 mm™’ g 0.5 skin /[s' =142mm™| {
€ NS €
Q N Q
o - - - o
0 0
01025 05 0.8 1.5 2 01025 0.5 0.8 1.5 2
fx [mm'ﬂ] fx [mm'1]
(c) shift 2”/3 rad , wound p ' =2.84 mm""! (d) shift 2"13 rad , wound p ' = 4.73 mm*!
1 T T T T 1 T T T
L — — —wound width =1 mm k;\ — — —wound width =1 mm
';: \‘\‘ wound width =2 mm : \_‘\_ wound width =2 mm
., \ \\‘ ————— wound width = 4 mm o, N \\ ————— wound width = 4 mm
- N .V 1 - ARG . . -1
E 0.5 N \‘\;\ skin u' = 1.42 mm @ 0.5 >~ Do skin ug' = 1.42 mm
£ Jqusy, = S
9 T Q T Tame—
8 R 3 TEimimimamaman
—— J J
01025 05 0.8 1.5 2 01025 0.5 0.8 1.5 2
fx [mm'w] fx [mm'1]

Figure 3.25: The MTF curve results from the rectangle pattern shifted with %’T rad
compared to the Fig. 3.22.

wound MTF curves (see Fig. 3.25 (a) and (b)) are slightly different. The reason
behind this is that the edge response has impact on projected pattern no matter
there is a peak or valley lay on the wound area. In the next section, we will try

distinguish the wound change via the shape of the MTF curve.

3.5.4.2 Curve-fitting method to distinguish the wound change

The shape difference clearly demonstrates the change in the wound model. How-
ever, we need to know exactly what a curve shape change corresponds to in term
of a wound change for clinical application. To modelling the shape of the curve,
the least-square fitting method is applied to obtain the regression coefficients of
the fitting functions. The data points to use are the MTF curves for the different
types of wound from the previous section as well as the homogeneous skin model’s
MTF curve. The candidate regression models for fitting include: y = a exp(bz)+ £,
y = ﬁ, and y = aexp(g). Here the variable z is the spatial frequency and the

response value y is the contrast value from the MTF curves.

As shown in the Fig. 3.26 (d) and Fig. 3.28 (c), both functions y = aexp(bx) + £

and y = ﬁ are feasible to describe the MTF curve shape as the R? values are
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Figure 3.26: The fitting result using the function f(z) = aexp(bx) +
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Figure 3.27: The fitting result using the function f(z) = aexp(g). The R? is
plotted in the (c) in the range 0.7 1.

very close to 1. However, in the Fig. 3.26 (a) and (b), the coefficient curves cross or
overlap each other making it impossible to distinguish the change in wound width.
At the same time, the straight purple curve shows the regression result for the
homogeneous skin model (expanding at each p/, for comparison) going across the

coefficient curves of wound model in the Fig. 3.26 (a) and (c) making the situation

worse.

In the Fig. 3.27 (a), (b) and Fig. 3.28 (a), (b), the four curves are separated
from each other with both the wound width and scattering change. Nevertheless,

the trend of the curve is not monotonically with wound g} meaning it is unlikely
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Figure 3.28: The fitting result using the function f(z) = ﬁ. The R? is plotted
in the (c) in the range 0.9 to 1.

to determine the wound change with single set of regression coefficients from one
wound model. Therefore, the curve-fitting method for the MTF curves is not able

to distinguish the change either in wound structure or scattering properties.

3.5.4.3 Discussion

In the conventional three-phase sine pattern projection method to obtain p/, and
lhe using a look-up-table, at least six images are required. The rectangle pattern
is simple in terms of the MTF calculation and has better accuracy when using a
digital light projector. There are two degree of freedom in the change of the wound
width and the reduced scattering coefficient. To determine the change in wound,
at least three f, rectangle pattern projections are required. In our simulation, the
shape of the MTF curves does reflect the abnormal condition in the target skin
area. Therefore, the rectangle pattern could be a swift test method which could
be easily embedded with the SFDI instrument control software by comparing the
MTF curves of target area with the reference healthy skin area. But for the further

observation, the sine pattern is still required for the AC information extraction.

3.6 Conclusion

In this Chapter, we applied the Monte Carlo method to obtain numerical solution

of the SFDI method. The sensitivity of SFDI method was discussed with the ho-
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3.6. Conclusion

mogeneous model with various pairs of optical properties and spatial frequency f,.
SFDI was found to be more sensitive to ), change in the low scattering media with
a relatively low spatial frequency pattern. However, to look into the changes within
the surgical wound, the sensitivity of detecting the structured changes underneath

the wound is also important.

The conventional way of obtaining the diffuse reflectance from the point collimated
beam is no longer feasible for the heterogeneous surgical wound model. Therefore
we designed a 3D Monte Carlo simulation method to obtain the diffuse reflectance
directly from a sine wave projection. The SFDI method was found to always
exaggerating the structured changes in images due to the edge response. We also
validated the estimated resolution of the SFDI method in the previous research
paper. The SFDI’s lateral resolution for wound width measurement via reduced
scattering coefficient was explored for the first time with a simulated AC image. It
is dependent on the spatial frequency, the wound width and the reduced scattering
difference between the wound and skin. When these three parameters increase the
accuracy of width measurement increases. The edge response was detailed with
the Weight o profile with four typical wound model to discuss the reason behind

the SFDI lateral resolution trend.

At the end of this Chapter, we explored a snapshot method using a single phase
repeated rectangle pattern inspired by Nadeau et al[144] and the definition of MTF.
The MTF curve results matches the result generated by the sine pattern. This only
aids in a quick test but cannot provide one to one indication for the wound width
and scattering change. In the next Chapter, we will conduct phantom imaging

experiments to validate the simulation results.
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CHAPTER 4

Instrumentation and phantom

validation

In this chapter, we set up the SFDI system to validate the results from the Monte
Carlo simulation with phantom imaging. The epoxy resin phantoms with different
‘wound’ widths and reduced scattering coefficients are designed to mimic the wound

model.

4.1 SFDI system setup

4.1.1 Instrumentation

We built an SFDI imaging system based on the OpenSFDI set-up configuration|[71,
146]. The geometry of the SFDI system is shown in Fig. 4.1 and the picture of
the system is shown in the Fig. 4.2. The light from the 617 nm LED (Thorlabs,
M617D2) is collimated and projected onto a digital mirror device (DMD) (Keynote
Photonics, LC4500-NIR-EKT) encoded with a sinusoidal pattern. The achromatic
lens focuses the pattern to the surface of the resin sample via the mirror. A pair of
orthogonally aligned polarisers between the illumination and imaging optics ensures
that only back scattered light is imaged by rejecting surface reflections from the

sample. A USB camera (BFS-U3-13Y3M-C, Blackfly Camera, Edmund Scientific)
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4.2. Resin phantom design

with a 35 mm focal length lens was used to capture the diffuse reflectance image.
The field-of-view of the camera is 30 mm x 30 mm smaller than the projected sine
pattern area 75 mm X 45 mm. The raw images are taken with a pixel effective size
of 20 um on the sample. The control software for the system is downloaded from

the openSFDI website[147] and operated by Labview (version 2018 SP1).

<%617 nm LED
cL
N P

PL——
\M
AL PL

Resin sample

Figure 4.1: The geometry of the SFDI system for resin imaging experiment. CL =
collimated lens with focal length 16 mm, AL = achromatic lens with focal length
50 mm, PL = polariser, M = reflective mirror, CAM = camera.

The panel of the control software is shown in the Fig. 4.3. It is an interface for
applying the LED, DMD and camera automatically for SFDI three-phase imaging.
For the hardware design, an Arduino Uno control board with the LED drivers (3021
buckpuck) switching on and off LEDs. The HDMI cable transfers the projection
pattern to the DMD while the USB cable links the camera to take pictures at the

set exposure time.

4.2 Resin phantom design

A tissue-simulating phantom is required to test our Monte Carlo simulation results
and provide the calibration sample for the SFDI system. The biological simulating

phantom is composed of matrix materials, scattering agents and absorption agents.

There are three types of the matrix base, including bulk matrix material, aqueous
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camera

achromatic
lens -

Figure 4.2: The picture of the SFDI system built up in the lab for resin imaging
experiment.

suspension phantoms and hydrogel-based phantoms. The bulk matrix materi-
als are always permanent and it is only possible to adjust the absorption and
scattering coefficient (but only during casting). However, they are not biolo-
gical and organic chemical compatible[148]. They are fabricated with polyester
or epoxy resin[143, 149] and polyester such as polyvinyl chloride-plastisol[150] and
PDMS[151, 94]. The aqueous suspension and hydrogel-based phantoms are com-
patible to a biological sample[148], e.g. the refractive index is close to biological
tissue, but not long-lasting (less than few days). The aqueous suspensions are de-
ionised water, PBS solution and lipid solution[152, 144, 153]. The hydrogel-based

phantoms are commonly agarose[154, 155] and gelatin[99].

The commonly used scattering agents are titanium dioxide, 17Oy powder, alu-
minum oxide, AloO3 powder and polymer microspheres. The polymer microspheres[156,
98] can provide precise scattering values but are quite expensive to purchase.

The Ti09 and AlyO3 are cost-efficient materials. However, the final reduced
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Figure 4.3: The data interface panel of the SFDI system for sine pattern projection
and diffuse reflected image capture. Grey: LED control, Green: camera exposure
time setting, Red: hardware connection, Purple: save file name and folder, Yellow:
sine pattern spatial frequency, Blue: progress status.

scattering coefficient can vary from phantom to phantom even using the same
concentration[148]. Clumps are very likely to appear and the suspension is not
always adequate or uniform hence people need to measure the scattering prop-
erties prior to use. The absorption agents are used in the biological simulating
phantom are Indian ink(carbon)[150, 151], whole porcine blood[99], instant coffee

powder[157], nigrosine[85] and molecular absorbing dyes[144].

In our case, we wished to make the phantom sample stable in both shape and optical
properties to ensure no change over extended time periods either during imaging or
storage. Also we are more focused on the scattering changes so absorption is kept
constant and low in the phantom. Thus, for the phantom materials we would prefer
the material without absorption itself. We should also make sure no fluorescent

effect will be introduced to the camera detector spectral range.

To validate the simulation results, we made resin phantoms with a similar structure
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4.2. Resin phantom design

to the skin-wound imaging model, as shown in the Fig. 4.4. The healthy tissue part
of the phantom was fabricated by epoxy casting resin and hardener (Glasscast50) in
a ratio 2:1 by volume to create a transparent base with low visible absorption and
scattering. Titanium dioxide (Sigma-Aldrich, 677469) was added to the mixture as
a scattering agent, allowing the phantom scattering to be controlled based on the

Ti0Oy concentration.

intralipid
epoxy
resin "

AV

10 mm

z

Figure 4.4: The structure of the resin sample containing the “wound” and “skin”
part.

The wound width is selected as 2 mm, 4 mm and 8 mm in the resin sample to match
the simulation results while ‘wound’ depth was fixed to 10 mm. Here, we choose
wider wound widths for simulation validation as the imaging system is no longer
ideal. The ‘wound’ block was filled with intralipid emulsion (Sigma-Aldrich, 20
emulsion) at various concentrations to create different scattering coefficients. The
pl, of intralipid was calculated using the Rayleigh-Gans approximation[158] and
listed in the Table 4.1. The absorption coefficient of the phantom was homogeneous

in the phantom as TiO2 does not absorb at our wavelength. The u, of the intralipid

solution is 0.002 mm™! at our wavelength.

Table 4.1: The reduced scattering coefficient p, of the intralipid solution.

tissue type reduced scattering i/, / mm~!
0.5 %v/v intralipid 0.53
1 %v /v intralipid 1.01
2.8 %v /v intralipid 2.21
3.5 %wv/v intralipid 2.84
4.5 %wv/v intralipid 3.35
5 %v /v intralipid 3.56
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The p, and p, of the resin ‘skin’ and calibration resin sample were determined
by using the method described in the previous work[15] measuring the optical

properties of mouse skin in vivo as shown in the Fig. 4.5.

Ry . Ty
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b a Beam splitter
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ntegratin
AREee g A Monochromator Light
v Sphere v ‘ ! |Source
X J
x eference
v Detector -/
Sample )
Positions Computer

Figure 4.5: The geometry of the system measuring the reduced scattering coeffi-
cient and absorption coefficient in the resin sample. The system design is adapted
from[15] which originally used to measure the mouse skin optical properties.

The transmission T and the reflectance R are measured by this instrument in our
lab. By placing the resin in front of the light beam as in the position a while shut
the port b, the transmission 7" is obtained. For the reflectance measurement, we
shifted the sample to the position b. The collimated light source (at wavelength

617 nm) we used for this system is same as we had in the SFDI system.

Using the two-flux KM-model[159, 160], the reduced scattering coefficient p/, and

absorption coefficient pu, of resin sample can be calculated by KM coefficient:

Ay = (x —1)Skm (4.1)
Skn = Lln {FR(SE_?J)] (4.2)
yD T
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where D is the thickness of the resin sample, x and y can be yield with:

1+ R? —T?
y=Vaz2-1 (4.4)

Using the KM coefficient Ay and Sk s, the p, and g, can be determined with

1

Ha = §AKM (4.5)
, 4
ps = 35KM (4.6)

L and

With this method, the calculation result of resin ‘skin’ was pf, = 2.62 mm~™
fa = 0.004 mm~!. The picture of the resin sample we used in the lab is shown in

the Fig. 4.6.

Figure 4.6: The resin samples with (a): 2 mm, (b): 8 mm and (c): 4 mm “wound”
width. The outer shapes of the three resin phantom are different because they were
made at the same time with different size of moulds. The outer size of the resin
blocks are: (a) 35 mm x 35 mm, (b) 40 mm X 40 mm, (c) 45 mm x 45 mm. The
width and length of them are guaranteed wider than the imaging system’s field of
view.

4.3 Phantom optical properties measurement

1

The spatial frequencies used in the experiment are 0.1 mm™', 0.2 mm™' and

1

0.3 mm~". The SFDI system is calibrated with a homogeneous resin sample of
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4.4. Orientation of the sine pattern projection

p=1.2mm™! and p, = 0.004 mm~!. The calibration resin sample is also imaged
under the same condition to optimise the illumination and remove the systematic
noise. The raw images are binned in 5 x 5 window before processing to improve
the signal to noise ratio (SNR) and speed up the image processing without any loss

of useful resolution. The appSFDI[71] software is utilized to recover the p/, map.

4.4 Orientation of the sine pattern projection

Firstly the experiments are conducted with the same sine pattern orientated par-
allel, orthogonal and 45 degree orientation sine pattern to the ‘wound’ in the resin

phantom. The spatial frequency used is 0.1 mm™!.

The wound areas are filled
with two typical 0.5% and 5% concentration of intralipid solution to create the low
and high scattering wound model separately. The reduced scattering coefficient p/,

of the ‘wound’ here is 0.53 mm~—! and 3.56 mm~—1.

The parallel, orthogonal and
45 degree sine pattern are projected respectively to the resin phantom at a spatial
frequency 0.1 mm™~'. The wound width of the resin phantom are 2 mm, 4 mm and

8 mm.

The light correction for the resin sample AC image is calculated with

IAC,sample

(4.7)
IAC,calibTation

IAC,correction =

where the 14c calibration 18 the AC image of the calibration resin sample, Iac sampie
is the original resin sample’s AC image calculated from three-phases diffuse re-
flectance images. The I.yrve, ac is then denoised with moving average method and

median filter.

The Ieyrve,ac for two types of scattering resin sample are calculated from Equ. 3.10
using the Iac correction and shown in the Fig. 4.7 and Fig. 4.8. For the same resin
phantom, the I.yrve,ac are aligned with the centre of the wound area. Though

the noise removal method effectively remove the noise from the I.yrpe,ac, it is still
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4.4. Orientation of the sine pattern projection

(a) wound width 2 mm, (b) wound width 4 mm, (c)  wound width 8 mm,
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Figure 4.7: The I.yrpe, ac from the resin sample results with low scattering intralipid
filling wound.

(@)  wound width 2 mm, (b)  wound width 4 mm, (c) wound width 8 mm,
5% intralipid solution ) 5% intralipid solution ) 5% intralipid solution
El B El
© © © _
z'" Tal =z 2" 7
2 A Moo | 2 2 Y
9] . 8| TR 9] _ 5] / \
§1'6‘J«/(f‘ = 1 ES1ep=vY \
o o ™~ o / '
(5} (5} Q
= = = / 45 degree
© @ ©
E 1.4 3 1.4 E 14 parallel
e e e orthogonal
1.2 1.2 1.2
0 5 10 15 0 5 10 15 0 5 10 15
position [mm] position [mm] position [mm]

Figure 4.8: The I.yrpe, ac from the resin sample results with high scattering int-
ralipid filling wound.

more noisy than in the simulation. The noise comes from the resin sample’s TiO»
inhomogeneous small lump of scatter, physical ‘wound’ sharp edges in the resin,
the reflectance due to the surface tension in the intralipid solution and the not

perfectly even resin surface.

In the low scattering wound models (see Fig. 4.7), the orthogonal projection pattern
has the lowest intensity in the wound area while the parallel pattern has the highest
intensity. This matches the simulation result in the Section 3.5.1. The 45 degree
sine pattern has the moderate intensity in the wound area as expected, partly due
to the edge response from the parallel sine pattern projection. When the wound
width increases, the intensity of the wound area decreases due to the elimination of
the edge response. This agrees well with the simulation result for the relationship

between the wound width and the edge response impact.
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4.5. Resin wound measurement result

Similarly, in the high scattering wound model (see Fig. 4.8), the high to low signal
intensity order of the wound area is orthogonal pattern, 45 degree and finally
parallel pattern. The intensity difference between the three projection models is
not obvious comparing to the low scattering wound model. This phenomenon is
the same as we learn from the Monte Carlo simulation, SEDI is less sensitive with

high scattering coefficient.

In both of the wound models, the orthogonal sine pattern projection is most sens-
itive to the change in the wound reduced scattering coefficient. Thus, it is most
suitable for characterising the wound width. In the following section we will only
use the orthogonal pattern for the simulation result validation. And we recommend
the surgical wound site imaging with SFDI to project the sine pattern orthogonal

to the wound cut.

4.5 Resin wound measurement result

Using the orthogonal sine pattern for the phantom imaging, the AC images are
obtained from f, = 0.1, 0.2 and 0.3 mm~!. The wound width is measured from
1D profile of the AC images calculated by Equ. 3.10. Similarly to creating a 1D

profile for the wound via Ioyve, ac, We calculate Ieyype, Ly from

1
Icurve,LUT = ﬁ Z M; (fC, y) (48)
vy

where the Ioyppe o is the recovered g, map image and direction for the averaging

is same as for simulated I.yrpe,acC-

Hence we measure the wound width at full width half maximum to validate the
wound measurement. The error of both measurement is calculated with error =
results — truth. The error from the AC results and LUT results are compared in
the Fig. 4.9. The error plots clearly illustrate the reduced scattering and spatial

frequency’s influence of the edge effect as the wound width increases. With the
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4.5. Resin wound measurement result

spatial frequency increasing, the wound width measurement error reduces in both
AC images and p, maps. The half maximum underestimates the wound width for
the wider wound (8 mm) where the edge response reduces. But it is overall a good

compromise across the range of wound width.

(a) fx = 0.1 mm™’' (b) fx = 0.2 mm"™ (c) fx=0.3 mm""
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Figure 4.9: The relative error of the resin phantom measurement from full width
half maximum level at three spatial frequencies f, = 0.1, 0.2 and 0.3 mm~! (a)
fe=01mm™t (b) fp =02 mm?, (¢) fr = 0.3 mm~t. The solid lines are the
results from the AC image while the dashed lines from the reduced scattering map.

Looking at the solid lines demonstrating the error from the I.yrpe,ac firstly, there
is a vaguely inverted U-shape or U-shaped (due to the negative value) in the line
shapes. The peak is around intralipid concentration 3.5% with the greatest un-

certainty. This concentration provides value of p. of 2.84 mm™!

, very close to
skin p, at 2.62 mm ™! leading to Iourve,ac With a flatter shape. Thus, the error in
the width measurement is significantly increased. However, there is no detriment
to monitoring the wound with SFDI as the healed wound’s !, approaches that of

the surrounding tissue. From another perspective, when complication arise in the

wound ), deviating from the healthy skin pl, it can be measured with less error.

Comparing the dashed lines (from Ipyppe o) to the solid lines, the error is much
lower in the LUT result. The calibration and LUT method effectively removes the
modulation transfer function (MTF) of illumination and imaging system. Also, the
full width half maximum method to determine the wound width here may works
better for LUT result than I,y ve,ac. The relative error of both measurement

is shown in the Fig. 4.10. Though the error seems huge in the Fig. 4.9, the
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4.5. Resin wound measurement result

(@ fx=0.1mm™! (b) fx=0.2mm"! () fx=03mm"’
wound }As' [mm"] wound ,15' [mm'1] wound /15' [mm"]
221 284 3.35 3.56 0.53 1.01 221 284 3.35 3.56 0.53 1.01 221 284 3.35 3.56
8

0
| | | |

—F— layveacr 2MM

=
S

| | [
| |
= IS S | | * ~louveyr 2Mm
5 5 5 I | — lourve,ac 4 MM
5 5 540 | [ # ~ lounguur 4 ™M
2 2 2 ‘ ‘ launve.ac’ 8 MM
g % % : : lourveLur 8 MM
2 AT
- | - 7 N
3 N =i S s
28 35 45 5 28 35 45 5 05 1 28 35 45 5
intralipid [v/v%] intralipid [v/v%] intralipid [v/v%]

Figure 4.10: The relative error of the resin phantom measurement from full width
half maximum level. (a) f, = 0.1 mm™!, (b) f = 0.2 mm~!, (¢) f, = 0.3 mm~L.
The solid lines are the results from the AC image while the dashed lines from the
reduced scattering map.

wider wound width still has low relative error which benefit wider wound width

measurement.

In the Chapter 3, we also use greater and smaller ratios to the full width maximum

to measure the wound width from the /.y, ac. Here we also take the full width

1

€

Fig. 4.11 and Fig. 4.12.

maximum and full width ﬁ for measurement as well. The error is shown in the
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Figure 4.11: The error of the resin phantom measurement from full width % max-
imum level. (a) f, = 0.1 mm~!, (b) f; = 0.2 mm™, (¢) f, = 0.3 mm~!. The solid
lines are the results from the AC image while the dashed lines from the reduced
scattering map.

Looking at the solid lines first, the ratio % of the maximum measurements helps
correcting the spill out of wound signal in I.,yve, ac especially for a narrow wound.
The ratio ﬁ has the best accuracy for the wide wound (8 mm) measurement as

this level of maximum is closest to the skin level. The 4 mm wound model can
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4.5. Resin wound measurement result
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Figure 4.12: The relative error of the resin phantom measurement from full width
% maximum level. (a) f; = 0.1 mm~!, (b) f, = 0.2 mm~!, (¢) f, = 0.3 mm~'.
The solid lines are the results from the AC image while the dashed lines from the
reduced scattering map.

have better accuracy than 8 mm wound matching the conclusion in the simula-
tion. This, once again, indicates the importance of selecting the appropriate width

measurement to correct the edge response.

Comparing the three ratios of maximum, the measurement error resulting from the

/

fg; map are lower than in the AC images. However, the results from Ieyve, LT

map do not always follow the I,y ve,ac’s trend in error. The reason behind this is
that the LUT grid is not linear[6] and the accuracy of interpolation depends on the

scattering values and the processed AC image intensity.

Different pairs of the spatial frequency also generate look up tables with different
grid shape and interval[96] as shown in the Fig. 4.13. The LUT grid becomes finer
where the LUT’s resolution decreases with the p/ and p, increase. The reason
behind this is the SFDI’s sensitivity reduces in distinguishing the higher p in AC
image intensity. Also, when the absorption from the tissue is very high, fewer
photons will back to the surface leading to low SNR signal carrying the tissue
information. The looking up method locates four of the adjacent neighbour points
for the input Rg. The interpolation is then conducted to recover the ), and p, with
the pair of value. The larger distance between the four neighbouring points, a more
accuracy in optical property recovery can be achieved. Therefore, the measurement

error from Iey e, Ly Map is probably becoming greater when the spatial frequency
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is not appropriate for the tissue’s optical properties.
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Figure 4.13: The LUT for the different f, pairs in the same mu) range from
0.473 mm~! to 4.73 mm~! and p, range from 0.005 mm~' to 0.12 mm™".

4.6 Discussion and conclusion

In this Chapter, we built up the instrument for the SFDI system in the laboratory
for the phantom imaging and the further biological imaging experiments. We re-
viewed the material and fabrication methods for the biological mimicking phantom.
The epoxy resin and the intralipid solution are utilized for the calibration and test-

ing sample in the validation experiment.

Two series of validation experiments are conducted: a) The projection orientation
for sine pattern b) wound width measurement with AC image and p, maps. The
noise level is clearly higher in the real situation. The orthogonal sine pattern is still
the best for the wound characterisation and following wound width measurement
are imaged with the orthogonal pattern. The impact of edge response is observed

from the simulation appear in the practice again. The ratio of the wound width
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4.6. Discussion and conclusion

measurement maximum level is also related to the accuracy of the results. This
is in excellent agreement with the Monte Carlo simulation. In the next Chapter,
we will use this system to monitor in vivo human skin for the wound and skin

complications.
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CHAPTER 5

In vivo human tissue

measurement

In this Chapter we present the results from the human skin imaging experiments.
Following the modelling and resin phantom experiment, we are interested in how
precisely can SEDI detect the changes in the wound/skin structure, blood content

and oxygen level within the wound healing process.

We conducted three in vivo experiments in this Chapter including a eczema site
monitoring, sodium lauryl sulfate (SLS) skin irritation experiment, and biopsy
wound monitoring. They are three typical skin and wound conditions of interest
to the clinicians. The eczema site presents chronic skin barrier (stratum corneum)
damage to the epidermis, or even to the dermis, which are also a common fea-
ture in wound healing. The SLS testing on skin creates an acute skin irritation
include inflammation and possible temporary damage to the epidermis. We aimed
to see how sensitive is SFDI to this condition by measuring the reduced scattering
coefficient p’, absorption coefficient p, and oxygen saturation StOs. Both eczema
monitoring and SLS testing serve as a preliminary study for the possible wound
healing condition. Finally, the biopsy is a typical surgical wound observed, for the

first time using SFDI in wound imaging.

All 4n vivo human tissue imaging protocols in this thesis were approved by the
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5.1. Methodology

Ethics Committee of Durham University.

5.1 Methodology

5.1.1 Instrumentation

Similarly to the instrument built in the Chapter 4, the optical path design to
measure the volunteer’s hand is shown in the Fig. 5.1 and the instrument picture
is demonstrated in the Fig. 5.2. Here we add one more LED at 850 nm following the
guidance of the openSFDI website[146]. The 617 nm LED is kept as this wavelength
is sensitive to the hemoglobin[24]. The 850 nm LED is applied providing deeper
penetration within the skin at the same time avoiding the water absorption window
in the infrared spectral region. The dichroic mirror is placed between two LEDs to
reflect the 850 nm light beam to the DMD at the same time passing the 617 nm
light beam through the original direction. The spatial frequency was selected as

0.1 mm™" for a deeper penetration measurement.

%7 nm LED
y iy

ﬂ % CAM
cL
PL—

DCM

{

AL

850 nm LED

DMD

Volunteer’s hand

Figure 5.1: The geometry using dual wavelength LEDs to image the biopsy wound
on volunteer’s hand. The geometry of the SFDI system for resin imaging experi-
ment. CL = collimated lens focal length 16 mm, DCM = dichroic mirrors, AL =
achromatic lens focal length 50 mm, PL = polariser, M = reflective mirror, CAM
= camera.

As described in Chapter 4, the calibration sample is made with epoxy resin and

TiOs. At 617 nm, the reduced scattering coefficient p) of the resin sample is
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5.1.2.  Hemodynamic monitoring
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Figure 5.2: The SFDI system built up for skin imaging experiments.

1.2 mm~! and absorption s, of the resin sample is 0.004 mm~'. At 850 nm,
the resin sample has p = 0.8 mm~! and p, = 0.004 mm~! under the 850 nm
wavelength. The calibration sample is imaged under the same conditions as used

in the skin imaging.

5.1.2 Hemodynamic monitoring

The relative oxygen saturation (StOz) of the target area is calculated based on the

absorption of the extracted u, at two wavelengths.

,ua()\) = ln(lO)[EHb02 ()\)CHbOg + EHb(A)CHb] + Ma,water()\) x 0.7 (5.1)

The HbOg is the oxy-hemoglobin and the Hb is the deoxy-hemoglobin. The molar
extinction coefficients are € gpo, (A) and €gp(\) correspondingly. cppo, is the molar
concentration of HbOg and cgy is the cpy, of Hb. The fi4 pater is the absorption

of the water at the wavelength A and we assume the water content of human skin
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5.2. FEczema observation

is 70% to have better accuracy in the hemoglobin results. The oxygen saturation

StOs is calculated with

StO2 = crvo,/ (CHbO, + CHY) (5.2)

Here the molar extinction coefficients for the two wavelengths are listed in the

Table. 5.1 from the omlc website[161].

Table 5.1: The molar extinction coefficients for HbO5 and Hb.

Wavelength  eppo, / moles - em L7t e / moles - em L1
617 nm 1068 6927.2
850 nm 1058 7136

5.2 Eczema observation

Eczema is a chronic, inflammatory and relapsing skin conditions present in 5 - 10%
of the adult population[162]. The common symptoms include skin dryness, red and
scaly skin, chapped patches, itchy feeling and even fluid weeping. The incidence
of eczema is increased by immune system reaction, filaggrin mutations, environ-
ment temperature change, contact with irritant chemicals and allergic reaction
with food[163]. The symptoms of eczema vary from erythema, edema papulation,

excoriation and lichenification[164], listing in a minor to severe order.

There are a few reported works using optical methods for characterising the con-
dition mainly using Raman spectroscopy[165, 166] to analyse the compound and
bio-markers of the eczema area and a healthy skin control group. The water, lipid
and collagen content revealed cause a decrease in the Raman spectrum signal and
keratin leads to a increased in the signal. Multispectral imaging[167] compared the
spectral difference in the eczema area and a healthy skin from 365 nm to 970 nm
showing eczema area has a higher reflectance. Optical coherence tomography (OCT)

was also utilised to look at the vessel and structural change in the eczema[168, 169].
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5.2. FEczema observation

The thickness of the epidermis was found to increase by approximately 100% and
the blood vessel density was found to increase in the eczema area where plexus
was observed to be pushed deeper into the skin when the eczema worse. Op-
toacoustic mesoscopy[170] was also applied to measure epidermis changes and the
oxygen level of the lesion area in the eczema. The epidermis thickness measurement
there matches the OCT works and hemoglobin and oxygen saturation level both

increased.

(a) (b)

Reduction of Surface Scattering

Figure 5.3: When the skin get hydrated, the surface scattering decreases with the
'brick and mortar’ model in (a) changing into a well organised structure in (b).
The picture adapted from [16].

A dryness patch is a common sign in eczema. The skin scattering coefficient is
reported to increase with the dehydration as shown in the Fig. 5.3. SFDI has not
yet looked into the eczema condition. Based on the other works reviewed above,
the dryness and dehydration in the skin probably demonstrates higher reduced
scattering coefficients. The excoriation in the skin may result in a locally lower
reduced scattering in value as the epidermis has relatively higher reduced scattering
than the dermis[24]. The redness of the patch, indicating a inflammatory response,

may introduce more blood cells to the dermis.

In this section, we report applying SFDI to monitor an eczema skin site. It provides
a good chance for us to monitor the inflammatory response and the epidermis

damage and thickness change in the human skin.
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5.2.1. The eczema site information

5.2.1 The eczema site information

We recruited a male volunteer with Fitzpatrick skin type 3, aged 26. There are
two eczema sites reported on his right hand as shown in the Fig. 5.4 present for 2
months due to contacting an unknown source of allergy and exposure to the dry and
cold weather condition in February 2023. The symptom is self-rated as moderate
so our volunteer did not choose to have a clinical assessment. During the obser-
vation, he started occasional treatment with ‘Aesop rind concentrate body balm’,
a commercial moisture cream, as his hand cream, without prescription. There
was no moisture cream applied to the eczema area before our imaging experiments

according to the volunteer.

Figure 5.4: The visible (VIS) picture of volunteer’s right hand taken at day 0 of
observation. The site 1 and site 2 eczema are shown in the red rectangle.

We selected site 1 for observation as it is much flatter in shape than site 2, where
curvature will greatly decrease the signal-noise-ratio (SNR) of the optical property
maps. As the eczema is a chronic skin condition and our volunteer didn’t have a
regular treatment for his eczema site, we undertook a 55-day monitoring with our
SFDI system. We also had control group imaging with his left hand with healthy
skin condition during the whole monitoring period. The absorption and reduced

scattering coefficient results in this section are calibrated with the same type of the
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5.2.1. The eczema site information

control group result to remove the environment influence on the skin with

raw result(day,)

result(day,) = x averaged control results (5.3)

control result(day,)

where the day, is the certain day in the measurement period of time, the ‘raw
result’ is the recovered optical properties from the target area, the ‘averaged control

results’ is the averaged control group result for same type of the optical properties.

The timeline is shown in the Fig. 5.5.

[Z] Occasional hand cream applied
[ Hand cream applied
[J Hand cream not applied

6 12

17
I | N
14

25 32

[ ] I |
28 40 55

Measurement time [day]

Figure 5.5: The eczema monitoring timeline with the history of applying the hand
cream.

We utilised the SFDI system as described in the Section 5.1.1. Unfortunately,
the 850 nm LED had poor collimation at the monitoring time making the optical
properties map less reliable. We will use the result from 617 nm illumination for

the most of this section.

Using the equation for the penetration depth Equ. 2.8, f, = 0.1 mm~! pattern has
a penetration depth of 1.4 mm and f, = 0.3 mm ™! has penetration depth of 522 um
at 617 nm. The average thickness of our volunteer’s epidermis is around 135-148
pm based on his ethnicity and age group[171]. Referring to previous work[169], the
eczema epidermis thickness can be up to 270-300 pm in the lesion area. Thus, these
two values of f, are feasible to distinguish the epidermis with higher f, value and
dermis with lower f, pattern in the eczema area. The detection region is shown in
the Fig. 5.6. By using a range of spatial frequencies, it is possible to obtain the

average optical properties of the tissue for different depth ranges.
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epidermis
possible epidermis
/ thickness in eczema status
W detection range for f, = 0.3mm™?
__________________ ‘\detection range for f, = 0.lmm™1
dermis

(Imm — 2mm)

Figure 5.6: The detection range for the two values of f,. The epidermis and dermis
in the diagram is for healthy skin. The possible thicken epidermis in the skin is
presented with with red dashed line.

5.2.2 Results

The VIS image, pq at 617 nm, p) maps at 617 nm for two values of f, are shown
in Fig. 5.7. Due to the collimation issue in our 850 nm LED during the monitoring
time, we are not showing the result from 850 nm illumination in this figure. The
reduced scattering is expected to demonstrate a greater value in the dehydrated,
chapped and cracked eczema area. The red patch probably introduces a higher p,

value as the blood flow increases in the capillary.

On day 0, the eczema was relatively severe in condition whilst day 8 and day 14
had moderate eczema condition and dryness in the eczema area. The p/, map at f,
= 0.3 mm™" for day 0 has better contrast demonstrating the eczema complications.
The ‘coarse’ grainy high scattering coefficient patterns in both day 0 1, and p, map
may due to the excoriation, dryness and wear off in stratum corneum, matching
the VIS image. Particularly, the high intensity s/ spots in the f, = 0.1 mm™!
map may due to the damage in the dermis within the detection depth 1.4 mm. On
day 8, the chapped and cracked skin condition in the eczema area is shown with

1

the high reduced scattering pattern at f, = 0.3 mm™". There are ‘cracked’ high
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Results
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Figure 5.7: The eczema site observation from the day 0 to day 55. The same row
is for the same day measurement and same column is the same optical property
map. The first and second column from left is the reduced scattering p) map at
two spatial frequency f, = 0.1 mm~! and 0.3 mm~!. The third column from left
is the absorption p, map. The fourth column is the visible image for the eczema

site.
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5.2.2.1. Eczema area scattering features

scattering pattern in the f, = 0.3 mm~! map with good contrast while f, = 0.1
mm ™~ map had relatively minor area of meshed shape high scattering pattern. The
reason behind might be the top middle area at day 8 had more superficial eczema
(see red arrow). After day 8, the p’ map of f, = 0.1 mm~"! no longer demonstrate

noticeable change in eczema area.

The day 14 condition is not easy to estimate from the VIS image. However, the area
with the ‘cracked’ high scattering pattern is reduced to a few tiny high scattering
spots, meaning the eczema condition is improving, i.e. less damage in the epidermis.
The day 28 showed a little relapsing in the skin condition where the cracks with
high scattering p, value are slightly visible. On both day 40 and 55, the eczema
area have a mild condition. The day 55 has the best recovery in the skin barrier
as shown in the VIS image and the p) maps. There is almost no high scattering

! 'map. Also the skin demonstrated less redness and

cracks in the f, = 0.3 mm™
better in moisture from the visual inspection. The target area has no cracks on skin
from the VIS image and the p/, map only demonstrates a few high p/, value flakes
or wrinkles. In the other way, the average daily temperature of UK rise gradually

from 5°C to 12°C during the monitoring period. This hugely relieved the itchy and

dryness feeling in the volunteer’s skin.

However, the absorption map in 617 nm is not able to reflect the redness in the
skin. The absorption p, maps only demonstrate evident variation value in the day
0 and appear uniform for the eczema area in the following days. The p, is therefore
not sensitive to the structural or hydration change in chapped and cracked change
in the skin. The average p, value increased for the eczema area over time. We will

discuss this in the following section.

5.2.2.1 Eczema area scattering features

To have a closer look at the eczema, the exact pixel position of eczema influ-

1

enced area was selected using imageJ. The histograms of both f, = 0.1 mm™" and
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5.2.2.1. Eczema area scattering features

fz = 0.3 mm™! for the eczema area are shown in the Fig. 5.8. Here the occurrence
of the certain pu/, value (calibrated with the reference hand data) are presented
with the probability in the histogram. The normalisation here is to avoid the in-
fluence from extracted pixel number difference in the different day in comparing

the histograms.
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Figure 5.8: The histograms for eczema area p; map at two value of f, from day 0
to day 55. The normalised counts (probability) in each bar is the count in a class
divided by the total number the selected eczema pixels.

On day 0 and day 8 (see Fig. 5.8 (a) and (b)), the peak of both the p/, probability
distribution at f, = 0.3 mm™! are shifted to right side (y, > 1.2 mm~!) indicating
the epidermis is getting thicker in the eczema area. The histogram shapes are both
flatter on day 0 and day 8. This indicates the excoriation damage in the epidermis
via a lower p, value. At the same time, the area of high y/, value in the eczema area

is the thicken epidermis. Comparing the f, = 0.1 mm™! histogram, the probability
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5.2.2.1. Eczema area scattering features

of the pf, < 0.9 mm™1

occurrence is relatively higher on day 0 than day 8. This
indicates the eczema area is improved in the day 8 where eczema becoming more

superficial.

The VIS images on day 8 and day 14 are similar in appearance, causing it to be dif-
ficult to compare the condition. However, the histogram shapes for f, = 0.3 mm™!
in Fig. 5.8 (b) are flatter than Fig. 5.8 (c). This once again demonstrates that on
day 8 our volunteer had a drier and thicker epidermis in the eczema area matching
disruption in the treatment from day 6. From day 14 onwards, the shapes of the
histogram for both f, = 0.1 mm™! and 0.3 mm~! become narrower meaning the

eczema, condition is becoming mild. This matches the moisture cream application

history in the timeline.

The variance of the measurement o2 are calculated to evaluate the variability in

2

the skin p, distribution. The variance o= was obtained from:

2 iy (z — T)?
= =l T8 4
. & (5.4

where the x; is each value in the each day measurement data set, & is the mean
value of the mean value of the measurement, and N is the number of values in the

measurement.

As shown in the Fig. 5.9, the day 0 and day 8 have the greatly higher value in
variance which reflect the flatter shape of the histograms. The day 0 has both high
variance in two f, which may be a result of the damage skin exist in epidermis
and dermis at the same time. The day 8 has much lower variance value at f, =
0.1 mm~' but high in f, = 0.3 mm~! demonstrating the eczema become more
superficial than day 0. The variance value reduces sharply from day 14 and kept
until day 55 which represent the eczema condition were significantly improved.

Here, the variance curves match our observation in the eczema.
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5.2.2.2. Eczema area absorption features

(a)

measurement at fx = 0.1 mm"!
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Figure 5.9: The variance calculated for each measurement day at (a) fs
0.1 mm~t. (b) f, = 0.3 mm~*! for 617 nm g/, map.

5.2.2.2 Eczema area absorption features

Using the eczema exact position, we plot the average eczema p, values at 617 nm
and their standard deviation as an errorbar for two values of f, in the Fig. 5.10.

The p, reference value measured on the left hand is also included in the graph.
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Figure 5.10: The u, curves for eczema area and reference at two f, respectively.

The pq curve from the eczema site is always above the reference u, curve for both
values of f,. This shows the inflammation was present in the eczema area, matching
the redness symptom. All i, curves in the graph show a gradual increasing change
over time. The reason behind this is that environment temperature increased from

the day 0 to day 55 resulting overall blood flow increase in the volunteer’s hand.

From day 0 to day 14, the p indicate the eczema conditions are worse than the

following days. However, both u, curves have relatively lower values possibly due
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5.2.3. Ozygen saturation for the eczema area

to the thicker epidermis making the p, harder to detect. The deviation in the
eczema site at f, = 0.3 mm™"' is largest due to the shallow detection depth and
the uneven thickness of the capillary between the dermis and epidermis matching

previous results[170].

It should be noticed that the eczema is located at the back of the hand between
the thumb and second finger where curvature cannot be ignored. This curvature
of the skin can affect the p, value detected in the eczema area as we can seen from
the Fig. 5.4 and Fig. 5.7. This will slightly increase the average p, value of the

eczema area.

5.2.3 Oxygen saturation for the eczema area

The oxygen saturation StOg value of the eczema area are calculated with the equa-
tion in the Section 5.1.2. Due to the collimation issue in our 850 nm LED during
the monitoring time, the absorption results at 850 nm are noisy and with low SNR.
The StO9 maps shown in the Fig. 5.11 do not have good contrast. The worst area
of eczema on day 0 shows relatively higher Os concentration matching the res-
ults from previous work[170]. The StOs value decreased slightly when the eczema
condition became mild. Similarly to the absorption measurement, the thicker epi-
dermis in the eczema area probably introduced an uncertainty in measuring the
absorption. The uncertainty in the p, at some pixels even failed to recover the

concentration of oxy-hemoglobin HbOy and deoxy-hemoglobin Hb.

5.2.4 Discussion

Based on our study of a single patient, SFDI method is not very sensitive to eczema.
The contrast of the p, and g, is only a promising indicator on moderate and severe
eczema conditions. When the eczema became mild, the skin baseline condition was

hard to control. The daily shower, hand washing or the portion of hand cream
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5.2.4. Discussion

St0,, day 0 [%] St0,, day 8 [%]

Figure 5.11: The StOy maps measured at the eczema area.

applied can vary day by day in our case. Especially for our volunteer who has no

prescription or medical advice to follow in reducing the eczema.

SFDI has the potential to detect the variation in epidermis thickness and rough-
ness. It has been used to measure the scars roughness with using a polarisation
method[87, 86]. One may consider this in future works to improve characterisation

of the eczema surface.

One may seek an improvement in the instrument as part of SFDI method to better
aid clinicians. Eczema requires both shorter wavelength illumination, which cannot
propagate down as far into the dermis and longer IR band wavelength illumina-
tion adding into SFDI system. Selecting a longer IR band is also significant for

measuring the water content which is another key criteria in eczema.
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5.8. SLS experiment

5.3 SLS experiment

Sodium lauryl sulfate (SLS) is an anionic surfactant widely used in the personal
care, cleaning and cosmetic products. In the dermatology field, acute irritant
contact dermatitis (ICD) on skin is experimentally modelled using SLS. Acute
ICD is a nonspecific response of the skin to chemical stimuli, e.g. soap, detergents,
solvents and oils[172], that releases mediators of inflammation, predominantly from

epidermal cells[173].

Exposure to SLS introduces a toxic effect to the keratinocytes leading to disruption
of the skin barrier and lipid synthesis[174, 175]. The skin barrier disruption then
triggers an immune system response leading to cytokine release from epidermal
cells and an inflammatory reaction[176, 172]. Upon this process, the skin barrier

begins restoration by proliferating keratinocytes and forming lipids.

The histopathological effects of SLS depends on the concentration, exposure time
and target skin area[177]. SLS has cumulative toxic effect on the skin causing
the acute irritation which will recover once the SLS exposure is suspended. The
SLS exposure is expected to trigger skin symptoms include increasing in the blood

flow[178], water loss and irritant response.

We apply a short-time SLS exposure to the dorsum skin that triggering a positive
ICD[179] but not into the severe irritant response regime[174]. The SFDI system
we built in Section 5.1.1 was used to measure the optical properties of the SLS

exposed area as the target area.

5.3.1 Protocol

Here we recruited six volunteers with type 2, 3 and 4 type of skin from ethnicity
groups Asian and White Caucasian in the age range 22 to 30. Four male and two
females were involved in the experiment. We expected to see the irritant reactions,

i.e. erythema, scaling and roughness from the volunteer’s skin. Spatial frequencies
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5.3.1. Protocol

f» of value 0.1 mm~"! and 0.3 mm~

1 were utilised in the SFDI method to recover

the reduced scattering p,, absorption p, maps and relative level of oxygen (StOs)

on the back of their hand. The steps for the imaging experiment are listed as below:

The volunteers were asked to wash their hands with commercial hand wash
liquid for 20 seconds and air dry to remove grease on their hands. The hand
pictures were taken with a conventional visible camera and SFDI system

before applying any chemicals on the hand.

1 ml 2% (m/v) sodium lauryl sulfate (SLS) solution was applied with a cotton
bud to the right hand dorsal, covering by the cling film to prevent any vapour

from escaping. This was kept on for one hour on the volunteer’s hand.

After the cotton bud and cling film were removed from the hand, the skin

site was cleaned and dried with tissues.

Commercial hand cream was applied to restore the skin water content and

we let the volunteer’s skin recover for 15 minutes.

The back of right hand is imaged by the conventional visible camera and

SFDI system after 15 minutes.

The volunteers were asked not to wash their hands (at least not the experimental

site unless necessary) during the one hour and 15 minutes experiment. They were

advised to stay in the room with a stable temperature of around 20°C during the

experiment. Therefore the room temperature and humidity can be regarded as

constant during the experiment. The imaging was only conducted when the SLS

exposed area was air dried to avoid the possible hydration of the skin. Spatial

frequency f, = 0.1 mm~! and 0.3 mm™

I are used for the imaging experiment. The

appSFDI[147] was utilised for the p/ and p, recovery.
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5.3.2. Results

5.3.2 Results

The visible (VIS) irritation results and feeling reported by the volunteers are listed
in Table. 5.2. The redness reported there were all within the SLS application area
demonstrating a well-demarcated erythema pattern. We also added the note in the
right column as we had volunteers who had a history of dermatitis on their back
of hand.

Table 5.2: The response from the volunteer during the experiment.

15 minutes

Volunteer after 1 hour notes
recovery
S feel itchy feel normal
redness half redness gone
S2 .fee.l normal feel normal
no significant change
S3 feel sting feel dry dyshidrotic eczema

redness half redness gone

feel normal
54 few pores show redness fully recovered

feel normal
55 no significant change fully recovered

36 feel normal feel normal seasonal eczema
redness 30% redness gone z

Comparing the irritation response in the skin, four of six volunteers reported red-
ness appearance after one hour of SLS exposure. Two volunteers both felt normal
and there was no change in the skin structure or colour. After 15 minutes recovery,
the redness for the volunteer S4 was fully recovered. Volunteer S1, S3 and S6 had
redness partly relieved visibly. Combining the skin symptoms and the feeling re-
ported, we find the individual feeling is subjective due to people have different pain
thresholds. Volunteer S6 had no feeling even with the most severe redness shown
on the skin. Thus, we are using the absorption and reduced scattering coefficients
and the StO, value to observe the change in the volunteers’ skin rather than relying

entirely on a subject feeling.
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5.3.83.  Optical property feature

5.3.3 Optical property feature

The reduced scattering i, and absorption p, maps are recovered for the three sets
of imaging of each volunteer. The average p, and pu, values from two wavelengths

and two values of f, measurement are calculated with SLS exposed area excluding

the veins.
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Figure 5.12: The p results from six volunteers at three states: before the SLS is
applied, after the SLS is applied for one hour and recovery for 15 minutes.

The p, average value for three states in the experiment is shown in the Fig. 5.12.
Most of the volunteers demonstrate inverted U shape in the i/ curve in the 617 nm
measurement results with a peak value after SLS application. This may indicate
the epidermis is losing water after the SLS exposure. Also, as we introduced in
Section 5.2, the u, may increase when the skin becomes dehydrated. Except from

the volunteer S5, other volunteers’ skin demonstrated an increase in the pu/, value
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5.3.4. Hemodynamic observation

after the SLS is applied. The following u! after recovery for 15 minutes drops.
The volunteer S5’s skin shows a inverse trend when his hand possibly becoming

hydrated during the SLS irritation.

In Fig. 5.12, the order of the !, curves on the each graphs are different while the
trend with the p/ value change via three states is similar for the same volunteer.
This may indicate trans-epidermis water loss (TEWL) or the skin permeability
varying between the individuals as well as the epidermis thickness. As we discussed
in section 5.2, the p, is sensitive to the structural change. The SLS exposure has
been reported in previous work to lead to premature keratinization and widen
the stratum granulosum’s intercellular space[174]. The change within the skin is
complex and using p; alone is a long way from being sufficient to characterise the

changes.

The p, value is shown in the Fig. 5.13. All the curves show a U-shaped trend
except from volunteers S2 and S5. This matches their symptoms reported after the
SLS exposure of no redness appearing. S5 and S2 both have a straight descending
line for the three experimental states. S5’s skin demonstrates an inverted trend in
the 850 nm measurement result. The trend and the order of the curves of other
individuals are almost similar in the Fig. 5.13 (a) - (d). The reason behind this
might be that the chromophores, i.e. the hemoglobin and melanin, which are
sensitive to the wavelength we use, are within the four detection ranges here. As
the wavelengths we use are not sensitive to the water, the water loss due to the

SLS will not be shown in the pu, results.

5.3.4 Hemodynamic observation

Then the oxygen saturation (StOz) was calculated with the absorption coefficient
la at two wavelength as described in Section 5.1.2. As shown in Fig. 5.14, the
StO4 values are much higher when measured by the lower spatial frequency f, as

it can penetrate deeper into the dermis which contains more vessels. The StOs
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Figure 5.13: The p, results from six volunteers at three states: before the SLS is
applied, after the SLS is applied for one hour and recovery for 15 minutes.

results at f, = 0.1 mm~' and 0.3 mm~' both demonstrate an increasing trend
after the SLS was applied. Then the StOy value decreases after the 15 minutes
recovery period. This matches the redness relief reported by the volunteers S3,
S1 and S6. Also this indicates the immune cell response in the inflammation with
the consumption of the oxygen is increased. The volunteer S2’s skin showed no
significant change in the StOs where the inflammation was possibly negligible in
his epidermis. The volunteers S4 and S5 reported no redness and normal feeling in
the SLS application site but the StO; still demonstrates a slightly increasing and
decreasing trend through the three states. It is worth noting that volunteer S1 has
a type 4 skin meaning the background melanin absorption is significant and make

it hard to determine an accurate StOz (see Equ. 5.1). Therefore S1’s StOy value
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Figure 5.14: The StOs calculation results from six volunteers at three states: before
the SLS is applied, after the SLS is applied for one hour and recovery for 15 minutes.

is significant lower than other volunteers.

Table 5.3: The StOs value [unit: %] difference measured by f, = 0.1 mm™!.

Volunteer St02731 — StOQ’SO St02752 — St02730 St02751 - StOZSQ
S1 5.1 -3.8 8.9
S2 0.2 0.6 -0.4
S3 4.4 1.2 3.2
S4 0.8 -14 2.2
S5 1.5 1.1 0.4
S6 0.6 -2.4 3.0

Table 5.4: The StOs value [unit: %] difference measured by f, = 0.3 mm™1.

Volunteer St02751 — Stolgo StOZSQ — StOQ,SO St02751 — StOZSQ
S1 9.1 -6.7 15.9
S2 1.1 1.6 -0.5
S3 9.9 0.6 4.9
S4 1.9 -1.0 2.9
S5 9.9 3.9 1.6
S6 2.2 -2.2 4.4
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5.8.5. Discussion

To look at the oxygen level closely in the three states in the experiment, we calculate
the difference in the StO9 between states as in the Table 5.3 and Table 5.4. The
uncertainty of the StOy measurement is around + 0.3%][180]. The uncertainty of
the StOgq is calculated from repeated back of hand imaging (repeating: put hand
in for imaging and then hand take out) for the same target area for 10 times. The
StO2 level in three states here are initialled as: before SLS is StO3 g, after SLS
for 1h is StOy g1 and recovery for 15 minutes is StOg g2. The StO rate increasing
possibly demonstrates the inflammation condition in the skin after SLS exposure.
The higher spatial frequency results have greater difference between the states as

the inflammations is happening in the superficial layers.

Looking at the fourth column in the two tables, we find the SLS susceptibility
is dependent on the individual. People reported redness in the skin, even very
minor redness in the pores, as volunteer S4 stated, showing a high value difference
between S1 and S2. Again, volunteers S5 and S2 have minor inflammation in
their skin demonstrating a very small StOs change between states. Especially,
two volunteers S3 and S6 with reported skin complications demonstrate stronger
inflammation response after SLS exposure. This matches the fact that individuals
with atopic tendencies are more susceptible to ICD[173]. The recovery in the
inflammation validate the fact that SLS has cumulative toxic effect on the skin.

When the exposure is removed, the skin inflammation starts to heal.

5.3.5 Discussion

From the experiment results above, SFDI demonstrates a potential to measure the
SLS exposure on skin. Using the two wavelengths and two spatial frequencies,
we detected the optical features of the skin at different depths. The p) and p,
curves clusters demonstrate various trends and order which reflect the skin barrier
structure and corresponding chromophores are disturbed in different ways. The

SFDI aids in detect the inflammation for the oxygen saturation changes.
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5.4. Biopsy wound observation

The response to the SLS exposure varies among the race and skin condition. Ge-
netic factors also play an important role in relation to a cytokine response which
is key to the initiation of the inflammatory response[172]. We had three volunteers
with positive response and two volunteers with very minor or no response to the
SLS exposure. There was also an abnormal individual who showed an inverted
trend compared to other volunteers. This may due to his epidermal thickness and
his skin barrier condition. The application of the SLS here may create a humid

environment for his skin.

The SFDI system here is still not sufficient to completely characterise the SLS
exposure as acute ICD is very complex in terms of the immune pathways and
inflammatory mediators[181]. Most of the dermatological studies with the SLS
utilise trans-epidermal water loss (TEWL) to measure the water loss in the skin
and the wavelengths we used are not sensitive to the water changes. Also the SFDI
is not able to measure the blood velocity change. We are looking to upgrade our
instrument to add wavelengths sensitive to lipid and water[182]. We need further
optical methods[183], e.g. laser doppler imaging (LDI) for blood velocity, combine
with and upgrade SFDI system as we discussed in the previous section for eczema

monitoring.

5.4 Biopsy wound observation

5.4.1 The wound information

We had a volunteer with a incisional biopsy wound due to a suspected skin cancer
site on his right hand. The volunteer is a male with Fitzpatrick skin type 2. He
was 57 years old with smoking history for 37 years (leads to a higher incidence of
wound infection) at the time of measurement. The biopsy area was reported to

have a tender feeling.

During the volunteer’s skin biopsy, the target area was opened by the scapulae
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5.4.2. Measurement

then the suspected lesion area was sampled. Then the wound was sealed with non-
absorbable suture. The biopsy was taken 14 days before we started the imaging
experiment. The wound was suspected to get infected on the day 0 of our obser-
vation and our volunteer was prescribed to take oral antibiotics for 5 days. We
had a 42 day observation of his wound healing progress until his wound was visibly
healed for 3 weeks. The timeline for the surgery and the SFDI monitoring is shown

in the Fig. 5.15.
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Figure 5.15: Timeline for the wound healing and the monitoring. The wound was
monitored every three or four days before the scab came off as the wound condition
changed rapidly at this stage. The healed wound area was then imaged with seven
day interval as the tissue reformation stage takes place slowly.

The wound area was measured at the centre and the left hand was measured at
the same time as a reference and calibration of the daily skin condition which can
be influenced by the skin moisture, oil and environment temperature which can
change the blood flow[184]). The spatial frequency f, used for wound imaging was

fz = 0.1 mm™! to achieve the 1 to 2 mm depth detection.

5.4.2 Measurement

Prior to the optical properties recovery for the wound area, the AC images are firstly
binned with 5 x 5 window to remove the noise and maintain details for the wound.
Then the Scale-invariant feature transform (SIFT)[185] module was applied in the
Fiji software for local feature description. The established matches are filtered
using the Random Sample Consensus (RANSAC)[186]. Using the matched points,

the motion artifact during the two wavelength measurements are registered for
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5.4.3.  Infection observation

the subsequent inverse method. The absorption and reduced scattering map are
recovered from the registered AC image with the appSFDI[147] software. The
calculated reduced scattering and absorption coefficients are then calibrated with

the Equ. 5.3 to remove the influence of environment.

5.4.3 Infection observation

The wound had been diagnosed with infection on day 0 of our observation. The
visible (VIS) picture of the wound on day 0 is shown in the Fig. 5.16 (a), the p/
map at 617 nm is shown in Fig. 5.16 (b) and the p) map at 850 nm is shown in
Fig. 5.16 (c).

(a) (b) (c)
. ps' map, 617 nm  [mm™) pg' map, 850 nm  [mm"]

Figure 5.16: (a) The VIS picture taken for same area of the wound at day 0. The
red rectangle area is the area shows in the u, maps. (b) The reduced scattering
pl, map at 617 nm for the wound at day 0. (c¢) The reduced scattering u, map at
850 nm for the wound at day 0. The yellow arrows shows the pus indicated by the
high reduced scattering coefficient. The red arrows show the area potential area
with pus hard to be seen by raw eye but can be seen from the p/, map. The white
arrows point out the area have pus developing underneath can be seen clearly in
850 nm g, map but hard to notice in 617 nm g/, map and VIS image.

The wound site demonstrates the pus (in white spots) and redness near the suture
sites after the biopsy conducted 2 weeks previously. As pointed out by the yellow
arrow, the pus has high scattering coefficients shown in both of the p/, maps. The
pus is formed by dead bodies of the white blood cells filling the cavity or space
created by the breakdown of the tissue. Thus, . is sensitive to the structure
change in the wound due to pus. As indicate by the red arrows, there was pus
developing where there were three spots with a high scattering coefficient but only

showing redness in VIS image. Thus, SFDI is more sensitive to the infection than
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(a) ) (b) (c)
VIS image, day 0 p, map, 617 nm  [mm™'] p, map, 850 nm  [mm™']
B X - 0.125 0.025

0.1

Figure 5.17: (a) The VIS picture taken for same area of the wound at day 0. The
red rectangle area is the area shows in the p) maps. (b) The absorption p, map
at 617 nm for the wound at day 0. (¢) The absorption p, map at 850 nm for the
wound at day 0. The suture had different absorption coefficient at two wavelength.

the naked eye. The area of pus looks larger in the u’ maps, i.e. the condition of
infection was more severe than the naked eye can see. However, the redness around
the wound had no significant sign in the p/ map where the p is not sensitive to

the blood flow and vessel changes.

By applying dual wavelengths, we can observe the profile of the wound structure
at different depths. The longer wavelength light penetrates deeper into the tissue
than the shorter wavelength. The site 1 and site 2 demonstrate similar levels of
high intensity in the 617 nm p/, map. However, in the 850 nm x/, map, site 2 shows
greater intensity than site 1. As site 2 formed a deeper cavity with pus so had a
worse infection condition than site 1. When the pus is developing underneath, the
850 nm wavelength could sample deeper so the pus site can be seen much earlier
as demonstrated with the white arrows. Here the p) map is capable of detecting

the structure change within the wound.

In the absorption p, maps in Fig. 5.17, the pus area has vaguely lower intensity
at both wavelengths. The pus covers a larger area in the p, maps than in the p
maps. The difference in the healthy skin and infection site is not evident compared
to the p), maps. Thus, the p, maps are not sufficient to characterise the infection
in the wound. We will discuss the application of y, maps later in the Section 5.5.2.
Therefore, the SFDI is feasible to detect the infection developing in the early stage

using p), and fi,.
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5.5 Wound healing progress

The p, map, ) map and VIS image for the wound area are shown in the Fig. 5.18.
From the VIS images, at day 4 of observation, the wound area looks red in appear-
ance. This indicates the capillaries were forming with the dermal replacement. The
scab gets thicker from day 7 to day 10 shown by both VIS picture and relatively
higher absorption value in the absorption maps. The low reduced scattering coef-
ficient in the wound area indicates the collagen fibre are dissolved in the wound
healing progress. The edge of the wound area always has a high reduced scatter-
ing due to re-epithelialization. With time passing, the low scattering area shrinks
day by day, showing the wound was healing in the right direction and contracting

gradually.

Particularly, on the day 14, the scab had lifted around the edge of the wound.
The VIS images are not able to show the progress as the scab is not transparent
to the naked eye. The SFDI method could get through the scab, though it had
a relatively high reduced scattering coefficient and absorption coefficient. The
reduced scattering recovery is still able to provide a reliable result as the scab is
thin. The accuracy of the absorption recovery may decrease[6] as the absorption
value is always a much lower value (around 10 to 100 times less) than the reduced
scattering. When the scab lifted at the edge, the incident light is reflected several
times in the thin air layer between the scab and skin. Therefore, the absorption
coefficient demonstrates a high value in the area. Hence, SFDI aids in earlier
detection for the wound healing progress than the naked eye’s capability. When
the scab had fallen off from the wound from day 19 to day 42, the regeneration
was ongoing. Specially, in day 26 and 34, there are few high reduced scattering
spots at the edge of wound in p/, map at 617 nm may due to the formation of the
suture scar. The high scattering value indicates the collagen fibres are growing and

transforming in type.
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Figure 5.18: The wound healing pictures from the day 0 to day 42. The same row
is for the same day measurement and same column is the same optical property
map. The first to forth column from left is the recovered optical properties map at
two wavelength.The fifth column from left is the VIS picture for the whole area of
the wound site. The red rectangle is the area imaged in the optical property maps.
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5.5.1 Physiological observations

The percentage of wound healing is defined as[187]:

. original wound area - wound area
percent healing =

5.5
original wound area (5:5)

Using this equation, the wound recovery process measured by the VIS image,
617 nm and 850 nm reduced scattering map is plotted in the Fig. 5.19 for day 0 to
day 19. The wound area from the 617 nm and 850 nm scattering maps are selected

from the lower scattering area of the wound centre.

After processing the images, it was noticed that the interested wound area in day 7
was not all recorded in the SFDI output images. Therefore, we need the visible
image to determine the unrecorded area. We assumed the wound area in VIS image
and p/, map is similar, then the measures of two alike wound corresponding area are
proportional. We obtained the the ratio of the area both VIS and p/ have in part
of wound. We therefore scaled the interested area in VIS image to estimate the
corresponding missed area in the p, map. This estimation provides a data point
that fit smoothly on the healing area count in the Fig. 5.19 and was believed to be

a suitable approach to the problem.

100
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40 VIS image
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20

0 . . . .
day0 day 4 day 7 day 10 day 14 day 19
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Figure 5.19: The percentage of healing measured from the VIS image, 617 nm
reduced scattering map and 850 nm reduced scattering map.

The VIS image indicates slowest healing rate while the 850 nm illustrates the fastest

healing rate. The 617 nm and 850 nm g, map determine the wound has been
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healed in right direction deeper than naked eye can see. With the SFDI method,
one can detect the healing progress earlier and at different depths by changing the
wavelength. The 617 nm and 850 nm scattering map healing results overlapped
from day 0 to day 7 and then separate till the wound is visibly healed. The split
point here is also the day we observed the scab started to appear in the wound
site which marks proliferation, the third phase, of wound healing. As the wound
contracts from the edge to the centre while from bottom to the top forming a
triangle/trapezoid shape matching the Fig. 1.4 in the Section 1.2 and the diagram
in the Fig. 5.20.

(a) near wound (b) near  wound
wound  centre wound centre

4 U J4
Figure 5.20: The wound healing progress model[4] showing the wound contraction
in the wound healing from (a) to (b) when wound healing in the right direction.
The actually wound margin (red area) underneath is narrower than the wound
margin seen by the naked eye (dark brown area). The wound centre and the tissue

around wound for measurement area shown by the arrows to be observed closely
with the optical properties.

Looking closely, we select the wound centre to look at the average absorption

coefficient p, and reduced scattering coefficient u,. As shown in the Fig. 5.18, the

wound centre is located from the relative low p, area in the centre of the wound.

The p, variation with time for two wavelength is shown in the Fig. 5.21 and the
/

iy is shown in Fig. 5.22. The error bar is calculated with the standard deviation

of optical properties value in the selected area.

Unfortunately, p, for 850 nm had no significant change in the value through the
wound healing process as the main chromophores all have a low u, value at this
wavelength matching the knowledge in Chapter 2. The 617 nm has a greater

pq for same concentration of both oxy-hemoglobin (HbO3) and deoxy-hemoglobin
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Figure 5.21: The absorption coefficient p, at 617 nm and 850 nm at the wound
centre. Three phases of the wound healing is marked with orange: infection, light
orange: inflammation and proliferation, green: visible healed with the scab off.
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Figure 5.22: The reduced scattering coefficient p at 617 nm and 850 nm at the
wound centre. The errorbar is the standard deviation. Three phases of the wound
healing is marked with orange: infection, light orange: inflammation and prolifer-
ation, green: visible healed with the scab off.

(Hb) than 850 nm. As the volunteer had a light-colored skin (volume fraction of
the melanin around 1%[24]) which aids in reducing the absorption effect by the
melanin. At the same time, the water absorption coefficient is negligible at 617 nm
wavelength and we can assume the melanin is uniform in the target area. Thus,
the pq value at 617 nm presents the total hemoglobin concentration (HbOg + Hb)

indicating blood content in the skin with good signal noise ratio (SNR).

The absorption coefficient u, at 617 nm gradually elevates from the day 0 to day 7

when there are capillaries and vessels growing in the wound area to increase the
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blood volume. The p, value stays stable from day 10 to day 19 probably due to
the scab dominating the absorption. After day 19, the scab came off from the
wound site showing the wound is visibly healed and into the final stage of the
wound healing process. The decreasing in u, value at 617 nm shows the decline in
the new vessel generation in the final stage of wound healing as this wavelength is

sensitive to the hemoglobin.

Correspondingly, the reduced scattering coefficient i/, has a trend with both wave-
lengths matching the p, change. The low scattering coefficient indicates the colla-
gen disposition inside the wound site. Both scattering curves decrease and approach
the local minimum at the day 10 where the the absorption curve at 617 nm reaches
the local maximum. The results together may illustrate the beginning of the third
phase of wound healing, i.e. proliferation. Also there is a gradual changes in the
distance between the two curves showing the speed of wound healing with depth is
different, matching the 3D model of wound healing. The errorbar is greater than
others in day 19 as most of scab is lifted off from the wound site making the margin
of the wound blurred on the p/, maps. Both scattering curve rise from the day 10 to
day 19 as the wound contracted and turns into the remodelling phase (third phase)
of wound healing. The distance between the two curves becomes fairly equal from

day 19 showing the structure change underneath occurring synchronously.

To compare the optical properties between the wound and the tissue around the
wound, the tissue around the wound area is selected with approximately a 1 mm
width, is selected as shown in the Fig. 5.20. As the 850 nm wavelength has lower
e With hemoglobin than 617 nm, we only plot u, for the wound area and around
the wound area at 617 nm in the same graph in Fig. 5.23. The reduced scattering

at two wavelengths for the area near the wound is shown in the Fig. 5.24.

In the Fig. 5.23, the value of u, near the wound is lower than pu, in the centre of the
wound from day 4 to day 26. The difference between the value pi4617nm — fta,850nm
increases until day 10 and stays stable until day 19. The two curves reach the local

maximum and start dropping synchronously.
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Figure 5.23: The absorption coefficient at 617 nm comparing the wound centre and
around wound area. The errorbar is the standard deviation. Three phases of the
wound healing is marked with orange: infection, light orange: inflammation and
proliferation, green: visible healed with the scab off.
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Figure 5.24: The reduced scattering coefficient at 617 nm and 850 nm at the wound
centre. The errorbar is the standard deviation. Three phases of the wound healing
is marked with orange: infection, light orange: inflammation and proliferation,
green: visible healed with the scab off.

In the Fig. 5.24, the trend for the ! is similar for the two wavelengths. The
distance between the two curves is more constant than in the Fig. 5.22. The
local minimum is reached at day 7, earlier than the y/, curves for wound centre (at
day 10). This fits with the wound healing model in the Fig. 5.20 that the wound

is healing from the outside to the inside.
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5.5.2 Hemodynamic measurement

The oxygen supply plays a vital role in successfully wound healing. The numerous
biological processes demand an adequate oxygen supply, for example proliferation,
pathogen patrol and protein synthesis. The appropriate oxygen level also triggers
the tissue healing response[188, 189]. Therefore, along with the structure change
and blood supply in the wound, we also observe the hemodynamic profiles in the
wound site with the method described in the Section 5.1.2. This will also aid

clinicians in understanding the progress in the wound healing.

The maps for the StOs are shown in the Fig. 5.25. On day 0, the oxygen level
at the infection site is very high indicating huge oxygen consumption by the in-
flammation cells defending against the bacteria. The wound area near the sutures
are relatively low matching the hypoxia in the inflammation phase. This is prob-
ably also an indicator of the delay in wound healing. When a surgical wound is
formed, the disruption and damage in vessels creates a hypoxic environment due
to the consumption of the metabolically active cells. This relatively low oxygen
level status initiates the wound healing process where the fibrin is formed. At this
stage, the tissue stays hypoxic, however if this condition remained the wound will

become chronic.

From day 4 to day 7, the area around the wound has relatively high oxygen satur-
ation as the wound healing requires an adequate blood supply from the margin of
the wound. When it came to day 10 until day 19, the scab fully formed and became
thick where oxygen saturation had an unexpected low value under the scab. There
is supposed to be tissue proliferation and vessel rebuild as we learnt in Section 1.2.
However, the scab is thick with strong absorption that blocks the sine pattern from
going underneath. The absorption map here is not capable of recovering the oxygen
saturation there. From the area surrounding the wound, the temporary hypoxia
happened again to stimulate the grow factor[188] as an initiator for the angiogenic

and re-epidermisation. On day 14, as predicted by the p’ maps, the wound con-
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Figure 5.25: The oxygen saturation maps for the wound from day 0 to day 42.

traction is happening increase the demand on oxygen. Therefore, the oxygen level

is high in the area surrounding the wound.

After the wound is visibly healed, turning into the last wound healing phase, the
oxygen saturation is high observed in day 26 and day 34 when wound was in
remodelling phase. At this time, the type 3 collagen was being replaced by type 1
which is dependent on the sufficient oxygen[188]. When the collagen replacement

was done, the oxygen saturation decreased to the normal level.

5.5.3 Discussion

In this section, we report the first case study of using the SFDI method to observe
surgical wound healing. This is a first, single case, but reveals the potential of

applying SFDI method for wound imaging.

We find SFDI is capable of monitoring early infection signs, pus developing under-

neath, more timely and accurately than the naked eye. It is suggested that two
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wavelengths should be used for obtaining the depth profile of pus. The structured
change in the wound, i.e. the wound size and the collagen fibre change, can be
present in the p) maps. The p at both wavelengths is not influenced by the scab
on the top of the wound area. However, the 1, is not sensitive to the inflammation

in the wound site and the blood flow.

According to our modelling in Chapter 3, the larger difference between the p/ in
the neighboring structures, the easier it is to detect the difference. This matches
our observation that pus at day 0 demonstrates a good contrast with double the p/,
value of the surrounding skin. Here the partial volume effect exists in that SFDI
overestimates the wound width in a vertical structured wound. The wound area
from the p) map probably has a smaller size than indicated by lower ! value,
especially for the days 14 to 19. However, p here still presents the real size of the

wound more accurately than the naked eye.

The po, map at 617 nm is a suitable tool to measure the blood supply change
by measuring the chromophores: hemoglobin. Aided by the 850 nm wavelength
illumination, we can calculate the StOy map to monitor the wound in another
aspect. However, when the scab is fully formed, the pu, and StOs measurement
are limited in our case of study. As the scab thickness varies from skin condition
and wound type, other surgical wounds might be feasible to be measured through
the scab. Or one may consider using a longer wavelength to penetrate through the

scab.

The uncertainty in the SFDI for wound healing should be noted. The curvature
in the target area can distort the optical property recovery results. This has been
report in other works[106, 67, 96]. The convex surface tends to have greater results

while concave surface provides lower result in the optical properties.
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5.6 Conclusion

In this Chapter, we explored the SFDI method for in vivo measurement for three
clinical interesting skin complications include chronic eczema condition, acute skin
irritation generated by SLS and biopsy wound healing. The first two skin com-
plications have similar symptoms, i.e. epidermis damage and inflammation, which
may occur in the wound healing process. They served as the preliminary studies

for the wound healing monitoring.

Both SLS irritation and the eczema target areas suffered from the water loss and
skin barrier damage. For the eczema imaging, SFDI system is able to distinguish
the severe condition of the eczema condition with the epidermis damage by p’
histogram. The p, value may indicate the inflammation in the skin area by quan-
tifying the hemoglobin content. For the SLS experiment, SFDI is able to aid in
detecting the oxygen level change in the SLS experiment by measuring the p,. The

., was found not sensitive to the inflammation in the skin.

However, the current SFDI system we used is not sufficient and sensitive enough
for measuring and distinguish the details for these two skin conditions. We suggest
the improvement in the SFDI system in the wavelength, e.g. 940 nm, for water
content detection and combining the polarisation for the roughness assessment.
Other optical techniques such as HSI and LDI could also be accompanied with the

SEFDI instrument.

To demonstrate the SFDI’s potential, we conducted a pilot study using SFDI for
monitoring in vivo surgical wound using the pl, p, and StOs. The p is cap-
able of monitoring the structure change for possible pus under the infection, re-
epithelialization, and collagen fibre remodelling earlier than the naked eye. The pq
calculation for the wound area is limited to the scab covering influencing the meas-
urement of oxygen underneath. The scab is too thick here in the biopsy wound to

obtain the oxygen level underneath. But the StOs values when the scab is thin or
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lifted and around the wound area. Our results matches our biological knowledge

of the wound healing.

In the three cases of study, we focused more on the relative change in the optical
properties and the oxygen level. This is more of interests than the absolute value.
Also, we find the structure curvature can introduce the uncertainty in the optical
properties result as previous work[190]. One may consider a rough 3D shaped

measurement combined with the SFDI measurement.

In summary, the SFDI method here demonstrates great potential for developing
a optical technique aiding in the clinical skin monitoring. At the same time, one
has to bear in mind that human tissue optical features vary from tissue position,
person and time, even the same person. There is still a long way to go for SFDI to

apply in the real life conditions.
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CHAPTER 6

Conclusion and future work

Chapter 1 and Chapter 2

The first two chapters served as an comprehensive introduction for the reader in
the SFDI field of skin imaging. In chapter 1, we reviewed the use of SFDI on skin
related application and the wound healing knowledge. There have been several
clinical cases successfully imaged utilising SFDI but the surgical wound has not
been explored yet. We believe the SFDI has the potential for surgical wound

imaging.

In the chapter 2, we reviewed the mathematical principles behind the conventional
SFDI method. The step by step method using SFDI for measuring the reduced scat-
tering and the absorption coefficient was introduced. The weakness and strength

of the conventional SFDI method was discussed.
Chapter 3

In the Chapter 3, we proposed the vertical heterogeneous model for mimicking the
surgical wound structure. The 3D Monte Carlo simulations provided numerical
solutions to explore SFDI’s lateral resolution on determining the wound structural
change for the first time. With photon tracking in the Monte Carlo simulation,
we were able to discover that the edge response is the key factor in wound width
measurement. The wound width measurement accuracy is dependent on the spatial

frequency, wound width and the wound reduced scattering coefficient. The 3D
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Monte Carlo simulation here provided a flexible solution and customised design for

photon propagation in the biological tissue.

Our numerical model for the photon tracking is feasible to apply for photon dynamic
therapy (PDT)[191, 192]. We are looking to have a numerical model combining
the time-solved drug diffusion and photon tracking to calculate the optimal laser
power and the dose of the drug for better treatment. The absorption of each bin
in the tissue model will have a dynamic change with each photon visitation. The
photon bleaching efficiency will be calculated via the simulation. The biological
model will be built with real biological data and typical drug parameters. The
tissue model structure utilised in the simulation can be further detailed, subject to

the real conditions.
Chapter 4

In the Chapter 4, we built up the SFDI system for phantom testing and human
skin imaging. A resin phantom was made for validating the dependence of the
wound width measurement error with spatial frequency, wound width and wound
reduced scattering coeflicient. However, the resin phantom is not always sufficient
for testing the feasibility of current SFDI system for imaging the surgical wound.
The animal model is a better option for preliminary experiments before imaging

the in vivo human skin.

Due to the Covid-19 situation during the PhD, we didn’t have a chance to conduct
the animal experiments as we planned. The animal model is easier for us to control
the parameters: the position of the wound, the type of bacteria causing the infection

and the depth of the wound.

The rat will be an ideal animal for surgical wound healing imaging experiment[193]
due to the physiological similarity to the human and wide availability. We will have
two groups of the rats for the imaging experiment. One is the control group and
the other is the infection group. The incision will be applied to the same position

and depth to each rat. Referring to the previous work in burn wound infection[82],
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one group of rats will be given an inoculation with a typical bacteria culture to
create a infection. Then the wound infection and following wound recovery process

will be measured and compared for two group using the SFDI instrument.
Chapter 5

In the Chapter 5, we conducted three clinical interest human skin imaging experi-
ments. We found that SFDI has great potential for detecting the structural change
in the epidermis and collagen fibres. Absorption is a promising indicator for the
oxygen level and total hemoglobin concentration. The instrument itself needs an

improvement along with the SFDI method in two main aspects.

One is to upgrade the current SFDI system with polarisation[86, 87], and adding
further IR wavelength[182] illumination to the optical path to measure lipids and

water content.

The other aspect is combining other optical imaging techniques including hyper-
spectral imaging (HSI) and the Laser Doppler imaging (LDI). HSI has been repor-
ted as measuring the water content in a dynamic way[194, 78, 195]. This will aid
in measuring the water loss in eczema and the SLS experiment. The LDI is for

measuring the blood flow change within the target area[196, 197].

In terms of a weakness we observed from the three in vivo experiments, we may
consider measuring and calibrating the curvature of the target area in advance to

eliminate this measurement error.
Outlook

In this thesis, we built up both numerical models and an SFDI instrument for
wound healing monitoring applications. It is worth noting that there has been a
commercial SFDI research platform (Reflect RST™) from the Modulim company|5]
integrating the acquisition, processing and the visualisation functions. The system
is composed of a DMD, a single-monochrome camera and 9 wavelengths of LEDs
from the VIS to the NIR region. However, the biological tissue is always complex

and different clinical conditions require specific design of the instrument. There is
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still a great number of topics in the diffuse imaging field waiting to explore to fill

in the gap between laboratory experiment and clinical applications.

We will look for suitable surgical wound under our biological tissue license and
collaborating with the clinicians. Here we only have two specific clinical skin cases
which are not adequate for us to provide a systematic report on SFDI for surgical
wound imaging. For example, we are also interested in the abdominal surgery’s
open wound which have the incidence of infection at 35%. The abdominal area of
the skin is relatively flat in the shape. Also we are interested in utilising SFDI as
an non-contact method for assessing the neonatal intubation to aid with the infant

treatment.
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