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ABSTRACT
The objective of this preliminary study was to determine the potential of diffuse correlation
spectroscopy (DCS) for assessment of coagulation depth. Coagulation of tissue can occur due
to a number of different reasons such as thermal or electrical burns or radiofrequency ablation.
DCS is a non-invasive optical technique which can be used to determine the optical and
dynamic properties of tissue by fitting a theoretical model of photon propagation in multip ly
scattering tissue to experimental data obtained from measurements. The DCS measureme nts
were performed on two-layered phantom models that represent healthy tissue with high flow
properties with a layer of coagulated tissue with low flow properties on top. Three differe nt
phantom models were prepared using gelatin-Intralipid gels, PDMS, and nylon as an upper
layer, and an Intralipid solution was used for the bottom layer for all three phantoms.
DCS measurements were performed on all three phantom models with varying thicknesses of
the upper layers, and varying source-detector separations. The acquired data from the DCS
measurement were analyzed in MATLAB in order to obtain the electric field temporal
autocorrelation function. A theoretical model describing photon propagation in a two-layered
medium was fitted to the obtained data in order to extract the desired parameters.
The results showed that the thickness of the gelatin-Intralipid gels could be extracted within a
0.5 mm certainty and the thickness of the PDMS phantoms could also be extracted within
approximately 0.7 mm. For the nylon phantoms, the results obtained were not good because
the fitting was not successful and the thickness was not extracted appropriately. There is
potential in DCS for assessment of burn wound depth but further research and developme nt
has to be done in the field in order to obtain more accurate and reliable results.

ACKNOWLEDGEMENTS
I would like to thank all the kind and polite people at IMT (Department of Biomedic a l
Engineering) at Linköping University. My sincerest gratitude to my thesis supervisor Johannes
Johansson PhD for giving me the opportunity to work with this thesis project and for all the
helpful support, positive feedback and guidance he has provided me with. A special thank you
to Malcolm Latorre PhD for all the times he very kindly and generously helped me with the
practical parts of my thesis work. It truly meant a lot to me.
Thank you to Hanna Jonasson PhD and Rolf Saager PhD for taking their time to help me with
the SFDI measurements using their equipment and for providing me with the PDMS material.
I would also like to thank Federica Villa PhD, Davide Portaluppi, and Mauro Buttafava PhD
at Politecnico di Milano for providing the photon detector used in my measurements. I am also
grateful to Prof. Karin Wårdell for being my examiner. It is a pleasure to have my work be
evaluated by Karin.
Finally, I would like to thank all my friends and my family for continuously showing me love,
support, and encouragement throughout my thesis project.

CONTENTS
1. INTRODUCTION................................................................................................................ 1
2. AIM ....................................................................................................................................... 4
3. THEORETICAL BACKGROUND ................................................................................... 5
3.1 Optical properties of tissue............................................................................................... 5
3.1.1 Index of refraction ..................................................................................................... 5
3.1.2 Reflection and refraction ........................................................................................... 6
3.1.3 Absorption ................................................................................................................. 7
3.1.4 Scattering ................................................................................................................... 8
3.2 Diffuse optics ................................................................................................................... 9
3.2.1 Transport theory and the diffusion approximation .................................................. 10
3.2.2 The correlation diffusion equation........................................................................... 12
3.3 Diffuse Correlation Spectroscopy (DCS)....................................................................... 13
3.3.1 Solutions of the correlation diffusion equation ....................................................... 15
3.3.2 Two- layered solution ............................................................................................... 17
3.4 Spatial Frequency Domain Imaging (SFDI) .................................................................. 19
4. MATERIALS AND METHOD ........................................................................................ 21
4.1 Phantoms ........................................................................................................................ 21
4.2 DCS setup....................................................................................................................... 24
4.2.1 Light source ............................................................................................................. 25
4.2.2 Detector.................................................................................................................... 26
4.2.3 Software ................................................................................................................... 26
4.3 Calculation of autocorrelation functions ........................................................................ 27
4.4 Nonlinear curve fitting and extraction of parameters..................................................... 29
4.4.1 Determining the flow properties of the Intralipid solution ...................................... 30
4.4.2 Extracting parameters from the gelatin-Intralipid phantoms ................................... 30
4.4.3 Extracting parameters from the PDMS phantoms ................................................... 31
4.4.4 Extracting parameters from the nylon phantoms ..................................................... 31
5. RESULT.............................................................................................................................. 33
5.1 Reduced scattering coefficient of nylon and gelatin-Intralipid gels .............................. 33
5.2 Determination of flow properties in Intralipid solution ................................................. 35
5.3 Determination of flow properties of gelatin-Intralipid gel............................................. 36
5.4 DCS on two- layer phantoms .......................................................................................... 36

5.3.1 Gelatin phantoms ..................................................................................................... 36
5.3.2 PDMS phantoms ...................................................................................................... 40
5.3.3 Nylon phantoms ....................................................................................................... 44
6. DISCUSSION ..................................................................................................................... 48
6.1 SFDI measurements ....................................................................................................... 48
6.2 DCS measurements and validation of model ................................................................. 49
6.3 Future developments ...................................................................................................... 53
7. CONCLUSION .................................................................................................................. 56
REFERENCES....................................................................................................................... 57
APPENDIX A ......................................................................................................................... 60
APPENDIX B ......................................................................................................................... 65
APPENDIX C ......................................................................................................................... 70

1. INTRODUCTION
Epidermis, dermis and subcutaneous tissue compose the three different layers of skin [1]. The
latter is actually not a part of the skin but is rather the layer between the dermis and the body’s
musculature. The most superficial layer is the epidermis, which is composed of epithelia l
tissue, functions as a protective barrier between the body and the surrounding environment. It
consists of mainly keratinocytes, which produce the protein keratin, melanocytes, which
produce the pigment melanin, and also Langerhans cells, and Merkel cells [1]. The thickness
of the epidermis varies considerably on different places on the body. It is typically between 48170 μm, but can be up to 10 times thicker on places such as the palms of the hands and the
soles under the feet [2].
Beneath the epidermis lies the dermis, which is a thicker layer consisting of connective tissue.
The main composition of the dermis is collagen and elastic fiber, which make the skin strong,
elastic and extensible [1]. Unlike the epidermis, the dermis contains an abundance of sma ll
blood vessels, nerves, hair follicles, and differe nt
types of glands. The thickness of the dermis is a lot
larger than the epidermis, ranging between 1-4 mm
[2]. The subcutaneous tissue is located directly
below the dermis. It is also called the hypodermis
and is composed of areolar and adipose tissues. This
layer contains fibers that connects the dermis to the
underlying connective tissue around the muscles
and bones of the body [1]. Figure 1 shows an
illustration of the human skin.

Figure 1: Anatomy of the skin [3].

Due to the vasculature in the skin, the skin tissue contains a microvascular blood flow, which
often can be measured using different techniques. When the skin is damaged, such as through
coagulation, the vasculature is destroyed and little to no flow remains in the damaged tissue.
The area where the coagulation has occurred can be viewed as a two-layered structure where
the top layer, i.e. the coagulation zone, contains very low flow and the bottom layer, i.e. the
inflammation zone, contains very high flow. Figure 2 illustrates the layered flow structures of
coagulated tissue.
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Figure 2: Illustration of layered microvascular blood flow in coagulated tissue.

Coagulation of the skin, namely burn wound injuries, can arise from a variety of differe nt
sources such as high temperature, radiation exposure, friction, electricity, corrosive chemica ls ,
and procedures such as radiofrequency ablation. It is crucial to assess the depth of a burn wound
in order to correctly treat the injury. Burn wounds are generally classified in three differe nt
categories depending on the depth of the injury. A superficial burn wound effects only the
epidermis, which is the upper layer of the skin tissue and a partial thickness burn wound
involves both the epidermis and parts of the dermis, which is the layer under the epidermis.
Burn wounds of this character appear red and blistered. Finally, full thickness burn wounds
effect the epidermis, dermis and reaches into the subcutaneous tissue and burn wounds of this
type often appears white and are generally less painful than partial thickness burns since nerve
endings are destroyed [4].
A misdiagnosed injury may lead to many unnecessary procedures and a prolonged hospital
stay, or the opposite, the patient contracts permanent scarring because the severity of the injury
was not comprehended ahead of time. Today there are different ways of determining the burn
wound depth but the most frequently used is a bedside clinical evaluation [5-7]. This method
is the most cost-effective and based on visual characteristics of a burn wound, but has shown
an accuracy of only 60-75% of the times [7].
Other methods of burn wound assessment include punch biopsy, thermography and various
Laser-doppler techniques [8, 9]. Punch biopsy is an invasive technique where a sample of the
burn wound is taken from the patient at the burn site and analyzed to determine the depth of
the wound. This method is not always accurate due to shrinkage of tissue and sampling error
that occurs when the portion of the wound that is biopsied is not representative of surrounding
tissue. Due to the typical irregularity of a burn wound, multiple biopsies might be required,
putting an already suffering patient at a greater risk of infection and additional scarring [5].
Thermography, on the other hand, involve measurement of the temperatures of the burn wound
area, which will indicate their depth. The burn depth can be determined by correlating the
2

temperature with the depth of the wound because deeper wounds will be colder than superfic ia l
wounds due to damaged dermal vasculature [5].
Optical techniques have been employed to measure the tissue perfusion of the burn wound.
Some common optical modalities for burn depth estimation are Laser Doppler Flowmetry
(LDF) and Laser Doppler Perfusion Monitoring (LDPM), which are based on the principle that
light waves undergo a change of frequency as they are reflected off moving particles in a
sample. This change of frequency is proportional to the change in microcirculation in the tissue
of the burn wound and can be correlated to the burn wound depth. With the help of scanning
techniques, such as in Laser Doppler Imaging (LDI), the whole burn area can be scanned and
mapped with colors that indicates the varying burn depths of the area [5]. Optical techniques
have been shown to produce high accuracy results in the determination of burn wound depths
as well as in other medical areas and as a consequence, there has been a considerable increase
in research of optics for medical purposes.
Diffuse Correlation Spectroscopy (DCS) is an emerging non-invasive optical technique that is
commonly used for assessment of blood flow in biological tissues. DCS is based on the theory
of photon diffusion and specifically the correlation transport equation [10]. Solutions to the
correlation transport equation, which has been widely described in literature, provide a
mathematical model of the electric field autocorrelation function emerging form light diffus io n
in a homogenous and turbid medium. The model can be fitted to experimental data obtained
from DCS measurements in order to extract desired properties from the measured medium.
The most common solution to the correlation transport equation assumes that the medium is
semi-infinite and homogenous, and this solution has been widely used in literature for
assessment and monitoring of blood flow index (BFI) in tissues such as skeletal muscles, brain
tissue, and tumors [11, 12]. However, biological tissues are complex and often composed of
multiple layers. Models solving the correlation diffusion equation for two-layered and threelayered media has been provided in some literature [10], but it has not yet received the same
validation as the simpler solution. A two-layered model can provide the ability to distinguis h
the properties of each layer. This is particularly useful in the context of burn wound assessment,
because a burn wound can be seen as a two-layered structure, where a layer of damaged tissue
with decreased blood perfusion lays on top of a volume of healthy tissue, just like illustrated in
figure 2.
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2. AIM
The aim of this study is to investigate the potential of diffuse correlation spectroscopy for
assessment of coagulation depth using tissue-mimicking two-layer phantom models. In order
to simulate a coagulated tissue, the phantom models were constructed using materials with
different dynamic properties, with a turbid medium simulating healthy tissue as bottom layer
and a non-turbid medium simulating damaged and burned tissue as top layer.
By performing diffuse correlation spectroscopy measurements on the phantom models and
calculating the electric field temporal autocorrelation function from the measurement data, a
theoretical model of the autocorrelation function deriving from the two-layer model described
in Gagnon et al. [10] can be fitted to the data and properties of the phantom models can be
extracted. The end goal is to extract the thicknesses of the upper layers of the phantom models
from the fitting, which in theory represents the depth of a coagulated tissue.

4

3. THEORETICAL BACKGROUND
Before a deeper description of diffuse correlation spectroscopy can begin, the fundame nta l
concepts of tissue optics need to be presented. This chapter begins with a brief presentation of
some of the key optical properties of tissue and then the discussion moves on to diffuse optics,
transport theory, and diffuse correlation spectroscopy. Finally, a different optical modality
called Spatial Frequency Domain Imaging (SFDI) is briefly discussed because it was used
during the thesis work.

3.1 Optical properties of tissue
The behavior of light and the processes it undergoes when it travels in a medium such as
biological tissues depend on several factors, the primary factor being the optical properties of
the tissue. In this section, some of the most fundamental optical properties of biological tissues
are described, including index of refraction, absorption, and scattering.

3.1.1 Index of refraction
The index of refraction, n, of a medium is defined as the ratio between the speed of light in
vacuum, c, and the speed of light in that medium, v. It is sometimes also called the refractive
index and depend on the wavelength, λ, of the light [13].
𝑛(𝜆) =

𝑐
𝑣(𝜆)

(1)

As light travels from one medium with refractive index n1 , into another medium with refractive
index n2 , the angle of refraction θ2 will deviate from the original angle of incidence θ1 according
to Snell’s law (Eq. 2) [13]. For tissue, the index of refraction can vary between the differe nt
components of the tissue, but typically an average value for the index of refraction of tissue is
set to 1.4 [14].
𝑛1 ∗ sin(𝜃1 ) = 𝑛2 ∗ sin(𝜃2 )

(2)
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Figure 3: Change of photon propagation direction after light enters a medium with a different index of
refraction. Here, the angle of refraction θ2 is larger than the angle of incidence θ1 because the index of
refraction of the bottom medium n 2 is smaller than the index of refraction of the top medium n 1 . If n 2 > n 1 , the
angle of refraction would be smaller than the angle of incidence.

3.1.2 Reflection and refraction
The average index of refraction of a biological tissue is generally higher than that of air, which
causes light that enters a tissue to partially get reflected off the surface at the air-tissue interface,
and partially get refracted into the tissue at a different angle than the angle of incidence [13].
The change in direction after the light is refracted into the tissue is according to Snell’s law,
while the reflected light off the surface follow Fresnel’s equations, which depends on the
polarization of the incoming light.
It is relatively easy to determine the refracted lights geometry in homogeneous media with
smooth surfaces using Fresnel’s equation [13]. However, the equations still apply for
inhomogeneous media with rough surfaces, but the geometry of the refracted light is harder to
determine due to the variety of incident angles of the incoming light.
Most biological tissues are constituted of a variety different types of cells, arranged in layers
and are therefore not homogeneous. They also include turbid components and their surfaces
are typically rough and therefore the light reflection and refraction is disturbed by the
redistribution of light [13]. The main processes that affect how the light is distributed in a tissue
will be presented in the following sections.
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3.1.3 Absorption
When light travels inside tissue it will get attenuated by different physiological processes. One
of these processes is called absorption and it is when the energy of a photon traveling inside
the tissue is transformed into another form of energy, such as heat or fluorescence [13].
Absorption occurs due to the presence of chromophores and other molecules in the tissue what
absorb photons at certain wavelengths and is characterized by an absorption coefficient, µa [15,
16]. The absorption coefficient is often given in units of mm-1 or cm-1 . For the sake of
consistency, the unit of cm-1 is used in this paper.
Absorption depends on the molar concentration, C (M), and the molar absorption coefficie nt,
ε (M-1 cm-1 ), of the absorbing chromophore, which in turn depend on the wavelength of the light
[16]. In tissue, especially in the near-infrared regions of the electromagnetic spectrum, the
absorption coefficient is generally low for most chromophores that are present in human tissue,
causing light of those wavelengths to travel further into tissue. This phenomenon will be
presented more in later section.
The absorption spectrum of common chromophores can be extracted from well-known
absorption spectra. Figure 4 shows an example of such spectra for oxygenated hemoglob in
(HbO 2 ) and reduced hemoglobin (Hb).

Figure 4: Absorption spectra of oxygenated hemoglobin (HbO 2 ) and reduced hemoglobin (Hb) in the spectral
window of 250-1000 nm. Data obtained from [17].
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3.1.4 Scattering
Scattering is another important process that occurs when light interacts with molecules inside
a tissue. The process of scattering, unlike absorption, does not include loss of energy but rather
a change of propagation direction of the photon. This is at least true for inelastic scattering
[18]. Scattering occurs due to differences in refractive index between the particles in a tissue
and the surrounding media. Scattering, similar to absorption, can be characterized by a
scattering coefficient, µs. The scattering coefficient describes the probability of a photon in the
medium to scatter per unit distance that it traveled and is also typically measured in units of
mm-1 or cm-1 .
The scattering coefficient also depend on the wavelength of the impinging photons, and the
size and concentration of the scattering particles [16]. A scattered photon can in general be
reemitted in any direction within a 4π solid angle, but the wavelength and the size of the
particles have a role in the expected angle after scattering [18]. One factor that describes the
expectation of the scattering angle is called the anisotropy factor, g, and it is defined as the
mean value of the cosine of the scattering angle [16].
𝑔 = 〈cos 𝜃〉

(3)

Values of the anisotropy factor can range between -1 and 1. The closer the value is to 1, the
more the scattered particles will be scattered in the forward direction, and the closer the value
is to -1, the more the particles will be scattered in the backward direction. The anisotropy factor
for most biological tissue ranges between 0.8 and 0.98, which means that forward scattering is
dominant [16].
Both scattering and absorption can reveal a lot of information about tissue such the size and
concentration of different components in tissue and many optical technologies use these
variables in both diagnostic and therapeutic applications. These processes are both the main
factors that causes light to be attenuated as it enters a medium, but the amount of attenuatio n
that each process has on the impinging light is determined by the absorption coefficient and
the scattering coefficient respectively.
In biological tissue, there is a spectrum of wavelengths where scattering is much more
dominant than absorption. This spectrum is called the therapeutic window or the optical
window, and sometimes also other names, and is often defined in the 650-950 nm spectrum
[14]. This phenomenon can easily be demonstrated by for example covering a bright light, such
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as a flashlight, with a hand or a finger. It will then be seen that the initial white light, which
contains all visible wavelengths of the electromagnetic spectrum, but the exiting light through
the hand or finger will be red. This means that the red light, which is in the therapeutic window,
is least absorbed by the tissue.
When the scattering coefficient is much higher than the absorption coefficient, it is more lik ely
that multiple scattering events will take place before a photon is absorbed and the result is that
a beam of light will spread in a diffusive manner in tissue. This can also be seen in the flashlight
demonstration, as light that exits the hand or finger will no longer resemble rays of light, but
rather a diffusive light. In the context of multiple scattering, it is important to introduce another
variable, namely the reduced scattering coefficient, µ’s, which is related to the scattering
coefficient and the anisotropy factor.
𝜇′ 𝑠 = 𝜇𝑠 ( 1 − 𝑔)

(4)

This coefficient is inversely proportional to the distance a photon travels before its direction is
completely randomized. It turns out that the reduced scattering coefficient is a very useful
variable, especially in diffuse optics, which will be presented shortly.

3.2 Diffuse optics
Information from optically thin samples where predominantly single scattering events occur
can be extracted. One powerful optical modality that can reveal information such as size,
movement, and displacement of scattering particles in a sample is the dynamic light scattering
(DLS) experiment. This experiment is not for diffuse optics, but the same principle is applied
in diffuse optics measurements such as Laser Doppler Flowmetry (LDF), Laser Speckle
Contrast Imaging (LSCI), and Diffuse Correlation Spectroscopy (DCS).
In a typical DLS setup, a beam of light is projected at the sample and a photon detector, place d
at a different angle than the input beam, detects the scattered photons. The intensity of the
scattered light will fluctuate with time and by calculating the temporal autocorrelation functio n
of the measured intensity and analyzing the rate of decay of the slope, one can obtain the desired
information [16]. Unfortunately, biological tissues are a lot more complex and this simple
measurement will not produce accurate results since tissue are often not optically thin and light
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entering a tissue will scatter multiple times. It is difficult to separate absorption from scattering
in diffuse optics and to solve this problem, one must use a different approach.

3.2.1 Transport theory and the diffusion approximation
Transport theory makes it easier to describe a diffuse field of light by using particle
representation of light rather than wave-representation and therefore it is very useful for
describing light transport in tissue [15, 16]. Because the theory makes a few assumptions and
simplification, such as neglecting the wave nature of light, it is not a perfect model.
Nonetheless, transport theory is generally preferred over the use of Maxwell’s electromagnetic
theory because it can describe very complex problems without becoming extremely
incomprehensive.
To begin with, a key quantity that is important in transport theory is the light radiance. The
radiance, L(r, 𝛺̂, t), is the light power per area per solid angle, where r is the position of the
photon, 𝛺̂ is direction that the photon is traveling, and t is the time [14, 16]. The conservatio n
of the light radiance in each small volume of a whole medium yields the radiance transport
equation (RTE) [14], i.e.,
̂ , t)
1 𝜕𝐿(r, Ω
̂ ⋅ ∇𝐿(𝒓, Ω
̂ , 𝑡) =
+Ω
𝑣
𝜕𝑡
̂′ , 𝑡)𝑓(Ω
̂ , 𝑡) + 𝑄(𝑟, Ω
̂ , 𝑡) + 𝜇𝑠 ∫ 𝐿(𝑟, Ω
̂, Ω
̂ ′ )𝑑Ω
̂′
−𝜇𝑡 𝐿(𝑟, Ω

(5)

4𝜋

In this equation, 𝑄(𝑟, 𝛺̂, 𝑡) is the light power per volume that is radiated from position r and
̂, Ω
̂′)
time t into the direction 𝛺̂ and in the integral in the last term on the right hand side, 𝑓(Ω
gives the probability that a photon with initial direction 𝛺̂, will have the new direction 𝛺̂′ after
a single scattering event. μt is the total attenuation coefficient and is the sum of the absorption
coefficient and the scattering coefficient, i.e., μt = μa + μs.
For clarification, the left-hand side of the RTE represents the change of radiance in an
infinitesimal volume element, which must equal the right-hand side of the RTE, i.e. the loss of
radiance due to absorption and scattering, the gain of radiance from other sources, and the gain
of radiance coming from scattering into the direction 𝛺̂ [14].
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It is possible to solve the RTE numerically, given the spatial and temporal distribution of the
absorption and scattering coefficients as well as defining some initial and boundary conditio ns
[14, 16]. However, by applying some approximations and simplifications to the RTE, one can
land in a much more useful equation called the photon diffusion equation (Eq. 6) [13, 14, 19].
For a more detailed explanation of how the diffusion equation is obtained from the RTE, refer
to Durduran et al. [14].
∇ · (D(r)∇Φ(r, t)) − 𝑣𝜇𝑎 (r)Φ(r, 𝑡) + 𝑣𝑆(r, 𝑡) =

𝜕Φ(r, 𝑡)
𝜕𝑡

(6)

Specifically, this equation is the diffusion equation for the photon fluence rate Φ(r, t). S(r, t) is
an isotropic source that represents the total power emitted radially from each infinites ima l
volume in the medium [14, 16], v is the speed of the light in the media, and D(r) is the photon
diffusion coefficient and it is related to the reduced scattering coefficient and the absorption
coefficient of each point r in the medium by the following: D(r) = v/3(μ’s(r) + μa (r)).
One key aspect to keep in mind is that the diffusion equation is only valid as long as the
approximations that were made to obtain it hold. One of the approximations is that a nearly
isotropic radiance is assumed is in all infinitesimal volume elements in the media. In biologic a l
tissue, a nearly isotropic radiance can be assumed when the light wavelength is in the
therapeutic window, where the reduced scattering coefficient is much higher than the
absorption coefficient (in general, the reduced scattering coefficient should be at least 10 times
higher than the absorption coefficient) [14, 20]. Thus, the diffusion equation is a valid
approximation in the case of photon diffusion in biological tissues.
Note that the radiance is not isotropic very close to a light source, but rather a short distance
away from it where the light has become diffused. As a general rule, the diffus io n
approximation is assumed to be valid at a distance of 3/μ’s away from a light source [14]. In
optical experiments, such as a DCS measurement, one has to separate the detector from the
light source with a minimum of 3/μ’s for accurate results [14].
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3.2.2 The correlation diffusion equation
In the presence of moving scatterers in a medium, the light electric field E(r, t) at position r
and time t will experience fluctuations that depend on the scatterers diffusion properties [14,
15]. It is of great interest to study the electric field temporal autocorrelation function of
scattered light, G1 (r, τ).
𝐺1 (𝑟, 𝜏) = 〈𝐸 (𝑟, 𝑡)𝐸 ∗ (𝑟, 𝑡 + 𝜏)〉

(7)

The normalized electric field temporal autocorrelation function g1 (r, τ) is given by:
𝑔1 (𝑟, 𝜏) =

〈𝐸(𝑟, 𝑡)𝐸 ∗ (𝑟, 𝑡+𝜏)〉

(8)

〈|𝐸(𝑟, 𝑡)|2 〉

Here, the brackets ⟨ ⟩ mean the ensemble average, τ is the delay time of the autocorrelatio n,
and * signifies the complex conjugate. In analogy to the radiative transfer equation (RTE), the
electric field temporal autocorrelation function G1 (r, τ) satisfies a correlation transfer equation
(CTE) [15, 21]. This equation can with a similar methodology as previously be reduced to the
correlation diffusion equation [10, 14-16, 22].
𝛻 ⋅ (𝐷(𝑟)𝛻𝐺1 (𝑟, 𝜏)) − (𝑣𝜇𝑎 (𝑟) +

𝛼 ′ 2
𝑣𝜇 𝑘 〈𝛥𝑟2 (𝜏)〉) 𝐺1 (𝑟, 𝜏) = −𝑣𝑆(𝑟)
3 𝑠 0

(9)

Here, k 0 is the optical wavenumber of the light, which is given by 2π/λ, α represents the ratio
of scattering events from moving particles to scattering events from static particles, 〈𝛥𝑟2 (𝜏)〉
is the scattering particles mean square displacement in the medium over time τ [14, 22, 23],
and lastly D(r) is defined the same as in the diffusion equation for the fluence rate (Eq. 6), i.e.
D(r) = v/3(μ’s(r) + μa (r)).
It is the term 〈𝛥𝑟2 (𝜏)〉 that represents the flow in the medium. There are many models of flow
that are used to describe the motion of moving scatterers in a biological tissue, such as
Brownian motion, random flow, and rotational motion, but in this paper we will only use the
Brownian motion model, which is one of the most commonly used flow model in diffuse optics.
Note that the flow in biological tissue is neither Brownian nor random, but it has been found
that the Brownian motion model fits practical measurements most accurately [14].
For Brownian motion,
〈𝛥𝑟2 (𝜏)〉 = 6𝐷𝐵 τ

(10)
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where 𝐷𝐵 is the Brownian diffusion coefficient and represents the collective motion of moving
scatterers in the medium [14, 23, 24].

3.3 Diffuse Correlation Spectroscopy (DCS)
Diffuse Correlation Spectroscopy (DCS) is based on the theory discussed in the previous
sections. In a DCS experiment, a laser light source fiber, with a wavelength in the therapeutic
window, and a photodetector fiber is placed alongside a tissue surface and separated by a
distance ρ. The light enters the tissue through the laser fiber and is detected by the detector
fiber. Inside the tissue, the light is absorbed and scattered in amount according to the tissue’s
optical properties, i.e. μa and μ’s of the tissue. Because absorption and scattering are relative ly
low in the therapeutic window, and μ’s >> μa , the light will be diffusive relatively quickly after
entering the tissue.
In order to apply the correlation diffusion equation (Eq. 9), the light source (S(r) in the
equation) has to be isotropic. Because the light is quickly diffused, an isotropic light source
can be approximated at the depth 1/μ’s from the laser fiber [14]. Also, the separation distance
ρ between the laser fiber and photodetector fiber needs to be at least 3/μ’s in order to for the
diffusion model to be accurate [14]. A typical value of μ’s in tissue is 10 cm-1 , which means
that the source-detector separation should be at least 0.3 cm. Figure 5 shows an illustration of
a photon scattering inside a media containing moving scatterers.

Figure 5: Illustration of the path of a single photon undergoing multiple scattering events in a tissue containing
moving scatterers (red dots with arrow indicating the motion direction). The photon comes in through the laser
source fiber, gets scattered inside the tissue, and then detected by the detector fiber as it gets scattered back to
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the tissue surface towards the detector.

The electric field temporal autocorrelation function G1 (r, τ) is not measured directly in a DCS
measurement. Instead, it is the light intensity that is measured by the photodetector. The light
electric field E(r, t) is related to the light intensity I(r, t) according to I(r, t) = | E(r, t) |2 and will
fluctuate similarly to the light intensity by the moving scatterers. By calculating the light
intensity temporal autocorrelation function G2 (r, τ) from the intensity measurement, one can
later obtain the electric field autocorrelation function G1 (r, τ). G2 (r, τ) is given by:
𝐺2 (𝑟, 𝜏) = 〈𝐼(𝑟, 𝑡)𝐼(𝑟, 𝑡 + 𝜏)〉

(11)

The normalized light intensity temporal autocorrelation function g2 (r, τ) is obtained in a similar
manner as g1 (r, τ), i.e. g2 (r, τ) = G 2 (r, τ) / 〈|𝐼(𝑟, 𝜏)|2 〉. The electric field autocorrelation functio n
G1 (r, τ) can now be obtained through the Siegert relation [14, 24].
𝐺2 (𝑟, 𝜏) = 1 + 𝛽|𝐺1 (𝑟, 𝜏)|2

(12)

The parameter β is a constant that depends on the detection optics of the experiment [14, 24],
as well as the source coherence, ambient light, and other external influences [25]. From each
experimental measurement, β is extracted from the normalized light intensity temporal
autocorrelation function g2 (r, τ) where τ goes to zero. Values for β range from zero to one.
Essentially, by calculating the electric field autocorrelation function G1 (r, τ) from the intens ity
measurements and then comparing it to the theoretical solution of the correlation diffus io n
equation, one can perform linear fitting to extract valuable information about the tissue. Figure
6 shows how the electric field temporal autocorrelation function is obtained from a DCS
measurement. A tissue with high flow properties will result in a fast decaying autocorrelatio n
curve and a tissue with low flow properties, such as dead tissue, will result in an almost flat
curve that decays slowly at the end. Solutions of the correlation diffusion equations will be
presented in subsequent sections.
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Figure 6: Diffuse correlation spectroscopy data acquisition

3.3.1 Solutions of the correlation diffusion equation
The diffusion equations can be solved for different geometries. The simplest solution is
obtained from the ideal case of assuming an infinite and homogeneous medium. Recall that the
validity of the diffusion equation holds as long as the radiance, or the correlation, is isotropic
in all infinitesimal volume element of the geometry. This is theoretically true for infinite
geometries, since the radiance is only zero at infinity, and therefore the solution of the diffus io n
equation becomes relatively simple.
It is not accurate to model a tissue as an infinite medium, since all physical things have
boundaries. However, by modelling a tissue as a semi-infinite medium, one can achieve both
accurate and moderately simple solutions. A semi-infinite medium is only bounded in one
direction, which typically is the tissue surface. The solution to the correlation diffus io n
equation for a semi-infinite medium is given by [14, 19, 22-24]:
3𝜇′𝑠 ⅇ −𝐾(𝜏)𝑟1
ⅇ −𝐾(𝜏)𝑟2
𝐺1 (𝜏) =
[
−
]
4𝜋
𝑟1
𝑟2

(13)

Here, 𝐾(𝜏) = √(3𝜇′𝑠 𝜇𝑎 + 𝛼𝜇′𝑠 2 𝑘02 〈𝛥𝑟2 (𝜏)〉) , where 𝑘02 , 〈𝛥𝑟2 (𝜏)〉, and D (same as D(r)) are
defined the same as earlier. 𝑟1 and 𝑟2 are defined as:
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𝑟1 = √𝑧0 2 + 𝜌 2

(14)

𝑟2 = √(𝑧0 + 2𝑧𝑏 )2 + 𝜌 2

(15)

where z0 and zb are defined as:
𝑧0 =

1
𝜇′𝑠

(16)

𝑧𝑏 =

2 1 + 𝑅𝑒𝑓𝑓
∙
3𝜇′𝑠 1 − 𝑅𝑒𝑓𝑓

(17)

The term 𝑅𝑒𝑓𝑓 is the effective reflection coefficient and accounts for the mismatch of refractive
index between the air and the tissue. It is defined as 𝑅𝑒𝑓𝑓 = -1.44n-2 + 0.71n-1 + 0.668 + 0.064n
[15, 20, 26], where n is the radio between the index of refraction inside and outside of the
medium (n = nin /nout). Figure 7 shows the geometry of the semi-infinite solution. For a more
exact definition of 𝑅𝑒𝑓𝑓 , refer to Durduran et al. [14].

Figure 7: Illustration of the semi-infinite geometry. The white area is air and the colored area is the semiinfinite medium.

Note that the solution given in Eq. (12) is valid for a continuous wave light source. Other
solutions apply to other source types.
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3.3.2 Two-layered solution
The solution of the correlation diffusion equation for a semi-infinite and homogeneous medium
provided in the previous section has been used extensively in literature and proved to be
reasonably accurate. Different solutions to the diffusion equation have been proposed by many
researchers that take into account the layered structure of real biological tissues. Both twolayered solutions and three-layered solutions has been formulated and validated with Monte
Carlo simulations [10].

Figure 8: Illustration of a two-layered semi-infinite geometry. The top layer has thickness l and the bottom layer
is semi-infinite along the z-axis.

A two-layered geometry assumes one layer of a homogenous turbid medium with a fixed
thickness, located directly above another layer of homogenous turbid medium that is semiinfinite, see figure 8. The two layers are also assumed to have their own optical properties, and
that the flow in each medium is independent of the flow in the other medium, which means that
there are no particles passing from one medium into the other. It is assumed that both layers
have the same index of refraction. The correlation diffusion equation, Eq. (9), for the twolayered geometry becomes [10]:

{

(𝐷1 𝛻 2 − 𝑣𝜇 𝑎1 − 2𝛼1 𝑣𝜇 ′𝑠1 𝑘02 𝐷𝐵1 𝜏 ) 𝐺11 (𝑟, 𝜏) = −𝑣𝛿 (𝑥, 𝑦, 𝑧 − 𝑧0 )

0≤𝑧≤𝑙

(18)

(𝐷2 𝛻 2 − 𝑣𝜇 𝑎2 − 2𝛼2 𝑣𝜇 ′𝑠2 𝑘02𝐷𝐵2 𝜏) 𝐺12 (𝑟, 𝜏) = 0

𝑙≤𝑧

(19)

where r = (x, y, z). Brownian flow, 〈𝛥𝑟2 (𝜏)〉 = 6𝐷𝐵 τ, is assumed in both layers. 𝐷𝐵1 and 𝐷𝐵2
are the Brownian diffusion coefficients of the first and the second layer. Note that the first
layer, denoted with number 1, refers to the top layer and the second layer, denoted with number
2, refers to the bottom semi-infinite layer. Correspondingly, 𝜇𝑎1 , 𝜇𝑎2 , 𝜇′𝑠1 , and 𝜇′𝑠2 also signifies
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the absorption coefficients and the reduced scattering coefficients of the first and the second
layer and 𝐺11 (𝑟, 𝜏) and 𝐺12 (𝑟, 𝜏) are the unnormalized electric field autocorrelation for each
layer. l is the thickness of the first layer.
The Dirac delta function, 𝛿(𝑥, 𝑦, 𝑧 − 𝑧0 ), is an estimate of the isotropic source S(r) from
previous equations, approximated as a virtual source at point z = z0 . v is the speed of light in
the layers. The speed of light is the same in both layers since they both have the same index of
refraction. 𝛼1 and 𝛼2 represent the ratio of scattering events occurring from moving particles
to the scattering events occurring from static particles in each layer. Lastly, 𝐷1 = v/3(μ’s1 + μa1)
and 𝐷2 = v/3(μ’s2 + μa2 ).
Several mathematical approaches have been employed to solve the diffusion equation in a twolayered geometry and many researchers have found solutions for this geometry in the
frequency, steady-state, and time domains [27]. The solution given in the Fourier domain can
be obtained by following the same method described by Kienle et al. [27, 28] and is given by
[10, 29]:
𝐺̃11 (𝑠, 𝑧, 𝜏) =

𝑠𝑖𝑛ℎ(𝜀1 (𝑧𝑏 + 𝑧0 ))
𝐷1 𝜀𝑐𝑜𝑠ℎ(𝜀1 (𝑙 − 𝑧)) + 𝐷2 𝜀2 𝑠𝑖𝑛ℎ(𝜀1 (𝑙 − 𝑧))
×
𝐷1 𝜀1
𝐷1 𝜀1 𝑐𝑜𝑠ℎ(𝜀1 (𝑙 + 𝑧𝑏 )) + 𝐷2 𝜀2 𝑠𝑖𝑛ℎ(𝜀1 (𝑙 + 𝑧𝑏 ))
−

sinh(𝜀1 (𝑧0 − 𝑧))
𝐷1 𝜀1

(20)

where D1 and D2 are defined as above and 𝜀𝑗2 = (𝐷𝑗 𝑠 2 + 𝑣𝜇𝑎𝑗 + 2𝜏𝑣𝜇′𝑠𝑗 𝑘02 𝐷𝐵𝑗 )⁄ 𝐷𝑗 , which
becomes 𝜀𝑗2 = 1 + 3𝜇𝑎𝑗 (𝜇′𝑠𝑗 + 𝜇𝑎𝑗 ) + 6𝜏𝜇′𝑠𝑗 (𝜇′𝑠𝑗 + 𝜇𝑎𝑗 )𝑘02 𝐷𝐵𝑗 when inserting the definitio ns
of D1 and D2 . Finally, z0 is defined as 1⁄𝜇′𝑠1 and
𝑧𝑏 =

2 1 + 𝑅𝑒𝑓𝑓
3𝜇′𝑠1 1 − 𝑅𝑒𝑓𝑓

(21)

The time domain solution of the correlation diffusion equation is obtained by two-dimensio na l
Fourier inversion of Eq. (19), which is given by [10]:
𝐺11 (𝜌, 𝑧, 𝜏) =

1 ∞ 1
∫ 𝐺̃ (𝑠, 𝑧, 𝜏)1 𝑠𝐽0 (𝑠𝜌)𝑑𝑠
2𝜋 0 1

Here, 𝐽0 is the Bessel function of order zero [10].
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(22)

3.4 Spatial Frequency Domain Imaging (SFDI)
Spatial Frequency Domain Imaging (SFDI) is a non-invasive imaging technique that is used
for measurement of the absorption coefficient and reduced scattering coefficient in tissue [20,
30-32]. In a SFDI measurement, a tissue or phantom sample is illuminated by a projector with
a rectangular field of sinusoidal patterns and the light pattern is blurred by the sample as it hits
the sample surface. A CCD camera captures the reemitted reflectance and bandpass filters are
applied to the imaged [32]. The absorption coefficient and the reduced scattering coefficie nt
can be determined by observing how the sample alters the illumination pattern.
The scattering properties of the sample will cause the bright regions of the illumination pattern
to spread into the dark region, resulting in the dampening of the brightest regions and increase
in the brightness of the darkest regions. This reduces the modulation depth of the light. The
absorption properties of the sample will also reduce the modulation depth. While both
absorption and scattering cause a change in the modulation depth, absorption has an attenuating
effect on the light and scattering has a diffusive effect on the light, causing the illumina tio n
pattern to be more blurred [33].
By varying the spatial frequency of the patterns, one can obtain the modulation transfer
function (MTF) of the sample by studying the change in modulation depth for the differe nt
spatial frequencies [20, 32, 34]. The absorption coefficient and reduced scattering coefficie nt
can be derived from the MTF by finding the MTF that fits the measurement data the best.
Figure 9 shows a schematic overview of a SFDI setup.

Figure 9: Simplified schematic view of the SFDI system.
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From a SFDI measurement, one obtains spectrums showing the absorption coefficient and
reduced scattering coefficient of different wavelength of the source light. Beyond absorption
and scattering properties, SFDI can be used to estimate different chromophore concentratio ns
and oxygen saturation.
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4. MATERIALS AND METHOD
This chapter describes the method of preparation of the tissue-mimicking phantom models, the
methodology of the DCS measurements that were performed on tissue-mimicking phantom
models, and how measured signals were processed and analyzed in MATLAB.

4.1 Phantoms
The phantoms were constructed to have two layers with different dynamic properties. The
lower layer, which in theory represents healthy tissue with higher blood flow than the top layer,
were prepared by mixing distilled water with Intralipid® 20% (Fresenius Kabi, Sweden) such
that the solution would have the same approximate optical properties as tissue and at the same
time be turbid. Intralipid® 20% is a fat emulsion that contains 20% refined soybean oil, 2.2%
glycerol, 1.2% egg yolk phospholipids (egg lecithin), and water and it is typically used for
intravenous injection to correct for fatty acid deficiency.
Due to its optical properties, Intralipid has also been widely used as tissue models in studies of
light interaction with turbid media. It has a low absorption and high scattering, which allows
for independent adjustment of the scattering coefficient and the absorption coefficient by
dilution and/or addition of absorbers [35-37].
Based on literature from Assadi et al. [38] and Puxiang et al. [37], the Intralipid was diluted
with distilled water to a volume concentration of 5% to obtain a reduced scattering coefficie nt
of 10 cm-1 . The reduced scattering coefficient of Intralipid® 20% is approximately 200 cm-1 for
a non-diluted Intralipid solution at wavelengths around 750 nm [36, 37], and decreases nearly
linearly with the concentration of the Intralipid [37]. This diluted Intralipid solution was used
as the bottom layer in the phantom models.
A few different materials were chosen for the upper layer of the phantom models; gelatinIntralipid gels, polydimethylsiloxane (PDMS), and nylon.
Gelatin-Intralipid gels
The gelatin-Intralipid phantoms were made by dissolving 3.4 g of gelatin (2 sheets) in 52 ml
of hot water. The mixture was stirred continuously for a period of time to make sure that all of
the gelatin was properly dissolved and that the solution had cooled down before adding 2.6 ml
of Intralipid® 20%. Gelatin generally has a higher index of refraction than water, so when it is
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mixed with water, the index of refraction of the mixture will be higher than for pure water [39].
In principle, when Intralipid® 20% is added to the mixture, the difference in refraction index
between the fat particles and the gelatin mixture will be reduced, resulting in reduced scattering
as well. After the Intralipid® 20% was added to the mixture, it was stirred and poured into four
small molds in different quantities and left to set for a few hours.
Before the DCS measurements, the four gelatinIntralipid gels were taken out of the molds and their
thicknesses were measured to be 1.6, 2.5, 3.2, and 3.7
mm thick. In order to hold the gelatin-Intralipid gels
above

the

previous

Intralipid

solution

when

performing the measurements, a plastic cylinder was
placed in the Intralipid solution with a very thin
plastic wrap covering it, such that the gelatinIntralipid gels could be placed on top of the thin

Figure 10: Gelatin-Intralipid gel after it has set.

plastic. Since the cylinder is hollow, the Intralipid solution will be inside it and directly under
the gelatin-Intralipid gels. It was assumed that the plastic was thin enough to not have any
considerable effect on the DCS measurements. Figure 10 shows one the gelatin-Intralipid gels
while it was in its mold and Figure 11 illustrates the structure of the two-layer phantom model
with gelatin-Intralipid gels as the upper layer.

Figure 11: Schematic view of the two-layer phantom model with Intralipid solution as the bottom layer and a
gelatin-Intralipid gel as the top layer. A thin plastic wrap covers a hollow cylinder such that the gelatin Intralipid gel rests on top of the thin plastic.
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Because the reduced scattering coefficient of the gelatin-Intralipid gels were unknown, spatial
frequency domain imaging measurements were performed on the gelatin-Intralipid gels.
PDMS
Poly-Di-Methyl-Siloxane (PDMS) is a silicon-based polymer that is solid, yet soft and flexib le
[40]. Three sheets of PDMS were available with thicknesses 100, 270, and 280 μm and in
order to achieve thicker layers, the PDMS sheets were sometimes stacked on top of each other
during the DCS measurements. The flexibility of the material allowed for stacking without
using contact gels and without getting air bubbles between the sheets. For the sake of
consistency with the previous measurements, four thicknesses were chosen for the PDMS
phantoms; 270, 280, 550, and 650 μm. The third thickness was achieved by stacking the 270
and 280 μm PDMS sheets on top of each other and the fourth thickness was achieved by
stacking all three sheets on top of each other. The PDMS sheets can be seen in Figure 12.

Figure 12: PDMS sheets in their Petri dishes.

During the DCS measurements, the Intralipid solution was poured into a beaker, and then the
PDMS layers were rested on top of a hollow cylinder placed in the Intralipid solution, such that
the PDMS layers are directly on top of the Intralipid solution. The setup was similar to the
previous setup with the gelatin-Intralipid gels only without the plastic wrap between the two
layers.
Nylon
Four slabs of nylon with thicknesses 1.6, 2.4, 3.5, and 4.8 mm were cut out and polished to get
a smooth surface. Holes were drilled into the corners of the slabs such that the slabs could be
held above the liquid Intralipid solution using metal wires threaded though the holes and
formed like a table. Figure 13 shows the nylon slabs used in the DCS measurements. The
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absorption of the nylon was assumed to be very low, but the reduced scattering coefficient was
unknown and difficult to estimate. A separate optical measurement with spatial frequency
domain imaging was done on a large piece of nylon to try to determine its optical properties.

Figure 13: Nylon slabs with different thicknesses (marked in the corner of each slab in mm)

4.2 DCS setup
The first task before the DCS measurements could be
done was to design a gadget that can hold and separate
two optical fibers at a varying distance from each
other. Initially,

such a gadget was designed in

AutoCAD Fusion 360 and 3D-printed, but after some
trouble with the printed gadget, a new piece was made
manually in plastic with a drilling machine using the
same design as before. Figure 14 shows the design of
the fiber-holding gadget in the software and figure 15
shows the finished gadget.

Figure 14: Design of the fiber-holder (blue
lines are sketch lines).

24

The gadget was designed in a way so that one fibers goes into a hole that is in the middle, and
the other fiber goes into one of the other holes, that are all placed in certain distances away
from the middle hole in a spiral shape, starting from 2 mm and then gradually increasing the
distance with 0.5 mm until the very last hole, which is 15 mm away from the middle hole. In
order to avoid overlap of the holes, one of them was not placed within the spiral shape, as can
be seen in figure 14 and 15.
After finishing the fiber-holding gadget, it was observed
that the holes were not drilled in the correct positions,
and therefore the precise distances between the middle
hole and each of the other holes were measured
afterwards and noted. During the DCS measureme nts,
not all distances were used. The distances that were used
for all DCS measurements performed were: 2, 3, 3.5,
4.5, 5.3, 6.5, 7, 8.5, and 9.5 mm.
Figure 15: The finished gadget.

4.2.1 Light source
The light source used in the DCS setup was a continuous wave long coherent laser with
wavelength 780 nm, specifically a PeriFlux System 5000 from Perimed AB Sweden. Figure 16
shows the laser system. To deliver the light to the measurement site, an optical fiber was used.
The fiber had a numerical aperture (NA) of 0.37 and its core diameter was 200 μm. The power
of the laser was 0.6 mW, measured at the fiber tip.

Figure 16: Periflux System 5000.
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4.2.2 Detector
The light was detected using a highly sensitive 2-dimensional 5 x 5 pixel array of SPAD
photodetectors, provided by SPADlab, Politecnico di Milano. SPAD stands for Single-Photo n
Avalanche Diode and is a type of photodetector capable of detecting signals with very low
intensity with a high temporal resolution. The area of each SPAD was 50 x 50 μm. To detect
the light intensity from the measurement site, an optical fiber was used here as well. The
detector fiber also had an NA of 0.37, but a core diameter of 600 μm.
Figure 17 shows the SPAD detector and figure 18 shows the source fiber and the detector fiber.
When performing the DCS measurement, the detector fiber was placed in the middle hole of
the fiber-holding gadget described in the previous section, and the source fiber was placed in
one of the other holes, and by varying which hole was used, the source-detector separation
could be adapted.

Figure 17: SPAD detector.

Figure 18: Optical fibers. Source fiber to the left
and detector fiber to the right.

4.2.3 Software
Data collection was done using the software seen in figure 19 (LabView). The sampling period
was set to 1 μs, meaning that the intensity was recorded every μs, and the number of windows
was set to 100, meaning that each time data is acquired, the program repeated the measureme nt
100 times. In Figure 17, the light intensity in each pixel of the 5x5 array can be seen in the
window with the orange squares. Bright squares mean a high intensity and dark squares means
a low intensity. Four pixels were chosen for the intensity measurements (marked with green
dots in figure 17). A 4-bit recording of 4 pixels at 1 μs sampling period and 100 number of
windows resulted in 32,760 recorded time points for each recording.
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Figure 19: The 5x5 Array Control software. The green dots (not part of the software) mark the 4 pixels where
the intensity was recorded.

4.3 Calculation of autocorrelation functions
The data obtained from each DCS measurement was processed and analyzed in MATLAB.
Each measurement file was read in MATLAB and contained a 4x32760x100 dimensio na l
matrix (4 pixels, 32760 recorded intensities, and 100 repetitions of the measurement). The light
intensity temporal autocorrelation function g2 (r, τ) was calculated using Eq. 10 on the 32760
elements long signals and normalized by dividing the result by the mean of intensities over the
whole time interval. To get an average of the autocorrelation curve, the mean was calculated
of the autocorrelation curves of all 100 repetitions as well as the 4 pixels that the intensity was
recorded in, so that one autocorrelation curve was obtained for each measurement file. The
time lag τ was chosen from 1 μs to 1 ms, i.e. τ ranged between 10-6 and 10-3 .
To reduce the noise of the calculated autocorrelation curve, and decrease the running time of
the software, logarithmically spaced values of τ were chosen. Starting from 1·10-6 and
increasing with 1·10-6 up until 9·10-6 , then 1·10-5 and increasing with 1·10-5 up until 9·10-5,
and finally 1·10-4 and increasing with 1·10-4 up until 1·10-3 . In total 28 values of τ.
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The electric field autocorrelation function was obtained by solving for g1 (r, τ) in the Siegert
relation, Eq. 11. The β value in the Siegert relation is typically obtained from the first value in
the light intensity temporal autocorrelation function g2 (r, τ) subtracted by one. This method
does not take into account the scattering from static particles and therefor a different approach
was used in this study for the two-layer model. An alternative form of the Siegert relation was
used for the two-layered phantoms, namely:
𝐺2 (𝑟, 𝜏) = 1 + 𝛽|𝐺1 (𝑟, 𝜏)|2 − 𝛽|𝐺1 (𝑟, ∞)|2

(21)

By solving for 𝐺2 (𝑟, 0) Eq. (21) becomes
𝐺2 (𝑟, 0) = 1 + 𝛽|𝐺1 (𝑟, 0)|2 − 𝛽|𝐺1 (𝑟, ∞)|2 = 1 + 𝛽 − 𝛽|𝐺1 (𝑟, ∞)|2

(22)

Here, the ideal case of 𝐺1 (𝑟, 0) = 1 is utilized. By factoring out |𝐺1 (𝑟, 𝜏)|2 from Eq. (21) and
factoring out 𝛽|𝐺1 (𝑟, ∞)|2 from Eq. (22), a new expression for |𝐺1 (𝑟, 𝜏)|2 is obtained.
|𝐺1 (𝑟, 𝜏)|2 =

𝐺2 (𝑟, 𝜏) + 𝛽 − 𝐺2 (𝑟, 0)
𝛽

(23)

The β in this Eq. (23) is determined from a DCS measurement performed on only the Intralip id
solution, which contains exclusively moving particles, in the same way as described previous ly,
i.e. taking the first value from the light intensity temporal autocorrelation function g2 (r, τ) and
subtracting by one. The rest of the terms in Eq. (23) were obtained from the DCS measureme nts
performed on the two-layered phantoms. G 2 (r, 0) is determined by calculating G2 (r, τ) for a
very small τ, in this case 2 μs was chosen. In conclusion, Eq. (23) becomes:
2

|𝐺1,𝑡𝑤𝑜 𝑙𝑎𝑦𝑒𝑟 (𝑟, 𝜏)| =

𝐺2,𝑡𝑤𝑜 𝑙𝑎𝑦𝑒𝑟 (𝑟, 𝜏) + 𝛽𝑙𝑖𝑞𝑢𝑖𝑑 − 𝐺2,𝑡𝑤𝑜 𝑙𝑎𝑦𝑒𝑟 (𝑟, 2 𝜇𝑠)
𝛽𝑙𝑖𝑞𝑢𝑖𝑑

(24)

The electric field temporal autocorrelation function 𝐺1 (𝑟, 𝜏) obtained in this equation takes into
account the β value from both the DCS measurement of only the Intralipid solution, and the
measurement on the two-layered phantoms. The autocorrelation functions were plotted against
τ with a logarithmic scale on the x-axis.
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4.4 Nonlinear curve fitting and extraction of parameters
To extract information from the DCS measurement, the models described in the theoretica l
background section needed to be fitted to the calculated autocorrelation curves. The fitting was
done using a nonlinear least-squares solver, lsqnonlin, which is a built-in function from
MATLAB for solving non-linear data-fitting problems.
A function provided from Medical Optics group at ICFO (Institute of Photonics Sciences,
Spain) solves the correlation diffusion equation according to the simpler one-layer solutio n
described in section 3.3.1 and the more complex two-layer solution described in section 3.3.2.
The function takes in multiple parameters as input arguments and applies them to the models
in order to calculate the resulting G1 (r, τ) autocorrelation function.
The input parameters that the function takes in are the refractive index (assumed to be the same
for both layers), the effective reflection coefficient 𝑅𝑒𝑓𝑓 , the absorption coefficient and reduced
scattering coefficient of each layer, the Brownian diffusion coefficient 𝐷𝐵 of each layer, the
wavelength of the light, the source-detector separation, the time delays τ used, and the thickness
of the upper layer. If the absorption coefficient of the lower layer is set to zero, the functio n
will automatically solve for the one-layer model and take the properties of the top layer as the
whole medium’s properties.
To use the nonlinear solver lsqnonlin, an anonymous function must be created that takes in one
or more parameters and calculates the differences between the modeled autocorrelatio n
function and autocorrelation function from the DCS measurement. The lsqnonlin function is
then applied to the anonymous function, and given a start value x 0 , it will find the minimum of
the sum of squares of the anonymous function and returns the values of the input parameters
that gives the minimum. Constraints can be used in the function to apply a lower and an upper
boundary to the sought parameter or parameters, in order to find values that are within
reasonable limits.
The parameters returned by the lsqnonlin function are the values that when inserted into the
model function, will produce the most similar autocorrelation curves compared with the
autocorrelation curves calculated from the actual DCS measurements. The desired parameter
to extract from the fitting is the thickness of the upper layer of the phantom model, since the
aim of this study is to investigate if the thicknesses of the upper layers extracted from the
fittings are accurate to the actual thicknesses of the upper layers of the phantom models. Since
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multiple properties of the phantom models are unknown, extraction of multiple parameters
simultaneously had to be done sometimes.

4.4.1 Determining the flow properties of the Intralipid solution
The unknown properties of the phantoms are the Brownian diffusion coefficients, 𝐷𝐵 , of the
Intralipid solution, gelatin-Intralipid gels, the PDMS, and nylon, and the reduced scattering
coefficients of the nylon and the gelatin-Intralipid gels. In order to find the 𝐷𝐵 value for the
Intralipid solution, a DCS measurement was performed on the solution alone, and using the
one-layer model, the model was fitted to the measured data and 𝐷𝐵 was extracted. The start
value of the lsqnonlin function was set to zero and no lower boundary or upper boundary was
set for this fitting.
As mentioned in section 4.2, 9 different source-detector separations were used during the DCS
measurements, meaning that 9 measurements were performed. For each measurement, the
fitting was done and 𝐷𝐵 was extracted. To get one approximate value of 𝐷𝐵 of the Intralip id
solution, the extracted values of 𝐷𝐵 for all source-detector separations were averaged.

4.4.2 Extracting parameters from the gelatin-Intralipid phantoms
Because the gelatin-Intralipid

gels were gelatinous

and not completely

solid,

the

autocorrelation function G1 (r, τ) of measurements on only the gelatin-Intralipid gels decays
faster than for the nylon and a fitting can be done. A large gelatin-Intralipid gel was prepared
in a beaker and a DCS measurement was performed on it.
Using the one-layer model, the 𝐷𝐵 value was extracted by averaging the extracted 𝐷𝐵 value of
all the measurements with the different source-detector separations. During the extraction, the
start value of the lsqnonlin function was set to zero and no lower or upper boundary was used.
After the 𝐷𝐵 value was determined the only unknown parameter was the reduced scattering
coefficient. A SFDI measurement was performed on the large gelatin-Intralipid gel in order to
obtain this parameter.
Because both 𝐷𝐵 and μ’s of the gelatin-Intralipid gels were known, as well as the properties of
the Intralipid solution, the thickness could be extracted from the DCS measurement on the twolayered phantoms without extracting additional parameters. The DCS measurement were
performed on the two-layered phantoms with all the different thicknesses of the gelatin30

Intralipid gels and using all the different source-detector separations. In total 36 differe nt
measurements were done. During the extraction of the thicknesses of the upper layers, the start
value of the lsqnonlin function was set to 2 mm and the lower boundary and upper boundary
was set to 0.1 mm and 5 mm respectively.

4.4.3 Extracting parameters from the PDMS phantoms
The reduced scattering of the PDMS sheets were known prior to the measurements but the 𝐷𝐵
value was unknown. The sheets were too thin to perform a DCS measurement on them alone
and use the one-layer model, so the 𝐷𝐵 value could not be extracted that way. Because the 𝐷𝐵
value is a constant value for the material and does not change with either thickness of the upper
layer, nor the source-detector separation, it was decided to not extract the 𝐷𝐵 value
simultaneously with the thicknesses in order to not obtain varying values of the 𝐷𝐵 value. It
was set to a value approximately 100 times lower than the 𝐷𝐵 value for the Intralipid solution,
because the PDMS sheets are solid and will have a much lower flow than a liquid.
The thicknesses of the PDMS sheets was extracted from the DCS measurements that was
performed on the two-layered phantoms with PDMS as the top layer and Intralipid solution as
the bottom layer. As with the other measurements, four different thicknesses and nine differe nt
source-detector separations were used, resulting in 36 measurement in total. Since the PDMS
sheets were very thin, the start value of the lsqnonlin function was set to 0.2 mm and the lower
boundary and upper boundary was set to 0.01 and 2 mm respectively.

4.4.4 Extracting parameters from the nylon phantoms
All phantoms were assumed to have a very low and thereby insignificant absorption coefficie nt ,
so it was set to 0.01 cm-1 for all of the phantoms, which is approximately the absorption
coefficient of water at 780 nm. For the nylon phantoms, it was both the Brownian diffus io n
coefficient and the reduced scattering coefficient that were unknown. DCS measurements were
done on a large slab of only nylon in order to extract the 𝐷𝐵 value using the one-layer model.
Since the material is solid and has little to no flow properties, the calculated G1 (r, τ) curves
were very flat and the parameter extraction of 𝐷𝐵 showed highly fluctuating values, so no
reliable value of 𝐷𝐵 could be obtained.
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Simultaneously extracting three variables (𝐷𝐵 , μ’s, and the thickness of the upper layer) from
the two-layer model may produce bad results. Instead, the reduced scattering coefficient was
measured separately with SFDI measurements and the 𝐷𝐵 value of nylon was set to a value
approximately 100 times lower than the 𝐷𝐵 value for the Intralipid solution, just like for the
PDMS measurements. Only the thicknesses of the upper layers of the phantoms was extracted
from the curve fitting.
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5. RESULT
This section presents the results obtained from the SFDI and DCS measurements performed on
the different phantom models as well as the results of the parameter extraction.

5.1 Reduced scattering coefficient of nylon and gelatin-Intralipid
gels
Analysis of the SFDI measurements resulted in the spectra for the reduced scattering coefficie nt
of nylon and gelatin-Intralipid gel and also the absorption spectra for the materials. Figure 20
and figure 21 show the spectra of the reduced scattering coefficient of the gelatin-Intralip id
phantoms and the nylon phantoms respectively. Since the measurements do not show the
wavelength 780 nm, it is assumed that the spectra decays in a similar rate as in the shown
spectrum so the value at 780 nm becomes approximately 5 cm-1 for the gelatin-Intralipid gels
and 1.5 cm-1 for the nylon. Figure 22 and figure 23 shows the absorption spectra of the gelatinIntralipid phantoms and the nylon phantoms respectively.

Figure 20: Reduced scattering coefficient of the gelatin-Intralipid phantoms, obtained from the SFDI
measurements.

33

Figure 21: Reduced scattering coefficient of the nylon phantoms, obtained from the SFDI measurements.

Figure 22: Absorption spectrum of the gelatin-Intralipid phantoms, obtained from the SFDI measurements.

Figure 23: Absorption spectrum of the nylon phantoms, obtained from the SFDI measurements.
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5.2 Determination of flow properties in Intralipid solution
The Brownian diffusion coefficient 𝐷𝐵 was determined for the Intralipid solution by first
extracting it from fitting the one-layer model to the measurements and then calculating the
average of the values. Figure 24 shows an example of one of the fittings performed on the
measurement where the source-detector separation 4.5 mm was used and Table 1 shows all of
extracted the values of 𝐷𝐵 . The last value of 𝐷𝐵 in table 1 deviates from the rest of the values
and will thereby not be considered when determining the average value of 𝐷𝐵 . The average
value of 𝐷𝐵 becomes 1.243·10-8 .
Table 1: Results of 𝐷𝐵 extraction from DCS measurements on Intralipid solution
Source-detector separation (mm)
2
3
3.5
4.5
5.3
6.5
7
8.5
9.5

Extracted 𝑫𝑩
1.209·10-8
1.241·10-8
1.390·10-8
1.201·10-8
1.184·10-8
1.224·10-8
1.253·10-8
1.144·10-8
1.000·10-8

Figure 24: Result from 𝐷𝐵 extraction from DCS measurement with source-detector separation 4.5 mm
performed on only Intralipid solution. The extracted value of 𝐷𝐵 is displayed on the graph.
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5.3 Determination of flow properties of gelatin-Intralipid gel
The 𝐷𝐵 value of the gelatin-Intralipid gels was also determined from DCS measurements on
only gelatin-Intralipid gel and using the one-layer model for the fitting. Table 2 shows the result
of the fitting for the 𝐷𝐵 value. The average 𝐷𝐵 value is 1.965·10-10 , which is approximate ly
100 times lower than the average 𝐷𝐵 value for the Intralipid solution.
Table 2: Results of 𝐷𝐵 extraction from DCS measurements on gelatin-Intralipid gel.
Source-detector separation (mm)
2
3
3.5
4.5
5.3
6.5
7
8.5
9.5

Extracted 𝑫𝑩
2.688·10-10
2.152·10-10
2.435·10-10
2.157·10-10
1.839·10-10
1.440·10-10
1.604·10-10
1.534·10-10
1.827·10-10

5.4 DCS on two-layer phantoms
Once the 𝐷𝐵 value of the Intralipid solution and the gelatin-Intralipid gel was determined, the
𝐷𝐵 value of the Intralipid solution was used as input for the lower layer of the two-layer model
for all of the two-layered phantoms used, and the 𝐷𝐵 value of the gelatin-Intralipid gel was
used as input for the upper layer of the two-layer model for the gelatin-Intralipid phantoms.
The following sections present the results obtained for each type of phantom model.

5.3.1 Gelatin phantoms
The data obtained from the DCS measurement on the two-layered gelatin-Intralipid phantoms
were processed in MATLAB and the electric field autocorrelation functions were calculated.
Figure 25 shows all the autocorrelation curves obtained from measurements with differe nt
thicknesses of gelatin-Intralipid gel, using the source-detector separation 6.5 mm.

36

Figure 25: Electric field autocorrelation functions for measurements on gelatin-Intralipid phantoms with
source-detector separation 6.5 mm and using different layer thicknesses.

From the SFDI measurement, μ's was determined to be 5 cm-1 . The calculated value of 𝐷𝐵 and
μ’s was set as input argument for the upper layer of the two-layer model during the fitting and
the thickness of the upper layer was extracted. Figure 26 shows the fitting of the two-layered
model to the autocorrelation curves (seen in figure 25) obtained from the DCS measureme nts
where the source-detector separation 6.5 mm was used and Table 3 shows the result of the
parameter extraction for all layer thicknesses and source-detector separations used. To see all
the figures showing the autocorrelation curves for all source-detector separations obtained from
the DCS measurements on the two-layered gelatin-Intralipid phantoms, see Appendix A.
Figure 27 shows the mean error for each source-detector separation used and Figure 28 shows
the mean error for each thickness of the gelatin-Intralipid gels that were used. The mean error
is the mean between the four error obtained for each source-detector separation and between
the nine error obtained for each thickness used.

Table 3: Results of thickness extraction from DCS measurements on gelatin-Intralipid gel on
top of Intralipid solution.
Source-detector
separation (mm)
2
2
2
2
3

Real thickness
(mm)
1.6
2.5
3.2
3.7
1.6

Estimated
thickness (mm)
2.29
4.17
5.00
5.00
2.34
37

Error (estimated –
real)
0.69
1.67
1.80
1.30
0.74

3
3
3
3.5
3.5
3.5
3.5
4.5
4.5
4.5
4.5
5.3
5.3
5.3
5.3
6.5
6.5
6.5
6.5
7
7
7
7
8.5
8.5
8.5
8.5
9.5
9.5
9.5
9.5

2.5
3.2
3.7
1.6
2.5
3.2
3.7
1.6
2.5
3.2
3.7
1.6
2.5
3.2
3.7
1.6
2.5
3.2
3.7
1.6
2.5
3.2
3.7
1.6
2.5
3.2
3.7
1.6
2.5
3.2
3.7

4.24
4.65
4.57
2.00
2.98
3.57
4.24
2.00
2.44
3.58
3.89
2.00
2.65
2.76
3.02
2.00
2.72
3.07
3.15
2.00
2.24
2.79
3.1
2.00
2.18
2.37
3.33
2.00
2.58
2.84
3.31
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1.74
1.45
0.87
0.40
0.48
0.37
0.54
0.40
-0.06
0.38
0.19
0.40
0.15
-0.44
-0.68
0.40
0.22
-0.13
-0.55
0.40
-0.26
-0.41
-0.60
0.40
-0.32
-0.83
-0.37
0.40
0.08
-0.36
-0.39

Figure 26: Result from extraction of the thicknesses of the upper layers of all gelatin -Intralipid gels and
Intralipid solution phantoms with source-detector separation 6.5 mm. The blue line is the autocorrelation curve
obtained from the measurements and the purple line is the modulated and fitted autocorrelation curve. The
error displayed is the difference between the measured thickness and the actual thickness of the gelatin Intralipid gels (blue color if the measured thickness is less than the actual thickness an d red color if the
measured thickness is greater than the actual thickness).

Figure 27: Mean error with standard deviation of all source-detector separations for two-layered phantoms
with gelatin-Intralipid gels.
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Figure 28: Mean error with standard deviation for each thickness of the two-layered phantoms with gelatinIntralipid gels.

5.3.2 PDMS phantoms
Just like for the gelatin-Intralipid phantoms, the data obtained from the DCS measurements on
the PDMS phantoms was processed in MATLAB and the electric field autocorrelatio n
functions were calculated. Figure 29 and figure 30 show all the autocorrelation curves obtained
from the measurements with different thicknesses of PDMS, using the source-detector
separation 2 mm and 3 mm respectively.

Figure 29: Electric field autocorrelation functions for measurements on PDMS phantoms with source -detector
separation 2 mm and using different layer thicknesses.
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Figure 30: Electric field autocorrelation functions for measurements on PDMS phantoms with source -detector
separation 3 mm and using different layer thicknesses.

The 𝐷𝐵 value was set to 5·10-10 , which is approximately 100 times less than the 𝐷𝐵 value of
the Intralipid solution. Figure 31 shows one of the fittings for the extraction of the thicknesses
of the PDMS sheets where the source-detector separation 4.5 mm was used and table 4 shows
the results of the thickness extraction for all of the measurements. To see all the figures showing
the auto-correlation curves for all source-detector separations obtained from the DCS
measurements on the two-layered PDMS phantoms, see Appendix B. Figure 32 shows the
mean error for each source-detector separation used and figure 33 shows the mean error for
each thickness of the PDMS sheets that were used.

Table 4: Results of thickness extraction from DCS measurements on PDMS sheets on top of
Intralipid solution.
Source-detector
separation (mm)
2
2
2
2
3
3
3
3
3.5
3.5
3.5
3.5

Real thickness
(mm)
0.27
0.28
0.55
0.65
0.27
0.28
0.55
0.65
0.27
0.28
0.55
0.65

Estimated
thickness (mm)
0.01
0.01
0.01
0.01
0.13
0.74
0.93
0.35
0.98
1.00
0.99
0.97
41

Error (estimated –
real)
-0.26
-0.27
-0.54
-0.64
-0.14
0.46
0.38
-0.30
0.71
0.72
0.44
0.32

4.5
4.5
4.5
4.5
5.3
5.3
5.3
5.3
6.5
6.5
6.5
6.5
7
7
7
7
8.5
8.5
8.5
8.5
9.5
9.5
9.5
9.5

0.27
0.28
0.55
0.65
0.27
0.28
0.55
0.65
0.27
0.28
0.55
0.65
0.27
0.28
0.55
0.65
0.27
0.28
0.55
0.65
0.27
0.28
0.55
0.65

0.98
1.00
1.00
0.98
1.00
1.00
1.00
0.84
1.00
0.75
1.00
0.52
0.85
0.97
0.89
1.00
0.85
0.70
0.89
0.73
1.00
0.74
0.63
0.45
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0.71
0.72
0.45
0.33
0.73
0.72
0.45
0.19
0.73
0.47
0.45
-0.13
0.58
0.69
0.34
0.35
0.58
0.42
0.34
0.08
0.73
0.46
0.08
-0.20

Figure 31: Result from extraction of thicknesses of the PDMS sheets of the four two-layered PDMS phantoms.
Source-detector separation 4.5 mm was used. The error displays the difference between the measured
thicknesses and the actual thickness and the measured thickness of the PDMS sheets.

Figure 32: Mean error of all source-detector separations for two-layered PDMS phantoms.
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Figure 33: Mean error for each thickness of the two-layered PDMS phantoms.

5.3.3 Nylon phantoms
Figure 34 shows all the autocorrelation curves obtained from the measurements with differe nt
thicknesses of nylon, using the source-detector separation 6.5 mm.

Figure 34: Electric field autocorrelation functions for measurements on nylon phantoms with source -detector
separation 6.5 mm and using different layer thicknesses.

The reduced scattering coefficient μ’s of the nylon was set to 1.5 cm-1 , which was obtained
from the SFDI measurement. The 𝐷𝐵 value was set to 5·10-10 . Figure 35 shows one of the
fittings for the extraction of the thicknesses of the nylon slabs where the source-detector
separation 4.5 mm was used and table 5 shows all of the results from the thickness extraction
from all measurements.
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To see all the figures showing the auto-correlation curves for all source-detector separations
obtained from the DCS measurements on the two-layered nylon phantoms, see Appendix C.
Figure 36 shows the mean error for each source-detector separation used and figure 37 shows
the mean error for each thickness of the nylon slabs that were used.

Table 5: Results of thickness extraction from DCS measurements on nylon slabs on top of
Intralipid solution.
Source-detector
separation (mm)
2
2
2
2
3
3
3
3
3.5
3.5
3.5
3.5
4.5
4.5
4.5
4.5
5.3
5.3
5.3
5.3
6.5
6.5
6.5
6.5
7
7
7
7
8.5
8.5
8.5

Real thickness
(mm)
1.6
2.4
3.5
4.8
1.6
2.4
3.5
4.8
1.6
2.4
3.5
4.8
1.6
2.4
3.5
4.8
1.6
2.4
3.5
4.8
1.6
2.4
3.5
4.8
1.6
2.4
3.5
4.8
1.6
2.4
3.5

Estimated
thickness (mm)
5.00
5.00
3.36
1.68
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
45

Error (estimated –
real)
3.40
2.60
-0.14
-3.12
-1.59
-2.39
-3.49
-4.79
-1.59
-2.39
-3.49
-4.79
-1.59
-2.39
-3.49
-4.79
-1.59
-2.39
-3.49
-4.79
-1.59
-2.39
-3.49
-4.79
-1.59
-2.39
-3.49
-4.79
-1.59
-2.39
-3.49

8.5
9.5
9.5
9.5
9.5

4.8
1.6
2.4
3.5
4.8

0.01
0.01
0.01
0.01
0.01

-4.79
-1.59
-2.39
-3.49
-4.79

Figure 35: Result from extraction of thicknesses of the nylon slabs from the four two -layered nylon phantoms.
Source-detector separation 4.5 mm was used. The error displays the difference between the measured
thicknesses and the actual thickness and the estimated thickness of the nylon slabs.

Figure 36: Mean error of all source-detector separations for two-layered nylon phantoms.
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Figure 37: Mean error for each thickness of the two-layered nylon phantoms.
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6. DISCUSSION
This study investigated the potential of diffuse correlation spectroscopy for the assessment of
coagulation thickness using three different two-layered phantom models. The phantoms were
constructed using gelatin-Intralipid gels, PDMS, and nylon as an upper layer and an Intralip id
solution was used as the bottom layer for all three phantoms. DCS measurements were
performed on phantom models with varying source-detector separations and thicknesses of the
upper layers and the goal was to extract the thicknesses analytically by fitting a theoretica l
model to the obtained data. The extracted thicknesses were compared to the actual thicknesses
of the phantoms in order to validate the work.

6.1 SFDI measurements
The optical properties of the materials used in the phantoms were known ahead of time, such
as the PDMS sheets and the Intralipid solutio n, and others had to be determined. SDFI
measurements were performed on the gelatin-Intralipid gels and the nylon. The spectra
obtained from the SFDI measurements was for wavelengths in the region of 450-750 nm, which
does not contain the wavelength 780 nm, which was used as the light source used in the DCS
measurement. However, it was assumed that rate of decay or increase in the reduced scattering
coefficient followed a similar pattern outside of the measured spectrum, making it relative ly
simple to extract a reasonable value at 780 nm.
The results of the SFDI showed that the reduced scattering coefficient of the gelatin-Intralip id
gels was 5 cm-1 and for the nylon it was 1.5 cm-1 . Both these reduced scattering coefficie nts
are lower than the one of the Intralipid solution. For the gelatin-Intralipid gels it was expected
ahead of time that the gelatin would reduce the scattering properties of the Intralipid solutio n,
but the nylon showed a much lower scattering properties than expected, which might be the
cause behind the bad results of the nylon phantoms, which will be discussed shortly. The results
of the SFDI measurements also showed that the absorption of the nylon is higher than the
absorption of the gelatin-Intralipid gel. To summarize, the gelatin-Intralipid showed a higher
reduced scattering coefficient and a lower absorption coefficient than for the nylon, which
means that the difference between the reduced scattering coefficient and the absorption
coefficient is considerably higher for the gelatin-Intralipid.
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6.2 DCS measurements and validation of the model
After the data had been obtained from the DCS measurements, the electric field temporal
autocorrelation functions were calculated. The results showed that the phantoms with the
thinnest top layer resulted in a faster decaying autocorrelation curves than thicker layers.
Theoretically, a material that has little to no flow should result in an autocorrelation curve that
is flat and does not decay fast, and the more flow a material has, the faster the autocorrelatio n
curve should decay. A thick layer of material with little flow should therefore result in flatter
autocorrelation curves, which could be seen in the autocorrelation curves obtained from this
study. Although the results seem to be consistent with the theory, it is sometimes difficult to
distinguish the autocorrelation curves from one another.
Especially for the PDMS phantoms, which had very thin and with little difference between the
different thicknesses used, the autocorrelation curves seem to be almost identical. This can be
seen in figure 29 and figure 30. In figure 29 it can be seen that one of the curves (for thickness
0.55 mm) is different from the others, but this is most likely due to small factors that have
affected that particular measurement.
In general, many of the autocorrelation curves obtained from all of the measurements look
similar, especially when the difference in layer thickness is not considerable. After the
autocorrelation curves had been calculated from the measured data, the theoretical two-layered
model was fitted to the autocorrelation curves and the desired parameters was extracted using
the nonlinear least-squares solver lsqnonlin in MATLAB. To begin with, the flow properties
of the Intralipid solution and the gelatin-Intralipid was determined using the one-layer model
to fit to the data.
The results showed slightly varying values of 𝐷𝐵 for the different source-detector separations
used, but by calculating the average of all the extracted values one could find an approximate
value for 𝐷𝐵 . There was an attempt to calculate the flow properties for the nylon in a similar
manner as for the Intralipid solution and the gelatin-Intralipid gel, but since the nylon is very
solid and most likely has very minimal flow properties, the autocorrelation curves obtained
from measurement on only the nylon was very flat and the fitting was not successful.
Unfortunately, the PDMS sheets were too thin to perform a one-layer measurement on them
and the 𝐷𝐵 value could not be determined.
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The thicknesses that were used for the upper layers of the phantom models in this study varied
a lot between the materials that were used. For the gelatin-Intralipid phantoms and the nylon
phantoms, the upper layers were much thicker than for the PDMS phantoms. Although the
results showed less error between the actual and the estimated thicknesses, the phantoms are
not an accurate representation of the thickness of a real coagulation wound. The thinner PDMS
layers that were used were a better representative of the real scenario, but had higher relative
errors and it was generally hard to fit the theoretical model to the measured data because the
model assumes a thicker upper layer.
It was chosen to not extract both the 𝐷𝐵 value and the thickness at the same time for the PDMS
and the nylon phantoms since one would obtain varying values of 𝐷𝐵 for each measureme nt,
and it should be constant. Instead, it was decided to set the value of 𝐷𝐵 to a reasonable value
approximately 100 times lower than the value for the Intralipid solution, which is liquid and
has higher flow properties.
The results of the thickness extraction of the gelatin-Intralipid gels from the two-layered
phantoms showed relatively better results for the measurement where the source-detector
separations used was larger 3 mm. The models described in the theoretical background required
the photon transport in the medium to be diffusive. In general, light is regarded as diffusive at
a distance of at least 3/μ’s away from a light source in a medium where the scattering coefficie nt
is much higher than the absorption coefficient [14]. For the gelatin-Intralipid gel and the
Intralipid solution, the reduced scattering coefficients were 5 cm-1 and 10 cm-1 respectively,
which means that the light is regarded as diffusive at a distance of 1.5 mm for the gelatinIntralipid gels and 3 mm for the Intralipid solution. It is therefore logical that the results
obtained from the measurements on the two-layered gelatin-Intralipid phantoms showed bad
results for the shortest source-detector separations, which can be seen in figure 27.
If one would compare the mean error from all the source-detector separation for each thickness,
it can be seen in figure 28 that the differences are not considerable and therefore one can
conclude that the model can detect different thicknesses equally well, but the source-detector
separation needs to be larger than 3 mm. Overall, the differences between the actual thicknesses
of the phantom models and the extracted thicknesses were within 0.5 mm for most
measurements on the gelatin-Intralipid phantoms when the source-detector separation was
larger than 3 mm, with a few exceptions. In Table 1 it can be seen that only five of the estimated
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thicknesses where the source-detector separation that was used was larger than 3 mm was
above 0.5 mm. No pattern can be seen where the error exceeds 0.5 mm.
For the nylon, the measured reduced scattering coefficient from the SFDI measurements was
1.5 cm-1 , which in theory means that light will be regarded as diffusive at a distance of 20 mm.
This is most likely the reason why the measurements on the two-layered nylon phantoms did
not result in a good fitting of the model.
The results from the extraction of the thicknesses of the PDMS phantoms showed similar
results to the measurements on the gelatin-Intralipid phantoms, only with slightly larger errors.
In those measurements, the source-detector separation did not affect the results as much as
before. In Figure 32, it can be seen that the mean error for all of the thicknesses for each sourcedetector separation did not vary considerably. Although the errors are of the same magnitude
as for the gelatin-Intralipid gels, they are relatively more considerable for the PDMS phantoms
because the PDMS sheets used was a lot thinner and an error in estimated thickness will be
more substantial for the PDMS than for the gelatin-Intralipid gel. It seems like the model
performed better at determining the thicknesses of the thicker layers of PDMS than the thinner
layers, which can be seen in Figure 33. That result is most likely due to the fact that the
estimated thicknesses of the PDMS sheets were in almost all cases estimated to be thicker than
it actually were, and therefore the error was smaller for the thickest PDMS sheets. Generally,
the errors between the actual thicknesses and the estimated thicknesses of the PDMS sheets
were within 0.7 mm for most of the measurements. It can be seen in Table 2 that most of the
measurement that exceeds 0.7 mm in error, it from the measurement on the thinner layers of
PDMS. It is probably because the model was not as accurate for thin upper layers and therefore
it is expected that the results was going to be worse for these measurements.
The final results from the measurements on the nylon phantoms did not produce any good
results at all. All of the extracted thicknesses, except the ones from the measurements where
the source-detector separation 2 mm was used, resulted in the same exact value for the
estimated thickness. The extracted values of the thicknesses all showed 0.01 mm, which was
the lower boundary value chosen before running the nonlinear solver in MATLAB. Looking at
all of the figures obtained from the measurements on the nylon phantoms (Appendix C), one
can notice that no curve fitting was achieved, and therefore the program returned the lower
boundary value. Figure 37 is not a good representation of the results, since no actual thickness
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was determined, and therefore one cannot conclude that the fitting performed better on any of
thicknesses of the nylon slabs.
It is important to notice that the parameter fitting performed with the lsqnonlin function in
MATLAB is not perfect. When the function cannot find a parameter that gives the best fit of
the model, it will return either the start value, lower boundary value, or the upper boundary
value. This can be seen in many of the results of this study such as in the measurements on the
nylon phantoms and also in the measurements on the gelatin-Intralipid phantoms where the
estimated value for the thinnest layer of gelatin-Intralipid gel always returned 2 mm, which
was the start value set for the fitting. It is difficult to validate the result in these cases because
the returned values will depend entirely on which values were chosen by the user as start value,
lower, and upper boundary value.
The bad results obtained for the nylon phantoms are also most likely due to the properties of
the nylon. The SFDI measurements showed that the reduced scattering coefficient for the nylon
is considerably lower than for any of the other materials used in this study. It also showed that
the absorption is slightly higher that for the gelatin-Intralipid for example. The theoretica l
models assume that the scattering is much higher than the absorption in the materials, but for
the nylon material, the difference between the scattering and the absorption properties is not as
considerable as for the other materials used in this study and the scattering properties of the
nylon is generally too low. Overall, extraction of thickness of the upper layers using the twolayered model shows better results when the reduced scattering coefficient is high.
It is important to pay attention to the factors that may have affected the results of this study. It
was not just the thickness of the upper layers that had to be determined, due to the unknown
properties of some of the materials used. In real tissue, the scattering and absorption properties
of the skin will differ from patient to patient and therefore it is beneficial to be able to extract
multiple parameters from the measurements. In this study, the main focus was on extracting
the thicknesses and other parameters, such as the reduced scattering coefficient, was either set
to an approximate value or measured with another optical technique, so that the fitting was
only for extracting the thicknesses.
Some of the phantom materials chosen was not optimal for this study because it does not
represent a burn wound in a good way. The gelatin and the PDMS were both not completely
solid and therefore had a little bit of flow properties, and the measurements on phantoms with
these materials showed the best results out of the three phantoms used. The nylon was both too
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solid and had lower scattering properties than expected. Some other material were also
available to be used in this study, such as Teflon, silicon rubber and other types of plastic, but
they were not used due because they are too solid to simulate coagulated tissue.
Other studies by Verdecchia et al. [41] has also tried to evaluate the two-layered model
described in Gagnon et al. [10] by extracting the flow properties of the bottom layer of twolayered phantoms and the results have shown that the model is able to separate the properties
of the two layers in a phantom model. Compared with other optical modalities that are used for
coagulation thickness estimation, DCS has not shown the same accuracy in determining the
burn depth. Studies by Alsbjörn et al. [42] where Laser Doppler flowmetry was used to measure
the depth of burns showed an accuracy of 92 % when compared to histological samples of the
wound. Other, more recent studies have shown even better accuracy for Laser Doppler Imaging
where the accuracy in the assessment of burn depth was 97 % [42]. As for DCS, this study has
shown fluctuating results for the assessment of coagulation thickness and it is difficult to
establish a certain accuracy from the results.

6.3 Future developments
Using DCS to estimate the thickness of a coagulation wound can become an effective method
in the future if further work and research is implemented in the field. One problem with the
method studied in this thesis is that the source fiber and detector fiber are both in direct contact
with the measurement site. If one wanted to perform similar measurements on a real burn
wound of a patient, it can become very uncomfortable and painful for the patient if the
measurement equipment touches the burn wound. Development of a non-contact measureme nt
technique would be of great benefit for this purpose, because it would not only be less painful
for the patient, but also minimize the risk of infection and further damage to the skin.
Something to consider for the future is trying different setting of the lsqnonlin function in order
to optimize the fitting and thereby get more accurate results. In this study only one parameter
was extracted from the fitting but in the future it would be interesting to try to extract multip le
parameters from the same fitting. In a study by Dong et al. [22] extracted multiple parameters
were extracted from the same autocorrelation function obtained from DCS measurements and
the study showed that it was impractical to extract the 𝐷𝐵 value and the absorption coeffic ie nt
or the 𝐷𝐵 value and the reduced scattering coefficient at the same time. However,
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simultaneously extracting the β value and the 𝐷𝐵 value at the same time resulted in more
accurate estimations of the values rather than calculating the β value on its on at first, like in
this study.
As mentioned earlier, different people have different optical properties in their skin depending
on the compositions of their tissue, which means that one cannot assume that skin tissue will
have fixed optical properties that are universal for everyone. Implementing dual optical
technique methods is a potential way of simultaneously performing two different optical
measurements at the same time, which each determines certain properties of the tissue and can
complement each other. It would be of great benefit to measure the scattering and absorbing
properties of a tissue and simultaneously perform a DCS measurement.
It can be interesting to perform further research on other types of phantoms than the ones used
in this study and also to perform some measurements using the two-layered model on biologic a l
tissue. A real burn wound will have varying thicknesses over the burned area and it will be
more challenging to determine the depth of the burn wound than on phantom model. A
scanning system that performs DCS measurements over multiple points in an area would in
practice deliver more useful information about the burn wound because estimating the depth
of a wound in one point can result in a considerable misrepresentation of the whole wounds
actual condition and might lead to misdiagnosis.
A study by Johansson el al. [43] presented a hybrid non-contact scanning system with DCS
and diffuse optical spectroscopy (DOS) which was tested on small animals. This study has
shown potential in the implementation of non-contact DCS systems as well as dual optical
modalities techniques. Another study by Lin et al. [44] has also implemented a non-contact
DCS system which also showed promising potential. For future studies, it would be interesting
to perform non-contact DCS measurement on tissue-like two-layered phantoms and use the
two-layered model for the fitting and see if the results obtained with the non-contact system is
consistent with the contact system. Non-contact measurement techniques would be of great
benefit for measurements on sensitive areas such as burn wounds.
One final perspective worth mentioning is that one can try to implement machine learning
techniques such as neural networks to obtain the desired parameters from the autocorrelatio n
curves obtained from DCS measurements on two-layered phantoms since they will typically
decay differently depending on the thickness of the upper layer. By performing a large amount
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of measurements on different phantom models, one can hopefully obtain a machine learning
tool that can detect the thickness more effectively.
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7. CONCLUSION
This thesis project has been performed as a study to investigate the potential of diffuse
correlation spectroscopy for coagulation depth estimation using two-layered phantom models
that simulate coagulated tissue of various depths. The models were constructed using differe nt
materials that all had different properties. The goal of the measurements was to be able to
extract the thickness of the upper layers of the phantom model by fitting a theoretical model to
the measurement data and the results has been varying for the different phantom models that
were used. It was the gelatin-Intralipid phantoms, which best resembled human skin tissue in
terms of optical properties, that produced the best results from the DCS measurements. The
thicknesses of most phantoms could be estimated approximately within 0.5 mm for the twolayered gelatin-Intralipid phantoms and approximately within 0.7 mm for the two-layered
PDMS phantoms.
The studies performed in this thesis project has shown that diffuse correlation spectroscopy has
the potential of being used as a tool for coagulation depth estimation. At the current moment it
will not be able to produce results with acceptable accuracy, but with further research and
development in the field, there is a potential for this technique.

56

REFERENCES
[1]

J.G. Tortora, B. Derrickson, Principles of Anatomy and Physiology, 12 ed., John Wiley
& Sons, Inc2009.

[2]

Y.K. Wondim, Hyperspectral Image Analysis Algorithm for Characterizing Human
Tissue Linköping University, 2011.

[3]

D. Bliss, Skin Anatomy, National Cancer Institute, 2010, pp. Skin and its layers: The
layers of skin and associated glands and vessels (epidermis, dermis, fatty tissue, blood
vessels, follicle, oil gland, sweat gland, and melanocytes.

[4]

What Are the Classifications of Burns? <https://stanfordhealthcare.org/medica lconditions/skin-hair-and- nails/burns/stages.html>).

[5]

L. Devgan, S. Bhat, S. Aylward, R.J. Spence, Modalities for the assessment of burn
wound depth, Journal of Burns and Wounds 5(5) (2006).

[6]

A.D. Jaskille, J.W. Shupp, M.H. Jordan, J.C. Jeng, Critical review of burn depth
assessment techniques: Part I. Historical review, Journal of Burn Care and Research
30(6) (2009) 937-47.

[7]

S. Monstrey, H. Hoeksema, J. Verbelen, A. Pirayesh, P. Blondeel, Assessment of burn
depth and burn wound healing potential, Burns 34(6) (2008) 761-769.

[8]

G. Nilsson, T. Tenland, P. Öberg, Evaluation of a Laser Doppler Flowmeter for
Measurement of Tissue Blood Flow, 1980.

[9]

K. Wårdell, A. Jakobsson, G. Nilsson, Laser Doppler perfusion imaging by dynamic light
scattering, 1993.

[10] L. Gagnon, M. Desjardins, J. Jehanne-Lacasse, L. Bherer, F. Lesage, Investigation of
diffuse correlation spectroscopy in multi- layered media including the human head,
Optics express 16(20) (2008).
[11] Y. Shang, K. Gurley, G. Yu, Diffuse Correlation Spectroscopy (DCS) for Assessment of
Tissue Blood Flow in Skeletal Muscle: Recent Progress, Anatomy & physiology 3(2)
(2013) 128.
[12] Y. Shang, T. Li, G. Yu, Clinical applications of near-infrared diffuse correlation
spectroscopy and tomography for tissue blood flow monitoring and imagin g,
Physiological measurement 38(4) (2017).
[13] V. Tuchin, Tissue Optics and Photonics: Light-Tissue Interaction, Journal of Biomed ica l
Optics & Engineering 1 (2015) 98-134.
[14] T. Durduran, R. Choe, W.B. Baker, A.G. Yodh, Diffuse Optics for Tissue Monitoring
and Tomography, Reports on progress in physics. Physical Society (Great Britain) 73(7)
(2010).
[15] I.J. Bigio, S. Fantini, Quantitative Biomedical
Applications, Cambridge University Press2016.

Optics: Theory,

Methods, and

[16] R. Mesquita, A.G. Yodh, Diffuse optics: Fundamentals and tissue applications, 2011.

57

[17] Tabulated
Molar
Extinction
Coefficient
for
Hemoglobin
<https://omlc.org/spectra/hemoglobin/summary.html>, 1998).

in

Water.

[18] R. Splinter, B.A. Hooper, An Introduction to Biomedical Optics CRC Press, Taylor &
Francis2006.
[19] D. Boas, C. Pitris, N. Ramanujam, Handbook of biomedical optics, CRC Press, Taylor
and Francis Group2012.
[20] D.J. Cuccia, F. Bevilacqua, A.J. Durkin, F.R. Ayers, B.J. Tromberg, Quantitation and
mapping of tissue optical properties using modulated imaging, J Biomed Opt 14(2)
(2009).
[21] D.A. Boas, S. Sakadzic, J. Selb, P. Farzam, M.A. Franceschini, S.A. Carp, Establis hing
the diffuse correlation spectroscopy signal relationship with blood flow, Neurophotonics
3(3) (2016).
[22] L. Dong, L. He, Y. Lin, Y. Shang, G. Yu, Simultaneously fitting multiple parameters
from one single autocorrelation function in diffuse correlation spectroscopy, Biomed ic a l
Optics (2014).
[23] C. Cheung, J. Culver, K. Takahashi, J. Greenberg, A.G. Yodh, In vivo cerebrovascular
measurement combining diffuse near-infrared absorption and correlation spectroscopies,
Physics in Medicine and Biology 46 (2001) 2053-2065.
[24] C. Zhou, G. Yu, D. Furuya, J. Greenberg, A. Yodh, T. Durduran, Diffuse optical
correlation tomography of cerebral blood flow during cortical spreading depression in rat
brain, Optics express 14(3) (2006) 1125-44.
[25] T. Durduran, Non-Invasive Measurement of Tissue Hemodynamics with Hybrid Diffuse
Optical Methods, University of Pennsylvania, 2004.
[26] D. Irwin, L. Dong, Y. Shang, R. Cheng, M. Kudrimoti, S.D. Stevens, G. Yu, Influe nces
of tissue absorption and scattering on diffuse correlation spectroscopy blood flow
measurements, Biomed. Opt. Express 2(7) (2011) 1969-1985.
[27] A. Kienle, T. Glanzmann, G. Wagnières, H. van den Bergh, Investigation of two-layered
turbid media with time-resolved reflectance, Appl. Opt. 37(28) (1998) 6852-6862.
[28] A. Kienle, M.S. Patterson, N. Dögnitz, R. Bays, G. Wagnières, H. van den Bergh,
Noninvasive determination of the optical properties of two-layered turbid media, Appl.
Opt. 37(4) (1998) 779-791.
[29] L. Gagnon, M. Desjardins, L. Bherer, F. Lesage, Double layer estimation of flow changes
using diffuse correlation spectroscopy, Optical Tomography and Spectroscopy of Tissue
VII (2009).
[30] A. Ponticorvo, D.M. Burmeister, R. Rowland, M. Baldado, G.T. Kennedy, R. Saager, N.
Bernal, B. Choi, A.J. Durkin, Quantitative long-term measurements of burns in a rat
model using Spatial Frequency Domain Imaging (SFDI) and Laser Speckle Imaging
(LSI), Lasers in surgery and medicine 49(3) (2017) 293-304.
[31] X. He, T. Li, X. Rao, X. Fu, Spatial frequency domain imaging for detecting bruises of
pears, Journal of Food Measurement and Characterization 12(2) (2018) 1266-1273.

58

[32] A.J. Lin, A. Ponticorvo, S.D. Konecky, H. Cui, T.B. Rice, B. Choi, A.J. Durkin, B.J.
Tromberg, Visible spatial frequency domain imaging with a digital light microprojector,
Journal of biomedical optics 18(9) (2013).
[33] K.P. Nadeau, A. Ponticorvo, H.J. Lee, D. Lu, A.J. Durkin, B.J. Tromberg, Quantitative
assessment of renal arterial occlusion in a porcine model using spatial frequency domain
imaging, Opt. Lett. 38(18) (2013) 3566-3569.
[34] D.J. Cuccia, F. Bevilacqua, A.J. Durkin, B.J. Tromberg, Modulated imaging: quantitative
analysis and tomography of turbid media in the spatial-frequency domain, Opt. Lett.
30(11) (2005) 1354-1356.
[35] I. Driver, J.W. Feather, P.R. King, J.B. Dawson, The optical properties of aqueous
suspensions of Intralipid, a fat emulsion, Physics in Medicine and Biology 34(12) (1989)
1927-1930.
[36] R. Michels, F. Foschum, A. Kienle, Optical properties of fat emulsions, Optics express
16(8) (2008) 5907-5925.
[37] P. Lai, X. Xu, L.V. Wang, Dependence of optical scattering from Intralipid in gelatingel based tissue-mimicking phantoms on mixing temperature and time, Journal of
biomedical optics 19(3) (2014).
[38] H. Assadi, R. Karshafian, A. Douplik, Optical Scattering Properties of Intralipid Phantom
in Presence of Encapsulated Microbubbles, International Journal of Photoenergy 2014
(2014) 1-9.
[39] S. Calixto, N. Ganzherli, S. Gulyaev, S. Figueroa-Gerstenmaier,
Photosensitive Material, Molecules 23(8) (2018).

Gelatin as a

[40] R. Saager, C. Kondru, K. Au, K. Sry, F. Ayers, A. Durkin, Multilayer silicone phantoms
for the evaluation of quantitative optical techniques in skin imaging, Proceedings of SPIE
- The International Society for optical Engineering 7567 (2010).
[41] K. Verdecchia, M. Diop, A. Lee, L.B. Morrison, T.-Y. Lee, K. St Lawrence, Assessment
of a multi- layered diffuse correlation spectroscopy method for monitoring cerebral blood
flow in adults, Biomed. Opt. Express 7(9) (2016) 3659-3674.
[42] B. Alsbjorn, J. Micheels, B. Sorensen, Laser Doppler flowmetry measurements of
superficial dermal, deep dermal and subdermal burns, Scandinavian journal of plastic
and reconstructive surgery 18(1) (1984) 75-9.
[43] J.D. Johansson, M. Mireles, J. Morales-Dalmau, P. Farzam, M. Martínez-Lozano, O.
Casanovas, T. Durduran, Scanning, non-contact, hybrid broadband diffuse optical
spectroscopy and diffuse correlation spectroscopy system, Biomed. Opt. Express 7(2)
(2016) 481-498.
[44] Y. Lin, L. He, Y. Shang, G. Yu, Noncontact diffuse correlation spectroscopy for
noninvasive deep tissue blood flow measurement, Journal of biomedical optics 17(1)
(2012).

59

APPENDIX A

Figure A1: Result from extraction of thicknesses of the two -layered gelatin-Intralipid phantoms with sourcedetector separation 2 mm.

Figure A2: Result from extraction of thicknesses of the two -layered gelatin-Intralipid phantoms with sourcedetector separation 3 mm.
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Figure A3: Result from extraction of thicknesses of the two-layered gelatin-Intralipid phantoms with sourcedetector separation 3.5 mm.

Figure A4: Result from extraction of thicknesses of the two -layered gelatin-Intralipid phantoms with sourcedetector separation 4.5 mm.
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Figure A5: Result from extraction of thicknesses of the two-layered gelatin-Intralipid phantoms with sourcedetector separation 5.3 mm.

Figure A6: Result from extraction of thicknesses of the two -layered gelatin-Intralipid phantoms with sourcedetector separation 6.5mm.
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Figure A7: Result from extraction of thicknesses of the two -layered gelatin-Intralipid phantoms with sourcedetector separation 7 mm.

Figure A8: Result from extraction of thicknesses of the two -layered gelatin-Intralipid phantoms with sourcedetector separation 8.5 mm.
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Figure A9: Result from extraction of thicknesses of the two -layered gelatin-Intralipid phantoms with sourcedetector separation 9.5 mm.
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APPENDIX B

Figure B1: Result from extraction of thicknesses of the two -layered PDMS phantoms with source-detector
separation 2 mm.

Figure B2: Result from extraction of thicknesses of the two -layered PDMS phantoms with source-detector
separation 3 mm.
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Figure B3: Result from extraction of thicknesses of the two -layered PDMS phantoms with source-detector
separation 3.5 mm.

Figure B4: Result from extraction of thicknesses of the two -layered PDMS phantoms with source-detector
separation 4.5 mm.
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Figure B5: Result from extraction of thicknesses of the two -layered PDMS phantoms with source-detector
separation 5.3 mm.

Figure B6: Result from extraction of thicknesses of the two -layered PDMS phantoms with source-detector
separation 6 mm.
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Figure B7: Result from extraction of thicknesses of the two -layered PDMS phantoms with source-detector
separation 7 mm.

Figure B8: Result from extraction of thicknesses of the two -layered PDMS phantoms with source-detector
separation 8.5 mm.
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Figure B9: Result from extraction of thicknesses of the two -layered PDMS phantoms with source-detector
separation 9.5 mm.
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APPENDIX C

Figure C1: Result from extraction of thicknesses of the two -layered nylon phantoms with source-detector
separation 2 mm.

Figure C2: Result from extraction of thicknesses of the two -layered nylon phantoms with source-detector
separation 3 mm.

70

Figure C3: Result from extraction of thicknesses of the two -layered nylon phantoms with source-detector
separation 3.5 mm.

Figure C4: Result from extraction of thicknesses of the two -layered nylon phantoms with source-detector
separation 4.5 mm.
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Figure C5: Result from extraction of thicknesses of the two -layered nylon phantoms with source-detector
separation 5.3 mm.

Figure C6: Result from extraction of thicknesses of the two -layered nylon phantoms with source-detector
separation 6.5 mm.
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Figure C7: Result from extraction of thicknesses of the two -layered nylon phantoms with source-detector
separation 7 mm.

Figure C8: Result from extraction of thicknesses of the two -layered nylon phantoms with source-detector
separation 8.5 mm.
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Figure C9: Result from extraction of thicknesses of the two -layered nylon phantoms with source-detector
separation 9.5 mm.
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