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Abstract

IN

Nowadays optical and laser-based diagnostics technologies are widely used in many fields
such as oncology, vascular and developmental biology, dermatology, pharmacy, materials
sciences, food, and the cosmetic and health care industries. Optical techniques have a
number of advantages over traditional methods and provide a broad variety of practical
solutions for non-invasive diagnostics in a range of studies from single cells to biopsy of
specific biological tissues and even whole organs.
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Conceptual design of a particular optical diagnostics system for non-invasive in vivo
measurements of structural alterations in biological tissues and changes in their physiological properties requires careful selection of various technical parameters, including
wavelength, coherence, polarization and intensity profile of incident optical radiation,
sensitivity of the detector, size, and the geometry and mutual position of source and detector. When applied to biological tissues, multiple scattering of light overwhelmingly
prevents laser-based techniques from providing high quality images of tissue structure
and structural changes. Thus, comprehensive studies of optical radiation propagation and
signal formation are required.
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Due to the complex inhomogeneous structure of biological tissues no general analytical
solution exists that can describe the detected optical signal and how it is affected by structural or physiological changes. However, there is an exceptional example of a stochastic
approach: the Monte Carlo method. Without extrinsic or intrinsic constraints, throughout
the years the Monte Carlo method has been a gold standard for the assessment of optical
radiation propagation and spacial localization of signals in biological tissues. Nonetheless, previously developed Monte Carlo models were extremely resource consuming and
suffered from serious disadvantages, considerably limiting their applications. Due to the
diversity of existing optical diagnostics modalities the development of a new Monte Carlo
code was typically required for a particular practical application.
This thesis describes the work that has gone into the development of the unified Monte
Carlo model and considers its applications for the particular needs of biomedical optics.
By utilizing the developed model, an intimate investigation of optical radiation propagation
in highly scattering randomly inhomogeneous media such as biological tissues has been
carried out. Further developments of the method and a complete theoretical background
are presented. Emphasis is given to including the method the coherent properties of optical
radiation. The developed model supports of a variety of configurations corresponding to
the actual experimental conditions. The code of the developed model has been generalized
and unified for multi-purpose use for various applications in biomedical optics utilizing
object oriented programming. A dramatic speed up of simulations has been achieved
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using parallel programming on graphics cards. A user friendly, web-based prototype of a
computational service which allows researchers worldwide to use, check and validate the
developed model has been created. A hybrid peer-to-peer network has been applied for
Monte Carlo simulations to deal with the limitations imposed by the multiuser nature of
the online service.
The developed model has undergone a number of reliability tests including a comprehensive comparison against theoretical predictions, other models and experiments.
Both qualitative and quantitative agreements have been found. Aiming to understand the
peculiarities of light propagation within tissue-like media, the model has been used in a
number of studies. A procedure which allows estimating the distribution of the probing
radiation for a particular configuration of an experimental system is presented. Pilot studies
of energy transfer in various parts of human body have been performed. The influence
of the optical parameters of tissue-like media such as scattering and anisotropy on the
probing optical radiation has been studied and a new so called diffusing wave polarimetry
optical diagnostic modality has been introduced. An opportunity to monitor the condition
of biological tissues and grading cancerous stage by traversing the Stokes vector on the
Poincaré Sphere is presented and compared with the results of simulations. The model has
been used to calculate the depolarization of light by rough surfaces of scattering phantoms.
Finally, Monte Carlo modeling of the optical coherence tomography signal formation was
considered, which resulted in the emergence of a novel imaging technique called the double
correlation approach. The double correlation approach has been applied to observe the low
frequency electric fields propagating in biological tissues, obtain the spatial distribution of
superficial blood vessels in human skin and monitor the transcutaneous vaccine delivery in
mouse skin.
It is anticipated, that further developments of the unified Monte Carlo model presented
in this thesis can potentially form a base for a comprehensive computational platform and
can significantly impact the planning of experiments in the biophotonics and biomedical
optics communities.
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Introduction*

Application of light to biological tissues
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The history of application of optical techniques for monitoring biological tissues goes back
nearly two centuries. Bright in 1831 noted that sunlight or light from a candle could be
transmitted through the head of a patient with hydrocephalus making the cranium appear
semi-transparent [1]. Exploiting the same concept, Curling in 1843 and then Cutler in 1929
used the ability of visible optical radiation to transilluminate through biological tissues
for monitoring a build-up of clear fluid in the testis [2] and breast lesions [3], respectively.
Hasselbalch in 1911 pioneered studies of ultraviolet radiation transmission through human
skin and by 1930s the data on optical transmission, absorbtion and fluorescence was
collected and widely represented in the literature [4]. In 1933 Pearson and Norris and
subsequently in 1935 Hardy and Muschenheim obtained the properties of human tissues in
the near-infrared region (NIR) [5].

A

Multiple scattering of light in biological tissues overwhelmingly prevented the transillumination techniques from succeeding and only some of the general optical properties
of tissues were obtained. From the 1930s to the 1950s research efforts were mainly
concentrated on blood oximetry [6]. Different absorption spectra of oxy- and deoxyhaemoglobin led to the development of techniques to assess blood oxygenation. Typically
small body parts (e.g. finger, earlobe) or conditions characterized by low-scattering (e.g.
hydrocele, hydrocephalus) were explored [7]. An approach utilizing dual-wavelength
optical spectroscopy for correction of light scattering was suggested by Millikan and was
successfully applied for metabolite analysis [4, 6]. These developments demonstrated that

* This chapter is partially based on the following publication: I. Meglinski, A. Doronin, Monte Carlo
modeling of photon migration in complex scattering media for the needs of biomedical applications, IEEE
Journal of Selected Topics in Quantum Electronics, (2013). (invited paper, submitted)
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examination of the absorption properties of biological tissues can provide clinically useful
information [7]. Hence, a new research field of Optical Diagnostics (OD) emerged.
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In the 1960s and the following 1970s, the invention and development of laser sources
of optical radiation [8] possessing fundamental properties such as monochromaticity,
directionality and coherence has sparked the development of OD. Frans Jöbsis made a
significant breakthrough in 1977 by using NIR for the assessment of hemoglobin oxygen
saturation and the cytochrome a-a3 redox state in thick tissues, including the human
head [9, 10]. In his studies he defined and used the so called "optical window" from 
to 
[7, 9, 10]. In this region scattering and absorbtion of the tissues are at their
lowest, which allows deep transillumination, relatively high signal-to-noise ratio (SNR)
and thus, accurate measurements.
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A significant contribution to OD has been made by Britton Chance. He pioneered
the developments of stop-flow methods, biomedical spectroscopy, time-domain (TD) and
frequency-domain (FD) methods for the non-invasive measurement of the optical properties
of tissues including enzyme structure and function, hemoglobin oxygenation, cytochrome
oxidation, etc. [4, 11, 12, 13, 14, 15, 16, 17] TD methods were further explored by Jacques
and Patterson for reflectance and transmittance properties in non-invasive spectroscopy
of tissues [13, 18]. Over the years, due to the simplicity of obtaining tissues spectra,
these methods were frequently used and have evolved to suit the needs of particular OD
applications [4, 12, 19, 20]. In 1990 Lakowicz and Berndt presented a mathematical
approach utilizing FD methods [21, 22]. The development of FD methods has anticipated
the emergence of robust and sensitive techniques for spectroscopic measurements of
tissues [4].

A

Resonant absorption of light followed by re-emission led to the developments of a
number of fluorescence-based techniques. These techniques typically rely on autofluorescence, using fluorescent dyes, multiphoton approaches, etc. and were successfully applied
in the studies of various biological tissues [4, 23, 24, 25, 26, 27, 28, 29, 30, 31]. Raman
spectroscopy became a valuable technique to differentiate diseased from normal biomedical media (e.g. atherosclerotic lesions, cataracts, cancerous lesions), to study the structure,
dynamic function and the roles of individual molecules of proteins [4, 32, 32, 33, 34, 35].
A number of techniques utilizing a combination such as fluorescence/Raman scattering
have been developed [4, 36, 37, 38].
Methods based on resonant light absorption and employing laser radiation to treat
malignant cell growths, for the correction of myopia, hyperopia, and astigmatism, tattoo
removal, etc. have appeared [4, 39, 40]. These methods (e.g. photodynamic therapy)
are often referred as optical therapy and utilize photo-chemical, photo-thermal, photo-
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ablative and photo-mechanical processes to cause selective cell death and destruction of
pathological tissues without affecting the healthy ones [41, 42, 43, 44, 45]. For instance
selective photothermolysis can be used for selective damage to pigmented structures, cells,
and organelles in vivo [46].
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Illuminating tissues with coherent laser light and analyzing the loss of coherence of the
scattered field has been named Diffusing Wave Spectroscopy (DWS). DWS is a relatively
novel optical diagnostic technique uniquely suited for the measurements of an average
size of scattering particles and their motion within a macroscopically homogeneous turbid
media, such as sprays, aerosols or liquid suspensions. This technique is an extension of the
conventional Dynamic Light Scattering (DLS) to the regime of multiple scattering [47, 48,
49, 50, 51, 52, 53]. Introduced in 1987 [54], DWS has rapidly evolved in recent years and
is currently applied to study various types of turbid media in Brownian motion, for example,
colloidal suspensions, particle gels, aerosols, foams, emulsions, and biological media [55].
DWS is also effectively applied in both colloid chemistry and material science [56, 57].
DWS is sensitive to fluctuations of the media on the length-scales much smaller than the
wavelength of probing laser radiation (often as small as several Angstroms) [58].
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DWS is based on the statistical analysis of laser radiation scattered by moving particles [59]. Due to the relatively low velocity of scattering particles the amount of Doppler
shift is minuscule compare to the frequency of light. Therefore, the definition of quasielastic light scattering is quite often used to describe this technique [50, 60]. The technique
is also known as a light-beating or intensity-fluctuation spectroscopy, where the "beating"
of light intensity is actually analyzed [47, 48]. The detection of fluctuations of scattered
light is performed by counting the individual photons hence the name photon-correlation
spectroscopy has been coined [48, 51, 52].

A

The light-beating technique was first announced in 1955 by Forrester [61] and then
confirmed by Brown and Twiss [62]. However, due to the broad spectrum and low intensity
of the available light sources, practical application of the technique for diagnostic purposes
was extremely difficult. With the advent of the laser which provided high spectral purity the
method became a practical tool [61]. Thus, in 1964 Cummins et al. [48, 51] reported usage
of the laser as a source for investigating the diffusion of macromolecules (polystyrene).
Further in 1967 Dubin et al. [63] used the method to study diffusion of biological molecules
of different origin.
In 1972 Riva et al. demonstrated the applicability of DLS for the measurement
of blood flow in the retinal arteries, as well as whole blood flowing through capillary
tubes [64]. Three years later Stern performed measurements of blood microcirculation in
the finger [65]. Holloway and Watkins designed the fiber-probe DLS system suitable for

4
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the clinical applications and validated the approach with the Xe washout technique [66].
Later on, Stern et al. reported observation of the pulsatile component in the Doppler
system and studied the responses of blood perfusion in the outer cortex of rat kidney with
various drugs [67].

IN

In the recent decades a number of emerging technologies have been developed for the
non-invasive studies of blood micro-circulation, including Doppler ultrasound [68], conventional and magneto resonance angiography [69], laser Doppler flowmetry (LDF) [70],
capillaroscopy [71], laser-scanning confocal imaging [72], optical Doppler tomography
(ODT) [73], etc. [74]
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The emergence of Optical Coherence Tomography (OCT), Diffuse Optical Tomography (DOT) and Photo-Acoustic Tomography (PAT) and their modalities has marked
the beginning of non-invasive imaging of tissues [4, 74, 75, 76, 77, 78, 79, 80]. These
techniques are often referred to as optical biopsy and, contrary to dissection or excision
procedures, provide structural and functional information of biological tissues in vivo or in
situ. Development and application of these techniques as well as instruments for diagnostic,
therapeutic and physiological studies have been named Biomedical Optics [4, 81, 82].
Innovative non-invasive methods provide a number of advantages over traditional biopsy
methods including: quick and efficient insight into the structure of biological tissues, they
are harmless to the patient and the required time and associated costs throughout many
stages of the clinical assessment are significantly reduced [4, 39]. For instance, methods
such as pulse oximetry and optical assessment of blood glucose levels are now routinely
used in hospitals [83].

A

In the recent years, polarimetry of biological tissues has gained much attention in
the area of Biomedical Optics [84, 85]. Various aspects of polarized light propagation
in biological tissues have been extensively studied in the past [39, 84, 85, 86, 87, 88, 89,
90, 91]. Methods for sugar analysis and concentrations have been developed in [92], the
basics of spectroscopy with polarized light were introduced in [93], certain properties of
protein solutions were quantified in [94]. A number of evaluation methods were presented
in [95], polarization entropy concept was first suggested in [96], applications in remote
sensing in meteorology and astronomy were described in [97, 98]. An opportunity for
cancer differentiation was presented in [99], observations of polarized light from scarab
beetles were performed in [100], mapping of tissue scattering properties was demonstrated
in [101, 102], optical tomography of superficial tissue layers was developed in [103], the
polarization memory effect was described and explored in [91, 101, 102, 104, 105].
Nowadays a number of scientific research fields including biomedicine, environmental,
automotive, combustion, material and life science, etc. are strongly influenced by advances

1.2 Light propagation in biological tissues

5

in OD and photonics-based imaging techniques [4, 45, 106, 107, 108]. OD as well as
X-ray, Ultrasonography, Magnetic Respondence Imaging (MRI) are prominent examples
of the methods that emerged from physics and engineering which have found a wide range
of applications in medical diagnostics and clinical practices [45, 81, 82].
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OD encompasses a range of modalities relying on detection and analysis of the changes
of the probing laser/optical radiation due to the interactions with the matter/biological
tissues. OD systems and experimental photonics technologies are developing at a spectacular rate and have been significantly improved with the new developments in fibre
optics, lasers, laser delivery/detection systems [39, 109], Charge Coupled Devices (CCD),
electronics, and therefore have become available for various medical and biological applications [4, 39, 81, 110]. A number of novel OD technologies are successfully contributing
to healthcare in many medical specialties including oncology, dermatology, ophthalmology, gastroenterology, etc. and continue to increase, creating a multi-billion dollar
market [4, 39, 43, 45].
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In the past twenty years, the outstanding development of biophotonic techniques has led
to increasing investigations of laser light propagation in complex highly scattering randomly
inhomogeneous media such as biological tissues. Modern research trends are focused on
making clinical diagnostics cheaper, faster and more efficient by applying modern optical
techniques combined with fast computer algorithms to process and analyze the data in
real time. Conceptual engineering design, further optimization and/or modification of
the particular experimental OD systems requires careful selection of multiple technical
parameters, including intensity, laser beam profile, coherence, polarization, wavelength
of incident laser/optical radiation; size, position, numerical aperture and sensitivity of
the detector. An estimation of how the spatial and temporal structural alterations in
biological tissues can be distinguished by variations of these parameters as well as a clear
understanding of the light-tissue interaction and peculiarities of localization of the detected
optical radiation within the tissues is also required.

1.2

Light propagation in biological tissues

It is perhaps needless to state that biological tissues have a complex and inhomogeneous
structure. Biological tissues typically consist of multiple layers and at a microscopic scale
are composed of individual cells entrapped in a network of fibres filled with extracellular fluid [4, 39]. The cells in turn consist of the membrane, nucleus, Golgi apparatus,
lysosomes and other organelles [4].
The spatial variations of refractive index is the origin of light scattering and are deter-
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mined by the biochemical content of the tissue [39, 111]. The relative size of organelles
and cells with respect to the wavelength of the probing radiation strongly influences the
angular distribution of the scattered light [4, 39]. Moreover, the difference in the refractive
index between the cell organelles, extracellular fluid and the network of fibers also has a
significant impact on the scattering in biological tissues [4]. Most mammalian cells are

and are close in the shape to spheres or ellipsoids [4]. Howin the range of
ever, their internal organelles possess a broad assortment of shapes, sizes and scattering
properties. Table 1.1 provides a brief summary obtained from [4, 39, 111].
Table 1.1: A summary of typical shapes, sizes and scattering properties of the common cell
organelles.

Shape
spherical
cylindrical
spherical
various

Scattering
Mie
Mie
Mie
Rayleigh

N

Diameter,
7
1
0.25-0.8

1.39-1.47
1.38-1.41
1.5

O

Organelles
Nucleus
Mitochondria
Lysosomes
Other organelles
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Cytoplasmic organelles such as mitochondria, lysosomes, etc. are smaller than
in diameter and vary greatly in their structure and organization [5, 112]. Intercellular
liquid and cytoplasm are mainly composed of water with a solution of electrolytes and
proteins providing an effective refractive index of
 . The cell membrane and cell
organelles are made of phospholipid layers and proteins with refractive indices in the range
of from  to  [113]. The refractive index of connective tissue fibres (e.g. collagen)
is in the range from   to  [114, 115, 116]. Figure 1.1 shows a two dimensional
hypothetical index profile obtained from the actual measurements [4]. The width of the
peaks is proportional to the diameters of the cell organelles and the heights correspond
to the refractive index of each elements [4]. The measurement of the refractive index of
biological tissues and their individual compounds is one of the significant problems in
Biomedical Optics [4, 39].
It should also be noted that many biological objects are optically anisotropic and show
optical activity [4]. Birefringence of articular cartilage and the distribution on collagen
fibril orientations has been studied in [114]. The influence of the orientation of collagenous
fibers in the cornea resulting in shape birefringence and dichroism has been demonstrated
in [4, 117].

To sum up, propagation of optical radiation in biological matter is a complex process
with many peculiarities and interrelated processes on a microscopic level. Numerous
experimental research efforts to understand the light-matter interactions have been carried
out in the domain of tissue optics. Therefore, an accurate and adequate description

n2
n4

n3 ,n5

7

n1

1.2 Light propagation in biological tissues

(1) - fibres
(2) - cytoplasm

(4) - interstitial
fluid
(5) - organelles

IN

(3) - nucleus

N

Figure 1.1: Spatial variations of the refractive index in biological tissues (adapted from [4]).
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of optical radiation propagation in biological tissues is one of the key priorities in the
Biomedical Optics community.
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DETERMENISTIC METHODS
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Various aspects of optical radiation propagation in complex highly scattering inhomogeneous media such as biological tissues are covered by numerous approaches. These
approaches are tightly related to the structure and optical properties of the scattering
medium and fall into two groups: stochastic and deterministic methods [4, 45, 118]. The
relations and connections between them are illustrated in Figure 1.2.

ELECTROMAGNETIC
THEORY

TRANSPORT
THEORY

STOCHASTIC
MODELS

MAXWELL’S
EQUATIONS

BOLTZMANN
EQUATION

METHOD
MONTE CARLO

MIE SCATTERING

DIFFUSION
APPROXIMATION

RANDOM WALK
THEORY

Figure 1.2: Schematic presentation of the major models used to describe optical radiation
transfer in turbid media [119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132].
Dashed lines correspond to the relations between different approaches.

Three distinguished groups of models to represent biological tissues are utilized in these
approaches [4, 45, 118]: with random spatial and/or temporal fluctuations of refractive
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index, as an ensemble of randomly distributed scattering and absorbing centers, and an
absorbing continuum with randomly distributed scattering centers (see Figure 1.3). In this
section a brief overview of the major approaches is presented.
In the Electromagnetic Theory Maxwell’s equations are used to describe the energy
transfer of electromagnetic waves within highly scattering randomly inhomogeneous media [124, 133, 134, 135, 136]. In the framework of electromagnetic theory, the continuous
and discrete models (Figure 1.3, (a) and (b)) of tissue are typically employed. When the
continuous tissue model is utilized, its permittivity experiences random fluctuations with a
position corresponding to some mean value.
This approach could be very effective in terms of modeling of optical radiation propagation in biological tissue. However, due to the complex inhomogeneous structures of
biological tissues defining the permittivity becomes extremely complicated. Nevertheless,
despite many non-successful attempts to apply this model in the field of tissue optics,
determination of refractive indices has been demonstrated in [113].

A

Figure 1.3: Typical models employed to represent biological tissues [118]: (a) – with random
spatial and/or temporal fluctuations of refractive index, (b) – presented as an ensemble of
randomly distributed scattering and absorbing centers (G
#), (c) – an absorbing continuum with
randomly distributed scattering centers ( ).

When biological tissue is represented as an ensemble of randomly distributed centers
(depicted in Figure 1.3, (b)), each local center corresponds to a statistical average of
scattering and absorption over a small volume. Combined with the electromagnetic
theory, this model can be employed to study light propagation in various suspensions
(e.g. microsphere solutions, milk, etc.). The spatial distribution of light has been obtained
utilizing an idea of field perturbation [124]. This approach yields solvable equations but
they are not of a practical interest in the case of biological tissues. Nevertheless, scattering
properties of latex spheres and tissue phantoms were realistically estimated utilizing Mie
computations [137, 137, 138]. However, serious limitations are imposed on the Mie theory
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when biological tissues are characterized by a group of cells [4]. As an alternative, the
extended boundary method [4] or Wentzel-Kramers-Brillouin (WKB) approximation [124]
can be applied.
Therefore, the relevance of electromagnetic theory combined with continuous or
discrete models of a scattering medium lies in the studies of the morphological properties
of various tissue samples.

r  s   s  
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The Radiative transfer theory originates from energy conservation and serves as a
basis for photometry [4]. In the radiative transfer the wave-like behavior of light and
phase relations are ignored. This theory is being extensively used in a number of studies
including atmospheric and ocean radiative transfer, astrophysics, geophysics, the optics
of photographic layers and others [4, 124, 139]. The macroscopic energy balance and
statistical average of photon transport and their energy through the scattering medium is
formalized by the Radiative Transfer Equation (RTE):
r  s 



 r  s  



{

 s s     r s  
(1.2:1)
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Here, r  s  is the energy radiance in the medium at point r in the direction s at
time ,  and
are the scattering and absorption coefficients,  s s  corresponds to
the scattering phase function,  r s  represents the optical radiation source function
and  is the speed of light in the medium. RTE is similar to the governing equation used
in the Boltzmann’s kinetic theory of gases and the theory of neutron transfer [4]. The
initial derivations of the RTE theory were made by Bouguer and Lambert [4]. RTE was
obtained by considering the balance of energy of incident, detected, absorbed, scattered,
and emitted optical radiation within an infinitesimal volume element [140]. Describing
intensity propagation through a scattering medium and ignoring the wave phenomena
is one of the fundamental peculiarities of the RTE. Typically discrete tissue models are
employed when solving the RTE for a particular scenario (shown in Figure 1.3, (b)). The
correlation between the radiative transfer theory and electromagnetic theory have proved
that the RTE can be considered as an approximation of Maxwell’s equations for a random
scattering medium under certain conditions [124, 141].
Comprehensive mathematical solutions of the RTE proving its validity are presented
elsewhere [140, 142, 143]. Typically integro-differential equations are solved numerically
to obtain feasible solutions. Depending on the actual number of considered discrimination
terms integro-differential equations are converted to a system of algebraic equations
suitable for an analytical solution [4, 45, 124, 136]. In this approach, the energy radiance
r  s  is represented by its value at discrete points only. This leads to the replacement
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of the integration and differentiation operators by differences and summation and finding
an approximated solution [4, 124, 136]. It is also possible to obtain a general solution
with unknown coefficients and then find them by means of the appropriate boundary
conditions [4].

N
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Flux theory is one of the good examples of this approach [144, 145, 146]. If the light
is scattered diffusively, the averaged radiation field is well described by the Kubelka-Munk
or Munk’s theories [4, 146]. In Kubelka-Munk (or Two-flux) theory the direction variable
is discretized at  values in the RTE, yielding an approximation of the angular distribution
of a particular intensity [4, 45, 146]. However, in the case of a collimated incident beam
Kubelka-Munk theory fails to provide an accurate solution and the four-flux theory should
be employed [4]. Another example is the discrete ordinate method utilized for image
reconstruction obtained by optical diffuse tomography [147].
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Discretization can also be performed using  solid angles between the initial direction
of photons and direction of scattering,   s  s . The scattering phase function is
subsequently substituted by a matrix     representing the fraction of incident optical
radiation in a particular solid angle  , which is scattered into another solid angle [4,
45, 146]. A good example of this approach is the Adding-Doubling method originally
developed in [133] and described by [148, 149] in detail. In this method the reflection
and transmission for a single tissue slab thin along the -axis, is found by approximating
the radiance along -axis by its average. Then, the reflection of a slab twice as thick is
found by combining two identical slabs with the known properties and summarizing the
contribution from each of them [148]. The procedure repeats until the desired thickness
is reached [149]. One of the key concepts of this method is that the transport equation is
azimuthally averaged only [45, 148, 149]:
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where  the weighting factors. Integrating (1.2:2) over the thickness 
yields:
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Here,
         corresponds to the radiance at the top and the

bottom of the slab. The Adding Doubling method provides a very fast way to compute
the reflectance and transmittance for multilayered slabs of various thickness. However,
due to the underlying assumptions, the method does not allow computing the fluence
within the medium, it also deals only with the uniform scattering/absorbing properties
of the tissues and uniform illumination by collimated or diffuse radiation source [148].
Nevertheless, the method became the "gold standard" in evaluating the less accurate models
(e.g. Kubelka-Munk theory) [4, 45, 148].

O

N

Another prominent example to find a solution to the RTE is based on reducing it to
a set of coupled differential equations by approximating the radiance with well-known
appropriate function series. This method is known as Diffusion approximation or  (firstorder) approximation of the RTE [140] and is widely used [4, 15, 39, 122, 124, 128, 136].
If the radiation source is considered isotropic the RTE can be presented as a pair of coupled
differential equations [15, 45, 122, 124, 128, 136]:
r 
 J r  
 
 J r    r  
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 r 
(1.2:4)

 J

r 



Here, r  and J r  correspond to the fluence rate and flux at r , respectively and
 r  represents the photon source [15, 45, 122, 124, 128, 136]:
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In diffusion approximation the transport coefficient 
is utilized. Here,
 

 refers to the reduced scattering coefficient. By eliminating J r  between


equations (1.2:4) one yields [15, 45, 136]:
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 r 

(1.2:6)

where 
 is the diffusion coefficient. The radiance in diffusion approximation is
defined as following:
r s 

r  

J r s

(1.2:7)
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where r  is the fluence rate. Most of the practical OD problems do not required direct
measurements of fluence rate (an exception for example is Photodynamic therapy) [4, 148].
However, one of the variables of interest is the measurable quantity    representing
the number of photons that reach the unit area of surface in a unit time  for a defined
source-detector separation [15, 136]. This variable is called diffuse reflectance and is
calculated as [15, 45, 136]:
 



  

z   

(1.2:8)
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Typically, three commonly used boundary conditions are utilized to solve a secondorder diffusion differential equation: the partial-current boundary, the zero-boundary, and
the extrapolated boundary conditions [150, 151, 152]. A more accurate solution has been
developed when reflectance as represented as the integral of the radiance over the backward
hemisphere [150, 151].
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A number of derivations of the diffusion equation (e.g. Elementary Kinetic Theory) are
presented in the literature [15, 153, 154]. These approaches yield different expressions for
the diffusion coefficient  trading off accuracy for the ease of computation [4]. The main
limitation of the diffusion approximation is that the distance between sources and detectors
should be significantly greater than the mean transport length allowing enough scattering
events to occur while generating a diffuse field [155, 156]. Other limitations including the
sizes of the radiation source and detector, numerical aperture, low-order scattering photons,
etc. when the diffusion approximation could not provide a reasonable solution to the RTE
are presented in the literature [155, 156, 157].

A

Stochastic methods are an alternative to the deterministic methods and utilize a
completely different methodology to estimate the exact solution of the RTE. In these
methods, individual random photon-tissues interactions are simulated. Stochastic methods
were developed to model light transport in the scattering medium with known optical
parameters [136, 158].
In the Random walk theory (RWT) the statistical behavior of optical radiation propagation in biological tissues is described within a cubic lattice consisting of adjacent
points. Within the lattice the photon step size is inversely proportional to  and photon’s
propagation is isotropic between the points of the lattice [45]. This approach in good
agreement with the Diffusion approximation [159] and provides simple mathematical
solutions for   . However, this approach imposes significant restrictions on the
number of possible directions of propagation of photons and constructing multilayered
media is challenging [45, 160, 161].
In the Photon path-integral formalism a path integral (PI) over all possible photon
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trajectories is considered. The PI describes light propagation in terms of partial contributions of the effective optical paths [162, 163, 164]. An ensemble of the most probable
trajectories is sampled and their multiple scattering contributions are calculated. The contribution of the less probable paths is found analytically. A good agreement with the actual
experiment has been found in [165]. It is obvious that this technique significantly optimizes
computations by providing a systematic, rather then a stochastic procedure in terms of
sampling photon trajectories. Nevertheless, the number of studies utilizing Photon pathintegral formalism is still quite limited due to the complexity of determining the effective
optical paths for a particular configuration of an OD experiment [45, 162, 165, 166, 167].

O

N

The Monte Carlo (MC) method is a very powerful and flexible tool giving the exact
solution to the RTE and allows: full 3D representation of the tissues and implementation
of the model, multilayered tissue models with inhomogeneities and inclusions, the actual
geometry and parameters of tissues corresponding to a particular OD experiment can be
used [168, 169, 170]. Without extrinsic or intrinsic constraints MC method was chosen by
many researchers for the modeling of light propagation in biological tissues [4, 149, 168,
169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180].
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The conventional MC models are based on the simulation of energy or intensity
transfer through the medium and do not take into account the wave nature of light, i.e.
polarization, coherence, phase retardation, interference, and phenomena associated with
these properties. Moreover, these models are mainly dedicated to calculations of a fraction
of light that is absorbed in a medium utilizing a simple combination of configurations of
light source/detector and scattering media. For the major OD applications MC simulations
for a particular configuration of an experimental system are typically required.

A

Due to a number of practical OD modalities the MC model undergoes continuous
modification dedicated to the inclusion of diverse properties of incident optical/laser
radiation and mechanisms of light-tissue interactions, including scattering, absorption,
anisotropy, reflection, refraction, transmittance, interference, polarization, depolarization,
coherent scattering, phase shift, time-delaying, configuration of the sources and detectors,
structure of the medium and the conditions of light detection, etc. [181, 182, 183, 184, 185,
186, 187, 188, 189, 190, 191, 192, 193, 194, 195, 196, 197]. A new MC code is typically
required to be developed for the particular application [198].
MC modeling has always been extremely time consuming and the computation time
consumption grows four times with each doubling of resulting accuracy [4]. The MC
method was even deemed as "useless" for problems requiring high accuracy [4]. Development of a unified, fast, easy to use and support MC model for the needs of Biophotonics
and Biomedical Optics community is in great demand [198].
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1.3

Aims and Objectives
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The current study was focused on the investigation of light propagation in complex biological media (e.g. human skin) with the main purpose to understand how the manipulation
of fundamental properties of laser radiation such as coherence and polarization can be
used for advanced tissue characterization including earlier melanoma and cancer detection,
visualization of the spatial distribution of blood vessels, blood flow and its changes, etc.
Thus, the ultimate aim of the current research was to understand the peculiarities of light
propagation in biological tissues by the means of development of a unified computational
model and its extensive usage, validation and application for the needs of Biomedical
Optics.
Therefore, the particular steps of the project include:

O

• investigation of the influence of tissue properties and probe configuration on the
detected optical signal in a particular experimental system.

R

• gaining a fundamental understanding via computational studies of the limitations
and optimal instrumentation parameters of practical experimental systems typically
used in the major applications of Biomedical Optics.

D
O

• using the developed and validated computational model for creation and optimization of prototype instrumentation that can be further readily reproduced, and its
performance can be simply calibrated and validated.
• establishing the experimental methodology to the point where tissue structure and
its malformation can be routinely and accurately observed.

A

• following completion of objectives 1-4, demonstrate the benefits for major biomedical applications.
Considering its advantages, MC method was chosen as a primary tool to model light
transport. The project utilizes the development of the fast unified MC model of photon
migration in complex scattering tissue-like media as well as its comprehensive validation
through comparison with other methods and particular OD techniques for characterization
of tissue properties.

1.4

Thesis Outline

In this introductory chapter, an overview of existing OD technologies is presented. The
peculiarities of light interaction with biological tissues are considered and the main ap-

1.4 Thesis Outline
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proaches which describe the propagation of optical radiation in tissue-like media are
outlined.

IN

Chapter 2 is dedicated to the theoretical aspects and principal steps of the developed
MC model. Key steps including the generation of a new photon packet, sampling photon’s
step size, moving the packet within the medium, reflection/transmition at the medium
boundaries, scattering and detection are described in detail. Particular attention is given
to polarization and coherent properties of light which were included in the MC model
utilizing an iterative procedure for the solution of the Bethe-Salpeter equation. Further
developments of the generalized MC approach for modeling propagation of coherent
polarized light in complex multiple scattering medium are presented.
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In Chapter 3 the four pillars of implementation of the unified MC model are presented.
To generalize and unify the MC code for a multi-purpose use in various biomedical optics
applications an architecture based on the Object Oriented Programming paradigm is presented. A dramatic speed up of MC simulations has been archived utilizing general-purpose
computing on graphics processing units. Leveraging modern, web-based technology a
working prototype of the online MC computational tool allowing researchers worldwide
to use, check and validate our MC model has been developed. The possibility of using
peer-to-peer distributed computing to deal with the limitations imposed by the multi-user
access of the online MC tool has been investigated.

A

Chapter 4 is dedicated to the application of developed unified MC method for the needs
of Biomedical Optics. The developed MC method has been comprehensively validated
against the known analytical solutions and existing models of light transport. Pilot studies
of both reflectance and transmittance spectra for different parts of human body have been
carried out and a qualitative and a quantitative agreement have been found with MC
simulations paving a new way of characterizing human tissue. A procedure which allows
estimating the spatial distribution of the polarized/non-polarized probing radiation for
a particular configuration of an OD system has been developed. A novel OD modality:
diffusing wave polarimetry is introduced and the results of feasibility studies of monitoring
the condition of biological tissues and grading cancerous stages by traversing of the
Stokes vector on the Poincaré Sphere are presented. The developed MC model has been
used to assess a fraction of light preserving initial polarization and a part scattered form
superficial layers of the medium. Finally, MC modeling of the OCT images in non-, coand cross-polarized modes is introduced.
Chapter 5 discusses a new OCT imaging technique and its applications. The so-called
double correlation approach has emerged from the MC study of OCT image formation
and the implementation of the MC model. The developed image reconstruction technique
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has been applied to observe low frequency electric fields propagating in ex vivo biological
tissues, obtain the spatial distribution of superficial blood vessels in human skin in vivo
and monitor the transcutaneous delivery of a nano-particulate peptide vaccine into mouse
skin in vivo.
The thesis concludes with Chapter 6 where the opportunities of improving the developed MC method and OD techniques are discussed. In the Appendix A the list of
publications and conference presentations is presented. The information regarding the
source code of the unified MC tool as well as its usage statistics is given in Appendix B.
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Chapter 2

N

Theoretical aspects and the principal
steps of the Monte Carlo method*

A
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This chapter is dedicated to the theory behind the developed MC model and provides a
detailed theoretical description of the principal steps of photon transport. In the MC method
the process of light transport is represented by random non-correlated migration of photon
packets within a scattering medium and is often considered as a Markov process [171,
199, 200]. Optical properties of scattering medium determine probabilities of propagation,
scattering and absorption of the central entity: the photon packet. The photon packet could
be thought as pseudo-particle attributed with some of characteristics of a real quantum
of light [168, 169, 170]. Multiple trajectories of photon packets through the tissue are
sampled and the variable of interest (e.g. absorption, diffusion, polarization, etc.) can be
considered as the integral over all possible values that the variable takes multiplied by the
value probabilities [168, 169, 170].

2.1

Background of the Monte Carlo method

The history of development of the MC method is quite diverse. The earliest example of a
MC technique was presented by Georges-Louis Leclerc, Comte de Buffon in 1777 and is
now known as a Buffon’s needle experiment [201]. In this experiment the value of is
estimated by dropping needles of length on a plane with parallel lines which are separated
by the distance . The probability  that the needle crosses one of the lines is linked with
* This chapter has been partially published in: I. Meglinski, A. Doronin, Monte Carlo modeling for the
needs of Biophotonics and Biomedical Optics, in: Advanced Biophotonics: tissue optical sectioning, Edited
by V.V Tuchin, R.K. Wang, Taylor & Francis, Chapter 12, pp. 387-457 (2013).
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as [201]:
 


 


(2.1:1)





IN

where  is the distance from the needle to the nearest line, is the angle between the
needle an the line. Let  be approximated by a fraction  where  corresponds to the
number of times when the needle crossed the line, is the number of drops. Considering
and solving for one yields:
(2.1:2)
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It is clear that with the increasing number of drops the accuracy of the method will
also increase. The experimental proof of the concept was made in 1864. Captain Fox
was recovering from his wounds in a hospital and performed the experiment to occupy
himself [202]. He was able to obtain the value of
   for

and 
 .
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In 1899 Lord Rayleigh demonstrated that a one-dimensional random walk on an infinite
lattice could provide an approximate solution of parabolic differential equations. In 1931
Kolmogorov gave a great impetus to the development of stochastic approaches by showing
the relationship between Markov chains and certain integro-differential equations [203]. In
1933, Petrovsky showed the asymptotic connection between the random walk that creates a
Markov chain and the solution of elliptic partial differential equations [203]. In the 1930s,
Enrico Fermi used this idea while studying neutron diffusion [204]. After these findings,
it became clear that stochastic processes can be described by differential equations and,
therefore, well established mathematical approaches can be applied.

A

In the 1930s, during their work on the atomic bomb (Manhattan Project) Von Neumann
and Ulam were studying random neutron diffusion and interactions in fissile materials.
They were unable to solve the problem using conventional approaches and Ulam was the
first to use the inverted approach (random sampling known as the "Russian roulette") [204].
The ideas presented by Harris and Herman Kahn in 1948 significantly influenced the
development and a solution of the Schrodinger equation was successfully obtained by
Fermi, Metropolis, and Ulam in 1948 [204]. Von Neumann coined the codename for
the method (Monte Carlo), which refers, according to his own words, to the Monte
Carlo Casino in Monaco where his uncle used to gamble [204]. Metropolis and Ulam
published [205] their finding in 1949 and since then, MC method became popularized and
found a wide range of applications in a number of fields [204].
The first publicly available MC code for modeling photon scattering was developed to
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study the transport of monochromatic light through the Earth’s atmosphere under various
environmental conditions, emitted from a point and plane sources [206]. This code has
been modified and with the further fast computer developments has been extensively used
for a number of applications, including atmosphere [171, 207], geological structures [208],
astrophysics [209] and medical physics [210].
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In 1983 Wilson and Adam presented a MC based technique for calculating the absorption and flux distributions of light in tissue [211]. Later, in 1989 Keijzer et al. developed a
theoretical background of photon migration and implemented the first MC code in Pascal [168, 169]. Wang et al. developed a set of MC programs (e.g. MCML) in standard
C for multi-layered turbid media with an infinitely narrow photon beam [170]. Since
Wang’s publication, MCML was successfully used, modified and optimized by many
groups [4, 211, 212, 213].
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Figure 2.1: Schematic presentation of the role of the MC method in the modern science.

The role of the MC method in the modern science is depicted in Figure 2.1. MC
method is applied when theory fails to provide an adequate mathematical description of
the physics of a process. However, theory can provide intuition for design of a particular
experiment [4, 45]. Utilizing a MC method it is possible to analyze experimental results,
verify and correct theoretical predictions. Finally, when the theory, experiment and the
MC model are in good agreement the practical results are obtained [4, 45].
In the framework of this research project, along with the classical problem of energy
transfer, the MC method has been extended to account for polarization and coherent
properties of light utilizing the iterative procedure of the solution of the Bethe-Salpeter
equation. The developed technique describes the final state of polarization of scattered
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light utilizing a combination of the field-based nature of light and the intensity-based
representation. The helicity flip and polarization memory effects have been taken into
consideration, calculations required to trace polarization along the entire photon packet
trajectory have been significantly optimized.
The developed MC model supports a variety of configurations corresponding to the
actual experimental conditions including: any geometry of optical radiation source/detector,
incident beam intensity distribution, polarization (linear, circular, elliptical), reflection
and refraction at the medium boundaries, numerical aperture of the detector, multilayered
scattering medium with planar/non-planar boundaries and inhomogeneities.

Photon alive

❼

Yes

No
End

A

Figure 2.2: Flow chart representing the key steps of propagation of a single photon packet.

Principles of MC simulation of photon migration in a randomly inhomogeneous
medium are widely presented in the literature [169, 214]. In this probabilistic technique, a
large number of photon packet trajectories are randomly generated. The generation of a
photon packet trajectory consists of the following key steps: launching of a new photon
packet, sampling photon’s step size, moving the packet within the medium, reflection/transmition at the medium boundaries, scattering and detection (see Figure 2.2).
In the MC simulation, fiber-optic probe configurations are typically used. They fall
into two distinct groups: in the first group the same fiber is used to illuminate a sample
and collect the scattered optical radiation; in the second group, separate fibers are utilized
serving as source and detector of optical radiation, respectively. During the journey

2.2 Launching a photon packet
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2.2

Launching a photon packet
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from radiation source to detector, photon packets propagate through and interact with
the scattering medium. A number of variables of interest are being updated: intensity,
path length, polarization, absorption, etc. Depending on the parameters of simulation, the
propagation of a photon packet can be terminated in an unbiased way. When the photon
packet satisfies the detection conditions its trajectory is stored. The final outcome of the
MC simulation is generated when the desired number of photon packets has been traced.
The parameters of interest are calculated from the accumulated photon histories.
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The phase space r s of a photon packet is represented by a collection of dynamic
variables describing the photon’s absolute position, r, within a scattering medium relative
to the origin of a coordinate system, the current direction, s, relative to the axes of the
same coordinate system (shown in Figure 2.3) [169, 181, 214]. The coordinate system
in MC is typically linked with the exact configuration of an experimental system. The
photon’s r and s are represented by vectors r
   and s
     , respectively.
For incident photons their current direction is defined by the initial polar angle and
azimuthal angle . The components of the vector s are represented by the direction cosines,
              [45, 169, 181, 214].

Z

A

s3
θ

0
s1

s0
s2

Y

ϕ

X
Figure 2.3: Photon packet’s position  in the scattering medium is specified in the Cartesian
  coordinate system: and angles represent the polar and azimuthal angles defining the
current direction of photon packet propagation . Here  ,  ,  are the direction cosines.
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Photon packets start their journey at a light source. In MC light sources are described
by the initial position and direction of propagation of photon packets. For the major
OD applications the most popular light sources are employed including: point source,
uniform and non-uniform (typically Gaussian) beams. For instance, in the case of a point
source, photon packets start their motion from a defined position. A top-hat source is
represented by a surface (of any shape) where the incident photon packets are uniformly
distributed [108]. A non-uniform source is constructed by employing a mathematical
representation of a beam shape such as Gaussian functions, etc. The radius, numerical
aperture, beam profile and angle of incidence define initial r s of a photon packet.
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Photon packets propagate through and interact with a scattering medium. Probability
density function (pdf) defines the points where interactions with the medium occur. Let 
be a random variable characterizing the interaction, then its pdf   is defined as [169,
181, 214]:
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here  ,  6   6 represents the cumulative probability function (cpdf).  
denotes a probability  
 that  is less than . According to [199] a random sample
can be obtained from  
 utilizing a random number uniformly distributed between
0 and 1 by taking the inverse Fourier Transform  :
w

 









(2.2:4)
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If it is impossible to take  , other techniques (e.g. rejection sampling or lookup tables)
can be utilized to obtain the random sample [199].

The phase space of a photon packet can be supplemented with other scored variables
including intensity, polarization, etc. to characterize the contribution of an individual
photon packet to a variable of interest (e.g. for diffuse reflectance/transmittance the phase
space is supplemented with a statistical weight). Therefore, the pdf, defined in a photon
packet’s phase space, depends on coordinates, directional cosines and other statistical
variables like statistical weight. A complete pdf of a photon packet can be factorized and
represented as a product of independent pdfs: the pdf of position, the pdf of scattering and
the pdf of interest. This assumes the independence of spatial, directional distributions and
the distribution of interest from each other [45, 169, 181, 214].

2.3 Moving the photon packet
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Moving the photon packet
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To reduce errors associated with statistical variation and obtain a reasonable solution, a
large number of photon packet trajectories is required to be generated from the point where
the packets enter the scattering medium (source) to the point, where the photons exit the
medium (detector) (Figure 2.4) [4]. The initial and the final states of r s of photon
packets are determined by the exact geometric configuration of an optical system and the
parameters of scattering medium.
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Figure 2.4: Schematic presentation of the propagation a photon packet in the scattering
medium. Here  represents the path length between 
-th and -th scattering events
positioned at  and  . Two unit vectors  and  define the directions of propagation
before and after a scattering event.

The photon path length distribution   can be represented by any positive value [169,
181, 200, 214]:


 

 
 
(2.3:5)
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Here 
refers to the extinction coefficient,   depicts the scattering and 

corresponds to the photon absorption in the medium. Factorizing   as the product of
the pdf of scattering,   and attenuation factor, 
, it is clear that acts of scattering and
absorption can be represented in the model independently as following [169, 181, 200, 214]:
 

 



(2.3:6)

and
 







(2.3:7)

Let the trajectory of a photon packet which consists of  steps (or orders) be supplemented with coordinates given by r ,
. Assuming the direction of photon packet s
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and a distance



to travel, the new position r is defined by [169, 181, 214]:
r

r

 s  

(2.3:8)

Substitution of (2.3:7) into (2.2:4) yields the following expression for the free path
length  (or just ) which is determined by the corresponding pdf:




(2.3:9)
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where is a random number uniformly distributed between 0 and 1.
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When the scattering medium is composed of multiple layers the selection of becomes
more sophisticated. Excluding the effects of packet-boundary interactions, one should deal
with the free path length variations due to the difference in scattering coefficients. Let the
scattering medium consists of layers with the scattering coefficients  ,
 . If the
photon packet crosses the boundary then the pdf (2.3:7) is defined as (according to [199]):



assuming that




(2.3:10)
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Given that is a maximum distance which a photon packet can travel in the -th region, the
following procedure is employed to select the correct path length . First, is determined
from the inequality [199]:





(2.3:11)



and then solving for :










(2.3:12)



In the developed MC where the distances are not known an algorithm suggested by [45,
170] is utilized. When a photon packet reaches the boundary between layers with different
scattering coefficients, the path length corresponding to the motion of a photon packet in
the region
is subtracted from the total path length : 
. The remaining step
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 corresponding to the region

is adjusted with respect to the new scattering coefficient:








(2.3:13)



Photon packet scattering
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The procedure repeats until the value of allows the photon packet to cross the inter the photon packet is moved directly to the next layer
face between layers. If 
according to its direction of propagation. Other possible techniques to treat the interfaces
between boundaries are suggested in [199]. For example if the scattering medium has
inhomogeneities (inclusions) with different scattering coefficients, a photon packet can
be stopped at the interface and its path length can be truncated. The next free path
length can be generated from the boundary point utilizing the scattering coefficient of an
inclusion [45, 199].
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Following transfer, the photon packet is scattered and a new direction of propagation of the
photon packet is determined. The new direction s
         corresponding
to the next scattering order is defined within a local coordinate system (      ) using
polar  and azimuthal  angles. These angles are relative to the previous direction of
propagation s
         which is stored within the absolute coordinate system
  and corresponds to the -th scattering order [45, 199]. In the  , the relation
between s and s is defined using the following transformation [171, 199, 215, 216, 217]:
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(2.4:14)



If  
 i.e. the angle of the photon packet is too close to normal of the scattering
medium boundaries, the direction of propagation does not change and the following
formulas are used [171, 199, 215, 216, 217]:



















 
 




















(2.4:15)

A scattering phase function is defined as the probability that a photon packet traveling
in s is scattered within the unit solid angle around s [171, 199, 215, 216, 217]. The
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Figure 2.5: A new direction of propagation of photon packet is defined in a local coordinate
system (      ) by the deviations in the polar angle  and the azimuthal angle  . Two
vectors  and  correspond to the direction of photon packet propagation before and after a
scattering event.
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Henyey-Greenstein (HG) phase function is typically used for describing scattering behavior
in biological tissues [218, 219]:
  




  

(2.4:16)

where is the scattering angle,  corresponds to the anisotropy factor or the mean cosine
of the scattering angle.

A

Thus, utilizing the deviation obtained form the corresponding cpdfs     and

   the polar angle  and the azimuthal angle  can be defined as following [45,
108]:




 if  

 
 
(2.4:17)


if  




In the developed MC, the particular scattering function is defined as a parameter of
simulation. Depending on the application, HG, Mie, Rayleigh scattering functions can
be chosen before a MC simulation starts. It should be pointed out that if required, other
scattering functions can be easily added and implemented in the developed MC model (e.g.
Fournier-Forand scattering function [220]).

2.5 Reflection and refraction
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Reflection and refraction
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A photon packet undergoes specular reflection and refraction when it reaches a media
interface (see Figure 2.6). The procedure involves splitting the photon packet into the
reflected and transmitted parts. If the phase space of the -th photon packet is supplemented
with the initial statistical weight  , its attenuation is defined as [45, 221]:


  

(2.5:18)
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Here  corresponds to the number of the photon packet reflections/refractions at the
internal boundary interfaces within the scattering medium,  and  account for
reflections when the photon packet starts its motion and leaves the medium, respectively.
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Figure 2.6: Reflection and refraction of a photon packet at a medium interface. Here
are the refractive indices,  and  are the angles of incidence and reflection ( 
is the angle of transmission.

and
 ), 

Boundaries residing within the medium are treated differently from the external interfaces. The whole photon packet is ether reflected or transmitted utilizing the unbiased
procedure based on random sampling. When the packet is reflected (
),
 corresponds to the Fresnel reflection coefficient
 . When the packet is transmitted
into the next medium layer (
),
 corresponds to

, respectively. The
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The angles



and






(2.5:19)
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Fresnel reflection coefficient  is defined as [45, 221]:
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if 

can be obtained by applying the Snell’s law [135]:
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Snell’s law defines the new direction of a transmitted/refracted photon packet. The
azimuthal angle does not change and the new direction cosines of a transmitted/refracted
photon packet are obtained through the following transformation [45, 221]:





if 





if 









(2.5:21)

For a reflected photon packet the directional cosines are defined as:






 


(2.5:22)
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Here s       is a direction unit vector of an incident photon packet, s corresponds
to a direction unit vector of the transmitted photon packet, s defines a direction unit vector
of reflected photon packet, respectively [45, 221].

During the propagation, the photon packet is aware of its position in space which is
relative to the origin of coordinate system (i.e. it knows the current region of the media
characterized by the corresponding optical properties), proposed path length and direction.
This allows construction of complex multi-layered media with boundaries/interfaces,
inclusions and inhomogeneities. Depending on a particular OD experimental conditions,
boundaries can vary from simple ones (planar interfaces) to complex rough interfaces and
inclusions (e.g. see Section 4.6).

2.6 Detection and termination
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Detection and termination
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When a photon packet goes through the first/last layers of the scattering medium, checks are
performed to determine if the detection criteria for reflectance/transmittance, respectively,
are met. First of all, the absolute position is used to evaluate if an exiting photon hits the
area defined by the particular geometry of the detector. If that is true, the current direction
is examined to see whether it is within the range of the acceptance angle of the detector
(calculated from the numerical aperture and refractive index). A technique for estimating
spatial distribution of probing radiation for a particular geometric configuration of an OD
system is presented in Section 4.3.
The trajectories of photon packets satisfying the detection condition are stored for
further computations. This approach has a number of advantages. Once generated, the trajectories can be reused for calculation of spectra, fluence rate, polarization, absorption, etc.
eliminating the need to again run the most time-consuming part of MC – random sampling
(see e.g. Section 4.4).
Scaling, hybrid and perturbation methods can be applied to estimate optical signals for
a medium with different optical properties from the recorded photon histories [174, 222,
223, 224]. These methods benefit from the fact that scattering and absorption properties
only influence statistical weights of photon packets [222].
Modeling of a large number of photon packet trajectories (typically  -  ) can be
extremely resource consuming and was a significant concern in the MC models developed
in the past [45, 168, 169, 170, 211]. Although it has been dealt with and is not longer
an issue in the developed MC model (see Chapter 3 for the details) the following cut-off
technique has been employed to keep the simulation time within reasonable bounds: when
the total number of scattering events exceeds  , the photon packet is terminated and no
longer contributes to the detected signal. This is a reasonable assumption for biological
tissues, considering the exponential decay of the intensity via the optical depth due to the
Beer-Lambert law [168, 169, 170, 211]. When the required number of photon packets is
traced, the final outcome of the MC simulation is calculated from the accumulated photon
histories.

2.7

Absorption

In the developed MC model a concept of an ensemble of scattering centers in an absorbing
continuum is utilized. This method allows quantifying the absorbed portion of optical
radiation within the scattering medium independently and is widely employed in [45, 168,
169, 170, 211]. During the propagation, the statistical weight  of the photon packet is
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attenuated as:


 





(2.7:23)

Here  corresponds to the statistical weight of the detected photon packet,
is the
absorption coefficient of the -th layer, is the total path length of the photon packet in
the -th layer, 
is the initial statistical weight of the packet, respectively.
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It should be pointed out that
does not have an influence on the photon packet
histories. Separation scattering from absorption agrees with the Beer-Lambert law and
allows fast computations of the probing radiation intensity on the detector for various
medium absorption coefficients without the need of recalculating of individual trajectories.
This technique has been employed to model human skin diffuse reflectance spectrum and
color and is presented in Section 4.4.
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Coherence and polarization are the fundamental properties of light, and refer to the ability
of electromagnetic waves to oscillate in many directions. If a light wave is vibrating in
a particular direction it is called polarized. The direction of polarization is defined by
the direction of the electric vector lying in the plane perpendicular to the direction of
propagation of the light wave.

A

The wave theory of light has been developed by Augustin Jean Fresnel (1788-1827)
and his successors and was a complete triumph, completely describing the major optical
phenomena of interference, diffraction, and polarization [225]. In 1852 Sir George Gabriel
Stokes (1819-1903) has demonstrated that a complete description of any polarization state
of light can be defined by four observables grouped in
vector (now known as a Stokes
vector) [225]. The importance of Stoke’s mathematical formulation of polarized light was
finally recognized in the 1940s when the Nobel laureate Subrahmanyan Chandrasekhar
used Stokes parameters in the equations of radiative transfer [225].
Different approaches exist to treat propagation and scattering of coherent polarized
light in turbid random medium by MC. Typically Jones [226, 227] or Stokes-Mueller [84,
85, 196, 228, 229, 230] formalisms are used. The Electric field MC method was developed
in [231]. In the Jones calculus the field-based representation of the wave is considered (e.g.
coherent addition of the amplitudes and phases of the waves) [85] and polarization of light
is presented by two components of the complex amplitude of the electric field propagating
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in z direction [225, 232]:
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(2.8:24)
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where  and  are the instantaneous amplitudes of the wave propagating in  direction,
and coincident with  and  polarization ( and  , respectively), is angular frequency,
is the imaginary unit, is the phase of the light wave. The propagation of the wave
through a medium is then described by a
matrix [233]:
E 

J  E 

(2.8:25)
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where E  and E  define, respectively, the Jones vectors of incident beam and the
beam emerging from the polarising element that changes the state of polarization, J is
the Jones matrix. If the polarized light propagates through multiple polarizing elements,
the resulting Jones matrix is given by the product of each element (i.e. by multiple
matrix multiplications [234]).
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The main limitation of the Jones formalism is that it only supports pure polarization
states and cannot deal with partial polarizations and depolarizing interactions [85]. Depolarizing interactions are common in biological tissues and thus, the use of Jones formalism in
tissue polarimetry is rather limited to studies of clear media, specular reflections, etc. [85].

A

In the actual experimental situation the light is always partially polarized, the phases are
randomly distributed and  ,  is implicitly dependent on time. To represent polarization
in terms of the observables, Stokes in 1852 suggested that an average over the time of
observation should be taken [225]. In the framework of the Stokes formalism the removal
of the term  between  and  in (2.8:25) yields:







 





 



(2.8:26)

which leads to the following transformation:
















(2.8:27)

By squaring (2.8:27) and assuming that for monochromatic radiation the amplitudes and
phases are constant for all time, the definition of the polarization ellipse is obtained [225]:



 

 

 





(2.8:28)
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The azimuth ψ and ellipticity


ψ

angles of the polarization ellipse are defined as:
  
 
 

  

  



(2.8:29)

 , light is considered linearly polarized (vertically or horizontally), the case when

provided that   corresponds to circular polarization (left or right).
By grouping the terms in (2.8:27) the following equation is obtained [225]:
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The quantities inside the parentheses can be expressed as [225]:

The four parameters can be rewritten as a column matrix which is called the Stokes vector:
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where       .
In tissue polarimetry, the four Stokes parameters are defined by six intensity ( )
measurements performed with ideal polarizers [85]:


A
























(2.8:33)



where
corresponds to the measurement with a horizontal linear polarizer at  ;
–
vertical linear polarizer at  ;  – linear polarizer at
;  – linear polarizer at
; 
– right circular polarizer and – left circular polarizer, respectively. Thus,  corresponds
to the total intensity;  is the difference between horizontal and vertical polarization
intensities;  depicts the difference between linear polarization states at
;  is the
difference between left circular polarized (LCP) and right circular polarized light intensities
(RCP) [85, 225].
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In the framework of Stokes parameters, any possible state of polarization is defined by
the so-called degree of polarization (DOP) [225, 235]:



  


(2.8:34)
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The value of 
corresponds to perfectly polarized light, 
 cor
corresponds to partial
responds to completely unpolarized light, and 
polarization [225, 235].

N

Stokes-Muller formalism provides a complete description of the state of polarized
light in terms of intensities. However, ignoring the coherent properties of optical radiation
imposes significant limitations when MC method is applied for modeling of OCT signals,
formation of speckles, CBS, etc. [185, 188, 191, 192, 221, 236, 237]
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Moreover, in the MC models developed in the past, polarization of light is typically
considered only to the second scattering order [228] ignoring the polarization memory
effect and helicity flip effects which are of fundamental importance [91, 101, 102, 104,
105, 191]. Supplementing the phase space of a photon packet with Stokes parameters and
performing Mueller calculus involves rather cumbersome
matrix multiplications at
each scattering order which has a negative impact MC performance [84, 85, 196, 227, 228,
229, 238].

A

A completely different approach addressing these issues was presented in [188, 191,
192, 221, 236]. The approach is based on the iterative procedure of the solution of
Bethe-Salpeter equation which is an equivalent of the Boltzmann or radiative transfer
equation [239]. Bethe-Salpeter equation was introduced in 1951 to describe the bound
states of a quantum field theoretical system [240]. It has been demonstrated that within
the framework of Bethe-Salpeter, the electric field propagation in a randomly inhomogeneous medium with temporal and spatial fluctuations of the dielectric permittivity can be
represented as an expansion series of scattering orders [188, 191, 192, 221, 236].
By applying Bethe-Salpeter to the stored photon trajectories it is possible to combine
the field-based nature of the light with the actual intensity-based representations [185, 237].
Moreover, the computations required to trace polarization for up to 150 scattering orders
are significantly optimized, which makes Bethe-Salpeter approach a wise choice for timeconsuming MC simulations. In this dissertation further developments of the Bethe-Salpeter
are presented.
Consider a scattering medium that occupies a half space   where  is the Cartesian
coordinate normal to the boundary. Field correlation transfer in the medium with temporal
and spatial fluctuations of the dielectric permittivity can be described by the integral
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Bethe-Salpeter equation [129, 188, 191, 192, 221, 236, 241]:
 R  R k  k 
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k  (2.8:35)
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Here,  R  R k  k  is the Green’s function or propagator of the Bethe-Salpeter
equation describing pair of complex-conjugated electromagnetic fields propagated from
point of incidence R to the point of detection R , k and k are the wave vectors of
 R
incident and scattering plane waves; 
 describes
 is the scattering length;
the transfer of optical radiation between two successive scattering events
-th and
-th, respectively; k
R
R R
R
defines the wave vector between
these scattering events:
,
 i is the refractive index of the
, 
medium; is the real part of the refractive index defining the refractive index mismatch
at the medium boundary, and is the imaginary part determining the photon mean free
path length
, and
is

 ;  is the extinction coefficient 

the absorption coefficient (see Figure 2.7).
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A direct product of conjugated pair of the Green’s functions of Maxwell’s equations in a
far-field zone is defined by the forth-rank tensor  R [129, 188, 191, 192, 221, 236, 241]:
R



RR




RR




 




(2.8:36)

It links a pair of fields with the initial polarization and to a new pair of fields with
polarization and as a results of a single scattering event.
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In the Bethe-Salpeter equation (2.8:35) the optical theorem [242, 243] that links the
scattering cross-section and  is utilized. In Born approximation optical theorem is defined
as [188, 191, 192, 236, 244]:







w

  k
 

k 

(2.8:37)

where 
   is a Rayleigh factor representing the square cosine  of
 k k  corresponds to the Fourier transform of the statistical
the scattering angle , 
correlator of the fluctuations of dielectric permittivity.
In the following equation the normalized correlation function of fluctuations of dielec-
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Figure 2.7: Schematic presentation of the stochastic trajectory of photon packet traveling from
a point of incidence to the point of detection:  .      represent the scattering
events;
and  correspond to the wave-vectors before and after the -th scattering
event, and is the angle.

tric permittivity is defined [188, 191, 192, 236, 244]:
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(2.8:38)
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For 
,  k k   is converted into the scattering phase function  k
 k k   which describes a single scattering cross-section:
w

 k
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(2.8:39)
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The HG phase function (defined above) is typically used to describe scattering of light in
biological tissues.
In the framework of the Bethe-Salpeter approach, to model the propagation and scattering of coherent polarized light the phase space of a photon packet is supplemented with a
polarization vector P 
     . The polarization vector is traced along the photon
packet trajectory. Assuming that a photon packet has experienced scattering events,
sequential transformations are applied to the incident field [188, 191, 192, 236, 239, 244]:
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(2.8:40)

Thus, polarization of electromagnetic field changes after each scattering event, when a new
direction of propagation is determined. A subsequent polarization vector P  is related
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to P via the following transformation [188, 191, 192, 236, 239, 244]:
P
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For a particular configuration of an OD system (see Figure 2.7) when a photon packet
experiences scattering events and reaches the detector at a point R its polarization
vector is defined as [188, 191, 192, 236, 239, 244]:
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Figure 2.8: Reflection and refraction of polarized light at a medium interface.

A

When polarization of light is considered, the procedure of choosing the correct Fresnel
reflection/refraction coefficients becomes slightly more sophisticated and 2.5:18 takes the
following form:
P

P

 

 






  

(2.8:43)



Reflection and refraction of polarized light at a medium interface is schematically presented
in Figure 2.8. If the photon packet is reflected and the incident light’s electric field  is
parallel to the plane of incidence then it is called  polarized and
  [135, 225].
The light is called  polarized when its electric field  is perpendicular to the plane of
incidence and the reflection coefficient becomes
  [135, 225]. In terms of MC
modeling  and  correspond to  and  components of the vector P , respectively. If
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the photon packet is transmitted

 and

 for  and  polarized
light, respectively. The Fresnel’s reflection coefficients for  and  polarization are
defined as [135, 225]:
















 











(2.8:44)
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Figure 2.9 shows the reflected field components of polarized and depolarized components calculated according to (2.8:44) for the various angles of incidence. At a particular
angle,  becomes equal to zero which results in a pure refraction of the p-polarized
incident component. When unpolarized light is incident at this angle (known as Brewster’s
angle, for particular  ), the reflected part becomes perfectly polarized [135, 225].
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Figure 2.9: Plot of the Fresnel reflection coefficients  (circles) and  (triangles) as
functions of incident angles counted by (2.8:44) for: (a) –

 ; (b) –
 
.

For linearly polarized light the phase space of a photon packet is supplemented with
a single polarization vector P 
     . A co-polarized
component is represented by a scattered wave with the same orientation of polarization as the incident
wave (corresponds to a horizontal linear polarizer at  ), and a cross-polarized
wave is
perpendicular to the incident wave direction of polarization (corresponds to a vertical linear
polarizer at  ) [96, 191, 236]. The initial polarization vector P 
    defines ver
tically linearly polarized light and P
   corresponds to the horizontally linearly
polarized light, respectively. It should be pointed out, that for the exact backscattering
direction the  component is always equal to zero [96, 191, 236].
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Consider two electromagnetic waves, with equal frequencies and polarized in the same
direction:

  
  
(2.8:45)
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Interference occurs when two waves superpose in a certain region of space. In the
general case of the superposition, the resultant field can be defined as [245]:



       

 



(2.8:47)
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Since no electronic devices can detect the frequency of optical waves, only the intensity
of the interference pattern can be observed:
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Let

 
be the phase difference resulting from the optical path
difference in the scattering medium, then (2.8:47) takes the following form:















(2.8:48)
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In the MC, if  is the statistical weight of a -th detected photon packet, the coand cross- polarized intensities of electric field of the detected photon packet are defined
through the corresponding Jones vector components as [188, 191, 192, 221, 236]:


 

 









 

 







(2.8:49)

Typically multiple photon packets (up to  ) superpose at a particular pixel on the
detector. Due to the fact that each photon packet is aware of its position in space, path length
traveled and polarization, the resulting intensity equations can be written separately for 
as the interference terms between all photon packets collected at this pixel. By taking into
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account the temporal coherence length of incident radiation  , one yields [185, 237, 246]:
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(2.8:50)
Here,  and
are the individual total path lengths of -th and -th photon packets,
respectively; is the number of displacements of  giving a correct representation of
nodality [247] for -th and -th photon packets, is the wavelength of incident light.
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A similar approach can be applied for modeling of circularly and/or elliptically
polarized light propagation in turbid scattering media. Circularly polarized light is
characterized by two orthogonal vectors, i.e. for the incident light with right handed
(RH) circular polarization each photon packet injected into the medium is assigned with
two orthogonal vectors P 
    and P 
   , representing phase shift
. Let the first  or  stand for the incident polarization and the second


 or  stands for the detected polarization. Thus, resulting RH and left handed (LH)
polarizations at the end of photon trajectory are defined, respectively, as:



 
 











 
 








(2.8:51)

A popular belief is that linear polarization is better preserved in tissue-like media
compared to circularly polarized light. This, however, turns out to be true only when
the size of scattering particles is smaller than the wavelength of the incident light ,
(
). In media consisting of larger scattering particles (
), the opposite situation
occurs. This phenomenon, known as the polarization memory of circularly polarized
light [91, 99, 105], is of fundamental importance.
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Figure 2.10: Helicity flip of circularly polarized light changes when the photon packet is
backscattered or reflected off a boundary and preserved when the photon packet is scattered
forward: (a) – schematic presentation of the handedness change for a complete backscattering
event; (b) – examples of possible trajectories of a photon packet in the scattering medium:
(1) – corresponds to a trajectory when a single backscattering event occurs; (2) – shows the
trajectory where the photon packet backscattered twice; (3) – depicts a forward-scattering
trajectory.

A

It should be also pointed out, that when circularly or elliptically polarized light is
reflected at the medium surface the state of polarization undergoes a helicity flip [248].
The same goes for backscattered light (Figure 2.10). I.e., if the photon packet scatters back
 , see
(
), is the angle between the incident and scattered  wave vectors (
Figure 2.10) this results in RH polarized light becoming LH polarized; if the photon packet
scatters forward (
) the helicity remains the same. This helicity flip phenomenon
is of fundamental importance [105]. Linear polarization possesses no such sense of the
direction in which it travels.
Therefore, considering the propagation of circularly polarized light through a turbid
medium where multiple scattering events occur, the photon packets backscattered an odd
number of times will correspond to a reversal in helicity, and, thus, contribute the cross
polarized portion of the detected signal. Whereas, photon packets that experienced an even
number of backscattering events contributes to the co-polarized signal, i.e. even number of
helicity changes have not changed the handedness of incident polarization of light.
Thus, for  number of helicity flips due to reflections on the medium boundary and
events of back-scattering (
), taking into account interference, the co-polarized
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light (that preserved its helicity) is defined by:




 





 

 


 



 






 









 















  









 






 













 





 

Similar equations can be written for depolarized light, defined by
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(2.8:52)


and
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To sum up, the approach which is based on the integral Bethe-Salpeter equation
describing the electric field propagation in a randomly inhomogeneous medium has been
used and further extended in this study. Utilizing the optical theorem, the scattering
cross-section is linked with the scattering path-length which allows the representation
of the spatial fluctuations of dielectric permittivity as an expansion series of scattering
events. In terms of the MC simulation, the phase space of a photon packet is supplemented
with polarization vectors changing after each scattering event. The developed technique
describes the final state of polarization of scattered light utilizing a combination of the
field-based nature of light and the intensity-based representation. The final intensity at a
particular pixel is calculated as the interference between multiple photon packets arriving
at this pixel. In the framework of this approach the helicity flip and polarization memory
effects have been taken into consideration and the calculations required to trace polarization
along the entire photon packet trajectory are significantly optimized.

2.9

Summary and Conclusions

In this chapter the background and theoretical aspects of the developed MC model have
been presented. The principal steps required for the generation of a photon packet trajectory
have been described in detail. The developed MC targets modern requirements for light
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transport simulations and supports a broad variety of configurations corresponding to the
actual experimental conditions. Along with the classical problem of energy transfer, the
model has been extended to support propagation of coherent polarized light. The model is
capable of tracking polarization, associated helicity flip and polarization memory effects
for multiple scattering orders. Any particular geometrical parameters defining the optical
radiation source, detector and scattering medium as well as the combination of a scattering
function, incident beam intensity profile, state of polarization, numerical aperture, etc. of
the detector can be utilized.
Summarizing the chapter, it is possible to write the unified equation for the intensity of
detected optical radiation.





(2.9)
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By applying this equation to the stored photon trajectories, it is possible re-use them and
calculate multiple quantities of interest at the same time (e.g. spectra, diffuse reflectance,
fluence rate, polarization, etc.) without the need to perform random sampling separately
for each task. Although this idea is not new and has been widely supported by the scientific
community [222], only the recent advances in computer hardware has paved the way for
its full-scale practical implementation within the framework of development of a unified
MC model (presented in Chapter 3).
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Chapter 3
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Implementation of the unified Monte
Carlo model*
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In this chapter the four pillars of implementation of the unified MC model are presented.
Due to the diversity of optical modalities utilizing different properties of light and mechanisms of light-tissue interactions a new MC code is typically required for a particular
diagnostic application. To generalize and unify the code for a multi-purpose use in various
biomedical optics applications an architecture of MC model based on the Object Oriented
Programming paradigm is introduced. Due to the task intensity, processing time has
always been a significant issue in the stochastic MC modeling. A dramatic speed up (more
then  times) of MC simulations has been achieved utilizing parallel computing on
graphics cards. For ease of use, the developed MC model is now available online as a
web application providing access to major MC simulations. It is demonstrated that the
limitations imposed by the multiuser nature of the online MC tool can be dealt with by
using a scientific Peer-to-Peer network distributed worldwide. The developed MC tool is
intensively used and in the future, can potentially become the base for a computational
platform for biophotonics and biomedical optics community.
* The

results presented in this chapter have been partially published in:

• A. Doronin, C. Macdonald, I. Meglinski, Electric field Monte Carlo modeling of polarized light
propagation in biological media, Journal of Biomedical Optics, (2013). (accepted)
• A. Doronin, I. Meglinski, Peer-to-Peer Monte Carlo simulation of photon migration in topical
applications of biomedical optics, Journal of Biomedical Optics, Vol. 17, No. 9, pp. 090504-090512
(2012).
• A. Doronin, I. Meglinski, Online object oriented Monte Carlo computational tool for the needs of
biomedical optics, Biomedical Optics Express, Vol. 2, No. 9, pp. 2461-2469 (2011).
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An opportunity of direct simulation of the influence of structural variations in biological
tissues on a probing light makes MC a primary tool for biomedical optics and optical
engineering. Due to a number of practical OD applications the MC model undergoes
continuous modifications dedicated to the inclusion of diverse properties of incident
optical/laser radiation and mechanisms of light-tissue interactions, including scattering,
absorption, anisotropy, reflection, refraction, transmittance, interference, polarization,
depolarization, coherent scattering, phase shift, time-delaying, configuration of the sources
and detectors, structure of the medium and the conditions of light detection, etc. [181, 182,
183, 184, 185, 186, 187, 188, 189, 190, 191, 192, 193, 194, 195, 196, 197]
A new MC code is typically required to be developed for each particular application. Past attempts to unify these MC codes were mainly based on the use of structured
programming [198]. While structured programming has been widely used for decades,
it limits the ability to handle a large program without decreasing its functionality and
manageability [249]. In practice, the increasing diversity of the MC applications results in
a substantial growth of the model’s source code and leads to the development of a set of
separate MC codes, each dedicated for a particular purpose.
To generalize and unify the code for a multi-purpose use in various biomedical optics
applications we apply the Object Oriented Programming (OOP) concept [250, 251]. OOP
is widely used in mainstream application development and has been found to be extremely
effective in the design of complex multi-parametric systems, providing a highly intuitive
approach to programming [249, 252]. The key features of OOP allow the MC to be
separated into logical components, described by objects. Table 3.1 provides a comparison
between the structured and OOP approaches [249].
An object, which is an instance of a particular class is the key component of OOP.
Classes describe the behavior of objects by defining their member functions and ideally
represent a complete, highly specialized entity. The code listing below corresponds to the
actual practical example of a class from the developed MC model. This class represents
a typical photon packet object and provides the implementation of functions which are
responsible for packet motion, scattering, absorption, termination, etc. The complete class
diagram of the developed MC is presented in Appendix B.1.2.
/ / The v i r t u a l i n t e r f a c e s u p p o r t e d by a l l p h o t o n p a c k e t c l a s s e s
c l a s s I M C P h o t o nP a ck e t
{
public :
v i r t u a l v o i d Launch ( ) = 0 ;
v i r t u a l v o i d RandomWalk ( ) = 0 ;

3.1 Object-oriented concept of Monte Carlo modeling

virtual
virtual
virtual
virtual
...
virtual

void
void
void
void

HitBoundary ( )
MoveOneStep ( )
ProceedHit ( ) =
NewDirection ( )
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= 0;
= 0;
0;
= 0;

~ I M CP h o t o n P a c ke t ( v o i d ) { } ;

};
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/ / This c l a s s r e p r e s e n t s a t y p i c a l photon packet
c l a s s CMCPhotonPacket : p u b l i c I M C P h o t o nP a ck e t
{
public :
/ / constructor
CMCPhotonPacket ( . . . ) :
...
{
...
}
/ / copy c o n s t r u c t o r
CMCPhotonPacket ( c o n s t CMCPhotonPacket& v a r ) { . . . } ;
/ / o p e r a t o r= o v e r l o a d i n g
CMCPhotonPacket o p e r a t o r = ( c o n s t CMCPhotonPacket& r h s ) { . . . } ;
// destructor
v i r t u a l ~ CMCPhotonPacket ( v o i d ) { . . . } ;
p u b l i c : / / v i r t u a l i n t e r f a c e i m p l e m e n t a t i o n and m e t h o d s
v i r t u a l v o i d Launch ( ) { . . . } ;
/ / S t a r t s the packet ’ s motion
v i r t u a l v o i d RandomWalk ( ) { . . . } ;
/ / Sample a random s t e p
v i r t u a l v o i d H i t B o u n d a r y ( ) { . . . } ; / / Boundary h i t t e s t
v i r t u a l v o i d MoveOneStep ( ) { . . . } ; / / Moves t h e p a c k e t i n t h e medium
v i r t u a l void ProceedHit ( ) { . . . } ;
/ / Reflection / Refraction / Trasfer
v i r t u a l void NewDirection ( ) { . . . } ; / / S c a t t e r i n g
...
private : / / variables
GPU_FLOAT m_Weight ; / / s t a t i c a l w e i g h t
GPU_FLOAT m_DuX , m_DuY , m_DuZ ;
/ / directional cosines
...
};

Here, the IMCPhotonPacket interface is defined as an abstract class and describes the
behavior of a photon packet. The CMCPhotonPacket class is derived from IMCPhotonPacket and provides the implementation of the methods of the interface. For instance, the
NewDirection() method is responsible for photon packet scattering scattering. Typically,
the Henyey-Greenstein scattering function is used for calculation of the directional cosines.
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However, for certain applications Mie or Raleigh approach is required. The NewDirection()
can be easily changed using the method overloading OOP pattern [249], without modifying
the rest of the MC model code. Using access specifiers, such as public, private or protected
guarantees the integrity of the model [249]. For example, directional cosines (m_DuX,
m_DuY, m_DuZ) are defined in the private section of the CMCPhotonPacket and cannot
be accessed by any other functions/methods outside CMCPhotonPacket. This prevents
accidental changes or modifications and allows development of the MC model in a uniform
and intuitive way.
Table 3.1: Comparison between structured and OOP programming [249]

N

OOP Programming
The program consists of a collection of classes describing objects
and methods dedicated to particular
tasks.
Program execution flow is deter- The internal state of objects determined by its structure.
mine the program execution flow.
More importance is given to code.
Focus on data is more important.
Data is less secure from accidental Accidental modifications are premodifications.
vented by access specifiers.
Almost impossible to reuse the code Complete classes, due to their parwithout significant modifications.
ticular specialization, can be easily
exported and reused.
Adding new features to the program Provides powerful mechanisms such
is less flexible, significant revisions as encapsulation, inheritance and
of the code are typically required.
polymorphism.
Deals with well-described entities. Abstract design patterns, separating
"the wheat from the chaff".
Suitable for small and medium Allows building complex hierarchial
projects.
systems.
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Structured Programming
The program consists of global/local variables processed by a set of
functions.

Utilizing inheritance, the class hierarchy was created to prevent creation of multiple
classes for similar tasks [249]. The hierarchy allows "allied" objects to share variables and
members, significantly reducing the amount of source code and paving the way to extend
and generalize the MC for various OD applications.
For example, splitting the scattering medium into objects allows development of the tissues model more iteratively. The distribution of scattering centers, macro-inhomogeneities,
such as blood vessels, tumors, aneurisms, etc. can be formed by combination of 3D
elementary volumes (represented by objects) corresponding to the spatial variations in the
tissues. Moreover, the actual structure of a biological tissue can be imported into the model
from OCT, PAT, ultrasound, MRI, etc. Schematically the structure of the generalized MC

3.1 Object-oriented concept of Monte Carlo modeling

Skin
Spectrum

Polarization

Skin Colour

47

OCT

etc.

Scattering
Medium

Detector

size, geometry,
numerical aperture,
beam profile, focus,
position, etc.

boundaries,
structure,
inclusions, optical
properties, etc.

size, geometry,
numerical aperture,
beam profile, focus,
position, etc.

IN

Source

N

Photon packets

O

coherence, polarization,
phase shift, absorption,
path length, etc.

D
O

R

Figure 3.1: Schematic presentation of the generalized object-oriented MC model structure.
Data input and selection of a particular application; The internal states of the objects correspond
to the exact experimental conditions including source-detector geometry and configuration,
medium structure, properties of incident radiation, etc.

approach is shown in Figure 3.1.

A

As one can see, first, by selection of a certain application the parameters of the
Source, Detector and Scattering medium are entered. Depending on the application, the
objects are tuned to the appropriate feature of light-tissue interaction and the simulation
is performed. Upon completion, the output data are prepared in the format utilized
in the corresponding OD experiment/application. The OOP MC version supports the
estimation of sampling volume offered by a reflectance and/or transmittance geometry (e.g.
for fiber optic probe with a small source-detector spacing); simulation of reflectance or
transmittance optical/near-infrared spectra of the multi-layered media like a human skin;
modeling of skin color depending on volume fraction of melanin and blood, blood oxygen
saturation, fluence rate, coherence and polarization properties of probing light, modeling
of OCT images, imitation of spatial localization of skin tissues fluorescence excitation and
simulation of polarization and coherent effects of multiple scattering.
Thus, the OOP approach significantly increases the model’s manageability, providing
superior opportunities to generalize MC in such a way as to imitate a particular OD
experiment while taking into account various properties of optical radiation and light-tissue
interaction. Although OOP is a powerful and robust programming paradigm, an excessive
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passion for creating non sensible abstractions (e.g. having a photon packet inherit from a
blood vessel) could open Pandora’s box.

3.2

Graphics Processing Unit acceleration of the Monte
Carlo model
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Launching of a large number of photon packets (typically  -  ) and computing their
interaction with medium and with the probe is a highly intensive computational process.
Due to the task intensity, processing time has always been a significant issue in stochastic
modeling, taking a few days to complete on a standard CPU. To speed up the simulations a
number of programming and optimizations approaches have been used in the past including
parallel and cluster computing [253, 254].
The situation has dramatically changed since 2005 when leading hardware manufacturers faced with fundamental limitations (the rapidly approaching physical limit of transistor
size) and were unable to extract additional power from existing architectures began offering
processors with multiple cores [253, 254]. This progress in technology is known as the
"multi-core revolution" [253, 254]. Today nearly all personal computers (PCs) have more
than one processor core making truly parallel computing available to developers. However,
simulation time was still a significant concern in all the MC models developed in the past.

(a)

(b)

Figure 3.2: Comparison between the typical CPUs and GPUs available on the market at
present time in terms of: (a) - Floating-Point Operations per Second; (b) - Memory Bandwidth.
The graphs were adapted from [255].

With the further developments of multiprocessor architecture a novel Compute Unified
Device Architecture (CUDA) technology utilizing Graphics Processing Units (GPUs)
became available [253, 254]. CUDA is a parallel computing architecture which utilizes both
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hardware and software levels and was developed by the world leading graphic accelerators
manufacturer, NVIDIA Corporation. Introduced in 2007 CUDA has undergone significant
changes in performance due to a number of features that NVIDIA’s engineers have added
to the graphic chip [253, 254]. NVIDIA CUDA technology provides unlimited access
to the computational resources of a graphic card: processor cores, different types of
memory (can be distinguished by capacity and speed) making it a massive co-processor
in parallel computations [253, 254]. The programmable GPU has evolved into a highly
parallel, multithreaded, many-core processor with tremendous computational power and
very high memory bandwidth [255]. Figure 3.2 shows the comparison between CPUs and
GPUs currently available on the market in terms of floating-point operations per second
and memory bandwidth. It has been demonstrated that the multiple-iterative parts of
an algorithm can be executed in parallel on CUDA cores bringing hundreds of times of
increases in speed [212, 253, 254].

Core

Control

Core

Core

Core

Core

Cache

Control

Core

R

Core

D
O

Cache

(a)

.
.
.
(b)

Figure 3.3: The design of a CPU (a) is optimized for the sequential execution of multiple
programs. It has more transistors devoted to data caching and flow control. GPU (b) has
hundreds of cores and allows processing of thousands of parallel threads working on the same
task.

A

A typical CUDA graphic multiprocessor utilizes a fundamentally different design
philosophy than a CPU. It consists of a number of streaming processors logically divided
in hundreds of CUDA cores that can execute thousands of threads simultaneously without
context switch performance losses and provides extremely fast on-chip memory (see
Figure 3.3). The philosophy known as single program, multiple data (SPMD) makes GPUs
specialized for compute-intensive, highly-parallel computations such as graphics rendering.
Within the development of the CUDA Framework (including compiler, debugger, profiler,
SDK, documentation) the ultimate petaflop computational power of GPU came to be
available to a variety of industries and applications [253, 254].
The graphic chip is logically divided in hundreds of CUDA cores (in our case up
to 500 per card) schematically presented in Figure 3.3. Each CUDA core is capable of
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simultaneous execution of thousands of parallel threads which are organized in blocks and
warps [253, 254]. In the developed MC, propagation of

 (depending on the OD
application) photon objects is simulated without any context switch performance losses
and utilizing very fast (up to 4 Gbit/s) on-chip graphics double data rate (GDDR) memory.
This provides an opportunity for direct imitation of e.g. image or wave front transfer in the
scattering medium or OCT signal/image modeling. Table 3.2 provides the brief summary
of the main computing advantages provided by the modern CPUs and GPUs.
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Table 3.2: The brief summary of main computing advantages provided by CPUs and GPUs

GPU
7
7
3
3
3
3
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Computing Advantages
CPU
A broad instruction set for various tasks.
3
Extremely fast execution of one thread in one time
3
slice.
Hundreds of cores executing thousands of concurrent
7
threads simultaneously.
Extremely fast memory, very little creation time of
7
threads, shared memory segments.
Hardware optimized 3D graphics, Image Processing,
7
Linear Algebra algorithms and libraries, etc.
Frameworks supporting Object Oriented Program3
ming.

CUDA supports a number of frameworks and applications [253, 254]. However, the
preference was given to the low-level programming using C/C++ which provides more
control over the graphics multiprocessor, especially when a fine tuning of the program is
required.

A

In CUDA, C/C++ languages are extended by subset of keywords allowing the programmer to define the special type of functions called kernels that, when called, are executed 
times in parallel by  CUDA threads [255]. This is the main difference between common
and parallel programming approaches.
To define a kernel a __global__ declaration specifier is used and the number of CUDA
threads is defined by using a <<<...>>> execution configuration syntax [255]. Each
thread that runs the kernel is allocated with unique thread ID which is accessible within
the kernel through the built-in threadIdx variable [255].
To demonstrate this, an actual practical code example from the developed MC model is
provided below.
/ * MC s i m u l a t i o n o f a s i n g l e p h o t o n p a c k e t t r a j e c t o r y * /
_ _ g l o b a l _ _ v o i d C a l c P o l a r i z a t i o n K e r n e l (PHCOORD * devCoordArrayDev ,
{

...)
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/ / Get t h e c u r r e n t t h r e a d ID
GPU_UINT32 t i d = t h r e a d I d x . x + b l o c k I d x . x * blockDim . x ;
...
/ / C r e a t e a p h o t o n o b j e c t and s t a r t m o t i o n i n t h e media
CMCPhotonPacket P h o t o n ( p P h o t o n C o o r d s A r r a y , &RNGstate , . . . ) ;
/ / S t a r t t h e p h o t o n p a c k e t m o t i o n i n t h e s c a t t e r i n g medium
P h o t o n . Launch ( . . . ) ;
do
{
...
/ / Do a random w a l k
P h o t o n . RandomWalk ( . . . ) ;
/ / Check f o r t h e b o u n d a r i e s
i f ( Photon . HitBoundary ( . . . ) )
{
...
/ / Move t h e p h o t o n p a c k e t
P h o t o n . MoveOneStep ( . . . ) ;
/ / Update t h e s c o r e d v a r i a b l e s i f n e c e s s a r y
Photon . ProceedHit ( . . . ) ;
}
else
{
...
/ / Move t h e p h o t o n p a c k e t
P h o t o n . MoveOneStep ( . . . ) ;
// Scattering
Photon . NewDirection ( . . . ) ;
}
}
...
/ / Check i f t h e p h o t o n p a c k e t i s s t i l l a l i v e
while ( ! Photon . IsDead ( . . . ) ) ;

}

# d e f i n e THREADS 16
# d e f i n e BLOCKS 100
i n t main ( i n t a r g c , char * a r g v [ ] )
{
...
/ / K e r n e l i n v o c a t i o n o f THREADS * BLOCKS t h r e a d s .
/ / THREADS * BLOCKS p h o t o n p a c k e t t r a j e c t o r i e s w i l l be s i m u l a t e d
dim3 t h r e a d s P e r B l o c k (THREADS, THREADS ) ;
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dim3 numBlocks (BLOCKS, 1 ) ;
C a l c P o l a r i z a t i o n K e r n e l <<< t h r e a d s P e r B l o c k , numBlocks > > > ( . . . ) ;
...
}
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The threadIdx structure is represented by a 3-component vector, allowing the threads
to be identified by a 1D, 2D, or 3D thread indexes forming a 1D, 2D, or 3D thread block,
respectively [255]. This allows performing parallel computation across the elements in a
domain such as a vector, matrix or volume [253, 254, 255]. For a one-dimensional block
the real index of a thread and its thread ID are the equal; for a two-dimensional block of
size    , the thread ID of a thread of index   is calculated     ; for a
three-dimensional block of size      , the thread ID of a thread of index   
is defined       
  [253, 254, 255].
In the developed MC model each CUDA thread is responsible for simulation of one
photon packet propagating in the scattering medium. The block diagram of simulation of
trajectories of the photon packets is presented in Figure 3.4. Each trajectory is represented
by a 1D-array array of structures and is stored in the GPU’s global memory. Each structure
consists of three floating point numbers      corresponding to the -th scattering
event. The length of the trajectory is limited by the maximum number of scattering events,
which is equal to  .
i
[1] [2] [3].............................................[Nscatt]

A

[1]
[2]
j [3]
...
...
[Nph]

Coordinates
of a photon
packet:
{ Xij; Yij; Zij; }

GPU’s global memory
[1] [2] [3].............................................[Nscatt]
Each CUDA thread simulates one photon packet trajectory

CUDA thread block

Figure 3.4: Schematic presentation of the GPU memory allocation for storing trajectories of
the photon packets.
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For instance, the Tesla M2090 GPU supports simultaneous execution of a maximum
24576 threads per GPU cycle. Thus, in the case of single floating point performance (FPP),
 trajectories is
 ; in the case of double FPP
the memory required for storing
is
  . CUDA offers a range of different memories varying by capacity, speed and
purpose. Table 3.2 provides an overview of the GPU’s memory hierarchy.

Capacity
up to

Sharing data and synchronize
execution between threads in
a block
To store constant variables accessible by all threads
To store large data sets
To map texture data to the
Global memory prior rendering
To keep data set which to large
to be loaded into Global memory

up to  

Fast

up to 

Fast

O

Constant memory

Purpose
To store local thread variables

R

Global memory
Texture memory

D
O

Page-Locked or
Pinned memory



N

Type
Per-thread local
memory
Shared memory
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Table 3.3: The GPU’s memory hierarchy, providing an overview of the currently available
types, obtained from [255]. Technical specifications depend on the GPU’s compute
capability (family). Refer to Appendix B.3 for more details.

up to 
up to 



Speed
Very fast

Medium
Medium

limited
by Slow
available
RAM

A

After each GPU cycle, the trajectories of photon packets satisfying the detection
conditions as well as other data obtained during the MC simulation is stored and used for
further calculation of polarization, sampling volume distribution, spectrum/color, fluence
rate distribution, etc. for a particular parameters of an optical system at the same time.
However, a direct allocation of memory required to store even
 trajectories requires
   which is well beyond current hardware capabilities.

A number of optimization techniques have been employed to store and process such a
large data set. For instance, in our model a universal data structure containing a complete
set of parameters which describe the final state (e.g. polarization state  , the number
of scattering events  , total path length  , etc.) of an individual photon packet has
been created. The structure has the data necessary to compute the results for the above
mentioned applications and can be easily extended and modified. The approach allows
a reduction in the amount of memory required to store
 of trajectories down to

 . The most recent generation of CUDA-supporting server GPUs based on
NVIDIA Kepler architecture such as Tesla


 provide maximum   of
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• P - state of polarization
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• li - total path length
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Each CUDA thread computes the resulting intensity at a particular pixel on the detector
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Figure 3.5: Schematic presentation of the GPU-based computation of the resulting intensity
on the detector. Each pixel on the detector is associated with structures storing the data required
for Eq. (2.9). For typical detector used for MC simulations ( 
 , pixel size 
)

the maximum memory required to store  structures was
  for the single FPP and
  for the double FPP.

D
O

fast on-board  memory which is still less than the current requirements of the
model.

A

Nevertheless, CUDA framework offers a mechanism allowing to utilize a special type
of memory called Page-Locked or Pinned memory [253, 254, 255]. Page-Locked memory
is a regular dynamically allocated RAM memory mapped to the GPU. Its main advantage
is the concurrent access between Page-Locked and GPU’s global memory during a kernel
execution which allows organization of a so-called memory conveyor i.e. a GPU thread
processes the data in the global memory while the rest of it is being synchronously uploaded
into it [253, 254, 255].

In particular, the computational scheme for the resulting polarized light intensity
distributions on the detector is presented in Figure 3.5. A typical detector is linked with
a 3D dynamic array    consisting of data structures. The  and  indexes of
the array correspond to an individual pixel at the detector,  is the total number of
photon packets detected at a particular pixels. When a photon packet exits the scattering
medium, its absolute position on the detector   is calculated and a structure consisting
of the photon’s polarization state  , the number of scattering events   , total path
length  , etc. is stored at      location in the array. It should be mentioned,
that currently, CUDA provides support only for 1D arrays so the multidimensional array
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linearization procedure has been employed to represent a 3D array in the 1D memory
space [253, 254, 255]. The process of simulating the trajectories is repeated until the
desired number of the detected photon packets is reached. The final intensity at a particular
pixel is counted by a single GPU-thread.

IN

Thus, with the first step the sufficient number of trajectories of photons satisfying the
conditions of detection are generated and stored at the GPU’s global/Page-Locked memory.
With the second step, depending on a particular task these trajectories are used for the
calculation of the state of polarization, sampling volume distribution, reflectance spectrum,
color of the medium, fluence rate distribution, etc.

O

N

The graphic chip’s shared memory has been used to store the intermediate results;
constant memory is applied for data input, whereas the global memory is used to store
parameters of photon objects (e.g. coordinates, path-length, state of polarization, outlet
angles, etc.). Tiling and cutoff techniques are used to process large datasets and avoid
memory bandwidth limitations [253, 254]. Therefore, utilizing GPU acceleration the time
and performance of MC simulation has been significantly improved [250].
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It should be pointed out that the optimal number of threads, block/grid dimensions
and the memory allocations scheme require careful selection and planning. Appendix B.2
provides the brief summary of the major parameters to be taken into account. Due to the
close-to-hardware nature of programming using CUDA C/C++ languages, to achieve the
maximum performance of the code, the programmer should master the fundamentals of
parallel processing using GPUs.

A

The most recent CUDA 5.x generation, the architecture codenamed Fermi has been
utilized. Designed for C/C++ development and easily integrated with the popular Integrated
Development Environments (IDEs) such as Microsoft Visual Studio or Eclipse it makes
parallel programming significantly easier, especially in terms of project management and
debugging.

The latest CUDA generation supports most of the OOP features like creating classes,
inheritance, polymorphism and keeps all dramatic performance gains of the CUDA computing [250]. The OOP MC supports multiple GPUs: the hardware is presented by twin
Tesla M2090/GeForce GTX 480 graphic cards with NVIDIA CUDA computing capability
2.0-2.1, in total providing up to 6.0 Tflops of computational power.
Specially designed for 3D graphics applications, mainly for computer games and
professional software, this cutting edge technology also incorporates a powerful set of
instruments which was applied for optimized simulation of objects motion, rotation,
reflection, ray-tracing, etc. The NVIDIA CUDA provides GPU-accelerated mathematical
libraries, such as CULA, CUBLAS - Linear Algebra, CUFFT - Fast Fourier transform,
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Figure 3.6: Time required for MC simulation of total diffuse reflectance utilizing different
microprocessors. A semi-log plot demonstrates the comparison between a single core Intel
Pentium 4 CPU (1), a multi core Intel Core i7 Extreme CPU (2) and a Tesla M2090 GPU (3).
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CURAND - Random Number Generators [255]. Time required for MC simulation of
total diffuse reflectance for the various number of detected photon packets has been tested
utilizing different microprocessors (see Figure 3.6). A semi-infinite scattering medium
( 

,
,  ) and an isotropic point source of optical radiation
have been employed in all simulations. The incorporation of CUDA in MC allowed
speeding up the simulations more then  times. Moreover, CUDA provides advanced
parallel libraries for Image/Signal Processing which have been used in the development of
a novel OCT imaging approach (see Chapter 5 for the details).

3.3

Online Monte Carlo computational tool for the needs
of biophotonics and biomedical optics

With the rapid growth of the Internet, rich, browser-based applications have become more
and more popular. Solutions such as Google Apps, Google Docs, online video sharing (e.g.
YouTube) and gaming portals have become a large part of our everyday life. In comparison
with traditional desktop applications, they are much easier to deploy and update, as a
capable web-browser is the only requirement. Leveraging modern, web-based technology,
a free online MC computational tool for researchers in the area of biophotonics and
biomedical optics has been created. The concept of the online MC computational tool is

3.3 Online Monte Carlo computational tool for the needs of biophotonics and
biomedical optics

MC model
Executing on GPUs
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Modelling
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Web browser
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Figure 3.7: Schematic presentation of the key components of the online MC solution. The
server hosts a web frontend, which accepts user simulation requests and retrieves results. The
developed components provide interoperability between the interactive user interface and the
MC model executing on GPUs.
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schematically presented on Figure 3.7. On the server side, the tool is accelerated by CUDA
supporting GPUs. On the client side, a lightweight, user-friendly web interface allows
multiple clients to set up optical system parameters, perform modeling, and download
results in a typical journal paper format. We’ve combined powerful GPU technology
with a modern web application development approach, allowing researchers worldwide
to use, check and validate our MC model using our group’s GPU computing facilities.
The developed server software consists of the web frontend, management part, GPU-Web
integration and the CUDA-based MC core described above.

A

The web front-end of the MC is developed using Microsoft ASP.NET and Microsoft Silverlight technologies [256, 257, 258]. Microsoft Silverlight was used for the creation of a
cross-platform lightweight interactive interface to access a particular MC application [258],
whereas ASP.NET was employed to host the interface while meeting modern design and
security requirements [257]. Silverlight is a technology, similar to Adobe Flash, JavaFX,
and HTML5, that allows creation of desktop-like rich Internet applications (RIA) [258].
Figure 3.8 shows the Wizard-like interface allowing a user to configure parameters of a MC
simulation (available online through the Biophotonics & Biomedical Imaging Research
Group web site).
The welcome screen is a starting point providing access to a number of MC applications
including sampling volume, fluence rate distribution, polarization, etc. To use a particular
application a user should select the corresponding icon. Once the icon is clicked the

3. Implementation of the unified Monte Carlo model
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Figure 3.8: User interface of   . Here (a) – the welcome screen of the online MC tool.
Each icon represents a different application. User can select the desired application by clicking
on the corresponding icon; (b) – configuring parameters of the scattering medium: adding/removing/editing layers and their parameters; (c) – editing the Source-Detector configuration;
(d) – downloading results presented in a typical journal paper format.
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user will be taken to the page where he can either set up the detailed parameters of the
MC simulation or start the simulation using default parameters. When the parameters
are configured, the server (the details are presented in Appendix B.3) will perform a MC
simulation and provide the user with the results in a typical journal paper format which
can be downloaded and further utilized in popular software packages such as MATLAB,
Mathematica, etc.

The management part of the MC modeling server consists of the Input/Output (I/O)
and Load Balancing systems. The I/O is created to accept and validate user credentials
and modeling parameters; to log and store computation enquires and data into a server
database; to deliver the results of simulation back to the frontend. The I/O works in tandem
with the Load Balancing which allows management of the server load, monitor running
simulations and to check the GPUs availability. To make the online MC less vulnerable
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Figure 3.9:    usage statistics since July 28, 2011, available online at
www.revolvermaps.com.

R

to the common network threats and overloads, the management part has been developed
utilizing recently added .NET 4.0 features, such as Windows Presentation Foundation
(WPF) and Windows Communication Foundation (WCF) [259, 260].
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It should be pointed out that .NET solutions are executed in the Common Language
Runtime (CLR), the core of .NET [256]. Known as a safe managed programming environment the CLR has no direct access to GPUs and other hardware resources. Therefore, to
provide the interoperability between the web frontend and graphic cards the GPU-Web
integration component has been developed. The Component Object Model (COM) [261]
and .NET interoperability have been used to provide interaction between the binaries
produced by C# and CUDA C/C++ compilers. The proposed solution allows multiple
users to access GPUs computational resources online within a reasonable time (in a range
from a few seconds to several minutes).
The developed Online Object Oriented MC (  ) computational tool is now available at www.biophotonics.ac.nz, and is being intensively used (see Figure 3.9) for various
applications in biomedical optics as well as in biophotonics and optical engineering [250].
More statistics, including Google Analytics data, is presented in Appendix B.3.

3.4

Peer-to-Peer computing infrastructure for the online
Monte Carlo tool

By integrating CUDA with the modern web application development technologies, such
as Microsoft Silverlight and the ASP.NET Framework   , has been developed [250].
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The key idea behind the    [250] development is the creation a robust, fast universal
computational MC tool for imitating the results of real experiments typically used in major
applications in biomedical optics and related areas that could provide researchers with
practical results in real time. CUDA implementation did provide significant increases
in speed. However, due to the multi-user architecture of the online solution, concurrent
simulations by multiple clients could significantly degrade the performance of the   .
For example, if one user accessing the    can get the results in 5 seconds, 100
users accessing    at the same time can be stacked in a queue. The Load Balancing
procedure allows monitoring the number of simultaneously running MC simulations and
distributing them on GPUs, but this is not an optimal solution for the problem.
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Figure 3.10: Schematic presentation of the current P2P network configuration for the   .
Clients interact with the    web interface via a preferred web browser. The server
accepts    simulation requests while keeping track of the participating peers. The P2P
network consists of different computers equipped with the CUDA-supporting GPUs: (1) - a
workstation with two GeForce GTX 480 GPUs each 480 CUDA cores, 1540 Gigaflops of the
peak single precision FPP / 85 Gigaflops double precision FPP, 1536 GB of GDDR5 memory;
(2) - Thorlabs OCT imaging system workstation with Quadro FX580 featuring 32 CUDA cores,
512 MB GDDR3 memory; (3) - computational server equipped with two Tesla M2090 GPUs
each 512 CUDA cores, 1331 Gigaflops of the peak single precision floating point performance
(FPP) / 665 Gigaflops double precision FPP, 6 GB of GDDR5 memory; (4) - Dell laptop with
GeForce GT555M featuring 144 CUDA cores, 3072 GB GDDR3 memory. Images have been
adapted from manufactures websites and/or have a free license.

To deal with multi-user access we introduced a peer-to-peer (P2P) network as a further
development of the    computing infrastructure. A typical P2P solution consists of
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a group of computers (called nodes or peers) communicating and sharing their resources
without the need of a central server [262]. This approach is opposite to the centralized
server-based model. The peers in the P2P network are equal among each other, acting both
as clients and servers when distributing content or resources. This type of communication has gained a lot of popularity in the recent years, especially in terms of distributed
computing, communication and multimedia content delivery (e.g. ABC@Home, Skype,
BitTorrent). With current development, for the first time to author’s knowledge, a hybrid
P2P network utilizing different types of peers for MC simulation has been applied (see
Figure 3.10).
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Figure 3.11: The current computational capacity of the developed P2P network depicting the
maximum number of simultaneously running MC simulations of Fluence rate distribution [170]
for  of photon packets per participating peer. The total number of simultaneously running
MC simulations depends both on the number and type of peers. A semi-infinite scattering
medium has been employed with the following parameters: 

,
,
 .

The web server hosts the online MC tool user interface, accepts    simulation
requests from clients and keeps track of the other nodes (see Figure 3.10). The nodes
are responsible for sharing the information about currently queuing MC simulations,
processing them on GPUs, uploading, downloading and hosting the outcomes (presented
in a typical journal-paper format) among themselves without the need of the central server.
To implement the current P2P Network the recently introduced P2P features of .NET 4.0
Windows Communication Foundation (WCF) [263] were applied. This allows integrating
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the P2P solution with the Load Balancing part of    as both are written in managed
code using .NET Framework APIs [250].
Due to the nature of peers involved, the current solution features  


Gigaflops of floating-point operations per second for single/double precision computations,
respectively. Figure 3.11 shows the current computational capacity of the developed
P2P network by the means of Fluence rate simulations (one of the most frequently used
applications in   ). The best speed increases for processing multi-user requests has
been achieved using single precision computing. Utilizing double precision for floatingpoint arithmetic operations in    provides the most accurate results of MC simulations.
This is explained by the fact that e.g. Tesla M2090 GPUs used by a standalone version
of MC feature full support for the 2008 revision of the IEEE Standard for Floating-Point
Arithmetic Operations (IEEE 754) [255] in contrast with the P2P network consisting of
several computers some of which do not have this capability. Having more peers with
better double precision capabilities will increase the double precision computation capacity
of the entire network.
Thus, a number of MC simulations can be executed simultaneously on peers without
queuing. The specially developed load balancing procedure manages the number of
running applications and their distribution on peers/GPUs. Further development of such a
solution could form the base for a computational platform for the biomedical optics and
optical diagnostic communities.

Summary

A

In this chapter the four pillars of the unified MC model have been presented. The efficiency,
manageability, usability and performance of the model have been significantly increased
using modern development approaches. The MC model has been generalized to combine
the previously created MC codes with the novel techniques to imitate particular OD
experiments using OOP. A dramatic speed up has been archived by using NVIDIA CUDA
parallel programming framework. The online MC modeling tool (  ) has been created
and the possibility of using a P2P network to process simultaneous simulation requests has
been considered.

Chapter 4

Introduction

O

4.1
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The unified Monte Carlo model:
validation and applications

R

This chapter is devoted to the results of a series of studies where the developed MC method
was used as a primary tool for modeling of optical radiation propagation. The results of
simulations are linked with the actual OD experiments and/or theoretical predictions.
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The chapter commences with the validation of developed MC model by comparing
the results of simulations with known analytical solutions: the adding-doubling method,
diffusion approximation and other MC techniques developed in the past (see Section 4.2).

A

Section 4.3 describes the procedure for estimating the influence of various parameters
of scattering media (e.g. scattering, absorption, anisotropy) and associated effects (e.g. the
helicity flip of the backscattered light) on measured scattered laser radiation. Sampling
volume and surface distributions of detected signal have been calculated for a particular
configuration of fiber optic probe. The described method is of a great use when an accurate
description of the probing optical radiation propagation is required and allows accessing
the perturbations of probing radiation for a predefined realistic geometry of an OD system.

In Section 4.4, the pilot experimental studies of spectral transmission/reflection through
various biological tissues are presented. The experimentally measured spectra/colour
were correlated with the results of MC simulations. Both a qualitative and a quantitative
agreement have been found, paving a new way of characterizing human tissues in vivo.
In Section 4.5 a novel OD modality utilizing the fundamental polarization memory
effect is presented. We coined the name diffusing wave polarimetry (DWP), analogous
to the diffusing wave spectroscopy technique developed in the past. An opportunity
to monitor the condition of biological tissues, in particular grading cancerous stage by
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navigating the Poincaré Sphere is presented. The prototype instrumentation has been
developed. Polarization of scattered light has been calculated using the developed model
and compared with the experimental results obtained in situ.
The developed MC has been applied to assess a fraction of light preserving initial
polarization and a part scattered from superficial layers of the medium. Depolarization of
light by rough surfaces of scattering phantoms was measured and is in good agreement
with the results of MC simulations (see Section 4.6 for the details).

Cross-validation with analytical approaches and other
methods*

O

4.2

N
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Finally, MC modeling of the OCT images in non-, co- and cross-polarized modes was
considered in Section 4.7. The model demonstrates an ability for quantitative study of
OCT image formation including the formation of speckles, accounts for depolarization
and image artifacts produced by speckle noise.
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The developed    model has been comprehensively validated through the comparison
of the results of diffuse reflectance  simulation with the known analytical results for
semi-infinite medium tabulated by Giovanelli [264], with the results of adding-doubling
method by Prahl [148] and with the results of the MCML code developed by Wang [170].
The following parameters of the medium have been used in the simulation:  
,
,
 (isotropic scattering),
 . The results of comparison are
presented in Table 4.1. Ten simulations with
 photon packets each have been utilized
in each case. Increasing the number of photon packets to  reduces the error in   
by
. The general rule (the central limit theorem) suggests that the accuracy of the
results doubles when the number of photon packets increases four times [171, 199, 200].
However, there is a variety of other sources of error in MC including floating point
precision, rounding decimal numbers, etc. [250] For most biomedical applications, the
numerical error of
 is considered as acceptable due to the other factors playing
greater role in the actual OD experiment such as patient’s motion and breathing, uncertainty
of measurements, etc. [111]
* The

results presented in this section have been partially published in:

• A. Doronin, I. Meglinski, Peer-to-Peer Monte Carlo simulation of photon migration in topical
applications of biomedical optics, Journal of Biomedical Optics, Vol. 17, No. 9, pp. 090504-090512
(2012).
• A. Doronin, I. Meglinski, Online object oriented Monte Carlo computational tool for the needs of
biomedical optics, Biomedical Optics Express, Vol. 2, No. 9, pp. 2461-2469 (2011).

4.2 Cross-validation with analytical approaches and other methods
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Table 4.1: Comparison of the diffuse reflectance  given by tabulated data by [133], results
of the adding-doubling method by [148], and the results of MCML developed
by [170] versus the developed   .


0.2600
0.25907
0.26079
0.25957

error
–
0.00170
0.00079
0.00043

IN

Reference
Giovanelli [264]
MCML [170]
Adding-doubling [148]
   [250]
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The results of MC simulation of diffuse reflectance  and transmittance  for a finitethickness scattering slab illuminated by normally incident collimated light were compared
with the results tabulated by van de Hulst [133], with the results of adding-doubling method
obtained by Prahl [148] and with the results of MCML developed by Wang [170]. The
following parameters of the slab have been used in the simulation:  
,
,   (anisotropic scattering) and slab thickness  
. The results of
comparison are listed in Table 4.2. Data presented in Tables 4.1 and 4.2 demonstrate a
good accuracy of the developed code compared to known theoretical predictions and in
good agreement with the results obtained earlier [133, 148, 170, 264].
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Table 4.2: Comparison of the diffuse reflectance  and transmittance  given by tabulated
data by [133], results of the adding-doubling method by [148], and the results of
MCML developed by [170] versus the developed   .

Reference
van de Hulst [133]
MCML [170]
Adding-doubling [148]
   [250]


0.09739
0.09734
0.09711
0.09741

error
–
0.00035
0.00033
0.00027


0.66096
0.66096
0.66159
0.66096

error
–
0.00020
0.00049
0.00017

A

In addition, the results of MC simulations have been compared with time-resolved
and steady state diffusion theory solutions to the RTE for a semi-infinite medium utilizing
an isotropic point source of optical radiation. In the diffusion theory, the time resolved
r  and steady-state r equations for fluence rate are derived from Fick’s 2nd Law of
diffusion [265]:
r 













r













(4.2:1)

Here  corresponds to the impulse energy,  is the impulse power,  is the distance

from the photon source, 
 is the diffusion constant where 



refers to the reduced scattering coefficient encapsulating  - anisotropy factor. The results
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obtained by the developed MC are in a good agreement with the results calculated from
the diffusion equation (see Figure 4.1).
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Figure 4.1: (a) – comparison of the time-resolved MC simulations (circles) of   with
the results calculated by the diffusion equation (4.2:1), 1 (solid line) plotted versus  for three
time points (a semi-log plot): (1) – 50 , (2) – 100 , (3) – 1000 ; (b) – comparison of
the steady state MC simulations (circles) of  with the results calculated by the diffusion
equation (4.2:1), 2 (solid line) versus  for different anisotropy factors (a semi-log plot): (1) –
 , (2) –  .
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The scattering medium was represented by a semi-infinite slab with the following
parameters: 
 
,
 
. Impulse energy and power were considered
to be 1 and 1  , respectively. It should be pointed out that diffusion theory fails when
the distance from the photon packets source is less than the mean transport length. This
effect is observed on the graphs for the range  
[155, 156]. The developed   
does not have this limitation and provides an accurate solution to the RTE.
There are a number of MC models which are capable of simulating several basic physical quantities including photon absorption, fluence, reflectance and transmittance [170, 212, 250, 266]. For instance, in MCML a cylindrical coordinate system is
employed to score the spatially resolved 2D grid of photon absorbtion    where  and
 correspond to the radial and axial coordinates, respectively [170]. During MC simulation,
 and  indexes are calculated at -th scattering event and the absorbed photon weight is
scored into a corresponding cell      of the grid [170]. Each element of grid   
corresponds to the photon probability density and can be converted to fluence rate by
dividing it by the absorption coefficient of the layer where the photon packet is currently
residing [170].

4.2 Cross-validation with analytical approaches and other methods
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Figure 4.2: Fluence rate distribution counted by    [250] (a) and MCML [170] (b) for
 photon packets,  is the depth and  is the radial grid line in cylindrical coordinate system,
see [170] for further details.
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The spatially resolved fluence rate distribution counted by    and MCML models
have been compared (see Figure 4.2). A semi-infinite scattering medium with 

,
,
 was used in calculations. Both simulations have been
performed for exactly the same number of photon packets (  ), using a point source of
optical radiation. The power density of the incident beam is 
. It is obvious that
both models are provide nearly identical results.

A

Table 4.3: Comparison of    with other MC codes applied for simulation of fluence rate
using
 of photon packets. The parameters of the medium are: 

,

,  ,


Reference
MCML [170, 266]
CUDA MCML [212, 266]
MMC [266]
TIM-OS [266]
   [250]

Time, s
91.9
15.0
85.2
9.1
4.3

error
0.0000105
0.0000080
0.0000117
0.0000016
0.0000054

Finally, the developed MC model has been compared with other MC codes in terms of
the time required for simulation of fluence rate for
 photon packets (presented in
Table 4.3).
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Probing light in biological tissues and detection system*

N

IN

Most of the practical OD techniques do not require calculations of fluence rate. A typical
geometry of the experimental setup is schematically presented in Figure 4.3. Due to
multiple scattering, optical radiation is distributed within a certain region of predominant
interest  [45, 181, 181, 267, 268]. This region corresponds to the spatial distribution of the
detected signal or sampling volume and is of predominant interest in OD applications [45,
111, 181].
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Figure 4.3: Schematic presentation of a typical OD experimental setup.  corresponds to the
spatial distribution within semi-infinite scattering medium: (
) represents the spatial
distribution of the effective optical paths, traveled through a volume between optical radiation
source () and detector () [45, 181].

Sampling volume is formed by so-called effective optical paths [45, 181, 267]. When
multiple photon packets travel between a light source and detector some trajectories are
more likely to occur than others. Sampling volume r  can be represented as a function
of a point r in the scattering medium [181, 267]. This representation allows us to interpret
r  as a quantified measure of the detector sensitivity at the depth r [269]. It should be
pointed out that only photon packets passed through  r  contribute to the change of the
probing radiation [45, 181].

* This section is partially based on the following publication: I. Meglinski, A. Doronin, Monte Carlo
modeling of photon migration in complex scattering media for the needs of biomedical applications, IEEE
Journal of Selected Topics in Quantum Electronics, (2013). (invited paper, submitted)
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If the phase space of a photon packet is supplemented with a statical weight, sampling
volume r  is defined as following [45, 181, 267, 268, 269]:
r  r  r 

 r  r 

 r 

(4.3:2)
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Here,  r  corresponds to the signal perturbation due to absorption at a point r ,
 r  r  is the perturbation of attenuation  at a point r on the detector, while the
source of radiation is located at a point r [175, 181, 269, 270]. The following equation
defines attenuation  [181, 181, 267]:
r 
 r 



(4.3:3)
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 r  r 
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where,  r  corresponds to the intensity of incident light at a point r , r  is the
intensity of the detected signal at a point r (see Figure 4.3). Combining (4.3:2) and (4.3:3),
r  r  r  or just r  is defined as [181, 181, 267]:

R

r  r  r 

 r 

r   r 

(4.3:4)
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Sampling volume r  can be thought as the gradient of the probing radiation flux
attenuated by absorption  r  which is registered by the detector [45, 181, 267]. As
a function of depth r , sampling volume characterizes the complete spatial distribution
of the detected probing light and is defined by the effective optical paths [45, 181, 181,
267]. For multilayered media
r  is represented by a combination of several partial
components [45, 181, 181, 267]:
r 

 r 

r 
r 

Here,
corresponds to the absorbtion coefficient of the
medium [175, 181, 267].

(4.3:5)

 layer of the scattering

In the MC, when a photon packet is registered by the detector its final statistical weight
is found according to (2.7:23). The tissue model is represented as a 3D grid and is divided
into individual pixels (e.g. 


). To estimate the pdf of the effective
optical paths, each photon packet trajectory is processed pixel by pixel and the sampling
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Figure 4.4: Results of MC simulations of detector depth sensitivity for various distances
between optical radiation source (of 
in diameter) and detector (of 
in diameter):
(a) – 0.0
, b) – 100
, (c) – 200
, (d) – 300
, (e) – 400
, (f) –500
,
respectively. MC simulations were performed using  photon packet trajectories, scattering
medium was represented by a human skin model (see Table 4.4).
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r  in a particular pixel is calculated according to [45, 181, 267] as:
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(4.3:6)

 r 



N

IN

where  corresponds to the final weight of the -th detected photon,  is the number
of photon packets satisfying the detection conditions,  r  is a path length of the -th
photon packet in a pixel with a center located at r ,  is the size of the pixel. Finally, a 2D
cross section map representing
r  is constructed  , where  is the horizontal axis
and  is the depth direction [181, 267].
Table 4.4: Properties of skin tissue layers based on data collected by the scientific community.



80-100
35-60
30-35
25-27
20-25
30-35
5-15

0.1
0.15
0.068
0.095
0.073
0.118
0.068


0.8-0.9
0.8-0.85
0.8-0.9
0.9-0.95
0.76-0.8
0.95
0.75-0.8

1.5-1.55
1.34-1.4
1.39
1.4
1.39-1.4
1.38-1.4
1.44
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No.
1
2
3
4
5
6
7


10-20
80-100
150-200
80-100
1150-1500
80-120
5000-6000

Here, (1) – Stratum corneum, (2) – Living epidermis, (3) – Papillary dermis, (4) –
Upper blood net dermis, (5) – Reticular dermis, (6) – Deep blood net dermis, (7) –
Subcutaneous fat.

A

To demonstrate the capabilities of the developed approach, MC simulations were run
for the human skin model utilizing a geometric configuration of a typical fiber-optic probe
(see Figure 4.4). Detector depth sensitivity has been calculated for various distances
between optical radiation source (with Gaussian beam profile, 
in diameter) and
detector ( 
in diameter). A multilayered human skin tissue model has been used in
all simulations. Table 4.4 provides a summary of the parameters of skin layers collected
from a number of sources [111, 112, 176, 182, 183, 218, 271, 272, 273, 274, 275, 276, 277,
278, 279, 280, 281, 282, 283]. Human skin consists of two major tissue layers: epidermis
and dermis. The epidermis is the most superficial layer, and varies relatively little in
thickness (between 75 and 150
) [4, 284]. The dermis is a dense, elastic connective
tissue lying underneath the epidermis and making up the principal mass of the skin [4, 284].
There is a considerable variation in the thickness of the dermis, an average thickness is 1-2
[4, 279]. Subcutaneous tissue, or hypodermis, underlying the dermis has an average
thickness is 1-2
[4, 279].
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Diffuse reflectance spectroscopy*
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Spectral and colorimetric studies of biological tissues are of considerable interest from
the point of view of potential development of new techniques for non-invasive in vivo
imaging and spectroscopic characterization of biological and human tissues and monitoring
variations of their properties without affecting their physiological state [285, 286, 287].
This is especially important for a number of practical applications including medical
diagnostics [288], plastic surgery [289], face recognition for security needs [290], as well
as for the optical design of a particular diagnostic system. It is especially critical for
the success of many therapeutic procedures when the exact knowledge of laser fluence
delivered to a specific organ is essential [291, 292], as well as for determination of the
optimal laser excitation conditions for maximum depth tissue probing [285, 286, 287, 293].
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The spectral composition of light penetrating through biological tissues depends on
the concentration and spatial distribution of chromophores within the given tissue, as
well as on particular experimental conditions, including the probe geometry and multiple
parameters of the incident optical radiation. In the past, there were numerous attempts to
evaluate optical tissue properties by assessing both scattering and absorption properties
of tissues (see, for example [13, 280, 288]). However, when it comes to the practical
aspects, i.e., what is the fraction of the incident light radiation that reaches a certain depth
of a tissue, a challenging computational problem is created, that of combining all the data
collected in different ways [13, 280], and, to the best of author’s knowledge, no data on
the light transmission through thick tissues is available in support of such calculations.

A

A computational technique has been developed for visible/near-IR transmittance/
reflectance spectra/color calculations of biological tissues. The computational data has been
compared with experimental data obtained using high-dynamic range spectral transmission
measurements through different parts of a human body, which are easily accessed by those
measurements.

4.4.1

Optical transmission measurements and the multilayered tis-

sue model
The principles of optical spectroscopy are well known and widely described in details
in [294]. The optical spectroscopy experimental setup, used in the current study, is
schematically presented in Figure 4.5.
* The results presented in this section have been partially published in: G.I. Petrov, A. Doronin, H.T.
Whelan, I. Meglinski, V.V. Yakovlev, Human tissue color as viewed in high dynamic range optical spectral
transmission measurements, Biomedical Optics Express, Vol. 3, No.9, pp. 2154-2161 (2012).
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Figure 4.5: Schematic presentation of the experimental system used in current study.
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To perform high dynamic-range optical transmission measurements a high spectral
brightness optical source, which could be directed to a specific part of a tissue, is required.
A white-light continuum was generated in an optical fiber providing high spectral intensity
and focusability [295]. However, the short and long term stability of this continuum
is rather limited. Thus, a modified approach employing high-energy picosecond laser
pulses and large area photonic crystal fiber has been used [32, 296]. A broadband supercontinuum was generated through a cascade of stimulated Raman scattering and wavemixing processes and extended from 
to 
. However, only a portion of
this radiation from  
to  
was utilized in the experiment. In order to avoid
tissue damage and discomfort during long-exposure measurements, only 50% of the total
laser power (roughly,   ) was used for tissue irradiation. A multimode optical fiber
bundle with an 
area was employed to collect the transmitted light through a
part of the body. The input end of the fiber was gently pressed against the opposite side
of the body, and the output of the fiber served as an input slit of a 1/2-meter imaging
spectrometer (Horiba, Inc.) with the attached TE-cooled CCD camera (iDus-401-BRDD;
Andor, Inc.). A portion of the incident light was reflected off by the front surface of a glass
slide and directed to a spectrometer for reference measurements. The reference spectrum
was accumulated at the same time by using simultaneous input from two identical fiber
ports at the entrance slit of the imaging spectrometer. The accuracy of this approach was
validated by letting the incident beam enter the signal path without passing through the
sample. For all the described measurements, the signal was corrected for a background,
normalized to the incident light and averaged over 100-s to maximize SNR.
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Figure 4.6: Near-IR spectral transmission measured in vivo for: (1) – fingernail, (2) – finger,
(3) – palm, (4) – wrist, (5) – forearm.
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Measurements were taken at different locations of human hand, including fingertip
(through the fingernail), finger, palm wrist and forearm. Transmittance spectra measurements for biceps were limited due to the sensitivity of the detection system. To avoid
artifacts associated with spontaneous motions during the long-exposure measurements a
hand of a volunteer was placed in specially designed holder. The measured transmittance
spectra are displayed in Figure 4.6.

A

In order to simulate diffuse reflectance, a model utilizing absorbing and scattering
properties of tissues was created. Absorbtion in biological tissues is a selective quantum
process relative to the energy levels of the individual tissue compounds and the wavelength
of probing radiation [4, 39, 43, 45]. In the visible region, for most tissues absorbtion is
insignificant except for the absorbtion spectra of oxy- and deoxy-haemoglobin and some
other chromophores [4, 39]. Near-Ultraviolet (UV) region corresponds to the absorbtion
bands of proteins [4]. In the infrared (IR) region the vibrational excitations of molecules
make water the dominant absorber [4, 297, 298]. Absorbtion coefficients of the main
tissues compounds are presented in Figure 4.7, (a). Absorbtion coefficients of the layers
were calculated by taking into account concentration of blood C  , oxygen saturation S,
water content C  , hematocrit Ht , volume fraction of hemoglobin F  , volume fraction
of red blood cells (erythrocytes) F and the melanin fraction [182, 183]:
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Figure 4.7: Absorption properties of tissues [4, 182, 183, 297, 298]. Here, (a) – absorption
coefficients of key skin tissues chromophores: (1) – oxy-hemoglobin, (2) – deoxy-hemoglobin,
(3) – water, (4) – eumelanin, (5) – pheomelanin, (6) – baseline; (b) – absorption coefficients of
the tissue layers counted by (4.4:7), (4.4:8), (4.4:9)
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(4.4:9)

A


Here,
( ) is the absorption coefficient of eumelanin,   ( ) is the absorption
coefficient of pheomelanin, B  is the volume fraction of the blend between two melanin
types,  ( ) is the absorption coefficient of oxy-hemoglobin,  ( ) is the absorption
coefficient of deoxy-hemoglobin,     ( ) is the absorption coefficient of other waterfree tissues, Ht is the hematocrit, F  is the volume fraction of hemoglobin, F is the
volume fraction of erythrocytes (see Figure 4.7, (b)).

In human tissue, depending on the shape of collagen fibers the predomination of either
Mie or Rayleigh type of scattering (see Figure 4.8, (a)) has been observed [116, 299].
The scattering coefficient of a particular layer can be represented by a combination of
Mie/Rayleigh theories [19, 116, 146, 182, 274, 299]:
  








(4.4:10)
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Figure 4.8: Scattering properties of tissues. Here, (a) – key types of scattering in the tissues:
(1) – Rayleigh scattering, (2) – Mie scattering, (3) – combined Rayleigh and Mie scattering,
counted by (4.4:10), (4.4:11), (4.4:12), respectively; (b) – scattering coefficients of tissue
layers: (1) – Stratum Corneum, (2) – Epidermis, (3) – Dermis, (4) – Subcutaneous fat.
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A

The approximated scattering coefficients of tissue layers (presented in Figure 4.8, (b))
have been obtained from a number of sources [4, 19, 116, 182, 274, 299]. Experimental
data suggests that in biological tissues, light scattering is anisotropic with a significant
forward pattern [300]. Values of anisotropy factor  ranging from  to  were reported
in [218, 272, 300, 301].
To simulate transmission spectra a multilayered tissue model has been applied. This
model (see table 4.4), originally developed in [182, 183], was extended to 17 layers by
including muscles and bone structures. The actual thickness of certain layers (Subcutaneous
fat, Muscles, Bone) was varied with respect to the actual physiological parameters of the
parts of the body [182, 183].

A summary of optical properties of tissues used in MC simulations is provided in
Table 4.5. MC simulations were performed for the actual probe geometry used in the
experiment (see Figure 4.5) utilizing   of the detected photon packets. Total diffuse
reflectance intensity has been calculated as the normalized sum of statistical weights of the
photon packets satisfying the detection condition according the microscopic Beer-Lambert
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Table 4.5: Parameters used for assessment of the absorption coefficients of the tissue layers.
A simple model of internally homogenous layers with parallel interfaces has been
used. Layers 10-17 are the same as layers 1-7 in the reverse order.

 
0
0
0.04
0.3
0.04
0.1
0.05
0.35
0.02

S
0
0
0.6
0.6
0.6
0.6
0.6
0.6
0.6

Ht
0
0
0.45
0.45
0.45
0.45
0.45
0.45
0.45

F 
0
0
0.99
0.99
0.99
0.99
0.99
0.99
0.99

F
0
0
0.25
0.25
0.25
0.25
0.25
0.25
0.25

C 
0.05
0.2
0.5
0.6
0.7
0.7
0.7
0.6
0.1


0.8
0.85
0.8
0.9
0.76
0.95
0.75
0.8
0.9

1.4
1.34
1.39
1.4
1.4
1.38
1.44
1.39
1.4


0.02
0.1
0.2
0.1
1.23
0.12
2.5-5.5
3.5-20
7.3-30

IN

No.
1
2
3
4
5
6
7
8
9
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law as following [182, 183]:
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Here, (1) – Stratum corneum, (2) – Living epidermis, (3) – Papillary dermis, (4) –
Upper blood net dermis, (5) – Reticular dermis, (6) – Deep blood net dermis, (7) –
Subcutaneous fat, (8) – Muscles, (9) – Bone.
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Here,  is the number of detected photon packets,  is the initial statistical weight
of a photon packet entering a scattering medium,  is the final weight of the

detected photon packet,  represents the total number of scattering events experienced by
the photon packet within the medium,  is the medium local absorbtion and  is the path
length of the photon packet at   step.

A

Conversion of the spectral power distribution
 to the CIE XYZ (or CIE 1976
L*a*b*) coordinates [302], as well as to the RGB-gamut color values, was performed
using the standard procedure employing CIE observer with D65 illuminant [302]:










  








  





  






(4.4:14)
   



Here,   and  are the tristimulus values, the key component of the CIE threecomponent additive color model, describing the contribution of the three main colors
with respect to the human eye’s cones sensitivity peaks in short ( 

), middle
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Figure 4.9: CIE standard observer color matching functions along with the standard D65
illuminant roughly corresponding to a midday Sun (obtained from the tabulated data [302]).
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( 

), and long ( 

) wavelengths;   and  are the three colormatching functions representing the mean color perception of human eye for a standard
observer in the range of  
;   is a reference illuminant, respectively (see
Figure 4.9 for the details) [302].

Measurement results compared with Monte Carlo simulations

A

First of all, since no data on the light transmission through thick tissues is currently available, the developed model has been compared with the results of human skin reflectance
spectrum measured in in vivo. Figure 4.10, (a) shows the results of MC simulation of
human skin reflectance spectrum in comparison with those obtained by a high-resolution
Ocean Optics USB4000 spectrometer. MC simulations have been performed utilizing the
actual geometry of QR400-7-VIS-NIR probe (depicted in Figure 4.10, (b)). It is obvious
that the model is well calibrated.
Then, MC simulations have been performed utilizing parameters of the optical spectroscopy experimental setup. Experimental results for different parts of a human body
plotted in comparison with the results of MC simulations are shown in Figure 4.11, (a).
It is clear that both experimental and computational results are in a good agreement with
each other.

The design of the CIE 1931 color space splits the concept of color into brightness
and chromaticity. The black contour in Figure 4.11, (a) is the spectral locus with the
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Figure 4.10: (a) – Human skin reflectance spectrum simulated by the developed MC model
(circles) compared with the results (crosses) obtained in vivo by a High-Resolution spectrometer
(Ocean Optics USB4000); (b) – Standard Ocean Optics USB4000 spectrometer and QR400-7VIS-NIR probe (adapted from the manufacturer’s web site).
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corresponding wavelengths. D65 is the standard daylight illuminant used in the MC model.
The triangle represents a color gamut that can be reproduced by a standard computer
monitor. As one can see, the modeled tissue colors outside the gamut cannot be displayed
properly on a standard color reproduction device and require a conversion procedure.
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Figure 4.11: The changes of tissue color presented in CIE xyY (a) and CIE 1976 L*a*b* (b)
color spaces simulated by the developed MC model (crosses) compared with the results of
measurements/observations in vivo (squares) for near-IR light transmitted through the various
parts of human body: (1) – fingernail, (2) – finger, (3) – palm, (4) – wrist, (5) – forearm.
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Conversion of the given CIE perpetual color into particular device parameters is done
by multiplying the XYZ by a device-specific transformation matrix [302]. There are a
number of device-specific color systems such sRGB, AppleRGB, PAL/SECAM RGB, etc.
and the transformation matrices are available from the manufacturers [302]. Typically,
an unrepresentable color is replaced with a displayable exchange by approximation of
the saturation/luminance [302]. However, the actual colors were observed by naked eye
during the experiment. One of the drawbacks of the above diagram is that it does not allow
displaying the actual brightness (luminance). To make the luminance visible the modeled
CIE chromaticity coordinates have been converted into the Lab color space. Figure 4.11,
(b) shows experimentally observed and computer simulated the near-IR transmission colors
of different parts of a human arm, presented in CIE 1976 L*a*b* color space. Simulated
CIE 1976 L*,a*,b* coordinates in the color space are plotted in Figure 4.11, (b). Table 4.6
provides the L*,a*,b* values along with the corresponding sRGB colors.

L*
48.299
38.135
15.706
2.854
0.930

a*
67.372
62.883
44.938
19.824
7.024

b*
68.396
54.705
24.774
4.601
1.532

D
O

Sample
Fingernail
Finger
Palm
Wrist
Forearm

R

Table 4.6: Results of the MC simulation of skin color CIE coordinates in L*,a*,b* color
space. Standard deviation has been calculated between the experimental data
and the modeling output. CIE L*,a*,b* coordinates have been converted to the
corresponding sRGB values.

Standard deviation
0.001
0.001
0.001
0.001
0.001

sRGB Color

A

Observing the effect of changes of spectra/color of tissues such as human skin due
to blood and/or melanin content and variations in blood oxygenation, is of potential use
in practical diagnostics and bioengineering applications. For instance, the importance of
development of human skin model for search and rescue has been outlined in [146].

Various parameters in the developed MC model such as melanin concentration, melanin
blend, blood volume fraction, oxygenation levels can be adjusted to demonstrate their
effect on the human skin reflectance spectra. Figures 4.12, 4.13 show the examples of
human skin spectra and skin color produced by the developed MC calculated for various
melanin and blood contents in skin, respectively. Presented results demonstrate that the
changes of spectra and color of human skin resulting from the melanin or blood content
variations can be characterized by combining spectral measurements with the results of
MC modeling.
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Figure 4.12: Results of MC simulation of human skin spectra and corresponding colors for
the different melanin content in living epidermis: (1) – 0%, (2) – 2%, (3) – 5%, (4) – 10%, (5)
– 20%, (6) – 35%, (7) – 45%, respectively. The fraction between eumelanin and pheomelanin
was 1:3.
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Figure 4.13: Results of MC simulation of human skin spectra and corresponding colors for
the different blood concentration in the layers from papillary dermis to subcutaneous tissue:
(1) – 0%, (2) – 2%, (3) – 5%, (4) – 10%, (5) – 20%, (6) – 35%, (7) – 70%, respectively. The
melanin concentration was kept 2% and the fraction between eumelanin and pheomelanin is
1:3.
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Summary
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Pilot experimental studies of spectral transmission through bulk tissue samples in vivo
have been performed. Obtained results provide a quantitative measure of light transmitted
through a certain body area as a function of incident wavelength in the biologically
significant optical transmission window. Those experimental results have been compared
with results of computer simulations, and a good quantitative agreement has been found. It
should be pointed out that for certain studies (e.g. calorimetry of veins) other theories based
on the concept of color constancy such as Retinex theory should be applied [303]. The
chromaticity coordinates were calculated and the features of color variation were analyzed
by MC simulation in the context of functional properties of human tissues. Spectral
color composition of human skin and other biological tissues presented in a particular
color space can be used for express-analysis of their functional physiological condition
and identification of optimal conditions for optical diagnostics. In a similar manner the
regularities of human body color variation associated with the changes in optical properties
of biological tissues due to optical clearing, melanin content changes and physiological
changes (e.g., blood oxy-/deoxy-genation) can be observed and quantified.

4.5

Diffusing wave polarimetry*

In the last decade, polarimetry of biological tissues has gained much attention in the area
of biomedical imaging [85]. Various aspects of polarized light propagation in scattering
media, including biological tissue, have been extensively studied in the past [39, 84, 85,
86, 87, 88, 89, 90, 91]. Development and practical implementation of a particular tissue
polarimetry imaging/diagnostic system, as well as interpretation and quantitative data
analysis, require accurate description of incident coherent polarized light propagation in
* This section is partially based on the following publication: C. Macdonald, A. Doronin, M. Eccles, I.
Meglinski, Diffusing wave polarimetry, Physical Review Letters, (2013). (in preparation)
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biological tissues. Due to the complex structure of biological tissues and high scattering of
light therein analytical techniques are impractical and can’t be applied. It has been shown
that calculating polarization in randomly inhomogeneous medium in the framework of
Bethe-Salpeter equation provides numerous advantages over existing methods. Therefore,
the developed MC method is ideally suitable for designing a polarimetry system when an
accurate description of optical radiation in complex scattering media, such as biological
tissues is required.

Propagation of coherent polarized light in tissue-like media

R

O

N

It has been previously demonstrated that in the framework of Bethe-Salpeter equation
electric field correlation transfer in a randomly inhomogeneous medium can be tracked
and represented as an expansion series of scattering events. To verify this approach,
MC simulations have been performed utilizing a semi-infinite scattering medium with
the following parameters:   

,  
for  of photon packets.
Table 4.7 shows results of MC simulation compared against the exact theoretical predictions
and other methods.
Table 4.7: Comparison of the results of MC simulation of  with the generalized solution
by Milne for electromagnetic field and existing models.

D
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Reference
Milne solution [129, 304]
Kuzmin, et al. [241, 305]
 

3.025
3.029
3.023

1.563
1.570
1.565

1.935
1.929
1.931

A

MC stimulation yields the ratio between polarized and depolarized intensities
 which is in an excellent agreement with the generalized Milne solution providing
 [129, 241, 304, 305]. As an alternative to the DOP, the depolarization ratio
 of the backscattered intensities is typically used in analytical methods [129, 241, 304,
305]:






(4.5:15)

For the above configuration Milne solution yields    [129, 241, 304, 305],
while the developed MC suggests    . The numerically close value  
has been obtained in [306]. Within diffusion approximation  for isotropic scattering is
defined as a function of scattering orders [239]:



 



(4.5:16)
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Results of simulation of (squares) and
(circles) polarized intensities as a function
of a number of scattering events are presented in Figure 4.14. MC simulations have been
performed for a semi-infinite scattering medium with 

,  
utilizing
 of photon packets. Total depolarization is clearly observed after several scattering
orders  .
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Figure 4.14: Results of MC modeling of (squares) and
(circles) presented as a function
of the number of scattering events for various anisotropy factors: (a) – shows the results for
 ; (b) – depicts   ; (c) – corresponds to  ; triangles represent  ; solid
line represents the total intensity of the scalar filed. Figure (d) demonstrates the comparison
between the depolarization ratios for   (circles),   (squares),   (triangles)
with the know theoretical solution (solid line) by [191, 192, 236, 239].
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and
become equal after 
 for isotropic scattering and 
 for
anisotropic scattering [191, 236]. Figure 4.14, (d) depicts the comparison between the
 obtained theoretically by diffusion approximation[239] versus  calculated by
the developed MC. These results suggest that polarized light survives more scattering
orders when scattering is anisotropic and this agrees well with the known theoretical
predictions [188, 306]. It should be pointed out that no reliable analytical solution exists
for anisotropic scattering of an electromagnetic field [191].
Table 4.8: Comparison of the results of MC simulation of  with the generalized
solution by Milne for electromagnetic field and existing models.


1.751
1.758
1.754



2.837
2.841
2.839





0.617
0.618
0.617

O

N

Reference
Milne solution [129, 304]
Kuzmin, et al. [241, 305]
 

R

To validate the    for circularly polarized light, MC simulations of  components light have been performed for the exact backscattering detection geometry. A
semi-infinite scattering medium with 
 

, 

has been

employed,  of photon packets were used for each MC simulation.

D
O

Results produced by the developed MC have been compared against the known analytical solutions and other models and are presented in Table 4.8. A good agreement has been
observed between simulations results and analytical predictions. Milne’s solution yields
 , 
  and  
  [129, 191, 192, 236, 241, 304, 305]

whereas the developed model suggests 
 , 
 ,    .

A

Scattering properties of the medium significantly affect depolarization of the detected
signal and need to be accessed when developing a particular OD system [188, 191, 192,
221, 236]. Consider a typical detector consisting of individual pixels (e.g.   pixels,
with a pixel size of 
). The influence of the type of scattering on the detected intensity
is presented in Figure 4.15 for linearly (a) and circularly (b) polarized light, respectively.

Isotropic scattering results in almost immediate depolarization of light. On the contrary
strong forward scattering preserves polarization with the tissue [188, 191, 192, 221, 236].
When scattering is anisotropic (which is common for the biological tissues [300]), polarized
light can be detected and analyzed at larger distances from the light source paving the way
for novel OD diagnostic techniques.
Within the framework of development of the unified MC, for the first time, sampling
volume distribution has been counted for polarized light. Equation 4.3:6 can be re-written
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Figure 4.15: Results of MC simulations for various anisotropy of scattering medium, where:
(a) – surface distributions of  and corresponding depolarization ratios calculated for linearly
polarized light; (b) – surface distributions of  presented in the framework of Stokes
parameters for circularly polarized light. Here, top row corresponds to 
, second row
shows   , third row shows   and bottom row depicts  ;
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separately for co- and cross- polarized light as:
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(4.5:17)





A

Figure 4.16 shows results of MC simulations of polarized sampling volume for various
anisotropy factors, providing extra confirmation of the idea of a strong influence of
scattering properties on the probing light.
Results of MC simulations for various coherence lengths for linearly and circularly
polarized light are presented in Figure 4.17. The mutual interference between individual
photon packets results in formation of a speckle pattern. For low coherence lengths, the
influence of the mutual interference is insignificant which is agreed well with the theoretical
predictions [246]. The importance of studying the formation of speckles has been outlined
in the number of studies, several imaging techniques are based on the analysis of speckle
pattern [235, 307].
MC simulations have been performed to investigate the influence of refractive index
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Figure 4.16: Results of MC simulations of sampling volume    and the corresponding  for various anisotropy factors: top row shows  , second row shows   , third
row shows   and the bottom row depicts  . MC simulations were performed
for normal incidence and exact backscattering detection utilizing a semi-infinite scattering
medium with 

,  
.

4. The unified Monte Carlo model: validation and applications

N

IN

88

(b)

O

(a)

D
O

R

Figure 4.17: Results of MC simulations for various coherence lengths of probing radiation,
where: (a) – surface distributions of  and corresponding depolarization ratios calculated
for linearly polarized light; (b) – surface distributions of  presented in the framework
of Stokes parameters for circularly polarized light. Here, top row corresponds  
,
second row shows  
, third rows displays 
and the bottom rows depicts
. MC simulations have been performed for a highly anisotropic scattering medium

( 

,
) using a point source of optical radiation for   of photon
packets.

A

mismatching at medium interface on the probing optical radiation (see Figure 4.18). Due to
Fresnel refraction and reflection the number of photon packets that have been reflected off
the boundary more than once before being detected is significantly increased [181]. The
contribution of superficial scattering to  is clearly observed and affects depolarization
of light. This is a well-known effect in the OD experiments and techniques such as optical
clearing are extensively used to reduce tissue optical scattering as well as eliminate the
refractive index mismatching [4, 111, 308, 309].

To demonstrate the influence of the helicity flip phenomenon on the probing light,
MC simulations have been performed for a highly anisotropic scattering medium ( 

, 
; 

) using a point source of optical radiation for  
of photon packets. The results of MC simulations of  polarized components of
circularly polarized backscattered optical radiation are presented in Figure 4.19.
Figure 4.20 shows the same results presented in terms of surface distributions of Stokes
parameters. For higher anisotropy, even a single backscattering event results in a complete
reversal in helicity. The reversal in helicity is then preserved, significantly influencing the
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Figure 4.18: Surface distributions of  and corresponding depolarization ratios calculated
for   of photon packets depicting the influence of the refractive index mismatching at an
interface: top row shows

; bottom rows corresponds to

 . A semi-infinite medium has been employed with 

, 
 and

, respectively.
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handedness of the detected light. The change in the handedness is clearly seen from the 
parameter.

(b)

A

(a)

Figure 4.19: Results of MC simulations of  polarized components of circularly
polarized backscattered light: (a) – depicts a MC simulation where the helicity flip phenomenon
has been accounted; (b) – correspond to a MC simulation when the helicity flip effect is
neglected.

To quantify the helicity flip in terms of optical parameters of the scattering medium,
MC simulations of  have been performed utilizing various  and . The results
of simulations are presented in Figure 4.21 and could serve as a guiding map, providing
a theoretical prediction to when the change of handedness may occur. With an incident
beam and detector spatially separated over a medium consisting of large particle sizes
(with high scattering anisotropy), the co-polarized component predominates [310].
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Figure 4.20: Results of MC simulations of surface distributions of Stokes parameters of
circularly polarized backscattered light: top row corresponds to a simulation where the helicity
flip phenomenon was taken into account; bottom rows corresponds to a simulation the helicity
flip effect is neglected.
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Whereas for the same geometry and a medium consisting of small scattering particles, the
level of backscattering is increased, causing the bulk polarization signal to have a reduced,
and sometimes reversed ellipticity depending on the specific properties.

(a)

(b)

Figure 4.21: Results of MC simulations of  as a function of  and : (a) – shows the
actual intensities of  ; (b) – corresponds to the helicity flip between  .

Thus, the developed approach provides a unique tool for investigation of the influence
of various parameters of biological tissue (e.g. scattering, absorbtion, anisotropy) and
experimental system on the measured scattered laser radiation. When combined with the
knowledge of anisotropy of scattering particles within the medium, this effect provides a
method for examining relevant properties of a scattering medium, including size, shape,
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Experimental setup for earlier cancer diagnostics

N

4.5.2
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density, and refractive index of scattering particles. Detector sensitivity at a particular
depth, surface distribution of the detected signal linked to a particular detector configuration
allow accessing the probing polarized/non-polarized radiation perturbations in a scattering
medium. Applied to the geometry of a particular experimental system, the developed
approach allows both portions of forward and backscattered polarized light to be estimated
from within the probing region, changes in the medium under observation can be resolved
by looking at the contribution of each part to the final signal. The described method is
of great use when an accurate description of the probing optical radiation propagation is
required.
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It has been previously demonstrated that preservation of polarized light in tissue-like
media is highly dependent on the optical parameters of the medium such as scattering
and anisotropy as well as coherent length of probing optical radiation. Directional awareness of circularly polarized light has been investigated, the influence of refractive index
mismatching at the medium interface and backscattering of optical radiation on the handedness has been studied. Scattered multiple times within the medium, the probing light
is depolarized, and the depolarization rate depends strongly on the size and shape of
scattering particles [137, 311], as well as on the number of scattering events [306]. This is
extremely useful information given that the typical nuclear size of a cancerous cell can be
approximately twice as large as a similar cell under normal conditions [312].

A

Cancer is often a fatal disease. Modern medicine has developed many modes of
treating cancer including surgery, chemotherapy, and radiation therapy. However, the
key to effective treatment is early detection. Currently, the "gold-standard" and most
widely used methodology for precise cancer diagnosis is histological analysis that utilizes
exhaustive microscopy investigation [313]. Despite best laboratory practices the rate of
conclusive diagnosis by histological analysis for a range of cancers, including cervical,
prostate, bladder, skin and oral cancer, is only 65-75% [313].
In the framework of this research project, following the aims and objectives outlined in
Section 1.3 a fundamental understanding of the limitations and optimal instrumentation
parameters of a practical experimental system suitable for earlier cancer diagnostics has
been gained. Using the intuition provided by theory and analysis by MC the prototype
instrumentation of a polarimetry system for has been developed and optimized.
The prototype of the experimental system is schematically presented in Figure 4.22.
Vertically polarized light from a He-Ne laser (
,
 ) passes through a quarter
wave plate, which produces RCP light. RCP light hits a mirror followed by a lens, which
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focuses the incident beam onto the sample. Once leaving the sample within range of the
detector’s aperture, the backscattered circular polarized light from the sample is collected
by an objective located at
away from the point of incidence and directed into a
standard polarimeter (Thorlabs, Inc.), where the polarization state of the light is recorded
and analyzed. Samples are placed under the apparatus at a height such that the incident
beam and detector are in focus on the surface thus reducing the uncertainty in the distance
between the points of entry and exit from the medium. The objectives are implemented at
angles of
and  relative to the sample, as presented in Figure 4.22.
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Figure 4.22: Schematic presentation of the experimental setup. The circular polarized light is
produced by laser and is focused onto the sample surface. Back-scattered optical radiation is
collected at a distance
away from the area of incidence and is then passed through an
analyzer to measure its state of polarization (picture by Callum Macdonald).

A

Here it is demonstrated that circularly polarized light scattered within the biological
tissues is highly sensitive to the presence of cancer cells and their aggressiveness. In
particular, it has been found that the position of Stokes vector of scattered light displays
the successive stages of colorectal cancer. Abnormalities induced in tissues by cancerous
changes include an increased nucleus to cytoplasm ratio and an overall increase in the
volume density of cells. These two effects impact greatly on the state of polarization of
light propagated through the tissue. An increase of nucleus size leads to a higher forward
scattering of incident circularly polarized light that keeps its original helicity. Therefore,
if position of the Stokes vector at the Poincaré Sphere is closer to the state of incident
light, then the tissue is either neoplastic potentially malignant or neoplastic malignant. To
confirm this, MC simulations were performed and the results have been compared with
the actual experimental measurements of scattered light from mono-disperse solutions of
polystyrene micro-spheres. A good agreement with the experimental data has been found.
For normal tissues the helicity of scattered light is changing towards linear polarization
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and the Stokes vector becomes closer to the equator of the Poincaré Sphere. The results
demonstrate that navigating by the Poincaré Sphere provides an opportunity to monitor
the condition of biological tissues and grading cancerous stage. In the bigger picture, the
proposed approach has the strong potential to revolutionize the current practice of real-time
detection of cancer in living tissues before metastasis.

Mapping of cancer on the Poincaré Sphere and comparison
with Monte Carlo simulations

IN

4.5.3
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To visualize and quantify the changes in the light polarization the Poincaré Sphere is used.
The Poincaré Sphere is closely associated with the "Poincaré Conjecture" and its solution
suggested in 2006 [314] (one of the seven Millennium Prize Problems in mathematics
defined by The Clay Mathematics Institute (CMI)). The key property of the Poincaré
Sphere is that any point on the sphere corresponds to the Stokes parameters  ,  ,  ,
and  . The last three elements of the Stokes vector are plotted in 3 dimensional-space
yielding a spherical region where each point represents one of all the possible polarization
states [225]. This is a compact way of describing light polarization, and is particularly
useful when comparing relatively similar states. The distance from the center of the sphere
indicates the degree of polarization, so fully polarized states occupy a point on the surface
of the sphere, whereas partially polarized states reside inside [225]. Figure 4.23 shows the
surface of the Poincaré Sphere, also pictured are the more familiar vibration ellipses of a
few polarization states and there corresponding coordinates on the surface.

Figure 4.23: The Poincaré Sphere provides a complete description of the stated of polarized
light (picture by Callum Macdonald). Each point on the sphere represents one state of
polarization, so for instance a point at the Northern pole  signifies right handed circular
polarization, and the South pole  , Left circular. States of linear polarization lie on the
equator, and elliptical polarizations fill the remaining volume.
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Experiments involving three different mono-disperse solutions of polystyrene microspheres in water show the changes of the Stokes vector position towards the equator of
the Poincaré Sphere(see Table 4.9 for the details). The particle sizes were    , and

in diameter with the concentrations of    and 
particles per
,
respectively.

Diameter




* Note, that



Concentration, 
0.0135
0.108
1.06
for all solutions.



83.896
69.5
29.359


0.93787
0.89597
0.72063

N

No.
1
2
3

IN

Table 4.9: Examples of mono-disperse solutions of polystyrene micro-spheres used in this
study.
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To compare with experimental results, MC simulations were run to calculate the
polarization of scattered light. Polarization has been traced utilizing the iterative procedure
of the solution of Bethe-Salpeter equation along the entire trajectory of each photon packet.
Each physical process which an individual photon experiences including boundary effects,
refraction, scattering, absorption and helicity flip have been modeled. The system geometry
and scattering medium parameters were replicated in each case. Simulations were run for a
value of   of photon packets. The results of MC modeling are presented in Figure 4.24
and demonstrated a very good agreement with the experimental data. The movement of
the measured and modeled Stoke’s vector towards the equator of the Poincaré Sphere is
observed as the typical size parameter of scatterers is reduced.

(a)

(b)

Figure 4.24: The normalized Stokes vector and the corresponding ellipticity of light backscattered in the solution of polystyrene micro-spheres in water with particle sizes of (1) –

, (2) – 
, (3) – 
. Here, (a) – results of measurements; (b) – results of
MC modeling.
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The measurements of Stokes vector for the circularly polarized light scattered from
samples of healthy and cancerous human kidney tissues shown in Figure 4.25 shows that
scattered light has a higher value of ellipticity in the cancerous tissue (red) when compared
to the healthy one (green). The images of cancerous and healthy tissues obtained by the
standard microscopy (see Figure 4.25, right) show confirmed that the average nuclei size
of cancerous kidney tissue is about twice as big as in the healthy kidney. The polarimetry
results were recorded in a blind test before microscope slides and histological analysis
confirmed this trend.
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Figure 4.25: (a) – a kidney sample provided by Prof Michael Eccles, Dunedin School of
Medicine; (b) – the corresponding images of healthy (bottom) and cancerous kidney (top)
tissues obtained by standard microscopy; (c) – the state of polarization of light scattered in
healthy (green) and cancerous kidney tissues (red) mapped on the Poincaré Sphere.

The results demonstrate that the healthy and cancerous tissues maintain their own
polarization signature located on different points of the Poincaré Sphere. This is of
significant importance as a method which can categorize bulk polarization data of an array
of different tissue types may be useful in early detection of cancer.

A

With respect to connective tissue (collagen and elastin fibres) in the tumor tissue, this
would be predicted to affect the birefringent properties, exerting a dominant influence,
which can be observed separately. It is important to note that the birefringence and
scattering are two different characteristics associated with the effect of polarized light on
tissues. The connective tissue compartment of a tumor may be re-modeled as part of the
invading cancer tissue, and so we could easily incorporate birefringence analysis into our
study design. In contrast, birefringent properties are likely to be less affected by tumor
grade.
The five or six most lethal forms of cancer (prostate, breast, lung, colorectal, melanoma)
are all readily treatable provided they are diagnosed during one of the pre-invasive stages.
Indeed, early detection of cancer, prior to the occurrence of invasive changes in cancer cells,
is the major aim of many initiatives being undertaken worldwide for cancer control. To
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this end, the observation of abnormal nucleus size and shape in cancer cells has practically
been associated with the early stages of cancer, and is the basis for the Pap smear, widely
used for the early detection of cervical cancer. Here, the advantage of altered nucleus size
and shape of cancer cells has been taken in order to develop a new elliptical polarized light
scattering spectroscopy with the potential to distinguish different stages of cancer, and also
early neoplastic from pre-neoplastic tissues.

Summary and Conclusions
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4.5.4
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The results show that alterations to biological tissues are resolvable using the specific
geometry of the polarization measurement system. This method has attractive possibilities
and can provide the foundation for future work implementing non-invasive diagnostic
techniques for early cancer detection, given that a number of forms of cancerous growths
alter the scattering properties of the affected tissue.
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Thus, in navigating the Poincaré Sphere in order to monitor/determine polarization properties and the condition of biological tissues, it is appropriate that we now explore the
potential of this technique to detect carcinoma in situ in an unbiased fashion. Here the
possibility of resolving cancer and non-cancer tissues through the analysis of the state of
polarization on the Poincaré Sphere has been demonstrated. For successful treatment the
early detection of cancer is extremely important. However, during early cancer onset it is
quite difficult for clinicians and pathologists to differentiate between tissues that could be
neoplastic versus normal tissue that is unlikely to become neoplastic. Unfortunately, in
most cases cancer is still detected at a relatively late stage when the disease is no longer
localized and cancer metastasis has already started, hence the relatively high mortality
rates.
This is the first time that successive grades of colorectal cancer have been observed by
tracking the Stoke’s vector of scattered elliptically polarized light on the Poincaré Sphere.
MC simulations were performed and a very good agreement with the experimental data has
been found as the typical size parameter of scatterers is changed. This technique provides
a good foundation for future work implementing non-invasive diagnostic techniques for
early disease detection, as many forms of cancerous growths alter such properties.
Therefore, there is a clear opportunity for improving the techniques of cancer detection
and grading so that they can occur in real-time without the need for delays for tissue processing. We envisage that this research will enable the development of a new revolutionary
diagnostic tool.

4.6 Depolarization of light by rough surface of scattering phantoms
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Depolarization of light by rough surface of scattering
phantoms*
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The growing interest in biomedical optics in polarimetric methods exposes a lack of
understanding of the processes of scattered light depolarization in and on the surface of
biological tissues. In the present section, the depolarization of linearly polarized light
propagated in silicone phantoms is considered. The solid phantoms with a variety of
surface roughness and bulk scattering optical properties were specially designed to imitate
scattering of light on collagen fibres in human skin along with the diffuse reflectance
and
on the skin surface. Utilizing measurements of free-space speckle patterns in
direction in respect to incident polarization the  of scattered light and its spatial
distribution are analyzed. The MC model has been applied to assess a fraction of light
preserving initial polarization and a part scattered form superficial layers of the medium.
The spatial distribution of  vs. phantom roughness, concentration and size of scattering
particles in far zone are analyzed. A weak depolarization and negligible response to
scattering of the medium are observed for phantoms with smooth surfaces, whereas when
the surface roughness of of the same order as the mean free path, the depolarization ratio
decreases and reveals a dependence on the bulk scattering coefficient. In conclusion, the
surface roughness could be a key factor triggering the ability of tissue characterization by
depolarization ratio.

4.6.1

Experimental setup and the biotissue phantoms

A

The primary goal was to study light depolarization introduced by phantoms with controllable surface roughness and optical parameters. Each skin phantom surface was made as a
replica from metal standard (Microshurf 334, Rubert + Co Ltd.) to have the same series
of rough surfaces in the range from  to  
, which are of the order of human skin
roughness [4]. Normal skin’s root mean square height (  ) can vary between 
 .
The details of phantom design are described in [315]. Using a proper microsphere size and
concentration we can imitate optical properties of a human skin. The light propagation
in human skin is mostly a forward scattering process where collagen is considered as
one of the important scattering agents [4]. The refraction index of the skin’s dermis is
 [282]. The relative refractive index of the skin’s collagen to that of surrounding
media is   [15], which give the collagen an absolute refractive index of about  . The
* The results presented in this section have been partially published in: L. Tchvialeva, I. Markhvida, T.K.
Lee, A. Doronin, I. Meglinski, Depolarization of light by rough surface of scattering phantoms, Proc. SPIE,
Vol. 8699, 8699-5 (2013).
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diameter of collagen fibers was measured to be about a few microns [299]. The scattering
of collagen fibers was imitated using a silicone resin with a refractive index of  as a
matrix simulating dermis, with embedded dry silica microspheres with the refractive index
of about   and with the average diameters  and  
simulating collagen (with
deviation of , Bangs Laboratories).

Concentration, 
0.00060
0.00040
0.00034
0.00029

Microspheres quantity
  
, size  
  
, size  
  
, size 
  
, size 




144.03
60.151
81.615
44.919

N

No.
1
2
3
4
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Table 4.10: Examples of microsphere sizes and concentrations used for description of the
phantoms.
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* For each phantom seven roughness profiles have been generated with  
 

,   
,  

,  

,  
and    
, respectively.


0.997
0.997
0.998
0.998



,

A

D
O

R

Table 4.10 shows some examples of microsphere sizes and concentrations for which
the phantoms with uniform microsphere distribution were created. The values of attenuation coefficient were calculated theoretically for the wavelength 
using the Mie
scattering calculation [265]. The fabricated phantoms are colorless, providing strong
forward scattering but no absorption, thus we can assume that the attenuation coefficient is
equal to the scattering coefficient. The scattering coefficients of the present phantoms are
in the range of human skin [315]. Therefore we can classify the presented phantoms as
rough scattering skin phantoms.

Polarizer

CCD Camera
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Beam splitter
Laser

Collimator
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Figure 4.26: Schematic presentation of the experimental setup.
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The experimental setup is shown in Figure 4.26. A phantom was illuminated by a diode
laser (Melles Griot Inc.) with a parallel
width beam ( 

). Blue light
(

   ) passing a pellicle beam splitter experiences a normal incidence
and forms speckle pattern observed in the specular direction. The input-output polarizers
control the polarization of the speckle image. Seven roughness profiles for each phantom
were used (Figure 4.27).
The speckle pattern was acquired by a grayscale CCD camera (Matrix Vision GmbH,
mvBlueFOX-M124G) without an imaging lens. The distance between the surface and the
CCD matrix (pixel size is 
, providing   pixels in total) was 
. The
average speckle size is about 
. Under the above conditions, the speckle pattern will
be spatially uniform. Two speckle patterns   and
  were registered in a such
way that provides pixel-to-pixel correspondence. A spatial distribution of depolarization
ratio    was then calculated from the two speckle patterns.
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Figure 4.27: Surface roughness profiles generated by the MC using the procedure described
in [316, 317].
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Depolarization ratio is a simple quantitative presentation of polarization speckle.
   is a two-dimensional random field. This field is spatially stationary and can
be characterized by the pdf of   . For experimental and application purposes pdf
is not practical, which is why the polarization speckle field is represented by its more
simple statistical metrics – moments. The first to fourth order statistical moments of the
polarization ration    were calculated based on the following equations, where 
denotes the total number of pixels in the polarization speckle pattern:










   








  











   
(4.6:18)
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Statistical moments represent the shape of the data distribution (pdf); in particular, the
first to fourth order moments are related to the mean  , standard deviation , skewness
 and kurtosis  [316, 317, 318]. The four statistical moments were calculated from the
depolarization ratio spatial distribution for all 4 phantoms described in Table 4.10 and
roughness profiles.

O

Figure 4.28: 3D surface roughness profiles generated by the MC utilizing the procedure
described in [316, 317]. RMS heights are 
, 
and  
, respectively.
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In order to model    and  by MC the polarization vector formalism (described
above) has been employed.
 
  and    were simulated utilizing the
exact parameters of the experimental system (Figure 4.26) for a semi-infinite medium
utilizing data from 4.10). The first boundary of the medium was represented by a roughness
profile generated in 3D for the different   (see Figure 4.28). The MC simulations of 
of photon packets were performed and    and  were counted according to (4.6:18).

Measurement results in comparison with Monte Carlo simula-

tions

A

Results of MC simulations of surface distribution of  
  and    for
the media with different surface roughness are presented in Figure 4.29. Figure 4.30 shows
the spatial distribution of the photons’ effective path-lengths (sampling volume) in the
medium for the various roughness parameters of the surface medium. Each MC simulation
has been performed utilizing  of photon packets for the particular geometry of the
experimental system.
Roughness can seriously increase depolarization. As it was theoretically predicted
in [306] relatively rough surfaces could depolarize light and decrease the mean depolarization ratio (1-st moment) whereas for the smooth surfaces the depolarization effect is
negligible. The same trend is observed in the experiments in the areas where depolarization
difference can be detected reliably. The change of size of scattering particles affects the
moments 1-st and 2-nd to a greater degree then does the concentration.
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Figure 4.29: Surface intensity distributions of    and    of light scattered in
the media (counted for for the phantom No. 2): top row corresponds to  

, middle
row depicts  

, bottom rows corresponds to    
, respectively.

Figure 4.30: Spatial distribution of the effective pathlengths of
(counted for for the phantom No. 2): top row corresponds to  
depicts  

, bottom rows corresponds to    



and their difference

, middle row
, respectively.
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Figure 4.31: Statistical moments obtained experimentally (solid lines) and calculated by the
developed MC (dashed lines) for different   : diamonds represent  , stars represent ,
squares represent , circles represent .
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Finally, the results of computer modeling have been compared with the results of
experiment. Figure 4.31 shows the statistical moments both counted by MC technique
and measured experimentally for the phantom No. 2. It is clear that the experimental and
computational results are in a good agreement with each other. When bulk scattering is
combined with significant roughness a considerable decrease in the 1-st and 2-nd moments
is observed, but not in the 3-rd one.

Summary

A

4.6.3

It has been demonstrated that rough interface can seriously influence depolarization of
light for turbid scattering tissue-like media ( 
 
). In the range of phantom
optical parameters bulk scattering depolarizes light insignificantly unless it is combined
with roughness. The statistical moments of depolarization ratio distribution is used to
describe polarization speckle and study their dependence on surface roughness and the
optical properties of diffuse media. Bulk scattering considerably changes the statistical
moments for large degrees of roughness. Strong dependence on roughness has been found
for 1-st, 2-nd and 4-th moments. The developed MC model describes well the experimental
results and provides a good computational platform for further studies.
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Optical Coherence Tomography*
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OCT is a well-known emerging optical diagnostic technique [40, 78, 185, 237, 246, 319].
OCT allows real-time cross-sectional non-invasive imaging of internal microstructure
of turbid media such as biological tissues with resolutions reaching
(i.e.
10-100 times higher than the well-established ultrasound techniques) [246]. Since its
development in 1991 [319], OCT has found a number of applications in a range of
different fields [40]. It has generated vast interest and growth, permitting reasonably wide
deviations from the original ophthalmological studies [78] to other medical and biomedical
applications, including intracoronary and cardiovascular imaging [320, 321], flow velocity
and morphology [322, 323, 324], monitoring of electro-kinetic phenomena [325], etc.

The basics of Optical Coherence Tomography signal formation
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Nevertheless, the wide clinical application of OCT is limited due to image artifacts
caused by multiple scattering of light within the scattering media [185, 237]. Improving
the design of OCT systems as well as developing novel image processing algorithms
requires intimate understanding of the OCT signal formation, particularly in polarized
mode. Due to the complexity of multilayered biological tissues analytical approaches
struggle to provide a reasonable solution. Thus, MC method becomes the primary tool to
study the OCT signal formation.

A

The principles of OCT are widely described in the literature [40, 78, 246, 319]. In OCT,
imaging is performed by measuring the echo time delay and intensity of optical radiation
that is backreflected or backscattered from microstructural features within the material or
tissue [246]. This approach is analogous to ultrasound where sound echoes are used in a
similar fashion [40, 246]. However, light travels much faster than sound which results in
the extremely short echo time delays (e.g. measurement of a structure with a resolution
scale, corresponds to a time resolution of approximately   ) [246].
of the
At the present time, no electronic devices are fast enough to allow detection on this time
scale [40, 246]. Therefore, OCT imaging is based on the principles of low-coherence
interferometry (LCI). In the LCI the field is measured instead of intensity [40, 246].
Low-coherent optical radiation is split into two beams: the reference beam  and
the sample beam . The reference beam is directed to a mirror and the signal beam is
directed to a sample. The beam reflected off the mirror and the light reflected from the
sample are collected and send to an interferometer [40, 246]. In the interferometer both
* This section is partially based on the following publication: I. Meglinski, A. Doronin, Monte Carlo
modeling of photon migration in complex scattering media for the needs of biomedical applications, IEEE
Journal of Selected Topics in Quantum Electronics, (2013). (invited paper, submitted)
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signals are interpreted as an interference pattern. If the distances that the backreflected and
backscattering are equal, the interference occurs [40, 246].

Light
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N
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Broadband
light source

Reference arm
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In the Time domain (TD) OCT (see Figure 4.32, (a)), the position of the scanning
reference mirror is varied longitudinally in time which leads to the change of the distance
the optical beam travels [40, 246]. The corresponding interference intensity maxima are
recorded as a depth profile (A-Scan) [40, 246]. TD-OCT configuration was the first that
was investigated and is now replaced by Fourier domain (FD) OCT.

Sample
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Figure 4.32: Schematic diagram of the OCT configurations: (a) – represents a TD-OCT; (b) –
corresponds to a FD-OCT.
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In the FD-OCT (depicted in Figure 4.32, (b)), the reference mirror is fixed and the
optical frequency is encoded in time by using a fast sweeping laser instead of a superluminescent diode in TD-OCT [40, 246]. Spectrally separated detectors capture the
spectrum of the interference pattern. The relation between the spectral power density
and auto correlation (Wiener-Khintchine theorem) allows immediate conversion of the
obtained spectrum to an A-Scan using Fourier transformation [40, 246]. Due to the
advantages, including faster scanning rates, better sensitivity, etc., development of the
various modalities (e.g. spectral domain OCT, swept source OCT, polarization-sensitive
OCT) and scanning schemes the FD-OCT systems are now dominant [40, 246].
For a low-coherent light source, two electric fields from the reference  and sample
 arms can be expressed as functions of frequency [246]:


   

















   















(4.7:19)

Here corresponds to the optical frequency of the radiation source,    are
the amplitudes of electric fields, is optical path length, is a propagation constant,
respectively. If the light is monochromatic, the interference signal at the detector  is
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proportional to the sum of the interference [246]:



 























(4.7:20)

where 

     is the phase mismatch of each frequency component

and   represents the power spectrum of the optical radiation source [246].

where 



  






  

 







(4.7:21)
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Consider a band-limited light 
  power spectrum of the optical radiation source
with a central wavelength  . If the propagation constants in both sample and the reference
arms are equal, then 4.7:20 takes the following form [246]:

corresponds to phase delay and 



is the group delay mismatch [246].
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O

In terms of the probing depth, when a collimated probing beam is used, z the OCT
signal can be presented as an interference term of optical signals coming from the sample
and reference arms [185, 237, 246]:


     

     

(4.7:22)
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where    and    correspond to the mean intensities returning from the sample and
reference arms of the interferometer, respectively, C(z, l ) corresponds to the normalized
coherence function and l is the coherence length of the probing radiation [246, 326]:






(4.7:23)

A

Here, corresponds to the central wavelength,  is the full-width at half-maximum
(FWHM) criterion of the spectrum of optical radiation source [185, 237, 246, 326].
Simulation of optical coherence tomography images by MC has been performed for
the first time in [185, 237]. An A-scan detected at a definite transversal position of the
probing beam is calculated as [185, 186, 237]:







 
















(4.7:24)



Here N corresponds to the number of the detected photons packets, I is the intensity
of the probing radiation (defined by instrumental properties of the OCT system), W is
the statistical weight of i-th detected photon packet with the corresponding optical path
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length L and 2z is the optical path length in the reference arm [185, 237]. If the formation
of speckles is neglected, the OCT-signal can be presented as a superposition of partial
detected photon contributions [185]:



 










(4.7:25)
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To simulate polarization sensitive OCT images, the polarization vector approach (described
above) has been applied. For linearly polarized probing radiation the equation 4.7:25 can
be re-written separately for co- and cross-polarized components of the detected OCT signal
as [185, 237]:













(4.7:27)



Results of Monte Carlo simulations

D
O

4.7.2
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Here n corresponds to the number of scattering events of i-th detected photon packet.

A

To simulate the 2D OCT image (B-scan), multiple A-scans were simulated and combined.
The transversal step between A-scans was predefined with respect to FWHM of the
probing beam diameter [185, 246]. The parameters used in MC simulation were taken
in accordance with the characteristics of an actual OCT setup (OCM1300SS, Thorlabs
Inc. Newton, NJ, USA). The probing radiation was considered at normal incidence to
the surface of the scattering medium and corresponds to the case of a collimated probing
beam. Each a A-scan was simulated utilizing  of photon packets; 50 A-scans were
consequently simulated to construct each 2D OCT (B-Scan) image. The human skin model
(see Table 4.4) originally developed in [182, 183] was used in MC.
Simulated OCT images of human skin in non-polarized mode without taking into
account the formation of speckles are presented in Figure 4.33. Four different coherence
lengths were used in MC: 
 
 

 respectively.
As expected, speckle noise is observed in the OCT images for all considered coherence
length values (see Figure 4.33) [246]. Speckle noise is a natural effect, due to the limited
spatial-frequency bandwidth of the interference signals measured in OCT [246]. Speckles
play a dual role in the OCT image formation, carrying both the information about the
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Figure 4.33: Simulated 2D (B-scans) non-polarized OCT images of human skin (see Table 4.4
for the parameters) for various coherence lengths: 
(a), 
(b) and

(c),
respectively.
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structure of biological tissues and degrading the image quality [246].
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Figure 4.34: Simulated 2D (B-scans) OCT images of human skin (see Table 4.4 for the
parameters) for non-, co- and cross- polarized modes: (a), (b) and (c) respectively, coherence
length of light source was 
.

Observed experimentally, it demonstrates the adequacy of the proposed model and
demonstrates its ability for quantitative study of OCT image formation. Techniques such
as spatial and frequency compounding, zero-adjustment procedure, etc. are used to reduce
or remove the image artifacts produced by speckle noise [182, 183, 246].
Figure 4.34 demonstrates the simulated OCT images obtained in non-, co- and crosspolarization modes correspondingly. Simulated images demonstrate certain features inherent to the experimental ones. In the cross-polarized mode the low signal from the Stratum
corneum is dominated by the bright epidermis layer.
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Summary

Conclusions
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Thus, the developed MC model is capable of simulating realistic OCT and PS-OCT images
in non-, co- and cross- polarization modes. The model demonstrates the ability for quantitative study of OCT image formation including the formation of speckles, accounts for
depolarization and the artifacts produced by speckle noise. The model allows incorporation
of actual parameters of an OCT setup and supports multilayered tissues models including
human skin. A novel OCT imaging technique – double correlation OCT imaging approach
has emerged from the study of OCT image formation (presented in Chapter 5).
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In this chapter the developed unified MC model has been comprehensively validated
against known analytical solutions and other techniques developed in the past. The model
was linked with various experimental studies including high dynamic range optical-to-nearinfrared transmission measurements, reflectance spectrum, etc. The novel developments
of the generalized MC approach for modeling the light propagation in complex multiple
scattering medium have been presented. An investigation of the influence of various parameters of biological tissue (e.g. cell size and cell structural malformation) and experimental
system on the measured scattered laser radiation has been carried out.
The developed MC is capable of calculating the spatial distribution of the probing
radiation, fluence rate, diffuse reflectance/transmittance, reflectance/transmittance spectra
and color, polarization, OCT signals and their combinations for any specified configuration
of a particular OD system utilizing a complex multilayered scattering medium. The model
takes into account coherent properties of light, state of polarization, including linear,
circular, elliptical, reflection and refraction at the medium boundaries, the helicity flip of
the backscattered light, beam shape and numerical aperture of the detector.
Diffusing wave polarimetry has been introduced and it has been demonstrated that navigating by the Poincaré Sphere provides an attractive possibility to monitor the condition of
biological tissues and grading cancerous stage. The prototype of the experimental system
has been developed; MC simulations were run to calculate polarization of scattered light
and compared with the experimental results obtained in situ. The developed MC model
was applied to calculate the depolarization of light by rough surfaces of scattering phantoms. MC modeling of OCT signal formation has been considered. Both qualitative and
quantitative agreement between MC simulations, theoretical predictions and experimental
data has been established in a number of studies carried out.

Chapter 5
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Double correlation Optical Coherence
Tomography imaging*
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In the OCT speckles play a dual role. They carry both information about the structure
of biological tissues and degrade the quality of experimental image [246]. Within the
framework of implementation of the unified GPU-based MC model, particularly the study
of the formation of OCT images, a novel imaging approach, so called double correlation
OCT has emerged. Double correlation OCT has been used in a number of experimental
studies and is presented in this chapter.
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The approach extends the idea that there is increased contrast between regions of low
correlation corresponding to motion or flow, and regions of high correlation corresponding
to static structures [327]. To remove/reduce noise or unwanted information about the
structure of biological tissues, to reduce the artifacts associated with patient motions and to
increase the overall quality of the experimental OCT images an adaptive Wiener filtering
technique has been implemented and cross-correlation procedure has been subsequently
applied to enhance the spatial resolution of OCT images. Image processing has been
performed on GPUs utilizing the CUDA framework which allows carrying out image
processing in parallel and significantly speeds up the computations. Double correlation
OCT has been applied to observe the low frequency electric fields propagating in ex vivo
* The

results presented in this chapter have been partially published in:

• F. Peña, J. Devine, A. Doronin, I. Meglinski, Imaging of the interaction of low frequency electric
fields with biological tissues by OCT, Optics Letters, Vol. 38, No. 15, pp. 2629-2631 (2013).
• A. Doronin, I. Meglinski, Imaging of subcutaneous microcirculation vascular network by double
correlation optical coherence tomography images, Laser & Photonics Reviews, Vol. 7, pp. 797-800
(2013).
• T. Kamali, A. Doronin, T. Rattanapak, S. Hook, I. Meglinski, Assessment of transcutaneous vaccine
delivery by Optical Coherence Tomography, Laser Physics Letters, Vol. 6, No. 8, pp. 607-610 (2012).

110

5. Double correlation Optical Coherence Tomography imaging

biological tissues, spatial distribution of superficial blood vessels in human skin in vivo
and transcutaneous delivery of a nano-particulate peptide vaccine into mouse skin in vivo.

5.1

Experimental setup
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A commercially available Swept Source OCT Imaging System (OCM1300SS, Thorlabs
Inc. Newton, NJ, USA) has been used in this studies (see Figure 5.1). This FD OCT system
incorporates a swept source laser (SL1325-P16) with a centre wavelength of
,a
bandwidth greater than 
, and an output power of   . The frequency clock for
the laser is provided by the built in Mach-Zehnder Interferometer. The emission is passed
into a fiber-based Michelson interferometer, and a broadband   coupler is used to split
the laser into the reference and sample arms. A stationary mirror reflects the light of the
reference arm back into a fiber where the reflectivity is controlled by a variable optical
attenuator. A distance objective (LSM03, Thorlabs Inc.) is used to focus the probing
laser light in the sample arm supplying a lateral resolution of
. The laser, contained
within the swept source engine, has a central wavelength of
with a bandwidth

, scanning rate of 
, and output power of probing light
 . The
of
system is capable of acquiring 3D volume 

pixels containing 1024
images within approximately 40 seconds, with respective axial and lateral resolutions of
and
.

Figure 5.1: ThorLabs OCT system (OCM1300SS) used for the acquisition of experimental
images in the current study (adapted from ThorLabs Inc. website).
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Image Processing techniques
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Background noise from the OCT setup, patient’s motion due to breathing or sudden
movements result in image artifacts (such as blur, physical offsets of tissue boundaries) and
make it challenging to obtain images with high spatial resolution using the image-quality
demanding correlation procedure. In the cross-correlation analysis the size of the grid
should also be carefully chosen as it is a trade-off between the processing time and the
final quality of the outcome [327]. If a large grid (e.g. 
 pixels) is used, "blurring"
and a loss of structural signal will occur [327]. For a small grid (e.g.   pixels), the
background noise of OCT has a significant impact on the structural signal which results in
decorellation [327]. Experimental evidence suggest, that for biological tissues the optimal
size of the grid lies within the range
pixels [327].

O
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Xi +M/2

Zi +N/2
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R

M X N grid

OCT Image

A

Figure 5.2: The Wiener filtering procedure. A grid  by  pixels is moving along the  
plane of the image. The noise autocorrelation is estimated within the grid, subtracted from the
original signal and the desired OCT image is finally obtained.

Therefore, the background noise should be suppressed. The adaptive Wiener filtering
procedure removes the unwanted background noise from the images which allows better
cross-correlation outcomes to be obtained for smaller grid sizes. It should be pointed out
that other techniques to eliminate the weak correlation effects could be used (e.g. structural
mask) [327].
The original implementation of the filtering procedure suggested by Wiener was
applied [328]. Commonly used in image processing, Wiener filtering utilizes a sliding
window (or grid) of size of  by  pixels centered on each pixel of the input image
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(Figure 5.2). In the frequency-domain the optimal Wiener filter 
329]:
 
 

    

 is defined as [328,
(5.2:1)
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where   and   are the power spectrums of signal and noise, respectively.  
was obtained by taking the Fourier transform of that grid’s autocorrelation according
to the Wiener-Khinchin theorem [328]. The power spectrum of noise was estimated by
calculating the local variance for each grid [329]. The desired OCT signal was obtained
by subtracting an estimate of the noise from the original signal. The procedure procedure
was repeated for all grids and resulting OCT images were obtained. Figure 5.3 shows an
example of the noise removal by the Wiener filtering.

Figure 5.3: An example of the noise removal by the Wiener filtering procedure from the OCT
images obtained in vivo: (A) - before filtering; (B) - after filtering.

A

There are a number of other approaches to create Wiener filter coefficients, including
Bayesian implementation of the Wiener filter, hidden Markov models, additive noise
reduction, etc. [328]
Double correlation OCT imaging works by comparing two OCT images that correspond
to the same structural information so that one is able to map out the regions of interest
(e.g. vascular blood flow within the OCT volume). The technique performs some extra
image processing steps designed to enhance the experimental data. In the correlation
mapping OCT approach [327] a grid  from image    is compared to the same grid
 from image    defined over   plane. The  by  grid is shifted pixel-by-pixel
across the images, forming a correlation plane   . The output has values in the range
, indicating low correlation to both high positive and high negative correlation. The
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particular equation used in [327] is a simplified version of the normalized cross-correlation
(NCC):

  

 




   



 



 



 



 



(5.2:2)

where
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Here, the overbars denote the average values over the grids.
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Direct computation of NCC is very computationally expensive, time consuming and
can be optimized by various techniques such as sum-tables [329]. However, a significantly
more efficient approach to calculate the cross-correlation is based on the Fast Fourier
Transform (FFT). The Fourier transform is widely used in a large class of signal processing
algorithms for fast and efficient function decomposition and analysis [328].

A

Our approach utilizes the cross-correlation theorem, stating that the cross-correlation is
equal to the inverse Fourier transform of the product between individual Fourier transforms
of two functions, presuming one of them is represented by a complex conjugate [328, 329].
Thus, to find the cross-correlation between two grids the following equation is used [328,
329]:
         
(5.2:3)

where










 

     





 

     



   








   

Here,    is the Fourier Transform of  and    is the complex conjugate of the
Fourier Transform    of  ,  and  are spatial frequencies in  and  directions,
respectively. The number of frequencies is equal to the number of pixels in the spatial
domain image, i.e. both images are of the same size.
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GPU acceleration of Image Processing
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The analysis of the images has been performed on GPUs utilizing recently developed
CUDA framework in frequency-domain (Figure 5.4). CUDA framework gives access to
the CUDA Fast Fourier Transform library (cuFFT) [253]. The algorithm allows carrying
out FTT computations in parallel utilizing hundreds of GPU cores providing a significant
speed up compared to the standard CPU approach (up to  faster) [250]. Values of
correlation coefficients outside a pre-defined range have been removed to extract features of
images corresponding to a particular structural formation (e.g. the range  corresponds
to subcutaneous microcirculation vascular network).
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Figure 5.4: Schematic presentation of the double correlation OCT approach performed on
GPUs. Each thread processes in parallel the corresponding grids  and  from images
   and    producing the resulting correlation plane   .
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It should be pointed out that if the images do not have the same dimensions, the
wraparound error could occur [328, 329]. To cancel the effects of spatial aliasing, the zeropadding procedure is typically employed: to prevent the periodic replicas from overlapping,
the size of the images in the GPU memory is increased and the empty spaces are filled
with zeros [330]. It is also suggested that before obtaining the Fourier Transform both
images are zero-meaned [328, 329, 330]. The procedure ensures that the sum of all pixels
is zero and the maximum of the correlation function corresponds to the right position in
the image instead of the brightest pixel [328, 329].
Moreover, Thorlabs, Inc. offers a Software Development Kit (SDK) which allows
customers to build custom applications upon. The SDK provides interfaces for OCT
hardware control, extensive processing routines, display options and data import/export
(see the details at ThorLabs Inc. website). This allows bypassing the step of manual
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acquisition of the OCT images and provides the opportunity for direct export of the OCT
hardware FFT-encoded image data to the processing software. Incorporating this ability
in the double correlation method will significantly improve the quality of the outcomes,
speed up the image processing (up to 30-40 times) i.e. nearly realtime.

5.4.1

Results and discussion
Imaging of the interaction of low frequency electric fields with
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5.4

biological tissues by OCT
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The dielectric properties of biological materials have been of interest for a number of
years [331], and investigated extensively in various biological impedance studies [332].
The alterations in biological tissues influenced by electric fields have been reported,
e.g. as particle displacements, changes of cell shapes and orientation, fluid motion and
other [333, 334, 335]. These, so-called electro-kinetic phenomena (EKP) [336] have been
studied in colloids, blood, and cell structures by using optical microscopy [333, 334, 335].
As well as in bulk biological tissues and gels with ultrasound [336]. Optical Coherence
Tomography (OCT) has been recently applied for monitoring the electro-kinetic response
of cartilage tissue influenced by an electric field [325]. The variations in the OCT signal
during exposure to heart, fat and muscle tissues with an external  electric signal has
recently been reported in [337]. In this section the results of a feasibility study for direct
visualization of the external electric field and its spatial localization within the biological
tissues by using OCT are presented.

Figure 5.5: Schematic presentation of the experiment. The OCT probe is placed above the
surface of tissue sample 
 .
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The standard swept source OCT (OCM1300SS, Thorlabs, Inc., USA) operated in
polarization sensitive mode without phase retardation has been used to acquire 2D/3D
images of ex vivo biological tissues (see Section 5.1). The standard synthesized function
generator (ISO-TECH, GFG 2100) has been used to deliver the alternating current of fixed
frequency and voltage in tissue by two stainless steel electrodes placed at the opposite sides
of the sample (Figure 5.5). For tissues samples in this study breast Pectoralis muscles from
commercial broiler chickens aged   weeks old have been used. These were obtained
from a primary supplier and were packed in polystyrene trays. Two electrode-needles were
inserted into the tissue sample at a few millimeters deep with one side of the sample, and
at  
from the opposite side. Thus, the ends of the electrodes within the tissue were
separated from each other for about  , approximately
under the surface parallel
to the direction of the collagen fibers. The OCT probe was placed above the tissue surface
to scan the area over the one of the electrodes, as shown in Figure 5.5.  to
 
sinusoidal waves with amplitudes in a range of
  were applied.
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Figure 5.6: Schematic presentation of image processing using double correlation. Step 1 is
the acquiring of 2D/3D OCT images, step 2 shows the procedure of Wiener filtering of the
obtained OCT images, step 3 represents the cross-correlation procedure between the frames
and  , step 4 is the generation of correlation map/image.

To quantify the magnitude of the influence of a low frequency  electric field on
tissue the double correlation analysis of the obtained 2D OCT images has been applied.
Figure 5.6 schematically represents this procedure used to treat the obtained OCT images
of the ex vivo tissue samples.
The obtained cross-correlation maps calculated for the fresh chicken breast muscle
sample with and without the  electric field application clearly show that the electric
field significantly influences the tissue, observed as the oscillations, see Figure 5.7.
Figure 5.7 shows that the alternating current has a significant effect on the amount
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Figure 5.7: 2D correlation images of fresh chicken breast (Pectoralis) samples at normal
conditions, i.e. with no current applied (a), and with the exposure of   and
 alternating
current (b).
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of correlation. The results demonstrate that the double correlation approach is not only
suitable for observation of the area influenced by electric field, but it can be also used for
quantitative assessment of the field’s spatial localization within the tissues and the relative
magnitude of influence of the electric field on tissue.

A

The total current flowing through a material is the sum of the conduction and displacement currents [338]. For most of heterogeneous tissue-like biological materials these
currents vary with the frequency of the applied electrical field due to different orientation of the dipoles and the motion of the charge carriers [338]. At low frequencies, the
dipoles orient more easily, and the charge carriers travel larger distances, whereas with the
frequency increase, the dipoles are less able to follow the applied electric field [338].
In this point of view, we investigate how the changes of frequency and voltage of the
applied  electric field, impact the relative strength of its influence on tissue. The relative
magnitude of the electric field influence on tissue has been defined as:








  

(5.4:4)

   

The sinusoidal electric field has been applied with a range of amplitudes 

and frequencies 
 to fresh and non-fresh (left for  hours at room temperature
under the probe) samples of breast chicken (Pectoralis).
The results, presented in Figure 5.8, show that relative magnitude of influence of
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Figure 5.8: Relative magnitude of influence of the external electric field on biological tissue
and its changes with the increase of frequency from  to
, taken for   (left), and
with the increase of amplitude in a range of 
  , taken for
 frequency (right). and
 represent the fresh and non-fresh meat samples, respectively; the solid lines show the results
of exponential fitting.
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the low frequency  external electric field on biological tissue is about twice as much
for fresh tissue samples compared to non-fresh ones. This is, apparently, explained by
the changes of tissue properties, such as variations of  and permeability, due to the
post-mortem glycolysis processes [339]. In fresh tissues with higher  the average
photon path-length is relatively long, and the absorbance is mainly due to myoglobin and
its derivatives. As the post-mortem glycolysis proceeds, the glycogen disappears, water
releases from collagen fibrils and laterally separates fibrils from each other. Thus, the
fibrils diameter and the refractive index are decreased [339]. Therefore, in the non-fresh
tissues with lower  the light scattering by collagen fibrils is stronger, and absorbance
is lower. As the fibrils leak fluid into the interstitial space, their capacitance is lost, and
the electrical resistance also decreases. As a result, for non-fresh meat samples double
correlation OCT is less sensitive to the changes induced by the  electric field, and even
to the background noise (see two points at  , Figure 5.8, (a)).
Applying the  electric field shifts the interstitial fluids periodically and, therefore,
the oscillations are clearly observed. The oscillations correlate with the frequency of the
applied alternating current, but an additional study is required to ultimately understand the
peculiarities of dynamics of these oscillations.

Thus, the first direct observation of the scope of low frequency  electric field
influencing ex vivo biological tissues with OCT has been reported. The magnitude of
influence has been observed by applying a double correlation OCT imaging approach.
The results show that variation in voltage and frequency of the applied electric field
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relates exponentially to the magnitude of its influence on biological tissue. This suggests
that observation of the EKP in meat with OCT can allow assessing its freshness. This
approach potentially can be used as a new tool in the food industry for meat quality
control. Nowadays, there is a strong demand for rapid and non-destructive methods
of meat freshness evaluation to inspect a large number of samples on-site by scanning
through the usual packaging material. Once developed, the concept can be translated into
value-added packaging technology for non-destructive freshness detection applicable in
the whole value chain of meat and seafood transportation, stocking and sales. Moreover,
this approach can also be applied and extended in the future studies for observation and
quantitative evaluation of the electro-kinetic changes in biological tissues under different
physiological conditions, functional electrical stimulation, assessing total skin/tissues water
content, extracellular/intracellular fluid balance, muscle and fat mass. Application areas
can be as diverse as food industries, pharmacy, sports medicine, nutritional assessment,
forensic science, and fluid balance in renal dialysis and organ transplantation.

Imaging of subcutaneous microcirculation vascular network by

R

double correlation OCT
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Nowadays cardiovascular diseases (CVD) are becoming increasingly common among
westerners, and those which are congenital affect about  of American births and
CVD is estimated to cost US   billion in direct and indirect costs [340]. Blood
microcirculation is significantly affected in numerous cardiomyopathies such as reduction
in the surface of the maximum section of coronary arterioles, vascular rarefaction, ischemic
heart disease, etc. [341]. Modern techniques for exploring the coronary microcirculation
are frequently used to explore both the incidence and consequences of these disorders [341].
Several OCT-based technologies have been proposed to visualize subcutaneous vascular
bed distribution in human skin with conjoined assessment of tissues morphology and blood
circulation.
Speckle variance OCT (svOCT) is based on calculation of the variance of a sequence
of structural OCT images by using spatial [342] or temporal [235] analysis of the dynamic
speckle pattern generated by moving red blood cells. Using Doppler OCT and conventional
OCT with a lateral resolution of 
, the Stratum corneum of glabrous skin, the
epidermis and the upper dermis can usually be identified, whereas the blood vessels and
blood micro-circulation are not seen properly [343]. Optical microangiography (OMAG)
utilizes a constant modulation frequency to separate from the backscattering signal the
signal associated with the motion of erythrocytes in the vascular bed [344]. Correlation
mapping OCT (cmOCT) applies two dimensional OCT images for reconstruction of skin
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Figure 5.9: Schematic presentation of principal steps involved in 3D image reconstruction of
blood vessels distribution in human skin. Here, 1 is the acquiring a 3D volume of OCT images,
step 2 is the Wiener filtering procedure of obtained OCT images, step 3 represents the cross
correlation, step 4 is the generation of a 3D OCT image, step 5 shows the band-pass filtering
to emphasize the regions of interest, step 6 - combining 3D OCT image with the reconstructed
subcutaneous microcirculation vascular network.
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blood vessel distribution [327]. We report a further development of correlation-based OCT
approach for non-invasive imaging of subcutaneous blood vessels within a human skin
with higher resolution.
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Spatial distribution of superficial blood vessels in human skin in vivo has been observed
by using double correlation OCT. The presented results show that the double correlation
method permits obtaining 2D/3D OCT images of subcutaneous microcirculation vascular
network and its spatial distribution within the human skin with higher spatial resolution
compared to the other OCT correlation-based techniques developed earlier.

Figure 5.10: Images of superficial blood vessels of human skin in vivo corresponding to the
depth

: A - obtained by correlation mapping OCT [327], B - obtained by double
correlation OCT, C - is the difference between A and B.

5.4 Results and discussion
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Figure 5.9 schematically represents the main processing steps taken to reconstruct the
skin vascular network. The healthy volunteer’s forearm (Antebrachium) is placed under
the OCT system imaging probe and 3D volumes have been obtained. Wiener filtering
technique has been employed and cross-correlation procedure has been subsequently
performed according to Section 5.1.

D
O

Figure 5.11: 3D OCT image of spatial distribution of blood vessels in human skin obtained at
scale.

A

Figure 5.10 represents comparison between correlation mapping OCT [327] and double
correlation OCT. Double correlation permits obtaining subcutaneous vascular network
images with approximately
 increase in spatial resolution of blood vessels (calculated using (5.4:4)) compared to the techniques developed earlier [327]. The increase in
visibility of the vascular bed is explained by removing the changes in the structural signal
resulting in decorrelation [327] by the Wiener filtering procedure.
Finally, the OCT images were converted into a 3D mesh, combined with the corresponding reconstruction of the blood vessels and a resulting 3D image has been created using
software developed in-house. The results shown in Figure 5.11 represent the structural
formation of the vascular bed obtained by the double correlation OCT.
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Assessment of transcutaneous vaccine delivery by OCT

Immunization is one of the most efficient and cost-effective means for the prevention of
diseases, but most vaccines have to be administered invasively, which causes a risk of
needle-borne diseases associated with improper disposal of needles [345]. Transcutaneous
delivery has a number of advantages, such as the controlled release of the drug into the
patient, it is user-friendly, convenient, pain-less, and offers the potential for multi-day
dosing [346, 347, 348, 349].
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The major problem with utilizing this route of delivery is the barrier afforded by
the Stratum corneum. A number of solutions to this problem are under investigation
including the use of lipid nano-particles such as cubosomes [350] to aid penetration
into the skin. There is a great need for non-invasive, non-destructive, real-time imaging
methods to evaluate and understand how different formulation approaches influence vaccine
penetration in vivo.

(a)

(b)

A

Figure 5.12: (a) – Anaesthetized, standard C57BL/6 6-8 week old mice placed on a warming
plate under the OCT probe. The self-adhering foam base is attached on the skin of mouse to
form a 
  reservoir; (b) – Schematic presentation of cubosome formulation prepared
using the lipid precursor method [350] (provided by Dr Sarah Hook, School of Pharmacy,
University of Otago).

Recently Raman microscopy [34, 35], laser scanning microscopy [351], and twophoton microscopy [352] have been applied for the study of drug diffusion within the
tissues. However, these techniques are of limited use in vivo. With the current developments
OCT has been successfully utilized for analysis of human skin and skin blood flow [323,
324, 343], characterization of local micro-flows in scaffolds and in complex artificial
vessels [353], as well as for monitoring transcutaneous diffusion of osmotically active
chemicals in various biological tissues [354, 355], including human skin [308]. Double
correlation OCT has been found sensitive to monitor the transcutaneous delivery of vaccines
into the skin using cubosomes in vivo.

5.4 Results and discussion
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) from the images obtained
Figure 5.13: (a) - 3D reconstruction of mice skin (
in vivo by conventional OCT using software developed in-house; (b) - Cryo-FESEM image of
cubosomes (provided by Assoc Prof Sarah Hook, School of Pharmacy, University of Otago).
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Male 6-8 weeks old    mice were anaesthetized with Ketamine
 , Xylazine 
  and atropine 
 . The hair on the back was removed using hair
removal cream (Veet, Reckitt Benckiser) and self-adhering foam base (Reston  ) was
attached to the skin of mouse to form a 
  reservoir. The mice were placed on a
warming plate close to the OCT probe (see Figure 5.12). All experiments were approved
by the Animal Ethics Committee, University of Otago.
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Cubosomes were prepared by using the lipid precursor method [350]. Briefly, phytantriol  
, poloxamer 407

, propylene glycol
 
 and
MPL 

 were weighted into a scintillation vial and dissolved in
chloroform. Chloroform was evaporated under a stream of nitrogen at
. The concentrated
active solution (
 
QuilA and
 
peptide) and glass beads were
added and the lipid solution mixed by shaking until visually homogenous (see Figure 5.12).
 L of phosphate buffered saline (PBS) ( ) was gradually added into the scintillation vial while vortexing for   . A (  ) aliquot of the prepared cubosome
formulation heated to the body temperature was applied to the back of the mouse, inside
the attached reservoir. Figure 5.13 shows a 3D reconstruction of mouse skin in vivo as well
as a Cryo-FESEM (Field emission scanning electron microscope) image of cubosomes.

A new series containing 1024 2D OCT images were taken at the same region every
minute and correlation analysis has been performed. Figure 5.14 shows the resulting
correlation planes and the front of PBS diffusion obtained by double correlation image
analysis. The diffusion of the formulation through the topical skin layers is clearly observed
during the first 10 minutes. The diffusion of PBS into the mouse skin results in optical
clearing [111], caused by a change in the refractive index of the skin. This allows probing
light to penetrate deeper into the skin with less scattering [267, 356]. As soon as the optical
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Figure 5.14: (a) - The resulting correlation planes (normalized, correspond to the region of

) of 2D OCT images (
) of mouse skin obtained in vivo depicting the
front of PBS diffusion; (b) - A front of PBS diffusion as a function of penetration depth. Here,
1 is the mouse skin surface, 2-10 is the front of PBS diffusion in the skin during the first 10
minutes.
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clearing of the subsurface region of skin occurs the backscattering of probing light from
the second regions becomes dominant. For the depth region 

the minimum
corresponding to maximum reduction of scattering due to optical clearing appears within 7
minutes.

Summary

A

The experimental results obtained in current studies demonstrate that double correlation
OCT is an effective tool in the studies of the interaction of low frequency electric fields with
biological tissues, subcutaneous blood vessels and transcutaneous vaccines/drugs diffusion.
The observation of the EKP in meat with OCT, allows assessing freshness and, thus, this
approach has a potential to find an application as a new tool for meat quality control. It has
been demonstrated that double correlation OCT approach permits obtaining 2D/3D images
of subcutaneous microcirculation vascular network and its spatial distribution within the
human skin with higher resolution compare to the similar techniques reported earlier. For
the first time, to author’s knowledge, a front of molecular diffusion within the skin has
been clearly observed by cross-correlations of successive 2D OCT images.
Thus, double correlation OCT provides an attractive possibility for the quantitative
assessment of the dynamics of EKP, blood flow, diffusion of drugs, target compounds,
analytes, cosmetics and various chemical agents in living biological tissues in real time,
non-invasively in vivo. An additional advantage of this technique is its ease of use and
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analysis can performed immediately (within seconds) of application.
In the current studies the entire 3D OCT volume 

pixels containing
1024 images has been processed on dual Tesla M2090 GPUs within
 seconds using
  grid which is approximately
faster than previously reported techniques [327].
The presented solution is scalable. By installing more GPUs to the system further speedup
is easily achievable as it allows processing more grids/images at the same time.
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Chapter 6
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Summary and Conclusions
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In the framework of this research project the generalized MC model of photon migration
in scattering tissue-like media for the needs of biomedical optics has been developed. The
developed MC was extensively used to understand the peculiarities of light propagation
within tissue-like media. An intimate investigation of the influence of various parameters of
biological tissue and configuration of experimental system on the measured scattered laser
radiation has been carried out. A fundamental understanding of the limitations and optimal
instrumentation parameters of practical experimental systems which are typically used in
the major applications of biomedical optics has been gained. Prototype instrumentation
that can be further readily reproduced have been developed to the point that accurate
images and/or quantitative information on tissue structure and structural malformation
changes can be routinely and accurately observed. The benefits for particular biomedical
studies have been demonstrated.

A

Further steps towards creation of an accurate, unified, fast, easy to use MC model have
been made. Support of polarization and coherent properties of optical radiation has been
included to the MC by using the iterative procedure of the solution of the Bethe-Salpeter
equation. The helicity flip of circularly polarized light and coherent effects, which are
of fundamental importance, have been introduced to the method for the first time to our
knowledge. A complete theoretical background of the developed model has been presented.
Thus, the MC method has been generalized for multipurpose use by employing OOP.
In particular, OOP allows description of photon migration and light-tissue interaction as interacting objects. A photon object propagates through the object medium and interacts with
its constituents, such as cells, blood vessels, collagen fiber, and tumors. The distribution
of scattering centers, macro-inhomogeneities, such as blood vessels, tumors, aneurisms,
etc. can be formed by the combination of 3D elementary volumes (represented by objects)
corresponding to the spatial variations in the tissues. Moreover, the actual structure of a
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biological tissue can be imported into the model from OCT, PAT, ultrasound, MRI, etc.
By applying a recently developed CUDA parallel programming framework a dramatic
speed-up of the MC method has been achieved. In the developed MC, trajectories of
photon packets are stored in the fast GPU memory providing a number of advantages for
further developments of scaling, hybrid and perturbation methods.
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Integrating CUDA with modern web-based technologies, an    tool to suit the
needs of biophotonics and biomedical optics has been developed.    can be used
free of charge to imitate optical radiation propagation within complex multi-layered media
such as biological tissues. The current version provides access to simulation of detector
depth sensitivity for a range of probes typically used in reflectance-based measurements,
fluence rate counter, reflectance spectra of human skin and/or multi-layered scattering
structures, and skin-color modeling. The tool allows users to customize the parameters
of the medium, probe, and observation area. For the first time the use of a combination
between a browser-based interface, GPUs and P2P network for MC calculations has been
considered. The developed MC is among the fastest and the most functional model of light
transport which is currently available.
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MC has been comprehensively validated against analytical solutions/other models
and was used to develop particular OD techniques. A procedure which allows estimating
the distribution of probing radiation for a particular configuration of an OD system has
been presented. Pilot studies of energy transfer in various parts of human body have been
performed. It has been demonstrated that the changes of spectra and color of tissues can
be characterized by combining spectral measurements with the results of MC modeling.
Both qualitative and a quantitative agreement have been found. The drawbacks of the CIE
XYZ color model, including the situation when the actual colors are discerned by the eye
but cannot be represented on the diagram have been outlined. These studies are especially
important for a number of practical applications including medical diagnostics, plastic
surgery and face recognition for security needs.
Particular attention has been given to the polarization and coherent properties of light.
Simulations have been performed, and it has been determined that preservation of polarized
light in tissue-like media is highly dependent on the optical parameters of the medium
such as scattering and anisotropy as well as coherent length of probing optical radiation.
Directional awareness of circularly polarized light has been investigated, the influence
of refractive index mismatching at the medium interface and backscattering of optical
radiation on the handedness has been studied.

Based on these developments, a novel non-invasive diagnostic technique: Diffusing
wave polarimetry has been introduced. The prototype instrumentation for earlier cancer
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diagnostics has been built and optimized using the developed MC method. A statement
that an increase of nuclear size leads to a higher forward scattering of incident circularly
polarized light preserving its original helicity has been confirmed and cross-validated via
MC simulations compared with the actual experimental measurements. For the first time,
successive grades of colorectal cancer have been observed by tracking the Stoke’s vector
of scattered elliptically polarized light on the Poincaré Sphere.
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MC has been used to access depolarization of light by rough surfaces of scattering
phantoms. It has been demonstrated that rough interface can seriously influence depolarization of light for turbid scattering tissue-like media. The statistical moments of
depolarization ratio distribution have been used to describe polarization speckles and to
study their dependence on surface roughness and optical properties of diffuse media. Bulk
scattering combined with large roughness has been found to have a considerable impact on
the statistical moments. Surface roughness is a key factor triggering the ability of tissue
characterization (including cancer diagnostics) by depolarization ratio.
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MC study of OCT image formation has been conducted. The model is capable of
simulating realistic OCT/PS-OCT images and provides the ability for quantitative study of
OCT image formation including formation of speckles, accounts for depolarization and
the artifacts produced by speckle noise. A novel OD imaging technique has emerged from
the MC studies of OCT image formation - the double correlation approach.

A

Double correlation OCT has been used to observe the low frequency electric fields
propagating in biological tissues, obtain spatial distribution of superficial blood vessels
in human skin and access transcutaneous vaccine delivery in mice skin. It has been
demonstrated that the GPU-accelerated double correlation approach can provide results
with higher accuracy and is considerably faster than existing techniques. The developed
imaging approach has a strong potential to find an application as a new tool. This approach
can also be effectively used for observation and quantitative evaluation of the electro-kinetic
changes in biological tissues under different physiological conditions, visualizing vascular
bed, evaluation and understanding how different formulation approaches influence vaccine
penetration, the effects of functional electrical stimulation, assessing total skin/tissues
water content, extracellular/intracellular fluid balance, muscle and fat mass. Application
areas are as diverse as food industries, medicine, forensic analysis, pharmacy, nutritional
assessment, and fluid balance in renal dialysis and transplantation.
There are several avenues for continuing the research presented in this thesis. First
of all, we plan monthly updates of   : fluorescence spectra simulation, polarization,
birefringence, speckles and laser Doppler blood-flow assessment, OCT images, PAT, laser
pulse propagation and image transfer will be provided. For future work, with the growing
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number of peers, we plan to develop a P2P cloud infrastructure for   . This will
extend the recently presented approach [357] by allowing a direct manipulation of the
objects in MC using algorithms developed by users on the client side. Depending on the
application, objects can be tuned to an appropriate state of light-tissue interaction and to a
particular optical diagnostic technique. The developed MC is generalized and can be used
in other studies of light propagation in turbid media such as industrial sprays [177], etc.
It is also possible to consider the development of an inverse MC model, i.e. determination of the optical parameters of scattering medium by analyzing the scattered light. This
will require implementation of an artificial neural network. Another potential development
could be visualizing and rendering the process of photon migration/results of simulations
in 3D in real-time with the obvious aim to provide more convenient representation on what
is going on when light interacts with tissues.
The double correlation approach could be further improved by implementing other
advanced image processing techniques including Bayesian implementation of the Wiener
Filter, hidden Markov models, additive noise reduction, etc. The cross-correlation procedure can be further optimized by using sum tables, shared memory and other GPU specific
approaches. By combining image processing on GPUs with Thorlabs Inc. SDK for OCT
hardware control, extensive processing routines, display options and data import/export as
well as employing a second GPU it is possible to render the results produced by double
correlation OCT in 3D in real-time.
We believe that further developments of the presented MC model including the creation
of applications encapsulating functionality of    for mobile platforms (e.g. iOS,
Android, Windows Phone) could form a base for a distributed scientific computational
platform for the Biomedical optics and Optical diagnostic community. Along with the
developed OD modalities it will significantly enhance the currently used procedures for
biological tissue assessment. This will pave the way for using new diagnostic tools for
more ambitious clinical studies as well as for the further basic physiological investigations
within the framework of managed national health programmes.
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Appendix B

Guide to compiling MC model from source code

O

B.1

N

IN

Monte Carlo code, GPU hardware
parameters and usage statistics

D
O

R

This guide describes how to work on the unified MC model of light propagation. The code
is cross-platform and has been tested and compiled on both Windows and Linux platforms.
The code is written in C/C++ for a 64-bit computing environment with the online interface
part written in C#.

B.1.1

Minimal prerequisites

• Operating System: Microsoft Windows 7 Professional or Ubuntu Linux 12.04 with
the latest updates

• Privileges: An administrator/sudo account

A

• Hardware: 4GB of DDR SDRAM and a multi-core processor (e.g. Intel Core i5)
for performing the build, GeForce 400 Series GPU with Compute Capability 2.0 or
higher
• IDE: Microsoft Visual Studio 2010 Pro with Service Pack 1 or Eclipse CDT 8.1.2
• Frameworks: NVIDIA CUDA Toolkit 4.2, Microsoft CRT for Windows or The
GNU C Library for Linux, .NET framework 4.0 or Mono 2.10.2
• Compiler: Microsoft C/C++ Compiler 2010 or GNU GCC 4.5.4
• Debugger: NVIDIA Parallel Nsight 2.0, Microsoft debugging tools 2010 or GNU
GDB 7.6
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B.1.2

Working in the source code

The source code is included on the digital media. The list below describes the purpose of
each folder.
• 

 is the main project folder, bears the project codename: Otakou

IN

•     _ contains the core of the MC model including major
classes describing the logic of light transport, GPU kernels, CPU-GPU integration
etc.
•     __ contains various benchmarks and tests for the MC
core

N

•      contains a COM Server providing the integration
between the MC core and web components

O

•      is a WCF service processing user requests for the online
MC modeling tool which interacts with the COM Server

R

•        contains a WCF service client distributing and synchronizing MC simulations between peers and GPUs

D
O

•      is the Silverlight-based interface of the online MC modeling
tool
The core of the MC model is of a particular interest. It is designed as a static library
and, along with header files, can be linked with other projects. Below is the description of
its key components:
•     is the pre-definition of the simple data types used in MC

A

•     contains the definition of the major classes representing various
entities in the MC such as medium layers, fiber optics probe, etc.

•    

  is the Device-Host integration part

•      GPU kernels to calculate polarization, fluence rate, sampling
volume, etc.
•       contains definitions of main class providing the interface
to the library
The MC model class diagram below shows features and the relationships between
classes in the MC model.
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B.1.3

Compiling the code

If the prerequisites are satisfied, the model can be compiled utilizing Microsoft Visual
Studio or Eclipse CDT:
• Open Otakou.sln and select MCCUDA_Core as a StartUp project

IN

• Select the desired configuration (Debug or Release) and if the modifications to the
model are made, rebuild the MCCUDA_Core
• To test the modifications of the core, select MCCuda_Core_test as a StartUp project
and rebuild it

N

• To deploy the modified core, rebuild the MCCUDAServer (use caution as the
developments will become immediately availably to the online part of MC)

Technical specification of GPUs

D
O

B.2

R

O

• Due to the high level of abstraction in the MC model, projects MCWebApp and
MCTaskScheduler can be developed independently. They communicate with the
MC core components utilizing a unified approach based on the COM automation
APIs

A

Technical specification of GPUs are tightly related to their Compute Capability (family).
These parameters should be considered when developing parallel code intended for execution on GPUs. The table below provides a summary for GPUs currently available on the
market. The table has been adapted from NVIDIA CUDA C programming guide.

B. Monte Carlo code, GPU hardware parameters and usage statistics

B.3
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Online MC modeling tool and its usage statistics

O

N

IN

The computational server which is the heart of    is shown in Figure B.1.

R

Figure B.1: The main computational server of the   , Rackable Standard Depth X86PTO system.

D
O

The server was build by SGI and has the following configuration:
• RAID1 hard drive configuration (2 drives)
• CH-1103-RK-TY12 base node 1U chassis with 2x PCIE x16 and 1x PCIE x4
• 2.66GHz/12M/6.4GT/s 95W Six Core Xeon Processor 4GB DDR3 Registered
DIMM, 1333

A

• Internal DVD RW drive for Rackable Standard Depth Servers
• 1TB 7200 RPM 3Gbs 3.5" SATA DISK
• 2x Tesla M2090 Computing Processor with 6GB memory

Usage statistics for the Online MC modeling tool web site is presented. Google Analytics
was used as a tool to determine web site usage for different countries in details. Statistics
provides the data on the number of visits, pages per visit, schematic presentation of visitor
flow, average visit duration as well as an estimation of the web site bounce rate.
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Aug 24, 2011  Feb 23, 2014

Location
All Visits
100.00%

Map Overlay

1.
2.
3.
4.

New Zealand

United States
Germany
India

Russia

A

5.
6.
7.
8.
9.
10.

New Visits

Visits

11,951

6,983

% of Total: 100.00% (11,951)

% of Total: 100.23% (6,967)

D
O

Country / Territory

4,099

R

1

O

N

IN

Summary

China

United Kingdom
Canada
Australia
Iran

4,099

27.67%

1,373

13.75%

826

7.38%

609

6.56%

Contribution to total: New Visits

27.7%

28.4%

13.7%

6.6%

539

3.55%

423

3.35%

377

2.92%

242

2.62%

236

1.80%

229

2.05%

7.4%
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Location
All Visits
100.00%

Map Overlay

1

3,021

Visits

Behavior

R

Acquisition
City

O

N

IN

Summary

% New Visits

New Visits

Conversions

Avg. Visit
Duration

6,983 45.79% 3.01 00:03:00

Goal
Conversion

Goal
Completions

Goal Value

Rate

0.00%

0

$0.00

% of Total:
100.00%
(11,951)

Site Avg:
58.30%
(0.23%)

% of Total:
100.23%
(6,967)

Site Avg:
45.79%
(0.00%)

Site
Avg:
3.01
(0.00%)

Site Avg:
00:03:00
(0.00%)

Site Avg:
0.00%
(0.00%)

% of Total:
0.00% (0)

% of Total:
0.00% ($0.00)

3,021 (25.28%)

41.91%

1,266 (18.13%)

28.50%

4.66

00:04:11

0.00%

0 (0.00%)

$0.00 (0.00%)

D
O

11,951 58.43%

Bounce Rate

Pages /
Visit

Dunedin

2.

Auckland

722 (6.04%)

52.63%

380 (5.44%)

38.64%

2.88

00:01:47

0.00%

0 (0.00%)

$0.00 (0.00%)

3.

(not set)

238 (1.99%)

70.17%

167 (2.39%)

57.98%

1.97

00:01:42

0.00%

0 (0.00%)

$0.00 (0.00%)

4.

Tehran

151 (1.26%)

56.29%

85 (1.22%)

35.76%

2.79

00:05:07

0.00%

0 (0.00%)

$0.00 (0.00%)

5.

Blagoveshchensk

151 (1.26%)

10.60%

16 (0.23%)

79.47%

1.45

00:01:29

0.00%

0 (0.00%)

$0.00 (0.00%)

6.

College Station

134 (1.12%)

56.72%

76 (1.09%)

54.48%

2.10

00:02:59

0.00%

0 (0.00%)

$0.00 (0.00%)

7.

Christchurch

131 (1.10%)

83.97%

110 (1.58%)

50.38%

2.48

00:01:55

0.00%

0 (0.00%)

$0.00 (0.00%)

8.

Singapore

130 (1.09%)

55.38%

72 (1.03%)

56.92%

2.30

00:02:14

0.00%

0 (0.00%)

$0.00 (0.00%)

9.

Nottingham

111 (0.93%)

5.41%

6 (0.09%)

82.88%

1.60

00:02:09

0.00%

0 (0.00%)

$0.00 (0.00%)

10.

Bangalore

111 (0.93%)

77.48%

86 (1.23%)

47.75%

2.61

00:03:29

0.00%

0 (0.00%)

$0.00 (0.00%)

A

1.
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Visitors Flow

N
IN

All Visits
100.00%

Country / Territory
New Zealand
4.1K

Starting pages
11.9K visits, 6.35K dropoffs, 1 exits

1st Interaction
5.59K visits, 2.28K dropoffs, 2 exits
/mconline.aspx
1.48K

/
5.53K

United States
1.37K

/mconline.aspx
2.15K

Germany
825

R

/media/webcam.aspx
1.03K

O

...
4.5K

/people.aspx
1.25K

/research.aspx
851

D

Russia
539

/research.aspx
737

/publications.aspx
441

(+32 more pages)
1.14K

A

India
608

⇩

O

/people.aspx
1.09K

/scholarships.aspx
399
(+43 more pages)
1.45K

2nd Interaction
3.3K visits, 1.16K dropoffs

3rd Interaction
2.15K visits, 646 dropoffs

/
564

/mconline.aspx
382

/people.aspx
530

/people.aspx
346

/research.aspx
510
/mconline.aspx
366
/publications.aspx
320
(+47 more pages)
1.01K

/research.aspx
313
/publications.aspx
285
/home.aspx
142
(+40 more pages)
679
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Browser & OS
All Visits
100.00%

Explorer
Summary

Visits

50

July 2012

January 2013

July 2013

Visits

11,951

11,951
% of Total: 100.00% (11,951)

Firefox

2.

Chrome

3.

Internet Explorer

4.

Opera

5.

Safari

6.

Android Browser

7.

Mozilla Compatible Agent

30 0.25%

8.

Mozilla

21 0.18%

9.

Opera Mini

14 0.12%

Safari (inapp)

14 0.12%

D
O

R

1.

A

Visits

% of Total: 100.00% (11,951)

O

Browser

10.

January 2014

N

January 2012

IN

100

3,719

31.12%

3,207

26.83%

2,345

19.62%

1,620

13.56%

877
61

7.34%
0.51%
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Devices
All Visits
2.92%

Explorer

Summary

Visits

20

Mobile Device Info

July 2012

January 2013

Visits

Visits

349

3.
4.

5.

6.
7.

(not set)
LG P880 Optimus 4X HD

143

40.97%

58

16.62%

O

Apple iPhone

Samsung GTI9100
Galaxy S II

HTC T328E Desire X

Samsung Galaxy Nexus

349

% of Total: 2.92% (11,951)

R

2.

Apple iPad

26

7.45%

9

2.58%

9

2.58%

8

2.29%

8

2.29%

Samsung GTI9300
Galaxy S III

4

1.15%

9.

Samsung GTI9300
Galaxy SIII

4

1.15%

3

0.86%

A

8.

10.

Google Nexus 7

January 2014

Contribution to total: Visits

% of Total: 2.92% (11,951)

D
O

1.

July 2013

N

January 2012

IN

40

22.1%

41%

7.4%
16.6%

Rows 1  10 of 66

A
R

D
O
IN

N

O

IN

Bibliography
[1] R. Bright. Diseases of the brain and nervous system. Longman, 1831.

N

[2] T.B. Curling. A practical treatise on the diseases of the testis and of the spermatic
cord and scrotum. Samuel Highley, United Kingdom, 1843.

O

[3] M. Cutler. Transillumination as an aid in the diagnosis of breast lesions. International Journal of Gynecology and Obstetrics, pages 721–728, 1929.

R

[4] V.V. Tuchin. Handbook of Optical Biomedical Diagnostics, PM107. SPIE Press,
Washington, 2002.
[5] F. A. Duck. Physical Properties of Tissue: A Comprehensive Reference Book.
Academic Press, London, 1990.

D
O

[6] B. Chance. Optical method. Annual Review of Biophysics and Biophysical Chemistry, 20, 1–28, 1991.
[7] A. Gibson and H. Dehghani. Diffuse optical imaging. Philosophical Transactions of
the Royal Society A, pages 3055–3072, 2009.

A

[8] T.H. Maiman. Optical and microwave-optical experiments in ruby. Physical Review
Letters, 4, 564–566, 1960.
[9] F.F. Jobsis. Noninvasive infrared monitoring of cerebral and myocardial sufficiency
and circulatory parameters. Science, 198, 1264–1267, 1977.

[10] F.F. Jobsis vander Vliet. Discovery of the near-infrared window into the body and
the early development of near-infrared spectroscopy. Journal of Biomedical Optics,
4, 392–396, 1999.
[11] J.S. Maier and E. Gratton. Frequency-domain methods in optical tomography:
detection of localized absorbers and a backscattering reconstruction scheme. Edited
by B. Chance and R.R. Alfano, in Photon Migration and Imagining in Random
Media and Tissues, 1888, pages 440–451, 1993.

148

BIBLIOGRAPHY

[12] A. Yodh and B. Chance. Spectroscopy and imaging with diffusing light. Physics
Today, 48, 34–40, 1995.
[13] M.S. Patterson, B. Chance, and B.C. Wilson. Time resolved reflectance and transmittance for the non-invasive measurement of tissue optical properties. Applied
Optics, 28, 2331–2336, 1989.

IN

[14] T. Kitai, B. Beauvoit, and B. Chance. Optical determination of fatty change of
the graft liver with near-infrared time-resolved spectroscopy. Transplantation, 62,
642–677, 1996.

N

[15] T. Durduran, A.G. Yodh, B. Chance, and D.A. Boas. Does the photon-diffusion
coefficient depend on absorption. Journal of the Optical Society of America A, 14,
3358–3365, 1997.

O

[16] B. Chance, M. Cope, E. Gratton, N. Ramanujam, and B. Tromberg. Phase measurements of light absorption and scatter in human tissue. Review of Scientific
Instruments, 69, 3457–3481, 1998.

R

[17] N. Kresge, R. Simoni, and R. Hill. Britton Chance: Olympian and Developer of
Stop-Flow Methods. The Journal of Biological Chemistry, 279, 10–12, 2004.

D
O

[18] S.L. Jacques. Time-resolved reflectance spectroscopy in turbid tissues. IEEE
Transactions on Biomedical Engineering, 36, 1155–1161, 1989.
[19] S.J. Matcher, M. Cope, and D.T. Delpy. In vivo measurements of the wavelength
dependence of tissue-scattering coefficients between 760 and 900
measured
with time-resolved spectroscopy. Applied Optics, 36, 386–396, 1997.

A

[20] E. Okada. The effects of superficial tissue of the head on spatial sensitivity profiles
for near infrared spectroscopy and imaging. Optical Review, 7, 375–382, 2000.
[21] J.R. Lakowicz and K. Berndt. Frequency-domain measurements of photon migration
in tissues. Chemical Physics Letters, 166, 246–252, 1990.

[22] M.S. Patterson, J.D. Moulton, B.C. Wilson, K.W. Berndt, and J.R. Lakowicz.
Frequency-domain reflectance for the determination of the scattering and absorption
properties of tissue. Applied Optics, 30, 4474–4476, 1991.
[23] H. Zeng, C. MacAulay, D.I. McLean, B. Palcic, and H. Liu. The dynamics of laserinduced changes in human skin autofluorescence - Experimental measurements and
theoretical modelling. Photochemistry and Photobiology, 68, 227–236, 1998.

BIBLIOGRAPHY

149

[24] H. Zeng, C. MacAulay, D.I. McLean, and B. Palcic. Spectroscopic and microscopic
characteristics of human skin autofluorescence emission. Photochemistry and
Photobiology, 61, 639–645, 1995.
[25] H. Zeng, C. MacAulay, D.I. McLean, and B. Palcic. Reconstruction of in vivo skin
autofluorescence spectrum from microscopic properties by Monte Carlo simulation.
Journal of Photochemistry and Photobiology B, 38, 234–240, 1997.

IN

[26] A.J. Welch, C. Gardner, R. Richards-Kortum, E. Chan, G. Criswell, J. Pfefer, and
S. Warren. Propagation of fluorescent light. Lasers in Surgery and Medicine, 21,
166–178, 1997.

O

N

[27] K. Vishwanath, B. Pogue, and M.A. Mycek. Quantitative fluorescence spectroscopy
in turbid media: comparison of theoretical, experimental and computational methods. Physics in Medicine and Biology, 47, 3387–3405, 2002.

R

[28] G. Vargas, K.F. Chan, S.L. Tomsen, and A.J. Welch. Use of osmotically active
agents to alter optical properties of tissue: effects on the detected fluorescence
signal measured through skin. Lasers in Surgery and Medicine, 29, 213–220, 2001.

D
O

[29] M.B. Silberberg, H.E. Savage, G.C. Tang, P.G. Sacks, R.R. Alfano, and S.P. Schantz.
Detection of retinoic acid induced biochemical alterations in squamous cell carcinoma using intrinsic fluorescence spectroscopy. Laryngoscopy, 104, 278–282,
1994.

A

[30] M.S. Nair, N. Ghosh, N.S. Raju, and A. Pradhan. Determination of optical parameters of human breast tissue from spatially resolved fluorescence: a diffusion theory
model. Applied Optics, 41, 4025–4035, 2002.
[31] R.R. Alfano, G.C. Tang, A. Pradhan, W. Lam, D.S. Choy, and E. Opher. Fluorescence spectra from cancerous and normal human breast and lung tissues. IEEE
Journal of Quantum Electronics, 20, 1507–1511, 1984.
[32] V.V. Lyubimov. Raman, fluorescence, and time-resolved light scattering as optical
diagnostic techniques to separate diseased and normal biomedical media. Optica i
spektroskopia, 76, 814, 1994.
[33] C.H. Liu, B.B. Das, W.L. Sha Glassman, G.C. Tang, K.M. Yoo, H.R. Zhu, D.L.
Akins, S.S. Lubicz, J. Cleary, R. Prudente, E. Celmer, A. Caron, and R.R. Alfano.

150

BIBLIOGRAPHY

Raman, fluorescence, and time-resolved light scattering as optical diagnostic techniques to separate diseased and normal biomedical media. Archives of Dermatology,
16, 187–209, 1992.
[34] S. Gonchukov, A. Sukhinina, D. Bakhmutov, and S. Minaeva. Raman spectroscopy
of saliva as a perspective method for periodontitis diagnostics. Laser Physics
Letters, 73, 73–77, 2012.

N

IN

[35] W. Werncke, S. Sassning, B. Dietzek, M.E. Darvin, M.C. Meinke, J. Popp, K. Konig,
J.M. Fluhr, and J. Lademann. Two-color raman spectroscopy for the simultaneous
detection of chemotherapeutics and antioxidative status of human skin. Laser
Physics Letters, pages 895–900, 2011.

O

[36] B.K. Pierscionek. Guest Editorial: Special Section on Light Scatter and Fluorescence of the Eye Lens. Journal of Biomedical Optics, 1, 241–243, 1996.

R

[37] J.A. van Best and E.V. Kuppens. Summary of studies on the blue-green autofluorescence and light transmission of the ocular lens. Journal of Biomedical Optics, 1,
243–250, 1996.

D
O

[38] N.T. Yu, B.S. Krantz, J.A. Eppstein, K.D. Ignotz, M.A. Samuels, J.R. Long, and
J. Price. Development of a noninvasive diabetes screening device using the ratio of
fluorescence to Rayleigh scattered light. Journal of Biomedical Optics, 1, 280–288,
1996.
[39] V.V. Tuchin. Handbook of Coherent-Domain Optical Methods, Biomedical Diagnostics, Environmental Monitoring and Material Science. Springer, New York,
2013.

A

[40] V. Tuchin. Handbook of Coherent Domain Optical Methods: Biomedical Diagostics,
Environment and Material Science. SPIE Press, Kluwer Academic, 2004.

[41] G. Muller and A. Roggan. Laser-Induced Interstitial Thermotherapy. SPIE Press,
1995.
[42] H. Niemz. Laser-Tissue Interactions. Fundamentals and Applications. SpringerVerlag, Berlin, 2003.
[43] R.W. Waynant. Lasers in Medicine. CRC Press, 2002.
[44] J.L. Boulnois. Photophysical processes in recent medical laser developments: a
review. Lasers in Medical Science, 1, 47–66, 1986.

BIBLIOGRAPHY

151

[45] D. Churmakov. Multipurpose Monte Carlo model for modern optical diagnostics
and its biomedical applications. PhD thesis, Cranfield University, 2005.
[46] R. Anderson and J. Parrish. Selective photothermolysis: precise microsurgery by
selective absorption of pulsed radiation. Science, 220, 524–527, 1983.

IN

[47] H.Z. Cummins and H.L. Swinney. Light beating spectroscopy. Edited by E. Wolf,
in Progress in Optics, 8, pages 135–197. American Elsevier Publish Co., NY, 1970.
[48] H.Z. Cummins and E.R. Pike. Photon Correlation and Light Beating Spectroscopy.
Plenum Press, New York, 1974.

N

[49] B. Chu. Laser light scattering. Academic Press, 1974.

[50] B.J. Berne and R. Pecora. Dynamic Light Scattering. Dover Publications, 2000.

O

[51] H.Z. Cummins and E.R. Pike. Photon Correlation Spectroscopy and Velocimetry.
Plenum Press, New York, 1977.

R

[52] R. Pecora. Dynamic Light Scattering and Velocimetry. Plenum Press, New York,
1985.

D
O

[53] P.N. Pusey and R.J.A. Tough. Dynamic light scattering. Plenum Press, 1985.
[54] G. Maret and P.E. Wolf. Multiple light scattering from disordered media. The effect
of Brownian motion of scatterers. Zeitschrift fur Physik B - Condensed Matter, 65,
409–413, 1987.

A

[55] W. Brown. Dynamic Light Scattering: the Method and Some Applications. Clarendon Press, Oxford, 1993.
[56] M.J. Solomon and Q. Lu. Rheology and dynamics of particles in viscoelastic media.
Current Opinion in Colloid and Interface Science, pages 430–437, 2001.
[57] F.C. MacKintosh and C.F. Schmidt. Microrheology. Current Opinion in Colloid
and Interface Science, pages 300–307, 1999.
[58] J.L. Harden and V. Viasnoff. Recent advances in DWS-based micro-rheology.
Current Opinion in Colloid and Interface Science, 6, 438–445, 2001.
[59] B. Crosignani, P.D. Porto, and M. Bertolotti. Statistical properties of scattered light.
Academic Press, 1975.

152

BIBLIOGRAPHY

[60] M. Giglio. Quasi elastic light scattering from macromolecules in solution. Edited
by F. Hillenkamp, R. Pratesi, and C.A. Sacchi, in Laser in Biology and Medicine.
Series A: Life Sciences, 34, pages 111–126. Plenum Press, New York, 1980.
[61] A.T. Forrester, C.A. Gudmundaen, and P.O. Johnson. Photoelectric mixing of
incoherent light. Physical Review, 99, 1691–700, 1955.

IN

[62] R.H. Brown and R.Q. Twiss. Correlation between photons in two coherent beams
of light. Nature, pages 27–29, 1956.

N

[63] S.B. Dubin, J.H. Lunacek, and G.B. Benedek. Observation of the spectrum of light
scattered by solutions of biological macromolecules. Proceedings of the National
Academy of Sciences, 57, 1164–1171, 1967.

O

[64] C. Riva, B. Ross, and G.Benedek. Laser Doppler measurements of blood flow
in capillary tubes and retinal arteries. Investigative Ophthalmology and Visual
Science, pages 936–944, 1972.

R

[65] M.D. Stern. In Vivo Evaluation of Microcirculation by Coherent Light Scattering.
Nature, pages 56–58, 1975.

D
O

[66] G.A. Holloway and D.W. Watkins. Laser Doppler measurement of cutaneous blood
flow. Journal of Investigative Dermatology, pages 306–309, 1977.
[67] M.D. Stern, D.L. Lappe, P.D. Bowen, J.E. Chimosky, G.A. Holloway, H.R. Keiser,
and R.L. Bowman. Continuous measurement of tissue blood flow by laser-Doppler
spectroscopy. American Journal of Physiology, pages H441–H448, 1977.

A

[68] J.V. Chapman and G.R. Sutherland. The Noninvasive Evaluation of Hemodynamics
in Congenital Heart Disease. Doppler Ultrasound Applications in the Adult and Pediatric Patient with Congenital Heart Disease. In Developments in Cardiovascular
Medicine, 114. Kluwer Academic Publishers, Dordrecht, 1990.

[69] W.J. Manning, W. Li, and R.R. Edelman. A preliminary-report comparing magneticresonance coronary angiography with conventional angiography. The New England
Journal of Medicine, pages 828–832, 1993.
[70] R.F. Bonner and R.Nossal. Principles of Laser-Doppler Flowmetry. Edited by
A.P. Shepherd and P.A. Oberg, in Laser-Doppler Blood Flowmetry, pages 17–45.
Kluwer, Dordrecht, 1990.

BIBLIOGRAPHY

153

[71] B. Fagrell and A. Bollinger. Application of microcirculation research to clinical
disease. Edited by J.H. Barker, G.L. Anderson, and M.D. Menger, in Clinically
Applied Microcirculation Research, pages 149–160. CRC Press, 1995.
[72] M. Rajadhyaksha, M. Grossman, D. Esterowitz, R.H. Webb, and R.R. Anderson. In
vivo confocal scanning laser microscopy of human skin: Melanin provides strong
contrast. Journal of Investigative Dermatology, pages 946–952, 1995.

IN

[73] Z. Chen, Y. Zhao, S.M. Srinivas, J.S. Nelson, N. Prakash, and R.D. Frostig. Optical
Doppler tomography. Selected Topics in Quantum Electronics, pages 1134–1142,
1999.

O

N

[74] J.A. Izatt, M.D. Kulkarni, S. Yazdanfar, J.K. Barton, and A.J. Welch. In vivo
bidirectional color Doppler flow imaging of picoliter blood volumes using optical
coherence tomography. Optics Letters, 22, 1439–1441, 1997.

R

[75] S. Andersson-Engels, C.A. Klinteberg, K. Svanberg, and S. Svanberg. In vivo
fluorescence imaging for tissue diagnostics. Physics in Medicine and Biology, 42,
815–824, 1997.

D
O

[76] D.A. Boas, D.H. Brooks, E.L. Miller, C.A. DiMarzio, M. Kilner, R.J. Gaudette,
and Q. Zhang. Imaging the body with diffuse optical tomography. IEEE Signal
Processing Magazine, 18, 57–75, 2001.
[77] J.C. Hebden and D.T. Delpy. Diagnostic imaging with light. British Journal of
Radiology, 70, 206–214, 1997.

A

[78] A.F. Fercher, W. Drexler, C.K. Hitzenberger, and T. Lasser. Optical coherence
tomography - principles and applications. Reports on Progress in Physics, 66,
239–303, 2003.
[79] F.E.W. Schmidt, M.E. Fry, E.M.C. Hillman, J.C. Hebden, and D.T. Delpy. A
32-channel time-resolved instrument for medical optical tomography. Review of
Scientific Instruments, 71, 256–265, 2000.
[80] A.H. Hielscher, A.Y. Bluestone, G.S. Abdoulaev, A.D. Klose, J. Lasker, M. Stewart,
U. Netz, and J. Beuthan. Near-infrared diffuse optical tomography. Disease Markers,
18, 313–337, 2002.

[81] T. Vo-Dinh. Biomedical Photonics Handbook. CRC Press, 2003.

154

BIBLIOGRAPHY

[82] K.M. Mudry, R. Plonsey, and J.D. Bronzino. Biomedical Imaging. CRC Press,
2003.
[83] S.J. Matcher. Signal quantification and localization in tissue near-infrared spectroscopy. Edited by V.V. Tuchin, in Handbook of Optical Biomedical Diagnostics,
PM107, chapter 9, pages 487–584. SPIE Press, Washington, 2002.

IN

[84] N. Ghosh, M. Wood, and A. Vitkin. Polarimetry in turbid, birefringent, optically
active media: A Monte Carlo study of Mueller matrix decomposition in the backscattering geometry. Journal of Physics D: Applied Physics, pages 102023–102031,
2009.

N

[85] N. Ghosh and I.A. Vitkin. Tissue polarimetry: concepts, challenges, applications
and outlook. Journal of Biomedical Optics, page 110801, 2011.

O

[86] V.V. Tuchin, L.V. Wang, and D.A. Zimnyakov. Optical Polarization in Biomedical
Applications. Springer, Berlin Heidelberg, 2006.

D
O

R

[87] M.J. Rakovic, G.W. Kattawar, M. Mehrubeoglu, B.D. Cameron, L.V. Wang, S. Rastegar, and G.L. Cote. Light backscattering polarization patterns from turbid media:
theory and experiment. Applied Optics, 38, 3399–3408, 1999.
[88] M.I. Mishchenko, Y.S. Yatskiv, V.K. Rosenbush, and G. Videen. Polarimetric
Detection, Characterization and Remote Sensing. Edited by S.N. Svaenkov, in
Mueller matrix characterization of biological tissues, pages 437–472. NATO Science
for Peace and Security Series C: Environmental Security, 2011.

A

[89] D.A. Zimnyakov, Yu.P. Sinichkin, P.V. Zakharov, and D.N. Agafonov. Residual
polarization of non-coherently backscattered linearly polarized light: the influence
of the anisotropy parameter of the scattering medium. Waves in Random Media, 11,
395–412, 2001.
[90] S.G. Demos and R.R. Alfano. Optical polarization imaging. Applied Optics, 36,
150–155, 1997.

[91] M. Xu and R. R. Alfano. Circular polarization memory of light. Physical Review E,
72, 065601, 2005.
[92] C.A. Browne and F.W. Zerban. Physical and Chemical Methods of Sugar Analysis.
Wiley, New York, 1941.

BIBLIOGRAPHY

155

[93] J. Michl and E.W. Thulstrup. Spectroscopy with Polarized Light. VCH, New York,
1986.
[94] B. Jirgensons. Optical Rotatory Dispersion of Proteins and Other Macromolecules.
New York, 1969.

IN

[95] D.S. Kliger, J.W. Lewis, and C.E. Randall. Polarized Light in Optics and Spectroscopy. Academic Press-Harcourt Brace Jovanovich, New York, 1990.
[96] C. Brosseau. Fundamentals of Polarized Light: a Statistical Optics Approach. John
Wiley & Sons, New York, 1998.

N

[97] M. Gadsden, P. Rothwell, and M.J. Taylor. Detection of circularly polarized-light
from noctilucent clouds. Nature, 278, 628–629, 1979.

R

O

[98] A. Chrysostomou, P.W. Lucas, and J. H. Hough. Circular polarimetry reveals
helical magnetic fields in the young stellar object HH 135-136. Nature, 450, 71–73,
2007.

D
O

[99] V. Backman, R. Gurjar, K. Badizadegan, L. Itzkan, R.R. Dasari, L.T. Perelman, and
M.S. Feld. Polarized light scattering spectroscopy for quantitative measurement of
epithelial cellular structures in situ. IEEE Journal of Selected Topics in Quantum
Electronics, 5, 1019–1026, 1999.

[100] S. Lowrey, L. De Silva, I. Hodgkinson, and J. Leader. Observation and modeling of
polarized light from scarab beetles. Journal of the Optical Society of America A,
24, 2418–2425, 2007.

A

[101] I. Meglinski, C. Macdonald, A. Karl, H. Yoon, and M. Eccles. The Mapping of
Tissues Scattering Properties on the Poincaré Sphere. Biomedical Optics, OSA
Technical Digest (Optical Society of America), 2012.

[102] C. Macdonald and I.V. Meglinski. Backscattering of circular polarized light from a
disperse random medium influenced by optical clearing. Laser Physics Letters, 8,
324–328, 2011.
[103] S.L. Jacques, M.R. Ostermeyer, L.V. Wang, and V. Stephens D. Polarized light
transmission through skin using video reflectometry: toward optical tomography of
superficial tissue layers. Edited by R.R. Anderson, in Lasers in Surgery: Advanced
Characterization, Therapeutics, and Systems VI, pages 199–220, 1996.

156

BIBLIOGRAPHY

[104] F.C. MacKintosh, J.X. Zhu, and D.J. Pine. Polarization memory of multiply scattered
light. Physical Review B, 40, 9342–9345, 1989.
[105] Y.L. Kim, P. Pradhan, M.H. Kim, and V. Backman. Circular polarization memory
effect in low-coherence enhanced backscattering of light. Optics Letters, 31, 2744–
2746, 2006.

IN

[106] M. Ohzu and S. Komatsu. Optical Methods in Biomedical and Environmental
Sciences. Elsevier, 1994.

N

[107] A.G. Yodh and D.A. Boas. Functional Imaging with Diffusing Light. Edited by
T. Vo-Dinh, in Biomedical Photonics Handbook, chapter 21, pages 1–45. CRC Press,
2003.

O

[108] E. Berrocal. Multiple scattering of light in optical diagnostics of dense sprays and
other complex turbid media. PhD thesis, Cranfield University, 2006.

R

[109] R.M. Verdaasdonk and C.F.P. van Swol. Laser light delivery systems for medical
applications. Physics in Medicine and Biology, 42, 869–894, 1997.

D
O

[110] A.G. Mignani and F. Baldini. Biomedical sensors using optical fibres. Reports on
Progress in Physics, 59, 1–28, 1996.
[111] V. Tuchin. Tissue Optics: Light Scattering Methods and Instruments for Medical
Diagnosis, Second Edition. SPIE Press, Washington, 2007.

A

[112] K.S. Stenn. The skin. Edited by L. Weiss, in Cell and Tissue Biology: a Textbook
Of Histology, pages 539–572. Urban & Schwarzenberg, Baltimore, 1988.
[113] J. Beuthan, O. Minet, J. Helfmann, M. Herrig, and G. Muller. The spatial variation
of the refractive index in biological cells. Physics in Medicine and Biology, 41,
369–382, 1996.
[114] Y.E. Yarker, R.M. Aspden, and D.W. Hukins. Birefringence of articular cartilage
and the distribution on collagen fibril orientations. Connective Tissue Research, 11,
207–213, 1983.
[115] G. Kumar and J.M. Schmitt. Micro-optical properties of tissue. In Advances in
Laser and Light Spectroscopy to Diagnose Cancer and Other Diseases III: Optical
Biopsy, 2679, pages 106–116, 1996.

BIBLIOGRAPHY

157

[116] S.L. Jacques. Origins of tissue optical properties in the UVA, visible and NIR
regions. Edited by R.R. Alfano and J.G. Fujimoto, in Advances in Optical Imaging
and Photon Migration, 2, pages 364–370. OSA, Washington, DC, 1996.
[117] V.F. Izotova, I.L. Maksimova, I.S. Nefedov, and S.V. Romanov. Investigation of
Mueller matrices of anisotropic nonhomogeneous layers in application to an optical
model of the cornea. Applied Optics, 36, 164–169, 1997.

IN

[118] A. Enejder. Light Scattering and Absorption in Tissue - Models and Measurements.
PhD thesis, Lund University, 1997.

N

[119] A. Schuster. Radiation through a foggy atmosphere. Astrophysical Journal, 21,
1–22, 1905.

O

[120] A.D. Kim. Transport theory for light propagation in biological tissue. Journal of
the Optical Society of America A, 21, 820–827, 2004.

R

[121] V.L. Kuzmin and V.P. Romanov. Coherent phenomena in light scattering from
disordered systems. Physics-Uspekhi, 39, 231–260, 1996.

D
O

[122] K. Furutsu and Y. Yamada. Diffusion approximation for a dissipative random
medium and the application. Physical Review E, 50, 3634–3640, 1994.
[123] S. Ito and K. Furutsu. Theory of light pulse propagation through thick clouds.
Journal of the Optical Society of America, 70, 366–374, 1980.
[124] A. Ishimaru. Wave Propagation and Scattering in Random Media. Academic Press,
New York, 1978.

A

[125] S. Chandrasekhar. Radiative Transfer. Dover Publications, 1978.
[126] R.L. Fante. Electromagnetic beam propagation in turbulent media. Proceedings
IEEE, 63, 1669–1692, 1975.
[127] V. Kourganoff. Introduction to the General Theory of Particle Transfer. Gordon &
Breach, New York, 1969.
[128] A. Ishimaru. Diffusion of light in turbid material. Applied Optics, 28, 2210–2215,
1989.
[129] E. Amic, J.M. Luck, and Th. M. Nieuwenhuizen. Anisotropic multiple scattering in
diffusive media. Journal of Physics A: Mathematical and General, 29, 4915–4955,
1996.

158

BIBLIOGRAPHY

[130] M.C.W. Rossum and T.M. Nieuwenhuizen. Multiple scattering of classical waves:
microscopy, mesoscopy, and diffusion. Reviews of Modern Physics, 71, 313–370,
1999.
[131] B.A. van Tiggelen, A. Lagendijk, and A. Tip. Multiple-scattering effects for the
propagation of light in 3D slabs. Journal of Physics: Condensed Matter, 2, 7653–
7677, 1990.

IN

[132] S.R. Arridge, M. Cope, and D.T. Delpy. Theoretical basis for the determination of
optical pathlengths in tissue: temporal and frequency analysis. Physics in Medicine
and Biology, 37, 1531–1560, 1992.

N

[133] H.C. van de Hulst. Light Scattering by Small Particles. Dover, New York, 1957.

O

[134] C.F. Bohren and D.R. Huffman. Absorption and Scattering of Light by Small
Particles. John Wiley & Sons, New York, 1983.

R

[135] M. Born and E. Wolf. Principles of Optics: Electromagnetic Theory of Propagation,
Interference and Diffraction of Light. Pergamon Press, London, 6th edition, 1986.

D
O

[136] M.S. Patterson, B.C. Wilson, and D.R. Wyman. The propagation of optical radiation
in tissue I. Models of radiation transport and their application. Lasers in Medical
Science, 6, 155–167, 1991.
[137] A.H. Hielscher, J.R. Mourant, and I.J. Bigio. Influence of particle size and concentration on the diffuse backscattering of polarized light from tissue phantoms and
biological cell suspensions. Applied Optics, 36, 125–135, 1997.

A

[138] M. Kohl, M. Essenpreis, and M. Cope. The influence of glucose concentration
upon the transport of light in tissue-simulating phantoms. Physics in Medicine and
Biology, 40, 1267–1287, 1995.
[139] G.C. Pomraning. The Equations of Radiation Hydrodynamics. Pergamon Press,
Oxford, 1973.
[140] K.M. Case and P.F. Zweifel. Linear Transport Theory. Addison-Wesley, 1967.
[141] R.L. Fante. Relationship between radiative-transport theory and Maxwell’s equations in dielectric media. Journal of the Optical Society of America, 71, 460–468,
1981.
[142] G.M. Wing. An Introduction to Transport Theory. John Wiley Pub. Co., London,
1962.

BIBLIOGRAPHY

159

[143] K. Mitra and S. Kumar. Development and comparison of models for light-pulse
transport through scattering absorbing media. Applied Optics, 38, 188–196, 1999.
[144] P. Kubelka. New contributions to the optics of intensely light-scattering materials.
Part I. Journal of the Optical Society of America, 38, 448–457, 1948.

IN

[145] P. Kubelka. New contributions to the optics of intensely light-scattering materials.
Part II. Journal of the Optical Society of America, 44, 330–335, 1954.
[146] A.S. Nunez. A Physical Model of Human Skin and Its Application for Search and
Rescue. PhD thesis, Air Force Institute of Technology, 2009.

O

N

[147] A.D. Klose and A.H. Hielscher. Iterative reconstruction scheme for optical tomography based on the equation of radiative transfer. Medical Physics, 26, 1698–1707,
1999.

R

[148] S.A. Prahl. The adding-doubling method. Edited by A.J. Welch and M.J.C. van
Gemert, in Optical-Thermal Response of Laser Irradiate Tissue, chapter 5, pages
101–125. Plenum Press, New York, 1995.

D
O

[149] A.J. Welch and M.J.C. van Gemert. Optical-Thermal Response of Laser Irradiate
Tissue. Plenum Press, New York, 1995.
[150] R.C. Haskell, L.O. Svaasand, T.-T. Tsay, T.-C. Feng, and M.S. McAdams. Boundary
conditions for the diffusion equation in the radiative transfer. Journal of the Optical
Society of America A, 11, 2727–2741, 1994.

A

[151] A. Kienle and M.S. Patterson. Improved solutions of the steady-state and the
time-resolved diffusion equations for reflectance from semi-infinite turbid medium.
Journal of the Optical Society of America A, 14, 246–254, 1997.
[152] A. Kienle, L. Lilge, M.S. Patterson, R. Hibst R.Steiner, and B.C. Wilson. Spatially
resolved absolute diffuse reflectance measurements for noninvasive determination
of the optical scattering and absorption coefficients of biological tissue. Applied
Optics, 35, 2304–2314, 1996.
[153] R. Aronson and N. Corngold. Photon diffusion coefficient in an absorbing medium.
Journal of the Optical Society of America A, 16, 1066–1071, 1999.
[154] W. Cai, M. Xu, M. Lax, and R.R. Alfano. Diffusion coefficient depends on time, not
on absorption. Optics Letters, 27, 731–733, 2002.

160

BIBLIOGRAPHY

[155] K.M. Yoo, F. Liu, and R.R. Alfano. When does the diffusion approximation fail
to describe photon transport in random media? Physical Review Letters, 64,
2647–2650, 1990.
[156] B. Chen, K. Stamnes, and J. Stamnes. Validity of the diffusion approximation in
bio-optical imaging. Applied Optics, 40, 6356–6366, 2001.

IN

[157] D.J. Durian and J. Rudnick. Photon migration at short times and distances and
in cases of strong absorption. Journal of the Optical Society of America A, 14,
235–245, 1997.

N

[158] J.C. Hebden, S.R. Arridge, and D.T. Delpy. Optical imaging in medicine: II.
Modelling and reconstruction. Physics in Medicine and Biology, 42, 841–853,
1997.

R

O

[159] L. Dagdug, G.H. Weiss, and A.H. Gandjbakhche. Effects of anisotropic optical
properties on photon migration in structured tissues. Physics in Medicine and
Biology, 48, 1361–1370, 2003.

D
O

[160] R.F. Bonner, R. Nossal, S. Havlin, and G.H. Weiss. Model for photon migration in
turbid biological media. Journal of the Optical Society of America A, 4, 423–432,
1987.
[161] A.H. Gandjbakhche and G.H. Weiss. Random walk and diffusion-like model of
photon migration in turbid media. Edited by E. Wolf, in Progress in Optics, 34,
pages 333–402. Elsevier Science, 1995.

A

[162] L.T. Perelman, J. Wu, I. Itzkan, and M.S. Feld. Photon migration in turbid media
using path integrals. Physical Review Letters, 72, 1341–1344, 1994.
[163] L.T. Perelman, J. Wu, Y. Wang, I. Itzkan, R.R. Dasari, and M.S. Feld. Timedependent photon migration using path-integrals. Physical Review E, 51, 6134–
6141, 1995.

[164] L.T. Perelman, J. Winn, J. Wu, R.R. Dasari, and M.S. Feld. Photon migration of
near-diffusive photons in turbid media: A Lagrangian-based approach. Journal of
the Optical Society of America A, 14, 224–229, 1997.
[165] J.N. Winn, L.T. Perelman, K. Chen, J. Wu, R.R. Dasari, and M.S. Feld. Distribution
of the paths of early-arriving photons traversing a turbid medium. Applied Optics,
37, 8085–8091, 1998.

BIBLIOGRAPHY

161

[166] S.L. Jacques and X. Wang. Path integral description of light transport versus Monte
Carlo and diffusion theory. In Optical Tomography and Spectroscopy of Tissue:
Theory, Instrumentation, Model, and Human Studies II, 2979, pages 488–499,
1997.
[167] M.J. Wilson and R.K. Wang. A path-integral model of light scattered by turbid
media. Journal of Physics B, 34, 1453–1472, 2001.

IN

[168] M. Keijzer, S.L. Jacques, S.A. Prahl, and A.J. Welch. Light distributions in artery
tissue: Monte Carlo simulations for finite-diameter laser beams. Lasers in Surgery
and Medicine, 9, 148–154, 1989.

O

N

[169] S.A. Prahl, M. Keijzer, S.L. Jacques, and A.J. Welch. A Monte Carlo model of light
propagation in tissue. Edited by G.J. Muller and D.H. Sliney, in SPIE Proceedings
of Dosimetry of Laser Radiation in Medicine and Biology, IS 5, pages 102–111.
Plenum Press, New York, 1989.

R

[170] L. Wang, S.L. Jacques, and L. Zheng. MCML - Monte Carlo modelling of light
transport in multi-layered tissues. Computer Methods and Programs in Biomedicine,
47, 131–146, 1995.

D
O

[171] G.I. Marchuk, G.A. Mikhailov, M.A. Nazaraliev, R.A. Darbinjan, B.A. Kagrin, and
B.S. Elepov. The Monte Carlo Methods in Atmospheric Optics. Springer-Verlag,
Berlin, 1980.

A

[172] S. Feng, Z. Fanan, and B. Chance. Monte Carlo simulations of photon migration
path distributions in multiple scattering media. SPIE Proceedings, 1888, 78–89,
1993.
[173] S.T. Flock, M.S. Patterson, B.C. Wilson, and D.R. Wyman. Monte Carlo modeling
of light propagation in highly scattering tissue-I: Model predictions and comparison
with diffusion theory. IEEE Transactions on Biomedical Engineering, 36, 1162–
1168, 1989.
[174] R. Graaff, A.C.M. Dassel, M.H. Koelink, F.F.M. de Mul, J.G. Aarnoudse, and W.G.
Zijlstra. Condensed Monte Carlo simulations for the description of light transport.
Applied Optics, 32, 426–434, 1993.
[175] M. Hiraoka, M. Firbank, M. Essenpreis, M. Cope, S.R. Arridge, P. van der Zee, and
D. T. Delpy. A Monte Carlo investigation of optical pathlength in inhomogeneous

162

BIBLIOGRAPHY

tissue and its application to near-infrared spectroscopy. Physics in Medicine and
Biology, 38, 1859–1876, 1993.
[176] C.R. Simpson, M. Kohl, M. Essenpreis, and M. Cope. Near-infrared optical
properties of ex vivo human skin and subcutaneous tissues measured using the
Monte Carlo inversion technique. Physics in Medicine and Biology, 43, 2465–2478,
1998.

IN

[177] M.C. Jermy E. Berrocal and I.V. Meglinski. New model of light propagation within
highly inhomogeneous poly-disperse turbid medium: Application for dense sprays
diagnostics. Optics Express, 13, 9181–9195, 2005.

N

[178] M.C. Jermy and A. Allen. Simulating the effects of multiple scattering on images of
dense sprays and particle fields. Applied Optics, 41, 4188–4196, 2002.

R

O

[179] E. Berrocal, D.Y. Churmakov, V.P. Romanov, M.C. Jermy, and I.V. Meglinski.
Crossed source detector geometry for novel spray diagnostic: Monte Carlo simulation and analytical results. Applied Optics, 44, 2519–2529, 2005.

D
O

[180] I.V. Meglinski, V.P. Romanov, D.Y. Churmakov, E. Berrocal, M.C. Jermy, and D.A.
Greenhalgh. Low and high orders light scattering in the dispersible media. Laser
Physics Letters, 1, 387–390, 2004.
[181] I.V. Meglinsky and S.J. Matcher. Modelling the sampling volume for skin blood
oxygenation measurements. Medical and Biological Engineering and Computing,
39, 44–50, 2001.

A

[182] I.V. Meglinski and S.J. Matcher. Quantitative assessment of skin layers absorption
and skin reflectance spectra simulation in visible and near-infrared spectral region.
Physiological Measurements, 23, 741–753, 2002.

[183] I.V. Meglinski and S.J. Matcher. Computer simulation of the skin reflectance spectra.
Computer Methods and Programs in Biomedicine, 70, 179–186, 2003.
[184] D.Y. Churmakov, I.V. Meglinski, and D.A. Greenhalgh. Amending of fluorescence
localization by the refractive index matching. Journal of Biomedical Optics, 9,
339–346, 2004.
[185] M. Kirillin, I. Meglinski, E. Sergeeva, V.L. Kuzmin, and R. Myllyla. Simulation of optical coherence tomography images by Monte Carlo modeling based on
polarization vector approach. Optics Express, 18, 21714–21724, 2010.

BIBLIOGRAPHY

163

[186] M.Y. Kirillin, A.V. Priezzhev, and I.V. Meglinski. Effect of photons of different
scattering orders on the formation of a signal in optical low-coherence tomography
of highly scattering media. Quantum Electronics, 36, 247–252, 2006.
[187] V.L. Kuzmin and I.V. Meglinski. Coherent multiple scattering effects and Monte
Carlo method. JETP Letters, 79, 109–113, 2004.

IN

[188] I.V. Meglinski, V.L. Kuzmin, D.Y. Churmakov, and D.A. Greenhalgh. Monte Carlo
simulation of coherent effects in multiple scattering. Proceeding of Royal Society
A, 461, 43–53, 2005.

N

[189] V.L. Kuzmin and I.V. Meglinski. Anomalous polarization phenomena of light
scattered in random media. Journal of Experimental and Theoretical Physics, 137,
742–753, 2010.

O

[190] V.L. Kuzmin and I.V. Meglinski. Helicity flip of backscattered circularly polarized
light. SPIE Proceedings, 7573, 75730, 2010.

D
O

R

[191] V.L. Kuzmin and I.V. Meglinski. Coherent effects of multiple scattering for scalar
and electromagnetic fields: Monte-Carlo simulation and Milne-like solutions. Optics
Communications, 273, 307–310, 2007.
[192] V.L. Kuzmin, I.V. Meglinski, and D.Y. Churmakov. Stochastic Modeling of Coherent Phenomena in Strongly Inhomogeneous Media. Journal of Experimental and
Theoretical Physics, 101, 22–32, 2005.

A

[193] E. Berrocal, I. V. Meglinski, D. A. Greenhalgh, and M. A. Linne. Image transfer
through the complex scattering turbid media. Laser Physics Letters, 3, 464–468,
2006.
[194] D. A. Greenhalgh E. Berrocal, I. V. Meglinski and M. A. Linne. Imaging through
the turbid scattering media: Part I: Experimental and simulated results for the
spatial intensity distribution. Optics Express, 15, 10649–10665, 2007.
[195] D.A. Boas, J.P. Culver, J.J. Stott, and A.K. Dunn. Three dimensional Monte Carlo
code for photon migration through complex heterogeneous media including the
adult human head. Optics Express, 10, 159–170, 2002.
[196] J. Ramella-Roman, S. Prahl, and S. Jacques. Three Monte Carlo programs of
polarized light transport into scattering media: part I. Optics Express, 13, 4420–
4438, 2005.

164

BIBLIOGRAPHY

[197] H. Shen and G. Wang. A study on tetrahedron-based inhomogeneous Monte Carlo
optical simulation. Biomedical Optics Express, 2, 44–57, 2011.
[198] I.V. Meglinski, M. Kirillin, and V.L. Kuzmin. The concept of a unified modelling of
optical radiation propagation in complex turbid media. SPIE Proceedings, 7142,
714204, 2008.

IN

[199] I. Lux and L. Koblinger. Monte Carlo Particle Transport Methods: Neutron and
Photon Calculations. CRC Press, 1991.
[200] I.M. Sobol’. The Monte Carlo Method. The University of Chicago Press, 1974.

N

[201] J.F. Ramaley. Buffon’s Noodle Problem. The American Mathematical Monthly, 76,
916–918, 1969.

O

[202] R. Preston. The mountains of PI. The New Yorker, pages 1–22, 1992.

R

[203] G.S. Fishman. Monte Carlo: Concepts, Algorithms, and Applications. SpringerVerlag, New York, 1996.

D
O

[204] N. Metropolis. The beginning of the Monte Carlo method. Los Alamos Science:1987
Special Issue dedicated to Stanislaw Ulam, pages 125–130, 1987.
[205] N. Metropolis and S. Ulam. The Monte Carlo Method. Journal of the American
Statistical Association, 44, 335–341, 1949.

A

[206] D.G. Collins and M.B. Wells. Monte Carlo Codes for the Study of Light Transport
in the Atmosphere. In Radiation Research Associates Inc., Fort Worth, Texas, Vols. I
and II. 1965.
[207] R. Meier, J.S. Lee, and D.E. Anderson. Atmospheric scattering of middle UV
radiation from an internal source. Applied Optics, 17, 3216–3225, 1978.
[208] A.A. Gusev and I.R. Abubakirov. Monte-Carlo simulation of record envelope of a
near earthquake. Physics of the Earth and Planetary Interiors, 64, 52–67, 1987.
[209] A.N. Witt. Multiple scattering in reflection nebulae I. A Monte Carlo approach.
The Astrophysical Journal, 35, 1–6, 1977.
[210] P. Andreo. Monte Carlo techniques in medical radiation physics. Physics in
Medicine and Biology, 36, 861–920, 1991.

BIBLIOGRAPHY

165

[211] B.C. Wilson and G. Adam. A Monte Carlo model for the absorption and flux
distributions of light in tissue. Medical Physics, 10, 824–830, 1983.
[212] E. Alerstam, T. Svensson, and S. Andersson-Engels. Parallel computing with graphics processing units for high-speed Monte Carlo simulation of photon migration.
Journal of Biomedical Optics, page 060504, 2008.

IN

[213] W. Lo, K. Redmond, J. Luu, P. Chow, J. Rose, and L. Lilge. Hardware acceleration
of a Monte Carlo simulation for photodynamic therapy treatment planning. Journal
of Biomedical Optics, 14, 014019, 2009.

N

[214] F. Martelli, S. Del Bianco, A.Ismaelli, and G.Zaccanti. Light Propagation through
Biological Tissue and Other Diffusive Media: Theory, Solutions, and Software.
SPIE Press, Bellingham, 2009.

O

[215] E.D. Cashwell and C.J. Everett. A Practical Manual on the Monte Carlo Method
for Random Walk Problems. Pergamon Press, New York, 1959.

R

[216] J.D. Foley and A. van Dam. Computer Graphics: Principles and Practice. Addison
Wesley, Reading, MA, 1990.

D
O

[217] R.A. Plastock and G. Kalley. Theory and Problems of Computer Graphics. McGrawHill, New York, 1986.
[218] M.J.C. van Gemert, S.L. Jacques, H.J.C.M. Sterenborg, and W.M. Star. Skin optics.
IEEE Transactions on Biomedical Engineering, 36, 1146–1154, 1989.

A

[219] L.G. Henyey and J.L. Greenstein. Diffuse radiation in the galaxy. Astrophysical
Journal, 93, 70–83, 1941.
[220] J. Piskozub and D. McKee. Effective scattering phase functions for the multiple
scattering regime. Optics Express, 19, 4787–4794, 2011.
[221] V.L. Kuzmin and I.V. Meglinski. Numerical simulation of coherent effects under
the multiple scattering conditions. Optics and Spectroscopy, 97, 101–106, 2004.
[222] C. Zhu and Q. Liu. Review of Monte Carlo modeling of light transport in tissues.
Journal of Biomedical Optics, 18, 050902–050912, 2013.
[223] A. Kienle and M. S. Patterson. Determination of the optical properties of turbid
media from a single Monte Carlo simulation. Physics in Medicine and Biology, 41,
2221–2227, 1996.

166

BIBLIOGRAPHY

[224] A. Pifferi, P. Taroni, G. Valentini, and S. Andersson-Engels. Real-Time Method for
Fitting Time-Resolved Reflectance and Transmittance Measurements with a Monte
Carlo Model. Applied Optics, 37, 2774–2780, 1998.
[225] D. Goldstein. Polarized Light, Second Edition Revised And Expanded. Marcel
Dekker, New York, 2007.

IN

[226] S.V. Gangnus, S.J. Matcher, and I.V. Meglinski. Monte Carlo modeling of polarized
light propagation in biological tissues. Laser Physics, 14, 1–6, 2004.

N

[227] A.J. Radosevich, J.D. Rogers, I.R. Capoglu, N.N Mutyal, P. Pradhan, and V. Backman. Open source software for electric field Monte Carlo simulation of coherent
backscattering in biological media containing birefringence. Journal of Biomedical
Optics, 17, 115001–13, 2012.

O

[228] X. Wang and L.V. Wang. Propagation of polarized light in birefringent turbid
media: A Monte Carlo study. Journal of Biomedical Optics, 7, 279–290, 2002.

R

[229] D. Layden, M.F.G. Wood, and I.A. Vitkin. Optimum selection of input polarization
states in determining the sample Mueller matrix: a dual photoelastic polarimeter
approach. Optics Express, pages 20466–20481, 2012.

D
O

[230] D. Cote and A. Vitkin. Robust concentration determination of optically active
molecules in turbid media with validated three-dimensional polarization sensitive
Monte Carlo calculations. Optics Express, 13, 148–163, 2005.

A

[231] J. Sawicki, N. Kastor, and M. Xu. Electric field Monte Carlo simulation of coherent
backscattering of polarized light by a turbid medium containing Mie scatterers.
Optics Express, 16, 5728–5738, 2008.
[232] F. Pedrotti, L. Pedrotti, and L. Pedrotti. Introduction to Optics, Third Edition.
Prentice Hall, 2007.
[233] E. Collett. Field Guide to Polarization. SPIE Field Guides vol. FG05, SPIE, 2005.
[234] P. Yeh. Extended Jones matrix method. Journal of the Optical Society of America,
72, 507–513, 1982.
[235] A. Mariampillai, B.A. Standish, E.H. Moriyama, M.Khurana, N.R. Munce, M.K. Leung, J. Jiang, A.Cable, B.C. Wilson, I.A. Vitkin, and V.X.D. Yang. Speckle variance
detection of microvasculature using swept-source optical coherence tomography.
Optics Letters, 33, 1530–1532, 2008.

BIBLIOGRAPHY

167

[236] V.L. Kuzmin and I.V. Meglinski. Numerical simulation of coherent back-scattering
and temporal intensity correlations in random media (Overview). Quantum Electronics, 36, 990–1002, 2006.
[237] I.V. Meglinski, M. Kirillin, V.L. Kuzmin, and R. Myllyla. Simulation of polarizationsensitive optical coherence tomography images by a Monte Carlo method. Optics
Letters, 33, 1581–1583, 2008.

N

IN

[238] N. Ghosh, M. Wood, and A. Vitkin. Mueller matrix decomposition for extraction of
individual polarization parameters from complex turbid media exhibiting multiple
scattering, optical activity, and linear birefringence. Journal of Biomedical Optics,
13, 044036, 2008.

O

[239] E. Akkermans, P.E. Wolf, R. Maynard, and G. Maret. Theoretical study of the
coherent backscattering of light by disordered media. Journal of Physics France, 49,
77–98, 1988.

R

[240] H. Bethe and E. Salpeter. A Relativistic Equation for Bound-State Problems. Physical Review Letters, 84, 1232–1242, 1951.

D
O

[241] V.L. Kuzmin and E.V. Aksenova. A generalized Milne solution for the correlation
effects of multiple light scattering with polarization. Journal of Experimental and
Theoretical Physics, 96, 816–831, 2003.
[242] R.G. Newton. Optical theorem and beyond. American Journal of Physics, 44,
639–642, 1976.

A

[243] P.S. Carney, E. Wolf, and G.S. Agarwal. Statistical generalizations of the optical
cross-section theorem with application to inverse scatter. Journal of the Optical
Society of America A, 14, 3366–3371, 1997.

[244] V.L. Kuzmin, V.P. Romanov, and L.A. Zubkov. Propagation and scattering of light
in fluctuating media. Physics Reports, 248, 71–368, 1994.
[245] F.L. Pedrotti, L.M. Pedrotti, and L.S. Pedrotti. Introduction to Optics, Third Edition.
Prentice Hall, 2007.
[246] B.E. Bouma and G. Tearney. Handbook of Optical Coherence Tomography. Marcel
Dekker, New York, 2001.
[247] D. Clarke and J.F. Grainger. Polarized Light and Optical Measurements. Pergamon
Press, New York, 1971.

168

BIBLIOGRAPHY

[248] M. Born and E. Wolf. Principles of Optics: Electromagnetic Theory of Propagation,
Interference and Diffraction of Light, 6th edition. Pergamon Press, 1986.
[249] S. Schach. Object-Oriented and Classical Software Engineering, Seventh Ed.
McGraw-Hill, 2006.

IN

[250] A. Doronin and I. Meglinski. Online object oriented Monte Carlo computational
tool for the needs of biomedical optics. Biomedical Optics Express, 2, 2461–2469,
2011.

N

[251] A. Doronin and I. Meglinski. Monte Carlo simulation of photon migration in
turbid random media based on the object-oriented programming paradigm. SPIE
Proceedings, 7907, 790709, 2011.
[252] S. McConnell. Code Complete, Second ed. Microsoft Press, 2004.

O

[253] D. B. Kirk and W.W. Hwu. Programming Massively Parallel Processors: A handson Approach. MK Publishers, 2010.

R

[254] J. Sanders and E. Kandrot. CUDA by Example: An Introduction to General-Purpose
GPU Programming. Addison-Wesley, 2010.

D
O

[255] CUDA C Programming Guide, CUBLAS Library, CUFFT Library, CURAND Library. NVIDIA Corporation, 2013.
[256] A. Troelsen. Pro C# 2010 and the .NET 4 Platform. APRESS, 2010.
[257] A. Freeman M. MacDonald and M. Szpuszta. Pro ASP.NET 4 in C# 2010, Fourth
ed. APRESS, 2010.

A

[258] L. Moroney. Microsoft Silverlight 4 Step by Step. Microsoft Press, 2010.
[259] N. Pathak. Pro WCF 4: Practical Microsoft SOA Implementation. APRESS, 2011.
[260] N. Pathak. Pro WPF in C# 2010: Windows Presentation Foundation in .NET 4.
APRESS, 2010.

[261] A. Troelsen. Developer’s Workshop to COM and ATL 3.0. Wordware Publishing,
2000.
[262] K. Ragab, T. Helmy, and A. Hassanien. Developing Advanced Web Services through
P2P Computing and Autonomous Agents: Trends and Innovations. Information
Science Reference, 2010.

BIBLIOGRAPHY

169

[263] M. Neely. Peer Fun: A Peer-To-Peer Work Processing App With WCF. MSDN
Magazine, 6, 2009.
[264] R.G. Giovanelli. Reflection by semi-infinite diffusers. Optica Acta, 2, 153–162,
1995.

IN

[265] S.A. Prahl. Light transport in tissue. PhD thesis, University of Texas at Austin,
1988.
[266] Q. Fang. Mesh-based Monte Carlo method using fast ray-tracing in Plücker coordinates. Biomedical Optics Express, 1, 165–175, 2010.

O

N

[267] I.V. Meglinski, A.N. Bashkatov, E.A. Genina, D.Y. Churmakov, and V. V. Tuchin.
The enhancement of confocal images of tissues at bulk optical immersion. Laser
Physics, 13, 65–69, 2003.

R

[268] D.Y. Churmakov, I.V. Meglinski, and D.A. Greenhalgh. Influence of refractive index
matching on the photon diffuse reflectance. Physics in Medicine and Biology, 47,
4271–4285, 2002.

D
O

[269] S.R. Arridge. Photon-measurement density functions. Part I: Analytical forms.
Applied Optics, 34, 7395–7409, 1995.
[270] M. Firbank, E. Okada, and D.T. Delpy. A theoretical study of the signal contribution
of regions of the adult head to near-infrared spectroscopy studies of visual evoked
responses. Neuroimage, 8, 69–78, 1998.

A

[271] R.R. Anderson, J. Hu, and J.A. Parrish. Optical radiation transfer in the human
skin and applications in in vivo remittance spectroscopy. Edited by R. Marks and
P.A. Payne, in Bioengineering and the Skin, pages 253–265. MTP Press, Lancaster,
1981.
[272] R.R. Anderson and J.A. Parrish. Optical properties of human skin. Edited by J.D.
Regan and J.A. Parrish, in The Science of Photomedicine, pages 147–194. Plenum
Press, New York, 1982.
[273] J.W. Feather, J.B. Dawson, and D.J. Barker J.A.A. Cotterill. Theoretical and
experimental study of the optical properties of in vivo skin. Edited by R. Marks and
P.A. Payne, in Bioengineering and the Skin, pages 275–281. MTP Press, Lancaster,
1981.

170

BIBLIOGRAPHY

[274] S.L. Jacques. The role of skin optics in diagnostic and therapeutic use of lasers.
Edited by R. W. Steiner, R. Kaufmann, M. Landthaler, and O. Braun-Falco, in
Lasers in Dermatology, pages 1–21. Springer-Verlag, Berlin, 1991.
[275] R. Graaff, M.H. Koelink, F.F.M. de Mul, W.G. Zijlstra, A.C.M. Dassel, and J.G.
Aarnoudse. Optical properties of human dermis in vitro and in vivo. Applied Optics,
32, 435–447, 1993.

IN

[276] M. Rajadhyaksha and J.M. Zavislan. Confocal reflectance microscopy of unstained
tissue in vivo. Retinoids and Lipid-Soluble Vitamins in Clinical Practice, 14, 26–30,
1998.

N

[277] J.M. Schmitt and G. Kumar. Optical scattering properties of soft tissue: a discrete
particle model. Applied Optics, 37, 2788–2797, 1998.

R

O

[278] R.M.P. Doornbos, R. Lang, M.C. Aalders, F.M. Cross, and H. J.C.M. Sterenborg.
The determination of in vivo human tissue optical properties and absolute chromophore concentrations using spatially resolved steady-state diffuse reflectance
spectroscopy. Physics in Medicine and Biology, 44, 967–981, 1999.

D
O

[279] G.F. Odland. Structure of the skin. Edited by L.A. Goldsmith, in Physiology,
Biochemistry, and Molecular Biology of the Skin, 1, chapter 1, pages 3–62. SPIE
Press, 1991.
[280] W.F. Cheong, S.A. Prahl, and A.J. Welch. A review of the optical properties of
biological tissues. IEEE Journal of Quantum Electronics, 26, 2166–2185, 1990.

A

[281] L.F.A. Douven and G.W. Lucassen. Retrieval of optical properties of skin from
measurement and modeling the diffuse reflectance. In Laser-Tissue Interaction XI:
Photochemical, Photothermal, and Photomechanical, 3914, pages 312–323, 2000.
[282] G.J. Tearney, M.E. Brezinski, J.F. Southern, B.E. Bouma, M.R. Hee, and J.G.
Fujimoto. Determination of the refractive index of highly scattering tissue by optical
coherence tomography. Optics Letters, 20, 2258–2261, 1995.
[283] S. Gonzalez, M. Rajadhyaksha, and R.R. Anderson. Non-invasive (real-time)
imaging of histologic margin of a proliferative skin lesion in vivo. Journal of
Investigative Dermatology, 111, 538–539, 1998.
[284] J.T. Whitton and J.D. Everall. The thickness of the epidermis. British Journal of
Dermatology, 89, 467–476, 1973.

BIBLIOGRAPHY

171

[285] V. Ntziachristos, J. Ripoll, L. V. Wang, and R. Weissleder. Looking and listening
to light: the evolution of whole-body photonic imaging. Nature Biotechnology, 23,
313–320, 2005.
[286] F. Helmchen and W. Denk. Deep tissue two-photon microscopy. Nature Methods, 2,
932–940, 2005.

IN

[287] V. Ntziachristos. Going deeper than microscopy: the optical imaging frontier in
biology. Nature Methods, 7, 603–614, 2010.

N

[288] H. Key, E. R. Davies, P. C. Jackson, and P. Wells. Optical attenuation characteristics
of breast tissues at visible and near-infrared wavelengths. Physics in Medicine and
Biology, 36, 579–590, 1991.

R

O

[289] D. B. Sarwer, T. A. Wadden, and L. A. Whitaker. An investigation of changes in
body image following cosmetic surgery. Plastic and Reconstructive Surgery, 109,
363–369, 2002.

D
O

[290] H. Y. S. Li, Y. Qiao, and D. Psaltis. Optical network for real-time face recognition.
Applied Optics, 32, 5026–5035, 1993.
[291] J. Dolmans, D. Fukumura, and R. Jain. Photodynamic therapy for cancer. Nature
Reviews Cancer, 3, 380–387, 2003.

A

[292] J. T. Eells, M. M. Henry, P. Summerfelt, M. T. Wong-Riley, E. V. Buchmann,
M. Kane, N. T. Whelan, and H. T. Whelan. Therapeutic photobiomodulation
for methanol-induced retinal toxicity. Proceedings of the National Academy of
Sciences, USA, 100, 3439–3444, 2003.

[293] V. V. Yakovlev, H. F. Zhang, G. D. Noojin, M. L. Denton, R. J. Thomas, and M. O.
Scully. Stimulated Raman photoacoustic imaging. Proceedings of the National
Academy of Sciences, USA, 207, 20335–20339, 2010.
[294] N. V. Tkachenko. Optical Spectroscopy: Methods and Instrumentations. Elsevier
Science, 2006.
[295] J. K. Ranka, R. S. Windeler, and A. J. Stentz. Visible continuum generation in
air-silica microstructure optical fibers with anomalous dispersion at 800 nm. Optics
Letters, 25, 27–27, 2000.

172

BIBLIOGRAPHY

[296] G. I. Petrov, V. V. Yakovlev, and N. I. Minkovski. Broadband nonlinear optical conversion of a high-energy diode-pumped picosecond laser. Optics Communications,
229, 441–445, 2004.
[297] S.J. Matcher, M. Cope, and D.T. Delpy. Use of the water absorption spectrum to
quantify tissue chromophore concentration changes in near-infrared spectroscopy.
Physics in Medicine and Biology, 39, 177–196, 1994.
to 200

IN

[298] G.M. Hale and M.R. Querry. Optical constants of water in the 200
wavelength region. Applied Optics, 12, 555–563, 1973.

N

[299] I.S. Saidi, S.L. Jacques, and F.K. Tittel. Mie and Rayleigh modeling of visible-light
scattering in neonatal skin. Applied Optics, 34, 7410–7418, 1995.

O

[300] S.T. Flock, B.C. Wilson, and M.S. Patterson. Total attenuation coefficients and
scattering phase functions of tissues and phantom materials at 633
. Medical
Physics, 14, 835–841, 1987.

R

[301] W.A. Bruls and J.C. van der Leun. Forward scattering properties of human epidermal layers. Photochemistry and Photobiology, 40, 231–242, 1984.

D
O

[302] S. K. Shevell. The Science of Color, Second Edition. Optical Society of America,
Washington DC, 2003.
[303] A. Vitkin. Shedding Some Light on the Blue Vein Enigma. Optics and Photonics
News, 8, 39–41, 1997.

A

[304] Th.M. Nieuwenhuizen and J.M. Luck. Skin layer of diffusive media. Physical
Review E, 48, 569–588, 1993.

[305] V.L. Kuzmin. The Milne problem solution for the temporal correlation function of
an electromagnetic field. Optics and Spectroscopy, 93, 439–448, 2002.
[306] L. Rojas-Ochoa, D. Lacoste, R. Lenke, P. Schurtenberger, and F. Scheffold. Depolarization of backscattered linearly polarized light. Journal of the Optical Society
of America A, 21, 1799–1804, 2004.
[307] D.A. Zimnyakov, J.-T. Oh, Yu.P. Sinichkin, V.A. Trifonov, and E.V. Gurianov.
Polarization-sensitive speckle spectroscopy of scattering media beyond the diffusion
limit. Journal of the Optical Society of America A, 21, 59–70, 2004.

BIBLIOGRAPHY

173

[308] S. Proskurin and I. Meglinski. Optical Coherence Tomography imaging depth
enhancement by superficial skin optical clearing. Laser Physics Letters, 4, 824,
2007.
[309] I.V. Meglinski, S.J. Matcher A.N. Bashkatov, E.A. Genina, and V.V. Tuchin. Confocal probing of skin during its clearing. In IEEE Proceeding of CLEO/Pacific Rim,
1, pages I234–I235, 2001.

IN

[310] V.L. Kuzmin and I.V. Meglinski. Helicity flip of backscattered circularly polarized
light. SPIE Proceedings, 7573, 75730, 2010.

N

[311] D. Bicout, C. Brosseau, A.S. Martinez, and J.M. Schmitt. Depolarization of multiply
scattered waves by spherical diffusers: Influence of the size parameter. Physical
Review E, 49, 1767–1770, 1994.

O

[312] I. Meglinski and V.L. Kuzmin. Coherent backscattering of circularly polarized
optical radiation from a disperse random medium. Progress In Electromagnetics
Research M, 16, 47–61, 2011.

R

[313] K. Nouri. Skin Cancer. The McGraw-Hill Companies Inc., 2008.

D
O

[314] D. Mackenzie. The Poincaré Conjecture - Proved. Science, 314, 1848–1849, 2006.
[315] L. Tchvialeva, I. Markhvida, D. McLean, H. Lui, H. Zeng, and T. Lee. Eliminating
the effect of bulk scattering when measuring skin surface roughness using speckle
contrast: a skin phantom study. SPIE Proceedings, 8230, 823004, 2012.

A

[316] D. Bergstrom, J. Powell, and A. Kaplan. A ray-tracing analysis of the absorption
of light by smooth and rough metal surfaces. Journal of Applied Physics, 101,
113504/1–11, 2007.
[317] D. Bergstrom, J. Powell, and A. Kaplan. The absorption of light by rough metal
surfaces - A three-dimensional ray-tracing analysis. Journal of Applied Physics,
103, 103515/1–12, 2008.
[318] M. Zerrad, J. Sorrentini, G. Soriano, and C. Amra. Gradual loss of polarization in
light scattered from rough surfaces: Electromagnetic prediction. Optics Express,
pages 15832–15843, 2010.
[319] D. Huang, E.A. Swanson, C.P. Lin, J.S. Schuman, W.G. Stinson, W. Chang, M.R.
Hee, T. Flotte, K. Gregory, and C.A. Puliafito. Optical coherence tomography.
Science, 254, 1178–1181, 1991.

174

BIBLIOGRAPHY

[320] H.C. Lowe, J. Narula, J.G. Fujimoto, and I.K. Jang. Intracoronary Optical Diagnostics. American College of Cardiology Foundation, 4, 1257–1270, 2011.
[321] J.W. Villard, K.K. Cheruku, and M.D. Feldman. Applications of optical coherence
tomography in cardiovascular medicine, part 1. Journal of Nuclear Cardiology, 16,
287–303, 2009.

IN

[322] E. Regar, A.G. van Leeuwen, and P.W. Serruy. Optical Coherence Tomography in
Cardiovascular Research. Informa Healthcare, 2007.

N

[323] M. Bonesi, D.Y. Churmakov, and I. Meglinski. Study of flow dynamics in complex
vessels by using Doppler Optical Coherence Tomography. Measurement Science
and Technology, 18, 3279–3286, 2007.

O

[324] M. Bonesi, D.Y. Churmakov, L.J. Ritchie, and I.Meglinski. Turbulent flow monitoring with Doppler Optical Coherence Tomography. Laser Physics Letters, 4,
304–307, 2007.

R

[325] J. Youn, T. Akkin, and T. Milner. Electrokinetic measurement of cartilage using
differential phase optical coherence tomography. Physiological Measurement, 25,
85–95, 2004.

D
O

[326] J. W. Goodman. Statistical Optics. Wiley-Interscience, 1985.
[327] E. Jonathan, J. Enfield, and M.J. Leahy. Correlation mapping method for generating
microcirculation morphology from optical coherence tomography (OCT) intensity
images. Journal of Biophotonics, 4, 583–587, 2011.

A

[328] R. Gonzalez and R. Woods. Digital Image Processing, 3rd edition. Prentice Hall,
2008.
[329] J. Lim. Two-Dimensional Signal and Image Processing. Prentice Hall, 1989.
[330] A. C. Bovik. The Essential Guide to Image Processing, Second Edition. USA,
Cambridge, 2009.
[331] C. Polk and E. Postow. Handbook of Biological Effects of Electromagnetic Fields.
CRC Press, 1996.
[332] K.R. Foster and H.P. Schwan. Dielectric properties of tissues and biological
materials: a critical review. Critical Reviews in Biomedical Engineering, pages
25–104, 1989.

BIBLIOGRAPHY

175

[333] C. Katnik and R. Waugh. Electric fields induce reversible changes in the surface
to volume ratio of micropipette-aspirated erythrocytes. Biophysical Journal, page
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