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Abstract

Little is known about the visual experience of human fetuses within the womb.
For many years, the uterus was assumed to be a dark environment, limited
only to illumination under intense radiation. Recent research, however, shows
that the human fetus exhibits brain activity when presented with visual stimuli
and displays a preference for face-like stimuli presented via laser diode applica-
tion to the maternal abdominal exterior. Despite growing evidence to support
the notion of a visually engaged fetus during gestation, there has been mini-
mal research undertaken to determine the extent to which the human uterus
is illuminated by external light sources. Beyond aiding with experimental
research in fetal vision, an understanding of uterine illumination begins to
reveal the impact of varying environmental conditions on the fetal visual ex-
perience, with direct relevance to ongoing research across fields such as fetal
vision, photoacoustics, and ectogenesis. This thesis outlines a mathematical
model developed for the purposes of simulating the propagation of light sources
through maternal tissue to the human fetus, with applications exploring the
effect of adipose on transdermal monochromatic stimuli, the degree of uterine
illumination imposed by natural light, and an extension to the illumination of
a full maternal abdomen via a model that can account for curvature, varying

tissue layer thicknesses, and the temporal aspects of pregnancy.
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Chapter 1

Introduction

Human life begins within the womb, and for many, this is also the starting
point for visual development and visual experience; however, very little is
known about the uterine visual landscape. For years, the illumination of this
environment by external light sources was assumed to be negligible or zero
[Myowa-Yamakoshi and Takeshita, 2006, unless the maternal abdomen was
exposed directly to a powerful light source [Liley, 1972].

In recent years, investigations of fetal visual development and the fetal
visual experience have been confined to researchers in fields such as Devel-
opmental Psychology; however, experimental work indicates that the human
fetus is capable of recognising and responding to external visual stimuli, such
as laser diodes [Reid et al., 2017], and initial simple modelling performed sug-
gested that the fetus may not develop in the same completely dark environment
as previously assumed |Del Giudice, 2011].

Hence, the revelation that the human fetus can be engaged via transdermal
laser stimuli has reignited interest in exploring, for instance, the appearance of
such stimuli to the fetus and the attenuation of light signals through maternal
tissue. Such work is typically performed through the use of mathematical
models that utilise Monte Carlo methods, referred to as the “gold standard” in
tissue optics [Periyasamy and Pramanik, 2017|, to simulate large numbers of

photons as they propagate through a tissue environment — in a similar manner



to “ray tracing”. These simulations can be constructed to provide an estimate
of delivered stimuli brightness, potential visual appearance to the fetus, and
an understanding of the relationship between light and maternal tissue.

Further, with the advent of products such as the artificial womb known as
BioBag [Partridge et al., 2017, the need for an understanding of how light in-
terfaces with maternal tissue and amniotic fluid to reach the fetus is paramount
to ensure that products are developed in a way that replicates the human uter-
ine environment. Similarly, there is motivation in fields such as developmental
psychology, transabdominal oximetry, and photoacoustics to explore the ex-
tent to which light penetrates maternal abdominal tissue and understand how
transdermal stimuli appear to the fetus. Consequently, this research plays a
key role in aiding both the future development of commercial products and in
guiding future experimental work in fetal vision.

This thesis first outlines the history and concepts involved with Monte
Carlo modelling, explores the history of tissue optics, and discusses prior ap-
plications of computational modelling techniques to problems involving light
and the human fetus. Next, a new mathematical model based on a Monte
Carlo algorithm is developed and used to explore the interaction of point light
sources with maternal tissue and amniotic fluid on the way to reaching the
fetus. This model is then extended and expanded for applications to natural
light and clothing. Finally, we introduce tissue curvature and varying tissue
thicknesses to allow the model to simulate natural light entering the womb

from all directions and across gestation.

1.1 Thesis Objectives

The primary objective of this thesis is to develop and implement mathemati-
cal models to simulate the dispersion, scattering, and attenuation of arbitrary

light signals projected through dynamically dispersive maternal human tissue.



To achieve this, the following research objectives must be implemented:

1. By incorporating existing datasets and tissue type profiles into the sim-

ulations, explore the interaction of light with different tissues to build a
realistic model of how external point light sources appear to the fetus.
Use this model to investigate the optimal point light source for deliver-
ing a visual stimulus to the fetus and to link the intensity of externally
applied point sources to the intensity reaching the fetus as a function of

the thickness of intervening tissue and fluid layers (Chapter 5).

. Simulate the effect of skin coverings and extend simulations from point
sources of light to natural light sources distributed across larger regions

of the maternal abdomen (Chapter 7).

. Extend the model to account for light entering the curved maternal ab-
domen from all directions and to enable the model to replicate the evo-

lution of tissue thickness over the course of pregnancy (Chapter 9).

1.2 Contributions

The main contributions of this thesis to the field of research are:

1. Exploring the extent to which point source laser diode stimuli illumi-

nate the womb and offering the first attempt at understanding how such
stimuli may appear to the fetus, as well as introducing an adaptable
model that can be used for Monte Carlo simulations of photon-tissue

Interactions.

. Introducing an expanded approach to Monte Carlo modelling of photon
interactions with maternal tissue which provides the field’s first attempt
at understanding the uterine illumination provided by natural external
light sources, as well as an initial understanding of the extent to which

clothing impacts the visual environment.



3. Extending the model to allow for curvature of the womb, illumination
from all directions with varying intensities, and tissue layer thicknesses
that may vary across time and space. This is the first such model of
the human womb and allows exploration of the evolution of the uterine

visual landscape across the period of gestation.

1.3 List of Publications

During the course of this research, the following articles have been submitted

to peer-reviewed journals:

Zac Isaac, Jacob Heerikhuisen, Vincent Reid. The effect of adipose tis-
sue on transdermal monochromatic light presented to the human fetus using
Monte Carlo simulations. Accepted for Publication in Scientific Reports - Na-

ture, 2024.

Zac Isaac, Jacob Heerikhuisen, Vincent Reid. Modeling the propagation of
natural light to the human womb using Monte Carlo simulations. Submitted

to Proceedings of the Royal Society B, 2024.

The following articles are soon to be submitted to peer-reviewed journals:

Zac Isaac, Jacob Heerikhuisen, Vincent Reid. Modeling the full human
uterine visual environment. To be Submitted to the Journal of the Royal Society

Interface, 2024.

1.4 Chapter Outline

The thesis is organised as follows:
Chapter 2 provides background information that is beneficial for under-

standing the context of this field, the approaches used in similar applications,



and the motivation behind the usage of specific methods in our research.

Chapter 3 provides a comprehensive outline of the base algorithm and
theory employed by steady-state Monte Carlo models of light propagation in
multiple layers of simple, homogeneous tissue.

Chapter 4 discusses the motivation leading to Chapter 5.

Chapter 5 introduces our developed model and applies it to an initial
problem where we explore the extent to which adipose tissue impacts point
source stimuli delivered to the fetus.

Chapter 6 discusses the motivation and model development leading to
Chapter 7.

Chapter 7 extends the modelling in Chapter 5 to account for natural light
across a larger region of tissue and also introduces skin coverings.

Chapter 8 discusses the motivation and model development leading to
Chapter 9.

Chapter 9 extends the previous planar tissue modelling to the entire
curved human womb, allowing a more physically accurate exploration of the
evolution of the entire uterine visual landscape across gestation.

Finally, the thesis is concluded in Chapter 10 with a discussion of the
overall thesis contributions, an analysis of limitations and future improve-

ments, and an overview of further research paths.
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Chapter 2

Background and Context

In this section, we provide background context for the mathematical modelling
employed within this research. In addition, we outline several areas in which
these techniques have been applied. The discussion of such applications serves

to motivate the usage of such methods in our own research.

2.1 Historical and Theoretical Context

The term “Monte Carlo method” refers to a wide class of mathematical and
computational techniques used to predict the outcomes of an uncertain event
through generation of approximate results via repeated random sampling.
More generally, the Monte Carlo (MC) method can be used to provide numer-
ical solutions to problems involving the evolution over time of object-object
interactions |Bielajew, 2013| — i.e., randomness can be used to approximate
the outcomes of complex, but deterministic, aspects of a problem. Within an
individual MC simulation, we follow the temporal evolution of a model whose
changes follow a complex set of often intractable equations. Instead, the evolu-
tion proceeds in a stochastic manner dependent on random numbers generated
during the simulation. If we were to repeat the process, our simulation results
would likely differ individually from those of the first due to the random num-
ber generation; however, the agreement across the two simulations would fall

within some “statistical error” [Landau and Binder, 2014|, and the result will



eventually converge as we continue to increase the sample size.

Famously, the supposed inspiration for the MC method occurred in the
late 1940s, during a time when nuclear weapons projects required the inves-
tigation of neutron diffusion in fissionable material [Eckhardt, 1987]. Due to
the complexities involved with this research, physicists made slow progress on
analytical solutions despite having access to most of the required data. This is-
sue remained a hindrance until the physicist Stanislaw Ulam began to consider
(while recovering from an illness) several methods of determining the chances
of successfully completing a game of solitaire. After attempting conventional
calculations via combinatorics and finding little success, he instead proposed
the possibility of playing one hundred games while counting the number of
successful outcomes [Eckhardt, 1987]. This could then present an estimate of
the overall likelihood of successful completion. With the growing usage of fast
computers for research, Ulam noted the relative ease with which this method
involving random experiments could be pursued and began to consider its ex-
tension to his own research problems around neutron diffusion. The name
“Monte Carlo method” was consequently coined by Ulam’s colleague, Nicholas
Metropolis, in reference to the famous casino and its relevance to the random-
ness employed via the method [Metropolis, 1987].

Though the story of Ulam and his solitaire problem provides an interest-
ing segue into the development of the modern MC method, the idea of using
stochastic sampling methods to determine numerical solutions had been ex-
plored several times before the 1900s. Most prominently, Comte de Buffon
[1777| posed the following problem: assuming a floor is made of parallel strips
of equal width wood, if we drop a needle onto the floor, what is the prob-
ability that it lies across the boundary line between two strips? Comte de
Buffon proposed a solution which involved a MC-like method where needles
were repeatedly tossed onto the floor, with the needles crossing lines counted
and then used to determine the probability of interest. A further early consid-

eration of using random sampling methods to obtain numerical solutions was



later made by Pierre-Simon Laplace, who suggested the implementation of a
similar process to that of Comte de Buffon in order to determine the value of
7 |Laplace, 1886].

Regardless of when the first usage of the MC method occurred, its imple-
mentation in the laboratories of Los Alamos by Ulam and his colleagues — at a
time when computers were emerging — led to an explosion of research utilising
MC methods across the fields of physics, chemistry, and computing: Bielajew
[2013| estimated that over 300,000 papers had been published utilising the
method by 2011.

Mathematically, the MC method is simple. When a desired quantity is
to be calculated, we first express it as the expectation of a random variable
X — that is, p = E(X). Next, we generate from the distribution of X a
predetermined number of independent and random values X, X5, ..., X, and

proceed to determine their average as our estimate of pu:

1 n
~ ==Y X, 2.1
PR i = ;_1 (2.1)

The complication with this simple approach arrives through the dependence
of X on other variables — that is, X = f(Y), where Y represents a vector
of unknown constraints determining X. In this case, Y € D C R% with a
probability density function (PDF), p(y), that determines the likelihood of Y’
being within a given range. Consequently, in the case of X being dependent

on other variables, our method for determination of the expectation becomes

b= /D F(w)p(y)dy. (2.2)

It is important here to highlight how it does not necessarily matter what exact
variable(s) or constraints that Y represents. Rather, so long as X = f(Y) is
a quantity that can be averaged, we can look to apply the MC method.

The justification for applying the Monte Carlo method can be seen through
the law of large numbers. Specifically, if we take our random variable X as be-
fore (with an existing value for 4 = E(X)) and again generate the independent

and identically distributed values X1, Xs, ..., X,, with the same distribution as
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X, we can see the following through applying the weak law of large numbers:

lim P(|ji — p <€) =1, (2.3)

n—oo

where P(...) represents the probability of the argument occurring, and this
holds for any value of € greater than 0. In short, the probability of our esti-
mated average, [i,,, missing the true average, u, by more than € tends to zero
as we increase the sample size. Further, the strong law of large numbers says

that
P(lim o — 1] :o> ~ 1. (2.4)
n—oo

In other words, the absolute difference between our estimated average and the
actual average value will eventually become zero (and remain there) in the

limit as the sample size approaches infinity.

2.2 Applications of the MC Method

As Bielajew [2013] notes, the MC method has been employed in many fields.
A common application is seen in problems that involve the calculations of par-
ticle trajectories in a scattering medium. Within these problems, there are
aspects that rely on variables with given probability distributions — consider,
for example, how the speeds of gas particles obey a Maxwell-Boltzmann dis-
tribution [Maxwell, 1860]. It is at this point, when distributions become an
important component of the problem, that MC methods clearly become a use-
ful tool — that is, we can generate random values from these distributions for
use in computing estimates for a variable’s average.

As previously mentioned, perhaps the most famous usage of the MC method
was also its first. The neutron diffusion problems being investigated in the lab-
oratories of Los Alamos in the 1940s involved determining the distribution of
neutrons in space and time as a function of the geometrical configuration and of
the medium’s physical properties. Within the medium in which these nuclear

particles exist, there is the possibility for the particles to undergo absorption,
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scattering, or fission (in which case further nuclear particles are produced).
In order to determine the behaviour of this system, one might consider find-
ing solutions via analytical methods with the Boltzmann equations; however,
these “classical methods” are frequently laborious due to the high dimension-
ality with three space components and three velocity components [Metropolis
and Ulam, 1949|. Thus, the MC approach was employed to avoid dealing with
the multiple integrations and probability matrix computations involved with
the relevant integro-differential equations.

In using the MC method in such instances, one instead considers single
chains of events beginning with individual particles and following their progeny
[von Neumann and Richtmyer, 1947]. These chains of events may, in a sense,
also be viewed as Markov chains — that is, conditional on the current state of
the system, the chains’ previous and future states are (practically) indepen-
dent. Interestingly, the Markov Chain Monte Carlo method was consequently
introduced by Metropolis et al. [1953]. Within the chains of events, trajec-
tories are calculated through equations of motion and by taking appropriate
random variables at certain points to represent the occurrences of processes
such as scattering or fission. Following a single particle through its “walk”
then provides a sample of a chain reaction within the system. Subsequent gen-
eration of many such walks then allows for the calculation of average results
for quantities of interest, alongside the development of a macroscopic picture
of the distribution of neutrons within the medium. Due to the relative ease
of mechanically coding this iterative process into computers (both of the time
and now), the MC method was crucial in the development of neutron transport
research at Los Alamos and within the fields of atomic and nuclear physics.

As a more contemporary example demonstrating the extent of MC method
usage, in the field of heliophysics, research often involves exploring the inter-
action between the sun’s outward-flowing solar wind and the inward-flowing
local interstellar plasma. Again, this is a situation that involves consider-

ing trajectories of particles within a scattering medium, with statistical func-



12

tions governing distributions of variables such as particle speeds (for instance).
As opposed to following a continuum approach to exploring this interaction,
Baranov and Malama [1993| introduced a model of neutral hydrogen in the
heliosphere that used a Monte Carlo approach to simulate the trajectories
of hydrogen atoms. This built on the earlier proposition by Malama [1991]
for a MC scheme which would simulate the penetration of neutral interstellar
atoms into the solar system. Further work within the field continues to make
use of MC methods. For example, see Heerikhuisen et al. [2006], who present a
comparison between MC and multi-fluid approaches to modelling interactions
between interstellar hydrogen atoms and the solar wind.

Much usage of MC methods has occurred within the fields of medicine — it
is estimated that roughly 10% of all papers employing MC relate to medicine
[Bielajew, 2013]. There are several reviews that discuss the application of MC
methods to medical physics (see Bielajew [2013| for an example); however, a
common theme is to acknowledge the work of Berger [1963| in providing a
foundational framework for MC electron and photon transport (and their con-
sequent medical applications). This paper was of paramount importance for
the application of MC methods to problems in medical physics, especially, due
to the rapid development of technologies and procedures employing radiation
treatment. Within these treatments, energetic photons or charged particles
are used to penetrate tissue and cause DNA damage to cancerous cells (as
in radiation therapy, for example). Once more, this is a situation where the
trajectories of particles in a scattering (and absorbing) medium require cal-
culation with consideration of statistical processes such as the distribution of
scattering angles. Further, due to the nature of the involved applications, there
are high demands for accuracy of these treatments (across tissues that differ
in composition and density, and across varying radiation doses, measurements,
and instruments). As a result, MC methods currently provide the only way of
computing predictions of the required quantities that meet the required levels

of accuracy [Bielajew, 2013|.
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Following our discussion of the applications of MC methods to medical
physics, an evidently clear area of focus is that of tissue optics — the transport
of photons through a tissue medium. There exists a broad array of research
undertaken already within this area in its relatively short history, and a focal
point of investigation has been into the specific simulation of (and develop-
ment of models for) photon transmission through human tissue. This subset
of research falls within the wider field of computational biomedical optics, and
it is within this broad field that the work of this Ph.D. is primarily focused.
Further, the employment of MC methods is paramount to modelling the tra-
jectories of photons in tissue, and it is from here that this thesis will continue

its literature review in the following section.

2.3 Before MC Modelling

Before the common use of MC models in this field, analytic approaches focused
heavily on using the transport equation [Keijzer et al., 1989]. Also known as
the Boltzmann equation in statistical mechanics, when applied to the propa-
gation of light, the transport equation is frequently referred to as the equation
of (radiative) transfer (see Chandrasekhar [1960] for background theory). De-
spite the evident appeal to having a central governing equation underlying the
involved physical processes for tissue optics, such equation-based approaches
are increasingly limited in contemporary research. Mostly, this is due to the
common case that analytical solutions are not available for situations which
may be of physical interest in tissue optics [Welch and van Gemert, 2011]. For
instance, Keijzer et al. [1989] note that, although the equation of transfer has
been solved for a 1-D geometry, solutions for 2-D or 3-D geometry require the
angular distribution of scattered light to be severely restricted. These limita-
tions are in the same vein as those mentioned for solving the neutron diffusion
problems analytically in Section 2.2. Indeed, it is partly due to the fact that

there are no general solutions to these transport equations for tissue that the
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field has been forced to look to alternative methods.

A useful distinction employed in some applications of transport theory
involves separating problems into three distinct regimes based on the volume
density of scattering particles [Wang and Wu, 2007]. Consequently, it can
be shown — for dense mediums such as soft tissue at optical wavelengths —
that the equation of transfer is able to be simplified to what is known as the
diffusive theory approximation [Welch and van Gemert, 1995]. By assuming
the propagation of light to be a diffusive process, this approximation can assist
with finding reasonable solutions in situations where analytical solutions for
the equation of transfer are not available [Welch and van Gemert, 2011].

Thus, prior to the introduction of MC modelling for tissue optics, applying
the diffusion approximation and solving the resultant diffusion equations by
analytic or numerical means was a productive method of research. For in-
stance, Kubelka [1948] derived the Kubelka-Munk system of differential equa-
tions which model the diffuse transmittance and reflectance of plane tissue
layers. Further, via the same assumption of diffuse light, Kubelka [1954] ex-
tended the model to incorporate nonhomogeneous layers (where the scattering
and absorption coefficients varied with distance from the surface). More re-
cently, applications of the diffusive approximation have made use of theoretical
equations (such as Kubelka-Munk) in comparison to empirical measurements
of photon transport. For instance, Wan et al. [1981] measured in vitro human
tissue transmittance and compared this to predictions from diffusion theory
with reasonable success. Similarly, Flock et al. [1989] found results for sev-
eral variables from diffusion theory models to hold reasonable agreement with
those previously found empirically.

Although the diffusion approximation can provide results in decent (strong,
even) agreement with those found empirically, it has several limitations. Per-
haps primarily, its validity in tissue is limited to situations where the light
has been highly scattered [Welch and van Gemert, 2011| or the probability of

scattering events is much greater than that of absorption events [Duderstadt
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and Hamilton, 1976]. Hence, for example, tissues with high absorption (e.g.,
high levels of melanin) and low scattering coefficients would not be modelled
as accurately as the reverse case via the diffusion approximation. As a result,
the diffusion approximation begins to break down for the case where there is
high significance for absorption alone or as well as scattering processes — as
can be the case for tissue, though Flock et al. [1989] note that mammalian
tissues often satisfy the relative probabilities condition in the red and near
infrared regions of the spectrum.

Similarly, though the diffusion theory approximation can provide valid re-
sults and predictions far from the boundaries of a tissue region, its validity
near the boundaries is dependent on the formulation of the boundary condi-
tions; however, it is not usually the case for this approximation that these
boundary conditions can be fulfilled — i.e., diffusion theory is not valid near
the boundary [Duderstadt and Hamilton, 1976]. An example of this can be
seen in the work of Flock et al. [1989], who found that the diffusion approxi-
mation’s results fell away in terms of accuracy near the boundary (especially
in comparison to those of the MC model).

Further, the diffusion theory approximation can fail when photon path
lengths are too small (see Graaff et al. [1993]), it performs poorly when mod-
elling the upper regions of tissue where an incident laser beam primarily dif-
fuses (see Keijzer et al. [1989]), and — similar to analytic methods — there
are wavelength ranges where the approximation fails to provide reliable results
(see Patterson et al. [2005a] and Patterson et al. [2005b]). Consequently, mod-
elling research within tissue optics has moved towards what is referred to as
the “gold standard” [Periyasamy and Pramanik, 2017]: MC simulation. This
progression will be discussed further in the next section.

From an experimental perspective, prior to the introduction of MC meth-
ods to tissue optics, investigations into the propagation of light through tissue
had largely been limited to in vitro studies (with no in vivo systematic research

conducted). Much of the earlier in vitro research focused on the transmission
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of skin tissue, such as the work of Hardy et al. [1956] who noted that atten-
uation due to absorption and photon scattering at infrared wavelengths could
be combined into a single exponential form (a related theoretical idea used in
simulations is the Beer-Lambert Law, discussed in Section 3.3.1). This prop-
erty did not extend to the visible light range, however, which was proposed
to be due to inhomogeneities of skin samples (e.g., melanin pigmentation) at
increasing depths.

In contrast, in vivo studies are still relatively limited in tissue optics since
the advent of MC methods. Consequently, optical properties for these cases are
still being measured, though technological improvements over the past three
decades are allowing for rapid progress. For a review of the advancements
made in this area, see (for example) Sandell and Zhu [2011]; however, this
literature review shall not further address how the optical properties of tissue
are derived.

As discussed in Section 2.2, researchers had already begun to widely apply
MC simulation methods to radiation transport studies prior to the mid-1950s
[Profio, 1979]. Despite the early forays of radiation transport researchers into
MC modelling (see Raeside [1976], for instance), efforts to bring MC methods

to tissue optics did not begin until at least the early 1980s.

2.4 Early Computational Developments

Computer simulation of photon propagation through biological tissue via the
MC method was first conducted by Wilson and Adam [1983]. In this work,
a computational model was developed to simulate the propagation of light
through homogeneous tissue under different absorption and scattering ratios.
Specifically, light attenuation was assumed to result from a combination of ab-
sorption and isotropic scattering, the latter of which allowed a much-simplified
model alongside the assumed homogeneity of tissue. The isotropic scattering

incorporated by Wilson and Adam [1983| was identified as a limitation, due to



17

the recognition of tissue as being highly forward-scattering [Jacques and Prahl,
1987] — i.e., most scattering events in tissue result in photons scattering with
an angle of less than 90 degrees from their initial propagation direction. Hence,
future modifications to the model would eventually involve the extension to
anisotropic photon scattering, where the proportions of forward- and back-
scatter at collision events (through the scattering angle) could be adjusted
accordingly based on medium-specific parameters.

Subsequently, in measuring the radiant intensity of laser light scattering
(as a function of angle) for human tissue, Jacques et al. [1987] demonstrated
that the data could be well-described by an analytic expression known as the
Henyey-Greenstein (H-G) function. Initially used to describe the scattering
of light by clouds of interstellar dust [Henyey and Greenstein, 1941|, the H-G
function allows variation from back-scattering through isotropic scattering to
forward-scattering by the adjustment of a single parameter: the anisotropy, g,
which measures the level of forward direction conserved after each scattering
event. Typically, the value of g in biological tissue is ~0.9, indicating that it is
highly forward-scattering [Tuchin, 2007|. As it allows this variation of scatter-
ing with relative ease, the subsequent incorporation of anisotropic scattering
via the H-G function was introduced to MC simulation of photon propagation
in biological tissue by Keijzer et al. [1989]. Later programs employed in the
literature have continued to follow this method of anisotropic scattering until
the present day. For a more theoretical discussion of the anisotropy parameter
and the H-G function, see Sections 3.1.3 and 3.5.2.

In addition, the model of Keijzer et al. [1989] introduced a common nomen-
clature used in structuring photon transport programs [Jacques and Wang,

1995]:

e “Hop”, where the photon (or, more commonly, photon packet with pre-

designated weight) takes a step along its trajectory,

e “Drop”, describing the photon interacting with the tissue at its new po-

sition in a manner that involves a portion of the packet’s weight being
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absorbed, and

e “Spin”, which is where the photon is scattered into a new direction ac-

cording to a chosen scattering function (commonly, the H-G function).

Until the late-1980s, MC modelling of photon transport in biological tis-
sue described photon spatial positions via cylindrical coordinates (Figure 2.1),
with direction of travel further being described by the direction angles @, ¢
(see Wilson and Adam [1983] and Keijzer et al. [1989]). In part, this was due
to the ability to employ axial symmetry in the coordinate systems to lessen
computational load. A distinct disadvantage of this method, however, was the
need for repeated calls to computationally expensive trigonometric functions
to determine direction and spatial location at each propagation step during
simulations. Hence, it is convenient to instead utilise direction cosines, which
reduce the number of calculations required and do not change along “Hops”
(but will change at scattering events) [Carter and Cashwell, 1975|. This pro-
cedure is discussed more in Section 3.2. In addition, changing to Cartesian
coordinates to represent the spatial location of the photon aids simplicity of
the program and results in the direction of propagation being uniquely speci-
fied with respect to the Cartesian axes. These changes were incorporated by
Prahl et al. [1989], alongside a presentation of validation benchmarks and an

analysis of methods to improve MC method efficiency.

2.5 MCML and the Investigation of Layers

Work prior to the 1990s involved simulating the propagation of photons through
one layer of skin, with consideration given to interactions between the photons
and tissue-air interfaces (e.g., when photons exit the medium); however, no
programming emphasis was placed on modelling the propagation of photons
with multiple tissue-tissue boundaries incorporated. For example, see Keijzer
et al. [1989], where subsequent MC simulation of tissue inhomogeneities and

layered structures is briefly mentioned as a future possibility. Skin has long
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Figure 2.1: A diagram displaying the cylindrical coordinate system employed

in early models. Image credit: Keijzer et al. [1989].

been known to be a complex arrangement of tissue structures and vessels,
roughly divided into three distinct layers: the epidermis, dermis, and subcuta-
neous fat layer (see Figure 2.2). Hence, an obvious extension to the standard
MC models used in the field at this time involved the consideration of tissues

with multiple optically different planar layers.

Thickness # [mm]

0.015

(a) Cross section of skin (b) Nine-layered skin model (¢) Three -layered skin model

Figure 2.2: (a) Schematic illustration of skin tissue with complicated struc-
turing, (b) nine-layer skin tissue model with layer names and thicknesses, and

(c) common three-layer tissue model. Image credit: Das et al. [2020].

The addition of multiple tissue layers to the standard form of the MC mod-

elling structure was first discussed and employed by Wang et al. [1995]. In this
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seminal work, the authors formally introduced the Monte Carlo Multi-Layered
(MCML) program, which allows for multiple planar layers of tissue (see Figure
2.3) and permits the user to identify different optical properties and thicknesses

for each layer without re-compiling the program for each specification.
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Figure 2.3: A visualisation of the coordinate system utilised for MCML. Each
layer is distinct and consists of infinitely wide (z, y) tissue. Note that, due to
the 2D representation of a 3D environment, the y-axis points out of the page

here. Image credit: Wang et al. [1995].

The steps employed by MCML are logical and simple to follow (see Figure
2.4), which is a key reason for the subsequent popularity of both the program
and algorithm. A more comprehensive description of the general photon propa-
gation modelling process is given in Chapter 3; however, the MCML procedure
is essentially as follows. At launch, an appropriate random number is gener-
ated to determine the “Hop” of the photon packet. This “Hop” (path length) is
compared to the distance to the interface boundary in the photon’s direction
of trajectory. If the photon is going to hit the boundary, it is moved to the
intersection point and determination of transmission or reflection is completed
via comparison of random numbers with calculated probabilities before final-
ising any remaining trajectory in the appropriate (reflected or transmitted)
direction. If the photon is not going to hit the boundary, it moves to its new
location, undergoes any attenuation due to absorption, and scatters appropri-

ately. This process is repeated with a given individual photon packet until it
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exits the medium entirely or its weight diminishes below a preset threshold.

The routine then repeats until all packets have been simulated.
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Figure 2.4: A basic flowchart describing the method for the simulation of

photon trajectories in MCML. Image credit: Wang et al. [1995].

MCML has since been widely distributed via the internet (see, for instance,
Prahl [2017]) and is commonly used as a base to build from when solving
various problems. As an example, Jacques [1998] used a simplified version of
MCML to provide analytic expressions that replicate MC simulations for light

distributions in biological tissue from plane, line, and point sources in planar,
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cylindrical, and spherical coordinates. Further, Jacques [1998] compared the
results of their MC simulations with diffusion theory expressions and found
that the latter poorly predicted the values for fluence rates (though the shapes
of fluence rate distributions were accurate).

The introduction of MCML enabled many investigations involving various
numbers of tissue layers in the model beyond the previous single-layer stan-
dard. For example, in estimating the melanin concentration and blood and
oxygen saturation levels of human tissue, Nishidate et al. [2004] considered
the skin as consisting of two layers: the epidermis and the dermis, thus omit-
ting the stratum corneum and subcutaneous tissue from Figure 2.2b. Other
studies consider three-layer models, such as Nasouri et al. [2014], which models
the subcutaneous tissue in addition to the epidermis and dermis (i.e., Figure
2.2¢).

Further research has investigated the use of models with varying numbers of
layers and their outputs as a means to determine the errors made with in wvitro
experimental measurements, such as the work of Nishidate et al. [2003]. In this
paper, a two-layer experiment consisting of the epidermis and dermis is run
for visible light alongside a four-layer experiment which separates the dermis
into an upper and lower layer, with a blood layer running between to represent
structures such as veins, tumours, or internal bleeding. This adjacent setup is
run for near-infrared light wavelengths. A framework such as this allows for
parameters (such as absorption coefficients) to be experimentally determined
via the two-layer measurements before consequently estimating haemoglobin
concentration and oxygen saturation of the blood layer via the four-layer ex-
periment and comparing to those determined via MC simulation. Subsequent
research has expanded upon this usage of adjacent tissues with varying layer
numbers. Nishidate et al. [2005] proposed the method as useful for visualising
the depth distribution of local blood layers in tissue, which has applications in
laser light treatment of issues such as tumours and internal bleeding. Further

usage of this method then enabled visualisation of the thickness distribution
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of the local blood region in addition to the depth distribution [Nishidate et al.,
2007], which again has clear applications in biomedical optics.

Investigations into multiple layers of tissue in the model extend to in-
corporating all nine regions shown in Figure 2.2b. Recent studies such as
that of Maeda et al. [2010], who investigated MC simulation of spectral re-
flectance, and Das et al. [2020], who constructed a skin reflectance spectral
database, make use of nine-layer models in their simulations. Specifically,
Maeda et al. [2010] make the extension after noting that earlier studies util-
ising two- or three-layer models assume homogeneous distributions of chro-
mophores (molecules which absorb light at particular wavelengths) over the
layers simulating the epidermis and dermis. This means the models are inca-
pable of accounting for chromophore localization, which has implications for
the utilised optical properties and consequent behaviour of simulated photons.
In addition, Maeda et al. [2010] reference sequential earlier studies whose mod-
els include seven layers for the skin tissue (see Meglinski and Matcher [2002]
and Meglinski and Matcher [2003]). These studies employ the nine layers
identified in Figure 2.2b, with L2 and L3 merged together and L4 merged
with L5. Maeda et al. [2010] identify limitations of this seven-layer model
surrounding the assumption of zero wavelength-dependence for the scattering
coefficient and anisotropy parameter, alongside the implicitly assumed homo-
geneity of the epidermis and upper dermis layers. These limitations are altered
in the nine-layer model by the inclusion of further layers and the addition of
wavelength-dependence to the mentioned parameters.

As might be expected, across the literature, the general consensus for the
inclusion of more layers to the model is that simulations show improved cor-
respondence to those obtained by direct measurement (both in vivo and in
vitro) when further layers are incorporated. A common theme is the acknowl-
edged ability for increased layers to more accurately model skin tissue inhomo-
geneities in the z-direction — i.e., variations between the layers. For example,

Das et al. [2020] reference the histological classification involved in the de-
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velopment of their nine-layer model; the existence of fibre components in the
dermis such as collagen and elastin relate to the tissue’s scattering properties,
while melanin and haemoglobin in the epidermis and dermis (respectively) re-
late closely to the absorption properties of skin. Levels of these components in
skin tissue vary with depth and specific layer, so the incorporation of a nine-
layer structure provides increased capability for realism in the model beyond
the traditional three-layer simulations employed in the late 1990s and early
2000s.

The cost involved with expanding models and layer numbers is lost effi-
ciency. Although the previously outlined examples may improve accuracy and
realism, models with fewer layers are easier to build and implement, as well
as requiring less computational resources to run simulations. This relative
efficiency allowed quantitative results to be reasonably produced in the early
years of this field. The consequent advent of programs such as MCML [Wang
et al., 1995] to build from, and the ready availability of increased computational
power in the modern day, has allowed wider implementation of additional lay-
ers. This, in turn, has resulted in simulations that are more precise in nature,

due to increased accuracy in modelling finer details within the tissue.

2.6 Beyond MCML

Though MCML is widely used for MC simulation of photon propagation in
tissue, its main feature is also its primary drawback: its standard geometry
allows only planar layers of tissue. That is, each layer is infinitely wide in
the x- and y-directions (see Figure 2.3). As such, MCML is not readily ap-
propriate for modelling photon propagation through mediums that are not
consistent of planar layers of tissue, nor can it readily model photon propaga-
tion through layers with individual inhomogeneities (each layer being infinitely
wide implicitly requires each tissue layer to be homogeneous across its lateral

dimensions).
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Early methods of countering these limitations included studies which inde-
pendently investigated the modelling of port-wine stain birthmarks via models
consisting of infinite epidermis and dermis layers, with infinitely long cylinders
embedded within the dermis to represent enlarged capillaries (see, for exam-
ple Smithies and Butler [1995] and Lucassen et al. [1996]). Further similar
research has embedded cuboidal [Zhu and Liu, 2012] and spherical objects
[Wang et al., 1997| within the tissue to simulate the presence of tumours.
Note that these methods of embedding objects within layers differ slightly
to the models employed by, for instance, Nishidate et al. [2003|, who simply
introduce an additional infinitely wide layer within the model.

Several recent studies have also built on the baseline MCML program
to more easily model multi-layered tissue with various embedded objects of
rudimentary geometries, such as spheres, cylinders, ellipsoids, or cubes. As
an example, MCML with embedded objects (MCML-EO) was developed by
Periyasamy and Pramanik [2014] to model these situations, building off the
aforementioned earlier work on modelling embedded objects. There have been
several further significant computational developments within the field of tis-
sue optics that follow similar veins to that of MCML. The most prominent
contemporary examples of these are MOSE, TIM-OS, and MMCM — each of

which will be briefly outlined in the following discussion.

2.6.1 MOSE

A simple solution to the primary hindrance in the MCML model is to break
each planar region into pieces. Doing this allows for inhomogeneities across
the lateral dimensions of the tissue to be accounted for and represented within
the simulation. This type of model is referred to as a voxelated tissue model
(voxel being a volume pixel) and is a common developmental direction within
the field since the introduction of MCML. One of the earliest usages of this
voxel-based MC approach was that of Pfefer et al. [1996], who utilised cubic

voxels within modular adaptable grids to simulate the propagation of light
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through various geometric shapes (as well as models derived from images of
rat skin). See Figure 2.5 for a visualization of the environment. Results
from this work found good agreement with previously published data, both

quantitatively and qualitatively [Pfefer et al., 1996].
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Figure 2.5: An zz-plane cross-section of the cubic voxel model. Note that
there are two layers presented: the epidermis and the dermis. Each layer is
divided into cubes. Additionally, a blood vessel is simulated via voxels. The
bold line running vertically through the centre can be ignored here. Image

credit: Pfefer et al. [1996].

The usage of cubic voxels was extended by a prominent model known as
tMCimg [Boas et al., 2002|, which takes on 3-D structural data obtained via
MRI or CT scans to produce a voxel-based model through which photons can
propagate. This allows the modelling of photon migration through arbitrary
complex tissue structures, though an apparent limitation is that it requires
external data of the involved geometries. Further work completed by Pat-
wardhan et al. [2005] extended the voxelated tissue approach to incorporate a
voxel library, which allowed the researchers to independently alter the physical

and optical properties of individual voxels to model complex tissues such as
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skin lesions across different mediums and wavelengths. Figure 2.6 presents a

flowchart explaining the algorithm employed within the outlined voxel models.
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Figure 2.6: A basic flowchart describing the method for the simulation of
photon trajectories employed in voxelated tissue models. Note this is similar
to Figure 2.4, though there is an additional check required for inter-voxel

boundaries. Image credit: Patwardhan et al. [2005].

Clearly, a limiting factor with cubic voxels is the relative difficulty involved
in using them to model curved surfaces and boundaries. The inability to in-
clude precise boundary information (e.g., normal vectors) leads to the potential

introduction of errors. Some can be avoided by increasing the resolution of the
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grid (i.e., increasing grid density by reducing voxel size); however, the associ-
ated cost is the requirement of more computational power and memory. One
way to avoid this problem and incorporate curved surfaces and boundaries is
to instead use “building blocks” such as cylinders, ellipsoids, and polyhedrons,
which was the approach taken by Li et al. [2004] in developing their mouse
optical simulation environment (MOSE) to model light transport through a
living mouse. This program was built in a manner aimed at modelling small
animals, though it was later extended to the more general use case of the
molecular optical simulation environment (also MOSE) by Ren et al. [2013].
For reference, the flowchart describing the MOSE programs is effectively the
same as that of Figure 2.6. A two-dimensional tissue structure demonstrating
the regime incorporated in MOSE is shown in Figure 2.7.

Ambient medium

Shape 1

O Shape 2

Region 1 (Tissue 1)
Region 2 (Tissue 2)

Shape 3 " Region 3 (Tissue 3)

Figure 2.7: A simple two-dimensional example of the tissue structure incor-
porated by MOSE. Here, Tissue 1 is outermost, with its exterior boundary
(Shape 1) separating the tissue from the ambient medium. Similarly, Shapes
2 and 3 define the boundaries separating the internal Tissues 2 and 3 from

Tissue 1. Image credit: Ren et al. [2010].

Evidently, the lateral inhomogeneities problems encountered by MCML
were able to be alleviated with these voxel-type programs; however, although
the inclusion of further geometric shapes as building blocks assisted with
curved boundaries, a primary issue with the original MOSE program remained:

many structures in biology are not easily defined by these standard shapes.
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Consequently, mathematical models were developed to incorporate a surface-
based mesh to accurately define tissue boundaries in the simulations. Early
examples include those of Coté and Vitkin [2005] and Margallo-Balbas and
French [2007], both of which use triangle-based surface meshes to more ac-
curately approximate the (curved) interfaces. These are similar in nature to
those used in computer graphics — hence, normal vectors are easier to define.
More recently, the molecular version of MOSE also implemented the same ap-
proach |Ren et al., 2013]. An example of this type of surface mesh setup can
be seen in Figure 2.8.

3D view Part of the tissue surface 2D view

2D Projection of the tisssue surface

!

\ \
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. . 2D Projection of . .
Grid Gird cell the photon path Gird cell Grid

(a) (b)

Figure 2.8: In (a), we see a three-dimensional view showing part of the tissue
surface modelled by MOSE with a triangle-based surface mesh. In determining
the intersection of the photon path and the tissue surface, the mesh is projected
onto a two-dimensional grid. This is shown in (b). Similarly, the photon’s path
is projected onto the grid. The algorithm then involves checking which triangle
meshes are allocated to each grid cell crossed by the projected photon path. In
this manner, the triangle surfaces to be checked for intersections are reduced
to only those whose two-dimensional projections overlap the grid cells crossed

by the photon’s path projection. Image credit: Ren et al. [2010].

Problems with these surface mesh-based approaches, though, involved dif-
ficulties in modelling media with continuously varying optical properties, and
also the large number of triangles needing to be scanned when determining

intersections of photons with surfaces (again, see Figure 2.8 for a brief outline
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of the algorithm). The latter issue leads to high requirements for compu-
tational resources and resultant increased processing times. Hence, several
adjustments have been made to counteract this inefficiency, including the us-
age of GPUs in MC simulation. One of the first usages of GPUs in simulating
photon propagation through any material was by Alerstam et al. [2008], while
the first extension of GPU implementation to three-dimensional complex pho-
ton propagation simulations in tissue was performed by Fang and Boas [2009].
As a further example, see Ren et al. [2010] for an application related to this

discussion.

2.6.2 TIM-0OS

There are at least two ways to look at resolving the computational and parame-
ter continuity issues that remained with the previously discussed surface-based
mesh models. First, one could modify the manner in which the model incor-
porates surfaces and tissue regions. Second, one could improve the algorithm
involved with performing the calculations required to determine the locations
of ray-surface interactions. Two prominent recent models which each follow
one of these distinct paths were reported in 2010.

Firstly, Shen and Wang [2010] modified the way surfaces and tissue regions
were modelled by introducing a novel method based on a (somewhat) blended
voxel /mesh scheme known as tetrahedron-based inhomogeneous Monte Carlo
optical simulation (TIM-OS). The algorithm employed by TIM-OS is presented
in Figure 2.9. Essentially, this model utilizes tetrahedrons (shapes with four
triangular faces) as voxels to build the tissue. This improves the flexibility
promoted by the earlier (rigid) voxel schemes, while also incorporating the
ease of modelling curved surfaces introduced by mesh-based schemes. The key
aspect which allows this method to be more computationally efficient than
its predecessors lies in the reduction of the number of calculations required
for photon-surface interactions. Specifically, the mean free path of a photon

is usually smaller than the size of the tetrahedrons [Shen and Wang, 2010],
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Figure 2.9: A basic flowchart describing the algorithm employed by the TIM-
OS scheme. In red, the primary difference between this model and others
(such as MCML) is detailed. This section explains the logic involved when a
photon packet intersects a tetrahedron’s surface. In blue, the photon-triangle
interaction is detailed. Essentially, when a photon intersects a tetrahedron’s
surface, the updated step size and direction is determined after establishing
reflection or transmission. The photon then continues along its new trajectory.

Image credit: Shen and Wang [2010].

which results in most photon steps being made within the boundaries of the
tetrahedron wherein the step began. Consequently, no surface interactions
take place in these cases. On the occasions where a photon does happen
to exit a tetrahedron, because the voxel only consists of four simple faces,
there are only four possible surfaces with which the photon could interact.
Hence, the necessary search space is heavily reduced, and this heavily decreases

computational burdens when modelling.
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2.6.3 MMCM

The second major recent model which addresses the aforementioned problems
with surface-based mesh models is known as the mesh-based Monte Carlo
method (MMCM). Introduced by Fang [2010], this method takes inspiration
from works in computer graphics in order to improve the algorithm involved
with determining ray-surface interactions (specifically, the authors cite Platis
and Theoharis [2003]). In particular, the method implements a ray-tracing al-
gorithm that utilises Pliicker coordinates to represent surfaces and trajectories.
In short, Pliicker coordinates allow the specification of directed lines in three-
dimensional space using vectors that are six-dimensional [Coxeter, 1957|, with
the particular benefit to this application being that the relative orientation of
two rays can then be determined through their permuted inner product. The
usage can be further extended to allow for computationally simple tests which
check for (directional) ray-surface intersections. For further discussion of this
application of Pliicker coordinates, refer to (for example) Platis and Theo-
haris [2003]; however, a primary benefit of this coordinate system to Fang
[2010] was that its simplicity allowed large improvements in computational
efficiency. Because the ray-surface interactions could be determined through
relatively simple calculations with Pliicker coordinates, the checking process
for whether a photon intersects any surface was largely improved.

In addition, Fang [2010] references the ability of their MMCM model to
simulate continuously varying optical properties within regions of skin by in-
terpolating properties defined on surface vertices. Hence, the MMCM model
allowed further improvements to the field’s existing modelling problems, as
it also began to address the issues involved with modelling optical parameter

continuities across tissue.
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2.6.4 Preferred Methods

As a conclusion to our discussion of the computational developments within
the field of tissue optics, we note that the diverse array of employed models
and methods poses at least one further problem: is there a particular method
that is more prominent or superior? There have been several comparisons
and evaluations made in recent years (see, for example, Zhu and Liu [2013] or
Wang et al. [2018]). A common conclusion is that TIM-OS performs simula-
tions most efficiently in terms of speed, with MMCM a close runner-up. One
drawback with these packages is the need for scripts to be written in order
to run simulations — hence, their ease of use is somewhat low. Conversely,
MOSE is user-friendly but limited in its applications due to its algorithm’s
low efficiency. Lastly, although MCML is an old package with limited initial
usage, it is often recognised as particularly useful due to its ease of modifi-
cation — many contemporary models use MCML as a foundation program
and make additions to modify the package as necessary. Further, most models
that use MC methods to simulate photon propagation through tissue employ
algorithms that are heavily derivative of the original MCML algorithm. Con-
sequently, in Chapter 3, our inspection of the base algorithm is akin to that of

MCML and can be extended to most models in use within this field.

2.7 Research Focuses in Tissue Optics

Aside from the previously discussed specific computational developments made
within tissue optics (and the highlighted associated investigations), there have
been many further clear areas of research that have drawn focus over the field’s
history. In this section, we briefly highlight additional prominent areas with
relevance to this project.

Evidently, determining the optical properties of tissue is a primary point
of concern, as these properties not only define the propagation problem itself

for light transport but also hold importance for applications of research such
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as this project. Generally, measurements of such properties are conducted ex-
perimentally before then being introduced to models as appropriate for further
investigations and to cross-check against other research results. Both Cheong
et al. [1990] and Jacques [2013| provide comprehensive summaries of these
properties, their dependence on wavelength, and the experimental approaches
used to determine their values.

MC modelling in tissue optics is often compared with diffusion theory (see
Flock et al. [1989] or Jacques and Pogue [2008], for instance). As one might
expect from the discussion in Section 2.3, there is often agreement between the
models in most measures and regions; however, this agreement only extends
insofar as the limitations of diffusion theory are not overly evident (for example,
in regions close to boundaries). Some work has investigated the feasibility
of hybrid models which combine the benefits of diffusion theory away from
boundaries with those of MC close to boundaries (e.g., Flock et al. [1988]). This
has the benefit of providing accurate results across all regions, while lessening
computational load caused by applying the MC method in regions where the
diffusion approximation may suffice [Hayashi et al., 2003]. This holds relevance
to the present project, as it is an interesting means to increase computational
efficiency and to introduce additional comparisons within future mathematical
model outputs. With simulations that may run photon counts into the billions,
any additional optimizations that can be made without sacrificing accuracy are
important to consider.

On a similar computational efficiency note, there has been research into
applying both condensed MC simulations [Graaff et al., 1993] and condensed
history MC simulations (see Bhan and Spanier [2007] or Kawrakow [2000], for
instance) to photon propagation in tissue. Though these ideas are different
in practice, they hold similar conceptual goals — both aim to minimise com-
putational work by generating accurate results from less calculations. Graaff
et al. [1993] found success in extrapolating from the results of one MC simu-

lation to obtain results such as reflectance and transmittance for other values
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of the albedo without having to redo the simulation. In contrast, Bhan and
Spanier [2007] sought to reduce the number of individual interaction events
experienced by a photon during its flight by way of compressing large numbers
of minor interactions (where the actual impact to the photon’s trajectory is
often small) into smaller numbers of “super-events”. A similar approach is ap-
plied in the diffusive regime (see Section 3.1.3.1), though these condensed MC
methods are more flexible and applicable beyond the diffusion approximation’s
confines. Again, such optimizing techniques are important to consider for this

model.

2.8 Applications to Illumination of the Uterus

The specific application of MC methods to the propagation of light through
the uterus and to the fetus is a somewhat novel research area in terms of the
existing literature. In this section, we discuss the (brief) literature in existence
with direct relevance to the work presented in Chapters 5, 7, and 9 of this
thesis. As it is beyond the scope of this review, we will make only minor
reference to the existing literature in the wider fields of the developmental
sciences.

One early attempt at modelling the transmission of light to the human fetus
was that of Del Giudice [2011]. In this paper, the author combined experimen-
tal and modelling approaches to gain an approximate qualitative model of the
amount of illuminance reaching the uterine cavity in comparison to external
illuminance. The transmission coefficients for various samples of avian tissue
and clothing were determined by first physically measuring the illuminance
present with and without the samples above a light source. Next, multiple
linear regression methods were used to determine a regression equation for the
abdominal wall. The approaches employed and results generated were simi-
lar to those previously determined by Fulford et al. [2003] and Jacques et al.

[2008], respectively, though the latter used rats and guinea pigs before propos-
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ing an extension to the human fetus. In addition, Fulford et al. [2003] focused
primarily on using the results to measure fetal brain activity in response to
visual stimuli.

There are several clear limitations to the work of Del Giudice [2011], aside
from the fact that the work was intended to be qualitative. First, the model
assumes uniformity in the tissue. In reality, there is (for instance) variation
in tissue density around the uterus which should be considered. Further, the
model does not consider any effect due to amniotic fluid — clearly, there would
be some impact to light transmission from this presence. Building on the
assumption of tissue uniformity, the model additionally is only able to provide
an estimate for light-coloured skin, and there is no means to incorporate any
depth-related inhomogeneity in estimates. Evidently, there are many more
points which could be made that indicate further development being required
for this model; however, the key claim made by Del Giudice [2011] is that
reasonable luminance might be expected within the uterus for relatively low
levels of exterior lighting.

Citing the results of Del Giudice [2011], subsequent work by Reid et al.
[2017| then presented diode light sources to the fetus by way of illumination of
the maternal abdomen. Reid et al. [2017] concluded through use of equations
from Jacques [2013] that the stimuli presented would appear as shown in Figure
2.10. Note that this study did not explicitly incorporate any mathematical
modelling in determining the light predicted to be presented to the fetus.

The work of Reid et al. [2017] was later questioned by Scheel et al. [2018],
who noted that the light predicted to be presented to the fetus was likely
incorrect due to an erroneous implicit assumption made in determining the
appearance. Specifically, Reid et al. [2017] only accounted for light scattering
once en route to the fetus — their prediction assumed only a simple, singular
scattering at the interface between air and maternal tissue. In reality, the
propagation of light through the tissue and amniotic fluid would consist of

many such interaction events (scattering and absorption), resulting in a much
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Figure 2.10: A conceptual illustration of one set of stimuli shone into the
abdomen (left) and those calculated to be presented to the fetus (right). Image
Credit: Reid et al. [2017].

further attenuated image being presented to the fetus than originally predicted
by Reid et al. [2017]. Consequently, Scheel et al. [2018] predicted (via simple
MC methods) the actual presentation to have been closer to Figure 2.11.
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Figure 2.11: One estimated light pattern visible to the fetus, corresponding to

the left stimuli in Figure 2.10. Image Credit: Scheel et al. [2018].

Hence, for the purposes of this literature review, we note that there has
been an instance of MC modelling applied to similar situations as those initially
explored within this thesis, insofar as there has been an estimate of how an ex-
ternal light source presents to the fetus; however, it was simplistic in execution
due to its demonstrative intention. One evident limitation is the static nature

of the model, in the sense that it considers only the transmission of light to
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the fetus through a single measurement of tissue thickness [Scheel et al., 2018].
In reality, the thickness of maternal abdominal tissue varies across not only
individuals but also in measurement location (e.g., higher tissue density near
the spine than the ribcage) and temporally across the gestation period.

Beyond the aforementioned research, the literature is relatively sparse with
regard to MC modelling of light propagation to the fetus. In preparing this
thesis, few studies were found to use MC methods to simulate photon transport
to the fetus. Examples include Gan et al. [2011] and Jumadi et al. [2014], both
of which use commercial MC packages (TracePro and ASAP, respectively)
to simulate aspects related to power incident on and around the fetus for
applications in fetal heart rate detection |[Gan et al., 2011]| and experimental
safety design [Jumadi et al., 2014|. As well as being focused on a different
aspect of simulation, these papers are of low value to this research as the
modelling techniques are minimally discussed or expanded upon.

A more recent investigation employing MC methods is that of Gunther
et al. [2021]. These authors model the effect of amniotic fluid on the amount
of light reaching the fetus, with reference to uses for detecting fetal distress in
relation to potential caesarean delivery. The authors simulate two scenarios:
one where the fluid is present and one where it is not. By comparing the
two situations, they are able to determine how much reflectance is due to the
fluid and how much is simply due to the fetus, as well as developing their
understanding of the amount of light incident on the fetus. Though such
research is somewhat similar in principle to the focus of this thesis, a crucial
difference is that the paper considers only one location of the fetal head and
stimuli delivery — there is no simulation of stimuli delivery from alternative
locations. In addition, it does not consider any individual variation in tissue
profile.

There is relatively little further research modelling photon transmission
to the fetus through any means (MC or otherwise). One example is that of

Jacques et al. [2000], who use the diffusion approximation to implement the
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perturbation method in order to simulate photon transport through the fetal
brain; however, again, there is little consideration of the dynamically dispersive
tissue involved with the maternal abdomen, and the paper serves primarily as a
proof-of-concept for future applications. In addition, the authors make several
large assumptions, such as assuming infinite maternal abdomen tissue to more
easily employ the diffusion approximation.

To summarise, the pre-existing research of direct relevance to this project
is limited. Those papers that do investigate similar scenarios do so with:
different conditions, alternative means of modelling, simplistic assumptions,
and/or limited extension to the temporal (and dynamic) nature of pregnancy.
Consequently, the modelling proposed for the work involved in this thesis would
appear to be the first of its kind to account for such a wide range of variables

and considerations.
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Chapter 3

An Inspection of the Algorithm

and Theoretical Considerations

Here, we provide a comprehensive outline of the base algorithm and theory
employed by steady-state MC models of light propagation in multiple layers
of simple, homogeneous tissue. A summary flowchart of the general processes

common to all models is provided in Figure 3.1 for reference.

3.1 The Input File

The medium through which the photons propagate is specified by several op-
tical properties. Specifically, as a photon follows its trajectory, there are two
types of interaction it may have with the medium. First, the presence of light-
absorbing molecules (referred to as chromophores) within the medium allows
for the possibility of photon absorption. This occurs when a photon transfers
its energy to an electron in the absorbing molecule, exciting it to a higher en-
ergy level. Second, as light interacts with particles in the medium, there is also
the potential for photon scattering — for instance, due to differing indices of
refraction across the boundaries of the particles (caused by a difference in phase
velocities). Photons may also undergo scattering events upon collision with
molecules within the medium, resulting in photon absorption and re-emission

from the molecule. Hence, within our model, we require medium-specific pa-
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Figure 3.1: A basic flowchart outlining the common algorithm employed in

simulating photon trajectories. Image credit: Jacques [2011].

rameters to be defined that account for the likelihood of photon absorption
and photon scattering. In this section, we discuss these parameters alongside

several others relevant to our model.

3.1.1 Absorption Coefficient, 1,

In considering absorption, we first envisage a spherical chromophore for sim-
plicity. Imagining the absorption capabilities of this chromophore, we picture
that its geometrical area (A [cm?|) impedes the propagation of light and casts
a shadow of area o, [cm?|, where the size of this shadow is proportional to the
chromophore’s geometric area — i.e., 0, = Q. A, where (), is a dimensionless
proportionality constant referred to as the absorption efficiency. As we are

considering absorption here, we interpret the shadow (referred to as an effec-
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tive cross-section) cast by our idealised chromophore to represent absorption.

Figure 3.2 provides an illustration of this concept.

r 4
| ) /.
i
A,
A Fi
L Fi
Fi !
] [
A o, = QA
geometrical effective

cross—-section cross-section

Figure 3.2: The schematics of the absorption shadow. Image credit: Jacques

and Prahl [1998a].

Allowing for the presence of many chromophores in our medium, we assume
they are concentrated with number density p, [cm™]. Hence, the total effective
cross-sectional area for absorption per unit volume of medium is given by
fa = Oupa, Where p, is in units [em™!| and is referred to as the absorption
coefficient. Further physical insight into this result is provided in Section
3.1.2.1. Note also that absorption by different absorbers is here considered
to be independent. Lastly, we can take the physical interpretation of this
coefficient to be that the probability of photon absorption in the medium per

infinitesimal path length As is given by u,As.

3.1.2 Scattering Coefficient, 1,

We then define the scattering coefficient, u,, analogously. Our spherical par-
ticle is now designated as a scatterer with geometrical area A [cm?|, and we
again assume incident light in the form of photons is impeded; however, it is
now scattered into new directions rather than being absorbed. This impeding
of the propagation can again be visualised for ease as a shadow with area oy
[cm?|, where the size of this shadow is proportional to the particle’s geometric
area — i.e., o5, = Q,A, where (), is a dimensionless proportionality constant

referred to as the scattering efficiency. We interpret the process of diverting



52

photons around the particle and casting a shadow (effective cross-section) to

represent scattering. Figure 3.3 provides an illustration of this concept.

A o, = QA
geometrical effective
cross—section cross-section

Figure 3.3: The schematics of the scattering process. Image credit: Jacques

and Prahl [1998d].

Following the same extension from one particle to many as for the absorp-
tion coefficient, we determine the scattering coefficient, us = o4ps, Where 4
has units [em™!|. This is the cross-sectional area for scattering per unit vol-
ume of medium and, again, we can take the physical interpretation of this
coefficient to be that the probability of a photon scattering in the medium per
infinitesimal path length As is given by usAs. More physical insight for the

scattering coefficient is provided in the following section.

3.1.2.1 Mean Free Path, )\

An extension to the concepts of the absorption and scattering coefficients is
that of the mean free path. Within this context, the mean free path, A, is typ-
ically used to refer to the average distance a photon will travel between tissue
interactions (i.e., absorption or scattering events). To physically motivate this
concept, we first consider the photon as a classical particle (in a similar man-
ner to that implicit in the discussions of the previous subsections). Note that
this assumption is the norm for MC modelling of photon interactions within
tissue [Wang and Wu, 2007].

We next refer to Figure 3.4. Assuming the particle has a diameter d and

a radius of d/2, we can determine the effective interaction area (cross-section)
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to be the circle drawn out by a radius equal to the summation of the particle’s
radius and that of the particle from the medium (say, D/2). Hence, we have an
effective interaction area around the photon of zllw(d +D)?, which is represented
by the dashed circle in the image and also corresponds to the summation of
our previously mentioned shadows for absorption and scattering. Note that
the figure shows the medium particle as being the same size as the photon;

however, we can picture it as having some radius D/2.

Figure 3.4: A diagram illustrating the effective interaction area around the

photon. Adapted from: HyperPhysics [2016].

If we then envisage this photon to travel a distance of vt in some time,
t, we can picture the effective interaction area to map out a volume given by
}ﬂ(d + D)?vt. Taking our interacting tissue particles to be concentrated in
this volume (and the medium) with number density p, we can see the number
of interactions by a photon in this volume will be given by iﬂ(d + D)*utp.
Hence, the mean free path of a photon can then be calculated as the division

of the total path length by the number of collisions in that volume:

vt
A= Ir(d f D)%otp (3-1)
1
ak=rEy oy (3.2)
_ Uip (3.3)
1
- (3.4)

where we have here used o to represent the effective interaction area and p to
represent the interaction coefficient. This second variable is often referred to

as the attenuation coefficient, and this will be expanded on in Section 3.3.1.
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There are several variants of the above mean free path, and these are
derived in a similar manner. Most commonly, we consider the scattering mean
free path (i) and the mean absorption length (;Tla)’ which respectively define
the average distance a photon will travel between scattering or absorption

events.

3.1.3 Anisotropy Factor, ¢

Following from the concept of a scattering coefficient, for reasons which will
be made clearer in later discussion, we also introduce the anisotropy factor, g.
This parameter is a dimensionless, tissue-dependent constant that defines the
average interaction outcome between a photon and a scatterer. Specifically,
when a photon undergoes a scattering event, there is a component of its initial
forward trajectory which is retained after the collision, and the average of this
value across all scattering events is g. Referring to Figure 3.5, we see that a
scattering event results in a deflection of the photon from its initially rightward
horizontal trajectory by the angle 6. In addition, there is an azimuthal angle
of scattering, ¥, about the horizontal axis (in this figure) which further defines
the photon’s trajectory; however, if we take the rightward direction to be
“forward”, the retained forward direction after any such scattering event is
independent of ¢ and simply calculated as cos(f).

If we consider all possible scattering events occurring within the medium,
it becomes clear that the average forward direction retained after a scattering
event is equivalent to the mean value of cos(f). Thus, we have, by definition,
g = (cos(#)). More discussion surrounding the mathematical definition of g is
provided in Section 3.5.2.1.

Clearly, g has possible values given by —1 < g < 1, with the extreme
low of g = —1 corresponding to a solely backward scattering medium and the
extreme high of g = 1 corresponding to a solely forward scattering medium.
Both instances are anisotropic (by definition, as their anisotropy values are not

equal to 0, meaning scattering is more likely in a particular direction), while
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Figure 3.5: A cartoon illustration of the scattering event and involved geome-

tries. Image credit: Jacques and Prahl [1998b].

the case of an isotropic medium (where there is equal likelihood of scattering
in all directions) would correspond to g = 0. Hence, the anisotropy factor is
an important optical parameter for the model in the sense that it defines the
nature of the medium. In our case, most biological tissues have a g value of
~0.9 (see Section 2.4), which indicates a highly forward scattering medium —
i.e., most scattering interactions result in the photons continuing to travel in

a heavily forward-oriented direction.

3.1.3.1 Reduced Scattering Coefficient,

With the scattering coefficient, s, and the anisotropy parameter, g, both now
defined, we are able to introduce the reduced scattering coefficient (also known

as the transport scattering coefficient):

1y = ps(1 = g). (3.5)

The physical interpretation of the reduced scattering coefficient can be sum-
marised in a similar manner to those coefficients described in Sections 3.1.1 and
3.1.2 — i.e., it describes the distance travelled before interaction — however,
there are several important differences. In particular, the reduced scattering

coefficient is defined during the derivation of the diffusion equation. We do
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not here present a theoretical discussion or derivation of the diffusion approx-
imation (nor its fundamental equations), though one might refer to Wang and
Wu [2007] for a review.

As a result of this derivational context, the reduced scattering coefficient is
used in situations where the diffusion approximation applies — that is, where
there are many scattering events before an absorption event (us > p,, as
also discussed in Section 2.3). In particular, its interpretation describes the
diffusion of photons as involving a random walk with isotropic scattering and

1

steps of size R with the caveat that each of these steps consists of many

smaller anisotropic scattering steps of size /% As an example, see Figure 3.6.

Figure 3.6: A cartoon showing (left) the equivalence of ten small anisotropic
scattering steps of size A = 1/ to a single larger step with the reduced mean
free path of ' = 1/p). On the right, a demonstration shows that many of
these larger steps with isotropic scattering can represent many smaller steps

with anisotropic scattering. Image credit: Jacques and Prahl [1998c|.

Further understanding of the reduced scattering coefficient can be gained
from considering scattering distributions. For instance, in Figure 3.7, we see
an example polar plot for an isotropic distribution. If we imagine a beam of
light approaching from the left of the figure’s central scattering particle, the
circular plot indicates the particle will scatter light in all directions with equal

efficiency. In other words, all directions are equally likely for the photon to be
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scattered into. This can be represented by a scattering function of the form

p(6) = — (3.6)

where p(6) indicates the probability of scattering into a particular angle (6)
— see Section 3.5.2 for further discussion of scattering functions. Evidently,
this corresponds to isotropic scattering because it is simply dividing a sphere

equally into 47 steradians. Note also that integrating over all angles gives

/ " p(0)2r sin(9)dd = 1, (3.7)

as expected for a probability distribution (our scattering function).

Figure 3.7: An example polar plot showing an isotropic distribution, where
the incoming photons are equally likely to scatter in any direction from the
central scatterer. Note that this would, in practice, be a three-dimensional
situation; however, we here restrict it to two dimensions for simplicity. Image

credit: Self.

If we then consider an anisotropic scattering distribution (for example, as
shown in Figure 3.8), we can begin to further understand the reduced scattering
coefficient.

First, we recall from Section 3.1.3 that the value of g for an anisotropic
distribution, such as (A) in Figure 3.8, is g = (cos(¢)) > 0. Similarly, for an
isotropic distribution (such as in Figure 3.7), g = (cos(6)) = 0.

Next, in attempting to model this anisotropic distribution, we note that
we cannot simply assume each interaction to exclusively involve isotropic scat-

tering. This will result in light scattering differently to that which we would
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(A) (B) (€)

Figure 3.8: A cartoon (not to scale) showing the approximation of an
anisotropic scattering distribution (A) as the combination of an isotropic scat-
tering distribution (B) and a portion of the incoming beam that did not scatter

(C). Image credit: Self.

expect in mediums where g > 0, such as in human tissue (g ~ 0.9 — see
Section 2.4). Instead, we attempt to approximate the anisotropic scattering
as a sum of two distributions. As shown in Figure 3.8, we approximate (A) as
consisting of a smaller amount of isotropic scattering (B) and a totally forward-
directed component (C). Note again that the diagram is not drawn to scale.
By approximating this way, we are essentially imagining the forward-directed
light (C) to bias the isotropic scattering (B) in such a way that the overall
distribution of outgoing photons is more forward-directed than backward and
consequently looks as shown in (A).

Specifically, we look to weight the isotropic distribution (B) by an amount
given by 1 — g, where ¢ is the actual anisotropy of (A), and we weight the
forward-directed light (C) by an amount g. In doing so, we ensure that the
total distribution weight still sums to unity. In addition, if we then inspect the
overall anisotropy, we see that it is simply zero for (B) (because an isotropic
distribution with weighting of 1 —g = 0 x (1 — g)), and it is g for (C)
— because forward-directed light with a weighting of ¢ = 1 x g. Conse-
quently, the combination of the two distributions gives a single distribution
with anisotropy equal to g, which is what we are attempting to approximate.

The term “reduced scattering” coefficient becomes apparent when we con-

sider (C) to represent light which did not scatter — i.e., it is a component which
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remained part of the incident beam. Hence, we are literally approximating our
light beam with another that undergoes a reduced amount of scattering.
Lastly, we know the intensity will fall off for (A) as exponential decay given
by Iy exp(—|uq + ps]s), where I is initial intensity and s represents propaga-
tion distance — see Section 3.3.1. With our reduced scattering distribution,
however, the beam propagation through this “reduced” medium would not de-
cay in the same way, as we assumed the light in (C) did not scatter at all. As
a result, we update pg with (1 — g)u, to reflect this reduction in scattering, so
that our beam’s intensity now falls off as Iy exp(—[uq + (1 — g)jus]s), where we

then define p, = ps(1 — g) to give the exponential decay as

1(s) = Ty exp(—[jua + 1]s). (3.8)

Hence, we see where the reduced scattering coefficient can practically be
introduced. If we encounter situations (such as those commonly found in tis-
sues) where visible and near-infrared light propagates through a medium which
can be approximated through the diffusion regime, we can look to employ this
concept. In doing so, we can increase the efficiency of our simulations because,
by introducing p, and noting that Z—/ ~ 0.1, we increase the distance propa-

gated before interactions occur (from ui to ;%” due to the decrease from pu, to

1)

3.1.4 Refractive Index, n

The final optical parameter required to specify the tissue medium is its refrac-
tive index. This dimensionless constant is given by n = ¢, where c is the speed
of light in a vacuum and v is the speed of light in the medium (or the phase ve-
locity of light in the medium). This defines the change in speed experienced by
the light as it propagates and, consequently, the amount of “bending” photon
trajectories undertake between mediums. The refractive index further leads

to Snell’s Law, which is discussed in 3.3.3.1.
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3.1.5 Further Parameters

With the absorption coefficient, scattering coefficient, anisotropy, and refrac-
tive index specified, we have the information required to simulate propagation
through an infinite, optically homogeneous medium. We note that, in reality,
the tissue cannot be infinitely wide; however, it is fine to treat it as such here,
on the condition that the spatial extent of the photon distribution is much
thinner than the width of the tissue [Wang et al., 1995]. In the case where
we have only one layer with defined parameters (as has been implied by the
previous sections), our photons are able to propagate indefinitely. In the more
realistic case, we must define the parameters across multiple mediums, result-
ing in several individually optically homogeneous mediums. In that scenario,
we must also specify the thicknesses (usually measured in centimetres) of any
constituent layers, as well as specifying their refractive indices. Lastly, de-
pending on the type of simulation conducted, we need to specify the refractive
index of the medium immediately before the light enters the tissue and also

that of the medium after exiting the tissue.

3.2 Launch

In the case of a single collimated narrow beam, we generally begin the photons
at the origin of a Cartesian coordinate system: (z,y,z) = (0,0,0). In order
to later make use of axial symmetry, we initially describe the trajectory via
spherical coordinates, where 6 measures the deflection from the positive z-axis
and ¢ measures the rotation around the z-axis (i.e., the azimuthal angle). As
mentioned in Section 2.4, however, it is common to utilise direction cosines
to describe the trajectory vector, given by (us,u,,u,). As such, we take the
trajectory described previously in spherical coordinates and project it onto the

Cartesian axes. A visualisation is presented in Figure 3.9. We are left with
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the following:

u, = sin(f) cos(¢),
u, = sin(f) sin(¢),

u, = cos(f).
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Figure 3.9: A visualisation of the initial trajectory in spherical and Cartesian
coordinates. We project vector i onto the Cartesian axes and determine its
equivalent components. Note, for our purposes, that 7 is of unit length (that
is, |F] = r = 1 in the diagram), as we are only interested in directional com-

ponents. Image credit: PhysicsCatalyst [2021].

Depending on the type of light source being simulated, it may be necessary
to adjust the generation of photon starting locations and their initial trajecto-
ries. For instance, taking the starting location to be the aforementioned origin
and assigning u, = u, = 0 and u, = 1, we can simulate a perfectly collimated
beam where photons enter the tissue perpendicularly exactly at the origin. Al-
ternatively, one may wish to simulate, for example, an isotropic point source or
a collimated Gaussian beam or a wider area of illumination. These and other
variations can be accounted for by adjusting the starting points and/or initial
trajectories of the photons as necessary, which may introduce distributions.
As we are explaining the general algorithm here, the specific starting location

and trajectories chosen can be ignored for now, but specific scenarios enter in
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the applications explored in Chapters 5, 7, and 9.

Lastly, at launch, we note that each photon actually represents a photon
“packet” — i.e., a bundle of photons — rather than simply an individual pho-
ton. This is a simple variation reduction technique known as implicit photon
capture, with its purpose being to improve the efficiency of the MC simu-
lation. In future sections, we will discuss the reasons behind this decision;
however, we state here that each packet is assigned a “Weight” variable, W,
which is initially set to unity and adjusted appropriately during the packet’s

propagation.

3.3 Hop

3.3.1 Determining the Step Size

In the next stage after initialising the photons, we begin to propagate them
through the tissue. This process requires determination of a variable step size
by sampling the appropriate probability density function (PDF). To build this

concept, we first introduce the attenuation coefficient:

[t = fa + fls- (3.9)

By recalling our definitions for the absorption and scattering coefficients from
Sections 3.1.1 and 3.1.2, we can see that the attenuation coefficient is defined
such that the probability of photon interaction with the medium (through
either absorption or scattering) per infinitesimal path length As is given by
[ AS.

In addition, we next show a derivation of the Beer-Lambert law, which
relates the attenuation of propagating light in a medium to the properties of
that medium. First, consider a beam of intensity I that propagates across a
distance ds, as shown in Figure 3.10. Note, for reference, that (regardless of the
direction of flow) intensity is here defined as the energy flow per unit area per

unit time (also known as fluence rate). As the beam crosses the distance, the
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constituent light attenuates as it propagates through the medium. Specifically,
some is lost to absorption and some is lost to scattering, and we represent this

by a change in intensity, dI, given by
dl = —(Ipeds + 1psds), (3.10)

where the value is negative to describe the depletion of the beam. Hence, the

outgoing beam has intensity / + dI.

| |

| |
Beam In i i Beam Out

| dS |

| |
—l_l—

| |

I o I+d
| |
| |

Figure 3.10: An incoming beam of intensity [ is attenuated across a distance

ds so that the outgoing beam has intensity I + dI. Image credit: Self.

Taking the differential equation in 3.10 and making use of Equation 3.9,

we solve to reach the Beer-Lambert Law:

dI
= 7= —peds
= I(s) = Ipexp(—fus). (3.11)

Here, we have used I to represent the initial beam intensity.
Next, we introduce the transmittance, T', which describes the probability

of photon survival after propagation over a distance, s, and is defined as
T=—>-". (3.12)

In other words, this gives the probability of no photon interactions with the

medium after propagating a path length s. Further, we can take Equation 3.11
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with the path length s; and use Equation 3.12 to write
T(s1) = exp(—pus1). (3.13)

Then, if this represents the probability of no photon interactions with the
medium after a path length of s;, we can write the complement (the probability

that the photon has an interaction within s;) as
P{s < s} =1—exp(—pus1). (3.14)

Hence, we have the PDF given by

dP {s < s1}

G exp(—ps1), (3.15)

p(Sl) =

and we can see that Equation 3.14 is also the cumulative distribution function
(CDF) for the step size.

Finally, we use the inverse distribution method (IDM) to sample step sizes
from the PDF. This method can be summarised fairly simply. Assuming we
wish to sample a variable x based on its PDF, we first generate a random
number ¢ between 0 and 1. As the number is randomly generated, it should
have a uniform distribution. Then, we take the CDF for y and set it equal to

our random number, &:
X
| i =P =¢ (3.16)
where a < x < b. We then solve for x:
= P(©) (3.17)

This method is illustrated in Figure 3.11.
Thus, to sample the step size, we set its CDF equal to a uniformly dis-

tributed random number, &, and solve for the step size:

1 — exp(—pust) = &

N g = _m1=¢)
He
= 5 = &) (3.18)

127
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Figure 3.11: An illustration of the IDM. Image credit: Wang and Wu [2007].

In the final line, we have recognised that £ is uniformly distributed between 0
and 1, so 1 — ¢ can be replaced with &;, and our step size may now be sampled
accordingly through use of Equation 3.18; however, in the above derivation, we
did not consider the instance of a multilayered medium in which our photon
packet might freely propagate across multiple layers before eventually experi-
encing an interaction. This possibility needs to be accounted for in determining
the step size, as each layer can have unique interaction coefficients.
Consequently, we consider the possibility for a multilayered medium. In
this instance, we modify Equation 3.13 to account for the summation of prob-

abilities over every segment traversed by the packet before interaction:

P{s> s} =exp (— Zutisi> , (3.19)

where ¢ designates the particular segment being traversed, p; here represents
the attenuation coefficient for the ith segment, s; gives the length of that ith
segment, and s; is the sum of all individual segment steps — i.e., sy = > . s;.

In the same manner as previously, we set this probability equal to a random

number (again §) to obtain an equation from which we can sample the step
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size:

Zptisi = —In(&). (3.20)

Thus, we have for the multilayered medium a generalised form of Equation
3.18. In particular, we note that the LHS of Equation 3.20 represents the
total dimensionless step size. Despite the fact that the photon packet may
propagate through multiple smaller substeps of size s; across different layers
during its total step size of s, it is only once the photon packet travels the full
dimensionless step size of —In(§) that we will allow an interaction to occur.
At this point, it is conventional to force the entire packet to undergo both
absorption and scattering [Wang and Wu, 2007|.

Hence, our process will consist of generating a total step size (via Equa-
tion 3.18), checking whether the packet will cross a boundary during the first
substep of its propagation (Section 3.3.3), moving the packet and determining
the result of any boundary interactions (Sections 3.3.2 and 3.3.3.4), updating
the remaining step size appropriately (by reducing to zero if completing the
entire step, or by first converting to dimensionless step size then recalculating
the remainder via the coefficients of the new layer if necessary), and finally

repeating until the original dimensionless step has been completed.

3.3.2 Update Position

After determining the step size, s, the photon’s position is then updated by
projecting s; onto the z,y, z axes through use of the direction cosines given in

Section 3.2. This gives the updated position coordinates (x1,y1, 21) as

T1 = Tg + S1Ug,
Y1 = Yo + S1lUy,

21 = 20 + S1Uy,

where we have here used (xg, 3o, 29) to refer to the previous coordinates.
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3.3.3 Check Boundaries

In our simple, homogeneous tissue — i.e., the infinite medium previously men-
tioned — we have only one boundary to consider: that of the surface. Con-
sequently, there are only two possible cases for boundary crossings during a
photon’s propagation: the initial crossing when the photon enters the tissue,
and the case where photons may attempt to escape the tissue by coming back
through the surface. Hence, we need to consider what happens to photon tra-
jectories during these instances. Additionally, we must extend our thinking
to the case of multiple tissue layers within the model, where a photon may
potentially cross a boundary during any given step. These possibilities are
represented in Figure 3.1 as the sideways step attached to the “Hop” stage.
To determine the outcomes of these boundary interactions, we first need to

introduce several fundamental aspects of optics.

3.3.3.1 Snell’s Law

We recall the law of refraction (also known as Snell’s law), which can be simply
derived from (Fermat’s) principle of least time and describes the relationship
between the angle of incidence, 6, and the angle of transmission (or angle of
refraction), 65, occurring when waves traverse a boundary between two distinct

isotropic media:
nq Sin(¢91> = Ny Sin(¢92>, (321)

where n; and ns represent the respective refractive indices of the first and
second mediums. Figure 3.12 depicts the measuring geometry of a typical

interaction.

3.3.3.2 Fresnel Equations

Next, we must introduce the Fresnel equations for dielectric media. Collec-
tively, these describe how electromagnetic radiation (for our purposes, light)

reflects and transmits when incident on the boundary interface between two
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Figure 3.12: An example interaction where Snell’s law is in effect. The angles
of incidence and transmission are, by convention, defined with respect to the

boundary normal (dashed line). Image credit: Olson et al. [2011].

optically different mediums. The derivation of these equations is relatively
simple to follow, though it is long and deviates a lot from our focus; hence,
we only briefly outline their background, meanings, and usages in this section.
A more thorough treatment and derivation is available in many textbooks on
optics — for instance, see Hecht [2001].

Upon light striking an interface between two mediums, 1 and 2, with dif-
ferent refractive indices, ny; and ns, there is both some reflection of light and
an amount of refraction experienced by the transmitted light. For our simu-
lations, we are interested in knowing how much light is reflected, how much
is transmitted, what the respective angles of reflection and refraction will be,
and how these values vary with changes in the refractive indices and the initial
angle of incidence. This information is determined by the Fresnel equations.

We first consider an arbitrary incident beam of light upon an interface
between two mediums. At the point of contact with the interface, we introduce
a normal vector to the surface. The plane containing both the incident ray
and the local interface normal is defined as the plane of incidence. Figure 3.13
shows an example.

In Figure 3.13, the incident ray projects from a medium with refractive
index here given by n; and strikes the interface with an angle of incidence

now defined as #;. The plane of incidence is seen to contain the incident ray
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Figure 3.13: A 3-D visualization of the schematics involved when an incident
ray of light interacts with an interface between two mediums with distinct

refractive indices. Image credit: Hecht [2001].

and unit vector (@, ) normal to the interface (by convention, this points in the
direction from the incident to the transmitting medium). The law of reflection,
which is easily derived from Fermat’s principle of least time in a similar manner
to Equation 3.21, states that the angle of incidence is equal to the angle of
reflection (the angle, 6,, created by the reflected ray and the normal to the

surface). In other words,

0, = 0,, (3.22)

and so we see the reflected component of the incident ray propagating back
into the incident medium at an angle of reflection given by 6,. For specular
reflection — i.e., where Equation 3.22 holds — the reflected ray is also in
the plane of incidence. Further, when refraction occurs, the refracted (trans-
mitted) ray is in the plane as well. This can be seen in Figure 3.13 as the
refracted incident ray component propagating into the second medium (here

with refractive index n;) at an angle of transmission given as 6.



70

Upon inspecting our plane of incidence (and ignoring the 3-D aspects for
now), we have the situation as presented in Figure 3.14. Note that we have
further vectors annotated to represent the electric (E) and magnetic (B) fields,

which are the fundamental carriers of electromagnetic waves (light).

Interface

Figure 3.14: A 2-D visualization of an incident ray of light interacting with the
interface between two mediums with distinct refractive indices. Image credit:

Hecht [2001].

Light is a transverse wave (i.e., its oscillations are perpendicular to the
direction of its propagation), though the oscillations involved with the wave
are in the form of electric and magnetic fields. We recall that the propagation
vector (k), E. and B form a right-handed system. Physically, this means the
motional emf generated is an electric field perpendicular to the direction of
propagation through the magnetic field, and the electric field has no component

in the direction of propagation. Mathematically, this is shown as:

kx E =vB, (3.23)

~

k -

&,
I

0. (3.24)

Next, we consider two extreme cases for the orientations of the involved fields:
first, where the electric field is perpendicular to the plane of incidence (one

form of this situation is shown in Figure 3.14, where E points outwards), and
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the second case where the electric field is parallel to the plane of incidence
(for instance, by swapping the directions of the fields in Figure 3.14). These
cases correspond to two linear polarization components of the incident wave: s-
polarization when the electric field is normal to the plane, and p-polarization
when the field is parallel to the plane. Though it may initially appear to
do so, these extreme case plane-polarized forms will not present a hindering
assumption to our work; it is easily shown that producing two orthogonal
linearly polarized waves is possible from any form of light (for further, see
Hecht [2001]).

Thus, with our now plane-polarized light, we may impose boundary condi-
tions on the E-field and B-field across the interface (again, see Hecht [2001])

to introduce the Fresnel equations:

r = n; cos(6;) — ny cos(6;) _ _S%n<ei_0t)’ 3.25)
n; cos(0;) + ng cos(6y) sin(0; + 0,)

b= n; COS?Z)C—TSQOS(@) - +2S;§1<(%3_T_O;f>9 i>> (3.26)

s e~ gy 07

L ?g)w(f)(@) N +<Z+ f))(ée)— oy B

where r| and ¢, are the amplitude reflection and transmission coefficients for
the case where E is perpendicular to the photon propagation, while r| and £
are the equivalent coefficients for when Eis parallel to the photon propagation.
These coefficients represent, for the perpendicular and parallel cases, the ratio
of the electric field amplitudes for the reflected (r coefficient) or refracted (¢
coefficient) rays to the equivalent amplitude of the incident ray’s electric field.
The equations on the left are those initially reached through imposing the
boundary conditions, while those on the right are a commonly used notational
simplification which can be reached through use of Snell’s Law and several
trigonometric identities. Note that, in using these equations, we assume a
planar interface between the mediums and that the mediums themselves are

homogeneous and isotropic — these points fit with our assumptions thus far.
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3.3.3.3 Further Definitions

We next introduce the reflectance, defined as the ratio of reflected power to

the incident power, which can be written as

R= (Eor)z =72 (3.29)

EO'L’

As well, we introduce the transmittance (simply) for completeness. This equa-
tion (and its subsequent extreme values) is not explicitly used in this discussion
or in the base algorithm; however, some MC models of light propagation in
tissue do incorporate these ratios in checks and further calculations. The trans-
mittance itself is (similar to the reflectance) defined as the ratio of transmitted
power to the incident power, which can be written (in an alternative manner

to that previously used in Equation 3.12, though conceptually the same):

7 = necost®y) (E‘”)z = (M) £2. (3.30)

ng cos(6;) \ Eo; ng cos(6;)

Here, r and t are again the amplitude reflection and transmission coefficients
(though note that the direction of the electric field is not specified), while Ej
represents the amplitude of the electric field and the further subscripts denote
incident, reflected, or transmitted values. As the direction of E is not specified

in Equations 3.29 and 3.30, it follows that

R, =12, (3.31)
Ry =rf, (3.32)
T, = %ti, (3.33)
T = %ﬁ. (3.34)

In other words, if the electric field is oriented in one of the directional extremes,
the reflectance and transmittance adjust accordingly.

Lastly, it is known for ordinary light which is “unpolarized” (such as as-
sumed for our purposes) that half oscillates parallel to the plane-of-incidence

and half oscillates perpendicular to that plane — i.e., there is an equal amount
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of power (or intensity) in two opposite linear polarizations [Prakash and Chan-
dra, 1971]. Hence, it can be shown (e.g., in Hecht [2001]) that the total re-

flectance for such natural, unpolarized light is
1
R=3 (RL+Ry), (3.35)

and this is what we require for the determination of our boundary interactions.

3.3.3.4 Boundary Interactions in Practice

As we are aware, a photon packet may interact with a boundary during its
step. We now consider the procedures involved with evaluating this occurrence
and determining what the outcome is for the interaction.

The first instance of a boundary interaction during a simulation generally
occurs immediately after launching: assuming we have launched the photons
above the first layer of skin, this provides the first boundary (so long as there
is a mismatch of indices of refraction). Generally, the light is shone so that
photon packets are launched orthogonally onto the skin — hence, 6; = 6, = 0.
Thus, by using Equations 3.25, 3.27, 3.31, 3.32, and 3.35, we are left with the

reflectance as

2
Ry, = (n nt) , (3.36)

n; + ny
in the case of normal incidence (6; = 6§, = 0), where we have here used the
label R, to emphasise that this is specular reflectance (as opposed to diffuse).
Recalling that this represents the ratio of reflected power to the incident power,
we see that R, of the photon’s weight is reflected, while the remainder is
transmitted across the boundary. Hence, the photon packet’s weight is altered

as thus upon entering the second medium (noting Wy = 1 at launch):
W = (1 — Rg,) Wh. (3.37)

Further propagation of a photon packet may result in the crossing of ad-

ditional boundaries, such as those between individual tissue layers or an exit
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boundary (tissue-air, for example). Consequently, we now consider the process
for handling this crossing.

First, we must calculate how far the nearest boundary is in the photon’s
direction. In this discussion, we simply consider planar interfaces between
mediums (see Section 2.6 for a discussion on incorporating non-planar bound-
aries). From our direction cosines, we have u, describing the orientation of
the photon’s trajectory in the z-direction. Specifically, we note that this value
can be greater than, less than, or equal to zero depending on the photon’s
orientation. Hence, for our planar interfaces, we can determine the distance

to the appropriate boundary, d,, during each step as follows:

( R
S for wu, >0,
Uy
dy = 4 00 for w, =0, (3.38)
a s for wu, <0.
\ Uz

Here, we have used z to represent the position of the photon in the z-direction,
2o to represent the z-value of the current layer’s upper boundary, and z; for the
current layer’s lower boundary. In determining these values, one can consider
the simple trigonometry of the situation with two planar layers separated by
a given distance and connected diagonally by a line at an angle of 6.

Next, we must compare the determined distance to the step size (i.e., d; to
s1). If the distance is greater than the step size, the photon packet is moved
to its next interaction site (it takes the step of size s;) and the interactions
undertaken in Sections 3.4 and 3.5 are completed. If the distance is less than
the step size, the photon packet will cross the appropriate boundary. Hence,
we move the photon to the boundary, and we shall next proceed to determine
the specular reflectance via use of the methods discussed in Sections 3.3.3.1,
3.3.3.2, and 3.3.3.3.

In order to determine the reflectance (via Equation 3.35), we require the

angle of incidence (#;) and the angle of transmission (6;). We can determine
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0; as
0; = cos*(Ju.|), (3.39)

while 6; can then be computed via Snell’s law (Equation 3.21).

We next recall the optical phenomenon of total internal reflection, in which
a ray of light travelling from a medium of relatively high index of refraction
is incident on a boundary between the present medium and another of rela-
tively low index of refraction at an angle of incidence greater than a threshold
known as the critical angle (6., at which the refracted ray becomes parallel
to the interface — i.e., #, = 90°). When these conditions are met, there is no
refraction of the ray into the second medium. Rather, the ray is completely
reflected back into the incident medium. Thus, if n; > n; and 6; > sin™* (Z—:),
we set the local reflectance, R;(6;), equal to unity in this situation.

When the conditions for total internal reflection are not met, we calculate

the local reflectance via Equation 3.35, written here in its full form:

1 Sil’l2<9i — Qt) tanZ(Gi — 8t>
(0:) 2 (st(Hi +6;) + tan?(6; + Qt)> ( )

Again, we note that this assumes the light to be randomly polarized (i.e.,
unpolarized for our purposes).

Next, a pseudorandom number is generated and compared with R;(6;) to
decide whether the photon packet is reflected or transmitted. That is, if the
number is less than or equal to R;(6;), the packet is reflected. If not, it is
transmitted.

In the event of reflection, the packet remains on the boundary; however,
its direction is updated to represent the reflection by simply reversing the z-
component — i.e., u, — —u,. This follows from the law of reflection, Equation
3.22. The photon packet then attempts to complete the remainder of its ini-
tial step (s; — dp here), though the procedures described above for checking
boundary distances and so forth must be completed again in case the packet
will cross another boundary during the remainder of its step. This reversal

of z-component and continuation with propagation is also the process for the
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case of total internal reflection. The photon continues through this cycle until
it is able to complete its step.
In the event of transmission, we need to update the photon’s direction and

step size after the boundary. First, we update the direction cosines as follows:

o Sin(et)

o sin(@t)
U, = sin(Gi)uy’ (3.42)
u,, = sgn(u,) cos(6y), (3.43)

where the first two updated direction cosines follow from applying Snell’s law
and considering (for example) Figure 3.13, while the third is also evident from
the same visualization.

Next, we must update the step size. This is done by taking the remain-
ing (dimensionless) step size after moving to the boundary ((s; — dp) ) and
converting it to the corresponding step size in the second medium, taking into
account the different optical properties. Thus, the remaining step size is now

(B dy)p
Lt 7

(3.44)
where we here use uy; and py to respectively represent the attenuation coef-
ficients for the incident and transmitted mediums. The photon packet then
attempts to complete the remainder of its step, though we again must check the
boundary distance in the new medium along the packet’s trajectory. If there
is another boundary crossing along this trajectory, the processes described

above repeat, and this continues until the packet can complete its current step

without any further boundary crossings.

3.4 Drop

When a photon packet has completed an entire step, it reaches an interac-
tion site. With the way in which we have defined the propagation step size,

the packet is now forced to undergo an interaction, and the standard way to
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complete this is to force the entire packet to experience both scattering and
absorption [Wang and Wu, 2007]. Hence, at this point, there are two pro-
cesses that must be undertaken. First, a portion of the packet’s weight must
be “dropped” at the site to represent photon absorption, while the remaining
portion of the packet is then scattered. Here, we outline the “Drop” part of
the routine.

At this stage, it is useful to introduce a further parameter known as the

albedo, a:

. Hs _ Hs
a = = —.
Ha =+ fs Kt

(3.45)

Evidently, this parameter describes the ratio of scattering to attenuation (i.e.,
scattering to the sum of absorption and scattering), and has a value ranging
from zero to one. Zero corresponds to an absence of scattering, while one
corresponds to a non-absorbing medium (in terms of light, at least). As a
result, we can determine that the proportion of the packet lost to absorption
at the interaction site is (1 —a) = % Consequently, a fraction of the packet’s
weight is dropped due to absorption, so that the new weight for the packet

becomes
W1 = Wo — Wo(l — a) = CLWO, (346)

where we have used W, and W; to refer to the previous and updated weights,
respectively. This remaining portion of the packet is then scattered into a new
direction.

Here, it is pertinent to note one of the benefits to utilising photon packets
with assigned weights. If we had simply used individual photons, each inter-
action site could result in the photon being completely absorbed according to
the probability of absorption. Hence, with this implicit capture technique, we
are able to gain absorption information at each stage of the photon’s propaga-
tion, as opposed to only receiving it at times when the photon is completely
absorbed. Similarly, if the photon packet has travelled a large distance al-

ready, this means a not insignificant amount of computation has gone into its
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propagation towards a region of potential interest. Having these packets then
be absorbed in a single interaction may make redundant the work undertaken
to move them there in the first place. Further discussion on these benefits can

be seen in (for instance) Prahl [1988].

3.5 Spin

At this stage, the photon packet has been moved to its next interaction site, its
weight has been decreased according to the amount lost due to absorption, and
all that remains is for the packet to undergo scattering into a new direction
before the process essentially repeats again. As briefly discussed in Section
2.4, this scattering process (“Spin”) is commonly performed through use of the
Henyey-Greenstein function, which we here look to discuss and motivate the

use of in this model.

3.5.1 Scattering: Rayleigh and Mie

Light scattering in tissue occurs when the tissue exhibits fluctuations in its
index of refraction [Welch and van Gemert, 2011|, which can be interpreted as
meaning the tissue’s macro-structure consists of smaller individual structures.
In particular, photons are scattered most strongly by structures with sizes that
match the wavelength of the photon. Typically, in tissue, we consider two types
of scattering. As tissue ultrastructure consists of many constituents (e.g., cells,
mitochondria, membranes, etc.), there are instances where these structures
are smaller than the photon wavelength and other cases where the spatial
fluctuations are on the order of (or larger than) the wavelength of light. In
this section, we briefly outline these two cases, though a more comprehensive,
theoretical /derivational discussion is outside the scope of this document. For
a more theoretical consideration, see (for example) van de Hulst [1981].

First, the instance where light is scattered by a structure much smaller

than the photon wavelength corresponds to Rayleigh scattering (r < A, where
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r represents the particle’s characteristic size and A\ is here the wavelength
of light). This occurs, for instance, during interactions between (visible or
infrared) light and striations (ridges) in collagen fibrils [Jacques and Prahl,
1998e]. In contrast, when the spatial scale of the structure (particle) is on
the order of — or larger than — the wavelength of visible/infrared light, the
scattering is referred to as Mie scattering. As an example, this type of scat-
tering occurs during interactions between photons and mitochondria [Jacques
and Prahl, 1998e|. In fact, it can be shown that the Mie theory also extends
to scattering by small particles, as the scattering theory reduces to that of
Rayleigh for » << A [Welch and van Gemert, 2011]. Hence, as Rayleigh scat-
tering is typically not applicable to the particles we consider in skin tissue —
and its regime is covered in the limit by Mie theory — Rayleigh scattering is
not heavily utilised in MC models of light propagation in tissue.

Mie scattered light is generally more forward-directed after scattering. As
a result, because we know that skin tissue is also forward-scattering |Tuchin,
2007] and it consists of many particles with characteristic size on the order
of the wavelength of visible or infrared light, Mie theory can provide a phase
function to use in determining the scattering angle from scattering interactions
in tissue [Wang and Wu, 2007].

It is not common in contemporary research, however, to use Mie theory in
MC tissue optics simulations. Rather, the ability to determine the scattering
distribution through the Henyey-Greenstein function by simply adjusting g for
the medium (as discussed in Section 2.4) provides one clear incentive to switch
from a Mie phase function. In addition, this alternative phase function matches

well with empirical results, as will be discussed in the following section.

3.5.2 The Henyey-Greenstein Phase Function

We have previously noted that astrophysics researchers devised an expression
in 1941 which could be used to mimic interstellar scattering — specifically,

that of light by interstellar dust clouds [Henyey and Greenstein, 1941]. Also
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noted was that Jacques et al. [1987| were subsequently the first researchers
within the field of MC simulations of photon propagation through tissue to
make use of this so-called Henyey-Greenstein (H-G) phase function. Prior
to this, Wilson and Adam [1983] (for example) had modelled the scattering
entirely via an isotropic distribution, which we now know is not appropriate for
tissue. Subsequently, however, in conducting in wvitro tissue studies involving
the measurement of the radiant intensity of scattered light as a function of the
angle of exitance from the tissue, Jacques et al. [1987] found the data to be
conveniently represented by the H-G function. Due to this convenience, the
field has continued to make heavy use of the H-G function in further research.

It should be noted, however, that the H-G function was not necessarily
chosen for its initial purpose in a manner that was based upon a mechanistic
theory of scattering; rather, Henyey and Greenstein [1941] pointed out that the
function was selected to approximate Mie scattering, wherein the diameter of
a scattering particle is comparable in size with the wavelength of the incident
light. This is ideal for skin tissue, as scattering in skin tissue is predominantly
in the form of Mie scattering. Accordingly, it is perhaps clearer as to why
this function is heavily utilised in MC simulations for skin tissue — alongside
its outlined benefits, it also approximates the otherwise relatively useful Mie
theory well. Hence, in accordance with common practice at this time, we will

proceed with using the H-G function.

3.5.2.1 The H-G Function - Theoretical Background

If we next consider our photon packet to be undergoing a collision at the
interaction site, it is clear to see that (in determining its new propagation
direction) two angles must be sampled. For reference, see Figure 3.15. First,
the deflection angle (0 < 6 < ) is calculated, which determines how the
photon packet is deflected from its current trajectory. Second, the azimuthal
angle (0 < 1 < 27) is calculated, which determines the rotation around the

axis governing the initial direction of propagation in the figure.
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azimuthal
deflection

S
photon
trajectory

scattering event

Figure 3.15: A cartoon illustration of the scattering event and involved geome-

tries. Image credit: Jacques and Prahl [1998b].

The azimuthal angle is determined relatively simply, due to the assump-
tion that it is uniformly distributed over the interval. With a pseudorandom

number, &, between 0 and 1, we have
Y = 2m€. (3.47)

For the deflection angle, we must weight the distribution in accordance with
what would be expected in practice. Thus, we finally introduce the Henyey-

Greenstein phase function:

1 1— g2

p(0) = — g - (3.48)
4 2
T(1+4 g% —2gcos(0))2

where we recall that ¢ here is the anisotropy factor (see Section 3.1.3) which
characterises the angular distribution of the scattering and the consequential
shape of the scattering function. As well, we can see that this function is

normalised so that the integral over 47 steradians is equal to unity:

/0 y { /0 " 0(6) sin(&)d@] dp = 1. (3.49)

This can be shown, for instance, via a u-substitution, with u = 1+¢*—2g cos(#)
and du = 2¢gsin(f)df. We also note here that the additional factor of sin() is

the spherical Jacobian required for integration over the unit sphere. Likewise,
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we see through a similar series of substitutions that

/02” l/oﬂ p(0) cos(0) sin(6)dl| dp = g. (3.50)

This final equation serves as a definition for the anisotropy, g, which we pre-
viously noted was the mean value of cos(f) (in Section 3.1.3). Hence, the H-G
phase function is also an identity function: if we pick a value of g to define
p(0) through Equation 3.48, the calculation of the expected value of g through
Equation 3.50 will return that precise value of g.

In practice, the H-G phase function is often written in an alternate manner
to allow for relatively simple computation of the scattering angle without com-
putationally expensive calls to trigonometric functions. This can be achieved
by writing the function in terms of cos(f) and normalising so that the total
probability of scattering a photon in any direction is equal to 1:

1
/lp(cos(e))d(cos(e)) =1. (3.51)
Substituting p(cos(6)) into the integral, we have:
1 1— g2
A (14 g% —2gcos(0))

7d(cos(0)) = 1, (3.52)

which can be evaluated by use of a substitution such as u = 1+ g* — 2g cos(6)

du
d(cos 0)

and = —2¢. Applying these substitutions to the integral, we are left

with

/_l p(cos(6))d(cos(h)) = /_1 11- gzd_u

1 VAT us —2g

(1-g¢*) ['du
- 8y -1 u_%

(1 i 92) 1 cos(0)=1
 dmg L/ﬂ} cos(8)=—1
G- 1 1

(eritey]

4dmtg —g_1+g

_ L (3.53)

Because this integral does not equal 1 as we had intended above, we must adjust

the normalisation factor (ﬁ) Adjusting this to % results in the appropriate
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integral outcome, and we hence have the following commonly used variation

of the Henyey-Greenstein phase function:

1—92

1
pleos(f)) = 2 (14 g% —2g COS(Q))%‘

(3.54)

Here, we now have normalisation such that the integral over all values of cos(6)

is equal to unity:

/_ p(cos(0))d(cos(f)) = 1. (3.55)

1

Again, the anisotropy parameter is defined through this definition in a similar

manner:

/_ p(cos(#)) cos(0)d(cos(0)) = g. (3.56)

1

This can be seen as another way to view ¢ as the mean value of cos(6), as we

know that f_llp(u)udu = (u) for p distributed in the interval [—1,1].

3.5.3 Sampling the H-G Function

To determine the specific deflection angle for a scattering interaction, 6, we
need to sample Equation 3.54. In doing so, we recall Equation 3.16 from our

inverse distribution method, repeated below:

/ “p(0dx = P(x) = €. (3.16)

Applying this to Equation 3.54, where now y = cos(6), we have

X1 1—92

e=[ = dx, (3.57)
1214+ g2-2 (:08(9))g
which is solved to give
1 1—¢> \?
= — 1+ —L— . 3.58
X7y / (1—9+2g§>] (358)

Evidently, this is only valid for ¢ # 0 — that is, as g approaches zero, this
equation approaches an undefined value. We know, however, that the limit as

g approaches zero corresponds to a scattering function shape that approaches
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isotropic scattering (by the definition of g, from Section 3.1.3). Hence, by
setting g = 0 in Equation 3.54, we see that p(x) = 5. Thus, by again applying
Equation 3.16, we find
X1
&= / —dyx (3.59)
L2
1

Solving this equation for x, we have

X =2-1, (3.61)

which is the case for g = 0.

Consequently, to summarise, we sample cos(#) according to the following

conditions:
1 1—¢> \°
% +g2—<1 92 )] for g #0,
x = cos(f) = Y — 9+ 298 (3.62)
26 —1 for ¢g=0,

where the actual deflection, 6, of the packet is given by cos™ ().

3.5.4 Updating the Trajectory

The last step of the “Spin” stage, then, is to update the global trajectory of
the photon packet according to the newly determined local deflection angle,
f, and local azimuthal angle, ¢. In doing so, we utilise two rotation matrices
to develop equations that allow us to write the new direction in terms of the
old direction. By first referring to Figure 3.16, we can quickly show through
simple trigonometric manipulation that a rotation about the z-axis (here rep-
resented by the rotation angle 1) relates the original coordinates and the new

coordinates by the following rotation matrix:

T cos(¢)) —sin(¢) 0 x x
y| = |sin(v) cos(yp) O v | =R.(V) |y (3.63)
z 0 0 1 2! Z
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Figure 3.16: Diagram showing a positive rotation about the z-axis. Image

credit: Dunn and Shultis [2012].

Similarly, if we then rotate this rotated coordinate system about the newly
formed y/-axis by an angle 6 (as can be seen in Figure 3.17), we can quickly
show that the initially rotated coordinates are related to these newly rotated

coordinates by the following rotation matrix:

x cos(f) 0 sin(0) x’ x’
y | = 0 1 0 y' | = Ry(0) | ¢ (3.64)
z' —sin(f) 0 cos(f) 2" 2!
S,
77 A
o)
P
X/
X,’

Figure 3.17: Diagram showing a positive rotation about the y/-axis. Image

credit: Dunn and Shultis [2012].

Consequently, if we combine these two rotations, we find that
x cos(f) cos(vp) —sin(¢) sin(f) cos(v)) x”

y | = | cos(d)sin(xp) cos(v)) sin(@)sin(y) | | v | (3.65)
z — sin(6) 0 cos(6) 2"
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which gives our rotation matrix as

cos(f) cos(y) —sin(¢)) sin(f) cos(v)
R.,(0,9) = R.(Y)Ry(0) = | cos(f)sin(¢)) cos(v)  sin(f)sin(y))
— sin(0) 0 cos(6)
(3.66)

By then considering a photon packet (as shown in Figure 3.18) moving in
the direction given by €(u,,uy, u,) = (sin(@) cos(v), sin(0) sin(v)), cos(d)), we
seek to calculate its new direction, Q'(ul, u! u)), after deflecting through the

) Yy Pz

angle shown as 6, and into an azimuthal angle of ¢.

/S

Figure 3.18: Diagram showing the relation between the coordinates of a packet

before and after scattering. Image credit: Dunn and Shultis [2012].

The calculation of the new direction can be summarised as consisting of
three steps. First, we rotate €2 to a local coordinate system in which the
vector lies on the z-axis. Evidently, this can be done by noting Rz_yl(ﬁ, ) =
(0,0,1). Second, we take the transformation given by R, (65, ¢’)(0,0, 1), which
will produce a vector in the local coordinate system with direction cosines
given by our scattering angles from Figure 3.18, (0,,%'). Lastly, we take this
scattered vector and rotate it back into our original coordinate system with

our previously defined rotation matrix, R, (0,v). Hence, the direction of our
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scattered photon packet becomes

Q' (o, ul,ul) = R, (0,0)R.,(0,,¢") R 0,1)Q. (3.67)

x) Yy Tz zY

We then wish to relate our new direction cosines to those previously calcu-
lated in order to define a recursive process for our simulation. Hence, we rewrite
the transformation matrix given in Equation 3.66 through use of our previously
defined direction cosines, (uy,uy,,u,) = (sin(f)cos(¢),sin(f) sin(1)), cos(h)),
giving

u, cos(y) —sin(y) u,
R.,(0,¢) = | u,sin(¢))  cos(v) wy |- (3.68)
—sin(0) 0 U,
With this, we can now take the previously determined packet’s new direction,

Equation 3.67, and determine the following expressions:

ul, = uy cos(fs) + sin(fs) (u, cos(v) cos(v') — sin(¢) sin(¢)')), (3.69)
u,, = 1y cos(0) + sin(0s) (u. sin(1p) cos(¢)’) + cos(v) sin(¢)')), (3.70)
u., = u, cos(f,) — sin(6) sin(6,) cos(v'). (3.71)

In writing these expressions, note that we have recalled Rz_yl(G, »)Q = (0,0,1),
which largely simplifies the working.

Lastly, we can adjust these expressions further to avoid so many calls
to trigonometric functions, which will help to improve the efficiency of our

simulation. By recognising that u, = sin(6) cos(v), u, = sin(#)sin(¢)), and

sin(f) = 1/1 — w2, we can write
ul, = uy cos(fs) + (upuy cos(¢) — uy sin(y))), (3.72)
w,, =ty cos(0;) + ——=== (u.uy, cos(¢') + u, sin(x)")), (3.73)

ul, = u, cos(fs) — /1 — u2sin(6,) cos(¢), (3.74)

i

and we now have our new direction cosines to continue the photon packet’s

propagation. These are then fed back into the “Hop” step for future movements.
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One issue that may arise with these expressions is the possibility to have
division by zero (or very close to it), which occurs when the photon direction
is too close to the z-axis and uw, ~ 1. This can occur in instances where the
angle is close to the normal. In these instances, we revert to using the following

formulas:

u!, = sin(6;) cos(¢'), (3.75)
u,, = sin(fy) sin(¢)’), (3.76)
u,, = sgn(u,) cos(fs). (3.77)

In practice, one might set a threshold (such as |u,| > 0.99999) to trigger this

condition.

3.6 Terminate

At this point, we have described all the processes necessary to propagate a
photon (packet) through our tissue (or general medium). One element remains
to be discussed, however, and this concerns the point at which to terminate a
photon packet. Clearly, we must put in place conditions that will terminate a
packet if it is reflected or transmitted out of the tissue (i.e., if it is reemitted
from the tissue). Yet, aside from this, our photon packet presently will continue
to propagate as its weight becomes ever smaller with each “Drop” stage of the
propagation cycle. We note, however, that its weight will never become zero
in our present setup, and if we continue to propagate a packet with a minute
weight, we are adding little new information to our solution (unless the packet
has propagated to an area of interest with little prior data). Further, we cannot
simply absorb or discard the photon’s remaining weight after it falls below a
certain threshold, as this will either skew our absorption statistics or violate

the law of conservation of energy.
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3.6.1 Roulette

The manner in which we overcome this problem is through the use of what is
known as a roulette method. This technique requires us to set a weight thresh-
old below which the photon packet undergoes the roulette routine. Typically,
one sets a threshold value, Wy, equal to 0.0001 [Jacques, 2011]. Reducing this
value may improve statistics at greater penetration depths within the tissue,
if needed. If the packet’s current weight, Wy, is below W;,, the packet is given
a one chance in k (typically, one chance in ten [Jacques, 2011]) of surviving;
however, upon surviving, its weight is altered to W, = kW,. If the packet does
not survive (a chance of 1 — 1/k), its weight is reduced to zero and the pho-
ton packet is consequently terminated. The updating of the packet’s weight is

summarised here:

1
EWo if < -,

W, = ’f (3.78)
0 if -
it &> R

where we have reused our pseudorandom number, &, which is in the interval
[0, 1].

We can see that the use of this technique results in the packet being termi-
nated, for instance, nine out of ten times, while the other one time out of ten
increases the packet’s weight ten-fold. In short, we see that the packets will
generally be terminated; however, the few surviving packets conserve energy
through their increased weight. With large numbers of photons being simu-
lated, we can see that the statistically averaged result will converge towards
the true result. Thus, through use of this technique, we terminate the packet
in a manner that is free from bias, our energy conservation is unhindered, and
we do not lose efficiency via propagating all photons until their weights reach

an extremely small level.
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3.6.2 Splitting

A relatively common technique in a similar vein to that discussed above is
known as splitting. The purpose of this method is generally to improve statis-
tics in regions of interest. In short, as a packet moves into a designated region
of interest (one might pre-assign importances to regions in the code), its weight
of W is split into m different packets, with each now having a weight of W /m.
Hence, energy is conserved, but the region of interest will gather improved
statistics as multiple packets are now considered. This is clearly useful as, for
instance, it may be difficult for packets to reach this region, so the splitting
aids with this problem.

In addition, the splitting technique can be used in conjunction with the
roulette technique, in the sense that regions of lesser importance/interest may
initiate a roulette process upon entry by a packet (in contrast to the splitting
initiated for regions of interest). One can further adjust the roulette process
so it is not focused on packet weight as above, in which case the process is
very much in contrast to the splitting technique.

In our initial code, we primarily utilise only the weight-based roulette tech-
nique for photon termination; however, this may be altered in future. For
further discussion on such variance reduction techniques as those discussed

above, see (for example) Hendricks and Booth [1985].
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Chapter 4

First Paper Motivation

Though the human womb has long been assumed dark (or, at best, negli-
gibly illuminated by external light sources), the precise extent of any such
illumination has never been thoroughly explored. Consequently, researchers in
fetal visual development fields have no targeted research on which to base the
development of transdermal laser diode stimuli for fetal experimentation.

Recent work, however, indicates the human fetus responds to external vi-
sual stimuli [Reid et al., 2017], such as laser diodes, and initial modelling has
suggested that the fetus may not develop in the completely dark environment
previously assumed |Del Giudice, 2011|. Hence, the commonly held belief that
the uterine environment is dark must be explored in greater depth to estab-
lish, for example, the range of illumination scenarios that the human fetus is
exposed to over gestation.

Further, development of the human visual system begins within the womb,
and there is motivation in fields such as developmental psychology, transab-
dominal oximetry, and photoacoustics to explore the extent to which light
penetrates maternal abdominal tissue and understand how transdermal stimuli
appear to the fetus. This is perhaps most apparent in the work of researchers
from the field of fetal vision, where fetal behaviour is often examined via use of
transdermal monochromatic stimuli delivered to the fetus through the exterior

maternal abdomen |[Reid et al., 2017; Reid and Dunn, 2021].
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To understand the interactions between laser diode stimuli and maternal
tissue, we developed and adapted a Monte Carlo model utilising third trimester
histological properties of maternal tissue. This model is used to simulate trans-
dermal monochromatic point light sources delivered to the maternal abdomen
with a wavelength of 650 nm (as used in experimental applications), with
varying thicknesses of adipose tissue. By adjusting this variable, we begin to
understand the relationship between tissue thickness (via adipose thickness
variation) and the resultant stimuli delivered to the fetus.

From the simulated outputs, we determine approximate levels of third
trimester uterine illumination from such stimuli — with results ranging from
being comparable to an overcast night for 2.50 cm of adipose to a full moon
in clear conditions for 1.00 cm of adipose. We further discuss the scope for
multiple stimuli to be visibly distinct in utero for further experimental appli-
cations.

Overall, this modelling provides quantitative guidance on the interactions
between transdermal monochromatic point source laser diode stimuli and ma-
ternal tissue to practitioners and researchers in the fields of fetal vision, ultra-

sound, and developmental psychology.
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Chapter 5

The effect of adipose tissue on
transdermal monochromatic light
presented to the human fetus

using Monte Carlo simulations

5.1 Introduction

Little is known about how the human fetus engages with the visual world.
Several studies have shown evidence of fetal sensory stimulation in the uterus
through auditory or olfactory stimuli [Bradley and Mistretta, 1975; Lecanuet
and Schaal, 1996|, yet the presence of uterine visual stimulation from exter-
nal light sources has been consistently assumed as either absent or negligible
[Myowa-Yamakoshi and Takeshita, 2006]. Historically, circumstances allow-
ing for illumination of the uterus were suggested to be limited to cases where
the maternal abdomen was exposed directly to a powerful light source [Liley,
1972]. Accordingly, research in the field of fetal visual development has been
limited, though some experimental work has suggested there is sufficient light
entering the uterine environment of pigs and guinea pigs to allow for fetal

visual stimulation [Jacques et al., 1987].
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More recently, work exploring the human visual experience prior to birth
utilized quantitative modelling to assess the visual environment for the hu-
man fetus during the final two months of gestation, with results indicating
many fetuses may develop in conditions providing sufficient illumination of
the uterine cavity for visual experience [Del Giudice, 2011]. This finding re-
newed experimental research interest in fetal visual development, with later
studies presenting diode light sources to the fetus through the maternal ab-
domen and concluding that fetuses show a preference for face-like stimuli [Reid
et al., 2017].

Subsequent research found that uterine light is essential for the typical
formation of the eye in mice [Rao et al., 2013]. This raised the question of
whether light was required for all mammalian visual systems during gestation.
As it is not ethically appropriate to conduct experiments with humans where
the visual system may become impaired, further work explored the impact
of naturalistic variation in average day length (hence, natural light exposure)
during early human gestation and the associated visual outcomes for infants
[Yang et al., 2013]. Findings suggested that there may be impacts to the
human visual system from the number of daylight hours.

It is clear that the development of research within the field of fetal vision,
combined with our growing knowledge of the uterine visual environment, has
indicated the need for targeted research into the levels of light stimuli present
within the human uterus across gestation. More generally, such research pro-
vides benefit to those working in transabdominal oximetry and photoacoustics
through a greater understanding of the effects of tissue components on trans-
dermal light and how stimuli might present to the fetus.

To our knowledge, modelling of light that reaches the human fetus has been
limited to four previous forms of approach.

First, perturbation methods have been used to model photon transport
through the fetus (a prominent example models transport through the brain

[Jacques et al., 2000]); however, researchers in these areas are typically not
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concerned with uterine illumination or stimuli appearance to the fetus — both
of interest in developmental psychology.

Second, general illumination of the uterine cavity has been modeled by
measuring light transmission through biological tissue samples and estimating
a regression equation [Del Giudice, 2011]. This approach demonstrated that
the uterus may be an environment allowing for visual experience under certain
conditions, though the method lacked flexibility and offered only an isolated
snapshot of the conditions measured with the tissue samples. Any variation
in optical tissue properties such as absorption or scattering coefficients would
impact the physical processes occurring during light propagation and cause
results to deviate from the model’s predictions. More thorough modelling is
hence needed to develop this work.

Third, in response to claims of fetal preference for face-like stimuli in the
womb [Reid et al., 2017], outputs from Monte Carlo (MC) simulations were
used to demonstrate the apparent difficulty for the fetus in distinguishing the
presented stimuli [Scheel et al., 2018|. This approach explicitly modelled the
appearance of transdermal stimuli to the fetus; however, one drawback was
the limited application and investigation of the work (though this was not the
overall intention of the paper). The authors employed a single instance of a
one-layer tissue model and the maternal abdominal tissue was assumed to be
homogeneous. In reality, maternal tissue is composed of multiple constituent
layers — each with different optical properties — and the assumption of a ho-
mogeneous medium may omit impacts due to the varying nature of the tissue
across layers. The field would benefit from a deeper investigation of these im-
pacts and the extent to which transdermal stimuli may be used in future fetal
visual development studies.

Fourth, in transabdominal fetal monitoring (and similar fields), computa-
tional modelling has been employed to simulate light transport to the fetus for
observation of fetal wellbeing. For example, various efforts have been made

in fetal pulse oximetry to model light transport in maternal tissue; recently,
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MC simulations were used to determine the effect of amniotic fluid on recov-
ering fetal signals through the maternal abdomen [Gunther et al., 2021|. In
this work, researchers utilize a three-layer maternal tissue model and vary the
subdermal layer, though their focus (and that of others in these fields) is on
aspects not directly related to our interests. Such works also typically explore
signals at wavelengths outside the range of those used in experimental fetal
vision research, where studies focus on wavelengths that can be perceived by
the fetal eye as estimated by newborn capacities.

Further, fetal visual development research currently focuses on the third
trimester of pregnancy due to the late development of the fetal eye, with
previous research showing the fetal brain responds to light during the third
trimester [Donovan et al., 2020] and the fetus moves its eyes at 34 weeks
in response to the introduction of transdermal light stimuli on the mother’s
abdomen [Dunn et al., 2015]. Hence, to further inform and develop these
experimental applications, model parameters must be relevant to this stage of
pregnancy. No previous research addresses this consideration when modelling
how transdermal stimuli appear to the fetus or the levels of uterine illuminance
provided.

Inspection of the basic component layers of maternal abdominal tissue
(skin, adipose, muscle, and uterus) highlights the primary motivation of this
study. From empirical studies [Kennedy et al., 2016; D’Ambrosi et al., 2017,
Hwang, 2021], the layer that generally exhibits the greatest thickness and vari-
ation in thickness across individuals in their third trimester of pregnancy is
adipose tissue. In addition, adipose is the layer which generally has the most
profound impact on the propagation of light to the womb. This can be seen
by inspection of the optical properties sourced from literature in Table 5.1. It
is clear that adipose tissue is highly photon-absorbing relative to other tissue
layers, thus more heavily diminishing the levels of light reaching the womb.
Similarly, average layer thicknesses taken from empirical studies show adipose

tissue thickness in pregnant women to typically vary from 1.0 cm to 2.0 cm
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|[Kennedy et al., 2016; D’Ambrosi et al., 2017; Hwang, 2021]. In combination
with the highly photon-absorbing nature of this tissue, the implication is that
adipose plays an important role in determining the levels of light reaching
the fetus, and a large amount of uterine light variation across individuals is
influenced by variations in adipose tissue.

In order to model the amount of light that reaches a human fetus from the
application of monochromatic point source stimuli to the exterior maternal
abdomen, we present a computational model developed in C17 standard C
that implements a direct particle simulation MC approach to simulate light
transport through dynamically dispersive tissue. The model incorporates five
layers, with four representing the maternal tissues and one representing the
amniotic fluid. All simulations have been run with at least 12 billion photon
packets to reduce noise and generate appropriate statistical accuracy. We
adjust the model’s adipose layer by increasing its thickness, which addresses
two aspects of pregnancy. First, across gestation, the structure of maternal
abdomen tissue changes in response to the growing size of the fetus — i.e.,
there is a temporal aspect to consider when determining the illumination of
the uterus. Adjusting the thickness of the adipose layer is a simple manner
through which to initially explore this evolution. Second, this gives an insight
into how body fat indicators may affect the illumination of the womb. For
example, mothers with higher BMI values might be expected to have greater
adipose tissue thickness, while the converse may be expected for mothers with
lower BMI values. Consequently, these simulations highlight the extent to
which uterine illumination levels from direct point source stimuli vary across
the population with respect to such measures.

We also explore an application to a problem faced by developmental psy-
chologists. As this field seeks to utilize light as a means of displaying distinct
light sources to the fetus, such as moving two separate monochromatic point
source light stimuli towards one another along the maternal abdomen exte-

rior during presentation to the fetus, constraints require that the light sources
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as viewed by the fetus remain visibly distinct from one another — i.e., min-
imal stimuli merging visible to the fetal eye, and with a reduced concern for
whether the original shape remains distinct (in contrast to earlier fetal visual
work [Reid et al., 2017]). We are interested, then, in exploring the point at
which two such stimuli cease to become notably distinct from each other, with
conclusions from this work being used to inform experimental design in future
research.

Thus, in this paper, we aim to answer the following questions: (a) To what
extent does a transdermal monochromatic point light source catered toward fe-
tal visual perceptual parameters illuminate the uterine environment? (b) How
does such stimuli present to the fetus? (c) How are these quantities affected by
variation in adipose tissue? (d) To what extent does the horizontal separation
distance along the maternal abdomen of multiple transdermal monochromatic

point source stimuli affect how readily discernible the images are for the fetus?

5.2 Methodology

We use MC computational modelling to simulate the propagation of light from
directed transdermal monochromatic point source stimuli through the abdom-
inal tissue of a pregnant woman. No human tissues or samples were involved
in this study. Consideration was given to use of the diffusion approximation
in modelling; however, its validity is typically limited to situations where the
light has been highly scattered [Welch and van Gemert, 2011| or the prob-
ability of scattering events is much greater than that of absorption events
[Duderstadt and Hamilton, 1976]. With the inclusion of amniotic fluid in our
models, the diffusion approximation becomes relatively inaccurate when com-
pared to methods such as MC modelling. Similarly, existing applications such
as NIRFAST |Dehghani et al., 2009; Jermyn et al., 2013], which are dependent
on diffusion approximations, may become less effective for our intended uses

in modelling maternal tissue environments. This can be further reasoned due
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to our close source proximity to the region of interest and the potential for
future use of wavelengths outside the near-infrared wavelength range.

All simulations are completed with model parameters relevant to the third
trimester of pregnancy, as this is the optimum period for studying the devel-
opment of the fetal eye via directed light stimuli [Donovan et al., 2020; Dunn
et al., 2015]. To run the simulations, we developed a computational model
written in C17 standard C that follows a similar algorithm to that employed
by the prominent Monte Carlo for Multi-Layered media (MCML) [Wang et al.,
1995] model to run direct particle MC simulations. The primary reason for
developing our own model was to incorporate aspects for computational effi-
ciency (such as MPI) and to allow for streamlined customization related to
our research group’s applications in future work.

Our environmental model for this work is split into five layers: four rep-
resenting the maternal tissues and one representing the amniotic fluid. We
have identified and incorporated relevant layer-dependent optical properties
and thicknesses for our purposes. These are listed in Table 5.1. As our in-
vestigation involves exploring the attenuated stimuli for the third trimester of
pregnancy, the layer thicknesses are taken from literature relevant to pregnant
women in this stage.

To replicate the differences in tissue structure across individuals, we adjust
the thickness of adipose tissue used in the model — the simulations use adipose
thicknesses of 1.0 cm, 1.5 cm, 2.0 cm, and 2.5 cm. All other parameters are held
constant. Future experimental investigations by our group will deliver laser
diode lights direct to the mother’s skin, and the wavelength to be employed
is 650 nm. All simulations hence use optical parameters taken from literature

for this value (see Table 5.1).

5.2.1 The Monte Carlo Model

The model follows a similar algorithm to that of MCML |[Wang et al., 1995].

An input file describing the layers, their parameters, the beam, and several
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Table 5.1: Layer properties of the tissue model used in Monte Carlo simulations.
All values are sourced directly from literature for 650 nm where possible, and
emphasis is placed on using values relevant to women in the third trimester of

pregnancy (or those that most accurately represent this situation).

Layer | Medium | i, [em™] | ps [em™] | g n t[cm]

A Skin 0.14M1 90.08!M 0.907 | 1.40" | 0.20%*

B Adipose 0.700! 126.00%4 [ 0.90 | 1.40 | 1.00-2.50%6.78
C Muscle 1.20M 89.00 090 |1.40 | 0.488

D Uterus 0.35%100 1 137.000%1% | 0.90 | 1.40 | 0.60MM!7

E Amniotic fl. | 0.003% 1.00012] 0.99121 | 1.3512 | 25.00*

" Torricelli et al. [2001]

* Scheel et al. [2018]

“ Bashkatov et al. [2005]

) Simpson et al. [1998]

" Kennedy et al. [2016]

“) D’ Ambrosi et al. [2017]

" Hwang [2021]

" Fukano et al. [2021]

) Marchesini et al. [1989)]

" Ripley et al. [1999]

" Durnwald and Mercer [2008]

" Gunther et al. [2021]

T These values are used for all tissue layers — i.e., all except amniotic fluid. They are com-
monly found within ranges of those seen in literature [Scheel et al., 2018; Torricelli et al.,
2001; Meglinski and Matcher, 2002; Bashkatov et al., 2005; Simpson et al., 1998|.

! This value is increased from 0.18 to 0.20 in order to fit our voxel gridding.

§ This range also covers a large component of that seen in our experimental work.

T This value is decreased from 0.61 to 0.60 in order to fit our voxel gridding.

" Simply chosen to provide a large packet propagation area.

further simulation variables is read and a voxelated tissue region is generated

to match the tissue’s physical description. Though this is not a new approach
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to simulating light propagation in tissue, it allows for simple manipulation
of the tissue to account for its heterogeneous nature. Hence, this voxelated
approach is chosen to allow for future adaptation of the model to account for
heterogeneity across the tissue of individuals. This will also enable the delivery
of a consistent light source at the individual level for future experimental
studies.

Photons are launched as packets with random, medium-specific path lengths
and their propagation through to a tissue interaction site is simulated. The
source is set as a single collimated photon beam launched orthogonally into
the tissue at its surface. We use the Henyey-Greenstein [Henyey and Green-
stein, 1941] phase function to model the distribution of deflection angles in

scattering:
1 1—g°

= 4— 3
T(1+4 g% —2gcos(0))?

while the azimuthal angle is sampled from a uniform distribution across the

p(0) (5.1)

interval 0 to 27. If the step of a packet will cross a boundary between tissue
sublayers, transmission is determined by comparing a random number to the

internal reflectance as computed by the Fresnel equations [Smith, 2013]:

r. o= —% (5.2)
h o= ) 59
" 2sin(6;) cos(6;) (5.5)

sin(6; + 6;) cos(6; — 0;)
This is a common method employed in MC models (for example, see MCML

[Wang et al., 1995|). In short, the above equations can be manipulated to give

the local reflectance [Hecht, 2001]:

L (sin’(6; —6,)  tan*(6; — 9t>> | (5.6)

Ri(0;) = 5 ( = +
(0:) 2 (81112(91- +6,)  tan?(6; + 6;)
where 6 represents the angle of incidence or transmission depending on the

subscript.
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For the MC method, a pseudorandom number is generated and compared
with R;(6;) to decide whether the photon packet is reflected or transmitted.
If the packet is internally reflected, its trajectory component perpendicular
to the surface is reversed and it continues propagation in the current layer.
If the packet is transmitted, its direction is updated according to the new
layer’s parameters and its propagation continues. This process repeats until
the packet’s weight reaches a predetermined lower bound and its termination
is handled by a roulette process [Dunn and Shultis, 2012]:

KWy if €<
W, = (5.7)

0 if &>,

=

where k is typically chosen as 0.1 [Jacques, 2011], W is the photon’s current
weight, Wi is the updated weight, and ¢ is a pseudorandom number in the
interval [0, 1].

The procedures are looped through until all packets have been simulated
to their completion. At this stage, output data is written to a file which is read
into Matlab scripts to generate images. For our later inspection of multiple
beams, as the system used in these simulations is linear and invariant, we
may simply shift the beam horizontally and sum the two response grids [Wang
et al., 1997]. This component of the research is also handled by Matlab scripts
before generating outputs.

To improve the model’s computational efficiency, we incorporate parallel
processing of photon trajectories. This is accomplished through use of the
Message Passing Interface (MPI) standard, allowing faster processing of the
12 billion packages simulated per run. Data generated was benchmarked dur-
ing model development against that produced by established models (such as
MCML [Wang et al., 1995]) and found to be in good agreement. All simula-

tions were conducted with 0.04 cm voxels.
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5.2.2 Tissue Model

We employ a four-layer tissue model for our simulations, consisting of skin,
adipose, muscle, and uterus. Below the uterus layer is amniotic fluid. A z-
plane cross-section of the tissue model used in our simulations is shown in
Figure 5.1. As the experimental stimuli to be used will have a wavelength of

650 nm, optical parameters are sourced for this value. These are shown in

Table 5.1.

=== e e
IA

Figure 5.1: Geometry of the layered tissue model used in our Monte Carlo
simulations. Layer A is skin, Layer B is adipose, Layer C is muscle, Layer D

is uterus, and Layer E is amniotic fluid.

The experimental side of this research requires the stage of fetal visual
development to be sufficiently advanced enough to detect stimuli. Therefore,
presentation of the laser diodes occurs during the third trimester of pregnancy
and this needs to be accounted for in the tissue layer geometry. We have taken
layer thickness values from empirical studies, and these are also shown in Table

5.1.

5.3 Results

Initial MC simulations model a single beam’s propagation through the tissue

model. Figure 5.2 shows cross-sections in the r-z plane of the relative fluence
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rate (i.e., relative intensity, or watts of power incident per cm? per watt deliv-
ered) on a base-10 logarithmic scale for a single beam incident at the surface
of the maternal abdominal skin, with each image displaying a different adi-
pose thickness. The relationship evident from these images is that increased
levels of adipose tissue thickness correspond to reduced levels of light intensity
reaching the amniotic fluid. Note that the geometry is presented in cylindrical

coordinates for these figures and axial symmetry is assumed.

1.0cm adipose, 2.28cm tissue thickness 1.5cm adipose, 2.76cm tissue thickness
2 -

-5 0 5 -5 0 5

r[cm r [cm]
2.0cm adipose, 3.28cm tissue thickness 2.5cm adipose, 3.76cm tissue thickness
E -

-5 0 5 -5 0 5
r [cm] r [cm]

Figure 5.2: Cross-sections of relative fluence rate (i.e., relative intensity, or
watts of power incident per cm? per watt delivered) in the r-z plane for a
single beam incident at the surface of the maternal abdominal skin, for varying
adipose thicknesses. Dashed white lines represent layer boundaries as outlined
in Table 5.1. Note values are presented in base-10 logarithmic scale and the

geometry is presented in cylindrical coordinates.

Since a key objective of our work is to determine the appearance of trans-
dermal monochromatic point source stimuli delivered to the fetus in utero, we
present in Figure 5.3 the cross-sections of the simulated single beams’ relative
fluence rates in the z-y plane for varying adipose thicknesses (note the change
to Cartesian coordinates for subsequent images, with no transformation con-

ducted as the model tracks data on both cylindrical and Cartesian grids). Due
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to the variety of fetal eye positions in utero, it is unclear what position (rel-
ative to the tissue-amniotic fluid interface) is the ideal point to consider the
simulated light intensity. We present a single option for consideration here:
each image shows the beam’s simulated relative fluence rate at the tissue-fluid
interface for tissues with differing adipose thicknesses (in line with the source
stimuli). This decision is due to the low absorption coefficient [Scheel et al.,
2018] and relatively low scattering coefficient |Gunther et al., 2021 in amni-
otic fluid for the wavelength considered. Hence, we propose that light which
reaches this interface is likely to continue propagating to the fetus with mini-
mal attenuation — especially when noting that the typical separation between
the fetal eye and the uterus is on the order of 1-2 cm [Donovan et al., 2020].

Rel. Fluence Rate W/cm per Wdel.] @ 2.28 cm «10° Rel. Fluence Rate [W/cm per Wdel] @ 2.76 cm 108
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Figure 5.3: Relative fluence rates [W/cm? per W delivered| for a single de-

y [cm]

y [em]

livered beam. Images show relative intensity at the interface between tissue
and amniotic fluid for varying thicknesses of adipose. Note the change in scale

between figures.
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As expected, the maximum relative intensity declines as adipose tissue
thickness is increased. Adipose tissue typically has relatively high levels of
absorption and scattering (see Table 5.1) in comparison to other component
layers represented in the model, such as skin and amniotic fluid, which leads to
the large decline in relative intensity seen with increased adipose thickness. In
contrast, amniotic fluid exhibits relatively low levels of absorption and scatter-
ing, leading to more noticeable diffusion of the photons that enter the uterine
environment. The beam intensity is typically lower in the amniotic fluid than
at the interface, with a broader geometric spread being evident. This is in-
dicated by the widening of the intensity patterns shown in the amniotic fluid
layers of Figure 5.2 (in particular, for the lesser adipose tissue thicknesses
where more light is reaching the fluid), in contrast to the relatively narrow
spreads within the tissue.

Figure 5.4 shows the intensity of the beam at the interface between tis-
sue and amniotic fluid, relative to its maximum simulated intensity in the
x-direction for y = 0 (i.e., the intensity simulated directly below the source
delivery at this depth is normalized to 1.0). This plot gives an indication of
the horizontal diffusion for a given transdermal monochromatic point stimuli
after propagating through maternal tissue. Such information is useful for ex-
perimental applications where determining appropriate horizontal separation
differences for transdermal stimuli on the maternal abdomen is required to en-
sure delivered stimuli remain visually distinct in the uterus. Note that larger
adipose thicknesses result in visually similar beam profiles to that shown in
Figure 5.4, so we simply present the first adipose thickness for consideration.

Figure 5.5 shows the decline in relative fluence rate along the z-axis for
the four simulated adipose layer thicknesses. Due to the source location, the
maximum values for intensity occur at the surface of the tissue (z = 0 cm).
The fluence rates decrease with increasing z, as the beam propagates through
more of the simulated tissue. Similar to previous studies [Gunther et al., 2021],

our model shows exponential trends (linear when on a logarithmic scale) for
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Figure 5.4: Relative intensity of the single beam to its maximum intensity
along the x-direction at y = 0 for the tissue profile with 1.0 cm adipose thick-
ness at the interface between tissue and amniotic fluid. This gives an indication
of the horizontal diffusion for a given transdermal monochromatic point stim-
uli after propagating through maternal tissue. Only the profile with 1.0 cm
adipose thickness is shown. Similar plots generated for tissue profiles with
thicker adipose result in noisier images (due to increased absorption impacting

statistics) that reflect similar underlying distributions.

the decline in fluence rate over the tissue and amniotic fluid. As adipose
tissue thickness increases, the decline in relative fluence rate by the tissue-
fluid boundary becomes increasingly apparent. Based solely on these figures,
there appears to be a roughly 15-fold decline in the eventual relative fluence
rate measured at the tissue-fluid interface when adipose tissue thickness is
increased by 0.5 cm. Also plotted beneath each set of data are the estimated
slopes from linear regression for the adipose and amniotic fluid components
of the 1.5 ¢m case. The fitted slopes are -2.8556 and -0.3789, which offers a
rudimentary manner through which to estimate the attenuation of beams for
tissues that fall beyond these simulated scenarios.

In situ experimental designs motivating this modelling work will later in-

volve moving two separate transdermal monochromatic light stimuli towards
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Figure 5.5: Relative fluence rate vs. z-depth for different adipose tissue thick-
nesses. Note the relative fluence rates are presented in logarithmic scale. Verti-
cal dashed lines represent boundaries between tissue layers, as defined in Table
5.1. Also plotted beneath each set of data are the estimated slopes from linear
regression for the adipose and amniotic fluid components of the 1.5 c¢m case.

The fitted slopes are -2.8556 and -0.3789.

one another, without merging from the perspective of the fetus. We are inter-
ested, then, in knowing at what point two such stimuli cease to become notably
distinct from each other. Consequently, we also model the appearance of two
transdermal monochromatic stimuli presented to the fetus in utero, and the
cross-sections of simulated z-y plane data for these are shown in Figures 5.6
and 5.7. Each row of images shows the relative fluence rates of two stimuli, as
measured at the tissue-fluid interface. We present three separation distances
of the light sources for comparison: 18 mm, 25 mm, and 35 mm. These are
based on proposed measurements employed for in situ psychological experi-
ments [Reid and Dunn, 2021]. In terms of intensity profiles, it is apparent
that an 18 mm separation distance does not lead to noticeably distinct stimuli
presentation for any tissue thickness simulated; however, there is reasonable

distinction evident for simulations using the 25 mm separation distance, and
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the 35 mm separation distance appears to lead to noticeable intensity distinc-

tion for all simulated tissue thicknesses.
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Figure 5.6: Relative fluence rates [W/cm? per W delivered| for two stimuli.
Left images show 18 mm stimuli separation, centre images 25 mm, and right
images 35 mm. The top row is the relative fluence rate at the interface between
tissue and amniotic fluid for 1.0 ¢m adipose, and the bottom row 1.5 cm

adipose.

Similar to Figure 5.4, the graphs presented in Figure 5.8 show the profiles
of simulated intensity relative to maximum intensity for two beams. As in
Figures 5.6 and 5.7, these are measured along the centre of the z-y plane at
the tissue-fluid interface. Again, simulated separation distances of 18 mm, 25
mm, and 35 mm are applied at the sources.

As expected, moving the sources closer together causes the intensity dis-
tinction between the two beams to be reduced. As adipose tissue thickness
is increased, the distinction between the beams at the tissue-fluid interface
is steadily reduced, with the 18 mm source separation only showing minimal
distinction in the peaks for the 1.0 cm adipose tissue (shown in Figure 5.8),
while the 25 mm separation appears to maintain distinct intensity plots when

measured at the interface until the adipose tissue is increased to 2.5 cm. The
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Figure 5.7: Relative fluence rates [W/cm? per W delivered| for two stimuli.
Left images show 18 mm stimuli separation, centre images 25 mm, and right
images 35 mm. The top row is the relative fluence rate at the interface between
tissue and amniotic fluid for 2.0 cm adipose, and the bottom row 2.5 c¢m

adipose.

35 mm separation consistently produces distinguishable images at the tissue-
fluid interface across all thicknesses, demonstrated in Figures 5.7 and 5.8, with
the relative intensity to maximum dropping below 0.2 between the simulated
stimuli at the tissue-fluid interface. Note again that larger adipose thicknesses
result in qualitatively similar beam profiles to those shown in Figure 5.8, so

we simply present the first adipose thickness for consideration.

5.4 Discussion

We use MC simulations to demonstrate the relationship between increasing
thicknesses of adipose tissue and the attenuation of transdermal monochro-
matic point source laser diode stimuli presented to the human fetus in utero.
In general, the levels of light intensity reaching the fetus decrease with in-

creasing adipose thickness. For example, comparing the results for the 1.0 cm
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Figure 5.8: Relative intensity of the two beams to their maximum intensity
along the z-direction at y = 0 for the tissue profile with 1.0 cm adipose thick-
ness at the interface between tissue and amniotic fluid. The top image shows
an 18 mm stimuli separation, the centre image a 25 mm separation, and the
bottom image a 35 mm separation. Only the profile with 1.0 cm adipose thick-
ness is shown. Similar plots generated for tissue profiles with thicker adipose
result in noisier images (due to increased absorption impacting statistics) that

reflect similar underlying distributions.

adipose thickness to those of the 2.5 cm adipose thickness in Figure 5.5 shows
the former experiences relative fluence rates at the tissue-fluid interface approx-

imately 3, 500 times larger than the latter. This is further demonstrated by the
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apparent decline in intensity exhibited by the beam profiles at the tissue-fluid
interface in Figure 5.3 — the scale from the 1.0 cm adipose thickness to the
2.5 cm adipose thickness falls dramatically, and this is representative of the
significant attenuation of simulated photon packets due to increased adipose
influence on propagation.

It is important to note that most of the images provided thus far display
measurements of relative light intensity. In other words, the incident power
(in watts) per unit area (in cm?) per unit power presented (in watts). For
example, the log value shown in Figure 5.5 at the tissue-fluid interface along
the z-axis is approximately —7.22 for the 2.0 cm adipose thickness, indicating
a simulated relative fluence rate of 6.03 x 107® W /cm? per W delivered. Using
the 5 mW power presented to the tissue, we find a simulated fluence rate of
3.01 x 10719 W/cm? for this incident power. As noted, this is a measure of
intensity; however, it does not give an intuitive indication of how “bright” these
stimuli may appear to the fetus. To interpret the stimuli from this alternative
perspective, we need to convert the simulated intensity to illuminance. This
can be handled in a relatively simple manner to ascertain an approximate
value that can be interpreted by way of comparison to more common sources
of illuminance.

The conversion of intensity (irradiance) in units of watts/m? to illuminance

in units of lux can be performed using the following formula [Johnsen, 2012]:
lux = 683.002 / E(\)F(\) AN, (5.8)
0

where 683.002 is the constant representing the maximum spectral luminous
efficacy and is measured in Im/W; E'()) is the intensity (irradiance) spectrum
measured in W/m? per nm, which is taken from the simulation results; 7 (\)
represents either the photopic (light-adapted) or scotopic (dark-adapted) lu-
minosity function of wavelength for humans; and the integral is taken over the
spectrum of simulated wavelengths. For our single wavelength simulations, we

integrate over a Dirac delta function. Hence, the conversion equation becomes



115

simply
lux = 683.002 - E () g (A). (5.9)

The distinction between using the photopic or scotopic luminosity function
involves the levels of light under consideration — for everyday light levels,
the response of the human eye is most appropriately approximated by the
photopic luminosity function, while the scotopic luminosity function is most
applicable in low light conditions. Consequently, one might initially expect the
uterine environment to correspond to one where the scotopic function is most
relevant; however, it is unclear exactly what levels of light might already be
present in the uterus due to natural light sources. Similarly, the development
of the fetal eye (and its adaptation to the uterine environment) is presently not
well known. Assuming low light levels would likely offer the safest and most
reasonable starting estimate, and this indicates use of the scotopic function
may be appropriate for our purposes.

Taking, for example, our previously mentioned value of 3.01 x 1071 W /cm?
at the tissue-fluid interface for 2.0 cm adipose thickness, converting this to
W/m? to find F (650nm), and substituting this value into the equation with
7 (650nm) = 0.107 for the photopic function at 650nm or 0.000677 for the
scotopic function at 650nm [Williamson et al., 1983], we calculate illuminances
of 2.2 x 107 Ix or 1.4 x 1079 Ix, respectively. The former is roughly between
the illuminance levels of an overcast night sky and a clear, starry night sky
[Rich and Longcore, 2006], while the latter is not immediately comparable to
any common illuminance level. This suggests that illuminance levels provided
to the uterine wall by the simulated stimuli are unlikely to offer a noticeable
illuminance for the fetus when adipose tissue thickness is 2.0 cm or above.

In contrast, however, taking the simulated tissue-fluid interface relative
fluence rate from Figure 5.5 for the 1.0 cm adipose thickness and applying
the same calculation gives a result of approximately 0.05 Ix for the photopic
function, which is an illuminance approximately between a full moon in clear

conditions or a quarter moon |Rich and Longcore, 2006]. Using the scotopic
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function as above results in a calculated illuminance of 3.27 x 10~* Ix, which
is between the levels of illuminance exhibited by an overcast night sky and a
clear, starry night sky |Rich and Longcore, 2006]. These values, and those as
calculated for the simulations involving all other tissue thicknesses, are sum-
marized in Table 5.2 alongside their counterpart values taken from simulating
light propagation into the amniotic fluid. In general, the conclusion drawn
from these simulations is that the uterine wall is reasonably illuminated under
these conditions for adipose tissue thicknesses of 1.0 cm to 1.5 cm, but adipose
thicknesses of 2.0 cm and above seem unlikely to offer noticeable uterine wall
illumination. Similarly, due to the nature of amniotic fluid, levels of illumi-
nance from the given transdermal stimuli with 1.0 cm or 1.5 cm adipose tissue

thickness would seem likely to remain reasonably high upon reaching the fetus.

Table 5.2: Illuminances determined by simulations at the tissue-fluid interface

for various adipose tissue thicknesses.

Adipose | Tissue Log at Photopic | Scotopic Photopic
thickness | thickness | interface [1x] [1x] comparison
[cm] [cm] (night sky)
1.00 2.28 -4.85 5.16 x 1072 | 3.27 x 10 Z—i moon —
Full moon,
clear
1.50 2.76 -6.03 3.41 x 1073 | 2.16 x 1075 | Clear, starry
— 1 moon
2.00 3.28 -7.22 2.20 x 107* | 1.39 x 1075 | Overcast
— Clear,
starry
2.50 3.76 -8.41 1.42 x 107° | 8.99 x 108 | Overcast

Note that the prior discussion does not counter the limited scope for fetal

ability to individuate transdermal stimuli with smaller separation distances.
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Though the illuminance offered by a single laser diode point light source may
be evident to the fetus, the likelihood of the fetus being able to discern sep-
arate equivalent transdermal monochromatic light sources when presented in
close proximity to one another — less than 25mm, for instance — is heavily im-
pacted by attenuation in the maternal tissue (particularly from adipose tissue).
Similarly, additional diffusion in the amniotic fluid would further complicate
this aspect. Consequently, it is possible that fetuses developing in uterine en-
vironments with moderately thick adipose tissue layers are able to see such
transdermal stimuli presented, yet they are unable to recognize the stimuli as
distinct sources of light if their delivery separation distance is not sufficiently
large on the maternal abdomen.

Despite the reasonable likelihood of transdermal monochromatic laser diode
stimuli reaching the fetus and illuminating the womb, the argument of whether
the fetal eye and brain are developed enough to recognize or respond to the
stimuli is one which needs to be considered when applying these results. In
general, experimental work in the field of fetal vision focuses on third trimester
fetuses. It has been shown that the fetal eye develops late in pregnancy [Dono-
van et al., 2020], and the fetus is capable of responding to transdermal laser
diode stimuli after 34 weeks of pregnancy [Dunn et al., 2015]. Hence, although
it is not the focus of this paper, any interpretation of these results from the
perspective of fetal recognition should consider only the third trimester of ges-
tation — the applicability to fetal recognition in earlier stages of development
is not yet well known.

An important conclusion that can be drawn from these simulations pertains
directly to the experimental component of this wider research and the field of
fetal visual development in general. Our group is interested in the visual
capabilities of the human fetus, and this is most readily examinable through
delivering laser diode stimuli to the uterus and recording fetal response via
ultrasound or heart rate. Based on the results of our model, experiments

of this nature clearly face constraints in the delivery of stimuli to the fetus,
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including low levels of illuminance delivered for some adipose tissue thicknesses
and the poor uterine distinction of multiple stimuli presented to individuals
with higher adipose thickness. Consequently, this knowledge can inform future
experimental design in at least three ways.

First, the 5 mW incident power used in these experiments appears to be
on the low end of what is capable of delivering stimuli to the average fetus.
A stronger laser diode (within the range of safe power levels) would result in
brighter stimuli presentation to the fetus; however, taking this approach too
far may evidently pose potential danger to both the fetal eye and the mother’s
skin due to heat output from the light source.

Second, the poor propagation of simulated light through thicker adipose
layers suggests an effective screening mechanism when identifying candidates
for experimental participation. Such an approach could involve measuring ab-
dominal tissue composition via ultrasound to exclude those with high adipose
thicknesses. Alternatively, the measuring of a “no response” outcome during
stimuli experiments might suggest that the mother was an inappropriate can-
didate for the utilized light source. This may be further verified by examining
data taken from the ultrasound readings and categorising “no response” par-
ticipants based on tissue composition.

Third, experimental applications involving multiple transdermal monochro-
matic light sources need to carefully consider placement along the maternal
abdomen — stimuli with separation distances less than 25 mm evidently will
face a large degree of “blurring” across the delivered stimuli, dependent on
the exact fetal eye location (and its covering), and this can pose significant
problems for experimental design and the conclusions drawn.

Future work should consider the influence of varying the muscle and uterus
layers simulated. These layers also exhibit high absorbing and scattering prop-
erties, respectively, and though their significance in the overall tissue compo-
sition is not as prominent as that of adipose, their thicknesses do vary across

individuals. Similarly, the thickness of these layers has a temporal aspect
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(like adipose tissue), with the stage of gestation also noticeably affecting their
prominence. There is also an argument to be made for accounting for skin color
in the model, as melanin is highly absorbing in this part of the spectrum. Con-
sideration of these aspects with alterations made in a similar manner to those
shown in this work would further illuminate their significance in determining
the levels of light reaching the fetus.

Further, this work has assumed the fetal eye is open when determining
transdermal stimuli appearances in utero (i.e., attenuation has not been simu-
lated through an eyelid). Of course, the presence of an additional layer of skin
would introduce further attenuation of the light source simulated. Due to the
nature of the fetal sleep cycle and practical constraints, it is difficult to align
experimental participants with times where the fetal eye is definitely open and
exposed. Hence, the exact applicability of this present study to experimental
situations where the fetal eye is closed needs to be considered carefully. Future
work should introduce an additional layer to represent the eyelid in order to
offer information on these situations. The presence of clothing (and similar
additional layers) could also be considered in future simulations akin to this
work; however, in situ studies exploring the development of fetal vision typi-
cally require direct skin contact for stimuli delivery, so similar applicability to
the wider research field would be limited in comparison to that of this work.

Lastly, we have here simulated point sources in instances where the ab-
dominal tissue is assumed to be locally flat (planar). In reality, the maternal
abdomen exhibits curvature and this change in geometry would presumably
have some impact on the results for situations where stimuli were not pre-
sented in such close proximity to one another. Future modelling work intends

to account for this aspect alongside the points noted above.
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5.5 Conclusion

The modelling presented in this paper offers quantitative data via MC simu-
lations which further indicate that the human uterine environment can be at
least partially illuminated via appropriate laser diode stimuli presented to the
maternal abdomen. We have developed our own model of photon propagation
through maternal abdominal tissue in line with common algorithms within the
field and incorporated computational approaches that allow for efficient sim-
ulation of large numbers of photon packets (beyond 12 billion per run). The
intensity of light and consequent illuminance delivered to the fetus is found
to vary strongly with maternal abdominal adipose thickness, and our simula-
tions show that point transdermal monochromatic stimuli delivery to the fetus
can result in illuminance comparable to that of a full moon for lower adipose
thicknesses.

Increased adipose thickness causes light to be heavily attenuated, and this
strongly degrades the delivered stimuli; however, the simulations suggest con-
sideration of stronger incident stimuli (within the realms of fetal and maternal
safety) would improve uterine illuminance. Further, the work of this paper
suggests an appropriate screening tool for participants in fetal visual stim-
uli experiments could involve measuring abdominal adipose thickness of the
mother; if stimuli are unable to be adjusted to improve photon penetration,
the results of this modelling support excluding results from these participants
due to low levels of delivered uterine illuminance.

Lastly, we have explored the potential to deliver multiple distinct trans-
dermal monochromatic stimuli to the fetus in line with our research group’s
experimental design. The results of our simulations suggest that a separation
distance of at least 25 mm is likely to lead to distinct visual stimuli for the
fetus under the current stimuli design. Again, usage of a more powerful laser
diode light source would ensure the presented images are visible for fetal eyes

resting further into the amniotic fluid; however, any increase in power would
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need to be handled with caution and strong regard for safety requirements due
to potential danger imposed to both the fetal eye and maternal skin.

This work has focused on varying adipose thickness; however, future studies
will also investigate the required stimuli separation distances (and attenuation
of stimuli) under varying muscle and uterus thicknesses. In addition, there is
scope to explore the extension of point light sources to a range of alternate

stimuli.
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Chapter 6

Second Paper Motivation

The results of the previous chapter are useful in determining the illuminance
of the uterine environment from point sources of transdermal monochromatic
light; however, this is a highly specific situation that is essentially limited in
application to experimental scenarios — a potentially more common scenario
to consider is that of the maternal abdomen exposed to natural light. Conse-
quently, the exploration of how natural light, particularly sunlight, illuminates
the human womb represents a continuation of the previous chapter driven by
several motivations.

Firstly, understanding the interplay between natural light and the fetal
environment is integral to elucidating its potential impacts on fetal develop-
ment. Light serves as a fundamental environmental cue, regulating circadian
rhythms and influencing various physiological processes within the developing
fetus [Lunshof et al., 1998; Seron-Ferré et al., 2001|. Thus, delving into the
mechanisms by which natural light penetrates the uterine environment offers
insights into the intricate relationship between external stimuli and intrauter-
ine development, potentially unraveling novel pathways through which light
exposure may shape fetal health outcomes.

Moreover, investigating the dynamics of natural light within the womb
holds implications for obstetric care, maternal well-being, and future work on

artificial wombs. Evidently, an understanding of the variations at play for
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uterine illumination across a range of lighting, environmental, temporal, and
gestational conditions can be used to improve prenatal care with the goal of
improving fetal visual outcomes. In a similar manner, this understanding can
be used in work on artificial wombs — such as the BioBag product, for example
[Partridge et al., 2017] — with the goal of accurately mimicking the optical
properties of maternal tissue and its interplay with natural light.

To understand the interactions between natural light and maternal tissue,
we extend our Monte Carlo model in the following chapter. The simulated
stimulus was first expanded from a point source to a broader illumination of
the maternal abdomen. Monochromatic sources were simulated from across the
visible spectrum and combined, resulting in a simulated natural light source
that was scaled to the strength of direct sunlight at sea level. From this,
we estimated the upper bound for uterine illumination in the case of no skin
coverings. This modelling was then further extended to account for a layer of

typical shirt fabric.

References

S. Lunshof, K. Boer, H. Wolf, G. van Hoffen, N. Bayram, and M. Mirmiran. Fe-
tal and maternal diurnal rhythms during the third trimester of normal preg-
nancy: Outcomes of computerized analysis of continuous twenty-four—hour

fetal heart rate recordings. American Journal of Obstetrics and Gynecology,

178(2):247-254, 1998.

E. Partridge, M. Davey, M. Hornick, P. McGovern, A. Mejaddam, J. Vrece-
nak, C. Burgos, A. Olive, R. Caskey, T. Weiland, J. Han, A. Schupper,
J. Connelly, K. Dysart, J. Rychik, H. Hedrick, W. Peranteau, and A. Flake.
An extra-uterine system to physiologically support the extreme premature

lamb. Nature Communications, 8:15112, 05 2017.

M. Serén-Ferré, C. Torres-Farfan, M. Forcelledo, and G. Valenzuela. The

development of circadian rhythms in the fetus and neonate. Seminars in



128

Perinatology, 25(6):363-370, 2001. Hormonal Therapy of the Fetus and

Neonate.



Chapter 7

Modeling the propagation of
natural light to the human womb

using Monte Carlo simulations

7.1 Introduction

Investigations into the sensory development of the human fetus have tradi-
tionally focused on the auditory and olfactory systems |Bradley and Mistretta,
1975; Lecanuet and Schaal, 1996]. This is due to a prevailing assumption that
sensory stimulation from visual sources is either absent from the womb or neg-
ligible [Myowa-Yamakoshi and Takeshita, 2006] unless there is direct exposure
of the maternal abdomen to a powerful light source |Liley, 1972].

Recent studies, however, have suggested that the human womb may provide
an environment that is sufficiently illuminated by attenuated exterior lighting
to allow for visual experience by the fetus [Del Giudice, 2011]. Prior work into
the delivery of visual stimuli to the uterus of pregnant rats and guinea pigs has
shown significant transmission of light in the visible spectrum [Jacques et al.,
1987|. Experimental research into human fetal visual development has demon-
strated that delivering transdermal visual stimuli to the human fetus is feasible

and that fetuses will behaviourally respond to such stimuli [Reid et al., 2017].
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Even though later computational simulations suggest significant attenuation
may have removed details of the presented stimuli prior to arrival at the fetal
eye [Scheel et al., 2018|, the experimental results nonetheless demonstrate the
feasibility of delivering visual stimuli to the human fetus via the application
of transdermal laser diodes [Reid et al., 2018].

Further research into human visual development has explicitly incorpo-
rated computational modelling to determine the attenuation of transdermal
monochromatic stimuli presented to the fetus [Isaac et al., accepted, 2024].
This prior work was undertaken to inform experimental applications and pro-
vide estimates of the uterine illumination delivered by a 5 mW laser diode at
the 650 nm wavelength. Isaac et al. [accepted, 2024] show that adipose tis-
sue clearly has significant implications for illumination, with estimates ranging
from uterine illumination akin to an overcast night sky with adipose thickness
of 2.0 cm to that of a full moon in clear conditions with adipose thickness of
1.0 cm. This quantification of uterine illumination nonetheless raises several
further questions relating to the uterine visual environment.

Foremost, to our knowledge, the day-to-day illumination of the uterus by
natural light has not yet been explored. This is despite evidence from animal
research that uterine light plays a prominent role in the development of the
fetal mouse eye [Rao et al., 2013], and further work finding a link between
average day length during early gestation and visual outcomes for human in-
fants |Yang et al., 2013]. The sole previous effort aimed at estimating the
illuminance of the human uterus by natural light incorporated linear regres-
sion to determine the light transmission through biological tissue samples in
estimating an equation to understand the effect of maternal tissue and skin
coverings [Del Giudice, 2011]. Though this work suggested that the uterine
cavity was not a dark environment as previously assumed, the approach was
limited to those conditions provided by deceased avian tissue samples — hence,
not appropriately representing the attenuating properties of living human tis-

sue — and also lacked the required model flexibility to allow for alterations to,
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for example, tissue composition.

There are two primary reasons behind why a more sophisticated approach
to modelling uterine illumination by natural light is beneficial to the wider
field of human development. First, there are clear implications for the field of
fetal visual development that stem from understanding the uterine illumination
provided by natural light. Across gestation, the thickness of the maternal
wall varies with the growth of the fetus. Due to the increasing levels of light
attenuation offered by thicker tissue [Isaac et al., accepted, 2024|, this implies
a temporal variation in the levels of uterine illuminance provided to the fetus
across gestation. Nearer to birth, maternal tissue is diminished across the
abdomen when contrasted with earlier in gestation, due to tissue displacement
associated with an enlarged uterus and a larger fetus. Similarly, there is scope
to explore the impact to these illumination levels from additional clothing
layers, lower exposure to light from geographical restrictions, and seasonal
variations in light. Modelling the effect of natural light on the illumination of
the uterus provides a quantified understanding of the degree to which these
aspects may begin to impact the development of the fetal eye, as well as
allowing us to explore the extent of its impact on other development (such as
that of the fetal brain).

Second, though work has been conducted in exploring the eventual image
delivered to the human fetus by transdermal monochromatic stimuli [Scheel
et al., 2018; Isaac et al., accepted, 2024], one clear limitation to the conclusions
was the assumption of a dark uterine wall. The simulations implicitly assume
the uterus is only illuminated by the transdermal stimuli presented; however,
in practice, experimental efforts applicable to these simulations are not un-
dertaken in a completely dark environment — there is some non-zero level of
background environmental lighting incident to the maternal abdomen. The
presence of this lighting may offer some unmodelled baseline uterine illumina-
tion which would call into question the precise appearance of the stimuli to the

fetus. If the image provided less of a contrast against the uterine wall due to
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background lighting, the fetus may not see the stimuli. Hence, understanding
the effect of natural light on the uterine environment allows for a more pre-
cise understanding of the visual effect provided by transdermal monochromatic
stimuli in experimental applications.

In this paper, we therefore explore the extent to which the human uterine
environment is illuminated by natural light. We use a direct particle simulation
approach through a computational model developed in C17 standard C to
simulate light transport through dynamically dispersive tissue. This model was
initially developed to model light reaching the human fetus from transdermal
monochromatic point source stimuli applied to the maternal abdomen [Isaac
et al., accepted, 2024]. As in our initial implementation, the model simulates
five layers: four represent different maternal abdominal tissue structures and
one represents the amniotic fluid where the fetus resides. To reduce noise and
produce appropriate statistical accuracy, each simulation run completed for
this paper has employed billions of photon packets.

We begin by separately simulating and demonstrating the attenuation of
transdermal monochromatic point light source stimuli at 50 nm intervals across
the visible light spectrum. This shows the extent to which differing wave-
lengths of light interface with maternal tissue. Next, we combine these simu-
lations in line with the distribution of the visible component of sunlight. This
produces a simulated natural light point source for inspection. In practice,
this is a purely hypothetical instance with the consequence that the model is
extended to demonstrate the effect on the uterine cavity when illuminating the
tissue with simulated natural light from an expanded source region. This is in-
terpreted in the context of several typical lighting scenarios, and the influence
of a clothing layer on the consequential illumination is also examined.

Overall, in this paper, we aim to explore the following questions: (a) How
can the interaction of natural light with maternal tissue be simulated via the
combination of individual monochromatic simulations? (b) To what (if any)

extent does natural light under everyday conditions illuminate the uterine
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cavity, as a function of tissue thickness?

7.2 Methodology

Previously, we have used a purpose-built MC computational model [Isaac et al.,
accepted, 2024] to simulate the propagation of light from monochromatic point
source stimuli through a maternal abdomen model. As we are here interested in
the spectrum of visible light, we first simulate light propagation from individual
wavelengths distributed across this spectrum. Typically, detection of light by
the human eye occurs in the range of 380 to 750 nanometers [Starr, 2005|.
Hence, we sought tissue parameters in this range for use within our model;
however, data from the literature is sparse with regard to the specific properties
exhibited by maternal tissue. As a result, we elected to initially simulate seven
individual monochromatic point sources at the following wavelengths: 400 nm,
450 nm, 500 nm, 550 nm, 600 nm, 650 nm, and 700 nm.

As a first attempt to replicate the visual impact of natural light on the
womb, we combine the seven chosen wavelengths to generate a “natural light
point source”. Across the visible spectrum, it can be seen that the irradi-
ance of sunlight at the earth’s surface is approximately evenly distributed per
wavelength (see, for example, Wang and Yu [2023|). This serves as a starting
point for our modelling, and we have hence combined the data with equal
weighting on each wavelength to replicate a uniform distribution across the
visible spectrum. This gives an initial estimate of the extent to which natural
light penetrates the maternal abdomen; however, it explicitly assumes a point
source due to the incidence site. We consequently repeated the simulations
with the point sources widened to replicate a broad natural light source inci-
dent across the simulated tissue. Combining these simulations gives our first
estimates of the extent to which natural light penetrates the womb.

As we are interested in understanding the extent to which natural light

illuminates the womb and its consequent influence on the developing human
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visual system, we have attempted to utilise only parameters found from ma-
ternal tissue. Particularly, there is evidence to suggest that the fetal visual
system is developed enough to recognize and respond to visual stimuli by the
third trimester of gestation — the fetal eye develops late in pregnancy [Dono-
van et al., 2020], and the fetus has been shown to be capable of responding
to transdermal laser diode stimuli after 34 weeks of pregnancy |[Dunn et al.,
2015]. Hence, we aim to restrict our parameters to those relevant to this stage
of pregnancy. For certain wavelengths, however, the literature is not yet de-
tailed enough to enable a definitive restriction of our model parameters to any
specific temporal stage of pregnancy. Consequently, though we attempt to
limit used parameters to those found from third trimester pregnancies, some
values are taken from the general population where appropriate data is un-
available. In cases where general population data is unavailable, values have
been approximated from those available in the literature. In any case, all pa-
rameter sources are identified as necessary and listed in Tables 7.1, 7.2, and
7.3.

All simulations were performed via a purpose-built computational model
written in C17 standard C [Isaac et al., accepted, 2024]. This model treats
photon propagation modelling as direct particle simulation and follows a simi-
lar algorithm to the prominent Monte Carlo for Multi-Layered media (MCML)
model [Wang et al., 1995]. Using our own model allowed simpler incorporation
of aspects related to improved computational efficiency (MPI, for example) and
also enables easier customization for our future research goals.

When considering the simulated medium, we elected to split the model into
six layers: the skin, adipose, muscle, and uterus layers represent the maternal
tissue, followed by an amniotic fluid layer and a pseudo-fetal layer (see Section
7.2.1) to represent the uterine environment and fetus.

As an extension to the model described above, we also investigate the inclu-
sion of a clothing layer. To examine the impact of clothing, we have introduced

an additional layer above the tissue. Optical parameters for the clothing were
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Table 7.1: Absorption coefficients [cm™!| used in Monte Carlo sim-
ulations for each wavelength (listed as, and measured in, nm) and
medium. All values are sourced directly from literature where possi-

ble, though it is noted when an approximation has been made.

nm | Skin!" | Adipose® | Muscle!® | Uterus® | Am. Fluid®
400 | 3.76 3.90 8.00 1.64 0.0002

450 | 2.50 2.00 5.67 1.26 0.0004

500 | 1.19 1.30 4.00 0.95 0.0005

500 | 1.25 1.40 2.65 0.70 0.0008

600 | 0.69 0.90 1.70 0.50 0.003

650 | 0.50 0.70 1.00 0.32 0.003

700 | 0.48 0.60 0.48 0.20 0.006

" Estimated through data from Bashkatov et al. [2005]

* Estimated through data from Bashkatov et al. [2005] and Shimojo et al. [2020]
) Estimated through data from Simpson et al. [1998]

“ Estimated through data from Ripley et al. [1999]

* Calculated from Buiteveld et al. [1994], with temperature set to 37.9°C.

sourced from existing literature where possible, though some required approx-
imation where literature values were unable to be found. Hence, for these
simulations, we approximate for the clothing layer that its thickness is 0.12
cm (roughly equivalent to a t-shirt), its scattering coefficient p, is 25 cm™!,
and its optical anisotropy g is 0.5. We further set its absorption coefficient p,
to be 38 cm™! [El-Amoudy and El-Ebissy, 2014] and its refractive index n to
be 1.5 [Fox, 1939]. These values are assumed equivalent across all simulated
wavelengths due to limited values found in the literature from which to base
approximations.

When interpreting the simulated outputs, a greater understanding of the

visual impact to the uterine environment from natural light can be gained

from converting to illumination in lux, which gives a more intuitive indication
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Table 7.2: Scattering coefficients [cm™!| used in Monte Carlo sim-
ulations for each wavelength (listed as, and measured in, nm) and
medium. All values are sourced directly from literature where possi-

ble, though it is noted when an approximation has been made.

nm | Skin!" | Adipose® | Muscle!® | Uterus® | Am. Fluid®
400 | 626.94 | 178.66 146.43 180.00 1.00
450 | 460.46 | 165.00 129.48 171.40 1.00
500 | 363.80 | 153.51 115.98 163.00 1.00
550 | 304.11 | 144.00 104.98 152.60 1.00
600 | 265.29 | 135.61 95.86 141.00 1.00
650 | 238.89 | 128.43 88.17 137.00 1.00
700 | 220.21 | 122.00 81.60 113.00 1.00

" Estimated via equation from Bashkatov et al. [2005]
* Estimated through data from Bashkatov et al. [2005]
“ Estimated via equation from Bashkatov et al. [2011]
“ Estimated through data from Ripley et al. [1999]

I Set to this value to improve simulation speed with low impact to results.

of how “bright” the stimuli may appear to the fetus. As discussed by Isaac
et al. |accepted, 2024|, this interpretation is particularly useful for biologists
and psychologists. To interpret the results from this perspective, we convert
simulated intensities to illuminance. This can be handled in a relatively simple
manner to ascertain approximate values that can be interpreted in comparison
to common sources of illuminance.

Where necessary, we perform the conversion of intensity (irradiance) in
units of watts/m? to illuminance in units of lux via the following formula
[Johnsen, 2012]:

lux = 683.002 - /OO E\)y(\) AN, (7.1)
0

where 683.002 is the constant representing the maximum spectral luminous

efficacy and is measured in lm/W; F () is the intensity (irradiance) spectrum
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Table 7.3: Optical anisotropies (g), refractive indices (n), and tissue thick-
nesses (t) used in Monte Carlo simulations for each medium across every
wavelength, as well as the absorption [em™!] and scattering coefficients
[em~!| used for the shirt medium. Note that null values are displayed for
some cells because these are shown in specific separate tables. All values
are sourced directly from literature where possible, though it is noted when

an approximation has been made.

nm | Shirt Skin | Adipose | Muscle | Uterus | Am. Fluid®

g 0.5010 | 0.90 | 0.901 0.902 | 0.902 | 0.998

n 1.501 1.4012 | 1.402 1.402! 1.402 1.350!

t 0.120] 0.2001 | 1.00(6] 0.48!7 0.608! 25.0001
fta | 38.000100 | - - - - -
us | 25.0000 | - - - - -

w Approximated.

) These values are used for all tissue layers. They are commonly found within ranges
of those seen in literature [Scheel et al., 2018; Torricelli et al., 2001; Meglinski and
Matcher, 2002; Bashkatov et al., 2005; Simpson et al., 1998|.

“ Scheel et al. [2018]

“ Fox [1939)

* Torricelli et al. [2001]

. Commonly found within literature [Kennedy et al., 2016; D’Ambrosi et al., 2017;
Hwang, 2021].

" Fukano et al. [2021]

*) Durnwald and Mercer [2008]

o Simply chosen to provide a large packet propagation area.

" El-Amoudy and El-Ebissy [2014]

measured in W/m? per nm, which is taken from the simulation results; 7 (\)
represents either the photopic (light-adapted) or scotopic (dark-adapted) lu-
minosity function of wavelength for humans; and the integral is taken over the

spectrum of simulated wavelengths. For our single wavelength simulations, we
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integrate over a Dirac delta function. For the joint simulations representing
natural light, we integrate across the seven simulated wavelengths. In the

single wavelength scenarios, the conversion equation becomes simply

lux = 683.002 - E (\) 7 (). (7.2)

7.2.1 Tissue model

All simulations conducted use a baseline model consisting of four tissue layers
for the maternal tissue, a layer for amniotic fluid, and a pseudo-fetal layer.
The maternal tissue is comprised of skin, adipose, muscle, and uterus. Below
the uterus layer is the amniotic fluid, followed by the pseudo-fetal layer. In
practice, the pseudo-fetal layer is not actually part of the tissue model —
rather, it essentially acts as a detector layer to capture the residual energy
carried by any photon packets which reach the simulated fetal depth, and
this serves to provide an estimate on the energy reaching the fetus from light
sources. Hence, the model consists of five layers and a detector layer.

A z-plane cross-section of the tissue model used in our simulations is shown
in Figure 5.1. As this research focuses on exploring the impact of the visible
spectrum of natural light on the uterine environment and the ability to simu-
late this via a discrete number of monochromatic sources, optical parameters
are sourced for seven wavelengths uniformly distributed across the visible spec-
trum. These are shown in Tables 7.1, 7.2, and 7.3. An additional layer for
clothing is later used to provide further results — these parameters are also
listed in Table 7.3 and later described where necessary.

The experimental side of this research requires the stage of fetal visual
development to be sufficiently advanced to detect stimuli. Therefore, presen-
tation of the natural light is assumed to occur during the third trimester of
pregnancy when the fetal brain and eye are developed enough to recognise and
respond to stimuli [Donovan et al., 2020]|, with this being accounted for in the
tissue layer geometry. We have taken layer thickness values from empirical

studies, and these are also shown in Table 7.3.
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Figure 7.1: Geometry of the layered tissue model used in our Monte Carlo
simulations. Layer A is skin, Layer B is adipose, Layer C is muscle, Layer D

is uterus, and Layer E is amniotic fluid.

7.3 Results

We first simulate individual monochromatic point sources at uniformly dis-
tributed wavelengths across the visible spectrum. Figure 7.2 shows cross-
sections in the -z plane of the relative fluence rate (i.e., relative intensity, or
watts of power incident per cm? per watt delivered) on a base-10 logarithmic
scale for three select single beams in the range of 400 nm to 700 nm. All wave-
lengths were incident perpendicular to the surface of the maternal abdominal
skin. Note that the geometry is presented in cylindrical coordinates for these
figures and axial symmetry is assumed.

From inspection of Figure 7.2, it is evident that the wavelengths with great-
est influence on light penetrating the uterus are those with higher magnitudes.
One would expect the 650 nm wavelength to have the largest presence at the
fetal detection layer, while the 450 nm wavelength is minimally represented.

In practice, a significant region of the tissue might be expected to receive
exposure to a broader natural light source. We consequently next expand the
geometric launch area for the photon packets in our simulation from that of a

point source to one which encompasses the entire simulated tissue surface (a
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Figure 7.2: Cross-sections of relative fluence rate (i.e., relative intensity, or
watts of power incident per cm? per watt delivered) in the r-z plane for three
select single beams of differing wavelength incident at the surface of the ma-
ternal abdominal skin. Note values are presented in base-10 logarithmic scale

and the geometry is here presented in cylindrical coordinates.

square region of width 10 cm). In doing so, we assume a random distribution
of photon locations across the tissue surface in order to first replicate a source
of natural light that is approximately uniformly distributed across the tissue.
The results of this alteration can be seen via the three select wavelengths in
Figure 7.3.

We next inspect the combination of these broad distributions to understand
the attenuation of uniformly distributed natural light in maternal abdominal
tissue. By combining data from the individual simulations shown in Figure
7.3 with those from the remaining wavelengths, we simulate the attenuation
of a uniform distribution of natural light through tissue. This is shown in Fig-
ure 7.4, where the intensity of each wavelength is plotted against penetration
depth. As outlined in the Discussion section, intensities have been scaled to
account for a sunlight source. The intensity recorded by the fetal detector layer
for each wavelength is shown in Figure 7.5. Note that the 400 nm wavelength

did not reach the fetal detector layer, so it is not shown here.
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Figure 7.3: Cross-sections of relative fluence rate (i.e., relative intensity, or
watts of power incident per cm? per watt delivered) in the r-z plane for three
select broad sources of differing wavelength incident at the surface of the ma-
ternal abdominal skin. Note values are presented in base-10 logarithmic scale

and the geometry is here presented in cylindrical coordinates.
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Figure 7.4: Fluence rate (i.e., intensity, or watts of power incident per cm?)
against penetration depth for the seven wavelengths simulated. As the visible
spectrum is assumed to have uniform intensity, each wavelength starts from

the same point before declining in intensity with penetration depth.
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Figure 7.5: Fluence rate (i.e., intensity, or watts of power incident per cm?)
at the fetal detection layer for the seven wavelengths simulated. The 400 nm
wavelength did not reach the fetal detector layer, so it is not shown in this

figure.

As a final extension to our simulations, we consider the influence of a layer
of fabric when placed above the tissue model. This represents a clothing layer,
and its inclusion is handled by adjusting the model to include an additional
layer directly above the skin layer shown in Figure 7.1. An updated visual
representation of the geometry is shown in Figure 7.6. For these simulations,
we approximate for the clothing layer the parameter values shown in Table
7.3. Due to the limited values found in the literature from which to base
our approximations, these values are assumed equivalent across all simulated
wavelengths.

Repeating the simulations for the broad light sources with such a layer of
clothing above the tissue results in the output shown in Figure 7.7. Again, as
further discussed in the Discussion section, these intensities have been scaled
to account for the fact that the source is incident sunlight. The intensity
recorded by the fetal detector layer for each wavelength is shown in Figure
7.8. Note here that wavelengths below 500 nm did not reach the fetal detector

layer, so these are not shown in this figure.
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Figure 7.6: Geometry of the layered shirt and tissue model used in our Monte
Carlo simulations. Layer A is shirt, Layer B is skin, Layer C is adipose, Layer

D is muscle, Layer E is uterus, and Layer F is amniotic fluid.
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Figure 7.7: Fluence rate (i.c., intensity, or watts of power incident per cm?)
against penetration depth for the seven wavelengths simulated with a shirt
above the skin. As the visible spectrum is assumed to have uniform intensity,
each wavelength starts from the same point before declining in intensity with

penetration depth.

7.4 Discussion

We first use MC simulations to demonstrate the relationship between increas-
ing wavelength (across the visible spectrum of light) and the propagation of

monochromatic point source laser diode stimuli presented to the maternal
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Figure 7.8: Fluence rate (i.e., intensity, or watts of power incident per cm?)
at the fetal detection layer for the seven wavelengths simulated. Wavelengths
below 500 nm did not reach the fetal detector layer, so these are not shown in

this figure.

abdomen and, consequently, the fetus in utero. As the wavelength of light
simulated increases across the visible spectrum, light intensity levels reaching
the fetus typically increase. For example, comparing the results for the 450
nm wavelength to those of the 650 nm wavelength in Figure 7.2 shows a clear
increase in light intensity at increasingly greater penetration depths of the ma-
ternal tissue and amniotic fluid. Simply comparing the relative fluence rates
for r = 0 at the fetal detection layer for the 450 nm and 650 nm point source
simulations shows the latter’s intensity at this point is approximately 500,000
times larger than the former. Typically, for biological tissue, one would ex-
pect penetration depth to increase with wavelength across the visible spectrum
[Finlayson et al., 2022], and these results are in line with this expectation.
When considering natural light to be an approximately uniform distribution
of wavelengths across the visible spectrum, one would expect a natural light
point source generated from the combination of individual wavelength point
sources to reflect the results of Figure 7.2. Though not demonstrated here, this

concept was evident in previous work involving the delivery of monochromatic
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stimuli to the human fetus, with experimental applications focusing on using
stimuli at the 650 nm wavelength [Isaac et al., accepted, 2024].

To more accurately simulate natural light sources, we expanded the region
of photon delivery in the simulations from a point source to instead encompass
the entire simulated tissue surface (i.e., a square region of width 10 cm). This
provides a more realistic simulation of maternal tissue exposed to natural light,
and as might be expected, the results as shown in Figure 7.3 are qualitatively
similar to those in Figure 7.2. Simulations of wavelengths towards the longer
end of the visible spectrum of light, when broadcast across the tissue region,
result in greater tissue penetration than those of shorter wavelengths. This is
to be expected as a natural continuation from the point source simulations and
is evident, for example, by noting that the greatest intensity of light in Figure
7.3 reaches the fetal detection layer in the 650 nm simulation, whereas the fetal
detection layer in the 450 nm simulation is relatively untouched. Similarly, the
combination of individual broad simulations shown in Figure 7.4, as expected,
shows the clear significance of the “redder” wavelengths at greater tissue and
fluid depths. When combined with Figure 7.5, two outcomes from this work
are clear: a portion of the simulated natural light reaches the fetal detection
layer, and the light detected is largely dominated by the “redder” wavelengths
towards the upper end of the visible spectrum.

Within each set of simulations, we implement the fetal detection layer by
recording the fluence of all photon packets which propagate to a depth of 1
cm beyond the tissue-fluid interface. In essence, these photons are assumed to
have reached the fetus. This represents a total penetration depth (through the
tissue and fluid mediums) of 3.28 c¢m for these simulations. As shown by Fig-
ures 7.2 and 7.3, the detection layer is assumed, for simplicity, to be horizontal.
Even though this is not an entirely realistic representation of the typical fetal
orientation with respect to the uterine wall, this method has been chosen to
represent the possibility of the fetal eye lying anywhere along a line at a 1 ¢cm

depth within the amniotic fluid. This method also implicitly assumes that the
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fetal eye is oriented directly towards the uterine wall — hence, these simula-
tions assume the optimum orientation of the fetal eye for detection of natural
light upon direct delivery to the maternal abdominal tissue. Nonetheless, this
approach enables an approximate upper bound for the light which reaches the
fetal eye to be determined. The fetal detection layer here, in practice, provides
an estimate of the amount of light that would be processed by the fetal eye if
oriented towards a source at the location where the layers of maternal abdom-
inal tissue are thinnest (directly beneath where light is delivered orthogonally
to the maternal abdomen) at an amniotic fluid depth of 1 cm.

Results thus far have explored relative light intensity through maternal
tissue and amniotic fluid with an assessment of light reaching the fetus. In
other words, Figures 7.2 and 7.3 display the log of incident power (in watts)
per unit area (in cm?) per unit power presented (in watts) at any given point
within the simulated region, while Figures 7.4 and 7.5 display the incident
power (in watts) per unit area (in cm?). As an example, inspecting the values
from Figure 7.3 at the fetal detector layer, we can find the log value for W /cm?
per watt delivered for a given wavelength; however, as this figure represents
the attenuation of natural light through maternal tissue after direct exposure
to sunlight, it must be scaled accordingly. This process, which led to Figures
7.4 and 7.5, is detailed next.

A typical approximation for the intensity of solar radiation across the vis-
ible spectrum for natural light at the earth’s surface is 1,000 W/m? [da Rosa
and Ordonez, 2022]. Assuming this light is uniformly distributed across the
seven wavelengths we have simulated, each wavelength hence has an approxi-
mate individual intensity at the earth’s surface of 142.86 W/m? |da Rosa and
Ordonez, 2022|. We assumed direct exposure of sunlight to the abdominal
region, delivered orthogonal to the exposed maternal tissue plane. Our simu-
lated incident region was a square of width 10 cm, giving an area of 0.01 m?
exposed to this radiation. We therefore estimate a total incident power from

our visible light of 10 W across this region, with each wavelength contributing
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approximately 1.43 W. Combining this with the simulated data above, we may
determine the simulated light intensities at the fetal detection layer, and these
are shown for each wavelength in Figure 7.5. For example, the simulated flu-
ence at the fetal layer for sunlight at the 700 nm wavelength is approximately
1.2x107% W/cm?,

This value is a wavelength-specific measure of the intensity of natural light
reaching the fetus after propagation through multi-layered maternal abdominal
tissue and 1 cm of amniotic fluid; however, for our purposes, an understanding
of how “bright” this attenuated natural light might appear from the perspec-
tive of the fetus is of interest. We therefore convert the simulated intensities
to a measure of illuminance to interpret the overall post-attenuation bright-
ness of natural light from this perspective. This is handled through Equation
7.1 (repeated below) to determine an approximate uterine illuminance which
can then be interpreted by way of comparison to more common sources of

illuminance.

lux = 683.002 - /OO E (N7 (A) AN, (7.1)

Integrating across our simulated wavelengths in this manner results in a
value of approximately 1.90 Ix for the unclothed simulations, which is an illu-
minance that falls approximately between that observed during a full moon on
a clear night [Rich and Longcore, 2006| and civil twilight — the period when
the geometric centre of the sun is, at most, 6° below the horizon [Elion and
Elion, 1979].

Typically, the maternal abdomen is not directly exposed to sunlight. More
commonly, one might expect a layer of clothing (such as a shirt) to be present.
If we next consider this instance, by inspecting the values from Figure 7.8 at the
fetal detector layer, we find that only the wavelengths from 500 nm and above
reach this depth. Intensities range from approximately 7.28 1071 W /cm? for
the 500 nm wavelength to approximately 1.51x107% W /cm? for the 700 nm

wavelength. Again, these values have been scaled accordingly. Hence, it can
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be seen that the introduction of such a clothing layer reduces the intensity
of light reaching the fetal detection layer by a wavelength-dependent multiple
that lies approximately between 300 and 850.

Again, these values are measures of the intensity of natural light reaching
the fetus after propagation through a layer of clothing, maternal abdominal
tissue, and amniotic fluid. As before, we are interested in understanding how
“bright” this attenuated natural light might appear from the perspective of the
fetus. After converting the simulated intensities to a single measure of illumi-
nance, we find a value of approximately 0.0025 Ix for the clothed simulations.
This is approximately between the illumination provided by a clear, starry
night sky and that of a quarter moon |[Rich and Longcore, 2006].

Hence, our simulations suggest that the maternal abdomen (by measure
of light reaching the fetal eye when oriented directly toward the uterine wall
and below the orthogonal light source) may be illuminated due to incidental
natural light to levels comparable to that of a clear starry sky or a quarter
moon for instances where a clothing layer of 0.12 cm is present. Removing
the clothing layer results in illuminances approximately between a full moon
on a clear night and that of civil twilight. These results suggest that the
uterine visual environment is typically not as dark as once assumed. Under
optimum conditions (as simulated within), a typical fetus may undergo late-
stage development within the womb in an environment that ranges from being
completely dark (at night, for instance) to being relatively well-lit (for instance,
if the mother was in direct sunlight with an exposed abdomen).

Beyond offering a greater understanding of the uterine visual environment,
these results have relevance to future applications. In particular, ongoing work
in the field of ectogenesis explores the gestation of a fetus outside the human
body. Trials in recent years have shown that, for animals, it is feasible to bring
an extremely premature fetus to term outside of the maternal abdomen |Par-
tridge et al., 2017|, with fetal lambs at the equivalent developmental stage to

extremely premature human fetuses supported for a period of 4 weeks. With
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the recent FDA revision of approvals for human testing of similar products
|[Kozlov, 2023|, the suitability of proposed products in replicating the human
uterine environment may be determined as a function of the simulations re-
ported in this work. It is clear from these results that the presence of human
tissue (and thin layers of clothing) does not cause the human fetus to be re-
stricted to development in a completely dark environment. Similarly, it does
not appear to be the case that the human fetus is likely to develop in an en-
vironment that is as illuminated as, for instance, a typical indoor room under
artificial lighting. Hence, the production of such proposed artificial wombs
should account for the implication of this work when designing products for
trial. One might conclude from these simulations that an artificial womb need
not be made from material that is overly light restricting, nor material that
enables a large amount of light to penetrate the artificial uterine environment
— as has been previously used in animal trials [Partridge et al., 2017].

In performing these simulations, several simplifying assumptions have been
made. For example, the simulations of natural light directly incident upon the
maternal abdomen (and incident upon the clothed abdomen) may not accu-
rately reflect the typical exposure of the fetus to natural light. More commonly,
the fetal eye would be directed roughly perpendicular to the main natural light
source. Any light that is directed toward the fetal eye may instead predomi-
nantly come from reflected light off environmental structures. In these cases,
the illumination of the uterus would vary, and the consequent light reaching the
fetal eye would likely be different to that approximated in this work. There is
room for future studies to explore this variation in environmental conditions in
order to construct a range of potential lighting conditions for the human fetus.
This would further serve to grow our understanding of the uterine environment

and its interface with the early stages of human visual development.
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7.5 Conclusion

In this paper, we have used Monte Carlo simulations to generate quantitative
data to explore the extent to which the human uterine environment is illu-
minated by exposure to natural light. We utilise our own model for photon
propagation through maternal abdominal tissue, developed in line with com-
mon algorithms within the field. Results suggest that the uterus is illuminated
to a noticeable degree from direct exposure of the maternal abdomen to such
lighting, and the introduction of clothing layers may still result in a partial
illumination of the womb. In combination with previous results [Isaac et al.,
accepted, 2024], it can be surmised that the intensity of natural light (and con-
sequent illuminance) eventually delivered to the fetus would vary strongly with
maternal abdominal adipose thickness. For the assumed tissue thicknesses em-
ployed within this paper, our simulations show that direct maternal abdominal
exposure to natural light can result in a uterine illuminance comparable to a
level between that of a full moon on a clear night and civil twilight. Introduc-
ing a layer of clothing akin to a typical shirt reduces simulated illuminance to
levels more comparable to that of a quarter moon.

These results have strong implications for future work in ectogenesis, where
the feasibility of an artificial uterus for the human fetus is currently being
explored and has been found to be possible for live lamb infants [Partridge
et al., 2017]. Any such work will need to carefully consider the material and
structure of the artificial uterine system, particularly to accurately replicate
the potential range of uterine visual conditions that the third trimester human
fetus likely experiences during gestation. The work performed within this

paper provides an initial starting point for research in this field.
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Chapter 8

Third Paper Motivation

In the previous chapter, we explored the interactions of natural light with
maternal abdominal tissue both with and without a typical skin covering [Isaac
et al., under review, 2024]. As an extension from our original model in Chapter
5, this work still assumed a simple planar, homogeneous tissue environment
with a layered tissue system. Clearly, there are practical limitations to this
approach — primarily, the absence of curvature in the model ignores potential
impacts to uterine illumination from light entering the maternal abdomen from
all angles, as well as limiting the insight derived from the model’s outputs.
We know, for instance, that the thicknesses of layers such as adipose tissue
are not consistent across the maternal abdomen — for example, one might
typically expect a thinner layer of adipose near the anterior abdominal wall,
with the layer thickening with increasing distance from this point. Similarly,
this geometric variation in thickness would itself be expected to change over
the course of gestation, yet our previous model does not include variation in
the uterine environment due to maternal factors.

Hence, the transition from a Monte Carlo model of light propagation through
simple, homogeneous maternal abdominal tissue to a more complex Monte
Carlo model of the human womb, encompassing multiple non-planar layers of
tissue with light entering from various directions, is motivated by the imper-

ative to more accurately capture the intricacies of the intrauterine environ-



157

ment. While initial Monte Carlo simulations provided valuable insights into
light-tissue interactions within the maternal abdomen [Isaac et al., accepted,
2024], they inherently oversimplified the structural and optical complexities of
the womb [Isaac et al., under review, 2024|. By extending the model to encom-
pass the heterogeneous nature of uterine tissue and the non-planar geometry
of the womb, we seek to bridge the gap between theoretical simulations and
the anatomical reality of intrauterine conditions.

Moreover, this expansion is motivated by the pivotal role played by light in
moderating various physiological processes within the womb. Uterine illumi-
nation may serve as a potent environmental factor in fetal visual development;
however, our previous models did not account for the many entry points across
the curved abdomen for light to penetrate the womb, thereby limiting our un-
derstanding of its nuanced effects on the uterine visual environment. By incor-
porating the complexities of non-planar tissue layers and multidirectional light
sources from all regions surrounding the womb into Monte Carlo simulations,
we may begin to unravel the intricate interplay between light exposure and
the uterine environment — as well as accounting for the temporal evolution
of this interplay across gestation by, for instance, adjusting the layer thickness
ratios across the abdomen.

As our previous work presents, to our knowledge, the first such computa-
tional modelling focused entirely on understanding the relationship between
external light sources and the maternal abdomen to determine the consequent
illumination of the womb and potential fetal visual experience, the subsequent
chapter shall continue to explore new areas within this field through its exten-
sions. This will be fundamental in laying the foundational work for our future
research in this area, as well as providing a platform for other researchers,
practitioners, and experimentalists to build from in their own work towards
understanding the interplay between light, the human womb, and the fetal
visual system.

Hence, in Chapter 9, we outline a further extension to the model that
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introduces curvature to the simulated womb. In doing so, we allow for the
variation of layer thicknesses across the abdomen (and temporally, across ges-
tation), as well as modifying our simulations to account for light entering the
curved uterus from across the womb to more accurately simulate typical levels

of uterine illumination.
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Chapter 9

Modeling the full human uterine

visual environment with curvature

9.1 Introduction

The human fetus develops within a uterine environment exposed to many
sensory stimuli. Much research has previously been devoted to outlining the
extent to which the fetus can be stimulated through auditory and olfactory
means [Bradley and Mistretta, 1975; Lecanuet and Schaal, 1996]. Despite
previous assumptions of darkness during gestation |Myowa-Yamakoshi and
Takeshita, 2006 indicating that the fetal visual environment is typically devoid
of the necessary stimuli to facilitate visual experience |Liley, 1972|, suggesting
that fetal visual experiences are non-existent within the womb, recent research
has shown that the fetal brain is capable of responding to light by the third
trimester of pregnancy [Donovan et al., 2020]. Similarly, the fetus itself will
respond with eye motion when presented with transdermal light stimuli via the
maternal abdomen [Dunn et al., 2015] and exhibits a preference for face-like
stimuli [Reid et al., 2017].

Despite growing evidence to support notions that the fetal visual environ-
ment is not as dark as previously assumed, research into the precise appearance

of the uterine interior when exposed to exterior light sources is limited. To
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our knowledge, from the sparse literature on this topic, the work of Del Giu-
dice [2011] provides the only quantitative modelling (apart from our own -
e.g., Isaac et al. [accepted, 2024|) that assesses the visual environment for the
human fetus — and under a range of everyday conditions, with results sug-
gesting that many fetuses may develop in an environment providing sufficient
illumination of the uterine cavity for visual experience.

More recently, researchers have modeled the appearance of laser diode stim-
uli after delivery to the exterior maternal abdomen and propagation through
maternal tissue to the fetus. In response to the experimental work of Reid
et al. [2017], wherein point source stimuli were determined to “fan out” in a
uniform manner before reaching the fetus, Scheel et al. [2018] presented results
from a Monte Carlo model of photon propagation through tissue to demon-
strate the more likely resultant photon attenuation. In a similar manner, the
work of Isaac et al. |accepted, 2024] introduced a bespoke Monte Carlo model
designed for simulation of light propagation through maternal tissue, with a
specific focus on exploring the image and uterine illumination eventually de-
livered to the fetus after maternal exposure to a transdermal monochromatic
laser diode point source. This work also outlined the relationship between
eventual intensity delivered to the fetus and maternal abdominal adipose tis-
sue thickness, with simulations showing that the human fetus may observe the
illumination from laser diode stimuli to be comparable to that of a full moon
in clear skies (when simulated with 1 cm of adipose tissue).

Continuing their prior work, Isaac et al. [under review, 2024| expanded
their model to allow for simulation of natural light incident on the maternal
abdomen and irradiation of the maternal abdomen via a wide natural light
source. This work was the first to estimate the illuminance of the uterine
environment under direct sunlight, with simulated uterine illumination being
comparable to that of civil twilight for abdominal exposure without a shirt
and to a quarter moon for exposure with a shirt.

Although the body of research exploring the illumination of the uterine



161

environment is expanding, previous efforts to estimate the impact of external
light sources have each had notable drawbacks.

The work of Del Giudice [2011] utilised multiple regression methods based
on avian tissue samples to determine coefficients for light transmission. This
approach provided a static snapshot of a particular set of tissue parameters
that are not directly comparable to living human tissue, resulting in limited
potential for application of the work. In a similar manner, extensions of the
findings were made difficult due to the model’s inability to account for varia-
tions in tissue type and composition across individuals.

The work of Scheel et al. [2018|, though more accurately implemented
than that of Del Giudice [2011], was limited to a single application. Also,
the authors employed a one-layer tissue model with the maternal abdominal
tissue assumed to be homogeneous; however, this is not the case in reality.
Rather, tissue is composed of several constituent layers, and each layer has
its own optical parameters that govern the propagation of light through the
medium. Assuming the maternal tissue to be a homogeneous medium may
provide a good initial approximation of light reaching the fetus, but it will
omit physically accurate effects due to constituent tissue layers having differing
optical parameters. It also does not allow for variations in layer thicknesses,
restricting applicability across individuals.

Isaac et al. [accepted, 2024] and Isaac et al. [under review, 2024| sought
to improve on previous modelling efforts in determining uterine illumination
under exposure from monochromatic stimuli and natural light. Though these
works offered new insights into the uterine visual environment, two clear as-
pects were missing from the models. First, the maternal abdomen is not a flat
surface as assumed by both models. Although an approximation of tissue as
being locally flat allows for simple simulation of specific sources, this ignores
the effects of abdominal curvature on, for instance, reflection and refraction of
incident light. Second, a planar tissue layer environment is only applicable to

the maternal abdomen in limited instances. In practice, aspects of maternal
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abdominal tissue (such as thickness) vary both geometrically as one moves
across the abdomen and temporally as fetal growth throughout pregnancy
causes the abdomen to expand.

The human womb serves as the cradle for fetal development during preg-
nancy, and understanding the distribution of light within this region is crucial
for various biomedical applications. For instance, in obstetrics, accurate as-
sessment of fetal and uterine oxygenation levels via light penetration is vital
for monitoring fetal health and predicting pregnancy outcomes (as an example,
see Wang et al. [2022]). Similarly, in phototherapy treatments for conditions
such as intrauterine growth restriction (IUGR) or preeclampsia (for instance,
see Charan Digal et al. [2021]), precise knowledge of light distribution within
the maternal abdomen is essential for optimizing treatment efficacy while min-
imizing potential risks to the mother and developing fetus. Further, current
work in ectogenesis explores the feasibility of artificial wombs [Partridge et al.,
2017], yet the extent to which light penetrates the uterine wall and how the
resultant illumination evolves over the course of gestation is not fully known.
This is important for understanding the development of the fetal visual sys-
tem, amongst other issues (such as determining the appropriate level of light
to expose a fetus to within an artificial womb).

Hence, to more accurately model the uterine illumination of the pregnant
human and the consequent visual experience of the human fetus, in this paper,
we present an updated three-dimensional Monte Carlo model tailored for in-
vestigating light propagation to the uterus. Our model represents a significant
advancement over previous planar works in this area by incorporating the in-
herent curvature of the maternal abdomen, thus providing a more anatomically
accurate representation of the environment. Additionally, our model intro-
duces the capability to vary tissue thicknesses across the maternal abdomen,
allowing for a more comprehensive exploration of light-tissue interactions in
this dynamic environment. This enables, for example, a variation of adipose

thickness across both time and space to model the dynamics of gestation.
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In the following sections, we first outline the algorithm of our Monte Carlo
model, highlighting its novel features and demonstrating its utility in investi-
gating various aspects of light transport in the pregnant human body. Through
comprehensive simulations, we then showcase the initial capabilities of our
model in advancing our understanding of maternal-fetal physiology and its

potential applications in clinical practice and biomedical research.

9.2 Methodology

The model builds on the algorithm employed by Isaac et al. [accepted, 2024]
and Isaac et al. [under review, 2024|, which itself was inspired by that of
MCML [Wang et al., 1995]. The program first reads in an input file describing
the tissue layers, their optical parameters, the light source, and several further
simulation variables. A voxelated tissue region is then generated to model a
three-dimensional womb with curvature, and photons are launched into this
medium.

Though there have been many approaches to modelling curvature in tissue
geometries (see, for example, Margallo-Balbas and French [2007|, Shen and
Wang [2010], or Ren et al. [2013]), we instead here choose to continue with
using a voxelated approach. Use of the voxelated approach requires less re-
working of our existing model to achieve desired results, as well as being more
readily flexible in terms of customization of the model’s physical and optical
characteristics. Due to the difficulties associated with defining curved surfaces
with cubes, this method may encounter issues with accurately mapping specific
tissue boundaries. Adjusting the resolution by reducing the voxel dimensions,
however, begins to account for this inadequacy. In any case, we generate a
region of cube-shaped voxels before overlaying several ellipsoidal shapes atop
the voxels. These ellipsoids represent an initial approximation of the shape

of the maternal abdomen and its constituent tissue layers, with the general
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equation used as follows:

(z+a)?  (W+y) | (z+z)
(@t 20l T bty | (ct2)

=1. (9.1)

Within this equation, the parameters x., y., and z. allow for movement of
the ellipsoid’s center. The parameters a, b, and ¢ represent the semi-axis
lengths (in practice, these serve as initial “widths” of the ellipsoids in the z,
y, and z directions, respectively). The parameters z,, y,, and z, are not
necessarily a requirement for the ellipsoids to serve their purpose; however,
they are included within the equation to allow for variation in widths between
the concentric ellipsoids away from the designated abdominal size defined by
a, b, and c.

Hence, through careful manipulation of this ellipsoid equation, we can ap-
proximate the shape of curved tissue regions of the maternal abdomen. An
example cross-section in the z-z plane is shown in Figure 9.1, where the values
used for the outer ellipse (for instance) are x. =0, y. = 0, z. = —15, a = 15,
b=14, c = 13, and z,, = Y = 2w = 0. These values have been chosen to
model the dimensions of a late-stage pregnancy (perhaps third trimester) and
are approximately based on maternal abdominal measurements taken during
our research group’s experimental work, where these tissue thicknesses were

measured via ultrasound.
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Figure 9.1: Geometry of the curved tissue model used in our Monte Carlo

simulations.
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By defining ellipsoids to serve as boundaries between tissue layers, we in-
troduce a simple way to map the designated layers onto the voxelated tissue
region. FEach ellipsoid defines a boundary and the location of a voxel with
respect to each ellipsoid defines its tissue medium, which in turn allows the
ellipsoids to be assigned differing optical parameters.

The model then proceeds in a similar manner to that described by Isaac
et al. |accepted, 2024|. Photons are launched with a random (but approxi-
mately uniform) distribution across the simulated abdomen as packets with
random, medium-specific path lengths. Each packet is assigned a direction,
and the model simulates its propagation through to a tissue interaction site. As
outlined by Isaac et al. [accepted, 2024| and Isaac et al. [under review, 2024],
we make use of the Henyey-Greenstein phase function [Henyey and Greenstein,
1941] in modelling the distribution of photon scattering angles:
1 1—g°
A (14 g2 = 2gc05(0))F

p(0) (9.2)

The azimuthal angle is sampled from a uniform distribution across the interval
0 to 2m.

With each step of a photon packet, the model determines whether the
movement will cause the packet to interact with a boundary, and if so, which
boundary. This is determined by calculating the nearest intersection point of
the packet’s current trajectory (modelled as a straight line) with the abdominal
ellipsoids. Once the appropriate ellipsoid is determined, the packet steps to
the boundary and transmission and reflection is determined via the Fresnel

equations (for example, see [Smith, 2013]):

ry = —% (9.3)
s - e
| 25in(6,) cos(0;) 05)

sin(6; + 6;) cos(6; — 6;)

Packets are then removed from the simulation via a roulette method, as
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described by Isaac et al. [accepted, 2024]. All procedures loop until the des-
ignated number of packets have been simulated to completion. As with our
previous work, we again implement parallel processing of photon trajectories
via Message Passing Interface (MPI). In contrast to the work of Isaac et al.
[under review, 2024a,b], all simulations are here conducted with 0.10 cm voxels
(as opposed to the previous 0.04 cm). This value has been chosen to balance

reduced computation time with marginal impacts to resolution.

9.2.1 Tissue Model

Following Isaac et al. [under review, 2024a,b|, we again utilise a four-layer
tissue model for our simulations of the curved womb, with the tissue layers
comprising of skin, adipose, muscle, and uterus, followed by an inner region of
amniotic fluid. An example cross-section in the z-r plane of our curved tissue
geometry is presented in Figure 9.1.

Each tissue layer has a variable thickness dependent on abdominal position,
as described by ellipsoids produced via Equation 9.1. The minimum thickness
for each layer is assumed to be located at the front of the abdomen (i.e., r =0
in Figure 9.1), while the maximum layer thicknesses are assumed to be at the
sides of the abdomen (i.e., r = 15 in Figure 9.1). This information, as well as
the specific values used for each ellipsoidal layer, is listed in Table 9.1. The
optical properties of each tissue layer for each wavelength are presented in
Tables 9.2, 9.3, and 9.4.

For the purposes of this work, we are interested in understanding how the
uterine environment, with curvature, is impacted by external sources of light
that are incident across the exterior of the maternal abdomen. We present
three initial monochromatic cases from across the visible spectrum of light to
demonstrate the effects: 450 nm, 550 nm, and 650 nm incident broad light
sources. We also replicate the work of Isaac et al. [accepted, 2024] from an
alternative perspective by simulating a point source delivered to the maternal

abdomen. Lastly, we investigate the differences in simulated fluence between
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a late-stage gestation womb and an early-stage gestation womb.

Table 9.1: Parameters used for each ellipsoidal surface, as given
by Equation 9.1. The values ¢, and ¢, represent the consequent
layer thicknesses (in cm) at the womb’s apex and at its sides,
respectively. All ¢, values have been approximated in line with
results from our research group’s experimental work, while all ¢

values are estimated.

X Skin | Adipose | Muscle | Uterus | Am. Fluid
e =Y. | 0.00 | 0.00 0.00 0.00 0.00

Ze 15.00 | 15.00 15.00 15.00 15.00

a="> 15.00 | 15.00 15.00 15.00 15.00

c 13.00 | 13.00 13.00 13.00 13.00

Ty = Y | 0.00 | -0.50 -3.00 -3.50 -4.20

Zuw 0.00 |-0.20 -1.20 -1.70 -2.30

ta 0.20 | 1.00 0.50 0.60 -

ts 0.50 | 2.50 0.50 0.70 -

9.3 Results

We inspect first the situation where the maternal abdomen is directly exposed
to a broad, monochromatic light source. Three such instances are modeled
(450 nm, 550 nm, and 650 nm), and each source is directed along the z-axis
so that photons are oriented perpendicular to the line running tangent to the
womb’s apex (i.e., they are oriented such that u, = —1). The outputs are
shown in Figure 9.2 — note that these are cross-sections in the z-z plane
along the y axis, which is assumed to run vertically down the centre of the
body. In principle, we may view similar cross-sections along any line from the

generated womb simulation; however, the central plane is of primary interest
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Table 9.2: Absorption coefficients [cm™!| used in simulations for each
wavelength (listed as, and measured in, nm) and medium. All values
are sourced directly from literature where possible, though estimations

are noted where made.

nm | Skin!" | Adipose® | Muscle!® | Uterus® | Am. Fluid®

450 | 2.50 2.00 5.67 1.26 0.0004
950 | 1.25 1.40 2.65 0.70 0.0008
650 | 0.50 0.70 1.00 0.32 0.003

" Estimated through data from Bashkatov et al. [2005]

) Estimated through data from Bashkatov et al. [2005] and Shimojo et al. [2020]
“ Estimated through data from Simpson et al. [1998]

“ Estimated through data from Ripley et al. [1999]

) Calculated from Buiteveld et al. [1994], with temperature set to 37.9°C.

and illustrates the overall outcomes of the model. Note also that a cross-
section in the y-z plane would look qualitatively similar due to the symmetry
assumed in the ellipsoids. Following results by Isaac et al. [under review, 2024],
we find a notable difference in penetration depth and resultant light reaching
the uterine cavity. This, in turn, follows a known physical effect [Finlayson
et al., 2022].

We have previously presented monochromatic point source stimuli to a
planar tissue region to understand the resultant illumination of the uterine
cavity and the potential visual experience for the fetus [Isaac et al., accepted,
2024]. Here, we replicate this work in the simulated womb with curvature,
with the result for a 650 nm point source delivered directly downwards at
the maternal abdomen shown in Figure 9.3. Again, this figure represents a
cross-section of the womb, taken at y = 0.

In addition to extending the womb to a full environment with curvature,
we also inspect our results from an alternative perspective. In particular,

recording the direction of photons upon entry to the womb allows for external
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Figure 9.2: Cross sections of the curved womb environment, showing relative
fluence (i.e., watts of power incident per cm? per W delivered) for 450 nm, 550
nm, and 650 nm light incident perpendicular to the womb’s apex, distributed
across the womb. Values are presented in base-10 logarithmic scale and white

lines represent the boundaries between layers as described in Table 9.1.
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Table 9.3: Scattering coefficients [cm™!| used in simulations for each
wavelength (listed as, and measured in, nm) and medium. All values
are sourced directly from literature where possible, though estimations

are noted where made.

nm | Skin!" | Adipose® | Muscle!® | Uterus® | Am. Fluid®

450 | 460.46 | 165.00 129.48 171.40 1.00
550 | 304.11 | 144.00 104.98 152.60 1.00
650 | 238.89 | 128.43 88.17 137.00 1.00

" Estimated via equation from Bashkatov et al. [2005]

) Estimated through data from Bashkatov et al. [2005]

“ Estimated via equation from Bashkatov et al. [2011]

“ Estimated through data from Ripley et al. [1999]

“I'Set to this value to improve simulation speed with observed low impact to

results. Also taken from Gunther et al. [2021].

Table 9.4: Optical anisotropies (g) and refractive indices (n) used in
simulations for each medium and wavelength. All values are sourced
directly from literature where possible, though estimations are noted

where made.

x | Skin!! | Adipose!” | Muscle!! | Uterus!" | Am. Fluid?

g | 0.90 0.90 0.90 0.90 0.99

n | 1.40 1.40 1.40 1.40 1.35

" These values are used for all tissue layers. They are commonly found within
ranges of those seen in literature [Scheel et al., 2018; Torricelli et al., 2001;
Meglinski and Matcher, 2002; Bashkatov et al., 2005; Simpson et al., 1998].

* Scheel et al. [2018]

light sources to be interpreted in a manner that more effectively describes the

eventual light reaching the fetal eye. In previous work, we have simply recorded
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Point Source Relative Fluence Rate [W/cm2/W delivered] for 650 nm
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Figure 9.3: A cross section of the curved womb environment, showing the
relative fluence (i.e., relative intensity, or watts of power incident per cm? per
W delivered) for 650 nm light incident perpendicular to the womb’s apex,
simulated as a point source delivered at the origin. Note values are presented
in base-10 logarithmic scale and white lines displayed represent the boundaries

between layers as described in Table 9.1.

any photons reaching a “detector layer” as a proxy for photons reaching the
fetal eye [Isaac et al., under review, 2024|; however, this omits the possibility
of photons reaching the eye’s depth but being oriented in a manner that does
not result in direct incidence upon the fetal eye. By recording the direction of
each photon packet upon entry to the uterus, and through acknowledging that
amniotic fluid’s high anisotropy (0.99 [Scheel et al., 2018|) and low interaction
coefficient (~1.003 for 650 nm light, from Table 9.4) results in photons typically
propagating onwards in their direction of entry, we are able to present an
additional perspective.

In Figure 9.4, we present a plot of photon packet directions upon entry to
the uterus, binned by 6 and ¢ for the instance where a 650 nm point source is
delivered to the abdominal apex. Directions are binned in terms of 6 and ¢,
where 6 is measured from the z-axis running across the womb’s greatest depth

and ¢ is measured from the y-axis running down the body. Consequently, a
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binning of (0, ¢) = (90, 90) indicates a photon packet travelling parallel to the
z-axis, and this corresponds to the simulated peak values in this environment.
The combination of any two coordinates (such as a grid cell on Figure 9.4)
thus indicates a direction of light upon reaching the uterine wall’s interior,
and the value shown at that point indicates the level of light travelling in that
direction upon reaching the uterus.

Entry Direction, Point Source 650 nm

160 1.8
140 16
120 u 11.4
0 u
“gloo 12
3 1
5 80 - .
(] | .
E 60 ~
0.6
40 0.4
20 0.2
0 0
0 50 100 150

Phi (degrees)

Figure 9.4: Relative fluence (i.e., relative intensity, or watts of power incident
per cm? per W delivered) of photon packet directions upon entry to the womb
for a 660 nm point source incident perpendicular to the tissue at the womb’s
apex. Theta is the angle measured from the positive z-axis, while phi is the
angle measured from the positive y-axis. Any pairing thus specifies a direction

of entry.

Lastly, to better understand the temporal relationship between uterine
illumination and the maternal abdomen, we adjust our ellipsoids to represent
a pregnancy in an earlier stage of gestation (perhaps second or early-third

trimester). The updated geometry for this environment is shown in Figure 9.5,
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Figure 9.5: Geometry of the early-gestation curved tissue model used in our

Monte Carlo simulations.

and the precise parameter values and variable layer thicknesses are described
in Table 9.5. These have been assumed, with the only enforced requirements
being that abdominal size reduces in the z-direction (compared to the previous
geometry) and layer thicknesses are larger at the apex than those used in the
late-gestation simulation to represent reduced tissue thinning.

We again simulate both a broad distribution of 650 nm light across the
abdominal region and a point source of 650 nm light presented to the abdom-
inal apex. Results are presented in Figures 9.6 and 9.7, respectively, alongside

equivalent outputs from the late-gestation simulations.

9.4 Discussion

We have extended our previous work from a planar tissue environment capa-
ble of simulating monochromatic point source stimuli [Isaac et al., accepted,
2024] or broad sources of natural light |Isaac et al., under review, 2024| to one
where the curvature of the womb is accounted for across all tissue layers and
the influence of stimuli may be inspected in a more physically accurate man-
ner. Light may reach the uterus both from source regions perpendicular to the
maternal abdomen (such as the apex of the womb) and from areas where the
incidence of light against the outer layers of tissue is approximately parallel to

the surface tissue (such as on the far edges of the womb). In practice, simula-
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Table 9.5: Parameters used for each early-gestation ellipsoidal
surface, as given by Equation 9.1. The values t, and t, represent
the consequent layer thicknesses (in cm) at the womb’s apex and

at its sides, respectively. All ¢, and t, values have been estimated.

X Skin | Adipose | Muscle | Uterus | Am. Fluid
e =1y, | 0.00 | 0.00 0.00 0.00 0.00

Ze 12.00 | 12.00 12.00 12.00 12.00

a="b 15.00 | 15.00 15.00 15.00 15.00

c 10.00 | 10.00 10.00 10.00 10.00

Ty =Y | 0.00 | -0.50 -3.00 -3.70 -4.30

Zuw 0.00 | -0.20 -1.70 -2.40 -3.00

tg 0.20 | 1.50 0.70 0.60 -

ts 0.50 | 2.50 0.70 0.60 -

tions such as those performed for this work are essentially approximations of
how light interfaces with the maternal abdomen in situations such as a person
sunbathing.

Further, however, the extension of our model to this more physically accu-
rate environment offers an insight into the geometric variation of illumination
across the uterine cavity. For instance, nearer to the front of the simulated
womb, we have designated tissue layers with reduced thickness to replicate
the “thinning” of tissue in these regions. Similarly, in areas to the side of the
uterine cavity, we have accounted for increased tissue thickness. This can be
observed in our results — for example, Figure 9.2 clearly demonstrates from
a macroscopic viewpoint the greater intensities of light penetrating to larger
depths towards the front of the uterine cavity (though some of this effect is also
due to the differing incident angles of photon packets at the tissue surface).

This aligns with our expectations of reality, based upon observations of tissue
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Figure 9.6: Comparison between an assumed early-gestation womb and late-

gestation womb over cross sections of the curved womb environment. Each

plot shows the simulated relative fluence (i.e., relative intensity, or watts of

power incident per cm? per W delivered) for 650 nm light incident perpen-

dicular to the womb’s apex, distributed across the womb. Note values are

presented in base-10 logarithmic scale and white lines displayed here represent

the boundaries between layers as described in Tables 9.1 and 9.5.

density variations across the abdomen.

The introduction of an “interior” fetal perspective wherein we are able to in-
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Figure 9.7: Comparison between an assumed early-gestation womb and late-
gestation womb over cross sections of the curved womb environment. Each
plot shows the simulated relative fluence (i.e., relative intensity, or watts of
power incident per cm? per W delivered) for 650 nm point source light inci-
dent perpendicular to the womb’s apex. Note values are presented in base-10
logarithmic scale and white lines displayed here represent the boundaries be-

tween layers as described in Tables 9.1 and 9.5.

spect the directions of photons entering the uterus provides an additional frame

of analysis. Figure 9.4 showed this for a point source delivered perpendicular
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to the apex of the womb’s exterior. Due, in part, to the initial orientation of
the simulated source, most of the photons consequently enter the uterus ap-
proximately parallel to the z-axis; however, a relatively smooth decline can be
seen as one moves away from the z-axis, representing the decreased numbers
of photons entering at angles more perpendicular to the z-axis. This is both
due to the initial orientation of the stimuli and the highly forward-scattering
nature of biological tissue |Tuchin, 2007|. The value of the anisotropy of all
simulated tissue layers was 0.9 here, which results in scattering events not
causing the photon packets to significantly deviate from their initial orienta-
tion. Hence, we can conclude that, although a stimulus directed perpendicular
to the maternal abdomen’s surface is likely to experience intensity diffusion
radially outwards from its point of incidence, a reasonably large proportion of
the light will still enter the uterus in the direction of delivery.

This information is particularly useful for researchers in the field of fetal
vision, as it indicates the degree to which fetal eyes can reasonably be directed
away from the stimuli delivery point while still having light enter the uterus
in a direction that will reach their eye. For a stimulus delivered perpendicular
to the womb’s apex, for example, fetuses whose eyes are oriented more than
30° away from this point are predicted by this model to receive less than
approximately 70% of the light intensity transmitted along the axis of delivery.
Increasing the orientation to 60° from the axis of delivery reduces delivered
intensity to less than approximately 25% of the transmitted light intensity.

It is worth noting that the choice of ellipsoids to simulate the multi-layered
environment of the maternal abdomen holds an additional benefit for our pur-
poses. In practice, the temporal evolution of the uterine environment over the
course of gestation is an aspect that our modelling to date has been incapable
of broadly accounting for without running multiple simulations across different
regions of the womb. We know, for instance, that in the early stages of gesta-
tion, tissue thickness across the abdomen may typically be larger due to the

smaller size of the fetus. In contrast, later stages of gestation where the fetus
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has grown and reoriented itself will typically exhibit markedly different tissue
variation across the womb, with certain regions featuring reduced tissue. With
our model as demonstrated, we may alter the precise layer thicknesses both
at the apex of the womb (via adjusting, for example, the values of a, b, and ¢
to manipulate the fixed semi-axis lengths of ellipsoids) and toward the edges
of the region (via adjusting, for example, the values of the x; and y; param-
eters to account for greater tissue thicknesses in these directions). Geometric
asymmetries may also be modeled via disproportional adjustments of the x.,
Ye, and z. parameters if so desired.

Inspecting the results of Figure 9.6 demonstrates the benefit of this work,
with a clear difference in delivered intensity evident. Following intuition (and
the results of Isaac et al. |accepted, 2024]), the increased tissue thickness in
the early stages of gestation largely reduces the levels of light reaching the
uterus. Using the parameters employed for this work, the shift from an early-
stage gestation’s abdomen to a late-stage gestation’s abdomen (such as that
shown in Figure 9.6) results in approximately 10 times the light intensity
reaching the uterus at the apex. Though this does not necessarily lead to a
significant increase in uterine illumination due to the nature of light intensity’s
relationship with illuminance, as noted by Isaac et al. [accepted, 2024], such
differences can result in shifts comparable to moving from the illumination of
a clear, starry night sky to that of a full moon under clear conditions. Further
work is required to ascertain exactly what differences in uterine illumination
are present across gestation; however, these results provide a strong foundation
from which to continue to build.

Indeed, it is possible within this new environment to introduce additional
parameters to account explicitly for the temporal aspect of pregnancy. For ex-
ample, if we were to alter the general ellipsoid equation shown in Equation 9.1
via the introduction of a parameter W which ranges from 0 to 40 to represent
the number of weeks pregnant, we may allow the possibility to define fixed

tissue thicknesses (through our other parameters) at varying points across the
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abdomen that remain consistent despite expansion of the womb as W increases.
An example of such a possible extension is shown in Equation 9.7. This may
thus be a method to simply represent the temporal nature of pregnancy, with
the possibility to explore the range of environmental conditions presented to

the fetus from external lighting as W varies.

<x+x0>2 i (y+90)2 i (Z+ZC)2
Tla+my)? b+ yw)? e+ zy)?

~1. (9.7)

Overall, this simple approach to modelling the maternal abdomen via a
series of roughly concentric ellipsoids provides an elementary starting point for
modelling the curved womb, yet it introduces the possibility for many future
research applications. Within this chapter, we have explored and compared
the exposure of the entire womb to high and low wavelength monochromatic
light sources, we have introduced an additional interior perspective of optical
stimuli, and we have compared the results of late-stage gestation to a proposed
early-stage gestation. However, there are many future avenues through which
we can extend this research and improve on its accuracy and applicability.

Firstly, the temporal aspects of pregnancy and the resultant variations in
tissue density across the abdomen warrant further exploration. This would
primarily serve to improve our understanding of how this environmental evo-
lution affects the interplay between light and tissue and the resultant uterine
illumination experienced by the human fetus.

In a similar manner, further extension of the model to account for nat-
ural light is a clear next step. In Chapter 7, we combined monochromatic
stimuli from across the visible spectrum of light to simulate the interactions
between natural light and maternal abdominal tissue and the resultant uter-
ine illumination; however, this was for a planar tissue medium |[Isaac et al.,
under review, 2024|. Here, we explored the interplay between monochromatic
stimuli and the curved womb; however, we have not yet explored the overall
influence of natural light from across the visible spectrum as approximated by
a summation over individual wavelengths. This would be a fitting extension to

our previous exploration of the influence of natural light on the uterine envi-
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ronment — especially when coupled with the introduction of curved clothing
layers to the model to represent the impact of a typical item of clothing.

In contrast to the proposed future extensions, there are also several limi-
tations to the model as it is currently presented, each of which requires future
research to explore and improve further. One such example is the absence of
any interior anatomical structures beyond the tissue layers included. In real-
ity, light does not simply enter the womb through tissue alone. Rather, there
will be some light which, for instance, enters the uterine cavity toward the
sides of the abdomen where it is partially obscured by the ribcage and other
such structures. Additionally, the model as it is currently presented does not
explicitly account for heterogeneities such as blood vessels within the tissue
medium — in practice, the individually homogeneous tissue layers are assumed
to implicitly replicate the presence of these structures on average.

A further extension in a similar vein to those discussed above concerns ma-
ternal anatomical variation during gestation. In particular, changes in preg-
nancy during the third trimester of pregnancy lead to the layer of muscle
precisely at the abdominal apex reducing to the point where there is little (or
even no) muscle present. As discussed further by, for example, Gilleard and
Brown [1996], the maternal muscle structure stretches and separates during
the late stages of pregnancy due to the growth of the fetus. Consequently,
models that include a layer of muscle at the abdominal apex may overestimate
the attenuation of light from this direction. As a result, future developments
of the model may consider a more physically accurate iteration of the modelled
uterus. This model would necessarily then feature no muscle for a region along
the line mapped upon the womb’s exterior by the midsagittal (or median) plane
of the maternal abdomen (in late-stage gestation simulations).

In principle, these considerations could be included within future expan-
sions of our voxelated tissue environment; however, their exact implementation
will require careful analysis, research, and simulation to accurately account for

physical shapes and structures, appropriate medium-specific optical parame-
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ters, and anatomically correct locations. Similarly, there is scope to explore
whether the uterine cavity is influenced in any way by light entering the body
from the posterior half of the abdomen, though this is likely to be minimal
due to the large abundance of anatomical structures obscuring the womb from

this angle.

9.5 Conclusion

In this chapter, we have introduced a large-scale expansion to our previous
planar model of multi-layer maternal tissue. Due to the entirely new direction
of modelling being explored by both this extension and its application, this
represents a large shift forward in our work — from both the sense of novelty
and physical accuracy, but also from the future research scope introduced by
these changes.

Clearly, the introduction of curvature to the model results in variations
in light intensity reaching the uterus from incident light across the abdomen,
with more light entering the front of the womb than at the sides. Further,
modelling different stages of gestation can be undertaken both simply and in
a physically accurate manner via this expansion. Future work intends to more
deeply explore such environments, alongside modelling the effects of introduc-
ing isolated heterogeneities within the tissue medium (such as the ribcage).

Additionally, analysing the direction of light upon entry to the uterus allows
for a greater understanding of how light interfaces with maternal tissue in
order to reach the fetus. This is valuable for future experimental purposes and
further opens research avenues in modelling specific experimental stimuli. An
understanding of the degree to which the fetal eye’s orientation with respect to
the delivered stimuli affects the delivered intensity is crucial for experimental
design and data interpretation — both of which are areas wherein this model

can provide useful insights.
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Chapter 10

Conclusion

10.1 Introduction

In this final chapter, we assess the overall contributions and results of this
thesis. We begin with an initial discussion of the primary findings and their
contributions to the field, before then analysing the limitations present in the
work alongside improvements yet to be incorporated within the model. Finally,
we conclude this thesis with a discussion on possible directions and pathways

for future work and extensions to the modelling performed within.

10.2 Discussion and Contributions

The field of tissue optics is vast, with abundant research and literature existing
on topics ranging from work exploring the distribution of light incident on ar-
teries [Keijzer et al., 1989] to investigations into the optimum number of tissue
layers to include when modelling [Das et al., 2020| to experimental research
on animals with connections to humans [Jacques et al., 2008|. Many topics
have been explored within this field, yet there is a clear gap in the literature
when considering the interplay between light and maternal abdominal tissue,
the illumination of the uterus, and the potential visual experiences perceived
by the human fetus during gestation.

Our limited understanding of the visual environment in which the human
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fetus resides is problematic for several reasons. The womb is the starting point
for human life, yet our understanding of its environment has traditionally
been summarised by notions of a constantly dark or negligibly illuminated
place [Myowa-Yamakoshi and Takeshita, 2006] or one which is only illuminated
by bright external light sources [Liley, 1972|. In part due to this limited
understanding of the womb’s illumination, research into fetal vision lags that of
other sensory experiences. It has long been known, for example, that the fetus
can be stimulated by and respond to olfactory and auditory stimuli [Bradley
and Mistretta, 1975; Lecanuet and Schaal, 1996].

Consequently, there has been limited research into the extent of visual ca-
pabilities for the human fetus until recent times. The work of Reid et al.
[2017|, for example, has demonstrated that the fetus can be engaged by trans-
dermal stimuli delivered to the maternal abdomen, and research by Dunn et al.
[2015] has shown the fetal brain responds to external light stimuli. Similarly,
research focusing on understanding the illumination of the womb was highly
limited prior to this thesis, with the primary contribution to the subject be-
ing the work of Del Giudice [2011], who used multiple regression modelling to
estimate the potential for uterine illumination. This work had several limita-
tions, as discussed in Chapter 2, which resulted in minimal applicability and
extension to further research.

This thesis has approached the problem of quantifying uterine illumination
and exploring the uterine visual environment in an entirely new and novel
way when compared to previous work in the field. In Chapter 3, we outlined
the typical algorithm employed in tissue optics modelling before introducing a
custom-built mathematical model utilising Monte Carlo methods in Chapter
5 with application to a planar, multi-layered maternal tissue environment to
simulate experimental stimuli [Isaac et al., accepted, 2024|. This work is, to
our knowledge, the first instance where the uterine illumination from external
point source stimuli has been quantified via Monte Carlo methods. Alongside

an exploration of the impacts to this illumination from adipose tissue variation,
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this work suggests that a 5 mW point source laser diode stimuli delivered to
the maternal abdomen at a 650 nm wavelength may provide illumination of
the immediate uterine environment in the range between that of an overcast
night sky and a full moon in clear conditions (depending on the thickness of
adipose tissue). Hence, this provides the field’s first quantified estimate from
mathematical modelling of the visual experience provided to the human fetus
by experimental light sources.

The field of fetal vision research is growing, and the implications of this
work are significant for several areas. Primarily, the research was conducted
to assist experimental practitioners in determining the appropriate intensity
of stimuli delivered to the maternal abdomen to achieve specific experimental
design outcomes. A component of the work explored the potential images
seen by the fetus from such stimuli under varying adipose tissue thicknesses,
with direct applicability to such experimental research. Further, however, this
research may find use in fields such as photoacoustics, where internal imaging
based on heat emission resulting from external stimuli depends heavily on the
interplay between light and tissue.

In Chapter 7, we extended this work to assess the relationship between
delivered intensity to the fetus and varying stimuli wavelengths. From these
simulations, we generated an approximation for a natural light source and ex-
tended the source region to cover a large region of the maternal abdomen. This
allowed for an estimation of the upper limit of uterine illumination provided
by sunlight incident upon the maternal abdomen, with initial estimates sug-
gesting it is comparable to that of a full moon under clear conditions or civil
twilight |Isaac et al., under review, 2024|. Further extensions to the model al-
lowed for an estimate of the impact to uterine illumination from a typical layer
of clothing (such as a shirt), with simulations suggesting that the presence of
clothing reduces the potential illumination from direct sunlight to roughly the
level of a clear, starry night or that of a quarter moon. Following our previous

work, this research offers the first exploration of uterine illumination under
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everyday lighting from sunlight.

The applicability of this work spans beyond simply being interesting and
novel. In an age where ectogenesis moves ever closer to reality for humans,
an understanding of the illumination of the uterus as a function of everyday
lighting is increasingly important. Experimental research into artificial wombs
has seen success with animal trials [Partridge et al., 2017|, paving the way
for future work on applying similar concepts to human fetuses [Kozlov, 2023|.
The development of such products requires explicit consideration of the ma-
terial’s optical properties to accurately replicate the human uterus. Allowing
too much, or not enough, light to penetrate the artificial womb may lead to
detrimental visual outcomes for neonates due to over- (or under-) exposure to
light during gestation.

Similarly, there is research that suggests environmental lighting conditions
may impact visual outcomes for the human fetus. Rao et al. [2013], for exam-
ple, found that the formation of mouse eyes has an essential dependence on
levels of uterine light, while work by Yang et al. [2013] concluded that higher
average day length during early gestation for human fetuses was associated
with reduced likelihood of developing severe retinopathy of prematurity. Evi-
dently, the human visual system may be impacted by the number of daylight
hours experienced during gestation. Through initiating the conversation for
further exploration of the human uterine illumination under daylight condi-
tions, the work of Chapter 7 holds clear implications for the field of tissue
optics and human development.

In Chapter 9, we made the final contributions of this thesis. By extending
our previously planar tissue model to account for curvature of the womb, we
introduce the field’s first exploration of the interplay between light and the
entire human womb |[Isaac et al., forthcoming, 2024]. Previously, our models
did not include the full uterine environment, due to their assumption of ma-
ternal abdominal tissue being locally flat — obviously ignoring effects due to

tissue curvature. Similarly, this planar assumption introduced aspects of tis-
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sue homogeneity, with constituent layers (such as adipose or muscle) required
to be consistent thicknesses across the region. The work of Chapter 9 eases
these assumptions and allows for a more accurate representation of the uterine
environment, with results consequently modelling illumination of the womb in
a more physically accurate manner.

The initial implications from the work in Chapter 9 are substantial, with
several obvious potential applications to the fields of fetal vision, human devel-
opment, and ectogenesis in line with those mentioned in the above discussion.
Further, however, this expanded model opens the door for many future ex-
pansions, pathways, and improvements. These are discussed in the following

section.

10.3 Limitations and Potential Improvements

Despite this thesis presenting a detailed progression of increasingly sophisti-
cated contributions to the field, building from a relatively simple exploration
of experimental situations to a full model of the human womb, there are sev-
eral limitations evident within the work. Here, we discuss a selection of these
points and suggest possibilities for improvements in the future.

Though the work of Chapter 9 was fundamental in opening the door for
broader investigations of the uterine visual environment [Isaac et al., forth-
coming, 2024/, there are two primary limitations of the model from a practical
sense. Firstly, despite the assumption of the maternal abdomen as ellipsoidal
in shape being crucial in allowing a simple initial inspection of the problem, its
applicability to the womb in reality is tentative. The use of concentric ellipsoids
to model the womb and its preceding layers of tissue offers an initial estimate
of the relationship between light and the uterus; however, it is not particularly
relevant to the shape of many pregnant abdomens across the population, nor
does it accurately reflect the shape of this region of the body across gestation.

There is room for a more detailed examination of the best manner in which to
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approximate this region, and it may be the case that using ellipsoids is overly
simplistic. In particular, as discussed in Section 2.6 of Chapter 2, it may be
worthwhile modifying the model to allow for a more flexible approach to mod-
elling curved surfaces. The use of cubic voxels requires increased resolution to
more accurately model curved boundaries, as cubes will never correctly follow
curves, and the tradeoff from a user perspective is computational time. By
using, for example, triangles to create a mesh of the surfaces involved, one
may more accurately model the precise curvature of the womb. An important
point to consider, however, is the extent to which one desires to trade time
spent adjusting the model’s details for accuracy in individual simulations. De-
pending on this tradeoff, it may yet be the case that the use of cubic voxels
(combined with surfaces that can be described analytically) is ultimately the
best approach to delivering a generalised model.

Second, a feature that is lacking both from this final model and the works
presented in the preceding chapters is the ability to quickly produce outputs
relevant to different parameters and environmental conditions. Presently, any
change of optical parameters or tissue conditions requires an entirely new sim-
ulation to be run within the model. Given that simulations typically require
the simulation of over 10 billion photon packets, the loss of time to model
computation is significant when simulating a range of scenarios. An extension
to the model that remedies this aspect may be as simple as running many
simulations once and building a database of key results and outputs. From
there, interpolation and extrapolation and/or machine learning from previous
results could be explored to speed up the processing for an end user. This is
especially pertinent when considering that work such as that conducted within
the thesis has clear applications in medical environments where practitioners
are not necessarily able to wait hours for results — or, indeed, may not have
access to appropriate optical parameters for specific tissues and wavelengths,
nor readily available usage of high performance computer systems.

A significant limiting factor in using this type of model for simulating the
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interactions of light with tissue comes from its reliance on optical parameters
for each constituent tissue medium. As detailed in Chapters 5 and 7, much
time was invested in exploring existing literature to source wavelength-specific
parameters, such as absorption and scattering coefficients, for the various tissue
sub-layers built into the models. In Chapter 7, we employed an element of
simple interpolation to generate some parameters for wavelengths where these
values were not readily available [Isaac et al., under review, 2024]; however, this
is not necessarily simple to do in practice, as it requires a library of values to
base predictions on, which in turn typically requires literature research. This
is an unfortunate limitation inherent in this type of modelling in tissue optics;
however, one key improvement to consider would be an alteration of the model
so that it is able to generate values itself. This may come via interpolation and
extrapolation from a built-in library of parameters. Alternatively, there may
potentially be scope to consider an upgrade to the mathematical aspects of
the model so that it is able to generate its own parameters from, for instance,
assumed water and oxygen composition of tissue mediums — both of which
are examples of properties that typically determine the necessary coefficients
for simulations [Jacques, 2013|.

In Chapter 5, we explored the potential appearance of stimuli to the fetus
after propagation and attenuation through maternal tissue [Isaac et al., ac-
cepted, 2024|. As noted in the paper, the precise determination of such aspects
is inherently difficult due to individual variations in eye development and sen-
sitivity, a present lack of understanding of the sophistication of the fetal eye,
and uncertainties around the influence of background illumination provided
by, for example, interior lighting. In practice, experimental practitioners may
wish to utilise the results of this thesis in determining the appearance to the
fetus of proposed stimuli; however, the model does not readily facilitate this
feature. It is difficult to accurately describe precisely how a separate viewer
may interpret and “see” visual stimuli. In Chapter 5, we have attempted to

provide a suggestion of how experimental stimuli may appear to the fetus, but
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it is limited. Improvements related to this limitation are difficult to consider;
however, there may be scope for a comparison between how the model per-
forms in simulating light through a tissue phantom and how the light appears
in reality after propagation. In this manner, it may be possible to “tune” the
model’s estimation of stimuli appearances, though this is not an approach that
has been thoroughly considered at this stage.

One final limitation present throughout this thesis has been the absence of
any explicit consideration of anatomical structures such as vascular networks,
skin heterogeneities (e.g., lesions or moles), and bone structures (in the case
of [Isaac et al., forthcoming, 2024]). Early in the development of this thesis,
consideration was given to the inclusion of a vascular network within a tissue
layer via use of mathematical equations to generate repeating network struc-
tures that may replicate blood vessels; however, its implementation was not
followed to conclusion due to its deviation from the research focus with po-
tentially limited benefits. One primary benefit of having utilised a voxelated
approach to generating tissue mediums comes in the form of a relatively simple
approach to addressing this limitation. By altering the optical properties of
specific voxels in a careful manner, we may introduce alternative mediums to
the model with relative ease; however, we need accurate surfaces to account
for aspects such as reflection and refraction. Hence, a future improvement
may involve explicitly incorporating such structures into the simulated envi-
ronment of the maternal abdomen via voxel manipulation or the introduction

of iso-surfaces to generate the desired components.

10.4 Future Research

Within this thesis, we have explored a range of situations, scenarios, and prob-
lems relevant to uterine illumination and the delivery of light stimuli to the
human fetus. Despite this, there are many avenues we wish to explore through

future research via adjustments to, and applications of, this model. Several of
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these have been described in the preceding section; however, below, we outline
three further directions.

The first relates to an application of the model to a field not considered in
this thesis. Functional near-infrared spectroscopy (fNIRS) involves the delivery
of near-infrared lasers (typically in the range of 650-950 nm) to the brain, the
measurement and processing of consequent reflected light, and the determina-
tion of brain activity via the nature of the reflected light (see, for instance, the
work of Chen et al. [2020]). Though this thesis is not necessarily concerned
with the practicalities of experimental research, the work conducted within
demonstrates the applicability of this model to practitioners. In particular, as
an extension from the work of our wider research group, we intend to soon
expand the model to allow for fNIRS studies to be simulated. This will allow
for future studies in that field to be advised via computational modelling in a
similar manner to the experimental studies involved with the work in Chapter
5.

Second, in our analysis thus far, we have not mentioned the effects due to
skin tone. This comes down to the nature of the model, as it depends specifi-
cally on several key optical parameters (absorption and scattering coefficients,
for example) that are sourced from literature where possible. These param-
eters typically relate directly to the tissue composition that informs aspects
such as skin tone; however, a typical question one might ask when viewing the
results of this thesis is: “How do these results change when we consider indi-
viduals of different skin tone?” With the current implementation of the model,
we are limited to using optical parameters that may not necessarily relate to
individuals of a specific background or race. Hence, one might imagine that
our model essentially delivers an estimate of the average relationship between
light and tissue — regardless of skin tone. Future work aims to more accu-
rately describe the variations across individuals with respect to aspects such
as skin tone, and this would provide individual value to users of the results.

Finally, the work presented in Chapter 9 presents an initial overview of
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how the interaction of light with the curved maternal abdomen differs from
prior assessments based on a planar tissue model. In future research, we plan
to provide a more comprehensive analysis of the variations in uterine illumi-
nation across a range of environmental and lighting conditions. For instance,
we intend to explore comparisons between direct illumination from sunlight,
incidental illumination from diffuse lighting indoors, and the range of uterine
conditions presented from varying levels of sunlight. Similarly, we aim to relate
these outcomes directly to a range of scenarios across the temporal aspect of
gestation. In doing so, we will comprehensively assess the range of conditions
and possibilities involved with uterine illumination and provide foundational
approximations from which future researchers are able to build on in their own

research endeavours.

10.5 Final Remarks

We wish to conclude by acknowledging two academic papers which much of this
thesis has continued from. First, Reid et al. [2017] explored the stimulation of
the fetal eye via point source laser diodes applied to the maternal abdomen.
In their work, they assumed a presentation of three such stimuli arranged in
an approximate face-like structure would attenuate to eventually present to
the fetus as displayed in Figure 10.1.

Following this paper, Scheel et al. [2018| later explored the appearance of a
similar set of stimuli via use of a computational model with similarities to the
one employed within this thesis. After simulation, they found that the stimuli
were perhaps better approximated as shown in Figure 10.2.

The discussion of differences between the simple approximation made by
Reid et al. [2017] and the more comprehensive estimate provided by Scheel
et al. [2018] has, to a large degree, spurred the production of this thesis and its
associated research. Hence, to conclude, we offer an additional approximation

of these stimuli, though this time through use of the model developed for
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Figure 10.1: A: laser diodes as presented to the fetus by Reid et al. [2017]. B:

image viewed by the fetus as estimated by Reid et al. [2017].
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Figure 10.2: Image viewed by the fetus as estimated by Scheel et al. [2018].

Chapter 9. This is presented in Figure 10.3, mapped to a grid of § and ¢ values
to represent the precise stimuli location. The top image shows the relative
fluence at skin delivery for three 650 nm point sources incident perpendicular to
the tissue at approximate locations used by Reid et al. [2017], while the bottom
image shows this upon entry to the womb. Note that some minor distortion is
evident due to the projection of a curved, three-dimensional output onto a flat,
two-dimensional image (in the same manner as world maps distort the true
shape of a given land mass). This is not the case for Figures 10.1 and 10.2,
as neither simulation accounted for curvature. If viewed on a curved surface,

Figure 10.3 would exhibit a clearer separation and orientation of the dots.
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Figure 10.3: Top: Relative fluence (watts of power incident per cm? per W de-
livered) at skin delivery for three 650 nm point sources incident perpendicular
to the tissue at approximate locations used by Reid et al. [2017]|. Bottom: the
same at entry to the womb. Theta is the angle measured from the positive
x-axis, while phi is measured from the positive y-axis. Any pairing specifies
an entry location. Note some minor distortion is evident due to the projection

of a curved, three-dimensional output onto a flat, two-dimensional image.
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Three clear regions of intensity can be seen in the uterus entry image, with
some overlap evident due to the distortion mentioned above (but as discussed
in Chapter 5, this is also perhaps due to stimuli being delivered too close to-
gether). Depending on the sensitivity of the fetal eye and its ability to discern
similar intensities, this result would suggest that the image presented to the fe-
tus by Reid et al. [2017] likely appeared less distinct than their initial estimate
— yet more distinct than the estimate of Scheel et al. [2018]. In contrast to
the previous work of these groups, this final result accounts for optical hetero-
geneity through the tissue medium by incorporating distinct layers, curvature
of the womb by including non-planar surfaces, and varying tissue depths across
layers due to the manipulation of ellipsoidal layer parameters. Consequently,
this would presently appear to be the most physically accurate estimate of the

appearance of such stimuli to the fetus.
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