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Abstract
The placenta is a fetal exchange organ that transfers nutrients and oxygen from mother
to baby during pregnancy. Establishment of an adequate blood supply to the placenta is
critical for pregnancy success. To do this, specialised placental cells, called trophoblasts,
invade into the mother’s uterus and act to remodel the mother’s most distal uterine blood
vessels, the spiral arteries (SAs). In the first trimester, the trophoblasts have been shown
to at least partially occlude the SAs, restricting oxygenated blood flow to the placenta
until approximately 10 weeks of gestation. In doing so, they create a physiologically
normal low oxygen environment that is key for adequate placental developments but
also significantly change the haemodynamic properties within the SA. Timing for SA
unblocking by trophoblasts is important but it is not clear how it occurs. Trophoblasts
also migrate along the SA length (against blood flow) and remodel them from tight
muscular spirals into wide non vasoactive conduits that maximise volumetric blood
flow for the remainder of pregnancy. Thus, beyond the first trimester, the volume of
maternal blood delivered to the placenta is high, but its velocity is relatively low, avoiding
damage to delicate placental tissue and maximising exchange between the maternal and
fetal circulations. Disruptions to this remodelling process can lead to poor pregnancy
outcomes, but the impact of SA remodelling on local blood flow rates, shear stress and
subsequent SA remodelling is difficult to observe in vivo and largely unknown.

To find out more about this delicate process of SA plugging by trophoblasts and its
remodelling, more investigations in vivo and/or in vitro is required but doing that is
also limited by obvious ethical constraints. Therefore, in silico approaches are more
suitable to address these challenges. The aim of this thesis was to develop computational
models of the utero-placental circulation throughout pregnancy and to link these models
to trophoblast migration behaviours.

First, we consider the first trimester of pregnancy, when the SA is plugged by trophoblasts.
We present an analytically solvable model of the plugged SA and an alternative pathway
for uterine blood flow, arteriovenous anastomoses. This model shows the existence
of a physiological trophoblast plug prevents blood flow into the IVS, and decreases
shear stress on the vessel wall upstream of the plug to a level that would generate
permissible conditions for trophoblast migration and SA remodelling. The model pro-
vides estimates for the range of flow velocities through the SA in early pregnancy
(which are not consistently observable by ultrasound) and the shear stress sensed by
trophoblasts that are migrating in the SA.

We then analyse the impact of fluid flow on trophoblast migration, by analysing an in
vitro dataset of trophoblast migration in micro-fluidic channels in the context of the
model of the plugged SA, with the aim of incorporating these data into an agent based
model of trophoblast migration in the first trimester. This novel cell-based modelling
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framework was developed to simulate trophoblast migration within a SA under known
environmental stimuli including blood flow and chemotaxis. Although chemotaxis sources
and concentrations in the SA are still not well defined, we are able to parameterise the
agent based model to data showing trophoblast responses to shear stress, and then to
assess the impact of varying unknown parameters relating to chemotaxis in the model.
The model suggests that chemotaxis and cell-cell interaction forces have a significant
effect on the nature of trophoblast migration and plug dislodgment. We show that
the plug could potentially dislodge due to cell migration from the plug to the vessel
wall, or due to the formation of channels of high flow in the plug which occur due to
asymmetries in the system or high flow velocity regions.

Finally, we move beyond the first trimester and present a computational model of blood
flow from remodelled SA openings into the intervillous space. This model shows that the
structure of the placental tissue beyond the SA significantly impacts on ultrasound mea-
sured "jets" of flow. The model predicts that jets of flow observed by ultrasound are likely
correlated with increased tissue porosity near the SA mouth and is proposed that observed
mega-jets (flow penetrating more than half the placental thickness) are only possible when
SAs open to regions of the placenta with very sparse tissue structures. Therefore, it is
postulated that placental tissue density must decrease at the SA mouth through gestation,
supporting the hypothesis that blood flow from SAs influences placental development.

Computational models developed in this study provide a new approach to understanding
the process of trophoblast migration behaviours, SA remodelling and implications of
inadequate remodelling. The presented modelling framework in this thesis provides a
platform which can be customised to incorporate more realistic structural and functional
data on the utero-placental circulation as it becomes available.
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Chapter 1

Motivation and Objectives

1.1 Motivation

For a fetus to survive and grow for the nine months of pregnancy, it needs to prepare

an optimised growth environment inside its mother’s uterus. This is enabled during

pregnancy by an organ called the placenta. The fetus and the mother co-exist through

the placenta during pregnancy. The placenta prevents any attack from the mother’s

immune system and adapts the maternal cardiovascular and haematological systems to

support pregnancy by secreting a large range of hormones and cytokines [16, 50, 56].

It also provides the fetus with all the required oxygen and nutrients from the mother’s

blood, and returns carbon-dioxide and waste back to the mother’s circulatory system.

The placenta has a branching villous tree structure and maternal blood circulates between

the branches called villi, inside which the fetal blood vessels reside. The maternal and

fetal circulations are physically separated but functionally linked.

Timing is crucial to placental function. The onset of blood flow to the placental surface

and consequently significant oxygen uptake from the maternal blood is delayed until

almost the end of the first trimester [35, 106, 114, 126, 210, 215]. This is crucial for

pregnancy success as early onset of maternal blood flow to the placenta is associated

with pregnancy failure [40, 112, 123, 204, 229, 247]. Free flow of oxygenated blood to the

placenta is limited in the first trimester because of the existence of specialised cells known

as extravillous trophoblasts which originate from the placenta, invade the uterus and "plug"

the uterine spiral arteries. At the same time, these cells start remodelling the arteries into
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wide conduits that open out into the intervillous space (IVS) surrounding the placental

villi. This process of spiral artery (SA) remodelling ensures a continuous high blood flow

containing adequate oxygen and nutrients from second trimester onward. Inadequate SA

remodelling is associated with pregnancy pathologies including pre-eclampsia, small for

gestational age (SGA) and intrauterine growth restriction (IUGR) [28, 138, 170, 255].

Having a normal, well-developed and well-functioning placenta is critical for normal

pregnancy and adequate fetal growth. However, our understanding of the physiology

and pathophysiology of the placenta is incomplete. As the placenta is structurally

different between species [16, 41] and some pregnancy related changes, such as the

extent of arterial remodelling, are unique to humans [77, 118, 194], it is important to

study the human placenta rather than employing common laboratory animal models.

However, in vivo assessment of the human placenta is limited by ethical constraints as

investigations must be non-invasive and safe for the mother and fetus. Conventional

ultrasonography enables us to make a general assessment of placental appearance, while

Doppler ultrasonography provides us with information about utero-placental circulatory

changes during pregnancy [123, 163, 167, 174, 263]. However, ultrasound has relatively

low sensitivity [174] and so is limited in its ability to resolve small changes in utero-

placental structure or function. More precise data is achieved through histological studies

on delivered placentae at term or those obtained from elective terminations of pregnancy

in the first trimester [73, 179, 233, 252]. However, data extracted from histological

studies is limited to discrete stages of pregnancy and it is difficult to relate this in vitro

data to the constant in utero changes during gestation.

In order to get a better picture of the establishment and the progressive development

of oxygen and nutrient exchange between mother and fetus, we need mechanisms to

piece together all the available experimental and clinical data into a multiscale model of

placental function. Multiscale computational modelling has successfully helped obtain a

better understanding of various phenomena in the biological sciences [11, 65, 180, 196]

by giving a picture of how in vivo and in vitro observations relate. Placental function is

regulated via factors occurring across spatial, temporal and functional scales, therefore,

multiscale modelling would be a good technique to replicate how placental function

is regulated. An optimised model would help us to reveal new gaps of knowledge

or may guide us in designing new in vivo and/or in vitro tests which in return will

enhance our knowledge of the real situation.
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Current mathematical models of the utero-placental blood circulation have focussed either

on the geometric conversion of uterine arteries [33, 226] or on geometric representations of

the placenta [47, 79, 151]. Mathematical models of trophoblast invasion, on the other hand

have used continuum modelling techniques to investigate the behaviour of a continuous

mass of cells under the effect of some environmental stimuli [37, 38]. These models do

not capture localised geometrical effects nor the effects of blood flow or cell interactions

with other cells or the environment. Establishing multiscale models of 1) trophoblast

migration in the spiral arteries in response to environmental stimuli including blood flow

and cell interactions and 2) the dynamic utero-placental blood circulation including both

transforming spiral arteries and the interaction of maternal blood with the placental

villous tree would allow a better understanding of all factors contributing to pregnancy

related changes in the uterine circulation, which correspondingly affect fetal growth.

This thesis focuses on developing models of uterine spiral arteries through pregnancy,

including introduction of a novel model to link cell movement in response to known

environmental stimuli (such as blood flow, chemotaxis and cell interactions with other

cells and the vessel wall). Models predicting haemodynamics in the early stages of

pregnancy when arteries are plugged, and extending through the rest of gestation,

when maternal blood flows freely into the IVS may allow us to 1) provide an initial

framework which will help to design more precise in vitro experiments by predicting

in vivo conditions and 2) allow better insight into the mechanisms that contribute to

arterial remodelling in human pregnancy.

1.2 Objectives

The objectives of this thesis are:

Aim 1: To construct models describing blood flow in the spiral arteries, throughout

pregnancy.

Aim 2: To create a model of trophoblast migration that can reproduce the behaviours of

in vitro trophoblast migration under different blood flow conditions.
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Aim 3: To couple the models of trophoblast migration and SA blood flow to predict the

interaction between mechanical stress and cell migration in the spiral arteries during

early pregnancy.

1.3 Thesis Outline

This thesis consists of six chapters as follows:

Chapter 2 provides biological and physiological background that is necessary to model

utero-placental structure and function. This chapter also gives an overview of existing

computational models demonstrating their outcomes and also the shortcomings that we

aimed to address in the models in this thesis.

Chapter 3 focuses on SA haemodynamics in the first trimester and presents a compu-

tational model of a plugged SA that is analytically solved to predict blood flow speed,

pressure and wall shear stress inside and outside of a trophoblast plug over a range of

plug porosities.

Chapter 4 presents an introduction to techniques exploited to model trophoblast mi-

gration and an analysis of experimental data that can lead to parameterisation of a

model of this type. This chapter mainly focuses on (re-)analysing experimental data of

cell migration under different magnitudes of shear stress and extracting required data

to parametrise and validate a cell-based model.

Chapter 5 presents a detailed modelling framework of combining continuum and dis-

crete modelling techniques to predict trophoblast migration under the influence of

environmental stimuli such as blood flow and chemoattractants. Components of this

model are parametrised using the data described in Chapter 4. This model provides a

key first step toward integrating cell level and organ level data regarding SA modelling.

Chapter 6 moves beyond the first trimester and presents a computational model of a

placental subunit within which we can predict blood pressure and velocity profiles into

the placental space in three dimensions as a function of SA geometry and placental

tissue structure. This model allows us to investigate the effect of blood flow on the

development of the placental tissue.
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Chapter 7 summarises the key outcomes of this thesis and proposes potential research
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Chapter 2

Background

2.1 The placenta: Primary human need for life

The placenta is a "disc shaped" organ connected to the fetus via the umbilical cord.

The placenta has a branching tree like structure, and for the majority of pregnancy,

maternal blood percolates between these branches to facilitate nutrient and gas ex-

change between mother and baby.

The fetal aspect of the placenta is covered by membranes that form the chorionic plate,

from which the placental villi extend outward. These membranes also extend from the

placenta to surround the developing fetus during pregnancy (Figure 2.1). The umbilical

cord normally extends from the centre of the chorionic plate and contains major fetal

blood vessels: the umbilical vein (to carry oxygenated blood from the placenta to the

fetus) and two umbilical arteries (to carry de-oxygenated blood from the fetus to the

placenta). These arteries, along with the vein, branch into the chorionic vessels on

the chorionic plate, forming a "star-like" pattern (Figure 2.1). The chorionic vessels

ultimately branch perpendicular to the chorionic plate penetrating toward the maternal

aspect and finally terminate in a capillary network within the placental villi (Figure

2.2). The placental villous trees are divided into compartments known as cotyledons,

which are separated by placental septa (Figure 2.1).

Villous trees form complex branching structures, which consist of an outer bilayer of

trophoblast (specialised placental epithelial cells) surrounding a stromal core containing

the branched fetal blood vessels. This basic structure comprises all branches of a
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Figure 2.1: An illustration of the two placental aspects (a) the fetal side and (b) the
maternal side of a normal mature human placenta are shown. The branching of arteries
and veins from the umbilical cord and on the chorionic plate can be seen through the
semi-transparent fetal surface. The maternal surface, on the other hand, is composed of
compartments known as cotyledons. Cotyledons are separated by placental septa. This
figure is reproduced from [250] with permission.

villous tree despite diversity in function and structure at different levels of the tree

(Figure 2.2b). The trophoblast bilayer thus functions to provide a barrier between

the maternal and fetal circulations through which only oxygen and nutrients pass (i.e

fetal and maternal blood do not mix).

Throughout placental development cytotrophoblasts, which form the inner layer of

the trophoblast bilayer, differentiate into either syncytiotrophoblast or extravillous

trophoblast (EVT). The syncytiotrophoblast is a single large multinucleated cell that

forms a continuous layer that covers the surface of the villous tree and is in direct contact

with maternal blood for most of gestation. Due to its position, the syncytiotrophoblast

is involved in many placental activities including oxygen and nutrient exchange and

immune defence [17]. In contrast, EVTs migrate away from the placenta and invade the

decidualised maternal endometrium (decidua) and its arteries, the SAs, and remodels

them [57, 250]. The remodelled SA shape is thought to allow significant volumetric blood

flow with low flow velocities and pressure to prevent any damage to the delicate villous

structure. Inadequate conversion of the SAs has been linked to pregnancy pathologies
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Figure 2.2: (a) Schematic diagram of the placenta. Oxygenated maternal blood from
spiral arteries enters the IVS, and bathes tree like structures, known as villous trees.
Oxygen and other nutrients are taken up by the villous trees and transferred to the fetus
through the vessels in the umbilical cord (UC). Image reprinted with permission from
[16]. (b) A schematic diagram of the cellular constitution of placental villi. The outer
layer (syncytiotrophoblast) is a continuous multi-nucleated layer which covers the entire
surface of the villi. Mononuclear cytotrophoblasts underlie the syncytiotrophoblast. The
core of the villi is composed of mesenchymal stroma and fetal blood vessels.

such as pre-eclampsia [138, 139], IUGR [27, 138], and pre-term birth [139]. EVTs that are

localised in the decidua are known as interstitial trophoblasts, while EVTs that breach

the vessel wall and colonise the SA are termed endovascular trophoblasts. To understand

exactly how and where EVTs localise in the uterine vasculature and decidua, a brief

description of the compartments of the uterine vascular network is presented next.

2.2 Basic uterine vascular anatomy

The maternal arterial blood supply to the placenta originates from the uterine arteries

and the ovarian arteries. Branches of the uterine arteries and ovarian arteries penetrate

the myometrium (the muscular layer of the uterus) at an acute angle giving rise to

arcuate arteries (Figure 2.3). The arcuate arteries encircle the uterine wall and extend

inward into the myometrium. The arcuate arteries then branch into radial arteries, which
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Figure 2.3: A schematic representation of uterine vasculature. Branches of the ovarian
and uterine arteries penetrate the myometrium and give rise to the arcuate artery, which
encircles the uterine wall and branches into the radial arteries. Radial arteries extend
inward perpendicular to the uterine cavity. At the inner third of the myometrium, basal
arteries and spiral arteries branch off the radial arteries. This image is adapted from
[119].

run perpendicular to the uterine cavity. In the inner third of the myometrium, the radial

arteries give rise to the SAs with basal arteries branching off them [95, 96, 259].

The endometrium is the innermost layer of the uterus and covers the uterine lumen.

It consists of two layers: the basal layer and the functional layer [31]. The basal

layer lies adjacent to the myometrium and is fed by the basal arteries. During the

menstrual cycle, endometrial stromal cells proliferate and become plump and glycogen

rich. If pregnancy occurs, this lining remains and becomes known as the decidua,

otherwise the functional layer sheds during menstruation. At the same time, SA sprouts

remaining within the basal layer from the previous cycle start to regrow [62]. Arterial

growth occurs faster than endometrial growth, resulting in convoluted arteries. The

spiral shape of these arteries increases their resistance and decreases the blood pressure

along their length [161, 190, 199].

Like other systemic arteries, SAs have elastic and muscular walls. The presence of

smooth muscle cells makes the arteries highly responsive to changes in flow and can

increase resistance against blood flow. However, when pregnancy occurs, a very unique

morphological and histological change takes place in the SAs. During the first trimester,
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Figure 2.4: The progression of SA remodelling. At the start of pregnancy SAs are
small tortuous vessels. Interstitial trophoblasts invade the decidua and endovascular
trophoblasts migrate down the SA lumen and plug the entrance of blood flow into the
IVS. The invasion of these two groups of trophoblasts together progressively remodel
the SAs to have large funnel-like openings

EVTs migrate down the SAs and plug their lumen, impeding blood flow into the IVS

(Figure 2.4) [31, 107, 252]. At the same time, interstitial trophoblasts invade the decidua

and together with endovascular trophoblasts which reside in the plug, start remodelling

the SAs into wide conduits (reviewed in [194]).

The process of SA remodelling begins with immune cells (uterine natural killer cells and

macrophages) that surround the SAs, and induce smooth muscle cell disruption and loss of

endothelial cell adherence [30, 119, 209, 233, 255]. Destruction of the musculoelastic tissue

in the walls of the SAs starts with interstitial trophoblasts invading into the SAs from the

decidual stroma (see [97, 120, 194] for reviews), and with EVTs invading from inside the

SA lumen [254, 255]. EVTs are stimulated to migrate down the vessel lumen, at least in

part, as a response to chemoattractants released by the decidual immune cell populations

[119, 249]. EVTs within the SAs upregulate the expression of adhesion molecules akin to

endothelial cells, which allows them to interdigitate into the endothelial cell layer, after

which they are able to induce endothelial cell apoptosis and completely replace this layer

with trophoblasts [32, 98, 254]. As a consequence of this remodelling process, the SAs

transform into wide funnel-shaped structures with significantly reduced resistance.

As pregnancy progresses, trophoblasts migrate deeper down the lumen of the SAs and



12 Chapter 2. Background

the depth of SA remodelling increases. In normal pregnancy, SA remodelling proceeds

up to the inner third of the myometrium. Thus, trophoblasts remodel the whole length

of SAs in the endometrium and part of the radial arteries that reside in the myometrium

[119], but trophoblasts do not reach the deeper radial arteries nor the arcuate or uterine

arteries. The latter mentioned arteries undergo a different hormone mediated outward

remodelling process to increase their vessel radius and decrease their compliance, which is

mainly induced by estrogen and progesterone [119]. This dilation of larger uterine vessels

is crucial in pregnancy as it facilitates a progressive increase in blood flow throughout

pregnancy [9, 265]. The extent of SA remodelling in humans is relatively unique within

the animal kingdom and it is still unclear why trophoblast invasion comes to a halt after

remodelling of the distal portion of the uterine vasculature [33]. While inadequate SA

remodelling has been associated with pathological pregnancies [27, 138, 138, 139, 139] the

impact of SA structure on the development of the placenta is not well defined [213].

2.3 Spiral artery plugging

In addition to their role in remodelling the SA, EVTs form "plugs" that occlude the

SA lumen during the first trimester of pregnancy. Trophoblast plugs are difficult to

characterise, as the extent of plugging is unique to human pregnancy and thus data

regarding their presence and structure is largely derived from 2D histological sections.

As a result, our knowledge of their 3D properties or impact on blood flow to the IVS

is sparse. Despite being termed "plugs" implying a complete occlusion of flow, there is

little doubt that trophoblast plugs are permeable to plasma, which is likely to percolate

through gaps and channels in the structure of trophoblast plugs [92, 106, 119, 215]. An

absence of red blood cells in the IVS has been reported during the first trimester both in

histological sections and in vivo [106, 215], and red blood cells have been found to be

"stowed" by trophoblast plugs [252]. Blood flow at the onset of plugging is not high enough

to be detectable by available conventional Doppler imaging techniques [92, 111, 114].

However, microbubble ultrasound in primates has detected blood flow in the IVS earlier

than previously found with conventional ultrasound in these animals [134, 208], and has

detected IVS flow in humans at 11-13 weeks of gestation [208]. A recent study on SA

plugging using contrast-enhanced ultrasound and tissue histopathology also has reported

perfusion of maternal blood flow into the IVS at 7 weeks of gestation, earlier than
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previously postulated [207], suggesting that conventional ultrasound may have relatively

low sensitivity. Overall, studies of SA plugging can be grouped into two categories based

on the time period and the available technology of measurements at that time. First

group refers to the late 20th century, when it was generally accepted that blood flow into

the IVS was obstructed by trophoblast plug until 12-13 weeks of gestation and the plug

would start dispersing after this time [111]. Second group, on the other hand, refers to

the recent investigations, which have visualised earlier blood flow into the IVS using new

technologies suggesting earlier dispersion of the plug [207]. Although there is uncertainty

regarding the exact time of plug dispersion, the existence of trophoblast plug, to some

extent, is accepted to be necessary for a healthy pregnancy. Red blood cells have been

reported in the IVS in pathological pregnancies early in gestation [18], suggesting that

plugs may be looser, or dissolve earlier in some pathologies. However, the consequences of

early onset of blood flow into the IVS for placentation, or the mechanisms by which this

may negatively impact this process resulting in pathology is not well understood.

Trophoblast plugging has been proposed to provide a suitable environment for pregnancy

development both by creating a low oxygen environment in the IVS during early gestation,

and by altering the haemodynamics of the uterine vasculature [55, 106, 118, 124, 156].

A plugged artery would reduce the flow of oxygenated maternal blood to the developing

placenta and blocks the major carriers of oxygen (red blood cells) from the IVS, providing

a low oxygen environment [106]. A recent study of measuring the perfusion of oxygenated

blood flow into the IVS has shown that this value remains constant during 6-12 weeks of

gestation but increases from week 13 [207], which agrees with the idea of limited blood

flow to the IVS during the first trimester of pregnancy. This low oxygen environment is

crucial for regulating early placental development, inducing trophoblast differentiation

and angiogenesis [34]. Prevention of the entrance of highly pulsatile blood flow into

the IVS is also crucial as oscillating forces could cause dislocation of the developing

villi [111]. Also at this stage, the veins are not completely patent and sufficiently

dilated to drain out excess blood flow, which may cause increased blood pressure in

the IVS in the absence of plugs [111].

Upstream of the trophoblast plug, their presence is thought to provide favourable low shear

stress conditions in the SAs for trophoblast migration and SA remodelling. For example,

low shear stress (≤ 2 dyne/cm2) s has been shown in vitro to promote trophoblast induced

endothelial cell apoptosis [121], while increasing shear stress encourages trophoblast
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migration in the direction of flow, which would reduce the capacity of trophoblast to

colonise the SA by migrating down their lumen [235, 236]. Upstream of SAs the resistance

generated by trophoblast plugs may influence the haemodynamics in the larger radial,

arcuate and uterine arteries and initiate outward remodelling of these vessels [119].

The number of fully plugged arteries counted before eight weeks of gestation is less than

a fifth of the total number of SAs, which implies that maternal blood can reach the

IVS through at least some open or partially open SAs [169]. Morphometric analysis has

demonstrated that invasion of trophoblasts into the decidua first occurs at the centre

of the implantation site before extending to the periphery of the placenta [191, 193].

This study along with other studies that counted the number of plugged arteries [169],

recorded the degree and depth of SA remodelling [169], and measured the resistance of

the SAs in the second trimester [164] suggest that trophoblast invasion and consequent

remodelling of the SAs is more extensive in the centre of the placenta than the periphery.

Indeed, the onset of maternal blood flow into the IVS begins at the peripheral regions

of the placenta [124], suggesting that there are regional differences in SA plugging such

that trophoblast plugs appear more robust in the central region. As a result, it might be

expected that the normal blood flow into the IVS is established gradually starting from

the peripheral regions towards the central region of the placenta in normal pregnancy

[124]. In abnormal pregnancies the onset of maternal blood flow is spread throughout the

placenta or occurs inappropriately at the central region, which causes extensive oxidative

stress and villous tree damage throughout the placental tissue [16, 101, 127]. Extensive

villous regression in early pregnancy as a result of abnormal onset of blood flow in these

cases results in abnormal placental growth and placental malfunction [16, 91].

2.4 Arteriovenous anastomoses

During the first trimester of pregnancy the total uterine arterial blood flow increases

[242] while the SAs, which are the only connections to the IVS, are at least partially

occluded by trophoblast plugs. This increase of blood flow during the first trimester

is not compatible with the idea that the arteries are completely, or almost completely,

occluded by trophoblast plugs unless there is an alternative pathway for blood at this

stage. This alternative pathway is present in the form of arteriovenous anastomoses

(AVAs) or shunts, which divert the blood into the venous system until the time when
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the SAs completely open to the IVS. If there were no shunt pathways during the

occlusion of the SAs, one would assume a significant increase in the SA blood pressure

which is not usually observed [100].

Direct connections between arteries and veins in the uterus have been observed in

the endometrial layer of the non-pregnant uterus [60, 184, 221, 222], although the

presence of these AVAs is not globally reported [14, 92]. In pregnancy, AVAs have

been demonstrated in the myometrium, using a combination of 1) colour Doppler

ultrasonography, 2) vascular casts of the uterus and 3) measurements of the partial

pressure of oxygen (pO2) in the uterine veins [216]. These AVAs are located in the inner

part of the myometrium, close to the decidual-myometrial junction [100, 107, 216]. AVAs

have also been hypothesised to exist in the decidua [247], but this has not been confirmed

experimentally [100, 173, 178]. Functionally, AVAs are hypothesised to play a critical role

in materno-fetal haemodynamics. In early gestation, high velocity maternal blood flow

does not reach the IVS while the SAs are plugged [247], instead it is diverted through

AVAs into the venous system. After the SAs are unplugged, these AVAs would help to

maintain a smooth blood flow to the IVS and accommodate the increase in maternal

blood flow throughout pregnancy [192]. After delivery, the AVAs remain functional

ensuring that uterine vasculature copes with the progressive decrease in uterine blood

delivery in the weeks postpartum after which their effects on uterine haemodynamics

gradually decrease. Moreover, possible postpartum hemorrhage immediately after delivery

is prevented because as the SAs clamp shut most of high level of uterine blood flow is

diverted through the AVAs, reducing the blood pressure in the SAs [216].

2.5 Rheological consequences of SA remodelling on blood

flow in the intervillous space

It is proposed that the remodelled SAs decrease blood velocity entering the IVS ensuring

maternal blood flow does not damage the villous tissue and evenly percolates through

the IVS while providing significant volumetric blood flow to the IVS [33]. Figure 2.5

shows a schematic of hypothesised blood flow through the IVS from a remodelled SA.

The structure of remodelled SAs has previously been simplified to represent the SA as a

funnel-shaped conduit. Simulation of 1D blood flow within this geometry showed that
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Figure 2.5: A schematic of blood flow from a remodelled SA into the IVS. SA
transformation helps to decrease blood flow speed and pressure in order to allow blood
to percolate evenly through the IVS. Inadequate SA remodelling has been theorised to
induce an excessive blood flow velocity and pressure on the placental tissue.

blood pressure decreased predominantly in the undilated portion of the artery and flow

rate decreased predominantly towards the dilated part of the artery [33].

Vascular casts of cotyledons of term placentae show that blood flow from a SA enters

empty centre space of the fetal cotyledon [81–83, 204, 205, 256] (refer to Figure 2.2). This

empty space which is located almost at the centre of a villus tree is known as a central

cavity. It is unclear how these central cavities are formed, but it has been hypothesised

that the force of blood flow from SAs causes a local regression of villous tissue [204–206].

Although it is widely accepted that central cavities exist [40, 81, 256], their importance

and development at different gestational ages is not well understood [83, 205]. It is argued

that the central cavities prevent shunting of blood flow from SAs to maternal veins so

that maternal blood penetrates the thickness of the placenta. Otherwise, with the small

driving force generated by the blood pressure difference between the SAs and the veins

(<80mmHg [250]), and huge loss of velocity due to obstruction of blood flow by densely

packed villous branches, blood would leave the IVS before reaching the deep layers of the
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placental tissue [81]. Computational models of a placentome (placental circulatory unit)

in 2D [79, 151] and 3D [47] have suggested that a central cavity is essential to ensure

adequate blood penetration for maximum oxygen and nutrient uptake by the villous

tissue. However, the relationship between blood flow from remodelled SA and its depth

of penetration into the IVS with the existence of central cavity is not clear.

2.6 Pregnancy pathologies

Inadequate SA remodelling has been associated with a number of pregnancy pathologies,

including pre-eclampsia, SGA and IUGR [27, 29, 67, 118, 120, 121, 138, 170, 255].

EVT invasion and SA remodelling in these pregnancy pathologies are either absent or

incomplete and are restricted to the decidua as schematically are compared with normal

pregnancy in Figure 2.6. These pregnancy disorders can have life-threatening health risks

for mothers and babies at the time of delivery, as well as an increased risk of obesity,

cardiovascular disease and diabetes which all can have long term consequences for the

affected babies and on the public health system [3, 43, 110, 211].

2.6.1 Pre-eclampsia

Pre-eclampsia is a pregnancy complication that is usually diagnosed in the third trimester

of pregnancy [3] but may present from the 20th week of gestation [76]. It affects 2%

to 8% of pregnancies worldwide [76]. Although the pathophysiology of pre-eclampsia

develops in the first trimester, its clinical symptoms are not diagnosed until much

later [250]. The symptoms that lead to diagnosis include a severe maternal systemic

inflammatory response such as swelling, high blood pressure (>160 mmHg systolic or

>110 mmHg diastolic based on the classification done by International Society for the

Study of Hypertension in Pregnancy [244]) and protein in a 24-hour urine sample (>300

mg in a 24-hour urine collection) [183]. Although there are clinical recommendations for

managing pre-eclamptic patients, as the placenta is the primary cause of pre-eclampsia

[202, 248], to date the only truly effective treatment for pre-eclampsia is the delivery of

the baby, and thus removal of the placenta [36]. Untreated pre-eclampsia can develop

into eclampsia which can result in maternal and/or infant death [3].
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Figure 2.6: Before pregnancy, or in the non-gravid state, SAs are narrow and tortuous.
As the result of EVT invasion to the decidua and into the uterine vasculature, the
SAs change into a wide funnel-shaped opening. In normal pregnancy, this remodelling
extends to one-third of the myometrium. However, in abnormal pregnancies, such as
pre-eclampsia, SGA and IUGR, the SA remodelling is either absent or incomplete and
is restricted to the decidua.

Women that develop pre-eclampsia frequently show an abnormal adaptation of their

cardiovascular system to pregnancy related changes [248]. The pathophysiology of pre-

eclampsia can be divided into two stages [202]. The first stage involves inadequate

invasion of EVTs in the first trimester, which leads to poor SA remodelling. Indeed, only

62% of SAs are remodelled by trophoblasts in pre-eclamptic pregnancies as opposed to

100% of SAs in normal pregnancies [170]. Furthermore, in pre-eclampsia SA remodelling

appears to be restricted to the decidual layer and does not extend into the myometrium

[170]. The failure of the SAs to remodel in pre-eclampsia affects delivery of maternal

blood to the placental surface [132, 250]. The retention of the smooth muscle layer in

unremodelled vessels leads to intermittent pulsatile perfusion, which in turn leads to

variations in oxygen tension experienced by the villous tissue that are akin to a hypoxia

reperfision injury. Furthermore, the lack of a wide funnel opening of the SA into the IVS

in unremodelled vessels means that maternal blood enters the IVS at a higher velocity,

which may cause physical damage to the syncytiotrophoblast on the surface of the villi,

negatively impacting the developing villus architecture and reducing the transit time
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for exchange in the IVS. The combination of these effects leads to the second stage of

pre-eclampsia later in pregnancy where the placenta releases proinflammatory factors

into the maternal circulations [116]. The elevation of these proinflammatory factors

results in a maternal systemic inflammatory response, which clinically is recognised

by high blood pressure and proteinuria [116].

2.6.2 Small for gestational age and intrauterine growth restriction

SGA is defined as fetuses that are less than 10th growth percentile for their gestational

age [53]. SGA includes babies that are genetically small but have reached their proper

growth potential. Babies born SGA mostly have normal growth rate in childhood but

have increased risk of having some health related conditions and disorders [13, 185].

In contrast, IUGR refers specifically to the inability of a fetus to achieve its growth

potential and these babies are usually <5th growth percentile [53, 203]. SGA and/or

IUGR babies may have problems at birth including respiratory distress [211] and are

at greater risk of neonatal morbidity and mortality [203]. They are also at risk of

developing cardiovascular disease in adulthood [43].

Overall, SGA/IUGR results from insufficient nutrient transfer to the fetus because of poor

perfusion of maternal blood in the IVS due to inadequate SA remodelling, poor uptake by

syncytiotrophoblast because of decreased surface area or function, and/or poor placental

vascularisation that impairs nutrient uptake into the fetal circulation. SGA/IUGR and

pre-eclampsia can occur separately or together and result from overlapping but subtly

distinct pathophysiologies [175, 176, 238, 260]. While pre-eclampsia results from maternal

systemic inflammatory response and endothelial cell dysfunction, this is not a feature of

IUGR. Rather, the pathophysiology of IUGR is predominantly associated with decreased

transfer of nutrients and oxygen to the fetus. Like pre-eclampsia, SA remodelling is

impaired in SGA [138] and IUGR [255]. Inadequate SA remodelling can affect nutrient

transfer and thus fetal growth by causing villus tree damage leading to a reduction in the

exchange area between mother and the fetus [80, 102, 246]. Furthermore, excessive vessel

resistance to flow due to remaining musculoelastic tissue in the SA wall has the potential

to limit the total amount of blood flow to the IVS during pregnancy. Placental terminal

villi in IUGR are sparse in number and elongated, with fewer branches and less coiled
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loops [143]. Low blood flow and inadequate nutrient exchange during pregnancy due to

inadequate SA remodelling limits the growth of the fetal body and its vital organs.

Despite the importance of SA remodelling for pregnancy success, our understanding of how

SA remodelling goes wrong in pregnancy disorders is relatively poor. While trophoblast

migration can be studied in vitro, the complex nature of interacting paracrine and

haemodynamic influences in the SA in early pregnancy are difficult to recapitulate in vitro,

particularly during early pregnancy when the pathophysiology of pregnancy disorders

is being established, and the utero-placental circulation is being rapidly remodelled to

sustain pregnancy. The complex nature of this system leads itself to in silico approaches

to address the many large knowledge gaps in our understanding of SA remodelling and the

haemodynamics of good and poor delivery of blood to the placenta during pregnancy.

2.7 Review of existing mathematical and computational

models

Some pregnancy related changes, especially the extent of SA remodelling, are unique to

humans [77, 118, 194] but studies in humans are limited by obvious ethical constraints.

Therefore, most studies of SA remodelling in early pregnancy have been conducted in vitro

using histological sections [27, 138, 193]. Introduction of Doppler ultrasonography has

made it possible to study the utero-placental circulation in better detail [167]. However,

as SAs are small and tortuous (published values are approximately 400 µm diameter

[33]) and as there is normally low blood flow into the IVS due to SA plugging within the

first trimester of pregnancy, reliable ultrasonographic measurement of blood flow at the

interface between the uterine circulation and the placenta has been difficult to achieve. As

a result, studying pregnancy related changes during the first trimester in vitro is extremely

difficult. Therefore, in order to better understand the pathophysiology of pregnancy

disorders, a mathematical modelling approach is used in this thesis to answer questions

that are not be able to be addressed with available experimental approaches.

Engineering, in general, has helped humans to improve their life style by designing new

tools and machines, which are easy to use and save time and energy. Recently, more

attention has been paid to find a way to use engineering research in biological and

biomedical scientific research. One of the main research areas developed to realise this
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aim includes the use of computational and mathematical modelling of complex biological

systems at different scales which makes it easier to capture biological system dynamics

[59, 141]. As the scale gets smaller, the complexity of the system increases. For example,

at the cellular level the stochasticity of cell movement should be considered, while at the

tissue level, millions of cells are considered as a density of cells and their movement is

estimated as the density change. Modelling techniques normally used to model biological

events at different scales is classified into continuum and discrete modelling [59, 218].

While continuum modelling is suitable for describing large scale phenomena (at tissue

level) in which the variation in cell properties happens over a length scale of several cells’

size, discrete modelling becomes a more powerful tool when the changes are localised

to distances comparable to the size of a single cell [59, 237, 239]. Continuum modelling

techniques have several limitations due to oversimplification of the real situation (e.g. cell-

cell interactions or stochastic behaviour observed in natural systems cannot be considered

in this technique) [237]. Discrete modelling, on the other hand, has enabled us to capture

the spatial details as well as the stochasticity of the system by defining different agents

(or cells in biological systems) and rules under which the system of agents will change its

status [239]. However, agent based modelling is computationally more expensive than

continuum modelling. To have a complete mathematical and computational model of a

biological phenomenon, we often need to combine the continuum and discrete modelling

approaches to create a multiscale model of the biological organ of interest [59, 140].

2.7.1 Mathematical models of trophoblast invasion

The process of trophoblast invasion has been considered in just a small number of

computational studies. EVT invasion into the decidual stroma has previously been

modelled as the movement of a continuous mass of cells [37, 38], by considering only the

early stages of EVT invasion when trophoblasts reside closely in columnar aggregates

joining the anchoring villi to the decidua. Interactions between four components; the

trophoblasts, the uterine tissue, trophoblast-derived proteases, and uterine tissue-derived

protease-inhibitors were considered. The model showed that chemotaxis is important

for initiating trophoblast invasion, while the rate of protease production is crucial

for successful implantation. This model is derived in 1D and specifically focuses on

trophoblast invasion through the decidua not migration within the SA lumen. Therefore,

it does not consider any geometrical effects such as the artery wall nor the effects of blood
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flow on trophoblast migration. Furthermore, this model deals with trophoblast invasion

from a tissue level viewpoint instead of considering individual cell behaviour. This simple

approach enables key mechanisms to be identified, but is limited in its ability to capture

the discrete nature of individual cells and is difficult to relate model parameters to in

vivo or in vitro cell behaviour in response to environmental stimuli [78].

2.7.2 Computational models of the utero-placental circulation

Models of the utero-placental circulation focus on providing predictions of structure-

function relationships, and can be grouped into two different classes. The first group

includes models of different SA shapes alone without considering the effect of villous

tissue on the flow entering the IVS. The second group, includes the effect of placen-

tal tissue (villous trees) on flow in the IVS, but does not incorporate the effect of

SA remodelling into the model.

The evolution of SA shapes that have been observed during normal and pathological

pregnancy and their impact on haemodynamics have been modelled in different studies.

The effects of geometric conversion of SAs are investigated by developing mathematical

models of idealised structural geometries such as sinusoidal, tapering, constricting and

diverging tubes in 3D (as shown in Figure 2.7) [226] as well as the funnel-shaped

opening of a SA in 2D [33]. It has been shown that the blood pressure drops and

the blood velocity decreases at the artery opening [33]. In addition, these models

have enabled us to explain the flow behavior and haemodynamic changes (such as

wall shear stress) in the uterine vasculature of normal and abnormal pregnancies using

idealised vessel geometries [226].

Models of a placentome (a functional placental unit) have been developed as a 2D square

[79, 151], cylinder [227, 228], or hemispheroidal shapes [47, 151]. In all of these models,

the placentome was assumed to act as by a porous medium and had one central flow inlet

representing the SA and two outlets located symmetrically at both sides of the inlet repre-

senting the decidual veins. In general, the hydraulic conductivity was considered uniform

and isotropic throughout the porous medium, although Lin et al [154] and Lecarpentier et

al [151] recently relaxed this assumption. Lecarpentier et al used a vertical cross-section

of tissue from a normal term placenta to explicitly simulate the maternal circulation in
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(a) (b)

(c) (d)

Figure 2.7: (a) A schematic of the funnel-shaped opening of a SA in 2D as described
in [33]. To model the SA in 2D it is assumed that the SA is remodelled along a distance
b, and SA radius (r) in the remodelled section, between z = b and z = L, is assumed to
follow r = r0 + c(z − b), where r0 is the radius of the un-remodelled portion of the SA
and c is a constant [33]. (b) A schematic of different idealised structural geometries of
an SA that were modelled in 3D by [226]. (c, d) A 3D SA geometry (red) and proximal
IVS (yellow) extracted from histological images (images are obtained from Christian J.
Roth et al. [212]). A three-dimensional reconstruction of SA and proximal IVS (d) was
used to simulate blood flow through the SA and into the IVS [212].

the IVS and predict the shear stress levels experienced by the syncytiotrophoblast. With

this image, they made a more realistic, inhomogeneous and anisotropic medium.

A consistent prediction of these models is that the central cavity is of functional importance

to IVS haemodynamics. Erian et al [79] predicted with their model that before introducing

a central cavity a portion of the incoming flow was shunted directly to the veins and blood

could not penetrate as deep as was expected in a normal placenta. Chernyavsky et al

[47] found that there is an optimal size for the central cavity to ensure maximum oxygen

and nutrient uptake by the villous tissue. They also identified that the location of veins

at the periphery of the placentome optimises delivery of nutrients to the placenta.

The above mentioned studies presented models of utero-placental blood flow in defined

geometries including either the remodelled SA or the IVS, but did not link the two.

Although these models are very useful in terms of understanding the importance of the
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pregnancy related changes in each compartment, the effects of the transformed SA size and

shape on the inlet flow for models without maternal part and the effects of the IVS tissue

on the flow pattern in the SA the models without the IVS part were mostly neglected.

A recent study on dynamic modelling of utero-placental blood flow used histological

images of SA and proximal IVS to reconstruct a 3D model of SA connected to the IVS

(Figure 2.7c, d) [212]. To the best of our knowledge, this model, is the only model that

has investigated the haemodynamic properties of both SA and the IVS together. The

tissue sample that provided the morphological stage of this study was extracted from

a term placenta, a single IUGR pregnancy. A remodelled SA geometry according to

measurements reported in [33] was created in the model, by dilating the outlet radius,

to be used as a comparison against the IUGR model [212]. The diameter of the SA

part of the IUGR model had a slight change from 0.34 mm to 0.39 mm while for the

normal remodelled SA it was increased to 1.15 mm in the last 3 mm of the artery length.

The velocity at the SA inlet was defined corresponding to Doppler measurements of

uterine arteries flow from a normal patient and from patients with IUGR with/without

pre-eclampsia. With this model they predicted blood flow speed and behaviour as well

as blood pressure through the SA and inside the IVS using 3D computational fluid

dynamics (CFD). They also predicted wall shear stress at the surfaces of the villous trees

in the proximal IVS. The model found that inadequate SA remodelling affected blood

flow in the SA as well as the IVS. Blood velocity in the normal case decreased at the

SA opening and remained low throughout the proximal IVS, while in abnormal cases

blood flow formed a high-velocity jet that projected into the more distant regions of the

proximal IVS. High blood flow in the IVS (in pathologies) was shown to elevate wall

shear stress on the villus surface and consequently increase syncytiotrophoblast damage

(supported by pot-hoc histopathology [212]). Blood flow out of the remodelled SAs (in

normal case) exhibited no turbulent flow behaviour, while in IUGR, flow demonstrated a

turbulent behaviour with vortices at the arterial opening and elevated blood pressure in

the IVS, both of which have been shown to affect fetoplacental perfusion and nutrient-gas

exchange. This study suggests that haemodynamic interactions between the SA and IVS

are important. However, simulating (and obtaining suitable tissue samples for analysis)

is work- and computationally intense. Therefore, development of models that sit between

the structurally simple and complex may provide the pragmatic solution to understanding

the integrated function of the utero-placental circulation.
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2.7.3 Proposed modelling strategy

Within the first trimester of pregnancy trophoblasts colonise the SAs where they act

to both transiently plug the arterial lumen, and migrate along the vessel and invade

the vessel wall to transform the arteries into wide funnel-like non-vasoactive structures.

Although the previously described continuum model of trophoblast invasion [37, 38]

provides a "big picture" of cell movement in response to known environmental stimuli,

this modelling technique is not able to capture stochastic cell behaviours. Furthermore,

no one has previously considered trophoblast migration in the SA lumen. In order to

overcome these shortcomings, a novel model of a plugged SA is presented in this thesis

that can capture the spatial details as well as the stochasticity of the system to make

a more realistic model of the in vivo situation. The next three chapters (Chapter 3, 4

and 5) explain the steps taken towards addressing the complexity of simulating plugged

arteries and methods to use existing experimental data to create a multiscale model of

a 3D plugged SA. In Chapter 3 the effects of a plug on the haemodynamics of a SA

are investigated. Fluid dynamics equations are solved analytically to estimate blood

flow through a plugged SA and to compute the wall shear stress within the plug and

on the vessel wall upstream of the plug. With this model, we can estimate the forces

being sensed by trophoblasts residing within the plug. In Chapter 4 we analyse existing

experimental data on trophoblast migration under different magnitudes of shear stress

to be used for parametrising and/or validating an off-lattice agent-based model of a

3D plugged SA, which is presented in Chapter 5.

After the first trimester of pregnancy, when the SAs are unplugged, blood flows through

remodelled SAs into the IVS which is mostly occupied by villous tissue. Although

computational models of a transformed SA alone suggest that the flaccid shape of the

remodelled SA is useful to decrease the destructive force of blood flow by decreasing

its velocity and pressure while increasing the volume, these models neglected the tissue

lying distal to the SAs. Models of placentomes have also reflected the effect of central

cavity on the delivery of oxygen and nutrients throughout the placenta, while the SA

opening is considered to be a point source. In Chapter 6, we present 3D virtual models

of a placentome across gestation. With these computational models, we model blood

flow from a transformed SA into the IVS using literature derived measurements. These

models enable us to predict blood pressure, speed and penetration length into the
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IVS in 3D throughout pregnancy, and also allow predictions of IVS properties based

on blood flow penetration length.

Together, we present a framework for modelling SA function through pregnancy, which

can be built upon in the future to incorporate as ever-evolving geometrical description

of the utero-placental circulation and trophoblast behaviours.



Chapter 3

The first trimester: A model of

blood flow in a plugged spiral

artery

3.1 Motivation

The spiral arteries, which supply blood to the placental surface, are at least partially

occluded by trophoblast plugs during the first trimester of pregnancy [124, 169, 252].

At this stage, blood is likely diverted to the venous system via AVAs (shunts) (Figure

3.1). The structural properties and function of trophoblast plugs, and AVAs, are largely

unknown. Trophoblast plugs in the SAs are only found in humans and higher primates,

and the extent of plugging such that it occludes the SA is unique to humans. Therefore it

is not possible to study this process in laboratory animal models. It is almost impossible

to determine plug properties in vivo without invasive methods. Similarly, it is impossible

to directly examine the process of unplugging, and to determine how it is initiated

and/or how plug structure changes over the course of unplugging. Some imaging studies

have assessed utero-placental haemodynamics in early pregnancy, when plugging occurs,

however whether arteries in which flow is identified (e.g via ultrasound) are "unplugged"

or partially plugged is not clear [35, 126, 207]. A mathematical modelling approach can

relate observed plug structures to haemodynamics and allow us to form new hypotheses

regarding the functional consequences of spiral artery plugging.

27
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Figure 3.1: A schematic of SA plugging by aggregation of trophoblasts. Trophoblasts
originating from placental villi invade the uterine spiral arteries from the uterine wall
(decidual layer) and from within the arteries lumen. EVTs form a plug inside the spiral
artery lumen impeding blood flow to the IVS. During SA plugging, blood is likely
diverted to the venous system through the AVA (arrows).

Trophoblast plugging has been proposed to provide a suitable environment for early

placental development both by preventing the flow of oxygenated maternal blood to the

developing placenta during early gestation (10-12 weeks of gestation) and by changing

the haemodynamics of the uterine vasculature. It has been hypothesised that there is

little to no flow through the SAs in early pregnancy [106, 107, 111], but this is debated

[131, 174, 234], and it is unclear whether observed plug structures are such that they

can significantly impede flow. While plasma is generally accepted to seep through the

plugs, the question arises as to the extent to which trophoblast plugs prevent blood

flow to the IVS. In addition, trophoblast plugs are hypothesised to alter upstream

haemodynamics in SAs by reducing the blood flow and consequently the wall shear

stress [118]. Low shear stress has been shown in vitro to generate favourable conditions

for trophoblast-induced remodelling of the SAs to ensure adequate blood flow to the

placenta throughout pregnancy [118]. However, in vivo shear stresses are unknown and

difficult to measure, and the effects of trophoblast plugs on the shear stress in a SA

are unclear. For example, in addition to the shear stress at the vessel wall upstream

from the plug, what is the shear stress sensed by trophoblasts that reside inside the
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plug, and how could this affect plug properties or degeneration? Here we try to address

these questions using a computational model of a plugged SA.

3.2 Known and derived structural and functional proper-

ties of trophoblast plugs and AVAs

To model trophoblast plugging we must first define what we know, and what we do not

know, about the size and structure of plugs, and the trophoblasts themselves.

3.2.1 Plug location and extent of penetration into spiral artery

Trophoblast plugs are assumed to be formed inside the portion of the SA that resides in

the decidua, between the AVAs at the decidua-myometrium junction and the IVS in Figure

3.1. The range of decidual thickness is measured as 5-11 mm [31, 103, 219, 220, 257].

Exactly where in the decidua plugging occurs is unknown, but it is likely at the most

distal end of the SA. Published findings from vaginal ultrasonograpy and hysteroscopy

in normal pregnancies between 5-12 weeks of gestation, X-ray and micro-radiographic

studies, and standard histology of hysterectomy specimens of uteri from 6-13 weeks of

gestation [106, 107], suggest a length of 500-750 µm (0.50-0.75 mm) for plugs in the SA

irrespective of the number of coils in the artery. The plug has been shown to extend to the

decidua-myometrium junction with occasional low density "holes" in sections close to this

junction [106, 107]. More recently, trophoblast plugs have been characterised by serial

sectioning of decidual tissue from 7-12 weeks of gestation [252]. A total number of 24 serial

sections (spanning to 120 µm) including trophoblast plugs were examined. This shows

that the depth of plugging can reach a distance equal to at least 120 µm from the decidual-

IVS interface. Although the maximum length of a trophoblast plug is still unclear, taken

together the available data suggests that plugs occupy more than 120 µm (0.12 mm) but

not more than 750 µm (0.75 mm) of the SA lumen in the decidua basalis (which itself is

5-11 mm thick [31, 103, 219, 220, 257]) during the first trimester of pregnancy.
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3.2.2 Trophoblast dimensions in plug

The permeability of trophoblast plugs depends on 1) trophoblast size, and 2) their

distribution within the plug. We can estimate average trophoblast size both directly

and indirectly. In 2D the area of 400 EVTs in outgrowths from first trimester villous

explant culture were previously measured and a mean area of 1441 µm2 was estimated

[115]. Assuming trophoblasts have a circular shape, an average trophoblast cell radius of

21.4 µm was estimated. However, because measured cells were spread out in 2D on the

culture surface this estimated value may be an overestimation of cell size in a 3D plug

volume. Gregor Weiss et al. [252], counted the number of trophoblasts in serial section

of trophoblast plugs. They estimated that a 115 µm long plug is roughly composed of at

least 720 individual cells. Assuming that the cells take up all the volume in a plug and

assuming that the plug has a cylindrical shape while a trophoblast has a spherical shape,

one can compute the trophoblast radius to be approximately 17 µm, which is close to

estimates from 2D images. Based on these measurements, we propose that trophoblasts

have a diameter in the range of 30-40 µm (radius 15-20 µm). Thus, in our model, the

diameter of trophoblasts (Dp) is set to 40 µm (0.04 mm).

3.2.3 Plug porosity

The ability of blood to pass between cells in the trophoblast plug depends on the ratio

of free space to cell, or the porosity of the plug. Refer to Appendix A for the definition

of porosity. To date there are no measurements of plug porosity available to the best of

our knowledge. By analysing published 2D histological sections [73, 73, 179, 233, 252] as

well as our own images from cytokeratin-7 (CK) stained decidual sections (Appendix B)

a physiological range of plug porosity of 0.2-0.6 was calculated using a custom written

Matlab R© code (Version R2015b, The Mathworks Inc.) to calculate porosity from 2D

images. For more details of image processing techniques used to assess these images

refer to Appendix B. Although no significant association between gestational age and the

progression of SA remodelling is found in these decidual samples or in previous study

of trophoblast plugging [233], the degree of occlusion by trophoblasts may differ due

to the gestational age (or remodelling stage) and the decidual sections from which the

samples are extracted. Figure 3.2 demonstrates the porosity values against gestational age

measured from available histological images of trophoblast plugs. There is no apparent
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trend in estimated porosity and estimates show a high degree of biological variation,

potentially as a result of variations in their relation to the centre of the implantation site,

or differences in histological processing. Furthermore, as early as 7-8 weeks of gestation,

a number of short and narrow channels through the plugs have been reported to link

arteries to IVS [35, 207]. The diameter of these channels increases gradually from 15

µm at 10 weeks of gestation up to 90 µm after 12 weeks of gestation [35]. These cannot

be identified from individual histology sections, but may also contribute to the large

variation in porosity between images (Figure 3.3).

Figure 3.2: Porosity values calculated from analysis of histological images of trophoblast
plugs. The detail of image analysis and the sources of images are listed in Appendix B.
Porosity values against gestational age are shown. Red points represent the mean value
at each gestational age and dashed lines show the standard deviation value (SD). Blue
crosses show individual data points.

Figure 3.3: Sample histological images of trophoblast plugs within the SA lumen.
Immunhistochemical staining of decidual sections from first trimester pregnancy. (a)
7.0 weeks of gestation obtained from [252] stained with antibodies reactive with HLA-G
(brown, EVTs) and (b) 11.0 weeks of gestation obtained from [179] stained for HLA-
G (brown, EVTs) and von Willebrand factor (vWF) (blue, vascular endothelium).
Calculated plug porosity for (a) is 0.62 and for (b) is 0.32.
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3.2.4 AVA size, structure and location

The literature suggests that AVAs (shunts) are located at or near the decidua-

myometrium junction [106, 216, 247], which is 5-9 mm away from the decidua/IVS

interface [31, 103, 257, 258].

Based on experiments by Heckel et al., the diameter of the AVAs is estimated as

200 µm or larger [100]. In this study, glass micro-spheres with a diameter of 200 ±

25 µm were injected into uterine arteries. As the micro-spheres are bigger than the

diameter of capillaries it was hypothesised that the micro-spheres could not pass through

capillaries and so if they passed through AVAs they must have diameter bigger than

capillary diameter. The micro-spheres found in the veins of a subsequent vascular cast

confirmed that the AVAs have a diameter of at least 200 µm. Schaaps et al. [216]

measured the diameter of AVAs near to term to be approximately 2-3 mm within the

myometrium by preparing a vascular cast of a uterus obtained immediately after placental

expulsion. This measurement is comparable to a uterine artery diameter of 2 mm in

non-pregnant women and 4 mm at term [242]. Therefore, the proposed range for the

AVA diameter is 200-3000 µm (0.2-3 mm).

3.2.5 Evidence of spiral artery flow dynamics in early pregnancy

At 4-15 gestational weeks, Doppler ultrasonographic signals in myometrial vessels repre-

senting the spiral and/or radial arteries [174], give a value of blood velocity at the level

of spiral arteries in the range of 13 to 30 cm/s, which gives a range of 0.98-2.26 ml/min

for volumetric blood flow rate per spiral artery (assuming a 400 µm diameter, Figure

3.4a). As these measurements are acquired in the myometrium, it is assumed they are

obtained in a portion of the SA near the transition from radial arteries to SA, and so

upstream of the trophoblast plug. The flow velocity into the IVS has been measured

between 1 to 5 cm/s between 4 and 15 gestational weeks [174] (Figure 3.4b). Thus, from

[174] we have estimates of blood flow properties in SAs upstream of the plug and in the

IVS downstream of the plug, allowing estimation of the relative flow through the plugged

region and through alternate pathways (AVAs). Spiral artery [113, 125, 146, 147, 149]

and IVS [174] blood flow velocities have been reported to increase progressively between 4

and 15 weeks of gestation. However, other studies measured blood flow into the IVS using
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(a) (b)

(c)

Figure 3.4: (a) Measured peak systolic velocity of blood flow at the level of spiral
arteries using Doppler ultrasonography [174]. (b) Flow velocity into the IVS is measured
using Doppler ultrasonography [174]. Based on these measurements the spiral arterial
blood flow as well as the IVS blood flow velocity increase progressively between 4 and 15
weeks of gestation. (c) Flux rate (a measure of vascular impedance) is measured using
contrast-enhanced ultrasound in the first trimester of pregnancy (6-13 weeks) [207].
No progressive increase in flux rate was demonstrated except for a significant increase
at 13 weeks compared to 6 weeks. Numbers within the bars represent the number of
pregnancies measured.

Doppler ultrasonography [5] and contrast-enhanced ultrasound [207] and demonstrated a

non-pulsatile flow with no progressive increase within the first trimester of pregnancy

(Figure 3.4c). Using contrast-enhanced ultrasound, a wide variety of blood flow velocities

into the IVS (4.0-12.5 cm/s) was observed [207].

3.3 Model geometry

To model blood flow in the SA and AVAs in early pregnancy we consider the system of a

network of tubes. The SA is modelled as a cylindrical tube of length LSA, whose centreline
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Figure 3.5: A schematic of a SA with plug and a AVA. A plug of length Lp is located
inside the SA, in the decidual region, between the AVA and the IVS. AVAs branch from
the main SA and are located at the decidua-myometrium junction. This model geometry
is divided into five distinct vessel segments (coloured differently to be distinguishable)
including: Region 1: the segment of SA upstream from the AVA (x = 0 to x = X1),
Region 2: the segment of SA downstream from the AVA but upstream from the plug
(x = X1 to x = X2), Region 3: the plug segment (x = X2 to x = X3), Region 4:
the segment of SA downstream from the plug to the IVS region (x = X3 to x = LSA),
Region 5: the AVA segment at x = X1 and from z = 0 to z = Ls.

is defined as the x-axis, which extends from the inner one-third of the myometrium

(x = 0) to the IVS (x = LSA), as shown in Figure 3.5. In the myometrial region the

SA branches to an AVA (x = X1), whose centreline is defined as the z-axis. A plug

of length Lp is assumed to reside at the distal end of the SA closest to the IVS. The

exact distance of the plug from the IVS is not clear but as the trophoblasts originate

from the villous trees the plug is assumed to be formed close to the IVS. The model

geometry shown in Figure 3.5 is thus separated into five distinct vessel segments, within

which flow and pressure are to be solved for. These segments are 1) the segment of SA

upstream from the AVA (x = 0 to x = X1), 2) the segment of SA downstream from the

AVA but upstream from the plug (x = X1 to x = X2), 3) the plug segment (x = X2 to

x = X3), 4) the segment of SA downstream from the plug to the IVS region (x = X3 to

x = LSA), 5) the AVA segment at x = X1 and from z = 0 to z = Ls.

A porous medium approach [136] has been used previously to model pathological blood
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flow in clogged arteries [63]. Here, as the plug comprises both cell mass and free

space, it is represented mathematically as a porous medium between x = X2 and

x = X3. Initially, a single AVA is assumed to lie in the z-direction between z = 0

and z = Ls. However, numerous AVAs in parallel, and AVAs at varying angles from

the SA can readily be considered.

3.4 Governing equations

Assuming axi-symmetry of flow in each blood vessel segment in the system, allows for

analytical governing equations to be defined in each vessel segment. The alternative is

to define and solve 3D governing equations using computational fluid dynamics (CFD).

The analytical approach (defined in Section 3.4.1) is adopted for the most part of this

chapter. However, it is tested against a CFD model (defined in Section 3.4.2) and results

expanded upon to include the effect of AVA branch angle.

3.4.1 1D Blood flow: Analytical solution

Assuming that blood is Newtonian, laminar, fully developed, and axisymmetric, the

Poiseuille flow equation is used to describe blood flow in a vessel unobstructed by

trophoblasts (segments 1,2,4, and 5). The effect of body forces (such as gravity) are

assumed to be negligible. Darcy-Brinkman flow is used to describe flow in the "porous"

plug segment (region 3 as shown in Figure 3.5). Each segment is then defined by

a volumetric flow Qi, vessel segment resistance Ri, and the pressure drop across the

vessel segment ∆pi. In each segment

Qi = ∆pi
Ri

, (3.1)

At each intersection between segments, flow is conserved. That is, conservation of flow

holds at the bifurcation of the SA and the AVA (flow in = flow out, so Q1 = Q2+Q3 in Fig-

ure 3.5). Flow through non-branching segments must be constant so Q2 = Q3 = Q5.
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Non-plugged regions: The resistance to blood flow in the non-plugged (non-porous)

segments is defined by Poiseuille resistance

Ri = 8µLi
πr4

i

, i = 1, 2, 4, and 5, (3.2)

where µ is the blood viscosity, Li is the length of the vessel segment and ri is the radius

of the vessel segment. This resistance is derived in Appendix C.

Plugged region: In the plugged region of the arteries there is both cellular matter

and free space, and the resistance Ri must be modified to account for the porous plug.

Although Darcy flow is normally used to describe flow inside a porous medium, to

incorporate the effect of boundaries, an alternative to the Darcy equation known as

Darcy-Brinkman is used. By adding the Brinkman term (a viscous term) to the Darcy

equation we include the effect of "solid" obstacles (cells) in the porous medium (for

more details on porous medium and Darcy flow refer to Appendix A). The Brinkman

term allows no-slip boundary conditions to be satisfied at the vessel wall. The Darcy-

Brinkman law [198], in general, is defined

−∇p− µ

K
v + µ́∇2v = 0, (3.3)

where p is pressure, v is a vector, which denotes the blood velocity in 3D, µ is viscosity,

µ́ is an effective viscosity to distinguish the Brinkman viscous term from the Darcy

viscous term, and K is the permeability of the porous medium [47]. K is defined by

the trophoblast diameter (Dp) and the porosity of the medium (ε)

K =
D2
p

180
ε3

(1− ε)2 .

Using Equation 3.3 in cylindrical coordinates, as explained in Appendix A, the effective

resistance in the plugged segment is obtained

Ri = µLi
Kπr2

i

1

1− 2

√
K
γ

ri

I1(
√

γ
K
ri)

I0(
√

γ
K
ri)

,

where ri is the radius of the vessel segment, Li is the length of the vessel segment, I0

is the modified Bessel function of the first kind, order zero, I1 is the order one Bessel

function of the first kind, and γ = µ/µ́ is the ratio of the actual to effective viscosity.
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Equation 3.1 thus holds in each of the five segments of the model with Ri a func-

tion of segment "type" (plugged or not). These governing equations can be solved

simultaneously for a given inlet and outlet pressure to provide a flow and pressure

distribution through the whole system.

More than one AVA may appear in parallel [33]. However, as there is no quantitative

data regarding the number of AVAs the impact of the number of AVAs on arterial

haemodynamics is investigated. For the case of more than one AVA, AVAs are considered

as identical parallel resistors in our model as shown schematically in Figure 3.6. The

total AVA resistance is calculated as

RT = 1∑N
n=1 1/Ri

= Rs
N
,

where RT is total resistance, Ri is the resistance of each AVA, Rs is the resistance of a

single AVA when all have the same value (Ri = Rs), N is the number of AVAs in par-

allel. When more than one AVA is present, the resistance of the AVA at x = x1

is replaced by RT .

(a) (b)

Figure 3.6: (a) While the SA is plugged by trophoblasts during the first trimester of
pregnancy the maternal blood flow is diverted through AVAs and into the maternal
venous system. The number of AVAs is not clearly known but they are considered to be
located in decidua-myometrium junctional zone and are in parallel. (b) This situation is
modelled using concepts of electric circuits. AVAs are considered as parallel resistors and
an equivalent resistor RT is replaced for the two parallel resistors (Rs). Ri represents
the effective resistance resulted from the flow through different segments of the vessel
(including the plug or not).
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3.4.2 3D Blood flow: Numerical solution

As we cannot consider the full haemodynamics of the system with analytical equations

(e.g. the effect of AVA angle), we also formulated models of plugged arteries in 3D

using the computational fluid dynamics software ANSYS-FLUENT (ANSYS R© Academic

Research Fluent, Release 14.0). Each model was meshed in ANSYS ICEM CFDTM

(ANSYS R© Academic Research CFX, Release 14.0), with mesh resolution determined

by convergence tests (Appendix D). We solve for steady-state, laminar flow, assuming

that blood is an incompressible Newtonian liquid. For non-plugged segments the Navier-

Stokes and continuity equations are

(v · ∇)v = −1
ρ
∇p+ µ∇2v,

∇ · v = 0,
(3.4)

where ρ is the density of blood. Solutions were obtained with 100 iterations and a residual

target of 1× 10−4, convergence was assessed via a mass flow balance (i.e. flow into the

system equals total flow out). The plugged region is modelled as a porous medium with

uniform and isotropic hydraulic permeability (K) and porosity (ε). Flow inside a porous

medium is modelled using Darcy flow including inertial effects (for more information

on Darcy flow implementation in Ansys FLUENT refer to Ansys user guide (ANSYS R©

Academic Research Fluent, Release 14.0, ANSYS FLUENT User’s Guide).

|∆p|
Lp

= µ

K
v + ρC

2 v2, (3.5)

where C is the inertial loss factor defined based on the porosity magnitude and the

trophoblast size in the plug

C = 3.5
Dp

(1− ε)
ε3

.

C is set to zero for our simulations. The Brinkman term is not implemented in Ansys-

Fluent, therefore no-slip boundary conditions do not hold for the plugged area, but

flow everywhere in the model and shear stress upstream from the plug can still be

calculated and compared with analytical solutions.
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3.4.3 Boundary conditions

Analytical and numerical models:

Pressure boundary conditions are set at the inlet and outlets. These are P(x=0) = Pin
at the model inlet, P(x = LSA) = PIV S at the model outlet from IVS and P(z = Ls)

= PS at the outlet from the AVA. Blood pressure in the uterine arteries is 80–100

mmHg during pregnancy [250]. The blood pressure is estimated to reduce, on average,

to 70 mmHg in spiral arteries [250]. A range of Pin = 70–100 mmHg is assumed for

the blood pressure at the inlet to the model (the blood pressure in the inner third of

the myometrium) as the mean SA blood pressure cannot be higher than the systemic

artery blood pressure, with a nominal value of Pin = 70 mmHg. The pressure at the

outlet from the AVA pathway in our model is assumed to be in the range of PS =

2–3 mmHg as the mean venous pressure cannot be less than the central venous blood

pressure [160, 240], with a nominal value of PS = 3 mmHg. Blood pressure at the distal

end of the SA, within the IVS (PIV S) is fixed at 10 mmHg based on estimates from

[223, 250] (pressure measured by transducer probes).

Numerical model only:

The interface between the SA and the plug at x = X2 and x = X4 was defined in ANSYS-

FLUENT as an "interior" boundary (a double-sided face zone which separates two different

regions, namely the porous and fluid domains). This means that continuity of parameters

(velocity and pressure) is ensured at this interface. At the walls of blood vessels that

are not plugged a no-slip boundary condition is assumed as these surfaces are a physical

barrier to flow. This is also assumed in the derivation of the analytical model.

3.4.4 Shear stress

The output of both the analytical and numerical models is the blood velocity and/or

blood flow rate in each segment of the geometry for a given driving pressure. Also of

biological interest is the wall shear stress in the proximity of the trophoblast plug, and

thus shear stress is derived from model predictions.

Shear stress on the vessel wall upstream of the plug: To estimate the shear stress

acting on the endothelial cells of the vessel wall of a SA, and acting on the trophoblasts
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located at the edge of the plug adjacent to the vessel wall, we used the following equation

for shear stress, τ , which for Poiseuille flow is

τi = 4µ
ri

vi = 4µ
πr3

i

Qi, (3.6)

where ri is the vessel radius, vi is the blood velocity and Qi is the blood flow through the

vessel cross-section (for derivation of this equation refer to any fluid dynamic refer-

ence book such as [253]).

Shear stress within the plugged segment: With a Brinkman viscous term the shear

stress sensed by trophoblasts inside the plug is defined as

τi = −µ́∂vi
∂r

∣∣∣∣
0<r<ri

=
√
K

γ

QpRi
Lp

×
I1(
√

γ
K r)

I0(
√

γ
K ri)

, (3.7)

and by changing the radius (0 < r < ri) the shear stress through a cross-section

of the plug radius is estimated.

3.5 Model parameterisation

Nominal model parameters, and their ranges where known, are listed in Table 3.1. For

the parameters that are not defined by measurements in the literature, the value of the

parameter was varied over a large range to evaluate its effect on the final results.

Plug location: Trophoblast plugs are assumed to be formed inside the decidual SA. A

nominal value of 5 mm is set in our model for the thickness of decidua [31, 103, 219, 220,

257]. x = X3 is fixed at 1 mm away from the IVS interface. As there is no clear data

regarding the exact position of plug inside a SA we later change this distance to assess

its effects on the results. Plug length is increased by decreasing the value of X2.

AVA size: To the best of our knowledge, no one has reported any measurements of the

number and length of AVAs in the uterine wall. We investigate the effect of changing

the length, number and the angle of the AVA(s) on the blood flow through the SA

and consequently shear stress inside and outside of the plug to examine how sensitive

our model is to the changes of AVA(s) features. In our model, the AVA radius (r5)

is fixed to 0.1 mm based on literature data [100].
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Table 3.1: Geometric and model parameters, including nominal parameter values and
estimated range, where available.

Parameter Description Range Nominal value Reference
Geometry parameters

ri, i 6= 4 SA radius (mm) - 0.2 [33]
r4 AVA radius (mm) 0.1–0.2 0.1 [100], See

text
Dp Trophoblast cell diameter

(mm)
0.03–0.04 0.04 [115, 252],

See text
Lp Plug length (mm) ≥ 0.115 Shallow plug: 0.5

and deep plug: 2
[107, 252]

|LSA −X3| Plug distance from IVS
(mm)

unknown 1 See text

|LSA −X1| AVA distance from IVS
(mm)

5–9 6 [31, 103, 257,
258]

X1 Length of segment 1 -
AVA distance from SA in-
let (mm)

2.2–4.5 4 [31], See text

Ls AVA length (mm) unknown 4 See text
N Total number of AVAs unknown 1 See text
ε Plug porosity 0.2–0.6 0.2-0.6 See text

Blood flow parameters
µ Blood viscosity (Pa.s) 0.003 0.003 [86]
Pin Inlet pressure (mmHg) 70–100 70 [250]
PS Outlet pressure from AVA

(mmHg)
2–3 3 [160, 240]

PIV S Outlet pressure from IVS
(mmHg)

10–15 10 [250]

AVA location: The literature suggests that AVAs or shunts are located in the decidua-

myometrium junction [106, 216, 247], which is 5-9 mm away from the decidua and IVS

interface [31, 103, 257, 258]. The position of AVAs away from the IVS (|LSA −X1|) is

then set equal to 6. The decidua-myometrium junctional zone is 4 mm in length [31].

In our model, the AVA location was set at X1 = 4 mm.

3.6 Results

The analytical model is used to understand the impact of plug properties on haemo-

dynamics in Sections 3.6.1-3.6.5. As the analytical model is unable to capture branch

angle this is assessed with the numerical model in Section 3.6.6.
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3.6.1 AVA structure and SA haemodynamics

Length and number: In order to determine how properties of the AVAs (length

and number) affect resistance and blood flow rates through the system, we changed

the number and length of AVA(s) in the analytical model with all other parameters

as defined in Table 3.1. If the trophoblast plug completely blocks flow of blood to

the IVS, then ultrasound measurements of myometrial flow in spiral/radial arteries

[174] must represent blood that is upstream of the plug, passing from arteries to veins

and our model AVA network must be sufficiently low resistance to carry this flow. To

investigate possible AVA structures the porosity of the plug was fixed at the lowest

value estimated (ε = 0.1 meaning 10% empty space and 90% tissue) and blood flow

rate was calculated for a fixed pressure drop. This low porosity assumption aims to

provide an almost complete flow obstruction to the IVS.

The low plug porosity results in a high resistance across the plugged zone, which forces

the total flow entering through the SA inlet to pass through the AVA(s). Therefore, the

total inlet flow is almost the same as the shunted flow while the flow into the IVS is

very small. This can be clearly seen from Figure 3.7a-b. Figure 3.7a shows the ratio of

shunted flow to the total flow, which is close to 1 with very small changes as a result

of varying AVA length and number. Figure 3.7b also compares the ratio of flow into

the IVS to the total flow, which is relatively very small. The amount of flow (total

flow and/or shunted flow) for different AVA lengths and number of AVAs are shown

in Figure 3.7c. Changing the length and the number of the AVA(s) affects the blood

flow at the inlet and consequently at the outlet from the AVA. The more and/or shorter

(lower resistance) shunts, the higher the blood flow. Horizontal lines in Figure 3.7c depict

the range of Doppler measured blood flow measured where spiral and/or radial arteries

reside in the uterine tissue and for gestational age between 4 and 15 weeks, which lie

in the range of 0.98-2.26 ml/min [174]. As, in these simulations, almost all blood is

transported through AVAs, if trophoblast plugs are indeed a complete block to flow,

we would expect AVA flow rates to be in this range.

Radius of AVAs: To find the effect of the radius of AVAs on the blood flow, we changed

the radius and the number of AVAs while fixing the AVA length at 4 mm and fixing

the porosity of the plug to the lowest value (ε = 0.1). Results are shown in Figure
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(a)

(b)

(c)

Figure 3.7: (a) The proportion of shunted blood flow to total blood flow for porosity
equal to 0.1 is almost 1 (all inlet flow is diverted through the AVA as red coloured
areas schematically show this behaviour) when the length and the number of shunts
increases. (b) The proportion of blood flow into the IVS to total blood flow for porosity
equal to 0.1 remains low (almost 0) when the length and the number of shunts increases
(meaning almost no blood flow reaches the IVS). (c) Comparing shunted blood flow for
different numbers of AVAs and different lengths. Horizontal dashed lines represent the
range of spiral and/or radial artery blood flow in the 1st trimester (0.98 ml/min to 2.26
ml/min). As almost all blood flow in this simulation flows through the AVAs, these lines
indicate the expected range of AVA flow in vivo. Results are from analytical solutions.
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3.8. The most important determinant of blood flow is AVA resistance. A single large

AVA has equivalent resistance to multiple smaller AVAs.

Figure 3.8: Comparison of shunted blood flow for different number of AVAs with
respect to their radius. The resistance of a single large AVA is equivalent to the resistance
of multiple smaller AVAs. Horizontal dotted lines represent the range of spiral and/or
radial artery blood flow in the 1st trimester (0.98 ml/min to 2.26 ml/min). As almost all
blood flow in this simulation flows through the AVAs, these lines indicate the expected
range of AVA flow in vivo. Results are from analytical solutions.

All the combinations of AVA properties that give shunted blood flow less than 2.26

ml/min (the upper limit for volumetric blood flow rate in our model computed using

the upper limit of measured blood velocity by Doppler ultrasonography) and more than

0.98 ml/min (the lower limit for volumetric blood flow rate in our model computed using

the lower limit of measured blood velocity by Doppler ultrasonography) are acceptable.

Therefore, taking the model forward we considered one AVA with a 4 mm length and 0.1

mm radius, which provides a physiologically appropriate estimate for AVA resistance.

3.6.2 Are trophoblast plugs sufficient to prevent blood flow to the

intervillous space (IVS)?

In order to determine whether trophoblast plugs are able to adequately prevent blood

flow into the IVS, we computed the blood flow in both a 0.5 mm and a 2 mm length

plug and changed the porosity of the plugs over a range of 0.1-0.9 (Figure 3.9). Our

model predicts an IVS blood flow rate of 9.4 ml/min with no plug compared with <0.4

ml/min over a physiological range of plug porosities (0.2-0.6) and plug lengths (0.5-2

mm). This predicted flow for plugged arteries is consistent with measured blood flow
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rates at the SA opening to the IVS using colour Doppler ultrasonography that range

from 0.15-0.34 ml/min [174]. The model predicts that the flow into the IVS is less

than the shunted flow until a threshold porosity (0.83 for 2 mm plug and 0.73 for 0.5

mm plug). As this threshold porosity is much larger than porosities calculated from

histological plug sections (0.2-0.6) (Figure 3.9), the model predicts that the physiological

range of plug porosities (0.2-0.6) and plug lengths (0.5-2 mm) are sufficient to almost

completely limit maternal blood flow to the IVS. Once the plug porosity reaches the

upper end of the measured porosity range, there is a rapid increase in flow admitted

through the plugged SA for small changes in porosity.

(a) (b)

Figure 3.9: (a) Predicted blood flow into the IVS and through the AVA while the SA
is plugged. Our model predicts an IVS blood flow rate <0.4 ml/min over a physiological
range of plug porosities (0.2-0.6) and plug lengths (0.5-2 mm) (consistent with ultrasound
rates of 0.15-0.34 ml/min [174]). Increasing the plug porosity decreases the resistance
against blood flow and, because pressure boundary condition is used, results in an
increase in the total blood flow. Therefore, the proportion of shunted flow to the flow
into the IVS decreases as the porosity increases (b). Note that the flow proportion in
very small for ε ≥ 0.7, but non-zero, so there is still blood flow through the AVA(s).
Results are from analytical solutions.

Depending on the length of the plug, the porosity required for a plug to allow more blood

flow to enter the IVS than is shunted is different, meaning that for a 2 mm long plug

a higher porosity (> 0.83) is needed for significant blood flow into the IVS, while for

a 0.5 mm long plug this occurs at a lower porosity (≈ 0.73) (Figure 3.9).
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3.6.3 Importance of plug properties in generating resistance to

blood flow

The ability of physiological trophoblast plugs to block blood flow to the IVS shown above,

raises another question; how important are plug properties in affecting upstream SA

haemodynamics? Here we computed the blood flow velocity at mouth of SA entering

the IVS for different plug lengths and over a range of porosities (0.1-0.9). Flow velocity

at the IVS site with a 2 mm long plug is always less than the flow velocity with a 0.5

mm long plug (Figure 3.10). We also identified the porosity values needed to obtain the

blood flow velocity (VIV S) the same as measured by Doppler ultrasonography at the IVS

[174] (Figure 3.10). To obtain blood velocities measured by Doppler ultrasonography

[174] our model predicts a porosity range of 0.6-0.75 for a 2 mm plug and 0.45-0.6 for

a 0.5 mm plug (Figure 3.10). Moreover, increasing the length of the plug with a fixed

porosity (ε = 0.45) decreases the blood flow into the IVS (Figure 3.11). This indicates

that long plugs provide more resistance against blood flow compared to short plugs.

Figure 3.10: Blood velocity at the SA mouth adjacent to the IVS over a range of
porosities and for plug lengths of 0.5 mm and 2mm. The range of porosities needed to
obtain the blood velocity as measured by Doppler ultrasonography [174] can be found
from the intersection points of the red dashed lines (5 to 15 weeks of gestation) and the
black lines (0.5 and 2 mm plug). For a same blood flow velocity observed into the IVS,
the range of porosities is smaller for the 0.5 mm plug (0.45-0.6) compared to the 2 mm
plug (0.6-0.75). Results are from analytical solutions.
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Figure 3.11: This graph shows how increasing the length of a plug affects the amount
of blood flow passing through it. The porosity (ε) is fixed to an average value of 0.45.
Here we compared the amount of blood flow through a range of proposed plug lengths,
0.1 mm as measured by [252], 0.5 mm as measured by [107] and a 2 mm plug. Horizontal
lines indicate physiological flow rates into the IVS measured by Doppler ultrasonography
[174]. Results are from analytical solutions.

3.6.4 Effects of trophoblast plugs on shear stress in a spiral artery

Shear stress on the vessel wall: Shear stress at the arterial wall upstream of the plug

was calculated using Equation 3.6. Figure 3.12 compares the shear stress computed at the

vessel wall upstream of trophoblast plugs of different lengths (2 mm and 0.5 mm). Shear

stress upstream of the 2 mm long plug is lower than the shear stress upstream of the 0.5

mm plug for all the porosity values. For a 2 mm plug, shear stress upstream of the plug

remains ≤2 dyne/cm2 (≤0.2 Pa) for porosities <0.5, which is in the physiological porosity

range. Shear stresses of ≤2 dyne/cm2 (≤0.2 Pa), can generate favourable conditions for

trophoblast-induced remodelling of the SAs (<0.2 Pa) [118, 121]. The range of porosities

for which the model predicts ≤2 dyne/cm2 (≤0.2 Pa) shear stress for a 0.5 mm plug

are small (<0.3) compared to a 2 mm plug (<0.5). As seen for flow rate, there is a

rapid increase in shear stress for high porosity short plugs.

Shear stress acting on trophoblasts within a plug: Shear stress within the plug

is computed based on the flow velocity profile using Equation 3.7. Within the range of

porosities <0.5 (which is within the physiological range 0.2-0.6) the shear stress sensed

by the trophoblasts inside the plug is computed to be small (<2 dyne/cm2) especially
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(a) (b)

Figure 3.12: Comparison of predictions of shear stress upstream of plugs of different
lengths with respect to their porosity. Here we have estimated the value of shear stress
on the vessel wall upstream of the plug as indicated on the schematic figure on the right.
Shear stress upstream of a 2 mm long plug is lower than the shear stress away from
a 0.5 mm plug for all porosity values. The red line shows shear stress conditions that
have previously been hypothesised as favourable to trophoblast migration ≤2 dyne/cm2

(0.2 Pa). Results are from analytical solutions.

for the cells located in the central region of the plug (blue area shown in Figure 3.13).

Predictions of shear stress throughout a 2 mm plug are presented in Figure 3.13. Small

changes in plug porosity (consequently changing the permeability of the plug to the

flow) result in rapid increases in the shear stress. Shear stress everywhere within the

plug is determined based on how the flow velocity profile changes with respect to the

radial coordinate. The flow profile flattens as it enters a porous medium (flow profiles for

porosity <0.5 are shown in Figure 3.13a), which makes an almost constant shear stress

throughout the plug except on the vessel wall where the rate of flow velocity change is

the highest. This results in a higher shear stress on the vessel wall compared to other

regions within the plug. As the porosity increases, the flow profile asymptotes to a

parabolic profile (profile of a fully developed flow in a cylinder).

3.6.5 Sensitivity analysis (analytical model)

Varying the distance of the plug from the IVS: In order to investigate the effect

of the distance of the plug from the IVS, the position of the plug to the IVS is changed

by changing X3, while the depth of plug is kept constant at 2mm. The distance between
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(a)

(b)

Figure 3.13: (a) A comparison between the flow velocity profiles with radial coordinate
for varying porosity (ε) in a 2mm plug. Blood flow enters the porous medium in the
direction as shown schematically on the right hand side. The velocity profiles from the
centre of the plug to the vessel wall (as is shown by the green arrow on the schematic)
are shown. (b) Shear stress in the central area of the vessel (as is shown by the green
arrow on the schematic). Blood flow enters the porous medium in the direction as shown
schematically on the right hand side figure. "Low" shear stress is defined as shear stress
less than 2dyne/cm2 (0.2 Pa). Within the histological range of porosity, the shear stress
almost everywhere inside the plug (blue area on the schematic figure) is <2dyne/cm2

except for a small region close to the vessel wall where the shear stress significantly
increases (red area on the schematic figure). Results are from analytical solutions.
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the plug end side at x = X3 and the IVS (∆x = LSA −X3) is changed over three values

1) 0 mm from the IVS, 2) 1 mm from the IVS, 3) 2 mm from the IVS. The flow at

inlet and outlets from the AVA and the IVS are computed analytically then shear stress

values on the vessel wall upstream of the plug and within the plug were computed using

Equations 3.6 and 3.7. Results for blood flow and shear stress when the porosity of

the plug is equal to 0.45 are shown in Figure 3.14.

(a) (b)

(c) (d)

Figure 3.14: Blood flow and shear stress values when the location of the plug from
the IVS is changed. Porosity of the plug is fixed at 0.45. (a) The inlet blood flow and
the shunted blood flow does not change when the plug distance from the IVS is changed.
(b) Blood flow into the IVS remains the same for all values of plug distance to the IVS.
Similarly, shear stress at the vessel wall upstream of the plug (c) and within the plug
(d) do not change as the distance of the plug from the IVS changes. Results are from
analytical solutions.

Model predictions show that changing the distance of the plug from the IVS does not

change blood flow, either at the inlet or at the outlets from the AVA and IVS, nor the shear

stresses at the vessel wall upstream of the plug or within the plug. As the total resistance
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against the flow remains the same by moving the plug towards or away from the IVS it

is only reasonable to have no change in the total flow and computed shear stresses.

3.6.6 Varying angle and length of AVA:

In order to investigate the effect of changing the angle of the AVA from the main artery

tube, we used the numerical model described in Section 3.4.2. Four models were created

1) a 4 mm long AVA at 45 degrees, 2) a 4 mm long AVA at 90 degrees, 3) a 4 mm long AVA

at 135 degrees and 4) a 2 mm long AVA at 45 degrees from the main tube. The radius of

each AVA was 0.1 mm and the depth of the plug was 2 mm in all models. The flow at inlet

and outlets were obtained from the simulation and then shear stress values on the vessel

wall upstream of the plug were computed using Equation 3.6. Results for blood flow and

shear stress when the porosity of the plug is equal to 0.45 are shown in Figure 3.15.

Simulation results show that changing the angle of AVA as well as its length decreases the

flow at the inlet and at the outlet from AVA (Figure 3.15b) but its effect on the flow at the

IVS and shear stress values on the vessel wall upstream of the plug is negligible (Figure

3.15c and d). This result holds true for all histological values of the plug porosity.

Predictions of the numerical model for a second case (a 4 mm long AVA at 90 degrees) were

compared against the results from the analytical model. The average inlet flow from the

numerical model is computed as approximately 1.47 ml/min, which is 12% lower than the

value computed from the analytical solution (1.67 ml/min). The same ratio holds for outlet

flow from the AVA. However the blood flow at the SA outlet at the IVS side is computed

as approximately 0.025 ml/min in both models (0.80% difference). The shear stress

upstream from the plug is found to be 1.98 dyne/cm2 from the numerical model, while

from the analytical solution this value is almost 2.00 dyne/cm2 (0.85% difference).

3.7 Discussion

In this chapter, we presented a mathematical model of a plugged SA and found both

analytical and numerical solutions of blood flow and wall shear stress within a plug

and on the vessel wall upstream of the plug. This model provides a basis to assess

the impact of trophoblast plug features (porosity and depth) on blood flow through
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(a) (b)

(c) (d)

Figure 3.15: Blood flow and shear stress values when the angle of the AVA is changed
with respect to the main tube. (a) shows a schematic of angle change for AVA. Porosity
of the plug is fixed at 0.45. (b) The inlet blood flow and the shunted blood flow are
decreased when the AVA angle is changed from 90o to 45o or 135o. Moreover, decreasing
the AVA length at 45o increases blood flow at the AVA inlet and outlet. (c) Blood
flow into the IVS remains almost constant for all values of AVA angle and length. (d)
Shear stress at the vessel wall upstream of the plug is not affected by changing the angle
and/or the length of the AVA. Results are from numerical solutions.

the plug and consequently the wall shear stress within the plug and on the vessel

wall upstream of the plug.

Analysis of histological images of trophoblast plugs between 7 and 11 weeks of gestation

gave a physiological range of plug porosities of 0.2-0.6. As spaces between trophoblasts

were at times larger than the diameter of a red blood cell (7 µm), it was of interest to

consider the extent to which trophoblast plugs completely occlude the flow of oxygenated

maternal blood. Therefore, a mathematical model of a plugged SA was derived. Analytical

solutions of a plugged artery show that over a physiological range of trophoblast plug

porosities (0.2-0.6) and lengths (0.5-2 mm), blood flow from the SA into the IVS remains

< 0.4 ml/min, while the blood flow rate into the IVS without a plug is estimated as 9.4
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ml/min. This confirms that trophoblast plugs are capable of limiting blood flow to the

placenta in early pregnancy. Results also show that during the time of plugging, shunted

blood flow is considerably bigger than the blood flow into the IVS. Therefore, it is quite

reasonable that many investigators are not able to detect significant blood flow into the

IVS during the first trimester of pregnancy using Doppler ultrasonography [114, 215],

but can easily measure high blood flow velocities in the myometrium underneath the

placenta (at possible AVA locations) [247].

Model predictions suggest that the physical properties of trophoblast plugs are important

for determining how resistive a plug is to blood flow. The model shows that, for all

physiological values of porosity, a 2 mm plug is more resistive to blood flow than a 0.5

mm plug, thus plug length may be of more biological significance to impeding blood flow

to the IVS than plug porosity. For a 2 mm plug, a porosity range of 0.6-0.75 is needed

to get the same blood velocity in the IVS as observed by colour Doppler ultrasonography

between 4 and 15 weeks of gestation [174]. However, this range decreases to 0.45-0.6 for

a 0.5 mm plug. So, longer trophoblast plugs (as are proposed to exist in more central

regions of the implantation site) are more resistive to blood flow and allow less blood flow

when plugged than shorter plugs with the same porosity (which are normally found in the

peripheral regions of the placenta). Indeed, this data supports observations that the onset

of blood flow into the IVS occurs first at peripheral regions of the placenta [169].

Small changes in plug porosity (consequently changing the permeability of the plug to

the flow) were predicted to result in rapid increases in a) blood flow into the intervillous

space (Figure 3.9), and b) wall shear stress experienced by trophoblasts within the plug

(Figure 3.13), and c) shear stress experienced by vascular cells/migratory trophoblast

upstream of the plug (Figure 3.12). Increases in the flow of oxygenated maternal blood in

the IVS in early pregnancy may negatively impact success by damaging delicate villous

tissue and exposing the developing placenta to oxidative stress [33, 105]. Results show

that the sensitivity of flow rapidly increase as a result of porosity change is more severe

when plug depth is decreased. Trophoblast invasion in pre-eclampsia, and about half of

IUGR pregnancies has been shown to be shallow. Shallow and fragmented plugging are

inferred as the reason for intense blood flow pattern signals which are usually seen before

12 weeks of gestation in complicated early pregnancies [110–112, 122, 128, 145, 148, 224],

which is consistent with our model predictions. Model predictions of plug porosity effect

on the wall shear stress within the plug and upstream from the plug suggests that if



54 Chapter 3. The first trimester: A model of blood flow in a plugged spiral artery

low shear stress has any impact on the retrograde movement of the human trophoblasts,

it would be more effective for deep plug compared to a shallow one. Increases in wall

shear stress in the SA during early pregnancy may affect the ability of trophoblasts

to adequately remodel the spiral arteries, predisposing the pregnancy to pathological

complications such as pre-eclampsia and IUGR [27, 138, 138, 139].

Shear stresses of <2 dyne/cm2 (0.2 Pa) have been postulated to be beneficial for

trophoblast migration deep into the SAs and remodelling of these vessels via trophoblast-

induced endothelial cell apoptosis [118, 121]. For a porosity range of <0.5 (within the

physiological range of 0.2-0.6), our model predicted shear stresses of 0.008-2 dyne/cm2

upstream from a 2 mm plug (Fig 3.12). Similar shear stress conditions were seen for

the cells located in the centre of the plug for both 0.5 mm and 2 mm plugs over the

same porosity range (Fig 3.13). The range of porosities that can guarantee shear stress

of <2 dyne/cm2 on the vessel wall upstream of a 0.5 mm plug are smaller than those

predicted with a 2 mm plug. Thus, as total uterine artery flow increases during the first

trimester, less extensive plugging (shorter and/or looser plugs) would be more likely to

result in shear stress conditions >2 dyne/cm2 increasing the tendency of trophoblast to

move with blood flow and impairing spiral artery remodelling. Thus, we hypothesise

that inadequate trophoblast plugging may play an important role in the pathophysiology

of inadequate SA remodelling absence in pre-eclampsia and IUGR.

It has been shown that low shear stress does not have a direct influence on the directional

preference for trophoblast movement [118, 121]. However, the effects of cytokines derived

from endothelial cells have been examined while 0.2 Pa (2 dyne/cm2) of shear stress was

applied on trophoblasts [118]. Under this low shear stress, trophoblasts demonstrated

significant net migration towards the chemokines (IL-8, MCP-1 or RANTES) flowing

in parallel to the media including trophoblasts. This experiment could not examine

migration of trophoblasts while chemotaxis force and flow force was competing in opposite

direction as the chemokines could not be maintained in a fixed position while fluid was

flowing through the channel. Measurements regarding trophoblast migration under >2

dyne/cm2 of shear stress with the same chemokines have not been carried out to date.

The tendency of trophoblasts to migrate along the chemokine gradients and against

blood flow is expected to decrease with increasing the wall shear stress. We postulate

that trophoblast movement in a particular direction should be as a result of a greater

net effect of one of the these forces (wall shear stress or chemo-attraction) over the other.
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Model predictions suggest that, trophoblasts residing in a short plug may not respond

to the effects of chemotaxis because the flow force is dominant. Thus, trophoblasts

will be forced to move with the flow and cannot penetrate deep into the SA lumen.

As a consequence, SA remodelling is incomplete. While, the cells in a 2 mm plugged

artery may respond to chemotactic forces over the wall shear stress. As a consequence

trophoblasts in a deep plug will migrate against the blood flow and proceed vessel

conversion deep into the uterine decidua layer.

Trophoblast invasion and SA remodelling in normal pregnancy is limited to the inner one

third of the myometrium and the reason for this localised invasion and SA transformation

is not clear. AVAs have been reported to reside at the decidua-myometrium junction or

in the myometrium layer, but the exact location of AVAs is not clear [100, 106, 173, 178,

216, 230, 231, 247]. Our model predicts that low shear stress conditions extend from the

plug edge to the AVA. Incorporating the AVAs into considerations of uterine blood flow,

has revealed that diversion of blood into the AVAs in plugged arteries has significant

haemodynamic consequences for wall shear stress downstream of the AVA (<2 dyne/cm2)

compared to upstream of the AVA (predicted to be >131 dyne/cm2) in a plugged artery.

Therefore, the appropriate shear stress conditions for trophoblasts migration within

the SA are likely present only up to AVA. Thus the exact location of AVAs within

the decidua-myometrium could have important functional consequences for trophoblast

colonisation and remodelling of the SA. We postulate that if AVAs are found in the inner

third of the myometrium then we can strongly correlate the AVA location with the depth

of SA remodelling. Furthermore, as the invasion of the myometrial segments of the SA is

impaired in pregnancy disorders, dysfunction in the AVA shunting mechanism may play

a previously unappreciated role in the pathophysiology of these disorders.

The mechanism of trophoblast plug dislodgement near the end of the 1st trimester is

not well known. Results in this chapter show that when porosity >0.6, small changes

in plug porosity rapidly increase flow to the IVS. This means that once the plug starts

breaking up we would expect a rapid increase in flow to the IVS. This rapid increase

in flow is consistent with results presented in the recent study [207] showing no large

changes in flow into the IVS until 12 weeks of gestation, but a significant rise at 13

weeks of gestation. In that recent study, no progressive decrease in vessel resistance

against flow was measured before 12 weeks of gestation [207], which is regarded as the

reason for observing non progressive blood flow within that time duration. This implies
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that disintegration of the plug occurs gradually within the first trimester of pregnancy

(<12 weeks). The flow increase from analytical solution of the model, on the other

hand, is shown to be very steep for shallow plugging. This suggests that for a shallow

plug (which is proposed to be found in peripheral regions of the placenta in a normal

pregnancy or throughout the placenta in pathologies), flow into the IVS is even more

sensitive to plug porosity change compared to a deep plug.

3.8 Model limitations

We assumed blood flow to be laminar and Newtonian. The inlet velocity changes

from 0.2-1 m/s in our model which is consistent with the blood velocity measured by

Doppler ultrasonography at the spiral/radial artery regions at the placentation site.

Such flow produces Reynolds numbers in the range of 28-140, which makes it reasonable

to assume laminar flow in our model.

Although blood is a non-Newtonian fluid, the size of vessels (> 200 µm) used in our

model makes it reasonable to assume that blood is a Newtonian fluid. Flow inside a

porous medium is usually modelled as flow through small tubes similar to a network of

capillaries. The behaviour of blood flow through small vessels such as capillaries may

be considered as non-Newtonian. Several models are available for non-Newtonian fluids

including Casson models, and Pries-Secomb models [195]. Typically at very low shear

rates a Casson model is used (assuming a non-Newtonian fluid with yield stress) [63, 85].

Non-Newtonian blood flow in a cylindrical tube filled by a homogeneous porous medium

was modelled and solved numerically [63, 64] and the blood flow velocity profile as well

as the shear stress distribution based on the tuba Casson model is used (assuming a

non-Newtonian fluid with yield stress) e radius are compared with the ones for Newtonian

model of blood flow. It has been shown that as the yield stress decreases the results

becomes similar to the behaviour of a Newtonian blood flow. Yield stress of normal

blood at a haematocrit of 40% is very small, within the range of 0.04-0.05 dyne/cm2

[64, 85], which is much smaller than the shear stress of interest in the SA making the

assumption of Newtonian blood flow in our models to be acceptable. Also it is likely that

in early pregnancy, only plasma can flow readily through the trophoblast plug. Plasma

behaves like a Newtonian viscous fluid [85]. As the permeability of the plug increases

the blood flow behaviour asymptotes to the Newtonian blood flow [64].
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Flow in the SAs is pulsatile while flow into the IVS is not considered to be highly pulsatile

[5]. Therefore, pulsatile flow needs to be considered in the SA segment upstream the

AVA and/or within the AVA(s). This consideration is unlikely to affect the results of

this study since blood flow rates are low while the SA is plugged.

In this work, the SA is assumed to be a straight tube but SAs are known to be

tortuous. The assumption of straight artery underestimates SA resistance. There are

few quantitative descriptions of the extent of tortuosity in human SAs. Although having

a more accurate representation of SA tortuosity would improve the model predictions,

they are unlikely to change the major outcome of the model predictions.

We took a simplified analytical approach and a fully numerical approach for modelling a

plugged artery. There may be a middle ground which better captures flow analytically at

interface between fluid and porous structure. Studies have shown that for large Reynolds

numbers, flow behaviour changes at the interface of the free flow and porous medium as

flow transits from empty tube to the plugged region and out of the porous medium (from

Poiseuille flow to Darcy to Poiseuille), which induces a further boundary layer structure

[61]. Including this in the model will improve the precision of the model predictions,

but it is unlikely that it will change the main outcomes.

3.9 Summary

In this chapter we developed a computational model of a plugged SA that can be used to

predict blood flow, speed and wall shear stress inside and outside of a plug. Our model

predicts that plug properties (such as depth and porosity) are important in determining

how resistive the plug is. Model predictions show that longer plugs are more resistive

to the blood velocity compared to shallow plugs. We confirm that physiological lengths

(>0.1 mm) and porosities of trophoblast plugs (0.2-0.6) are sufficient to restrict the flow

of oxygenated maternal blood flow into the IVS. If plugs were not present this flow could

damage the delicate villous tissue and expose the developing placenta to oxidative stress.

The presence of trophoblast plugs in the SAs reduces shear stress, generating conditions

that are favourable for trophoblast-mediated SA colonisation and remodelling. Thus,

trophoblast plugs may help ensure adequate SA remodelling. Inadequate plugging of
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the SA in early pregnancy may predispose the pregnancy to pathological complications

such as pre-eclampsia that are associated with inadequate SA remodelling.

To improve understanding of trophoblast invasion and consequently deepening SA re-

modelling we plan to couple the haemodynamic model presented in this chapter to an

agent-based model of trophoblast migration under the influence of both local shear stress

and chemokines. In making such model we need to parametrise it using experimental

data. Therefore, in the next chapter an analysis of experimental data of trophoblast

migration under different flow conditions is presented.



Chapter 4

The first trimester: Analysis of

the influence of fluid flow on

trophoblast migration

As trophoblast migration within the uterine spiral arteries is crucial for arterial remod-

elling, it is important to understand how this migration is regulated. From a basic

physics point of view, motile cells that are not subject to any external forces would

move randomly. However, cells typically have bias in their movement as they are in-

fluenced by their environment. For example, by mechanical forces (e.g. local blood

flow) or chemotaxis (chemical stimuli).

Successful SA remodelling depends on a) the ability of trophoblasts to migrate down the

SA against a net flow of blood, b) the interdigitation of trophoblasts into the endothelial

cell layer of SAs, and c) trophoblast induced endothelial cell apoptosis. Together this leads

to complete replacement of endothelial cells lining the artery by trophoblast [8, 46, 201].

Applying fluid flow over trophoblasts, results in cell exposure to a shear stress, and

this influences both endothelial cell apoptosis [70, 71, 264] and trophoblast migration

[118, 155]. In vitro, increasing the shear stress to which trophoblast are exposed, increases

the likelihood of trophoblast movement in the direction of flow. This is not necessarily

ideal as motion retrograde to the flow would potentially promote trophoblast migration

towards the deeper myometrial segments of the arteries [118, 155]. However, as shown

in Chapter 3, trophoblast plugging decreases SA flow and shear stress to levels that, at

59
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least in vitro, have no net directional effect on trophoblast migration. Therefore, this

may allow trophoblasts to respond to alternate stimuli such as chemical stimulation,

and in response move against blood flow [118, 155].

The contributions of mechanical and chemical stimuli are many and varied. In vitro

experiments cannot replicate the in vivo situation, but can separate out key factors

that may modulate in vivo migration. Computational models may be able to "piece

together" in vitro data to estimate in vivo cell migration mechanisms. Experimental

work assessing the response of trophoblasts to different flow shear [118], combined with

models of arterial shear stress (Chapter 3) and models of cell behaviour would provide

a powerful tool for assessment of how increasing or decreasing SA blood flow rates (as

a function of SA structure) affects the directionality of cell movement.

Trophoblasts migrate both within the SAs (EVTs) and through decidual tissue (interstitial

trophoblast). EVTs are exposed to mechanical stress via blood flow in the SA. Although

this can be indirectly related to in vitro cultures showing the impact of flow on trophoblast

migration [118, 155], it is not completely clear how in vivo behaviours relate to these

observed in vitro behaviours. In this chapter we are interested in quantifying the extent

to which flow over cultured trophoblasts encourages them to modify their movement

compared to a random walk so that we can use in vitro data to parameterise an agent

based model (ABM) to predict potential emergent behaviours in the in vivo system.

4.1 Agent-based models - the basics

An ABM is a rule-based computational model which allows us to assess the progres-

sion of a complicated system including the spatio-temporal interactions of autonomous

entities, "agents" [6, 158]. Agents, or cells in our case, can interact with other agents

and the environment through identified behaviours and predefined simple rules (e.g.

using simple physical laws). However, the emerging behaviour of the whole system

and the pattern of cell movement is not explicitly defined in this programming tech-

nique, instead the system evolves through the interactions of each agent with other

agents and the environment [6, 158].

A complete description of the ABM that we employ in this thesis is given in Chapter 5,

however a simple description is provided here to motivate the analysis that appears in this
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chapter. In our ABM, cells are seeded into a geometry that reflects either experimental

conditions, or an in vivo geometry (such as a plugged spiral artery). Cells can then move

according to rules based on the environment that surrounds them. In the absence of any

stimuli cells typically move in a random walk, i.e. they are equally likely to move in

any direction and this movement is quantified by a parameter equivalent to a diffusion

coefficient analogous to consideration of Brownian motion of inert particles. Ideally,

this quasi-diffusive motion is derived from in vitro time-lapse imaging of cell movement,

albeit under the constraint that to maintain a cell line in vitro a replenishment of culture

medium may be required to maintain viability. In an ABM, diffusive movement is typically

modelled by assigning an equal probability for cells to move between lattice points in

any direction, or by taking an off-lattice approach and generating a random direction in

2D or 3D for cells to move in. Over time, both methods approach a random walk.

Under stimuli the "random walk" of cells becomes biased. That is, cells sense other cells

or chemicals in their environment and the chances of them moving in a given direction

is altered. In an ABM, this is achieved by introducing biases in the probability of

movement and speed at which agents move in any given direction, based on the agent’s

environment. Therefore, to parameterise and test an ABM against a set of experimental

data, one must quantify the extent of randomness in cell motion, and how the stimulus

investigated in vitro (in this case a flow stimulus) influences this random walk. For

example, do cells move in a way consistent with a pure random walk? Is there some

bias in this random walk (for example a notion of persistence – do cells that start to

walk in a particular direction tend to continue in this direction)? Does the introduction

of the stimulus of interest alter this motion and in what way? Is there any evidence

that cells interact with one another as well as their environment?

Experimental data can be used to parametrise rules in an ABM and also test "average"

behaviour of systems. After validation of the model against experimental data, other

effects can be added (such as chemotaxis) that can not or have not yet been tested in vitro

to help reveal gaps in our current knowledge which in turn may help to design more precise

experiments to address these gaps and enhance our understanding of the situation.
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4.2 The experimental data

Here we consider raw data from a previous in vitro study of trophoblast behaviour

under shear [118]. This study describes migration of the SGHPL-4 (trophoblast) cell

line either cultured alone or on top of HUVEC monolayers, under shear stresses of 0.5-6

dyne/cm2, equivalent to flow velocities of 15×103-177×103 µm/min, in a microfluidic

flow system (Bioflux200, Fluxion, San Francisco, USA).

To obtain the data, microchannels within the flow system plates were first seeded with

HUVECs labelled with CellTracker Green (CMFDA, fluorescent dye that passes through

cell membranes and transforms into a cell-impermeant dye which is retained through

several cell generations), which were allowed to adhere and form a confluent monolayer

at 37 oC for 4 hours. Then SGHPL-4s labelled with CellTracker Orange (fluorescent

dye that passes through cell membranes and transforms into a cell-impermeant dye

which is retained through several cell generations), were seeded onto this HUVEC layer,

and allowed to adhere for 3 hours. The inlet wells of the flow system were filled with

pre-gassed HUVEC media (50:50 of RPMI-1640:M199 (Sigma, UK) with 20% Fetal

Bovine Serum, 50 U/mL penicillin, 50 µg/mL streptomycin (Sigma, UK), 2 mM L-

Glutamine (Sigma, UK), 90 µg/mL heparin (Sigma, UK) and 20 µg/mL endothelial

cell growth supplement (Sigma, UK)) and flow over the cells was induced by automatic

regulation of air pressure at the inlet (establishing a pressure gradient). Time-lapse

images were captured at 10 minute intervals over 7.5 hours (43 frames in total). Two

"low" shear stress conditions were considered (0.5 and 2 dyne/cm2 or 1.5×104 and

5.9×104 µm/min). Then two "higher" shear stress conditions were considered (4 and

6 dyne/cm2 or 11.8×104 and 17.7×104 µm/min). At least 3 biological replicates were

run in each set of conditions with a minimum of 3 fields of view captured for each

replicates. Table 4.1 lists the number of cells analysed in each set of conditions for

SGHPL-4s cultured alone or co-cultured with HUVECs.

Table 4.1: The number of SGHPL-4s analysed under each culture condition.

Shear stress (dyne/cm2) SGHPL-4 only Co-cultured

0.5 468 621

2 391 493

4 693 842

6 546 577
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(a) (b)

(c) (d)

Figure 4.1: Sequential time-lapse images of SGHPL-4 cells (brown) co-cultured with
HUVECs (green) under 4 dyne/cm2 of shear stress demonstrating cells entering the field
of view (following the yellow star sign), and cell disappearing within the time period
of imaging (blue cross sign). Blue cross is not in the last slide (d) because the cell is
disappeared.

The time-lapse data, shows trophoblast size and shape change (in 2D), (Figure 4.1 and

4.2). As cells are under culture for several hours, an individual cell not always appear

in the whole set of images under one culture condition, or may not be visible in every

image. Examples of when this may occur include cells becoming undetectable (Figure

4.1) within the time period of imaging, cells entering and leaving the viewing channel

(Figure 4.1), or cell death (Figure 4.2) (or division, not shown here), which may cause

intensity change in the time-lapse images (Figure 4.2). Trophoblasts also sometimes

climb over each other and/or appear clustered together.

The data presented in this chapter has been previously analysed using an optical flow

(OF) technique [118]. In this method, cells are not treated as individuals but rather

as an overall network, and so stochastic information is lost. Although OF is very fast
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(a) (b)

(c) (d)

Figure 4.2: Time-lapse images of SGHPL-4 alone cultured under 4 dyne/cm2 of shear
stress demonstrating cell death within the time period of imaging (yellow star) and
changes in cell morphology while it migrates (green cross) (this cell divides in subsequent
slides which are not presented here). There is no yellow star on the last image (d)
because the cell has most likely died. In both cases the intensity change potentially
could cause error in automatic cell analysis.

and less complex than other semi-automatic or automatic image processing techniques

[177], it does not provide all the data required to parametrise a discrete model of cell

movement. In addition there are some issues in the accuracy of OF when cells disappear

from imaging and/or crawl over one another in which case cell velocities can be over

estimated (see Appendix E). Therefore, to find other important metrics of cell behaviour

(such as diffusivity, persistency and directionality) and stochastic information of cell

movements, in this chapter individual cells have been tracked over time in order to

re-analyse the raw cell migration data.
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4.3 Methods

4.3.1 Pre-processing

Software tools are available for individual cell tracking, [171, 172], however these often

fail to track cells in computationally complex situations when cells move over each other

or change shape and size while moving. Additionally, it is more likely for automatic

algorithms to make errors in defining individual cells when they are clustered together.

As these situations frequently occur in the SGHPL-4 and HUVEC co-cultures used

in this work, manual cell tracking techniques or semi-automatic algorithm in which

the user can intervene are preferable. Therefore, previously described individual cell

tracking method was used to provide the location of all cells in 2D throughout the

time course of the experiment [117].

In brief, time-lapse images consist of merged captures of both phase-contrast and fluores-

cence (red and/or green channel) images. Phase-contrast imaging helps to distinguish cell

boundaries and morphology, while fluorescence help to differentiate between SGHPL-4

and HUVEC cells. Images at each time step were imported into Matlab R© (Version

R2013a, The Mathworks Inc.). Image noise was reduced by applying a disk filter of 40

pixel radius and subsequently subtracting the filtered image from the original. Then, a

binary image was created by applying a threshold to show the cell interiors as white and

the rest of the image as black. Holes in the cell area were filled, and the first frame was

manually checked by the user to make sure that all visible cells were selected and. In the

event of cell clusters, new centres and cell areas were defined by manually clicking on

each cell centre and around its circumference (for more details refer to [117]).

4.3.2 Cell behaviour metrics

We quantify several cell behaviour metrics for SGHPL-4st, both cultured alone and in

co-culture with HUVECs, which aim to quantify the behaviours required to parameterise

and test an ABM of trophoblast migration. The simplest way to get a basic understanding

of cell migration is to observe cell trajectories. The coordinates of cell centre of mass

at each time step, provide trajectories of cell movement, by connecting the centre of

an individual cell across each time frame by linear interpolation. The resulting plot is
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piecewise linear trajectory with the origin shifted such that the start location of each cell

is at the origin, (0,0). Cell trajectories allows us to investigate qualitatively whether the

cells travel in a preferred direction and/or quasi-randomly. If all the possible directions

are covered equally by the cell trajectory lines then cell movement is inferred to be random.

Therefore, trajectory plots qualitatively illustrate biases in trophoblast movement.

4.3.2.1 Distributions of cell speed and direction

Cell speed and displacement: Considering cell movement between consecutive frames

n− 1 and n (between time tn−1 and tn), we can calculate displacement, di,n, of cell i over

the time frame from the cell location in each frame. Defining cell position at time frame

n as the vector (xi,n, yi,n, zi,n)T , then di,n =
√

(xi,n − xi,n−1)2 + (yi,n − yi,n−1)2. The

velocity of the cell over the time step is ui,n = di,n/∆t with ∆t being time step length.

The mean speed for each cell (ui,t̄) is then computed by taking an average over all the

time steps (42 time-frames as we cannot calculate a displacement for the first image),

ui,t̄ = 1
NT

NT∑
n=1

ui,n,

where NT is the total number of time steps. The average speed over the total number of

cells (u ¯cell,t̄) is computed by taking an average over all the mean cell speeds,

u ¯cell,t̄ = 1
Nc

Nc∑
i=1

ui,t̄,

where Nc is the total number of cells.

Migration angle, or cell directionality: Movement of a cell is regarded as a sequence

of vectors joining the cell position between time intervals. As vectors have a direction,

it is possible to calculate angles between the direction of migration and other possible

directions of interest (for example the direction of background flow). Here, to understand

the nature of trophoblast movement in the existence of background flow, we define

the overall angle of movement of cells (cell directionality) from its initial position

(at t = 0) to its current position (which is compatible with a concept of directional

bias computed in [118] using OF).
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Figure 4.3: A schematic of cell migration angle, or cell directionality θi,n. The
schematic shows cell movement between 3 consecutive positions and the angle (θi,n)
measured as the angle of cell movement from its initial position (at t = 0) to its current
position (at t = n) at each time step.

Directionality, here, means the angle of the final position of a cell at time tn relative

to its initial position (t = 0). The angle between the location of cell i at its start

point (xi,0, yi,0) and current position (xi,n, yi,n) is

θi,n = tan−1
(
yi,n − yi,0
xi,n − xi,0

)
. (4.1)

The angle θi,n is shown in Figure 4.3. If cells moved in a pure random walk then

θi,n would be independent of time (movement in a given direction occurs with equal

probability). If there is a directional preference, θi,n will have a distribution that

reflects this preference.

4.3.2.2 Metrics of cell directional persistence

Typical measures of directional persistence, or the tendency of cells to move in a

preferred direction are mean squared distance (MSD), direction autocorrelation and the

directionality ratio. It has been determined that each is useful to model cell migration

as each gives distinct metrics of movement [88].

Mean squared displacement (MSD), diffusivity and persistence time: The con-

cept of a mean squared displacement (MSD) is useful, particularly if one assumes that cell
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migration can be assumed to follow a persistent random walk. The MSD aims to capture

distance travelled by a cell over increasingly lengthening time intervals [88]. MSD is

MSD =< d̂2
i,n >= 1

Nc

Nc∑
i=1

(d̂i,n)2. (4.2)

The functional form of the MSD over time is expected to follow

MSD(t) = 4η
[
t− PT (1− e− t

P )
]
, (4.3)

where PT is a quantity termed the directional persistence time, η represents a random

motility (diffusion) coefficient [69]. The concept here is that over short time frames there

is a persistence in cell motion (PT matters) and a cell is more likely to move in the

same direction as it did in the previous time frame. However, over long time frames

the movement is assumed to look like a purely diffusive process (MSD should be linear),

thus linear fits to long time frame data should estimate the diffusional behaviour of

the cells, via η, which can then be related back to PT .

Direction autocorrelation: Direction autocorrelation defines how the angle of migra-

tion (direction of cell movement at each time step), correlates with itself over different

timescales [88]. Direction autocorrelation is independent of speed and it measures how

cell directions are aligned with each other.

To calculate direction autocorrelation the angle difference between cell location at each

time relative to each other time point is calculated, Figure 4.4. Then, for each integer

multiple of the time between image frames (δm = m(tn−tn−1) = m∆t, wherem = 1, 2, ...),

the average value of the cosine of angles for cell locations δm apart is calculated, and

termed direction autocorrelation. A zero value of direction autocorrelation shows that

there is no correlation at all amongst the alignment of the cell over that time frame,

and a value equal to 1 shows a complete correlation (directions of cell movement over

the time period were totally aligned).

Like with MSD we expect persistence over short time frames so a cell at time tn is expected

to move at an angle similar to what it was moving at at time tn−1 (the angle between the

cell direction at each of these time points will be small and on average close to one), but we

expect over long time for there to be less of a relationship between angle of movement (i.e.
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Figure 4.4: A schematic of the calculation of direction autocorrelation coefficients
computed with overlapping time intervals. At each time step all possible cos(θn,n+j) are
computed, where j is step size. The dashed line shows an average over all cosine values
in each group (written on one column above each time step). The value of direction
autocorrelation is one when directions of cell movement over the time period were totally
aligned and is zero when there is no correlation.

tn is unlikely to depend on tn−10 as much as it depends on tn−1) and thus the direction

autocorrelation should be smaller over long time frames than short time frames.

Directionality ratio: The directionality ratio, also known as confidence ratio or straight-

ness index [88], is the ratio of the displacement of a cell between the start point and the end

point of the migratory trajectory to the total length of the path that the cell has travelled

(d/D in Figure 4.5). In mathematical terms the directionality ratio for cell i is

directionality ratio = d

D
= d̂i,NT∑NT

n=1 di,n
, (4.4)

where d̂i,NT is the distance travelled by a cell from the start time in the image up to

NT time steps and is calculated from d̂i,n =
√

(xi,n − xi,0)2 + (yi,n − yi,0)2, where n

indicates the final time step of measuring (NT ). This ratio can vary between 0 and 1;
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Figure 4.5: A schematic illustrating the calculation of a directionality ratio. Direction
vectors are shown for a typical cell trajectory. The directionality ratio is the ratio of
distance between start and end point d to total distance travelled following the cell
trajectory (D).

with a value of 1 meaning that the cell movement is in a perfectly straight line, and

value of 0 is achieved when the cell trajectory returns to its exact starting position

(d = 0). The directionality ratio is easy to compute but gives limited information

on the nature of diffusive motion [88].

4.3.3 Statistical analysis

Data was analysed statistically using IBM SPSS Statistics v23. A Kolmogorov-Smirnov

test was used to determine whether the data is normally distributed. Then an ANOVA

followed by a Kruskal-Wallis test was used to determine statistical differences in all

measured parameters. Statistical significance was assumed for p<0.05.

4.4 Results

4.4.1 Simple metrics of cell motion

Visualisation of cell trajectories: Trajectories of SGHPL-4 (trophoblasts) cultured

under each flow condition are plotted in Figure 4.6. No directional preference is seen

from the trajectory plot of cells at 0.5 dyne/cm2 as all the possible directions are
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(a) (b)

(c) (d)

Figure 4.6: Trajectories of individual SGHPL-4 cultured under (a) 0.5 dyne/cm2 (b)
2 dyne/cm2 (c) 4 dyne/cm2 or (d) 6 dyne/cm2. Here we can compare the trajectory of
SGHPL-4 under different magnitudes of shear stress. The direction of flow is indicated
by an arrow in (a). Cells under 0.5 dyne/cm2 do not show apparent tendency to move in
a particular direction, instead, they move randomly and uniformly across all the angles
(diffusive movement). As the shear stress increases to 6 dyne/cm2 aggregation of the
cells’ trajectory lines shifts towards the direction of flow. Trajectories presented here
are for SGHPL-4 cultured alone. Trajectories for co-cultured SGHPL-4 with HUVECs
also represent the same behaviour.

equally covered by the trajectory lines, indicating that cells move randomly at all

angles (diffusive movement). As the applied shear stress increases to 6 dyne/cm2,

aggregation of cell trajectory lines shifts toward the direction of flow, suggesting a

persistent motion in that direction. Data used to generate the graphs in Figure 4.6

are of SGHPL-4s cultured alone. However, SGHPL-4s co-cultured with HUVECs show

similar behaviours (data not shown here).

Average cell speed: The average speed for SGHPL-4 over all time steps were 3.82,

4.71, 3.72 and 3.62 µm/min when cultured alone and 3.38, 4.66, 3.50 and 3.48 µm/min in
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(a) (b)

Figure 4.7: The average speed of SGHPL-4 cell movement under different shear stresses,
with speed averaged over all timepoints and all cells. Error bars are standard error of
the mean. For SGHPL-4 cultured alone (a), cells cultured under 2 dyne/cm2 move with
a significantly higher speed than all other cultures (p<0.05), and cells cultured under
0.5 dyne/cm2 move with a greater speed than those cultured under 4 and 6 dyne/cm2.
For SGHPL-4 co-cultured with HUVECs (b), cells cultured under 2 dyne/cm2 are
significantly different to speeds in 0.5, 4 and 6 dyne/cm2 cultures (p<0.05). Error bars
show standard error of the mean.

co-culture under 0.5, 2, 4 and 6 dyne/cm2, respectively (Figure 4.7). Comparing SGHPL-

4s in co-culture and cultured alone for the same applied shear stress, there were no

significant differences in average speed (p>0.1), except at 0.5 dyne/cm2, when SGHPL-4s

co-cultured on HUVECs (sample size = 621) moved significantly slower than SGHPL-4s

cultured alone (sample size =468) (p<0.01). For both co-cultured and SGHPL-4s cultured

alone (sample size = 493 and 391, respectively) the average cell speed under a shear

stress of 2 dyne/cm2 was significantly higher than when cells were cultured under any

other shear stress (p<0.05). Average cell speed under all other shear stresses were similar

and there were no significant differences between the speed of SGHPL-4s cultured in 0.5,

4, and 6 dyne/cm2, except for comparing 0.5 dyne/cm2 with 4 and 6 dyne/cm2 cultured

alone where 0.5 dyne/cm2 shows a small but significant increase in speed (p<0.05).

The previously published OF analysis of this data showed that SGHPL-4 moved at

the highest speeds under 6 dyne/cm2 culture, with no significant difference in speed

for SGHPL-4s co-cultured on HUVEC monolayers and a significant difference in speed

between 2 and 6 dyne/cm2 for SGHPL-4s cultured alone [118]. As outlined in Appendix

E, the likely reason for this discrepancy is that when cells leave the field of view, OF

overestimates the speed of the cells. This happened more often in 6 dyne/cm2 as cells

are stimulated to migrate in the direction of flow along the culture channel and thus
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leave the field of view more frequently. Indeed, an application of OF applied to this

dataset but removing cells that leave the field of view, resulted in very similar average

speed estimates to the manual tracking method employed here (Appendix E).

4.4.2 Are there biases in the direction of cell migration?

A histogram of SGHPL-4 directionality was computed for cell moving in 10o (π/18 radian)

bins, based on direction (Figure 4.8). When the shear stress is low (0.5 dyne/cm2),

cells tended to move in any direction with equal likelihood (random walk) (Figure

4.8a). Increasing the shear stress, increased the probability of movement of cells in the

direction of flow (close to θ = π or −π) (Figure 4.8). This trend occured when SGHPL-4s

were cultured alone, or co-cultured with HUVECs. This is consistent with the results

presented in the previous OF analysis of this data [118].
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(a) (b)

(c) (d)

Figure 4.8: Directionality of SGHPL-4 movement under (a) 0.5 dyne/cm2 (b) 2
dyne/cm2 (c) 4 dyne/cm2 or (d) 6 dyne/cm2 shear stress. Here we can compare the
percentage of the cells moving in a specific range of angles. Cells under 0.5 dyne/cm2

have no directionality preference (diffusive movement) whilst increasing the shear stress
stimulates more cells to move in the direction of flow (−π or +π). The directionality
value of SGHPL-4 movement when they are co-cultured with HUVECs or cultured
alone are plotted together for each value of shear stress. Red bars show the values for
SGHPL-4s co-cultured on HUVEC monolayers, while blue lines demonstrate the borders
of bar chart for SGHPL-4 cultured alone. No significant difference is found between
directionality values when cells are co-cultured with HUVECs or are cultured alone.
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4.4.3 Does cell speed depend on the direction of movement?

Cell speed versus direction was quantified in the previous OF study using this dataset

as a directional bias, defined as the distribution of movement direction normalised by

speed [118]. Here, we investigate whether bias in direction leads to bias in speed in that

direction, whether or not there is a significant impact on overall migration speed.

Cells moving with and against the direction of flow: The average speed of cells

moving against the flow (or to the positive x-direction) and those moving with the

flow (or to the negative x-direction) was calculated. To do this, the cell was defined as

moving against the flow if its direction angle was between −π/2 and π/2 (as depicted

in Figure 4.8), and with the flow if outside of this range. The average speed of cells

categorised as moving with or against the flow (over all time points) was then calculated

(Figure 4.9a and b). Under shear stress of 0.5 dyne/cm2 cells that moved against the

flow had a significantly greater speed than those that moved with the flow (p<0.01, with

total number of movement of 6877 with the flow and 6519 against the flow). Under

shear stress of 2 dyne/cm2 there was no significant difference in cell speed whether

cells are moving with or against the flow. Under shear stress of 4 and 6 dyne/cm2

the bias reverses and cells moving with the flow (with total number of movement of

11220 and 8091 with the flow for 4 and 6 dyne/cm2, respectively) moved significantly

faster than those moving against the flow (with total number of movement of 7393 and

4665 against the flow for 4 and 6 dyne/cm2, respectively) (p<0.01). An approximately

linear relationship holds between the level of shear stress and the difference in speed

with and against the flow (Figure 4.9a and b).
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(a) (b)

(c) (d)

Figure 4.9: A comparison between cell migration speed when cells are moving with or
against the flow in the Bioflux micro-channel. Under 0.5 dyne/cm2 there is a significant
increase in the speed of movement against the flow compared to with the flow (for
SGHLP-4s cultured alone (a) and co-cultured on HUVEC monolayers (b)). There is
no significant directional effect on trophoblast speed under 2 dyne/cm2 shear stress (p
= 0.1). However, as shear stress increases to 4 or 6 dyne/cm2 the average speed of
movement with the flow increases and becomes significantly greater than the average
speed of movement against the flow (p<0.01). An approximately linear relationship
holds between the level of shear stress and the difference in speed with and against the
flow (for SGHLP-4s cultured alone (c) and co-cultured on HUVEC monolayers (d)).
Error bars show standard error of the mean.

The distribution of cell speeds: To provide a more detailed picture of the distribution

of cell speeds, and allow quantification of this distribution, SGHPL-4s were assigned to

one of 8 groups depending on their angle of motion (Figure 4.10). Average speed in each

group, over all time steps was calculated. Under 0.5 or 2 dyne/cm2 there is no significant

difference in cell speed for cells moving in directions 4 and 5 (predominantly with the

flow), and 1, 2, 7 and 8 (predominantly against the flow). However, reductions in cell

speed are observed in directions 3 and 6 compared to other directions (with the flow

but also toward micro-channel walls), this reduction is significant under 2 dyne/cm2. As
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(a)

(b)

Figure 4.10: Distribution of SGHPL-4 speed for (a) SGHPL-4 cultured alone and (b)
SGHPL-4 co-cultured with HUVECs through 8 segments of a full circle with a central
angle of 45 degrees (±π/4 radians). Error bars are standard error of the mean. Data is
normalised by the average speed of movement in all directions for each magnitude of
shear stress. Under low shear stresses (0.5 and 2 dyne/cm2) cells move with similar speed
(normalised speeds remain in a small range of 0.93-1.03) in all 8 directions. As shear
stress increases a difference between the speed of cell moving with the flow (directions
4 and 5) and the other 6 directions (1, 2, 3, 6, 7 and 8) becomes significant (p<0.01).
Comparing speed values in each of the 8 directions for SGHPL-4 co-cultured with
HUVECs against the ones cultured alone showed a significant difference between the
results (p<0.01). Error bars show standard error of the mean.

the culture micro-channels have fixed walls, it is feasible that cell movement becomes

restricted as cells move toward the walls and cells are more freely able to move in the

centre of the micro-channel and along its length, explaining this observation.

When the shear stress is increased to 4 and 6 dyne/cm2, significant increases in cell

speed are found in directions corresponding with the direction of flow (directions 4 and

5) compared with all other directions (p<0.01). In other words, SGHPL-4 show a greater

tendency to move at a greater speed in the direction of flow (in directions 4 and 5) than in
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other directions (Figure 4.10a). When SGHPL-4 are co-cultured on HUVEC monolayers,

trends remain the same (Figure 4.10b). Although, there is a significant difference (p<0.01)

between speed results in 8 directions obtained from analysing SGHPL-4 co-cultured with

HUVECs compared to cells cultured alone, the trends remain the same.

4.4.4 Can cell-cell interactions be detected?

To assess whether cell-cell proximity impacts on cell speed, the distance between each

SGHPL-4 and every other cell (other SGHPL-4 or HUVEC) was calculated as the

distance between their centrepoints. Under the culture conditions assessed, there was

no significant effect of cell interaction on cell speed for cells <100 µm (n=503) and

<50 µm (n=60) apart (Figure 4.11). Average radius of SGHPL-4 measured from this

experimental data was 100 µm (as the cells has more space to spread out), while the

average trophoblast size measured in outgrowths from first trimester villous explant [115]

gave an average diameter of 43 µm (Chapter 3). Then, the range of distance in which

the cell-cell interaction effect was investigated was similar to the range of a distance

between two cells in contact (either spread out on a 2D surface or densely packed as

in outgrowths from villous explant). This suggests that cells in this experiment did

not impact cell speed, suggesting that more investigation should focus on quantifying

expression of adhesion molecules and the resulting cell adhesion force.

(a) (b)

Figure 4.11: (a) A plot of cell speed versus cell-cell centre distance for those cells
located within the vicinity of <100 µm distance from other cells while (b) shows data
points for cells within the distance of <50 µm. No significant relationship is found in
either suggesting that cell-cell interaction does not affect cell speed over the range of
distances observed here.
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4.4.5 Effect of shear stress on cell persistency and diffusivity

Here, the effect of shear stress on trophoblast movement and its consistency in moving

in a particular direction are investigated. It is of interest to know if shear stress has

any effect on changing the duration time in which a trophoblast persists on moving

in a same direction with the lowest deviation from it. Therefore, two parameters,

namely diffusivity and persistence time, are computed in this section using the MSD.

Direction autocorrelation and the directionality ratio are the other two parameters used

to investigate persistency of cell movement.

Mean squared displacement, diffusivity and persistence time: The MSD was

calculated for SGHPL-4 movement under all shear stresses. The displacement of each

cell from its initial position after k-time-step (k=1, 2, 3, · · · ) is obtained. Results for

SGHPL-4 cultured alone under 0.5 dyne/cm2 shear stress, which is obtained by tak-

ing the average of square displacement over all cells for each time step, are shown

as an example in Figure 4.12.

A linear fit to the data, excluding short time data (time < 50 min) was conducted. As

an example, consider the case of SGHPL-4 cultured alone and under 0.5 dyne/cm2 shear

(a)

Figure 4.12: The mean value of the square of displacement, < d̂2(t) >, of SGHPL-4s
cultured alone under 0.5 dyne/cm2 shear stress computed by taking average over all
cells displacement between the initial position and its position after k-time-step.
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Table 4.2: Computed diffusivity and persistence time for SGHPL-4 movement either
co-cultured with HUVEC or cultured alone and under different magnitudes of shear
stress. SEM is the standard error of the mean.

Cultured alone Co-cultured
Shear stress (dyne/cm2) 0.5 2 4 6 0.5 2 4 6

Diffusivity η (µm2/min) [SEM] 179.04
[14.12]

179.48
[24.25]

219.70
[17.52]

222.46
[18.03]

106.15
[27.54]

215.15
[33.44]

210.79
[25.03]

225.40
[22.26]

Persistence time PT (min) [SEM] 24.54
[2.24]

16.18
[2.84]

31.75
[2.83]

33.95
[3.49]

18.58
[2.37]

19.82
[1.62]

34.41
[2.99]

37.22
[2.80]

stress. When t is large a linear fit gives a slope 4η = 716.17 µm2/min and so η = 179.04

µm2/min (Figure 4.12). Consequently, the directional persistence time is calculated as

PT = 2η/u2
¯cell,t̄ = 2× 179.04/(3.82)2 = 24.54 min (or 2.45 image frames). This suggests

in this case that trophoblasts are expected to move in the same direction for 24.54 min

(6% of the total time-lapse sequence), before changing direction.

Results of computed diffusivity and persistence time are listed in Table 4.2 and shown in

Figure 4.13. In both cases of SGHPL-4s cultured alone or co-cultured with HUVECs,

diffusivity and persistence time of SGHPL-4s increases as shear stress increases. There is

no difference in diffusivity and/or persistence time of SGHPL-4s cultured alone between

0.5 and 2 dyne/cm2 or 4 and 6 dyne/cm2. However, there is a significant increase in

these values when shear stress changes from ≤2 dyne/cm2 to ≥4 dyne/cm2 (p<0.05 and

p<0.01). In contrast, SGHPL-4s co-cultured with HUVECs, increase their diffusivity from

≥2 dyne/cm2, suggesting that co-culturing with HUVECs has an impact on trophoblast

diffusivity. There is a significant difference in diffusivity of co-cultured SGHPL-4s with

HUVECs when shear stress is equal to 0.5 dyne/cm2 compared to other shear stresses

(p<0.002). The behaviour of persistence time of SGHPL-4s co-cultured with HUVECs is

similar to cultured alone SGHPL-4s as there is a significant increase when shear stress

increases from ≤2 dyne/cm2 to ≥4 dyne/cm2 (p<0.001).
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(a) (b)

(c) (d)

Figure 4.13: The diffusivity and persistence time compared from MSD curves as the
shear stress increases from 0.5 to 6 dyne/cm2 when SGHPL-4 cells are either cultured
alone (a, c) or co-cultured with HUVECs (b, d). The diffusivity and persistence time of
SGHPL-4s cultured alone (a, c), and the persistence time of SGHPL-4s co-cultured with
HUVECs (d) is significantly lower in ≤2 dyne/cm2 conditions than in ≥4 dyne/cm2

conditions (p<0.05, p<0.01 and p<0.001, respectively). Diffusivity of SGHPL-4s co-
cultured with HUVECs (b) under 0.5 dyne/cm2 shear stress is significantly lower than
under other shear stress conditions (p<0.003). Error bars represent the standard error
of the mean.

Direction autocorrelation: Direction autocorrelation for SGHPL-4s are shown in

Figure 4.14. Data for SGHPL-4 cultured alone are presented here, however results for

SGHPL-4s co-cultured with HUVECs revealed similar behaviour. These curves, are

close to zero at the first time step (equivalent to the time between image frames, 10

minutes). This suggests that the direction a cell is moving in one imaging frame is not

significantly related to the next. There is a peak in the autocorrelation function between

3 and 5 time steps (30-50 minutes), suggesting this is the timeframe over which cells

are most likely to be moving in a consistent direction. The curve decays to close to
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zero in each case over long time frames, suggesting cells do not persist in a consistent

direction over long time frames (i.e. there is significant diffusional or random movement).

Autocorrelation peaks are slightly higher at 4 and 6 dyne dyne/cm2 than 0.5 and 2

dyne/cm2 suggesting more persistent movement in this case. There was no significant

difference in autocorrelation between any of the shear stress conditions, nor between

cells cultured alone or co-cultured with HUVECs (p>0.4).

Figure 4.14: Direction Autocorrelation for manually tracked SGHPL-4s cultured under
different shear stress (0.5, 2, 4, or 6 dyne/cm2). The fast decay of all the lines shows that
SGHPL-4s move randomly for all time steps equivalent to the time between image frames
(10 minutes) regardless of background flow. However, there is a timescale ( 30–50 mins)
over which direction is quite persistent. No significant difference was found between the
curves (p > 0.4). Error bars are standard error of the mean.

Directionality ratio: The directionality ratio can be influenced by cell speed [88]. This

results in quite different d/D curves for each cell under the same shear stress which are

averaged subsequently to produce an average curve (Figure 4.15). The directionality

ratio mostly decays quickly, but cells moving in nearly straight lines produce curves that

decay more slowly than the cells moving randomly. Figure 4.15 shows that over the

imaging period the directionality ratio curve for movement under 6 dyne/cm2 stands

above all the other curves, demonstrating that SGHPL-4 movement under 6 dyne/cm2 is

more linear compared to SGHPL-4 movement under other magnitudes of shear stress.

Movement under 0.5 and 2 dyne/cm2, on the other hand, is better approximated as a

random process as the directionality ratio falls rapidly. The d/D curve for 2 dyne/cm2
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stands lower than the other curves showing that SGHPL-4 under this magnitude of shear

stress may be considered to be more random compared to other magnitudes of shear

stress. The directionality ratio of SGHPL-4s movement under 2 dyne/cm2 is significantly

different from that under shear stresses of 4 and 6 dyne/cm2 (p<0.02) for both cocultred

and cultured alone SGHPL-4s. No significant difference is found between any other

d/D curves. There was no significant difference in the directionality ratio of trophoblast

migration when SGHPL-4s were cultured alone or on top of HUVEC monolayers.

(a) (b)

Figure 4.15: Comparing the directionality ratio (d/D) of SGHPL-4 cultured alone
(a) and co-cultured with HUVEC cells (b) under different shear stress (0.5, 2, 4, and 6
dyne/cm2). Cells under 6 dyne/cm2 have higher d/D compared to the cells under 0.5
and 2 dyne/cm2. The directionality ratio of SGHPL-4 movement under 2 dyne/cm2

is significantly different from the ones computed for SGHPL-4 movement under shear
stresses of 4 and 6 dyne/cm2 (p<0.02) either cultured alone or co-cultured with HUVECs.
No significant difference is found between other d/D curves. Error bars are standard
error of the mean.

4.5 Discussion

In this chapter, an analysis of trophoblast (SGHPL-4) movement in a micro-channel in

response to a flow of a physiological medium over their surface is presented. The flows in

the micro-channel induce a shear stress on the cells of 0.5-6 dyne/cm2, which is typical

of small blood vessels, and has since been confirmed (Chapter 3) to be consistent with

expected conditions in plugged spiral arteries. Although these data have previously been

analysed using OF [118], more detailed information on cell behaviours is required for

parameterising ABMs, and thus an analysis based on individual cell trajectories was
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employed. The same techniques can be applied to cell migration data under chemotactic

stimuli or other mechanical stimuli if or when they become available.

First, simple cell behaviour metrics (cell trajectories, average speed, migration angle)

were calculated, which allowed comparison to the previous OF analysis [118]. OF avoids

cumbersome manual tracking of cells by allowing movement of cells between imaging

frames to be analysed as a whole based on changes in image intensity between frames.

The choice of appropriate analysis method depends on the nature of cell movement, the

experimental setup, the variable of interest and image quality. Table 4.3 compares the

advantages and disadvantages of OF and manual tracking, which are used to extract data

from the time-lapse images. In general, for simple migration analyses, OF metrics are

consistent with the results of our analysis if one takes into account inaccuracies incurred

in OF when cells disappear and reappear between frames, pass over one another, or

change size and shape. The effects of each of these factors on OF results are demonstrated

in Appendix E via a theoretical analysis. The errors incurred in OF as a result of the

above reasons, and the desire for more stochastic information on cell behaviours makes

individual manual cell tracking more appropriate than OF in this context.

Table 4.3: Advantages and disadvantages of optical flow and manual cell tracking.

Method Advantages Disadvantages
-Can be used for any kind of cell
related measurements,

-Time consuming.

Manual tracking
-Precise and can be refined easily
by including conventional image
analysis technique in the format
of simple codes,

- Subject to user error (example
in Appendix F)

-Provides information regarding
the stochastic cell movement.
-All the movements are measured
in a sequence,

-Provide little amount of informa-
tion regarding the cell movement,

Optical flow

-Simple and considerably fast, -Appearing/disappearing of cells
produces big errors in cell speed
estimation,

-Can be developed as an auto-
matic technique for cell tracking.

-Cell shape/size change is not
favourable to the accuracy of com-
putations,
-Change in cell features should
occur smoothly over the sequence,
-Sensitive to image brightness
change.
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To investigate the effect of shear stress on cell speed we computed the average speed

based on the average distance cells move within each 10-minute time step. The average

speed of trophoblasts was increased at 2 dyne/cm2 compared to other conditions. This

is in contrast to the previous OF analysis of this data [118], which reported that there

was no significant difference in cell speed between 0.5-4 dyne/cm2, but that cell speed

increased under 6 dyne/cm2 of shear stress. Upon closer consideration, this discrepancy

can be explained by careful comparison of the techniques employed. We observe a

significant difference between the speed values computed in this study (a range of 3-

4 µm/min) compared to the values reported in the previous study (a range of 15-20

µm/min) [118] (an almost 5-fold difference). As analytically demonstrated in Appendix

E, OF significantly overestimates cell speed when cells "disappear" or "appear" as cell

intensity changes rapidly. Thus, by neglecting cells which appear/disappear or pass over

one another in OF, the two analysis methods can be reconciled.

It is important to note that this increase in average speed under 2 dyne/cm2 conditions

does not mean more cells move with the flow, rather it reflects increased random cell

motility. Analysis of the migration angle (cell directionality) showed that as the shear

stress increases more cells move in the direction of flow (at angles close to −π and π),

which is consistent with the overall trend of prior analysis of this dataset [118] and

agrees with previously published findings regarding the tendency of trophoblasts to move

with the flow as shear stress increases (albeit at supraphysiological levels) [155]. By

subgrouping the normalised speed magnitude of trophoblasts based on the direction of

their movement, we showed that increasing shear stress induces cells to move faster in

the direction of flow compared to the directions against the flow. Thus, we conclude

that ≥4 dyne/cm2 of shear stress encourages trophoblast to move increasingly with the

fluid flow at an increased speed. This increase in speed appears to be approximately

linear with increasing shear stress.

No relationship between cell-cell interaction and cell speed was observed in this anal-

ysis. Further investigation is required to see if other forces at molecular scale are

active and/or specific adhesion molecule expressions exist. Detecting and analysing

other forces in between cells may require image acquisition at much greater frequency

than occurred in this dataset.

Three techniques were used to analyse diffusivity and/or persistence in trophoblast
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migration. First diffusivity and persistence time were calculated from a MSD metric,

then a direction autocorrelation was calculated, and finally a directionality ratio (d/D)

was calculated. All metrics suggest that under ≤2 dyne/cm2 of shear stress cells move in

a quasi-diffusive manner, and at ≥4 dyne/cm2 of shear stress cell movement becomes

more "persistant", i.e. cells tend to prefer to move in a consistent direction for longer.

This supports the concept of increasing shear stress inducing trophoblasts to move in the

direction of flow. Direction autocorrelation analyses suggest that over the time frames,

with 10 mins apart, cells are unlikely to persist in the same direction, one reason for this

may be a bias by a delay in response to a stimulus (cells are imaged immediately on

application of a flow). However, as this occurs even in low flow conditions this may not

be the case, alternatives include biases due to errors in identification of cell direction

over short time frames, or lack of information on cell directionality prior to the start of

imaging. However, both MSD and autocorrelation suggest a persistence time of 20–50

minutes over which there is consistency in cell direction.

In this chapter, trophoblast behaviours were analysed alone and in co-culture with

HUVECs. Although there were differences in some metrics between trophoblasts cultured

alone cells and co-cultured cells, these differences were not consistent enough or large

enough to suggest there are any fundamental differences in overall behaviour. Thus in

general, our analysis suggests that HUVECs do not impact significantly on the speed

or direction of trophoblast migration. These results are consistent with OF analysis

of the same imaging dataset [118]. Interestingly, studies of the migration of macaque

trophoblasts showed no change in average speed on displacement in response to increasing

shear stress from 1-30 dyne/cm2 when cultured on human uterine microvascular cells.

However, macaque trophoblast cultured alone showed a significant increase in speed and

were stimulated to migrate retrograde to flow as shear stress increased. This led the

authors to conclude that endothelial cells regulated the trophoblast response to flow. Our

data showing similar results for both cultured alone and trophoblasts co-cultured with

endothelial cells disagrees with these findings. This may be due to differences between

how human and macaque trophoblasts behave, particularly as the extent of trophoblast

invasion and SA remodelling are less extensive in macaques than in humans [42]. In

addition, it is not clear whether culture shear stresses in this study are reflective of in vivo

shear in macaques, and it may be that differences are due to choices in culture conditions.

Alternatively, it could be a result of a mismatch between macaque trophoblasts and human
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endothelial cells used, whilst our work employed data solely derived from human cells.

4.6 Chapter summary

Time-lapse image sequences of trophoblast movement under different magnitudes of shear

stress (0.5-6 dyne/cm2) were originally analysed using OF in [118]. Here, we re-analysed

this data using manual tracking because of two important reasons: 1) phenomena such

as appearing/disappearing of cells or abrupt change of brightness, which were frequently

seen in this data, cause large errors in computing parameters using OF. 2) We want

stochastic information on cell movement which cannot be achieved using techniques

such as optical flow to generate ABMs.

In Chapter 3, we demonstrated that the existence of trophoblast plugs in the SA reduces

shear stress upstream of the plug to ≤2 dyne/cm2. In this chapter, it was shown that

increasing shear stress also increases the average speed of those cells moving with the

flow, the apparent diffusivity of cells, and the time for which trophoblasts persist on

moving in a particular direction. Results confirm previous findings that as trophoblasts

do not migrate retrograde to blood flow, this low level of shear stress is thought to be

important to provide permissible conditions for trophoblasts to migrate down the SA

and colonise these vessels in response to chemotactic stimuli during early pregnancy.

Thus the presence of trophoblast plugs during pregnancy has important implications

for the success of SA remodelling. To better understand cell migration in a plugged

spiral artery we next introduce a model of a plugged SA in which cells migrate in

response to local blood flow through the artery. Parameters calculated in this chapter

will be used in the next chapter in order to guide parameterisation of the cell-based

computational model of trophoblast movement.





Chapter 5

The first trimester: Agent-based

model of trophoblast migration

As described in Chapter 2, the dramatic changes in SA structure in early pregnancy

depends on the migration of trophoblast within the arterial lumen. However, the factors

that stimulate trophoblast migration away from the placenta, down the SAs, are not well

understood. Inadequate SA remodelling arising from insufficient trophoblast migration

down the SAs, has been associated with pregnancy disorders [138, 170, 255]. Thus it is

important to investigate how trophoblasts migrate within the SA lumen both during

SA plugging (when blood flow is limited) and after unplugging (free blood flow). To

understand trophoblast behaviour in the context of SA remodelling we need to identify

those environmental factors that have the most dominant effect on determining the

directionality of cell movement. In this chapter, the two factors most likely to influence

this directional migration; blood flow (sensed by the cells via shear stress, see Chapter

4) and chemotaxis (whose effects are less well defined) are considered.

In this chapter, an ABM to simulate trophoblast migration under the influence of shear

stress is presented. Model development is guided by experimental data (Chapter 4) as

well as a simple description of chemotaxis. An off-lattice ABM in 3D, coupled with a

continuum model of blood flow, is used to investigate the balance between blood flow

effects, chemotaxis, and cell-cell and cell-wall interactions on the cell movement. This

model provides the basis of a toolkit to study trophoblast migration, which can be used to

1) test existing hypotheses regarding trophoblast migration, 2) propose new experiments,

89
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Figure 5.1: Components of 3D off-lattice agent based model (ABM) of trophoblast
migration. The modelling process can be grouped into 3 main stages: model set-up
stage (red), computation of blood flow (continuum modelling, orange) and computation
of forces and cell displacement (discrete/agent-based modelling, yellow)).

and 3) incorporate new knowledge as it arises. We first parametrise the model to simulate

experimental data described in Chapter 4. Then, move to a geometry more reflective of

the in vivo situation and investigate how the balance between key mechanisms known

to drive trophoblast migration may impact on the in vivo environment.

5.1 Methods

A schematic of model components is given in Figure 5.1, and components are described in

detail below. The model is solved using a custom written Fortran code (Fortran90). The

simulation process includes three main stages: 1) a set-up stage (steps coloured in red in

Figure 5.1), 2) computation of blood flow (continuum modelling, steps coloured in orange

in Figure 5.1) and 3) computation of forces and cell displacement (discrete/agent-based

modelling, steps coloured in yellow in Figure 5.1).
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5.1.1 Agent-based model

To define an ABM, the agents (in this case trophoblasts) and their specific behaviours

and properties must be defined. Then, the relationships agents have with one another

and the method(s) used to interpret agents interaction are defined. Finally, the in-

teraction between agents and the environment must be defined [158]. In an ABM,

agents have certain essential properties [158].

• Identifiability of agents: An agent should uniquely be identified, therefore should

have an identifiable geometry or boundary.

• States of agent: An agent has a state (e.g. alive or dead), that may change over

time.

• Social agents: An agent is "social", therefore, it is able to recognise other agents in

its neighbourhood.

As well as the essential properties of agents, agent movement can be influenced

by environmental stimuli. For example, agents can move towards chemical at-

tractants and in response to mechanical stimuli or their speed may be impacted

by factors such as temperature.

Identifiability of agents: In our model each trophoblast has a unique identifier (ID)

and is defined as a sphere with radius rT .

States of agent: In our model, each trophoblast can have one of three states: alive, gone-

back or gone-through. We do not consider cell death in this model. When trophoblasts

are alive they remain in the geometry of the problem and can interact with each other,

the SA wall, and the environment. Cells that have gone-back and gone-through have

exited the region defined in the geometry and are no longer modelled. The separation

between gone-back or gone-through is relevant when trophoblast are exposed to blood

flow. We define cells that have gone-back as cells that have moved against the flow and

exited through the inlet of the geometry and cells that have gone-through as cells that

have moved with the flow and exited through the outlet of the geometry.

Social agents: The notion of social agents is incorporated into the model by allowing cells

to "sense" one another or walls present in the geometry, if the cell is within three cell radii



92 Chapter 5. The first trimester: Agent-based model of trophoblast migration

of one another. This is implemented by defining a neighbour list for each cell that records

all cells whose centre is with 3rT of the centre of any given cell. This list is updated at

each time step as cells displace. The distance between the cell and the SA wall is defined

by measuring the shortest distance between the cell centre and the wall.

Environmental stimuli: In our model, we incorporate environmental stimuli that can

be sensed by an agent. The environmental stimuli considered are the blood (or fluid)

flow in the vicinity of a trophoblast, and the sensing of chemical signals that attract

trophoblast towards the arterial wall. The impact of blood flow is modelled to fit the

data described in Chapter 4. The chemicals that attract trophoblasts are not completely

characterised, and so the nature of trophoblast migration under these stimuli is not

yet characterised in the same way as the impact of flow. Thus, chemical signalling to

trophoblast is considered more simply than flow forces.

Movement of cells in the ABM is driven by a concept of force, which incorporates

random cell diffusion, the social interaction of agents and interaction with the envi-

ronment. Cells are initially seeded into a geometry in a configuration representing

either an experimental setup (Chapter 4), or an in vivo scenario (Chapter 3). The

model then evolves over time increments, dt. The extent and direction of cell movement

over a time step, dx is defined by

dx = dt
Ftotal

kdrag
, (5.1)

where the vector Ftotal is the net force on the cell and kdrag is a drag constant, which

depends on the properties of the fluid in which the cells are moving and the shape of the

cells. The governing equation 5.1 is derived from Newton’s second law (conservation of

momentum) [87, 159] under the assumption that the system is ’inertialess’, or that there

is a fast force equilibration such that a force balance is reached almost instantaneously,

and that drag force on cells moving in the system is proportional to velocity. The net

force on a cell at any given time is defined as a sum of forces driving random movement,

social interactions, and environmental stimuli. Thus

Ftotal = Frandom + Fsocial + Fenvironment, (5.2)

where Frandom is the random movement force, Fsocial is the force on the cell due to social
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interactions, and Fenvironment is the net force on the cell due to environmental influences.

The timestep, dt, must be defined such that cells do not "jump over" or get too close to

one another in single timesteps, and thus if necessary should be smaller when cells are

closer together that when far apart. dt can be fixed, or iteratively updated.

If we assume that the agents, or cells, can be classified as small spherical objects,

moving slowly through a fluid, flow is laminar, and the fluid is viscous, then one can

estimate the drag constant, kdrag, by

kdrag = 6πµr, (5.3)

where µ is the dynamic viscosity of the surrounding fluid, and r is the radius of the

cell [54]. This allows us to find an order of magnitude approximation for the drag

constant for our problem (see Table 5.1).

5.1.2 Random movement of agents

The force Frandom driving random movement defines the movement of cells in some

medium in the absence of stimuli. This force is implemented in the model by assuming,

that in the absence of stimuli, cells move at a fixed speed and that movement in any given

direction is equally likely. To implement this, three random numbers were generated

(by defining functions in fortran that generate uniformly distributed random numbers).

These three numbers were used to generate a direction vector xr = (xr, yr, zr) for each

cell at each time step. The force Frandom is then defined as

Frandom = Drandomx̂r,

where Drandom is interpreted as a diffusion coefficient, and x̂r is the unit vector in

the direction xr. While no data is available on random movement of trophoblast in

the complete absence of stimuli (culturing cells in the Bioflux system with no flow

over them negatively impacts their viability), the evidence from 0.5 dyne/cm2 data

(which includes a very low flow of 0.25 mm/s over the cells) is that this motion is

diffusive. This assumption is reasonable as qualitatively shown by a trajectory plot

and quantitatively by computing parameters representing cell migration characteristics
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such as directionality in Chapter 4. Thus, for modelling purposes this data is used to

parametrise Frandom (results are presented in Section 5.5).

5.1.3 Social relationships between agents

An agent in an ABM makes decisions independently but acts on "information received"

from interactions with other agents, in this model via Fsocial. We assume a simple

function to describe interaction between cells. In general, when cells come in proximity

to one another, they exert an attractive force on one another, until they are very close to

one another and this force becomes repulsive [44]. The force due to social interaction

is therefore a cell-cell force acts in the direction of the line joining their centrepoints.

Thus, if two cells interact with coordinates x1 = (x1, y1, z1) and x2 = (x2, y2, z2) and

radii R1 and R2 then the force on the cell at location x1 is

Fsocial = Fcell−cell(r)
x1 − x2√

(x1 − x2)2 + (y1 − y2)2 + (z1 − z2)2 , (5.4)

where Fcell−cell(r) is the magnitude of the interaction force between the two cells and

r = |x1 − x2|/(R1 + R2) is a normalised distance between cell centres.

To define Fcell−cell(r) we assume a functional form that is qualitatively similar to several

other empirical relationships used to model cell-cell interactions [72, 135, 217]. The

magnitude of the force is defined as

Fcell−cell(r) =


acell−cell

(r−r0)(r1−r) − ccell−cell −
4acell−cell
(r1−r0)2 , for r < rcross ,

0, otherwise,
(5.5)

where acell−cell and ccell−cell are constant, r0 and r1 are the location of lower and upper

asymptotes for the force function, and rcross is the upper limit up to which cell interactions

with its neighbours (either other cells or the wall) is effective as shown in Figure 5.2.

Although, this is a simplified functional form, and other more complex functional forms

could be employed, it is unknown in the system and therefore the choice of this function

was made to keep our model as simple as possible. Beyond rcross the cell is far enough from

its neighbouring cell(s) or wall that the cell-cell or cell-wall interaction no longer affects
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Figure 5.2: An illustration of the force function used in the model to generate cell-cell
and cell-wall force. Here acell−cell = 1, ccell−cell = 0.55, r0 = 0.3 × 10−6 mm and
r1 = 1.7× 10−6 mm. Negative forces are attractive and positive forces are repulsive.

cell movement, in this function rcross is derived from r0, r1, acell−cell and ccell−cell as

rcross = r0 + r1
2 + 1

2
√
δ, (5.6)

where δ is

δ = (r1 − r0)2 + 4 acell−cell
bcell−cell

,

and bcell−cell = −ccell−cell − 4 acell−cell/(r1 − r0)2.

The force is attractive if Fcell−cell(r) is negative and repulsive if Fcell−cell(r) is positive.

ccell−cell is the magnitude of the maximum attractive force, corresponding to the minimum

Fcell−cell(r), at r = (r0 + r1)/2. If the distance between cells is smaller than r0 the

cell becomes non-physiologically compressed. In cases where forces are large and the

displacement over a time step is likely to be large, we adapt our time step by dividing

into smaller time steps in which we can reduce the cell displacement over a single time

step and avoid situations in which cells are non-physiologically compressed.
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5.1.4 Environmental stimuli

In this model, we consider three environmental stimuli with which agents can inter-

act: 1) walls present in the geometry (the wall of a micro-fluidic device or the wall

of the spiral artery), 2) chemical attractants (cell motion by chemotaxis) and 3) a

background flow. The environmental force, Fenvironment in Equation 5.2 is then de-

composed into three components and

Fenvironment = Fcell−wall + Fchemo + Fflow, (5.7)

where Fcell−wall is the force due to cell-wall interactions, Fchemo is the force due to

chemotaxis and Fflow is the force due to flow around the cells.

Interactions between cells and walls

Trophoblasts bind to each other and to endothelial cells via adhesion molecules expressed

on the cell surface [7, 32, 98, 153]. The precise expression of different adhesion molecules,

and their contribution to the interaction force observed between individual trophoblasts

is not known. However, adhesion molecule expression will significantly impact the

nature of cell migration. Cell-cell interaction between trophoblasts inside the plug

and/or on the vessel wall is assumed to be the same and is referred to as cell-cell

interaction (modelling strategy explained in Section 5.1.3). As the "vessel wall" is lined

with cells (endothelial cells) or fibronectin (or another extracellular matrix), or matrigel

in vitro, the attractive-repulsive interaction between trophoblasts and the vessel wall

happens when trophoblasts are close to the wall, via expression of adhesion molecules

[32]. Interaction force between trophoblasts and endothelial cells is considered in the

model, and magnitude defined as cell-wall force.

The cell-wall force acts on a cell in the direction of the line joining the centre of the

cell to the wall at a constant z coordinate (assuming the wall runs parallel to the

z axis. Defining the unit vector in this direction as l̂ then the force acting on the

cell due to the wall is defined by

Fcell−wall = −Fcell−wall(r) l̂ (5.8)
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where Fcell−wall(r) is the magnitude of the interaction force between the cell and the

wall and r is the distance between the cell and the wall normalised by cell radius rT .

Fcell−wall(r) is defined exactly the same as Fcell−cell(r) in Equation 5.5 by replacing

parameters acell−cell and ccell−cell by acell−wall and ccell−wall, respectively.

Chemotaxis

Chemotaxis is known to be a major contributor to cell movement across a range of

biological processes. Recent in vitro evidence shows EVT migration in response to

chemokines secreted by immune cells or decidual natural killer cells, which reside in

the decidua close to the SAs that are being remodeled [93, 94, 118, 233]. This makes

it necessary to consider the effect of chemoattractants in any models of trophoblast

migration. It is not yet known exactly which combination of chemokines drive trophoblast

migration in vivo, nor how the concentration of these chemokines varies within and

around the SA. In some ABMs concentration, or force on cells due to the presence of

chemoattractants, is modelled explicitly [21, 90, 186], and in others functional forms

for the gradient of chemoattractant are assumed exponential [84], nonlinear [89], linear

[232], and hill-shaped function [12]. As data that could be used to directly model

chemoattractant release or transport within the SA is scarce, here we assume simple

functional forms for describing the chemoattractant force on trophoblasts. More accurate

data, or continuum models of chemoattractant transport can and should be incorporated

into this framework as it becomes available.

Decidual natural killer cells accumulate in high densities around the SAs during early

pregnancy [93, 150], and are known to secrete chemokines that act as chemoattrac-

tants to trophoblasts such as interleukin IL-8, interferon-inducible protein IP-10 and

CCL5 (RANTES) [93]. This means that we expect a release of at least some major

chemoattractants near the SA wall. It also makes sense that there would be some source

of chemoattractant in the upstream portion of the SA (near or in the myometrium)

that signals trophoblast to invade deep into the SA. How far away from the source

that chemoattractants could be sensed would depend on the size and diffusivity of the

chemokine in question. We therefore consider two "types" of chemoattractive force. The

first is driven by a source of chemoattractant in the decidua, near the SA and primarily

secreted in the myometrium or upstream portion of the SA, this chemoattractant is
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primarily sensed by trophoblast on or near the SA wall. The SA wall is assumed to

lie parallel to the z-axis in our model, and this force pulls cells along the major axis of

the SA toward the myometrium (Faxial). The second chemoattractive force represents a

source of chemoattractant released on or near the vessel wall which can diffuse readily

into the vessel lumen. The source is assumed to be distributed evenly over the SA wall,

and acts to pull cells toward the vessel wall (so in the radial direction, Fradial). Therefore,

we assume a functional form of a chemotaxis force (Fchemo) as

Fchemo = Faxial + Fradial.

The "axial" chemoattractive force is defined as

Faxial = faxial z

L
exp(Caxial r

rs
) ẑ,

where faxial is the magnitude of the force, z/L is the normalised distance from the

interface between the SA and the IVS (z = 0) and source of the chemoattractant (at

z = L), r/rS is normalised radial distance from the centre of the SA (with r = rS

representing the radius of the SA), Caxial is a constant parameter that can be tuned

and ẑ is the unit vector in the direction of the major axis of the SA. The constant

Caxial controls the radial distance within the SA lumen that the force can be felt, so

if Caxial is big the force is very localised to the vessel wall.

The "radial" chemoattractive force is defined as

Fradial = fradial exp(
Cradial r

rS
) r̂,

where fradial is the magnitude of the force, Cradial is a constant parameter that can be

adjusted and r̂ is the unit vector in the direction of the line from the centre of the SA

(r = 0) through the point r in the x-y plane. These two mechanisms of chemotaxis

are shown schematically in Figure 5.3.

Interaction with background flow

To model the interaction of a background blood flow (i.e. blood flow through the SA

or in an in vitro microchannel) with cells we assume that the force due to background,
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Figure 5.3: A schematic of chemotaxis force in axial and radial directions. faxial

and fradial control the magnitude of force in axial and radial directions respectively,
and Caxial and Cradial control the distance from the wall that the force can be sensed.
Faxial is generated by chemoattractants released in the decidua and acts locally to the
vessel wall. Fradial, is generated from chemokines released from the vessel wall into the
vascular lumen.

Fflow, is a function of flow velocity v. That is

Fflow = f(v) v̂,

where v̂ is a unit vector in the direction of the local flow velocity and f(v) is a function

of the magnitude of the velocity, v. This function for simplicity is assumed to be

linearly dependent on flow velocity as a v (a is an unknown constant). The value

of a is fitted as part of model parameterisation described based on the experimental

data (Chapter 4). Note that flow shear in the Bioflux system is a linear function of

velocity [241], so in this context Fflow would also be a linear function of shear. Local

flow velocity was chosen over shear in this model to drive force as local cell shear is a

function of location on the cell surface, whereas cells and haemodynamics are described

as simply as possible in this study.
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Figure 5.4: A schematic of trophoblasts embedded in a plug within the most distal
1mm of a SA. On the left in a schematic of the in vivo geometry and on the right an
illustration of how this is captured in the context of the model.

5.2 Model geometries

We model two cases 1) trophoblasts in 2D to simulate experimental data (as analysed

in Chapter 4) and 2) trophoblasts in an analogous situation to in vivo plugged SA

(in a similar geometry to Chapter 3).

Domain definition: To model the in vitro experiments, the x- and z-axes are defined in

plane as a wall with the z-axis reflecting the direction of flow. The y-axis is perpendicular

to the wall, and cells can escape from the wall into the microchannel. Flow velocity

is therefore fixed as a constant in the z-direction.

In vivo, the distal part of the SA is modelled as a cylindrical tube with length L and radius

rS whose centreline is defined as the z-axis and extends from IVS (at z = 0) up to 1 mm

into the decidual layer (z = L) as is schematically shown in Figure 5.4. rS is set as 0.2 mm

based on literature measurements (see Chapter 3) [33]. A plug extending from z = Zp−min

to z = Zp−max is assumed to reside at the distal end of the SA closest to the IVS.

Meshing technique: A hexahedral mesh is generated for subsequent solution of flow

equations in the in vivo model. The mesh is generated for a 3D cylindrical tube with SA

simensions using ANSYS ICEM CFDTM (ANSYS R© Academic Research CFX, Release

14.0). Mesh elements are irregular hexahedrons. No explicit mesh is required for the

off lattice ABM, except for definition of wall location.
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Figure 5.5: A schematic figure of hexagonal close packing of spheres. (a) shows a 3D
view of 3 layers of spheres (cells) positioned using hexagonal close packing technique.
(b) The same configuration as (a) viewed from above.

Initial cell configuration: To parametrise the model based on the experimental data,

we need to model a situation close to experimental conditions. As explained in Chapter

4, the available data of trophoblast movement under shear stress comprises images of a

monolayer of cells adhered to the wall of a microfluidic tube. A model of such in vitro

behaviours is created by modelling one layer of cells on the wall. Our measurements have

shown no significant effect of cell interaction on cell speed (as explained in Chapter 4)

suggesting that cells in this experiment do not significantly interact with one another

when their centres are 50µm to 100 µm apart. Therefore, we simulated motion of cells

in vitro with an initial centre-centre spacing of 80 µm similar to typical cell-cell spacing

in experiments. Cells were assumed to move only by diffusion and to interact only with

the wall to fit parameters pertaining to Frandom, Fcell−wall, and Fflow.

To represent a plugged spiral artery in vivo, cells are seeded in the plug region (between

Zp−min and Zp−max) (Figure 5.4). A hexagonal close packing algorithm is used to place

cells in an initial configuration (Figure 5.1 step 4). Hexagonal close packing is one of

the most common sphere packing algorithms [144], and is schematically illustrated in

Figure 5.5 and produces volume fractions similar to those seen in real plugs.

In both in vitro and in vivo models, cells are modelled as spheres with radius rT . In

2D the area of 400 EVTs in outgrowths from first trimester villous explant culture

were previously measured and a mean value of 1441 µm2 for trophoblast area was

estimated [115]. Assuming trophoblasts have a circular shape, an average trophoblast

cell radius of 21.4 µm was estimated.
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5.3 Modelling blood flow (continuum modelling)

A model of blood flow inside a plugged SA was presented in Chapter 3, which was solved

analytically and numerically (using Ansys-Fluent). Here, a similar model is used but

instead of using a commercial solver, a numerical solver is developed to allow for updates

in cell configuration at each time step and non-uniformity in cell spacing.

5.3.1 Governing equations

The tube including the trophoblast plug is modelled as a porous medium with spatially

varying hydraulic conductivity (K) calculated from the position of the cells and the

volume of the tube occupied by cells at each time step. For numerical simplicity, blood

flow through the whole artery as well as the plug is modelled using Darcy’s law:

∇.v = 0, (5.9a)

v = −K
µ
∇P, (5.9b)

where v is the blood velocity, µ is the blood viscosity, and ∇P is the local pres-

sure gradient of blood.

5.3.2 Solution procedure

The conventional methods to solve the system of equations in Equation 5.9 include

finite element method (FEM) and finite volume method (FVM). In both methods one

parameter (pressure) is computed as the primary variable at a time and then the other

parameter (velocity field) is computed from Equation 5.9b. Although finite element

method is generally accepted as an effective numerical method for handling complex

geometries, this method cannot guarantee a continuous normal fluid flux across element

interfaces while conservation of flux at the element level is one of the advantages of the

finite volume method [74, 261, 262]. To benefit from the advantages of both methods

and overcome their shortcomings, we used the mixed finite element method (MFEM)

[10, 45, 261, 262] to approximate simultaneously the pressure and velocity field for each

element as detailed in Appendix G. The computed pressure is assumed constant over

each mesh element while the velocity field at each element is a vector with components
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normal to the surfaces of the mesh element. This method is implemented in Fortran

assuming a 3D (irregular) hexahedral mesh.

5.3.3 Hydraulic conductivity field

As in Chapter 3, hydraulic conductivity, K, in Equation 5.9 is computed using Kozeny-

Carman formula [15] regionally in the model geometry

K =
D2
p(ε)3

180(1− ε)2 , (5.10)

where Dp is the average trophoblast diameter in a trophoblast plug and ε is the porosity

or the ratio of the volume of void space to the total volume of cells (which is also

equal to 1 − ψ, where ψ is the ratio of space occupied by trophoblasts). To define

K regionally one must consider a "sampling" grid such that K is estimated at a low

enough spatial scale such that several cells are present in an analysed area, but a high

enough resolution that heterogeneity in K is maintained. This approach is similar to that

employed by [154] who considered a Darcy flow around a heterogeneous tree structure

in the placenta. A sampling grid is considered with elements large enough to contain

at least 10 closely packed cells so ψ (or 1-ε) of a sampling grid element is computed

as the total volume occupied by cells divided by the total volume of the sampling grid

element. The conductivity of the sampling grid element, is then computed using Equation

5.10, assuming isotropic K at each element. A threshold value Kempty is prescribed for

elements with no cells. The K value for each element of the sampling grid is transferred

to the K value at each node of the sampling grid by finding minimum K over all elements

surrounding each node. The nodal values of K are then used to find the K value at

the midpoint of each element of the computational mesh with a smoothing step via a

linear interpolation of nodal K onto element midpoints.

5.3.4 Boundary conditions

Pressure boundary conditions are prescribed at inlet (P (z = 0) = Pin) and outlet

(P (z = L) = Pout). Pressure at the inlet is estimated initially using the analytical model

(Chapter 3) of the SA with plug and shunt. Using the analytical solution of the plugged

artery model, an estimation for pressure at L =1 mm can be found. Hexagonal close
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packing generates an average porosity value of 0.5 which is a good approximation for a

plug porosity considering a histological range of plug porosity of 0.2-0.6 (as computed in

Chapter 3). This porosity leads to inlet pressure value of 65 mmHg using the analytical

solution of plugged SA (with a volumetric flow of 0.18 ml/min, Chapter 3). Therefore,

Pin in the model is set as 65 mmHg while Pout = 10 mmHg (creating a pressure drop of

∆p = 55 mmHg) (for details refer to Chapter 3). The pressure gradient may be varied

around this value to influence total volumetric flow (at the initial seeding of cells).

5.4 Geometric and blood flow model parameters

Nominal model parameters, and their ranges, where known, are listed in Table 5.1. For

the parameters that are not defined by measurements in the literature, the value of the

parameter was varied over a large range to evaluate its effect on the final results.

5.5 Fitting model forces to known properties of migration

for a mono-layer of cells

We first model the in vitro scenario described in Chapter 4 to parametrise the model

to the existing experimental data.

5.5.1 Random movement of cells, Frandom

Under the lowest flow conditions measured experimentally (0.5 dyne/cm2, equivalent

to a mean flow velocity of 0.25 mm/s [241]) we assume that the impact of flow over

trophoblast is negligible, as the results in Chapter 4 imply that under these conditions

trophoblast move in a diffusive manner. We therefore used this data to determine the

magnitude of Frandom. In addition, trophoblasts tend to move along walls and surfaces,

thus we must parametrise Fcell−wall concurrently such that computed average speed and

directionality matches those measured from experimental data, and that the number

of cells that can detach from the microchannel wall is minimised. First, we assumed

that kdrag = 1.13× 10−6 Ns/m (calculated from Equation 5.3). The parameters defining

cell-wall interaction acell−wall, ccell−wall, r0, r1 were defined as shown in Table 5.1. We
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Table 5.1: Table of geometric and model parameters used to parameterise the ABM of
a plugged spiral artery.

Parameter Description Range Value Reference
Geometric parameters

rS SA radius (mm) – 0.2 [33]
Dp = 2 × rT Trophoblast diameter (mm) 0.03–0.04 0.04 [115, 252], See text
L Tube length (mm) – 1 See text
Zp−max − Zp−min Plug length (mm) ≥ 0.115 0.5 [107, 252]
Zp−min Plug distance from IVS (mm) – 0.1 –

Blood flow parameters
µ Blood viscosity (Pa.s) 0.003 0.003 [86]
Pin Inlet pressure (mmHg) – 65 analytical solution

from Chapter 3
Pout Outlet pressure from IVS

(mmHg)
10–15 10 [250]

Drag force
kdrag Drag constant (N s/m) – 1.13×10−6 See text

Random force, Frandom
Drandom Diffusion constant (N) – 2.83×10−13 Fit to experimental

data
Flow force, Fflow

a Constant of proportionality
(N s/m)

– 1.13×10−8 Fit to experimental
data

Cell-wall interaction, Fcell−wall
acell−wall Scaling factor of the basic

Fcell−wall force function
(N.m)

– 1.88×10−20 See text

ccell−wall Maximum attractive
Fcell−wall force (N)

– 1.04×10−14 based on fit to ex-
perimental data

r0 Location of lower asymptote of
force (m)

– 0.3×10−6 See text

r1 Location of upper asymptote of
force (m)

– 1.7×10−6 See text

Cell-cell interaction, Fcell−cell
acell−cell Scaling factor of the basic

Fcell−cell force function (N.m)
– 1.88×10−20 See text

ccell−cell Maximum attractive Fcell−cell
force (N)

– 7.54×10−16 unknown

r0 Location of lower asymptote of
force (m)

– 0.3×10−6 See text

r1 Location of upper asymptote of
force (m)

– 1.7×10−6 See text

Chemotaxis, Fchemo
faxial Magnitude of chemoattractant

force in axial direction (N)
– 1.88×10−18 Unknown

Caxial Coefficient controlling the
penetration depth of axial
chemoattractant force into the
SA lumen (no units)

– 5 unknown

fradial Magnitude of chemoattractant
force in radial direction (N/m)

– 9.42×10−13 Unknown

Cradial Coefficient controlling the
penetration depth of radial
chemoattractant force into the
SA lumen(no units)

– 1 Unknown
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parameterise r0, r1 to values that restrict interaction until cells are almost in contact

with the vessel wall [187–189, 225]. acell−wall and ccell−wall must then be balanced to

allow cells to "crawl" near walls. The strategy employed was to first assume cell-wall

interaction was negligible, and to increase the total magnitude of the force progressively

until model predictions were consistent with experimental data. The same strategy was

employed to fit the parameters for random force to experimental data. Average cell speed

versus the percentage of cells detached from the model wall are shown in Figure 5.6 for

Drandom = 2.64×10−13 N andDrandom = 2.83×10−13 N with ccell−wall varied over a range.

The best combination of Frandom and ccell−wall to match average cell speed estimated

from experimental data (3.38-3.82 µm/min) with a low percentage of cells detaching

from the wall is determined to Drandom = 2.83× 10−13 N and ccell−wall = 1.04× 10−14

N (the intersection point of two dashed lines in Figure 5.6).

Figure 5.6: The relationship between trophoblast migration speed and cell detachement
from the wall under different Frandom and cell-wall (ccell−wall) interaction forces. The
vertical dashed line shows the average cell speed estimated from experimental data (3.82
µm/min see, Section 4.4.1). The horizontal dashed line indicates 2% of cell detachment
from the wall. The intersection point of the two lines when Drandom = 2.83× 10−13 N
and cell-wall interaction force (ccell−wall = 1.04× 10−14 N), provides the most suitable
combination in which physiological cell speeds occur with minimal detachment.

The cell-cell interaction force is not known and cannot be derived from existing experi-

mental data. It helps to define some values of these parameters, and thus we assume

ccell−cell = 1.22×10−15 N, r0 = 0.3×10−6 m and r1 = 1.7×10−6 m, acell−cell = 1.88×10−20

N.m as default parameters. This means that cells interact at a range of 12-68 µm, which

is consistent with the results observed experimentally in Chapter 4, that cells do not
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appear to interact with one another significantly if their distance apart is greater than

this range. The assumption of these parameter values allows numerically for us to avoid

cells passing through one another. We vary the magnitude of cell-cell attractive force

later (Sections 5.6.1 and 5.7.1) to assess its impact on cell migration.

Average cell speed and directionality: The effect of fitting Frandom to experimental

data, fixes overall average speed to match experimental data, as average speed in co-

cultured or cultured alone SGHPL-4 were slightly different, a speed between the two was

deemed appropriate (3.77 µm/min, compared with 3.38 µm/min when co-cultured and

3.82 µm/min when cultured alone). Cell directionality and distribution of cell speed with

direction are shown in Figure 5.7 for a model simulation in comparison to experimental

data. No significant difference was found between model and experimental results (p>0.5).

There was a small difference in model predicted speed when moving in directions 2, 3, 6 and

7 (toward the micro-channel wall in vitro) as no restrictions were imposed on the model

in this direction and in the experimental data a wall was present restricting movement.

Multiple realisations of the model (with different random number seeds) were simulated

to assess the impact of stochasticity on the model. Although there were impacts on model

predictions on a local scale (differences in height of individual bars in Figure 5.7) as a

result of changing seed numbering, the overall behaviour of results were the same.

5.5.2 Increasing background flow over the trophoblast

The simplest way to introduce a response to a flow of fluid (culture medium or blood)

over trophoblast to a model is to assume that the force due to a flow is a linear function

of flow velocity (f(v) = a v, where a is a constant). This approach is taken here,

with the value of a altered to provide both a match to average speed data and cell

directionality data (Chapter 4). The parameter a was progressively increased from zero

until model predictions matched as closely as possible to experimental data, resulting

in determination off a = 1.13 × 10−8 Ns/m. Figure 5.8 shows a comparison between

model predictions and experimental results in this case, with model predictions analysed

in a manner consistent with the experimental analysis in Section 4.3.2. Results show

a good match between experimental results and model predictions, suggesting the

impact of flow over trophoblast is linear, and a more complicated model of trophoblast

response to fluid flow is unwarranted.
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(a)

(b)

Figure 5.7: Comparison of ABM results and in vitro cell migration data for an
average flow velocity of 0.25 mm/s (equivalent to 0.5 dyne/cm2 shear stress in Bioflux
microchannels) or the case of diffusion only in the model. (a) Trophoblast directionality
(distribution of cells binned by angle of motion), and (b) classification of normalised cell
speed by angle of migration with angle of migration classified into 8 segments (illustrated
in the schematic to the right of the figure). There was no significant difference between
the in vitro data and the simulated results (p>0.5).
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(a)

(b)

(c)

Figure 5.8: Comparison of ABM results with in vitro data of trophoblasts exposed
to a fluid flow. (a) Average cell velocity, (b) Trophoblast directionality (distribution
of cells binned by angle of motion), and (c) classification of normalised cell speed by
angle of migration with angle of migration classified into 8 segments (illustrated in the
schematic to the right of the figure). No significant difference between experimental and
simulated results were found in any of the scenarios (p>0.5).
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5.5.3 Predictions of cell migration metrics over time

The fitted model was tested against data regarding average trophoblast directionality,

average speeds and bias in speeds. The behaviour of the model over time is an emergent

property and can be compared with the persistency and diffusivity metrics analysed in

Section 4.4.5. Here we consider model performance in terms of diffusivity and persistence

time, direction autocorrelation, and the directionality ratio.

Statistical analysis: Data obtained from simulations were statistically compared

against the in vitro data using T-tests (two-sample assuming unequal variances). For

diffusivity and persistence time, where we have one computed value for each from the

model to be compared against a dataset of in vitro results, the statistical distance

of the value from the mean of dataset was computed using standard error of mean.

Statistical significance was assumed for p<0.05.

Trophoblast diffusivity and persistence time: The diffusivity and persistence time

calculated from model predictions are compared to experimental results in Figure 5.9.

To generate these values, first the mean square displacement (MSD) was found for each

simulation of trophoblast movement under different shear stresses then, following steps

explained in Sections 4.3.2.2 and 4.4.5, the values for diffusivity and persistence time

were computed. Model predictions show a good agreement with experimental results as

the diffusivity and persistence time increases when shear stress increases, showing that

background blood flow has an effect on trophoblast persistence in moving in a direction

which finally results in a faster "diffusion" of cells. No significant difference was found

between model results of diffusivity and persistence time and experimental results (either

co-cultured or cultured alone) with p>0.4 and p>0.08, respectively.
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(a) (b)

Figure 5.9: A comparison of the diffusivity (a) and persistence time (b) values
computed for model simulation against the in vitro data for all magnitudes of shear
stress. Model predictions show an increase in both diffusivity and persistence time as
shear stress increases, which is consistent with trophoblast (SGHPL-4) movement in
vitro either when cultured alone or co-cultured with HUVECs. There was no significant
difference between in vitro diffusivity and persistence times and those computed from
model results in any scenario (p>0.08).

Direction autocorrelation: The direction autocorrelation calculated from model pre-

dictions are compared to experimental results in Figure 5.10. Simulation results are similar

to experimental results in terms of the magnitude of the peak value of the autocorrelation

function, and like experimental results return to close to zero over long time scales. No

significant difference was found between the direction autocorrelation in vitro and in the

model simulation for fluid flow velocities less than 2.0 mm/s (equivalent to 4 dyne/cm2)

(p>0.05). However for the highest flow velocity 3.0 mm/s (equivalent to 6 dyne/cm2),

there are significant differences between model and experimental results (p<0.01). In all

cases model predicted autocorrelation does not display a dip in autocorrelation at 10

minutes (1 image frame, Figure 5.10), which is present in the in vitro data, but if this is

related to the delay in response of cells to sense and react to a stimulus, would not be

expected in the model. In all cases, the direction autocorrelation tends to a value close

to zero (no correlation) over long time frames. However, the model does appear to do so

more slowly than the experimental data at the highest flow rates. This suggests that cells

in the model may be more persistent than real trophoblasts over medium time-scales.
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(a) (b)

(c) (d)

Figure 5.10: This figure compares the autocorrelation values computed for model
simulation results against the in vitro data for all magnitudes of shear stress (a) 0.5
dyne/cm2 (0.25 mm/s), (b) 2 dyne/cm2 (1.0 mm/s), (c) 4 dyne/cm2 (2.0 mm/s), and (d)
6 dyne/cm2 (3.0 mm/s). There was no significant difference between model simulated
results and in vitro data under 0.5 dyne/cm2, 2 dyne/cm2 or 4 dyne/cm2 conditions
(p>0.05). However, under 6 dyne/cm2 (d) the model predicts a significantly higher
direction autocorrelation than exists in the in vitro dataset (p<0.01).

Directionality ratio: The directionality ratio calculated from model predictions are

compared to experimental results in Figure 5.11. For all simulated conditions the

directionality ratio is under predicted over long time scales, although the model and

experiment are comparable for periods of <70 mins in each case. For lower flow rates

(0.5-2 dyne/cm2, equivalent to 0.25-1.0 mm/s) the difference between model predicted and

experimental directionality ratios is small but this difference increases with increasing flow.

This means that over long periods of time trophoblasts move more linearly than model

predictions. Combined with the peak in the autocorrelation function in experimental

data (Figure 4.14) this suggests that there is some notion of persistence in trophoblast

movement that is not captured fully in the model. This appears to be a tendency of
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(a) (b)

(c) (d)

Figure 5.11: The directionality ratio computed for model simulations against the
experimental results for all magnitudes of shear stress (a) 0.5 dyne/cm2 (0.25 mm/s), (b)
2 dyne/cm2 (1.0 mm/s), (c) 4 dyne/cm2 (2.0 mm/s), and (d) 6 dyne/cm2 (3.0 mm/s).
Model predictions for < 70min are comparable to experimental results. However, as
time increases the computed directionality ratio for model simulations show an under
prediction. The difference between model predictions and experimental data increases
as shear stress increases, which shows that trophoblasts in vitro move more linearly for
longer time periods than occurs in the model.

trophoblast to move in a direction similar to their previous direction over a period of

time (between 10 and 70 mins) before changing direction, as described in Chapter 4

which is evident in individual cell trajectories (Figure 4.6). As most cell behaviours are

very consistent between the model and the experimental data, especially over the low

flow conditions expected in a plugged spiral artery, this discrepancy is not considered

further in the model for the purposes of this thesis.

From this point forward, we define the following values for parameters: Drandom =

2.83 × 10−13 N, kdrag = 1.13 × 10−6 Ns/m, acell−cell = acell−wall = 1.88 × 10−20 N.m
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with ccell−wall = 1.04× 10−14 N for cell-wall and ccell−cell = 1.22× 10−15 N for cell-cell

interactions (with r0 = 0.3 × 10−6 m and r1 = 1.7 × 10−6 m), and a = 1.13 × 10−8

Ns/m as indicated in Table 5.1. Not all assigned parameter values can be estimated

directly from the literature but these values can be fine-tuned when data become available.

Now, to assess the impact of each unknown in the system we must analyse the impact

of varying parameters on cell behaviours.

5.6 The in vivo environment: Cell behaviours, negligible

flow in the blood vessel

Section 5.5.2 outlined a parameterisation of the ABM to data on trophoblast response to

a fluid flow in comparison to in vitro data. The in vitro environment differs from the

in vivo environment in that individual contributors to cell migration can be considered

in isolation from one another. To date, a comprehensive dataset from which all the

factors involved in regulating trophoblast migration that are present in vivo does not

exist. However, there is still benefit from modelling environmental effects (including

cell-cell interaction, chemotaxis, blood flow etc.) and assessing their possible impact on

in vivo migration. Here we analyse the impact of varying the model parameters that

describe cell-cell interaction and chemotaxis in the in vivo geometry, assuming that flow

through the SA is negligible. In Section 5.7 we then "turn on" flow to assess its impact

on model behaviours. Therefore, for all the simulations carried out in this section, the

continuum modelling aspect of Figure 5.1 (including steps 6 to 9) and step 10 of the

agent-based modelling were disabled throughout the simulations.

5.6.1 Cell-cell forces between trophoblasts in the plug

Trophoblasts in plugs and trophoblasts migrating along the vessel lumen bind to each

other via adhesion molecules expressed on the cell surface [7, 98]. Although the precise

expression of different adhesion molecules, and their contribution to trophoblasts cell-cell

force is not known, it will significantly impact the nature of cell migration. Cell-cell

force between trophoblasts is parametrised via Fcell−cell in the model. The stronger

Fcell−cell the more likely trophoblasts are to interact with one another. In the absence

of any environmental force (no flow or chemotaxis) in the in vivo model, and all other



5.6. The in vivo environment: Cell behaviours, negligible flow in the blood vessel 115

parameters as in Table 5.1, cells seeded in the SA move randomly and the seeded plug

spreads out through the SA geometry. However, as cell-cell force increases, cells seeded

in the plug are attracted to one another, and so the plug stays in place over time.

Figure 5.12 shows trophoblast movement in 3D with two values of ccell−cell representing

different migration behaviour. It is clear that increasing the magnitude of cell-cell

attractive force makes it harder for cells to separate from one another in plug and

lowers the chances of them migrating from the centre of the plug towards the vessel

wall. With strong cell-cell interaction the force of cell-cell interaction means that cells

tend to stick together and the whole plug is pulled towards the chemoattractant source.

This movement is much slower than when cell-cell interaction is lower (Figure 5.12),

and is unlikely to be physiological. Note that small asymmetries (e.g. in cell seeding or

forces acting on cells) in early times can expose cells to higher regional forces causing

larger assymetries at later time points (Figure 5.12).

To quantify plug dispersion we plot number of cells less than two cell radii of the SA

wall over time (cells that have potential to displace vascular endothelial cells), and the

number of cells at a distance greater than two cell radii from the vessel wall (generally

cells that remain in the plugged region). Figure 5.13a and b show that the lower the

cell-cell attractive force, the more cells that leave the plug and migrate to and along

the SA wall. Cells that are strongly attracted to one another tend to cluster and in

general migrate more slowly than weakly attracted cells.
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Figure 5.12: The effect of increasing cell-cell attraction force on cell migration. Dots
represent cell centres, and volumes of cells are not shown. Red dots show cell centres
with a relatively low cell adhesion / cell-cell force, while blue dots show cell centres with
higher cell adhesion / cell-cell force. Increasing ccell−cell induces cells to move as one
coherent plug in the direction of chemotaxis gradient. Migration depth of cells with
high cell-cell force is considerably lower than that of cells with low cell-cell force. Here,
chemotaxis parameters are set the same for both cases: faxial = 1.88 × 10−18 N and
fradial = 9.42× 10−13 N/m.

To quantify the rate of cell migration in the SA we assess the average migration depth

over a 24-hour period (speed of movement in the positive z-direction, through the decidua

toward the myometrium), and separate cells as previously, into those within two cell

radii of the vessel wall, and those greater than >two cell radii of the SA wall. Isolated

trophoblasts have been shown to penetrate the whole length of the decidual part of the SA

within 4 weeks (from week 6 to week 10 of pregnancy) [107]. Considering a straight SA,

an average depth of 7 mm for trophoblast invasion is estimated after 4 weeks (decidual

thickness is between 5-11 mm [31, 103, 219, 220, 257]) which gives an average migration

speed (towards the myometrium) of 250 µm/day for comparison to model predictions.

Increased cell-cell force in the model results in more cells staying inside the plug, while

under low cell-cell force, cells are more likely to escape the plug by random movement.
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(a) (b)

(c)

Figure 5.13: The effect of cell-cell attraction on trophoblast migration. The parameter
ccell−cell is varied with all other parameters as shown in Table 5.1. (a) Shows the
proportion of cells within two cell radii of the SA wall. (b) Shows the proportion of
cells >two cell radii from the wall. The number of cells that detached from the plug
and migrated to and along the SA wall increases as the cell-cell interaction decreases.
(c) Shows the average z-displacement of cells < two cell radii from the wall or cells >
two cell radii from the wall with error bars showing standard deviation. High cell-cell
interaction slows migration, as cells cluster and can only migrate together. The dashed
line in (c) shows the average trophoblast invasion depth, expected physiologically per
day between 6 and 10 weeks of gestation (250 µm/day).

5.6.2 Chemotaxis

Chemotaxis in this model is split into two components, radial chemotaxis and axial

chemotaxis. The two components of chemotaxis each have two parameters that define

the effect of the chemotaxis: faxial and fradial define the magnitude of the axial and

radial components of the chemotaxis force, respectively, and Caxial and Cradial define

how far into the vessel lumen the axial and radial components of chemotaxis force is
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effective (refer to Figure 5.3). The default parameters Caxial = 5 and Cradial = 1 in Table

5.1 are such that the chemotaxis force in the axial direction is confined to the vicinity

of the tube wall (within approximately 3 cell radii) and the radial component of the

chemotaxis effect is sensed by cells located deep inside the core of the plug, therefore

those cells may be deemed as likely to move towards the wall.

The relative strength of axial and radial chemotaxis forces, faxial and

fradial:

With all other parameters held as defined in Table 5.1 we examine how chemotaxis force

magnitude in the axial and/or radial directions affects cell migration (varying faxial and

fradial). Figure 5.14 shows the predicted proportion of cells near the vessel wall and in

central area of the vessel lumen over time, with these parameters varying. If the parameter

faxial is reduced, deceasing the axial chemotaxis force, there are only small differences in

cell distribution within the SA compared to the baseline case (Figure 5.14a and b). The

force faxial does not act far from the vessel wall, so cells originally far from the wall near

the plug centre remain there. Increasing faxial increases the rate of cell migration into

the decidua as cells migrate more quickly along the vessel wall (Figure 5.15).

With fradial at baseline values, cells are able to migrate from the plug to the vessel

wall. If fradial is reduced from baseline (low radial chemotaxis force) trophoblasts

are not able to migrate from the plug and if fradial is increased from baseline (high

radial chemotaxis force), it is relatively easy for cells to migrate from the plug to

the vessel wall (Figure 5.14c and d)
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(a) (b)

(c) (d)

Figure 5.14: The effect of chemotaxis force magnitudes on predicted cell migration.
The parameters faxial and fradial are varied with all other parameters as shown in Table
5.1. (a,c) Shows the proportion of cells within two cell radii of the SA wall. (b,d) Shows
the proportion of cells in the SA greater than two cell radii away from the SA wall. The
proportion of cells in each location does not considerably change when faxial increases
(a, b). As fradial increases (with constant faxial) the proportion of cells near the wall
increases (c, d) and cells can more readily migrate in the z-direction.

The balance between faxial and fradial is important, as increasing faxial with low fradial

produces relatively short migration depths compared with the same values of faxial with

higher fradial (Figure 5.15). Different balances between faxial and fradial then produce

fundamentally different behaviour, when faxial and fradial are low, cells near the SA

wall migrate along the artery but the plug stays in place, with high fradial cells can be

recruited from the plug to the vessel wall, and cell migration towards the myometrium

segment of the SA is fastest when both faxial and fradial are high (Figure 5.15).
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Figure 5.15: Shows the average z-displacement of cells < two cell radii from the wall,
or in the centre of the SA (> two cell radii from the wall). Error bars show standard
deviation. The dashed line shows the expected physiological trophoblast migration rate
within the SA between 6 to 10 weeks of gestation (250 µm/day).

The depth of influence of chemotaxis force, Caxial and Cradial

Now that the effect of each axial and radial component of chemotaxis force on the plug

dispersion and trophoblast migration through the SA length towards the chemotaxis

source has been investigated, it is important to check the impact of how far into the

vessel lumen these chemotaxis forces may have influence.

The parameters Caxial and Cradial determine how far into the vessel lumen the chemoat-

tractant signal is significant. To alter the magnitude of Cradial or Caxial, changing

the depth of effectiveness of the radial or axial chemotaxis force into the vessel lu-

men, we wish to maintain the overall magnitude of the force ensuring the chemoattrac-

tant source strength is constant between simulations. For example for Cradial this

is achieved by setting f∗
c2 using

f∗
radial exp(C∗

radial

r

rS
) r̂ = fradial exp(Cradial

r

rS
) r̂,

where f∗
radial is the chemotaxis force in radial direction for the new C∗

radial and fradial
is the chemotaxis force in radial direction with baseline values. Therefore, for the

same spatial location (same θ and r)

f∗
radial = fradial exp((Cradial − C∗

radial)
r

rS
).
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Considering r = rS , f∗
radial can be found at the vessel wall. Here we compare predictions

of simulations when Caxial and Cradial increase between 1 and 5. The chemotaxis

force in the radial and axial directions is held constant faxial = 1.88 × 10−18 N and

fradial = 9.42 × 10−13 N/m, and all other parameters are as in Table 5.1.

Figure 5.16 shows the number of cells remaining within 2-cell-radii from the vessel wall and

the ones at the centre of the SA (> 2-cell-radii from the vessel wall) with varying Caxial
and Cradial. Figure 5.16 (a) and (b) show the impact of changing Caxial (while Cradial kept

constant) and Figure 5.16 (c) and (d) show the impact when Cradial is changed and Caxial
is kept constant. Changing Caxial (with Cradial kept constant) does not considerably affect

the radial distribution of cells. However, when Cradial decreases (with Caxial kept constant)

the more cells separate from the plug core and are attracted to the vessel wall.

Decreasing Caxial pulls more cells towards the myometrium, whether they migrate along

the vessel wall or not (Figure 5.17a). Therefore, even for cells that do not have the

potential to migrate radially (the ones that remain in the centre of the trophoblast plug),

net cell migration towards the chemotaxis source is increased. This reflects a condition

where cell migration is increasingly within the distances >2-cell-radii from the wall rather

than along the vessel wall, which is non-physiological as trophoblasts only migrate along

or within a permissive matrix and do not physically migrate in the free space of the

lumen [58]. Increasing Cradial decreases the displacement of cells in axial direction for

those cells in the centre of the SA (Figure 5.17b red bins), but the displacement of cells

within 2-cell-radii from the wall does not considerably change (Figure 5.17b blue bins).

This shows that Cradial does not have an effect on the migration of cells that already

reside at the vessel wall, but rather increases migration of cells out of the plug.
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(a) (b)

(c) (d)

Figure 5.16: (a) and (c) compare the proportion of cells remaining within the SA
at distances > 2-cell-radii from the wall, while (b) and (d) compare the proportion of
cells within 2-cell-radii from the vessel wall as Caxial and Cradial change from 1 to 5.
All other parameters are set as in Table 5.1, except faxial and fradial are altered to
maintain a constant total axial or radial chemotaxis force. ccell−cell was kept fixed at
7.54×10−16 for these simulations. Changing Caxial (with Cradial kept constant) does
not considerably affect the number of cells attracted to the SA wall from within the
plug (a-b). However, changing Cradial (with Caxial kept constant) considerably changes
the number of cells leaving the plug core and attracted towards the wall (c-d).
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(a)

(b)

Figure 5.17: The effect of changing Caxial or Cradial on trophoblast migration from
a plug. Caxial controls the depth of influence of axial chemotaxis force into the vessel
lumen and Cradial affects the influential depth of the radial component of the chemotaxis
force into the vessel lumen. All other parameters are as in Table 5.1. (a) Decreasing
Caxial, increases the migration rate of cells regardless of where they reside in the plug.
(b) Increasing Cradial decreases the migration of cells in the centre of the plug (> 2-cell-
radii from the vessel wall) while it does not considerably change the migration of cells
positioned <2-cell-radii from the wall. The dashed line shows the average trophoblast
migration rate between 6 to 10 weeks of gestation ( 250 µm/day). Error bars represent
the standard deviation.
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5.7 The impact of blood flow on cell migration

We now introduce a blood flow, driven by a fixed blood pressure gradient, ∆p, to the model,

and assess the impact of blood flow on cell movement, as parametrised in Section 5.5.

Unless otherwise stated, a fixed pressure gradient of ∆p = 55 mmHg is considered.

5.7.1 Cell-cell forces

Figure 5.18 shows the impact of blood flow in the SA on model predictions for the

two cases of cell-cell attraction force shown in Figure 5.15. Introduction of blood flow

increases the number of cells within 2-cell-radii from the vessel wall (at least when

cell-cell interaction is low (ccell−cell=7.54× 10−16 N)), but because the blood flow acts

in the opposite direction to the model’s chemotaxis force, the impact of flow is to

reduce the speed of trophoblast migration into the decidua. When cell-cell force is high

(ccell−cell=1.22× 10−15 N), and blood flow is present, the model showed no considerable

cell migration after 24 hrs simulation time, as cells in the plug are tightly clustered.

Decreasing cell-cell force increases cell migration along the vessel for cells in distances

<2-cell-radii from the vessel wall and the ones within 2-cell-radii from the wall (Figure

5.18). However, the degree of trophoblast migration down the artery remains lower

than when there is no background blood flow.
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(a) (b)

(c)

Figure 5.18: The number of cells within 2-cell-radii from the vessel wall (a) and >
2-cell-radii from the SA wall (b) when cell-cell force (ccell−cell) changes with or without
flow. The proportion of cells at the wall increases (a) and the proportion of cells in
the centre of the plug decreases (b) respectively as the cell-cell force decreases. This
magnitude is further increased in the existence of background flow. (c) Compares the
average cell migration per day when cell-cell force (ccell−cell) decreases with or without
flow. Decreasing cell-cell force makes cells separate more easily from the centre of the
plug and migrate to the wall where they can respond to the axial chemotaxis force.
Error bars represent the standard deviation.



126 Chapter 5. The first trimester: Agent-based model of trophoblast migration

Altering the magnitude of the cell-cell interaction force affects the nature of plug dispersion

over time. Under low cell-cell interaction force (ccell−cell=7.54×10−16 N), the plug

opens up from the centre of the vessel lumen (Figure 5.19a) as cells move towards the

wall and form concentric rings. In contrast, under a high cell-cell interaction force

(ccell−cell=1.22 × 10−15 N) cells remain in the plug (Figure 5.19b), but are influenced

by environmental forces en mass and the entire plug can be pushed or pulled up and

down the z-axis, or in some cases small asymmetries in cell movement due to the random

nature of diffusional movement can be compounded and the plug structure can move

asymmetrically, with the cells aggregating at one side of the plug. When a region of

the plug becomes cell-free, flow in that region of the geometry increases, increasing flow

force on cells surrounding the cell-free region. Thus, "channels" that form either centrally

or asymmetrically in the plug increase in size over time.

Figure 5.19: The effect of cell-cell interaction force on cell position in a plug, as
viewed from the top end of the vessel tube. Under low cell-cell interaction force (a)
(ccell−cell=7.54× 10−16 N), the plug opens up from the middle as cells move towards
the wall and making concentric rings, while under high cell-cell interaction force (b)
(ccell−cell=1.22× 10−15 N) cells remain in the plug and are pushed towards one side of
the plug as a result of total environmental force and asymmetries in cell motion. Stars
represent the centre point of each cell only.
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Figure 5.20: Line graph showing the average blood flow speed across 24 hours measured
at the outlet of the tube downstream of the trophoblast plug. As cells start to move,
free spaces are created within the plug, which causes a progressive increase in blood
flow speed.

As cells migrate in the SA, the regional porosity of the system changes and so do blood

flow dynamics. Figure 5.20 shows average blood flow velocity over the cross-section of the

SA at the outlet to the IVS. The average flow velocity at the outlet gives similar values

for both cases when ccell−cell=1.22 × 10−15 N and ccell−cell=7.54 × 10−16 N. However,

different patterns are seen if blood flow velocity is considered separately in central

elements (enclosed by blue in Figure 5.21) and peripheral elements (elements within the

two red curves in Figure 5.21) of the plugged vessel. The average blood flow speed over 24

hours for central elements when cell-cell interaction force is high (ccell−cell=7.54×10−16 N)

is significantly greater than when cell-cell interaction force is lower (ccell−cell=1.22×10−15

N) and the central region of the vessel is empty of cells. Under low cell-cell interaction,

as explained in Section 5.6.1, cells escape the plug under the effect of random movement

making an empty central region in the vessel lumen. This makes it easy for the blood to

flow with a higher flow speed within the central region of the vessel lumen. In contrast,

the average speed across 24 hours in the peripheral elements when cell-cell interaction

forces are low (ccell−cell=1.22× 10−15 N) is greater than that for high cell-cell interaction

forces (ccell−cell=7.54 × 10−16 N) (Figure 5.21). This difference is smaller than in the

central region as under low cell-cell interaction forces cells separate more and move

towards the wall and empty elements become present even in the peripheral region,

which increases the average speed computed for this region.
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(b) (a)

(c)

Figure 5.21: The relationship between cell-cell interaction force and blood flow speed
over 24hrs (1440 minutes). (a) shows the top view of the vessel outlet including mesh
elements. The area enclosed by the blue line highlights the central elements and elements
within the two red curves are referred to as peripheral elements. The average blood
flow speed computed over central (b) or peripheral (c) elements of the vessel mesh at
cell-cell interaction force (ccell−cell) of either 7.54× 10−16 or 1.22× 10−15 N, with all
other parameters as in Table 5.1.

5.7.2 Chemotaxis

The relative strength of axial and radial chemotaxis forces, faxial and

fradial:

Figure 5.22 shows that when flow is applied to the model, trends for the proportion of

cells attracted from within the plug towards the vessel wall as a consequence of changing

faxial and fradial remain the same as when there is no flow in the system. However, there



5.7. The impact of blood flow on cell migration 129

(a) (b)

Figure 5.22: Under the flow force, trends of the proportion of cells attracted from the
centre of the plug towards the vessel wall when faxial and fradial change are similar
to the results obtained from the model simulation with no flow with the same faxial

and fradial values. However, there are small differences when flow is introduced. When
fradial and faxial are both low flow pushes cells to the edge of the vessel, but when
chemotaxis force is more dominant this does not occur.

is a difference in the number of cells in the region near the SA wall (within 2-cell-radii

from the wall) with a flow present. More cells migrate near the vessel wall (within

2-cell-radii from the wall) when faxial and fradial are low and a flow present than with

no flow. However, this trend reverses when faxial and fradial are both high.

Applying the same flow force (same pressure drop of ∆p=55 mmHg) and decreasing axial

chemotaxis force, faxial, to half its baseline value, 9.42×10−19 N, while fradial is kept

constant makes cells move faster in the direction of flow and exit the SA lumen at the

IVS side. This is because the force competing against the flow force (the axial chemotaxis

force) has been decreased, and cells are drawn with a greater force towards the IVS.

Changing the magnitude of the axial chemotaxis force, faxial or radial component, fradial,

independently, did not change the average blood flow velocity over time for the parameter

range considered (Figure 5.23). Over the duration of the simulation the proportion of cells

remaining within distances >2-cell-radii from the SA wall is similar and so impedance

to blood flow is also similar (Figure 5.23). This is despite significant differences in

the overall distribution of trophoblasts in the SA observed, which are similar to those

described in the case of no flow (Section 5.6.2.)
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Figure 5.23: The average blood flow speed over time, measured at the outlet of the
model at the IVS side, when faxial and fradial vary. Average flow speed over time does
not change considerably for the chemotaxis values used in these model simulations.

The depth of influence of chemotaxis force, Caxial and Cradial:

The parameters Caxial and Cradial show similar qualitative effects on cell migration

in the case when flow is present, compared to when it is not. The effect of flow is

most prominent when both Caxial and Cradial are high (Figure 5.24a, b). In this case,

chemotaxis effects are only active near the vessel wall. The presence of a background

flow increases the proportion of trophoblast that migrate from the plug to the vessel

wall, most likely due to the flow pushing cells from the centre of the blood vessel to the

periphery. However, in this case the plug still remains relatively intact and overall flow

velocities remain low for a fixed driving pressure (Figure 5.24c). This can be compared

to the case of low Cradial which results in an active migration of cells from the plug to

the vessel wall, and thus rapid plug disintegration. In this case, flow velocity through the

system is relatively high as there is a large open channel through which blood can flow.

If trophoblast migration along the lumen of the SA is not limited (low Caxial) the plug

remains intact for longer, creating a larger resistance to blood ïňĆow and consequently

decreases the total ïňĆow speed regardless of decreases in Cradial.
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(a) (b)

Figure 5.24: The proportion of cells within 2-cell-radii from the vessel wall (a) and
>2-cell-radii from the SA wall (b) when the depth of the chemotaxis effect in radial
direction (Cradial) changes with or without flow while Caxial remains constant. The
proportion of cells attracted towards the wall decreases as Cradial increases. Comparing
this case with its equivalent with no flow shows that more cells are attracted to the
vessel wall. (d) Compares the average blood flow speed over time, measured at the outlet
of the model at the IVS side, when Caxial and Cradial vary. This shows that changing
Caxial and Cradial from the baseline decreases the total blood flow at the outlet.

5.7.3 Effect of driving pressure

Driving blood pressure, ∆p was determined from the model in Chapter 3, however,

the driving pressure over this portion of the SA is not completely determined. We

therefore now change the pressure drop over the vessel length, with all other param-

eters held as shown in Table 5.1.
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(a) (b)

Figure 5.25: (a) Compares the migration rate of cells within 2-cell-radii from the wall
(blue line) against that of cells located in the centre of the plug (>2-cell-radii from the
wall). The migration rate is the highest when there is no blood flow. As the pressure
drop (and consequently the flow force) increases the migration rate of both cells in the
centre of the plug and within 2-cell-radii from the wall decreases. (b) Compares the
displacement rate of cells with the flow for the ones located within 2-cell-radii from the
wall (blue line) and the ones located within >2-cell-radii from the wall (red line). As
blood flow force increases more cells are stimulated to move with the flow.

Compared to "no flow", as the pressure drop (and consequently the flow force) increases,

the migration depth of cells decreases (Figure 5.25a). In all cases, migration rate of cells

within 2-cell-radii from the wall is higher than the migration rate of those in the centre of

the plug (>2-cell-radii from the vessel wall). For pressure drops greater than 15 mmHg,

no net migration rate was predicted towards the myometrium (against blood flow) for

cells in the centre of the plug (in distances >2-cell-radii from the wall). As blood flow

increases, cell movement in the direction of flow increases. For pressure drops greater

than 35 mmHg, the migration distance over a 24-hour period in the direction of flow for

cells in the central regions of the plug (>2-cell-radii from the wall) becomes greater than

for cells within 2-cell-radii from the wall (Figure 5.25b). Note, that as chemotaxis forces

are unknown, this represents a qualitative rather than quantitative trend.

Figure 5.26 shows that as the pressure drop increases from 5 mmHg to 55 mmHg the blood

flow speed also increases. Moreover, slope of the line representing blood flow speed change

over time increases as the pressure drop increases. The reason for this is that blood flow

increment over time creates channels within the plug that let more flow to pass through,

which in turn stimulates trophoblasts to migrate away from the centre of the plug, further

increasing flow through those channels and reinforcing the cycle of plug breadown.
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Figure 5.26: The average blood flow speed over time measured at the outlet of the
model at the IVS side, when pressure drop changes from 5 mmHg up to 55 mmHg.
Speeds increase as the pressure drop increases. The slope of the curves also increases
as the pressure drop increases showing that blood flow has effect on the rate of plug
dispersion.

5.8 Discussion

When trophoblasts migrate into the SA, their movement is modulated by several compet-

ing factors. We know from Chapter 4 that trophoblasts in the SA have a greater tendency

to move in the direction of flow as the shear stress (or magnitude of flow) increases. There

is also evidence that the secretion of chemotactic factors by decidual immune cells affects

trophoblast colonisation of the SAs and consequently SA remodelling [93, 94, 233]. How-

ever, it is not an easy task to model these competing mechanisms in vitro. For example,

to seed a chemoattractant source into a micro-fluidic device at the opposing end of the

device to an induced fluid flow is not practically feasible. Therefore in vitro experiments

are typically designed to study a single mechanism in isolation, or more rarely multiple

mechanisms in non-physiological geometric configurations. To overcome the limitations

of adequately relating in vitro cell migration experiments to possible in vivo behaviours,

in this chapter we have developed an off lattice ABM framework to model trophoblast

migration. We have solved this model in conditions reflective of the trophoblast migration

experiments detailed in Chapter 4, and thus incorporated data of trophoblast behaviour

seeded onto a wall of extra-cellular matrix or cells (representing the micro-channel). We

then moved to a geometry more reflective of the in vivo SA and investigated the possible
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impact of different flow and chemotaxis mechanisms on 1) trophoblast migration along

the SA wall (representing trophoblast replacement of the endothelial cells in the vessel

wall), and 2) trophoblast plugs and their possible modes of disintegration.

The framework for the ABM was developed using a custom written Fortran code. The

program was developed such that three main stages of model solution were incorporated.

First the model was initialised and model geometry (microchannel, or SA) were defined,

and cells were seeded into the model. Then, when modelling the in vivo scenario, based

on cell location, a spatially varying permeability field was defined, allowing a continuum

Darcy model of blood flow to be solved and local fluid velocity to be predicted. Finally,

the ABM model was solved iteratively with the continuum model of blood flow (as cells

move, local permeability changes, and so blood flow dynamics alter). Forces considered in

ABM consist of random motility (Frandom), cell-cell (Fcell−cell) and cell-wall (Fcell−wall)

interactions, a chemotaxis effect (Fchemo) and a blood flow effect on the cell (Fflow).

Cell displacement occurs as a response to the total force that acts locally on each cell.

The model is capable of being improved by adding more factors to the problem or

by parametrising or refining existing force functions as related experimental data are

available. The model can be used as a basis for a toolkit to understand the mechanism

of trophoblast migration or to reveal gaps in our current knowledge.

We expect cells under no external forces to move in a quasi-random walk, and this

diffusive movement of cells is inherent to their mechanism of motion. We were not able

to acquire data on the behaviour of trophoblasts in the complete absence of stimuli, as

the cells require some flow-mediated replenishment of nutrients to remain viable in vitro.

However, based on the data analysed in Chapter 4 we can assume that 0.5 dyne/cm2

shear stress (0.25 mm/s flow) in the micro-channel has a negligible impact on the random

walk of trophoblasts. We thus used this data to parameterise Frandom, along with the

assumption that when a cell is close to a wall it "adheres" to the wall, and thus Fcell−wall

must be balanced with Frandom so as to minimise a non-physiological cell "escape" from

the micro-channel wall. The model was parameterised by first assuming that both the

magnitude of Frandom, and Fcell−wall were small and progressively increasing each of

these forces until the average cell speed reaches a level that aligns with the speed of

trophoblast migration measured in vitro.

After this initial setup of the model, the impact of a blood flow over the cell layer was
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then included. The force on a cell due to the environmental influence of a local blood

flow, Fflow, was assumed to act in the direction of the local flow, and to be proportional

to the flow velocity. We found that even with this simple model, the distribution of cell

migration angle, and the speed of cells relative to their direction of travel compared

well with the experimental data analysed in Chapter 4 over flow velocities ranging from

0.25-3.0 mm/s (0.5 – 6 dyne/cm2 shear stress).

To assess the more subtle motions of the cells in the model compared to experimental

data we assessed cell diffusivity and persistence time calculated from MSD, the direc-

tion autocorrelation and directionality ratio in model predictions (see Section 4.3.2.2

for definitions). Cell diffusivity and persistence time calculated from MSD compared

favourably to the model and there were no significant differences between either when

comparing model and experiment and the trend for each to increase with increasing flow

over the cell layer was well captured. The direction autocorrelation also compared well

to experimental data, except at 3.0 mm/s (6 dyne/cm2). One difference in direction

autocorrelation between the model and the experimental data was that in the model

there was a correlation between the direction of cell movement over the time step of 10

minutes, whereas in vitro there was no apparent correlation. As the model is inertia free

whilst the real cells are not, this difference may be potentially explained by a "delay"

in cell response to a stimulus. The peaks in cell direction autocorrelation, however, are

consistent between the model and the experimental data. The second difference in the

autocorrelation function, which becomes more apparent at higher flow rates, is that

the function does not decay as quickly to a quasi-random process in model predictions

as the experimental results do. This is highlighted when considering the directionality

ratio, where this ratio is under-predicted by the model. On inspection of cell trajecto-

ries (Section 4.4.1) we observed that in vitro there appears to be a greater tendency

for cells to migrate in a similar direction for multiple timesteps and then to change

direction, whereas in the model the cells are set to change direction at each time-step

(10 minutes). To test the impact of this on direction autocorrelation and directionality

ratio we implemented a simple model of longer timescale persistence in a 2D ABM

with a random movement only. We assumed cells are initially oriented in a randomly

generated direction, and move for a random number of timesteps (between 1 and 10) in

that direction before changing direction. This simple toy model confirmed that we would

expect changes in direction autocorrelation and directionality ratio to be consistent with
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the experimental data if cells "persisted" in a given direction for 30-50 minutes. However,

to implement this appropriately in our full ABM would add additional complexity (our

toy model implementation over-represents this type of persistence and our diffusional

model employed in the ABM under-represents it), and because the general trends for cell

migration dynamics matched well with experimental data we did not consider this further

in this thesis. The addition of a notion of cell persistence over medium time-frames

(<100 minutes) may be a useful improvement to the model in the future.

We then implemented our ABM in a geometry reflective of the in vivo SA to investigate

possible mechanisms of trophopblast invasion and plug disintegration. EVTs do not

proliferate, and so likely colonise the SA via a combination of migration down the SA

lumen from the EVT columns, and invasion of individual interstitial EVTs through the

SA wall. The relative contributions of these mechanisms are not well understood, and so,

in this study, have been explicitly considered. Once within the SA, EVTs migrate towards

the myometrium, and replace the musculoelastic tissue with a matrix containing EVT

and fibrin fibres [57, 250, 263]. Trophoblast plugs are thought to generate permissive

low shear stress conditions to allow retrograde migration in response to chemotactic

growth factors, but the relationship between trophoblasts in the plug and trophoblasts

within the vessel lumen is not well understood, and no study, to our knowledge has

investigated whether there is any difference in phenotype (e.g. invasive/non-invasive)

between the trophoblast in the plug or in the vessel wall [194]. A number of theories

regarding this can be considered. The first is that trophoblasts may not be fixed inside

the plug but rather may act as a transient pool of cells from which EVTs migrate towards

the myometrium. An alternative possibility is that the centre of the plug remains fixed,

modulating blood flow, while trophoblasts at the wall migrate toward the myometrium.

The third possibility is that all cells in the plug remain fixed as a cohesive mass and

colonisation is primarily achieved via colonisation that occurred prior to plugging and

invasion of interstitial trophoblasts into the vessel wall.

To assess these possible physiologically plausible mechanisms here we analysed the number

of trophoblasts predicted by the model to be near (<2-cell-radii) or far (>2-cell-radii)

from the SA wall. If the number of cells within 2-cell-radii from the wall increases over

time then the model suggests a migration of cells from the plug to the vessel wall. If

the distribution of cells < or > 2-cell-radii from the vessel wall stays constant over

time, then the cells originally in the plug primarily remain in the plug and those on
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the wall migrate independently of the plug. Our model allows us to assess the possible

parameter combinations leading to these behaviours.

The conditions that the model predicts provide the greatest rate of migration toward the

myometrium are when there is a high axial chemotaxis force (relative to flow forces), along

with a permissive environment for cells to be recruited from the plug to migrate along the

SA wall. This occurs when cell-cell attraction forces are low, and when radial chemotaxis

is high enough compared to axial chemotaxis to promote cell migration from the plug.

Strong cell-cell interaction forces result in cells clustering together, and so although cells

are attracted by chemotaxis toward the myometrium, they move in clusters that migrate en

masse relatively slowly compared to cells that are less attracted to one another. Similarly,

if there is a high radial chemoattractive force, cells are recruited from the plug and the

model predicts rapid migration. In some cases, even with low radial chemoattractive

force the presence of blood flow in the SA can "push" cells from the plug to the vessel

wall promoting migration, but this results in channel formation within the plug and thus

accelerates plug break up. Therefore, the model predicts that each of the parameter

combinations that promote migration also potentially promote plug break up.

The model predicts that the plug remains as a cohesive mass if either cell-cell adhesion is

strong, or if cells are not recruited radially from the plug. When cell-cell adhesion is strong,

the plug remains intact. When both radial chemoattractive force and cell-cell interaction

forces are relatively low, cells near the wall are able to migrate more rapidly toward the

myometrium. However, they must be replenished with a source of cells near the wall for

migration to continue (i.e. new cells are recruited by migration from the expanding EVT

columns growing out of anchoring placental villi). These conditions are physiologically

feasible and could explain how plugs remain intact in vivo for several weeks. A final

possibility predicted by the model is that if Caxial is small, the axial chemoattractive force

will act evenly on all trophoblasts in the plug regardless of their proximity to the vessel

wall, resulting in the plug being pulled as a whole toward the myometrium and acting

as the front for trophoblast colonisation of the arteries. However, this is physiologically

unlikely as trophoblasts clearly migrate beyond the distance of plugging.

The second physiological question that our model can be used to investigate is the

possible mechanisms of trophoblast plug disintegration. The mechanism for this is

unknown, but hypothetical scenarios proposed for plug disintegration are that; 1) the
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whole plug breaks up rapidly or is pushed into the IVS by an increasing uterine blood

flow, 2) channels form in the plug, which expand progressively and ultimately result in

increased flow and progressive plug disintegration, and 3) cells in the middle of the plug

undergo apoptotic/necrotic cell death that initiates plug disintegration. Hypotheses (1)

and (2) can be investigated by this model. Hypothesis (3) could be further investigated

in the future by an incorporation of timed (cell-cycle dependent) or nutrient dependent

cell death in the ABM, but could perhaps be more easily addressed in the first instance

by looking for markers of cell death in histological sections of trophoblast plugs.

Our model shows that a set of conditions exist in which it is possible for the entire

plug to move intact towards the IVS, which could result in the scenario where plugs

dislodgement rapidly as a whole. Under the same conditions that promote the plug

remaining as a cohesive mass (high cell-cell integration and low radial chemotaxis), plugs

are predicted to persist for longer and are more likely to be pushed into the IVS under

the influence of blood flow in the SA. This would suggest a long-lasting, stable plug, that

is simply swept away by a high blood flow as delivery of blood to the uterus increases

through pregnancy. In this case break up is initiated by an increase in volumetric blood

flow rather than a loss of integrity of the plug.

Although a relatively low cell-cell interactive force allows cells to migrate more efficiently

along the SA wall, it increases the number of cells that are able to migrate away from a

trophoblast plug to the vessel wall and potentially reduces the integrity of a plug (i.e.

cells in the plug disperse by migration). This also occurs when cells are readily recruited

from the plug to the vessel wall via chemotaxis. In these cases, the plug breaks up rapidly

from the centre and blood flow speed increases in the middle of the vessel lumen. Thus, a

loss of plug integrity decreases SA resistance and allows an increased blood flow through

the SA, which further propagates the cycle of plug disintegration.

The presence of blood flow in the SA acts to accentuate any asymmetries, or weak

spots in the system (i.e. promotes large gaps between cells to form into channels). If

cells are able to be recruited easily from the plug to migrate along the SA wall, our

model indicates that an increasing flow through the SA may increase this recruitment,

which leads to channel formation in general near the centre of the plug. However, if

cells have a tendency to cluster together or remain fixed in the plug the presence of

flow may still lead to the formation of channels in the plug structure, leading to loss
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of plug integrity. In the case that radial chemotaxis force or its depth of influence into

the vessel lumen is low, blood flow pushes more cells to the wall and depending on

the symmetry of the problem and the axial chemotaxis force, promotes the remaining

cells to migrate into the SA along its wall.

The existence of channels within the plug has been confirmed experimentally [19, 35] and

regardless of the nature of cell-cell interactions or chemotaxis, the average flow velocity

at the mouth of the SA (feeding the IVS) increases progressively (for a fixed driving

pressure of 55 mmHg) to around 2-3 times its baseline over one day of simulation time,

as the plug disperses (either via recruitment of cells to the vessel wall, or cells being

"pushed" back into the IVS). This simulation time-frame is more rapid than expected in

vivo, potentially as the domain simulated is relatively short and the seeded plug therefore

less resistive to flow initially than may be expected. Expected driving pressure in this

domain can not be measured, and may be overestimated, as the upstream radial arteries

are likely high resistance at this early stage of pregnancy. Reducing the model driving

pressure to <25 mmHg provides predictions of blood flow velocities that remain close to

stable over the duration of simulation, thus promoting a more stable plug configuration

and a more favourable environment for trophoblast migration along the SA wall.

The model behaviours that determine the nature of migration and plug dislodgement

are influenced significantly by local flow patterns. However, cell-cell interactions and

chemotaxis forces are unknowns in the system that also have a significant impact on cell

behaviours. The model suggests that the balance of these three forces is critical to main-

tain plug integrity whilst promoting trophoblast migration toward the myometrium.

5.9 Model limitations

To fully understand cell behaviour in the context of SA remodelling all significant

environmental factors and/or stimuli that may affect cell migration should be considered,

and modelled as accurately as possible. The model proposed here therefore provides

a framework for future models but does not incorporate all mechanisms that drive

migration of trophoblast along the vascular lumen, nor all proposed mechanisms driving

plug dispersion. However, the model presented here can very well be improved by
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adding more factors, and by improving parameterisation of unknown parameters, when

more experimental data become available.

It is not yet clear which chemoattractants are key contributors to trophoblast migration,

nor how they are distributed in and around the SA. Model predictions show that the

chemotaxis effect plays an important role in cell migration depth and these predictions are

in agreement with a previous continuum model of trophoblast invasion through decidual

stroma [38] which showed that the trophoblast invasion into the decidua is primarily

driven by chemotaxis. Our model predicts that in order for cells to migrate along the

vessel wall and deep into the decidua the chemotaxis force in axial direction is of a greater

importance than any other force. The chemoattractants that act on trophoblast are many,

and while we know that immune cells in the decidua release important chemoattractants,

there may be multiple relevant sources of different chemoattractants that will have

different diffusivities and impacts on trophoblast migration. For example, endothelial

cells themselves can release chemoattractants and trophoblasts have been shown to

migrate towards chemoattractants that are released by endothelial cells in low shear

stress condition [118]. To allow for these largely unquantified variables we modelled two

distinct types of chemoattractants: 1) those that are released in or near the myometrium

and are localised in their effect in or near to the SA wall, Faxial, 2) those that are released

in or near to the SA wall into the vascular lumen and able to diffuse for example into

the plugged regions of the SA, Fradial. A linear function was chosen for Faxial which is

transported primarily in the tissue of the decidual layer, and an exponential function

for Fradial assuming that the existence of (any) blood flow within the SA lumen that

may reduce the effect of chemotaxis in this direction. However, these representations of

chemattractant signaling are simplifications of the mechanisms present in vivo.

With spatially distributed models of chemoattractant sources a model could be better

parameterised to reflect the chemotaxis force. A continuum model of chemoattractant

transport could potentially be incorporated in the same way as the continuum model

of flow. There are some studies showing how trophoblast invade through Matrigel (an

extracellular matrix mix) in response to chemokines [1]. Similar studies set up to quantify

migration along a vessel wall and with a range of chemokines could potentially add to

the repertoire of data that could parameterise a model of this type. It would be useful

to identify the relative importance of factors secreted by decidual, arterial and immune

cell populations during pregnancy (chemokines such as IL-8, interferon-inducible protein
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IP-10 and CCL5 (RANTES)) [93, 94, 233], that could potentially affect trophoblast

migration. Moreover, a catalogue of the source of these chemokines and the usual spatial

distribution of chemokine producing cells in the decidua and myometrium would enable

some clearer metrics of how chemoattractants are likely localised near or in the SA.

If a trophoblast plug indeed provides a source of trophoblast to migrate to and along the

SA wall, then a weak cell-cell interaction force would be beneficial. If the primary role

of the plug is to modulate blood flow then increasing the tendency for cells to cluster

by increasing cell-cell interaction (impeding migration on the SA wall itself) would be

preferable. As discussed in Chapter 4 experimental evidence to determine the mechanical

strength of trophoblast interactions with one another (and other relevant cell types) is not

well studied to date, but as this may significantly impact the mechanisms of trophoblast

migration it may be an important consideration for future experimental studies.

In the model we assumed that the cells within the plug behave in the same manner

as those migrating on the vessel wall. Within the 3D configuration of the plug there

is a greater number of cell-cell contact points (and thus potentially a higher cell-cell

attraction force) than observed in the 2D data in vitro in Chapter 4, which is more

representative of trophoblasts migrating in 2D along the vessel wall. Furthermore, it

is not known whether phenotypic differences in the expression of adhesion molecules

exist between trophoblasts that reside in plugs, and trophoblasts that migrate down the

vessel walls, and such differences could result in differential cell-cell attraction forces

between these populations. In both of these scenarios, it is possible that the coexistence

of a high plug integrity and rapid migration along the SA wall to the myometrium

could be captured more accurately in the model. Thus, it would be of great interest

to both better characterise the in vivo phenotype of trophoblasts that reside in plugs

histologically, and to develop novel 3D trophoblast culture models to directly measure

how cell-cell interactions vary between the 2D and 3D scenario.

In our model cells are considered as solid spheres while real cells are deformable. All

the cells are assigned the same size and shape while we know that in vivo and in vitro

cells change size and shape to move. It is commonly seen from the time-lapse images of

the migrating cells, that cells contract and expand their leading front edge and by doing

that they move. Considering this in the model significantly increases computationally

cost. The purpose of building this model was to recreate the macroscopic behaviour and
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movement of trophoblasts without unnecessary complexity. However, it is clear from

the model that cell-cell and cell-wall interaction potentially have a significant impact

on cell behaviour, and studies to investigate the attractive and repulsive properties

of trophoblast in close proximity would help to characterise which model predicted

behaviours are more likely in vivo.

Darcy flow is solved everywhere in the model (including away from the plug) for simplicity

of solving the problem while the governing equation in the spaces free of cells may

more appropriately be the Navier-Stokes (or an appropriate low Reynold’s number

approximation). Also, to consider wall shear stress modified Darcy flow known as Darcy-

Brinkman should be solved. Amending the governing equations is possible within this

framework, although with associated additional computational cost.

The model did not include cell death. However, some studies have suggested that

trophoblasts in the central portions of the plug will undergo necrosis, and as a consequence

open up channels through the plug into the IVS [207]. An agent in an ABM undergoing

cell-death or necrosis in response to local environmental conditions such as hypoxia or

nutrient content in the surrounding neighnourhood [251] has been modelled in previous

studies. Depending on the level of oxygen and nutrients in the surrounding area of a cell

or other environmental conditions (which can be investigated in vivo and/or in vitro),

an agent (cell) in the ABM can change states from "alive" to "dead". Unlike "alive"

cells that can interact with other cells and the environment, "dead" cells partake in

no interactions. Therefore, dead cells (in the centre of the plug) will not have cell-cell

interaction with other neighbouring cells affecting the force holding cells together in the

plug. This may make weak points in the plug which will cause plug breakage from those

points. Also, as the plug breakage seems to start after some weeks into the pregnancy,

it means that trophoblasts in the plug would not die for several weeks, then start to

die when plugs dislodgement. The reason for the onset of trophoblast cell death at a

certain time point is not clear yet, particularly as it is unlikely that oxygen and nutrient

content would change much once plugs have been established.

Endothelial cells on the vessel wall have not been considered in the model while vessel walls

in vivo are populated with endothelial cells and trophoblasts replace them in the invasion

process. Although it was shown in Chapter 4 that endothelial cells did not significantly

influence trophoblast migration in vitro in 2D, they are an important part of the invasion
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process [4, 243]. Cell-wall interaction was included in the model, which replicates this

interaction to some extent. However, considering more details of expressing adhesion

molecules in the model and the process of replacement of endothelial cells by trophoblasts

increase the computational complexity of the problem. To add these effects in the model,

more investigation is required to be done to measure interaction force between endothelial

cells and trophoblasts. With this, trophoblast interaction with the vessel wall can be

parametrised more accurately. In addition, the trophoblasts on the vessel wall that

replace the endothelial cell layer may differ in their phenotype/behaviour from the ones in

the plug, which in return could affect trophoblast migration and plug dispersion. While

trophoblasts in the plug impede the flow, the total shear stress sensed by trophoblasts on

the vessel wall decreases, initiating trophoblast migration deep towards myometrium.

5.10 Conclusion

In this chapter we presented an ABM to simulate trophoblast behaviour, as a response

to some known environmental stimuli including chemotaxis and blood flow. While the

model is parameterised to existing experimental data, and kept as simple as possible there

are still several unknowns in the model (e.g. chemoatrractant strength and distribution,

and the nature of cell-cell interaction). However, these unknowns do not preclude

qualitative investigation of how cells may migrate in vivo. Low cell-cell interaction

forces promote cell migration and recruitment of cells from the trophoblast plug to

migrate toward the myometrium along the vessel wall. However, these conditions also

promote a disintegration of the plug via loss of cells to the vessel wall. Thus, as both

plugging and migration are required for pregnancy success a fine balance must be struck.

Chemoattractive forces can promote cell migration either axially (along the vessel wall)

or encourage recruitment of cells from the plug, a balance between the two mechanisms is

predicted to provide the most rapid cell migration toward the myometrium but the true

nature of these mechanisms is yet to be determined. Flow through the SA promotes the

formation of channels in the plug, which leads to further disintegration due to localised

high shear near the existing channels. This suggests that localised cell death, or "weak

spots" within the plug may become larger over time due to the influence of local flow,

promoting plug disintegration. We expect this modelling framework to be progressively

improved over time to provide an increasingly accurate picture of how SA plugging relates
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to SA remodelling in the first trimester of pregnancy. We now turn our attention to the

period after plug disintegration and examine the rheological consequences of adequate

SA remodelling by presenting a model of the haemodynamics of blood flow from the

SAs into the IVS through the remainder of pregnancy.



Chapter 6

Beyond the first trimester: Blood

flow from a remodelled spiral

artery

During weeks 5-18 of pregnancy [193, 194] as the SAs are invaded by trophoblasts they

are transformed into large high-capacity channels, which facilitate an increased maternal

blood flow throughout pregnancy with minimal increase in velocity, preventing damage to

delicate villous tissue. This chapter focuses on simulating SA haemodynamics from week

12 onward, once plugs have dislodged, to better understand the effects of progressive

SA remodelling on the placental development.

Reliable ultrasonographic measurement of blood flow at the interface between the uterine

circulation and the placenta has been difficult to achieve in humans due to the small

size of SAs and their tortuosity. However, in recent years a validated ultrasonographic

method to measure flow velocities at the SA opening, and to estimate the distance that

blood flow penetrates into the IVS, has been developed [51, 52]. Using this methodology

the blood flow from typical SAs has been described as "jets". The width of a jet is

assumed to correlate with the size of a SA opening. These jets of flow appear to

resemble the patterns of flow into the IVS that have been previously estimated from

histological specimens and simple computational models [33]. Typically, three or four

jets of interest are measured in an individual, but in some individuals attempts have
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been made to measure every SA jet. In these cases between 29 and 32 jets with similar

flow properties were measured in each individual[51].

In addition to the jets of flow that appear to correspond to normal SA remodelling observed

in histology, ultrasound also identifies "mega-jets" of flow into the IVS. These mega-jets

appear to penetrate further into the placenta than normal jets and frequently terminate

in placental lakes (low density regions of the placenta with little blood circulation) [52].

The origin of the mega-jets is uncertain, but they may arise from the accumulation of

multiple SAs feeding into one opening producing a higher than usual flow rate [52]. The

relationship between mega-jets and placental tissue is also uncertain. For example, as

their association with placental lakes increases over pregnancy, do high flow jets influence

the development of the placental villous structure regionally?

Simple computational models have been used previously to understand the nature of

blood flow from SA openings [33], but these models neglected the tissue lying distal to

the SAs. At term, blood flow in the IVS has previously been modelled as flow through a

porous medium [47, 79]. Some studies have assumed uniform porosity and others allowed

for "cavities" near to the SA opening, reflecting the possible interaction between SAs

and the placental tissue. However, all studies considered the SA opening to be a point

source. The only model considering both SA and the IVS together [212], used a single

tissue sample of a term placenta with IUGR (with/without pre-eclampsia) to reconstruct

a 3D model of SA attached to proximal IVS. To our knowledge, no one has examined

how a change in dimension of the SA that is predicted to occur as a result of vessel

remodelling, influences the jet-like flows or how these flows are influenced by changes in

placental tissue density with gestation, nor the potential differences in jets or mega-jets

that are observed in ultrasonography. Here we present a computational model of flow

from the opening of a maternal SA into a placentome through gestation. We show how

an increase in placental tissue density through pregnancy results in an overall decrease in

penetration of blood from the maternal SAs to the placenta, despite an increase in overall

blood flow rates. We also postulate how the volume fraction occupied by villous trees

(ψ), or the presence and size of a central cavity, may be indicated by ultrasonographic

placental jet properties. This work has been published in [213].
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6.1 Materials and Methods

6.1.1 Geometric Model

We consider blood flow in a single placentome (a placental functional unit supplied by

a single SA), which in previous computational models has been assumed to be a two-

dimensional square, [79, 151] and a hemisphere [47]. We assume a cuboidal placentome

shown in Figure 6.1 , which implicitly assumes that the placenta can be approximated

as uniform in width over the area comprising a single placentome. We assume that the

placentome has thickness ZL, and dimensions (XL, YL) in its cross-section parallel to its

basal and chorionic plates, and there are np placentomes that make up the placenta. The

value of np is dependent on the number of SAs and ranges from 30–100 [26, 157]. Total

placental volume [66] and thickness (ZL) [23] have been calculated through gestation,

and assuming each SA supplies an equal volume of placenta, and that XL = YL allows

determination of the dimensions of an average placentome through gestation.

Figure 6.1: A schematic of the idealised placentome represented in our model. Geo-
metric parameters are dependent on gestational age.

There have been few quantitative studies on the size and number of uterine veins that

drain maternal blood from the placenta. Therefore, we follow previous studies [151] and

assume that each SA is accompanied by two decidual veins draining the placentome.

We model the SA opening following Burton et al. [33] as a cylindrical tube with a

funnel-shaped opening supplying the placentome with blood. The SA is located at

the centre of the placentome (XL/2,YL/2,ZL), and the veins are placed symmetrically
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with respect to the SA along a line joining the artery to the centre of the placentome

edge (Figure 6.1). Assuming that the SA is remodelled along a distance b, then SA

radius (r) in the remodelled section, between z = ZL and z = ZL + b, is assumed to

follow r = r0 + c(ZL + b− z), where r0 is the radius of the un-remodelled portion of

the SA and c is a constant [33]. There are few measurements in the literature of

venous calibre, and so the radius of the draining veins is assumed to equal the radius

of the un-remodelled part of the SA r0.

Central cavity: A "central cavity", or villus free region near the SA opening, is included

in the model geometry by assuming a a hemi-ellipsoid at the mouth of the SA to be

devoid of tissue (Figure 6.1). The major axis of the central cavity is along the z-axis and

centred on the SA mouth. The short-axis radius of the central cavity (rCC) is assumed

constant in the x-y plane, and as the radius of the central cavity is unknown two values

were considered. The first assumes that the central cavity sits directly around the mouth

of the SA, and the second assumes the central cavity sits a constant 0.5 mm beyond the

opening of the SA. The depth of the central cavity (dCC) is also unknown and thus was

varied from zero length (no central cavity) to the entire thickness of the placenta.

Changes in placental tissue through gestation: The tissue within the placentome beyond

the opening of the SAs comprises the villous tree (a branching network of tissue containing

placental arteries and veins) and IVS. This portion of the placentome is modeled as

a porous medium with uniform and isotropic hydraulic permeability (K) and porosity

ε = 1− ψ, where ψ is the volume fraction (the ratio of tissue space to IVS in the placenta).

Placental tissue density, or the volume fraction of placenta that is occupied by tissue, is

known to increase with gestational age [142]. The effective K of placental tissue at term

is estimated following Chernyavsky et al. [47] to be approximately 10−10 m2 using

K = d2

180
(1− ψ)3

ψ2 , (6.1)

where d is an average diameter of a villus in the IVS.

To estimate the change in ψ with gestation we assume that d remains constant and that

tissue density can act as a proxy for volume fraction. Boyd and Hamilton [22] measured

placental weight (converted here to volume by assuming tissue density of 1000 kg m−3)

with gestation, and De Paula et al. [66] estimated in vivo placental volume with gestation.

The relative changes in volume fraction can then be estimated by dividing normal placental
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weight by placental volume at each gestational age. A polynomial fit to literature data

gives us an equation for ψ as a function of gestational age (GA, in weeks, R2=0.99) as

ψ(GA) = α(GA)ψterm, (6.2)

where

α(GA) = −0.0007GA2 + 0.062GA− 0.39. (6.3)

So at the 12th week of gestation ψ is expected to be 45% of its value at term. This is

reflected in power Doppler images, scanning electron micrographs, and histological sections

through gestation presented by Konje et al. [142] and translates to K at 12 weeks being

almost 10 times the value at term. Note that the volume fractions which are calculated

using Equation 6.2 (or corresponding porosities ε = 1− ψ) are average values over the

whole placenta. When a central cavity is present the porosity of tissue in the IVS away

from the central cavity is adjusted based on central cavity volume such that the average

tissue volume (and thus porosity) of the placenta is constant between simulations.

6.1.2 Model construction and solution

The model was formulated in the computational fluid dynamics software ANSYS-FLUENT

(ANSYS R© Academic Research Fluent, Release 14.0). The geometry of the model as

shown in Figure 6.1 was constructed and meshed in ANSYS ICEM CFDTM (ANSYS R©

Academic Research CFX, Release 14.0), with mesh resolution determined by convergence

tests. The model geometry was split into two regions, a composite fluid-tissue region

comprising the IVS (z < ZL, less the central cavity) and a region in which fluid flow

is un-impinged by the villus structure (z > ZL, plus the central cavity). We solve

for steady-state, laminar flow, assuming that blood is an incompressible Newtonian

liquid. In general the situations simulated here have an upstream flow velocity (in the

un-remodelled portion of the SA) of 0.5-4 m s−1, which is consistent with Burton et

al. [33]. This results in Reynolds numbers of 70-550, which suggests a laminar flow

assumption is reasonable. In the porous region Darcy flow is solved:

v = −K
µ
∇P, ∇ · v = 0, (6.4)
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where v is blood velocity, µ is the viscosity of blood, and P is blood pressure. In the

villus free region the Navier-Stokes and continuity equations are solved:

(v · ∇)v = −1
ρ
∇P + µ∇2v, ∇ · v = 0, (6.5)

where ρ is the density of blood. Solutions were obtained with 100 iterations and a

residual target of 1×10−4, and convergence was checked via both a check of mass flow

balance (i.e. flow into the system equals flow out), and further convergence checks

for mesh resolution. Blood velocity at the SA opening was defined as the average

velocity across the SA mouth at z = ZL.

6.1.3 Boundary conditions

At the inlet of the SA, for simplicity, we assume a fully developed laminar flow and a

parabolic flow velocity profile. The flow velocity at the inlet is adjusted to match ultra-

sound measured flow average velocity at the SA opening to the IVS. At the venous outlets

pressure was fixed at a constant 0 Pa. The interface between the villus-free and porous

medium domains was defined in ANSYS-FLUENT as an "interior" boundary, which means

that continuity of parameters (velocity and pressure) is ensured at this interface.

At the chorionic and decidual surfaces (z = 0 and z = ZL) a no-slip condition is assumed

as these surfaces are a physical barrier to flow. At the boundaries at the periphery of the

placentome (x = 0, XL and y = 0, YL) no-slip conditions were also assumed, which tacitly

assumes that placentomes are separated by physical boundaries (septa). To test the impact

of this assumption on the model, the geometry was extended to multiple placentomes

fed by different SAs, predictions of jet length were unaffected by this assumption.

6.1.4 Model Parameterisation

Model parameters which are not changed with gestation are summarised in Table 6.1,

and those that change with gestational age are shown in Table 6.2. To define SA funnel

dimensions the inlet radius r0 is fixed at 200 µm following Burton et al. [33] and b and c

are model variables, with c adjusted to match SA opening radii measured by ultrasound

through gestation, [51, 52]. A range of ψ and d at term are available in the literature
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Table 6.1: Nominal parameter values and ranges from the literature

Parameter Value Range Reference
np, number of placentomes 100 30–100 [26, 157]
r0, undilated SA radius (µm) 200 – [33]

b, depth of spiral artery remodelling (m) 0.003 – [33]
d, average villous diameter (µm) 70 50–70 [16]

ψterm, volume fraction 0.3 0.3–0.7 [48, 168]
φterm, porosity 0.7 0.3–0.7 [48, 168]

K, permeability at term (m2) 1×10−10 7.65×10−12–1×10−10 Calculated from d,ψterm
Blood viscosity (µ, Pa s) 0.003 – [195]
Blood density (ρ, kg m−3) 1056 – [195]

Table 6.2: Model parameters estimated from the literature to describe the size and
structure of an "average" placentome through gestation, 95% confidence values are given
where available

Gestation (weeks) 12 15 20 25 30 35 Reference
Placental volume (L) 0.108 0.147 0.206 0.243 0.329 0.390 [66]

Range of 10th to 90th percentile (L) 0.070–0.154 0.088–0.210 0.118–0.304 0.136–0.361 0.178–0.493 0.208–0.587
Placental Thickness, ZL (mm) 10 12 16 19 22 24 [16, 23]

x- and y-direction dimension, XL,YL (mm) 10.4 10.9 11.3 11.6 12.2 12.7 See text
Constant c 0.26 0.36 0.48 0.56 0.58 0.56 See text

Width of jet mouth (mm) 1.96 2.56 3.30 3.75 3.90 3.76 [51, 52]
95 % confidence range (mm) 1.46–2.44 2.01–3.08 2.46–4.11 2.53–4.96 2.30–5.52 1.75–5.76

Mean velocity at SA mouth (m/s) 0.51 0.43 0.33 0.25 0.19 0.14 [51, 52]
95 % confidence range (mm) 0.36–0.71 0.32–0.58 0.26–0.41 0.20–0.30 0.15–0.23 0.11–0.18

Average porosity, φ 0.92 0.89 0.83 0.79 0.77 0.74 See text

for normal placentas [48, 168]. This leads to a range of placental permeabilities, K, and

the nominal value for this parameter is set following [47].

Sonographic Measurements: A previous pulsed wave Doppler ultrasonography study

measured SA mouth width, jet length and jet flow velocity (at the level of the opening

of the SA mouth) in 52 normal singleton pregnancies [52]. A full statistical analysis

is given in the original study [52]. Participants were recruited at 11.0 weeks and 13.6

weeks gestation (weeks.days). All 52 pregnancies had uterine artery Doppler results

within the normal range at 23 weeks. Average placental weight at birth was 0.63 kg

(range 0.38-0.87 kg) and all placental weights lay within 1.5 standard deviations of the

mean for gestational age [99]. Mean values of jet mouth width and velocities through

gestation are given in Table 6.2, along with ranges of the 95% confidence intervals

for each parameter at that gestation.

Jet length: Jet length was defined by assessing the blood flow velocity through

the IVS along the centreline of the SA. For consistency with ultrasonography



152 Chapter 6. Beyond the first trimester: Blood flow from a remodelled spiral artery

[52, 53], this point was defined as the point at which blood flow velocity drops

below 1×10−1 m s−1 (10 cm s−1).

6.2 Results

6.2.1 Initial model predictions of spiral arteries observed by Doppler

ultrasound

The model was solved first with nominal parameters as defined in Tables 6.1 and 6.2,

no central cavity (dCC = 0), and with mean velocity at the SA mouth fixed at the

mean velocity measured by Doppler ultrasonography, and maximum and minimum

velocities in the 95 % confidence range. Figure 6.2 shows the predicted jet length, and

ultrasound measured jet length under these conditions. The model, with its nominal

parameters under-predicts measured values of jet length except in early gestation. At

12 weeks of gestation, model predictions lie near the centre of the confidence band for

ultrasound measured length, and at 15 weeks predicted values lie at the lower end of the

confidence band for ultrasound measured length. Changes in SA mouth flow velocity

have a progressively reduced impact on model predictions of jet length (as indicated by

the error bars in Figure 6.2) and increasing velocity within feasible ultrasound measured

bounds is not sufficient to predict the range of jet lengths observed. Ultrasound measured

jet velocities and lengths are not related (Figure 6.3) suggesting that longer jets are

not simply reflective of faster moving blood.

6.2.2 Model sensitivity analysis

In order to determine which factors accounted for the discrepancies observed between

these initial model predictions and jets from the SAs observed by Doppler ultrasound,

the model was re-simulated under conditions representing the extremes of parameter

ranges to determine how results were influenced in each case. The model for the 12

week placenta (GW=12) was used as a baseline for comparison.
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Figure 6.2: Ultrasonographic measurements of jet length in normal pregnancies (solid
line, dashed lines represent 95% confidence intervals, from [52] compared with jet length
predicted by the model with ultrasound measured flow velocities at the SA mouth
(crosses represent predictions at nominal parameters for each gestation, error bars
represent jet length predicted at minimum and maximum of 95% confidence range
for velocity at SA mouth). The model underpredicts jet length at all but the earliest
gestation. Note that the predicted jet length at 35 weeks is small, but non-zero, and
the level of jet length is defined as flow velocity less than 1×10−1 m s−1 for consistency
with ultrasound, so there is still circulation predicted in the IVS under these conditions.

Figure 6.3: The relationship between ultrasonographic measurements of length and
jet mouth velocity at 11.0 to 13.6 weeks of pregnancy. Trends are similar at later stages
of pregnancy. There is no significant relationship between the two parameters. This
lack of relationship, and the predictions that flow velocity at the SA mouth must be
much higher than ultrasound measured values to predict accurate jet length, suggest
that the density of villous tissue distal to the SA mouth must be a primary determinant
of jet penetration.
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6.2.2.1 Placentome dimensions

There is significant variability in placental volume throughout gestation, and as we

are modelling just a portion of it (a placentome) this variability in the thickness of

the placenta ZL becomes predominant factor in our analysis [129]. Therefore, in order

to determine how differences in placental thickness may affect jet length, holding all

other parameters constant, the placental thickness ZL was reduced to half its baseline

value at GW=12 (5mm) to represent the range of physiological placental thickness.

With ZL=10mm the length of the jet was predicted to be 2.21mm. When placental

thickness was reduced to ZL=5mm length of the jet was reduced to 2.07mm. Reducing

ZL still further, to a length that was non-physiological, but at which the chorionic

plate might be expected to influence haemodynamics, resulted in a further reduced

jet length (1.98mm). In most cases, where jet length is significantly less than the

thickness of the placenta, the parameter ZL has only a small effect on predicted jet

length (Figure 6.4). The effect of decreasing ZL is to decrease jet length rather than

the increase required to match data in Figure 6.2.

Figure 6.4: The effect of changing placental thickness ZL on jet penetration length is
tested in this figure. Placental thickness has only a small effect on predicted jet length.

6.2.2.2 Decidual vein location

The location of the decidual veins (DVs) with respect to the SA was varied with veins

located at (a) the periphery of the placentome (x=± 0.00479), or (b) immediately ad-

jacent to the SA (x=∓ 0.001 ). Neither simulation resulted in a significant change in
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jet length (Figure 6.5), but this change did influence flow velocities near the periphery

of the placentome with peripheral DVs resulting in higher peripheral flow velocities

near the drainage area.

Figure 6.5: The effect of changing the location of the veins on jet penetration length.
Extreme changes in this parameter had only a small effect on predicted jet penetration
length.

6.2.2.3 Spiral artery dimensions

The width of the SA mouth was obtained from ultrasound data [52, 53]. Increasing the

mouth width decreases jet length. Increasing the unknown parameter, b, representing

the depth of SA remodelling, decreases the jet length compared to when b=3 mm.

The decidual thickness varies from 5 to 11mm between individuals [220, 258]. Whilst

measurements of the myometrial layer give a range of 6-10mm [68, 75]. Therefore, the

remodelled part of SA (which extends to the inner third of the myometrium [33]) is

expected to extend 7-14 mm into the decidual-myometrial tissue from the IVS. Simulating

with b = 7 mm results in a decrease in penetration of 1.41 mm. Therefore, simulation

using a 7 mm depth of remodelling has shown that the jet length decreases in comparison

to 3 mm depth (the measurement used based on [33]) of remodelling. Further increasing

the depth of SA remodelling decreases the penetration length further.
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6.2.2.4 Pulsatility

The pulsatility index of SAs decreases with gestation [51, 52]. However, flow in the

system is pulsatile. Assuming a heart rate of 80-90 beats per minute for a pregnant

woman, the Strouhal number and Womersley numbers for the SA are small at O(10−3)

and O(10−1), respectively. This suggests that a steady-state approximation of the system

is appropriate. To check this assumption a pulsatile simulation using nominal model

parameters was conducted at 12 weeks of gestation using peak systolic and end diastolic

flow velocities measured by ultrasound [52]. Maximum jet length over a heart beat

predicted by the pulsatile model and jet length predicted by the steady model differed

by 0.1mm. Therefore, pulsatility does not significantly affect jet penetration depth.

6.2.2.5 Velocity

The model was parametrised using the average velocity of a jet at its mouth from

ultrasound data [51, 52]. There is variation in this velocity. To assess the impact of

this variation, at each gestational week, simulations were conducted using the maximum

and minimum values of velocity from ultrasound. These simulations are reflected by

the error bars in Figure 6.2. While an increase in jet mouth velocity does increase

jet length, this is not sufficient to explain the difference between model predicted and

ultrasound jet lengths in Figure 6.2.

6.2.2.6 Tissue properties distal to jets

The results outlined here, taken together suggest that low tissue fraction at the mouth

of the SA must contribute to the presence of ultrasound jets in the placenta, as changing

each of the other model parameters within reasonable bounds was not sufficient to

increase predicted jet length to measured values. Variation in placental tissue density

was represented by 1) simulating a change in tissue volume fraction through the whole

placentome, and 2) by assuming a central cavity at the mouth of the SA. To predict the

placental tissue properties required for our model to predict ultrasound measured jet

length, for a given jet mouth velocity, blood flow in the placentome was resimulated using

the data in Tables 6.1 and 6.2, with inlet flow velocity to match mean ultrasonographic

data, and either the volume fraction of the placentome altered, or length of the central
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cavity increased, until the desired jet length is reached. Table 6.3 and Figure 6.6 show

the results of these simulations to predict both jets and mega-jets (jet length equal to

half of the placental thickness). Figure 6.6 shows that for observed jets and mega-jets

to occur, the tissue density at the SA mouth must decrease significantly with gestation,

or the length of a villus-free central cavity must increase with gestation.

The effect of reducing the volume fraction of tissue distal to the SA opening for a given

upstream flow velocity is shown in Figure 6.7. This figure shows model predictions of

average blood flow velocity in the SA and into the IVS distal to the SA at 25 weeks of

gestation for an average placental volume fraction ψ=0.21 and a low volume fraction

ψ=0.02. Both simulations show a similar pressure profile through the SA, but the

lower the volume fraction (the less tissue distal to the SA) the higher the jet length.

Incorporating a central cavity produces similar results, with an increase in cavity size

allowing increased penetration of blood. The major difference between the two approaches

for reducing tissue density at the SA mouth is that when a central cavity is included

flow velocity decreases rapidly as blood penetrates into the tissue filled space distal to

the central cavity. The site of highest resistance, and thus pressure drop in the SA in the

undilated portion of the SA is far more significant than in the dilated portions, pressure

variations in the dilated and undilated are consistent with Burton et al.’s [33] Poiseuille

flow approximation to haemodynamics in the SA for flow rates of the same magnitude.

Mega-jets of blood flow from SAs into the IVS have been described in normal pregnancies

and are defined as a visible blood flow travelling more than 50% of the placental thickness

[51, 52]. In these studies there was no significant difference found in peak systolic jet

velocity with mega-jets compared to standard jet [52]. The porosities required to predict

mega-jets are given in Table 6.3. Therefore, in order to predict the jet and mega-jet length

observed by Doppler ultrasonography, the volume fraction of villous trees must decrease

compared with the average (whole) placenta value derived from the literature, or a central

cavity of increasing length must develop through gestation as shown in Figure 6.6.

The extent to which jet length may be indicative of the presence and size of a central

cavity was investigated. The short axis radius of the central cavity did not influence jet

penetration. Figure 6.8a shows the effect of cavity long axis length on jet length at 35

weeks. Up to a cavity major-axis length of approximately 12 mm the length of the jet is

approximately equal to the length of the cavity at this gestation. However, for larger
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(a)

(b)

Figure 6.6: (a) The predicted volume fraction of the villous tissue required to generate
a jet with average jet lengths, a mega-jet and a comparison to the whole placenta tissue
volume fraction determined from literature data. (b) The predicted length of a villus-free
cavity required to produce jets and mega-jets compared to average placental thickness.
Both predictions suggest a reduced tissue density, compared with the whole placenta
average, at the opening of SA where significant jets are observed, particularly in the
later stages of gestation.
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(a)

(b)

Figure 6.7: Model predictions of (a) average blood flow velocity through the SA and
into the placental tissue in a region of the same diameter as the opening of the SA, and
(b) average blood pressure in a SA cross-section relative to minimum pressure along
the z-axis at 25 weeks gestation. Results shown represent a placentome with a 2 mm
central cavity (average ψ=0.21), a 5 mm central cavity (average ψ=0.21), no central
cavity (average ψ=0.21), and a homogeneously reduced tissue volume fraction (ψ=0.02).
All simulations have the same fixed inlet velocity. Visible jet length is sensitive to the
structure of villous tissue distal to the SA opening. (Line showing results for 2.0 mm
cavity is covered by other lines and is not easily visible.)
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Table 6.3: Model volume fractions and cavity lengths required to achieve mean SA
jet and mega-jet properties through gestation. The model predicts that a significant
reduction in tissue volume fraction distal to the SA opening or an increase in cavity
length is required to see jets as gestation progresses.

Gestation Target jet Target mega-jet Volume Volume Cavity length Cavity length
(weeks) length (mm) length (mm) fraction (ψ) fraction (ψ) for jet (mm) for mega-jet (mm)

for jet for mega-jet
12 2.73 5.0 0.07 0.04 0.67 3.6
15 3.13 6.0 0.06 0.03 1.87 5.15
20 4.51 8.0 0.05 0.03 4.01 7.80
25 5.01 8.5 0.04 0.02 4.94 8.68
30 5.50 11.0 0.03 0.01 5.62 11.55
35 5.32 12.0 0.02 0.01 5.63 12.91

cavities the jet length no longer extends the full length of the cavity. At 35 weeks of

gestation the average jet length is 5.32 mm and, assuming an average placental thickness

of 24 mm, the minimum length for a jet to be defined as a mega-jet is approximately

12 mm, with a maximum recorded length at 35 weeks gestation of 17.4 mm [52]. These

lengths are shown in Figure 6.8 for reference. For most standard jets our model predicts

that the jet length is reflective of the size of the central cavity. However, mega-jets may be

associated with cavities that are longer than measured jet length, which is consistent with

the higher frequency of occurrence of mega-jets in the vicinity of placental "lakes" [52].

This relationship between cavity length and jet length holds true from approximately

20 weeks of gestation. Prior to 20 weeks the model predicts that, in general, a jet or

mega jet can penetrate into the IVS beyond the central cavity (Figure 6.8b), because,

on average, the tissue is more porous at early gestational ages.

Variation of model parameters across physiological ranges, and assessment of steady

versus pulsatile flow shows that placentome dimensions, decidual vein location and

pulsatility do not influence jet length significantly. Most changes to model parameters

acted to decrease rather than increase jet length. The key parameters that influence our

model are jet velocity (which is input from ultrasound) and IVS tissue porosity.

6.2.3 Jet fluid dynamic behaviour

In order to understand that how SA anatomy affected the fluid dynamics of jets opening

to the IVS, Ansys CFD-Post (ANSYS R© Academic Research CFX, Release 14.0) was used

to visualise the 3D flow dynamics from a remodelled SA. This demonstrated that flow
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(a)

(b)

Figure 6.8: (a) The predicted jet length for a given central cavity long axis dimension
at 35 weeks gestation. Average jet length is given along with an expected range for
mega-jet lengths based on data from Collins et al [52]. Jet length is predicted to follow
the size of the central cavity up to a maximum value at which the jet length becomes
reduced compared with the length of the central cavity (the effect of reaching the
porous placental tissue is no longer the dominant determinant of jet penetration). (b)
The predicted proportion of jet length that must be comprised of a villus free cavity
to predict a jet and mega-jet through gestation. Early in gestation blood is able to
penetrate significantly beyond the length of the cavity, however from approximately 20
weeks jet length becomes indicative of cavity length.
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separation can occur in the dilated part of the SAs (as shown in Figure 6.9 for model

simulation for 12 weeks of gestation). This results in a flow profile more akin to a true

Figure 6.9: Flow entering the dilated part of the SA separates from the vessel wall
near the opening and proceeds as a jet down the artery (Re=112.6). Flow is steady at
the centre pointing towards the IVS (colour range of red to light blue) with regions of
reverse flow (arrows pointing in opposite direction to the main flow as shown in dark
blue).

jet than the gradual decrease in flow velocity as predicted in the 2D model developed

by Burton et al. [33] An analysis of model predictions suggests that this phenomenon

occurs when the ratio of dilation length to width is approximately 0.5 (when the dilation

of the artery is 30◦ or greater), or if flow velocity in the un-remodelled portion of the

SA is greater than 1.5 m s−1. This velocity is at the high end of estimated physiological

values but not impossible, it reflects a Reynold’s number entering the dilated part of the

SA of approximately 1500. From an engineering perspective this behaviour is similar

to the problem of a diffuser [20], where flow separation can be shown to occur at high

separation angles, and high Reynolds numbers. In this case blood flow retains the width

and velocity of the upstream (un-remodelled) SA. Using the geometrical description

of Burton et al. to describe the opening of the SA results in a sharp change in artery

diameter at the remodelled part, however this result is not dependent on this geometric

feature and remains when the geometry of the model is altered to include a curved

dilation with a smooth arterial wall through the dilation. Whether or not this occurs

in the physiological situation is unknown, and this type of flow dynamic may not be
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determinable by ultrasonography, where if the uterine placental boundary is well identified

this type of jet would likely present as a narrow opening into the placental space.

6.3 Discussion

In this chapter we have presented a computational model of flow at the interface between

a SA and the IVS and compared it to ultrasonographic data describing jets and mega-jets

of flow at this interface. In general, our predictions of flow dynamics at this interface are

consistent with ultrasonography where a typical jet waveform is seen as predominantly

unidirectional with some flow in directions away from the main axis [51] (as show in

Figure 6.10). Model predictions of pressure gradients within the SA and IVS are also

consistent with previous models of SA haemodynamics [33], as shown in Figure 6.7b.

Our model suggests that the length that a blood flow jet can penetrate into the IVS is

primarily dependent on the tissue properties at the opening of the SA and that high

penetration jets and mega-jets are most likely associated with low density tissue distal

to the SAs or with the concept of a central cavity, or a villus free space where the SA

opens to the placental tissue [33, 256]. Based on the average porosity of the placenta

calculated from the literature it appears that this villus free space is not required for

jets to be observed in early pregnancy (12 weeks), but that a decreasing tissue density

distal to the SA occurs as pregnancy progresses. This is consistent with the idea that

high blood flow at the SA mouth at 12 weeks impedes villus development into that

region, and that the central cavity allows blood to be carried through to the distal

portion of the placental tissue before being dispersed into villous tissue [204, 206]. The

model predicts that cavity size is likely reflective of jet length for most jet lengths,

from 20 weeks of gestation, although some mega-jets may be associated with cavities

that are longer than observed jet lengths.

Tissue volume fraction is known to change regionally in the placenta and there is

significant heterogeneity in structure between villi and placentomes within the same

placenta particularly in the later stages of gestation [16, 197, 256]. For example, peripheral

placentomes typically have less mature (less dense) villous architecture than central villi

[16], but there are limited quantitative data describing variability in tissue density within

placenta. The presence of a central cavity at the mouth of the SAs is most often described

in studies at term [256]. Indeed, there is little data on the presence or size of central
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(a)

(b)

Figure 6.10: (a) Compares flow profile from model simulation against the jet pene-
tration into the IVS visualised by ultrasonography. Flow profiles are consistent with
ultrasound images as can be seen in Collins et al. [51]. (b) Left panel, colourised
image of flow velocity and jet penetration into the IVS at 12 weeks. Right panel shows
velocity vectors in a cross-section through the centre of the jet. Flow velocity in the
jet is predominantly in the z-direction but at the edge of the jet the flow turns, either
draining toward the decidual veins, or feeding the distal IVS.
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cavities in early gestation, and the placentome is considered relatively homogeneous

until the development of mature intermediate villi at the end of the second trimester

(approximately 20 weeks) [16]. Thus, in this study, heterogeneity in placental tissue

density was represented by 1) simulating a change in tissue volume fraction through

the whole placentome, and 2) by assuming a central cavity at the mouth of the SA.

The first of these approaches represents possible heterogeneity in tissue volume fraction

between placentomes and the second represents within placentome heterogeneity in tissue

volume fraction. The model suggests that a completely homogeneous placenta could

have jet-like flow profiles at week 12, but later in gestation the predictions of volume

fraction to produce jets and mega-jets become unphysiologically low, and a central cavity

must develop to allow penetration of blood deep into the IVS. The model simulations

suggest that this cavity becomes more important to placental haemodynamics as gestation

progresses, which agrees with evidence of increased heterogeneity in placental tissue

as the placenta matures [16]. Homogeneous reductions in volume fraction result in a

slow decrease in blood velocity through the IVS, whereas the inclusion of a central

cavity allows high blood flow to penetrate far into the IVS before a relatively rapid

decrease in velocity as blood penetrates into dense villous tissue (Figure 6.7). Thus,

the development of a central cavity allows increased blood penetration with lower flow

velocities (and so stress) in the villous tissue region.

The model predictions suggest that blood circulates slowly around villous tissue in high

density regions of placental villi while low density regions of placental villi develop under

the influence of the higher blood flow near the openings of SAs at 12 weeks of gestation

(the remodelling process continues up to 18 weeks of gestation) and allow flow to penetrate

through the IVS reaching villous tissue throughout its thickness. In a study on the

effects of utero-placental blood flow in the pathogenesis of pre-eclampsia, Hutchinson et

al. [108] showed that for a constant density of villous trees (in term placentae) increasing

the blood flow will result in deeper perfusion of blood into the IVS. In their experiment,

in vitro placental perfusions were conducted using polythene tubes as replacement for

the maternal SA. The blood penetration into the IVS arising from the artificial tubes

used does not necessarily correspond to high and low density regions of tissue and can be

increased if the injection velocity is high. This finding is in agreement with implications

of our model. To get desired penetration to predict jets and mega jets, a manipulation

to the inlet flow could result in variation of jet length for a constant porosity. Moreover
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Hutchinson et al. observed widespread damage to the villus syncytiotrophoblast as a

consequence of high blood flow. As a result, they anticipated greater villous architecture

change proximal to cannulae in vitro or SAs in vivo. This result is also consistent with

our prediction of existence of low density regions of villous tissue proximal to regions

of slightly high blood flow at the entrance of jets or mega-jets.

In our model the depth of jet penetration into the IVS is most dependent on three

factors: 1) the width of the SA opening, which decreases the mean velocity of flow

reaching the IVS as it widens [33], 2) the flow rate in the upstream portion of the

SA, which also influences velocity and potentially increases with gestational age, and

3) the density of tissue in the IVS distal to the SA opening whether this is applied

homogeneously or by explicitly including a central cavity. While significant dilation has

been observed in individual SAs, [33] measurement of this parameter in large numbers

of arteries and over gestation has to date not been possible. Therefore, in this model

ultrasound measured jet width is assumed to be representative of SA mouth width at

each stage of gestation. Increasing the mouth width results in decreased penetration

(reduced mouth flow velocities) and decreasing the mouth width increases predicted IVS

penetration. Changing the width of the SA opening within physiologically estimated

ranges in our model is not sufficient to predict realistic jet length.

Predictions of the volume fraction of placental villi in the IVS required to predict a given

jet length and jet mouth blood flow velocity show that after 12 weeks of gestation, for an

average ultrasonographically observed jet, the villus density at the SA opening must stay

approximately constant or slightly decrease with gestation. This suggests that from the

onset of significant flow from the SAs (from around 12 weeks of gestation) there is an

interaction between maternal blood and the developing villous trees in normal pregnancy

that leads to sparse tree development in these regions. Simulations with a central cavity,

but physiological average tissue density away from the SA opening were consistent with

this hypothesis. If a tissue free region exists at the mouth of the SA, our model predicts

that jet length follows the length of this cavity, up to a maximum penetration. The

existence of a central cavity would potentially allow increased oxygen delivery to villi

distal to the SAs as jets can transport oxygen rich blood further through the IVS. The

formation of mega-jets would require further decreases in local villus density, a longer

central cavity and/or increased blood flow velocity. A previous modelling study has

predicted that areas of decreased villus density (a central cavity) do facilitate transport
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of oxygen or nutrients to the distal portions of the placenta and that an "intermediate"

cavity size provides the optimal rate of nutrient exchange between the maternal and

placental circulations [47]. This implies that jet penetration into the IVS is beneficial

to nutrient exchange but high levels of penetration may not be ideal (jets may be seen

as preferential to mega-jets in terms of nutrient exchange).

In ultrasound studies placental lakes (low or zero flow regions, with low tissue density)

can be observed in the vicinity of mega-jets [52]. In early gestation more pregnancies with

only mega-jets or only placental lakes are observed, but as gestation increases the number

of women with both mega-jets and lakes increases [52]. While these ultrasound studies

could not determine a direct relationship between mega-jets and lake formation, the

association between the two suggests that the haemodynamics of mega-jets could cause

the formation of lakes, and our model predictions support this hypothesis. Mega-jets seem

to be normal components of pregnancy, and the high blood flow from these mega-jets

could occur following the convergence of more than one SA to produce a high flow

region. Both ultrasound and model data suggest that this influences the development

of the delicate circulatory system of the IVS and consequently allows blood to travel

further into the IVS. Our model suggests this may be the case in both standard and

mega-jets but to a different extent in each.

Our model is parametrised for normal pregnancies. There are limited quantitative data

on SA remodelling in pathological pregnancies, although in many pathologies it appears

that the SAs are incompletely remodelled [27, 138]. This means that blood must flow

through a narrower arterial opening into the IVS. As described by Burton et al. [33] this

means a higher blood velocity at the interface between the SA and the IVS and a greater

potential for a decreased IVS tissue density at this interface. Model predictions suggest

that even in normal pregnancies, sparse regions of IVS occur, suggesting that this allows

increased penetration of oxygen rich blood into the IVS. Investigation of jet properties

in small for gestational age pregnancies have been conducted by pulsed wave Doppler

ultrasonography [51], with small for gestational age in this study being defined as <10th

centile on customised growth charts. However, assessments of jet properties have not

been conducted in large numbers of subjects. The data showed on average a decrease

in jet length and a slight but not significant increase in jet mouth velocity in small for

gestational age pregnancies (Fig 24 from [53]). The appearance of mega-jets and lakes

occurred significantly later in gestation in the small for gestational age pregnancies than
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for average for gestational age pregnancies [53]. The model would suggest that in these

pregnancies, as blood flow velocities are similar or elevated to average for gestational

age pregnancies, that the villous tissue acts as more of a barrier to jet flow. Small for

gestational age pregnancies are known to produce villous trees with reduced small vessel

branching, as well as altered composition [109]. Small for gestational age pregnancies

also appear to have reduced IVS volume when compared to average for gestational age

pregnancies [109]. This may explain a reduced jet length, however, the question of

whether jet properties are related to this aspect of placental morphometry in small for

gestational age pregnancies remains a question for future studies. The model suggests,

at least early in pregnancy, that either high velocity flows from poorly remodelled SAs

damage the placental tissue making it more of a barrier to flow, or that there is a

fundamental difference in IVS properties in small for gestational age pregnancies.

In a previous 3-dimensional colour power angiography (CPA) study [142] maternal jets

crossing the whole way through the placental thickness were observed reaching the

chorionic plate at 13 weeks gestation. In this study jets become more slender over

gestation until 38 weeks when they could be traced only up to half of the way into the

placental thickness. As placental thickness increases with gestation this is equivalent to

an approximate constancy in jet penetration length through gestation. On the other hand,

our data shows that jet length increases with developing gestation [52]. This may be

influenced by the measurement technique. In the future, the model could potentially be

parametrised to describe individual jets, or expanded to the whole placenta, to determine

whether the properties of arterial jets in an individual could influence the transit of

maternal blood through the IVS and thus placental exchange capacity.

Ultrasonographic data suggests a decrease in jet mouth velocity and an increase in jet

length through pregnancy, which may seem inconsistent. Our model shows the same

trend in mean velocity of flow at the jet mouth, as ultrasonographic measurement is

conducted over the width of the remodelled end of the SA. The peak flow velocity occurs

at the centre of the SA opening with flow velocity decreasing to the wall of the artery.

Assuming that the width of the SA opening increases through gestation, along with

remodelling, the peak velocity of flow can increase, leading to an increased jet length,

while average flow velocity through a cross-section decreases.
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6.4 Model limitations

We have assumed blood flow to be laminar, steady and Newtonian. Reynolds numbers

for the problem of 70-550 suggest a laminar flow assumption is reasonable. As described

in Section 6.2.3 some SAs may have higher Reynold’s numbers (up to around 1500),

so may begin to approach the turbulent regime, but these are few in number in the

analysed ultrasound data-set, so the laminar approximation is valid for most SAs. Blood

is known to be non-Newtonian but the size of blood vessels considered (>200 µ m) makes

a Newtonian assumption reasonable in the unobstructed vessels. Pore size in the IVS has

been estimated to be 70-90 µm, which is much larger than a red blood cell, justifying

the assumption of a Newtonian fluid in this part of the domain. Finally, flow in the SAs

is pulsatile, with decreasing pulsatility through gestation. Simulations of pulsatile flow

did not significantly impact on predictions. Similarly, the Darcy flow equations are a

simplification for flow in a porous medium, and they are only applicable when inertial

effects are negligible. While this is likely true for a steady flow of the velocities observed

in the IVS, sudden "bursts" of blood penetration into the IVS have been observed [33].

In these cases inertia would become important and the Darcy-Brinkman equation would

be a more appropriate governing equation for blood flow.

The SAs were assumed to be straight tubes prior to their dilated openings, following

Burton et al. [33]. Inlet flow profiles were assumed to be fully developed (parabolic). The

SAs and the more proximal radial vessels are known to be tortuous, thus the assumption

of a straight SA will underestimate SA resistance. The tortuosity of the vessels will also

likely result in a velocity profile that is not symmetric, and this is not reflected here.

The true inlet velocity profile is unknown, and difficult to measure, therefore a modelling

assumption must be made at this level. In general, the less tortuous the uterine vessels the

more realistic this assumption will be. Reconstructions of SA [95] suggest that as gestation

progresses, possibly from 20 weeks and certainly at term, the SAs become less tortuous.

However, there are few quantitative descriptions of the extent of tortuosity in human SAs

at present. These modelling assumptions are likely to over-predict jet length, so although

more accurate representations of SA tortuosity would improve model predictions of flow

profiles, they are unlikely to change the main outcomes of our predictions.

Our geometric description of the placentome is idealised, and while consistent with

previous modelling studies [33, 79, 151] it does not reflect the true configuration of
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the placental interface. Some modelling studies have considered the placentome as a

hemisphere [47, 151], which may be considered more reflective of a cotyledon. We also

simulated this configuration with the same volume as our cuboidal domain. As jets do

not penetrate close to the placentome boundaries there were no significant differences in

model predictions. Geometrical accuracy could potentially be improved by incorporation

of data from cast based studies, or modelling a whole placenta with SA location and

size determined from ultrasound. The ratio of SAs to decidual veins is still unknown,

so despite most modelling studies assuming two veins to each artery, an investigation

into this configuration would provide additional accuracy. Each of these geometric

improvements would increase computational expense for this model, and despite its

geometric simplicity this model provides important predictions regarding the nature

of blood flow at the utero-placental interface.

6.5 Conclusions

In this study we made a virtual model of a placentome within which we can predict blood

pressure, speed and jet penetration length into the IVS in three dimensions. During

gestation the placental thickness increases and placental villi continue to branch and

elongate to make the placenta less porous (denser) on average. Meanwhile, the SAs

transform into non-vasoactive vessels with a wide openings into the IVS in order to

provide the placenta and fetus with increasing levels of nutrients and oxygen. While

the increased branching and density of villous trees make it harder for the blood to

penetrate the IVS, a healthy pregnancy requires perfusion of maternal blood through

the IVS to maximise exchange across all placental villi. Our model predicts that free

spaces must develop distal to the SAs amongst the villous branches for blood to penetrate

as far as is measured by Doppler ultrasonography (in jets). Our model predicts that

a mega-jet requires hollow spaces with almost no villous tree branching, particularly

late in pregnancy. This suggests that the villous structure potentially develops under

influence from SA blood flow to allow penetration of nutrient rich blood effectively

through the thickness of the villous tissue.
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Conclusions

7.1 Thesis summary

This study set out with major objectives outlined in Chapter 1. The overall goal of

this thesis was to provide a frame work for modelling blood flow through pregnancy

and its impact on cell migration in early pregnancy. A summary of how each objective

of the thesis is addressed is given below.

Objective 1: To construct models describing blood flow in the distal part of

the uterine arteries, throughout pregnancy.

The first trimester: In the first trimester, the SAs are hypothesised to be "plugged"

by placental cells (trophoblast) but the effect of these plugs on SA haemodynamics is

unknown. A computational model of the plugged SA including AVAs was presented in

Chapter 3. The aim was to predict to what extent trophoblast plugging impedes blood

flow and wall shear stress within a plug and on the vessel wall upstream of the plug (as

shear stress is known to modulate arterial remodelling and trophoblast migration). A

physiological range for the plug porosity was found from analysing histological images

representing 2D cross-section of trophoblast plugs. Model predictions confirm that the

porosity of trophoblast plugs observed physiologically is sufficient to restrict the flow of

oxygenated maternal blood flow into the IVS in early pregnancy. If plugs were not present,

this flow could damage the delicate villous tissue that forms the placenta and expose the

developing placenta to oxidative stress. We also show that the depth of the plug plays an

important role in determining how resistive the plug is to the blood velocity. Finally, our

171
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model confirmed that presence of the plug in SAs reduces shear stress to levels that are seen

in vitro to be favourable for trophoblast-mediated SA colonisation and remodelling.

Beyond the first trimester: Late in the first trimester, SAs "unplug" and blood flows

freely to the IVS. SA remodelling is often observed to be incomplete in pathological

pregnancies and this may be reflected in the size or number of "jets" of flow from SAs

observed in ultrasound. In Chapter 6 a computational model of blood flow from SA

openings to the IVS was presented, allowing prediction of IVS properties based on jet

length measured by Doppler ultrasonography. Variation in placental tissue density was

represented by 1) simulating a change in tissue volume fraction through the whole pla-

centome, and 2) by assuming a central cavity at the mouth of the SA. The model enables

us to predict blood pressure, velocity and jet penetration length into the IVS in three

dimensions. The model suggests that for a completely homogeneous placenta to produce

jets and mega-jets the predictions of volume fraction become unphysiologically low, and

a central cavity must develop to allow penetration of blood deep into the IVS as far as

measured in Doppler ultrasonography (for "jets"). The model simulations suggest that

this cavity becomes more important to placental hemodynamics as gestation progresses,

and thus the length of "jets" may be an indicator of the structure of placental tissue.

Objective 2: To create a model of cell migration that is able to reproduce the

behaviours of the cell migration observed from experiments of cell movement

under different magnitudes of shear stress.

The success (or lack of) of trophoblast colonisation of the SAs may be a key determinant

of pregnancy success. However, there are still many unknowns regarding the key drivers

of success of this process. An off-lattice agent-based model was proposed to simulate

trophoblast migration in Chapter 5. To parametrise this model, in Chapter 4 we

stochastically re-analysed an in vitro dataset to relate flow to individual trophoblast

behaviour. In Chapter 4 that chapter we showed that increasing shear stress increases

the average speed of trophoblasts moving with the flow as well as "diffusivity" of the

trophoblasts. The agent-based model was parametrised as closely as possible to this

data such that it generated cell movement behaviours that resemble the results obtained

from the analysis of the experimental data.

Objective 3: To couple the models of cell and model of artery blood flow

to provide predictions of the interaction between mechanical stress and cell
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migration in the maternal arteries.

The agent-based model was then used to model a geometry reflective of the SA. The

effect of chemotaxis was implemented simply such that the chemotactic gradient could

be manipulated in the axial and radial directions. The computational model of blood

flow from Chapter 3 was adapted to depend on cell distribution. The agent-based model

and the continuous model of blood flow were coupled so the cell behaviour under both

chemotactic and blood flow effects could be investigated. The model was parametrised

based on experimental data analysed in Chapter 4. The model predictions show that

the amount of cell-cell interaction force is key to ensure the balance between adequate

trophoblast migration towards the myometrium and, existence of plugs within the

SA, both which occur simultaneously during the first trimester. While weak cell-cell

interaction force is in line with the theory that trophoblast plug is a source of trophoblast

to migrate to and along the SA, with a more efficient migration towards the myometrium

(as a response to chemotaxis effect), it reduces the plug integrity as the number of cells

separating from the plug and migrating towards the wall increases. Increasing cell-cell

interaction improves plug integrity while increases cell tendency to cluster, which results

in slower trophoblast migration towards the myometrium.

Model predictions also show that chemotaxis plays an important role in the depth of

trophoblast migration. Two distinct types of chemoattractants were modelled. First,

chemotaxis force in an axial direction and the distribution of its strength, in and around

the SA, which signals for trophoblast to migrate along the wall and increases the rate of

migration of cells towards the myometrium. Secondly, chemotaxis force and its strength

distribution in radial direction, which signals to trophoblast in the plug and can induce for

cell movement towards the vessel wall. An appropriate balance between these two forces

potentially provides the most beneficial environment to promote the rapid migration of

trophoblasts toward the myometrium. Adding a blood flow effect acts in the opposite

direction to inhibit migration towards the myometrium, highlighting the importance of

the presence of trophoblast plugs to limit the rate of flow of blood in the SA during

the first trimester to allow trophoblasts to migrate in response to chemotactic signals.

Blood flow also affects the recruitment of cells from the plug to the vessel wall and acts

to accentuate any asymmetries, or weak spots in the system and as a result promotes

large gaps between cells to from into channels.
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7.2 Future work

The models presented here have been used to test hypotheses regarding the process

of and impact of SA remodelling in pregnancy. However, as with any model they

raise further questions and suggest the key data that should be collected to improve

knowledge in the area.

7.2.1 Investigation on trophoblast plug properties and AVAs

In our model, SA haemodynamics are highly sensitive to trophoblast plug structure,

but little is known quantitatively about this structure, particularly in 3D. We pro-

pose more quantitative investigation should be done to characterise the density and

depth of trophoblast plugs in normal and pathological pregnancies. This will improve

the predictive power of our model and help us to better understand the process of

SA remodelling and unplugging.

Based on model predictions, we hypothesised that localised trophoblast migration and

consequently SA remodelling may relate to AVA properties. AVAs play an important role

in uterine haemodynamics, for example, it is postulated that, during pregnancy, AVAs

protect the developing placenta from rapid changes in maternal cardiac output and after

delivery it helps to prevent maternal haemorrhage [119]. Therefore, more information

regarding AVAs anatomy and function and their effect on the whole uterine circulation

is required as the exact structure and configuration of AVAs has not been well quantified

and changes in AVA function or location in pathological pregnancies have never been

investigated. Obtaining ex vivo samples of the uterus to do measurements on the whole

organ in the external environment, which maintains the closest possible situation to

the natural conditions, is difficult as it requires a caesarian hysterectomy which is only

indicated in rare pathologies. However, in vivo techniques, such as contrast-enhanced

ultrasound, may enable us to detect blood flow in small vascular networks such as AVAs.

Using ultrasound imaging velocimetry combined with microbubble contract agents [152],

also, may enable us to visualise the flow velocity field and the direction of blood flow

through these small vessels which would help to recognise AVAs and their location.
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7.2.2 Designing experiments on measuring trophoblast interac-

tion with other cells and the effect of chemotaxis on tro-

phoblasts migration

To the best of our knowledge, no experimental data regarding the strength of trophoblast

cell-cell and cell-wall interactions are available. Our ABM suggests both play important

roles in cell movement, therefore experiments with the aim of measuring trophoblast

cell-cell and cell-vessel wall forces, in a 3D trophoblast plug configuration, should be

designed. Techniques presented in [39, 130] (such as Flipping assay) could also be

considered with required adjustments to be used on trophoblasts cultured alone or

co-cultured with endothelial cells and measurements could be taken on interaction force

between trophoblasts themselves and/or with endothelial cells. The experimental results

then can be used to improve model parameterisation.

As the effect of chemotaxis on cell movement against blood flow is very important, more

investigation regarding the magnitude of chemotactic force(s) that most likely exist on

the artery vessel wall, and the behaviour of trophoblasts towards these existing sources

of chemokines during pregnancy is necessary. A recently published paper presented a

microfluidic device to study trophoblast invasion through the extracellular matrix as a

response to chemoattractant driven from decidual natural killer cells [1]. Three separate

channels were used. Two channels at two sides of the device were flushed constantly,

one with flow of chemical medium and the other without the chemical. Trophoblasts

were embedded in the middle channel in a growth factor-reduced Matrigel to resemble

trophoblasts inside the decidua. Similar devices could potentially adopted and improved

to reproduce chemotaxis effect inside the decidua and through the vessel lumen. ABMs,

such as the one proposed here provide a novel means to add value to this data by

translating it to an improved understanding of in vivo conditions.

7.2.3 Imaging of real spiral arteries in various time points of

pregnancy

In the model of blood flow through a transformed artery into a placentome as presented

in Chapter 6, SAs were assumed to be straight tubes prior to their dilated openings while

the SAs and the more proximal radial vessels are known to be tortuous. Tortuosity of
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vessels is known to increase resistance, therefore considering a straight SA underestimates

the artery resistance and consequently over-predicts the jet-length in the model. A more

accurate representation of SA tortuosity would improve the model predictions. In a recent

study, images of SA and proximal IVS were used to extract geometries of a 3D model of

SA attached to proximal IVS [212]. It would be beneficial to get images of SAs with or

without the proximal IVS, for example using the same method introduced in [212] and/or

3D Micro CT images [49], and digitise them to extract the SA geometry. The straight SA

in the model can then be replaced by the extracted geometry of a real SA to investigate

how the tortuosity of SAs may affect blood penetration depth into the IVS.

7.3 Final words

In this thesis, to model SA haemodynamics through pregnancy, including introducing a

framework to scale individual cell behaviours to the SA level via an ABM, we combined

two modelling techniques, continuum and discrete to be able to include both stochastic

behaviour of cells at cell level as well as the flow effect at the tissue level. Our models

provide a new approach to understanding the process of SA remodelling and implications

of inadequate remodelling. With advances in technology and imaging or microfluidic

techniques, we anticipate increasing accuracy in parameterisation and model validation.

The presented modelling framework in this thesis provides a platform which can be

customised to incorporate more realistic SA geometries and different functions describ-

ing chemotaxis gradient and study various magnitudes of blood flow on trophoblast

migration, which contribute further knowledge about the possible reasons resulting in

the depth of trophoblast migration and thus invasion through the SA lumen in normal

and pathological pregnancies in the future.



Appendix A

Introduction to transport in a

porous medium

The concept of a porous medium has recently attracted attention in areas such as

biotechnology and understanding biological systems [137, 245]. Here we present a

brief introduction to what a porous medium is and how fluid flow is described math-

ematically in this medium.

A porous medium is a material consisting of interconnected void spaces (pores). The

skeletal material is usually a solid and the void spaces are filled with a fluid (liquid

or gas) as illustrated in Figure A.1. In most engineering fields, such as oil recovery,

chemical engineering and nuclear safety, rigid components make up the solid skeleton of

a porous media. However in biological systems, mostly the media is not a fixed solid

matrix. In these cases we suppose that the medium is composed of solid parts which

are either rigid or undergo small deformations. One of the characteristic properties of

a porous medium is its porosity. The porosity (ε) is defined as the fraction of total

volume of void space to total volume of the medium

ε = Vvoid space
Vtotal

, (A.1)

where Vvoid space is the total volume of the void space and Vtotal is the total volume of the

medium. Based on the value of porosity, another property of a porous medium is defined

as volume fraction (ψ = 1− ε) which is the fraction of the total volume of the medium

occupied by solid. Most natural media have porosity less than 0.6 [181, 182].
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Figure A.1: A schematic of a 2D cross-section of a porous medium. A porous medium
is consisting of a solid skeletal material and void spaces occupied by one or more fluid
phases (gas or liquids). The solid parts are shown in blue and the pores are white.

Flow of fluid through the pores of a porous medium is governed by a well known Darcy’s

law, first formulated by the French engineer Henri Darcy in 1856. Darcy’s experiments to

understand the hydrology of water flow through a uniform medium revealed that the total

water discharge is proportional to the total pressure drop divided by the fluid viscosity

(µ). The coefficient of proportionality is called permeability. The Darcy equation is

Q = KA

µ
|∇P |, (A.2)

where Q is the flow rate, A is the cross-sectional area to flow, ∇P is the pressure gradient

in the flow direction, and K is the intrinsic permeability of the medium. The permeability

depends on the size of the solid parts (or the particle diameter Dp for a uniform porous

medium), the porosity of the medium and the detailed geometry. An estimation for

the permeability is given by Carman-Kozeny relationship [15]

K =
D2
pε

3

180 (1− ε)2 , (A.3)

Equation A.2 can also be re-written as
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|∇P | = − µ

K
v, (A.4)

which shows that the drag force is proportional to the flow speed (v = Q/A). The

right hand side of equation A.4 is known as Darcy viscous term because of carrying the

fluid viscosity value. This term represents the damping force of the porous medium,

but the viscous force on the solid particles and/or viscous shearing stresses acting on

a volume element of fluid has been neglected. An alternative to Darcy’s equation is

known as Darcy-Brinkman’s equation [25], which is achieved by adding another viscous

term (Brinkman viscous term) to Darcy’s equation

∇P = − µ
K

v + µ́∇2v, (A.5)

where µ́ is an effective viscosity and v in the blood flow velocity vector. The Brinkman

viscous term consists of a Laplacian of flow velocity with which the condition of no-

slip boundary condition or the effect of boundaries (walls) is accounted in the equa-

tion. As a result, Darcy-Brinkman’s equation enables us to find an approximation

for the viscous shearing stress.

A.1 Darcy-Brinkman resistance

Blood flow is assumed to be steady, with radial dependence (as in Poiseuille flow).

We derive an effective resistance in the plugged segment as follows. Equation A.5 in

cylindrical coordinates and one dimension (assuming axi-symmetry of flow) is

dp

dx
= − µ

K
vx + µ́

1
r

∂

∂r
(r∂vx
∂r

), (A.6)

where x is the coordinate in the axial direction, r is the coordinate in the radial direction,

and vx is the flow velocity is x-direction. A no-slip boundary condition is imposed

at the wall of the vessel (r = ri)

vx(ri) = 0, (A.7)
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where ri is the radius of the vessel segment. Assuming that dp/dx = ∆pi/Li with Li
being the length of the vessel segment, Equation A.6 can be analytically solved to find

velocity in the x-direction as a function of radius,

vx(r) = K

µ

∆pi
Li

(
1−

I0(
√

γ
K r)

I0(
√

γ
K ri)

)
, (A.8)

where I0 is a modified Bessel function of the first kind (order zero) and γ = µ/µ́ is

the ratio of the actual to effective viscosity. Following Brinkman we use the Einstein

formula as an approximated substitution for γ [25, 133]

γ = 1
1 + 2.5(1− ε) ,

where ε is the porosity of the medium. The volumetric blood flow (Qp) through the plug

is found by integrating the velocity across the arterial cross-section

Qp =
∫
vxdA =

∫ ri

0
vx2πrdr = πr2

i

K∆pi
µLi

(
1− 2

√
K
γ

ri

I1(
√

γ
K ri)

I0(
√

γ
K ri)

)
, (A.9)

where I1 is the order one Bessel function of the first kind. Effective resistance is then

Ri = µLi
Kπr2

i

1

1− 2

√
K
γ

ri

I1(
√

γ
K
ri)

I0(
√

γ
K
ri)

.



Appendix B

Calculation of plug porosity from

2D images

2D histological sections that provide images of trophoblast plugs were imported into

Matlab R© (Version R2015b, The Mathworks Inc.). They were segmented to determine

the total artery cross section area and the area covered by trophoblasts. Images are, first,

converted from RGB colour space to L*a*b (Lightness*Colour-opponent dimensions)

colour space. By this conversion, all the colours and all visual differences on an image

are quantifiable. Then colours in a*b space are clustered in a way to separate groups

of same objects together. For example, as it is shown in Figure B.1, all red/brown

areas representing trophoblasts are clustered together while blue areas representing

endothelial cells are grouped together.

Then the desired cluster, containing trophoblasts, was chosen and a binary image was

created by applying a threshold to show the cell interiors as white and the rest as black

as shown in Figure B.2. The area of the white space (trophoblasts), then, was calculated

using Matlab function "bwarea". To find the total plugged area (assumed to be equal to

the area of the artery cross-section), first, the desired cluster including only the plug is

converted from RGB to grayscale. The edges of cells, then, were detected using "edge"

function and a binary image is generated (Figure B.3a). Following that, the edge lines

were dilated till all the cells in the plug become connected (Figure B.3b) and then,

holes in the connected area were filled using "imfill" function (Figure B.3c). To remove

the objects connected to the border of the picture and disconnected from the main
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Original image Clustered images

Figure B.1: Image on the left shows the original picture of trophoblast plug stained as
red-brown colour while the vascular cell nuclei are coloured as blue. Clustered images of
the sample trophoblast plug are shown on the right hand side. Number of clusters is
defined by the user based on different colours seen in the original picture.

Figure B.2: A binary image of a trophoblast plug created from cluster3 in Figure B.1

plug, "imclearborder" was used. Image was then smoothed and the total area of the

white region, representing the artery cross-section including the plug, is computed using

"bwarea" function. The area of empty space in between the trophoblasts in the plug is

computed as the difference between the total area of the artery cross-section and the

total area covered by trophoblast. The value for porosity, then, is computed as the ratio

of the empty space divided by the total area of the artery cross-section.
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(a) (b)

(c)

Figure B.3: (a) The edges of cells are detected using "edge" function. (b) Edge lines
were dilated till all the cells in the plug become connected. (c) Holes in the connected
area were filled using "imfill" function.

In some cases, the boundary of the artery is not very clear or trophoblasts are spread

throughout the picture (for example see Figure B.4). Therefore, a full automatic

segmentation and area computation as explained above will not be helpful. In these cases,

the artery cross-section including trophoblast plug is cropped manually by clicking around

the artery edge to define a region of interest. A binary image is made showing the cropped

area as white space while the rest is black. The total area of the artery cross-section is then

computed as the area of the white space. The original cropped image is, then used and

clustered based on the number of different colours seen in the image as explained above

following the rest of the steps until the area covered by trophoblasts is computed.

All the images of trophoblast plug that have been analysed in this study using the

explained method are gathered in Figure B.1 including refrences where the image is

obtained and the approximate measured porosity. Images are high resolution (O(103 ×

103) pixel2) with pore sizes bigger than O(10 × 10) pixel2, which means there are
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Figure B.4: An H&E (haematoxylin and eosin) stained section of first trimester
decidua containing a plugged spiral artery. The boundary of the spiral artery is distinct
by white dashed lines.

multiple pixels covering the pore.

Table B.1: Histological images used to calculate computed porosity (CP).

Gestational age

(weeks.days)
CP Plug image Staining technique [Reference]

7.0 0.43

scale bar showing 50 µm

Stained for HLA-G (brown,

EVTs) and von Willebrand fac-

tor (vWF) (blue, vascular en-

dothelium) [252].

7.0 0.62

scale bar showing 50 µm

Stained with antibodies re-

active with HLA-G (brown,

EVTs) and von Willebrand fac-

tor (vWF) (blue, vascular en-

dothelium) [252].
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8.0 0.25

scale bar showing 50 µm

Stained with antibodies reac-

tive with cytokeratin-7 (red,

EVTs) and haematoxylin (pur-

ple, vascular endothelium)

[Our own image of CK stained

decidual section].

8.0 0.52

scale bar showing 25 µm

Stained with antibodies reac-

tive with cytokeratin-7 (brown,

EVTs) and haematoxylin (pur-

ple, vascular endothelium)

[73].

8.0 0.74

scale bar showing 25 µm

Stained with antibodies reac-

tive with smooth muscle actin

(SMA) (red, vascular smooth

muscle cells and haematoxylin)

[73].
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8.5 0.23

scale bar showing 50 µm

Stained with haematoxylin

(purple nuclei) and eosin [Im-

age taken from specimen

H1029, Boyd Collection, Cen-

tre for Trophoblast Research,

Cambridge University (UK)].

From first trimester

decidual samples

with gestational age

between 8.0 to 12.0

weeks

0.60

scale bar showing 100 µm

Stained with antibodies reac-

tive with cytokeratin-7 (brown,

EVTs) and haematoxylin (nu-

clei) [214].

11.0 0.21

scale bar showing 50 µm

Stained with antibodies reac-

tive with HLA-G (red, EVTs)

and von Willebrand factor

(vWF) (blue, vascular endothe-

lium) [252].
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11.0 0.30

scale bar showing 50 µm

Stained with antibodies reac-

tive with HLA-G (red, EVTs)

and von Willebrand factor

(vWF) (blue, vascular endothe-

lium) [252].

11.0 0.32

scale bar showing 50 µm

Stained with antibodies reac-

tive with HLA-G (red, EVTs)

and von Willebrand factor

(vWF) (blue, vascular endothe-

lium) [179].

11.0 0.36

scale bar showing 50 µm

Stained with antibodies re-

active with HLA-G (brown,

EVTs) and von Willebrand fac-

tor (vWF) (blue, vascular en-

dothelium) [252].
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11.0 0.42

scale bar showing 50 µm

Stained with antibodies re-

active with HLA-G (brown,

EVTs) and von Willebrand fac-

tor (vWF) (blue, vascular en-

dothelium) [252].

11.0 0.65

scale bar showing 50 µm

Stained with antibodies re-

active with HLA-G (brown,

EVTs) and von Willebrand fac-

tor (vWF) (blue, vascular en-

dothelium) [179].

11.0 0.86

scale bar showing 50 µm

Stained with antibodies re-

active with HLA-G (brown,

EVTs) and von Willebrand fac-

tor (vWF) (blue, vascular en-

dothelium) [252].



Appendix C

Poiseuille resistance

To model blood circulation in any defined geometry, well-known laws in fluid dynamics

are normally used. One of the most commonly used equations of fluid dynamics in

biological science is the Navier-Stokes equations. Assuming blood as an incompressible

(constant density), homogeneous and Newtonian fluid (constant viscosity), the reduced

form of Navier-Stokes equations in cylindrical coordinates are

x : ρ

(
∂vx
∂t

+ vr
∂vx
∂r

+ vφ
r

∂vx
∂φ

+ vx
∂vx
∂x

)
=

− ∂P

∂x
+ µ

[
1
r

∂

∂r

(
r
∂vx
∂r

)
+ 1
r2
∂2vx
∂φ2 + ∂2vx

∂x2

]
+ ρgx,

r : ρ

(
∂vr
∂t

+ vr
∂vr
∂r

+ vφ
r

∂vr
∂φ

+ vx
∂vr
∂x
−
v2
φ

r

)
=

− ∂P

∂r
+ µ

[
1
r

∂

∂r

(
r
∂vr
∂r

)
+ 1
r2
∂2vr
∂φ2 + ∂2vr

∂x2 −
vr
r2 −

2
r2
∂vφ
∂φ

]
+ ρgr,

φ : ρ

(
∂vφ
∂t

+ vr
∂vφ
∂r

+ vφ
r

∂vφ
∂φ

+ vx
∂vφ
∂x
− vrvφ

r

)
=

− 1
r

∂P

∂φ
+ µ

[
1
r

∂

∂r

(
r
∂vφ
∂r

)
+ 1
r2
∂2vφ
∂φ2 + ∂2vφ

∂x2 −
vφ
r2 −

2
r2
∂vr
∂φ

]
+ ρgφ.

(C.1)

where x is the axial direction, r is the radial direction, φ is the tangential direction, vx is the

axial blood velocity, vr is the radial blood velocity, vφ is the tangential velocity, ρ is blood

density, µ in blood dynamic viscosity, P is pressure, and gx, gr and gφ are respectively
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the axial, radial and tangential components of gravity. The continuity equation is

∂ρ

∂t
+ 1
r

∂

∂r
(ρrvr) + 1

r

∂ (ρvφ)
∂φ

+ ∂ (ρvx)
∂x

= 0, (C.2)

where ∂ρ
∂t = 0 for incompressible fluids. Assuming that flow is laminar and axi-symmetric

with the assumption of no tangential velocity (vφ = 0), the quantities are independent of φ

and then Navier-Stokes equations as well we the continuity equation are rewritten as

continuity : 1
r

∂

∂r
(rvr) + ∂vx

∂x
= 0,

x : ρ

(
∂vx
∂t

+ vr
∂vx
∂r

+ vx
∂vx
∂x

)
= −∂P

∂x
+ µ

[
1
r

∂

∂r

(
r
∂vx
∂r

)
+ ∂2vx

∂x2

]
+ ρgx,

r : ρ

(
∂vr
∂t

+ vr
∂vr
∂r

+ vx
∂vr
∂x

)
= −∂P

∂r
+ µ

[
1
r

∂

∂r

(
r
∂vr
∂r

)
+ ∂2vr
∂x2 −

vr
r2

]
+ ρgr.

(C.3)

In addition to above assumptions, in Poiseuille flow, we assume that blood flow is

steady (all differentiations with respect to time is equal to zero), there is no radial flow

(vr = 0), flow is fully developed (∂vx∂x =0). we also assume that the effect of gravity

is negligible is all directions (gx = gr = gφ = 0) and the vessel wall have constant

radius (rigid surface) and the pressure drop through the vessel is linear. As there is

no radial component of flow Navier-Stokes equation is radial direction (r) gives us that

pressure is independent of r and is constant in this direction. Then what is left from

Navier-Stokes and continuity equations is

∂P

∂x
= µ

r

∂

∂r

(
r
∂vx
∂r

)
. (C.4)

As pressure (P ) is independent of r we can solve Equation C.5 analytically to find

vx = r2

4µ
∂P

∂z
+ c1(x)ln(r) + c2(x). (C.5)

By imposing no-slip condition on the vessel wall (vx|r=ri(x) = 0) we can find c2(x) =

−
(
r2
i (x)/4µ

)
(∂P/∂x). Also as we have finite velocity at r = 0 (centre of the vessel),

c1(x) should be equal to zero. Therefore we get
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vx = − 1
4µ

∂P

∂z

(
r2
i (x)− r2

)
. (C.6)

Total volumetric flow (Qi) across the tube cross-section is then computed by integrat-

ing vx over the vessel cross-section

Qi =
∫ ri(x)

0
vx2πrdr = − 1

4µ
∂P

∂z

∫ ri(x)

0

(
r2
i (x)− r2

)
2πrdr,

Qi = −πr
4
i (x)
8µ

∂P

∂x
.

(C.7)

Finally, Poiseuille flow assume that pressure decreases linearly across the vessel, that is

∂P

∂x
= −∆Pi

Li
, (C.8)

where, ∆Pi is the pressure drop across the vessel segment and Li is the length of the

vessel segment, the total flow equation is rewritten as

Qi = πr4
i

8µ
∆Pi
Li

, (C.9)

where the radius of the vessel is assumed to be constant (ri(x) = ri). We now can

define Poiseuille resistance (Ri) as

Ri = 8µLi
πr4

i

. (C.10)





Appendix D

Convergence testing for numerical

models

Meshes were generated in Ansys-ICEM, and an analysis of mesh resolution was conducted

to determine whether solutions were independent of the chosen mesh. Model predictions

with three different levels of generated mesh were assessed.

D.1 Model of a placentome

As the flow profile changes most rapidly at the mouth of the spiral artery the mesh was

split into three zones to allow increased mesh resolution in this area. The three zones

were defined as 1) the spiral artery inlet, 2) the spiral artery dilation, and 3) the IVS.

Ansys-ICEM was then used to create a tetrahedral mesh with different mesh densities

in each region. By changing the minimum size of the mesh in each of the three zones

we created three meshes for a same geometry: a coarse mesh (with 803,295 elements),

a medium mesh (with 3,250,201 elements) and a fine mesh (with 7,310,810 elements).

Mesh resolution of each part is given in Table D.1.

All three meshed geometries were imported into Ansys-FLUENT and flow was simulated

with the same material properties, initial and boundary conditions. The results of

simulations are then used to calculate the root mean square (RMS) error between

solutions as mesh resolution increased. To allow RMS to be calculated between different

mesh resolutions the velocity magnitude was interpolated on a grid surface located near
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Table D.1: Mesh resolution in each region of the mesh. Values shown are the average
linear dimension in (m) of the tetrahedral mesh in each case.

Region Coarse Medium Fine
IVS (Surface mesh + Mesh density) (m) 5.93× 10−4 3.33× 10−4 2.50× 10−4

Artery inlet (Surface + Mesh density) (m) 11.85× 10−5 6.67× 10−5 5.00× 10−5

Inlet/Outlet (Surface mesh) (m) 9.48× 10−5 5.33× 10−5 4.00× 10−5

Spiral artery dimension (Mesh density) (m) 9.48× 10−5 5.33× 10−5 4.00× 10−5

Number of elements 803,295 3,250,201 7,310,810

to the opening (at distance=0.0001(m) behind the interface). Solutions were sampled on

radial and angular grids with 100 samples in each of the radial and angular coordinate.

RMS was calculated using

RMS =
√

1
N

∑
i

(yrefinedi − ycoarsei )2 (D.1)

where N=100 is the number of sample points, yrefinedi is the solution value of the more

refined mesh, and ycoarsei is the solution in the coarser mesh. The calculated RMS

between the medium mesh and coarse mesh is equal to 6% while the error between fine

mesh and medium mesh is less than 1%. As the results are almost unchanged between

the medium and fine mesh, the medium mesh results are presented in this study.

D.2 Model of a plugged spiral artery

As the flow profile changes at the spiral artery and AVA bifurcation the mesh was split

into two zones to allow increased mesh resolution in this area. The two zones were

defined as 1) the spiral artery main tube including the plugged area, and 2) the AVA.

Ansys-ICEM was then used to create a tetrahedral mesh with mesh densities in each

region. We created three meshes for a same geometry: a coarse mesh (with 78,308

elements), a medium mesh (with 454,584elements) and a fine mesh (with 1,010,678

elements). Mesh resolution of each part is given in Table D.2.

All three meshed geometries were imported into Ansys-FLUENT and flow was simulated

with the same plug properties, initial and boundary conditions. The results of simulations
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Table D.2: Mesh resolution in each region of the mesh. Values shown are the average
linear dimension in (m) of the tetrahedral mesh in each case.

Region Coarse Medium Fine
SA main tube and AVA (Surface mesh) (m) 0.06× 10−3 0.03× 10−3 0.02× 10−3

SA main tube and AVA (Mesh density) (m) 0.09× 10−3 0.06× 10−3 0.04× 10−3

Inlet/Outlet (Surface mesh) (m) 0.06× 10−3 0.03× 10−3 0.02× 10−3

Number of elements 78,308 454,584 1,010,678

are then used to calculate the root mean square (RMS) error (Equation D.1) between

solutions as mesh resolution increased. To allow RMS to be calculated between different

mesh resolutions the velocity magnitude was interpolated on a grid surface located in

between AVA bifurcation and the plug (at distance=0.0015(m) from the the bifurcation

and/or the plug). Solutions were sampled on radial and angular grids with 100 samples

in each of the radial and angular coordinate. The calculated RMS between the medium

mesh and coarse mesh is equal to 2% while the error between fine mesh and medium

mesh is less than 0.6%. As the results are almost unchanged between the medium and

fine mesh, the medium mesh results are presented in this study.





Appendix E

Optical flow

One of the concepts in the area of computer vision to estimate motion and the apparent

velocities of movement is known as "optical flow". Imagine a series of movie frames

containing a movement of a ball from top to bottom. What we call the ball fall in this

movie is identified as the movement of the brightness patterns in the field of computer

vision. Any movement has two main characteristics, namely, speed and direction. To

find these two parameters, optical flow (OF) technique introduces some ways to compute

the velocity field of the movement of the brightness pattern throughout the image.

The initial hypothesis in this technique is that the intensity of the image or the areas

of interest stays approximately constant under motion. Consider the intensity of an

arbitrary pixel at point (x, y) and at time t is denoted by I(x, y, t). When spacial and

temporal changes happen, the brightness or intensity of that particular point in the

pattern should stay constant. It implies that

dI

dt
= 0,

which can be re-written as

∂I

∂x

∂x

∂t
+ ∂I

∂y

∂y

∂t
+ ∂I

∂t
= 0,
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using the chain rule. Assuming u = ∂x
∂t and v = ∂y

∂t , then

∂I

∂x
u+ ∂I

∂y
v + ∂I

∂t
= 0,

or

∇I · V + It = 0,

(E.1)

where V = (u, v) is the image velocity and It is the intensity change over time. We

are looking for the velocity components (at each point of an image). Equation E.1 just

provides us with one constraint while we still need to introduce one more constraint. There

are some techniques to resolve this issue by introducing a different constraint. Horn and

Schunck [104] proposed the smoothness constraint. The rationale behind this constraint is

that, as objects commonly undergo rigid motion or deformation, neighboring points also

undergo the same motion or deformation, so the velocity at each point can be defined as

an average of velocity at nearby points. This sentence can be mathematically translated

into the form of Laplacian equal to zero (or almost negligible) (Equation E.2):

∇2V ≈ 0 (E.2)

Therefore, V = (u, v) can be found to minimise the summation of error in the Equa-

tion E.1 and Equation E.2

TotalError2 =
∫ ∫ [

(∇I · V + It)2 + λ2(∇2u+∇2v)
]
dxdy, (E.3)

where λ2 is a weighting factor to control the noise effect on the velocity estimation.

Laplacians can be approximately written as ∇2u ≈ κ(ū− u) and ∇2v ≈ κ(v̄ − v), where

ū and v̄ are the local averages of velocity components as defined in [104]. The suitable

velocity components that minimise the above mentioned error is derived as follows:

(λ2 + I2
x + I2

y )(u− ū) = −Ix[Ixū+ Iyv̄ + It],

(λ2 + I2
x + I2

y )(v − v̄) = −Iy[Ixū+ Iyv̄ + It].
(E.4)
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A new set of velocity components for each time step will then be computed using iterative

methods, such as the Gauss-Seidel method:

un+1 = ūn − Ix[Ixūn + Iyv̄
n + It]/(λ2 + I2

x + I2
y ),

vn+1 = v̄n − Iy[Ixūn + Iyv̄
n + It]/(λ2 + I2

x + I2
y ).

(E.5)

By applying Equation E.5, the velocity components for each pixel can be calculated.

The magnitude of the velocity is then computed using Pythagorean Formula (
√
u2 + v2).

A mean value for the speed of the moving objects can be calculated by averaging over

all the speeds. The algorithm as described by Horn and Schunck [104] was written in

MATLAB R© (R2015b, Mathworks Inc.) and used to compute the average speed over

a sequence of consecutive digitised video images.

Even though this technique enabled us to project the real three-dimensional world motion

onto an image plane, it has some limitations which may cause considerable errors in

the computation. In some cases, if these errors were not considered and obviated in OF

computations, the errors would add up and the final results are not acceptable. Here we

first present some possible conditions seen in the time-lapse sequences of cell migration

used in this thesis and investigate the effects of each situation on the velocity computed

by the OF. Then for the factors that may cause significant errors in OF computation, new

strategies will be introduced to omit the effects of those factors from the sequences of the

movies. From the refined time-lapse data we then compute the cell speed using OF and

will compare it with what we have found from analyzing the manually tracked cells.

E.1 Simple situations and their effects on the speed ap-

proximation computed by optical flow

First, we demonstrate how the OF technique computes the speed of one simple tran-

sient object. We use the same setting as [118]. For smoothing, a large Gaussian

filter (sigma=15) is used. The magnitude of the velocity at each pixel is then com-

puted using
√
u2 + v2. The average of the speed of the object throughout the frames

is computed by averaging the speed magnitude over all the pixels within the object

region and over all the time frames.
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E.1.1 One moving object:

A time-lapse sequences of a circle moving with speed (v=3.16 unit-length/unit-time)

is made in MATLAB R©. The time-lapse sequences consists of a total amount of 50

frames in which the cell center moves from (5, 5) to (4, 8) as it is shown in Figure E.1a.

Each time-lapse sequences frame (900×1200 pixel size) is then saved as a ".png" file to

be imported in another MATLAB code to calculate the velocity vector field using OF

technique as explained above. The OF field on the object is shown in Figure E.1b. The

direction of movement is what we expect. The arrows get smaller and a bit deviated as we

move towards either right or left sides of the object. This has been created because of the

big Gaussian Filter (sigma=15). These small arrows can make the average speed smaller

than what we expect. The anticipated average speed computed by OF is 2.43 while if we

confine averaging to the arrows close to the center of the cell, mean speed would increase

to 3.21(unit-length/unit-time). If we accept 2.43 to be a good approximation of the speed

of the circle computed by OF we can now investigate how OF estimates the average speed

for object(s) movements under different situations that commonly occur in time-lapse

sequences of cell migration. Some of the well known limitations of OF is how it deals with

different objects with different speed, size and shape change, appearing/disappearing

of objects, and semi or complete coverage of one object by another object.

(a) (b)

Figure E.1: (a) A simple ball movement with the speed of 3.16 unit-length/unit-time.
The centre has displaced in the direction from (5, 5) to (4, 8). The blue arrow shows
the direction of movement. (b)The velocity filed computed using optical flow method.
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E.1.2 Two objects: Different shape, different speed

Here we have the same circle moving with the same speed as explained before but we

added a square (centred at (10.5, 13.6)) which moves with a different speed (v=3.61

unit-length/unit-time) in a different direction. The center moves from (10.5 13.6) to

(13.5 15.6) which is quite opposite to the direction of the circle movement (Figure E.2a).

The direction of movement anticipated by OF has been shown in Figure E.2b. The

velocity field for the square has been zoomed in, the velocity field for the circle is the

same as is shown in Figure E.1b. The computed average speed (2.24) is less than the

real average speed (3.38). Nevertheless, if we limit the averaging to the pixels at the

central region, the computed mean speed will increase to around 3 (unit-length/unit-

time). The real average speed has increased by almost 0.2 (unit-length/unit-time) but

the average speed computed by OF has slightly decreased (0.2 (unit-length/unit-time))

compared to a single ball movement. However this change is negligible. Therefore

having different objects with various shapes and speed does not significantly change

the results generated from the OF technique.

(a) (b)

Figure E.2: (a) Two objects movement (a ball and a square). The speed and the
direction of movement are different from each other. (b) The velocity filed computed
using optical flow method. we have zoomed in the square to see the direction of
movement. The arrows on the circle is the same as shown for the single ball.

E.1.3 Two objects: Effects of appearance/disappearance of objects:

Here the time-lapse sequences starts with the same ball moving with the same speed and

in the same direction as explained before. The other object (the square) appears in the
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middle of the time range (frame=25) and then keeps moving with speed equal to 3.61 in

the same direction from (10.5 13.6) to (13.5 15.6). The mean speed of the movement of

these two objects will be v=3.27 (unit-length/unit-time). Considering that the average

speed computed by the OF for the two objects was 2.24 (unit-length/unit-time), we

would expect to get almost the same (or slightly smaller) average speed now that we have

the square appearing after 25 frames. Nonetheless, the computed average speed that

we get from the OF in this case is not even close to the result of two objects movement

but also is bigger than the real average speed (refer to Figure E.5). The reason for such

a big jump can be found when we analyze the average speed for each frame in Figure

E.3. Introducing a new object at frame=25 cause a big change in the intensity of the

frame making the OF technique to generate a big velocity representing the velocity of

the movement of the objects. The computed velocity magnitude at frame=25 is almost

30 times bigger than the normal average speed and this makes the total average much

larger than it should be. Disappearance of an object also creates the same effect on the

speed computation. The more frequently this happens during a time-lapse sequence, the

greater the overestimation of average speed compared to the real speed.
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Figure E.3: The average speed of the two objects at each frame (total frame=50) is
computed using optical flow. The estimated speed for each time step is quite the same
except for the frame=25 when the new object is introduced. Because of the entrance of
the new object the intensity change is big resulting in a big speed magnitude estimation.
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E.1.4 One object: Effects of shape/size change:

To include shape and size change we used the same ball with the same speed and direction

of movement as explained before. At frame=25 (in the middle of total frames (50)) the

ball expands in +x and −x direction and its shape changes to an ellipse, where the major

axis is three times as big as the radius of the ball and the minor axis is the same as

the ball radius. Then again it changes its shape gradually so at the end of 50 frames

it retrieves its original shape and size. When the reshaping happens the direction and

magnitude of flow field computed by OF changes (Figure E.4). Again shape changing in

frame=25 caused a significant speed increase computed by OF method (Figure E.4b).

However, comparing average speed vs time frame graphs between the two situations of

new object appearance and the shape change (Figure E.3b vs Figure E.4b), one can

understand that the effect of shape change on the estimation of speed magnitude is less

than that of the appearing/disappearing of an object. Nevertheless, for the shape/size

change, dramatic shape/size change may produce overestimation of speed. However,

here we consider a normal size change that we expect during cell movement. As can be

seen from Figure E.4b, the speed change is large when we have an abrupt change in the

object’s shape/size while the speed change is small when the shape change is gradual

(from frame=25 to frame=50 in Figure E.4b). So we do not expect that this parameter

significantly affects the speed estimation for our cell movement under different shear

stress as the abrupt shape change is less likely to happen than a gradual size change.
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(b)

Figure E.4: (a) At frame=25 the ball changes into an ellipse. The arrows here shows
the direction of shape change not the direction of the translational movement. (b) The
average speed of the two objects at each frame (total frame=50) is computed using OF.
The estimated speed for each time step is quite the same except for frame=25 when the
shape/size change happens. The shape/size change makes the OF technique to estimate
quite a high speed for the cell speed.

E.1.5 Two Objects: Effects of Semi/Complete Coverage of One Object

with the Other One:

Cells can slide over each other and so cover each other completely or partially in some

frames. Here we wanted to imitate this situation by using our simple shapes (circle and
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square) with the same speed of movement as described above. In both cases of semi or

complete coverage, the average speed estimated by OF increases at the frames when the

two objects are separated because at this point the area covered by these two objects

reaches its maximum. However, because this area coverage changes gradually the speed

change is small. As a result the average speed computed by OF (semi-coverage= 1.91,

complete-coverage= 1.96 unit-length/unit-time) stands below the real average speed

(3.38unit-length/unit-time) and close to the amount estimated for the same two objects

moving separately (2.24 unit-length/unit-time) (Figure E.5).

Figure E.5 compares the real average speed of object(s) in different situations as ex-

plained above with the estimated speed by OF for the same situations. As a conclusion,

it seems that the effect of appearance/disappearance of an object (cell) is more signifi-

cant in overestimating the average speed than the other situations. Slight changes in

shape/size and gradual change of coverage by another cell do not have big influence on

the average speed computed by OF. It is also important, in all the cases, that where

to include the OF vectors in the speed averaging. If we focus mainly on the centre

of the cell, we would get better results. Next we will try to see how this fact affect

the estimation of cell speed when we analyze time-lapse sequences of cell migration

under different shear stresses using OF.
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Figure E.5: Bars in blue show the real speed of object(s): Circle Real Speed (CRS),
Square Real Speed (SRS), Average Real Speed of circle and square (AveRS), Average
Real Speed with square appearing with a delay (AveRS1). Red bars, on the other
hand, show the estimated speed using optical flow method for the object(s) in different
situations: Circle speed from Optical Flow (COF), Circle speed from Optical Flow
with size/shape change (COF2), Average Speed of circle and square from Optical Flow
(AveSOF), Average Speed from Optical Flow with the square appearing with a delay
(AveSOF1), Average Speed from Optical Flow with semi-coverage (AveSOF2), Average
Speed from Optical Flow with complete coverage (AveSOF3)

E.2 Using optical flow on real cell migration time-lapse

sequences under different shear stress

Without doing any adjustments (e.g. limiting the area where OF vectors are averaged

over to the central areas), we used the raw time-lapse sequences of cell migration under

different shear stresses. After importing the image frames into MATLAB in grey scale, the

background and was blurred and subtracted from the image to get rid of noise. Then we

made a binary image (cell area is white (or equal to 1) and the background is black (equal

to 0)) to be used as an stencil to crop out the cell areas. Thereafter, we used the same

MATLAB code used to analyse sample time-lapse sequences in this Appendix, to estimate

cell speed under different shear stresses. The average cell speed under shear stresses of

0.5, 2, 4 and 6 dyne/cm2 is shown in Figure E.6. OF technique computed the lowest
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speed for cells moving under 2 dyne/cm2 while the highest estimated speed belongs to

cell movement under 6 dyne/cm2. These results are similar to the ones presented in [118].

The average speed computed using OF is in the range of 12-20 µm/min, while the speed

of manually tracked cells was 3.6-4.7 µm/min (Section 4.3). It seems that average speed

computed by OF is three to four times bigger than the speed of manually tracked cells.
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Figure E.6: The average speed of trophoblasts movement responding to different shear
stress magnitude which is computed using optical flow technique.

Analysis of the manually tracked data (Section 4.3) shows that almost 70% of the cells

under 0.5 dyne/cm2 remain in the screen throughout the 43 frames. Therefore we expect

that the other 30% of cells either left the screen or appeared later-on, which would

increase the magnitude of the final estimated speed by OF. The percentage of cells that

continued to stay within the observation area under shear stresses of 0.5, 2, 4 and 6

dyne/cm2 is shown in Table E.1. The ratio of cells remaining in the screen during the

whole image sequence (43 frames) is the same for 0.5, 2 and 4 dyne/cm2 but there is

a large decrease in the number of remaining cells when the shear stress increases to 6

dyne/cm2. We assume that this difference may cause a considerable difference between

the estimated speed by OF and the manually tracked data for this shear stress.



208 Appendix E. Optical flow

Table E.1: Table of percentages of cells remaining in the viewing panel for all the 43
frames. Under 6 dyne/cm2, the lowest percentage of cells remains within the observation
area while the highest percentage belongs to the cells moving under 0.5 dyme/cm2.

How many cells remained to the end

0.5 dyne/cm2 2 dyne/cm2 4 dyne/cm2 6 dyne/cm2

320 242 454 42

Original number of cells

468 391 693 546

Ratio (%)

0.68 (68%) 0.62 (62%) 0.66 (66%) 0.08 (8%)

We believe that the number of cells leaving the viewing channel and the ones that enter

later-on significantly increases the speed magnitude computed by OF as we showed in

appearing/disappearing case. This increase would be highest for cells under 6dyne/cm2

as the number of cells remaining in the viewing area is the least. To investigate this

hypothesis we eliminate the cells that either came late to the screen or left it sooner

than frame 43 and only find the average speed using OF for those cells that remain

throughout the entire sequence.

We have manually tracked cells frame by frame by clicking on the centre of each cell. We

have also found the area of each cell at the very first time we observe them in the screen

by clicking around the cell area. All the cell centres are saved in a MATLAB file to be

used for future analysis. Having the centre of cells throughout all the 43 frames we can

find which cells left the screen before the end of 43 frames and which ones entered the

screen a couple of frames later. So therefore we omit those ones and just keep the cells

which remained in the screen throughout the 43 frames. Here two methods are used to

keep the remaining cells and omit the rest. First, having the centre of remaining cells

a circle centred at the cell centre is drawn with the same area as the trophoblast area.

However, when the cell moves, it changes shape and size so we would expect that when

the cell moves its area is partially captured inside our circle. As we explained before,

we do not expect that the gradual shape/size change can significantly affect the speed

estimation. Therefore, we expect to find average speed using OF on those parts which are

captured inside the circles representing our cells. This method is very fast without any
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need for user intervention. On the other hand, in order to make sure that drawing circles

around the centre of cells does not create any bias in speed calculation, we draw lines

manually around each remaining cells area at each frame for three image sequences of cell

migration under 0.5 dyne/cm2. By doing this we capture the whole cell area no matter

if it changes shape or size. This method is very time consuming especially when we have

quite a large number of cells remaining in the screen. Comparing the results of these

two techniques (Table E.2) shows a good match between these two methods, as a slight

shape/size change do not make a significant change in speed estimation. Moreover, the

computed speed using OF after we omitted the cells, which either appear or disappear

in the middle of time frame, is similar to those obtained from manual cell tracking.

Table E.2: Estimation of average trophoblast speed (under half dyne/cm2 shear stress)
using optical flow when: 1. we consider all cells, 2. we just consider the cells that
remained throughout the 43 frames and draw a circle around their centres with the
same area as the cells’ area, 3. consider remaining cells with their actual boundaries,
and compare them with the average speed computed over all cells which are manually
tacked.

Data sets

Methods
OFA OFRC OFRB Manual

1June:0.5dpl4 15.76 3.19 2.47 2.48

4August:0.5dpl4 22.10 3.86 3.65 4.99

4August:0.5dpl4B 14.93 3.65 2.75 4.36

Average 17.60 3.57 2.96 3.94

Note: OFA= Optical Flow for All; OFRC= Optical Flow for Remaining cells (Circle);

OFRB= Optical Flow for Remaining cells (actual Boundaries); Manual= Manual tracking;
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Possible artifacts in manual cell

tracking

One of the limitations of manual cell tracking is the potential for user error. The user

clicks on the centre of the cell at each time step. For cells which are quite large, it is

more likely that the user does not click on the exact centre of the cell (Figure F.1). This

error may not have a significant effect on analysis for large time steps as the error will

only cause a small change in cell angular displacement. However, it may considerably

affect the analysis when we are dealing with all position changes between consecutive

frames. Therefore, to mitigate this particular error a limit on when we can measure the

angular change between two consecutive frames, or in other words when a measured

displacement can be regarded as the cell motion rather than user error or cell structural

change was put in place. If the measured displacement is quite small it is more likely

that the cell has not moved. In this situation, the angle between the current and the

previous movement should remain the same.

211
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Figure F.1: A possible user error in manual cell tracking.

In order to find the movement of cell centre and exclude the user error, we found a

displacement threshold below which the computed distance is regarded as the user error.

First, we found the mean of cell displacement for all time steps (dmean). Then, we found

the average of all the displacements which are smaller than dmean (dThreshold). dThreshold
is the threshold for just one cell. For all the cells we then again find an average over all

dThreshold (dThremean) and find the average of all the mean-thresholds that are smaller

than dThremean (AveThre). All the displacements below this amount are regarded as

the user error and are excluded from analysis.
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Mixed finite element method

Here we explain the mathematical formulation of mixed finite element method (MFEM).

This method can be especially used to solve elliptic problems such as Darcy flow [10,

45, 165, 166, 261] and diffusion [262].

G.1 Weak formulation

Blood flow in a porous medium is described by mass conservation and Darcy flow

∇.v = 0, (G.1a)

v = −K
µ
∇P, (G.1b)

where v is the blood velocity, µ is the blood viscosity, K is the hydraulic conduc-

tivity, and P is the pressure.

The pressure and velocity solutions, each, belong to an individual space. The flux

boundary conditions or Neumann boundary conditions, restrict the space that describes

the velocity field while the space that contains pressure solution is restricted by Dirichlet

boundary conditions (pressure boundary condition). With MFEM, both pressure and

velocity field solutions are obtained simultaneously. To achieve this, we first rewrite

Equation G.1 into an integral equation (weak form) by multiplying Equation G.1a by a

scalar test function Np and G.1b by a vector test function Nv, followed by integration

of both equations over simulation domain Ω. Green’s formula is used to write the

213
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final format as shown in Equation G.2b

∫
Ω
Np ∇.v dΩ = 0, (G.2a)

∫
Ω

µ

K
Nv . v dΩ−

∫
Ω
P ∇.Nv dΩ =

∮
Γ
P Nv . dS =

∫
Γ
P Nv . n, (G.2b)

where n is the outward unit normal vector to the domain boundary Γ.

G.2 Discretisation

Similar to finite element method (FEM), the pressure and velocity fields are ap-

proximated by linear interpolation from pressure and velocity unknowns using

shape (basis) functions:

v =
nface∑
i=1

vi Nv
i , (G.3)

P =
ne∑
e=1

Pe N
p
e , (G.4)

where ne and nface are the total number of elements and faces respectively, e and i

are the element number and face number, Np
e and Nv

i are the pressure (scalar) and

velocity (vector) basis functions, and Pe and vi are the corresponding unknown pressure

(of an element) and unknown normal component of velocity (across surface i). The

pressure basis function Np
e is equal to one over element E and is zero elsewhere which

implies that pressure inside an element is constant and the number of unknown pressure

values is the same as the number of elements. The velocity basis function, on the

other hand, is defined as the vectors of zero order Raviart-Thomas space (RT0) [200]

which verifies on faces (i) of an element as:

∫
i
Nv
j . ni = δij i = 1, · · ·nface, (G.5)

where δij is equal to 1 when i = j and is equal to zero otherwise. This implies that

there is a continuous normal flux across the surfaces of two adjacent elements. From

Equation G.5 another property of the MFEM formulation is driven which says that
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∇.Nv
j is constant over an element

∫
E
∇.Nv

j dΩ = 1, (G.6)

G.3 Mixed finite element method for general grids

Velocity basis function for regular elements (triangular or hexahedral elements in 2D

or 3D) can be easily written the same as the usual finite element hat functions [10, 45].

For a general grid including irregular tetrahedral or hexahedral elements, on the other

hand, the velocity field can be first defined locally over a reference element (Ê) and then

be mapped into the physical element (real grid) [2, 166, 261].

ϕ : IR3 → IR3,

x̂ ∈ Ê 7−→ x = ϕ(x̂) ∈ E,
(G.7)

where x and x̂ show the coordinates in physical space E and in reference space Ê

respectively. Figure G.1 shows the mapping of a hexahedral element in 3D, and Equation

Figure G.1: Mapping of a hexahedral element in 3D from a reference space onto a
physical space.

G.8 shows the mathematical representation of such mapping of coordinates

x = ϕ(x̂) =
Nnodes∑
n=1

Nn(x̂)xn, (G.8)
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where xn are the coordinates of the element in physical space and Nn are the fi-

nite element hat functions which can be written as below for a 2*2*2 hexahedral

element in reference space:

N1(x̂, ŷ, ẑ) = 1
8(1− x̂) (1− ŷ) (1− ẑ),

N2(x̂, ŷ, ẑ) = 1
8(1 + x̂) (1− ŷ) (1− ẑ),

N3(x̂, ŷ, ẑ) = 1
8(1 + x̂) (1 + ŷ) (1− ẑ),

N4(x̂, ŷ, ẑ) = 1
8(1− x̂) (1 + ŷ) (1− ẑ),

N5(x̂, ŷ, ẑ) = 1
8(1− x̂) (1− ŷ) (1 + ẑ),

N6(x̂, ŷ, ẑ) = 1
8(1 + x̂) (1− ŷ) (1 + ẑ),

N7(x̂, ŷ, ẑ) = 1
8(1 + x̂) (1 + ŷ) (1 + ẑ),

N8(x̂, ŷ, ẑ) = 1
8(1− x̂) (1 + ŷ) (1 + ẑ),

(G.9)

The Jacobian matrix J = ∂ϕ/∂x̂ should be invertible and its determinant must be

non-zero to have a smooth and invertible mapping for all elements.

The transformation of basis functions is done using Piola transform [24, 162]; mean-

ing that the velocity basis function in the physical space Nv
i is related to the one

in reference space N̂v
i by

Nv
i = 1

det(J)JN̂v
i , (G.10)

where

N̂v
1 = 1

8 (1 + x̂)


1

0

0

 ; N̂v
2 = 1

8 (x̂− 1)


1

0

0

 ;

N̂v
3 = 1

8 (1 + ŷ)


0

1

0

 ; N̂v
4 = 1

8 (ŷ − 1)


0

1

0

 ;

N̂v
5 = 1

8 (1 + ẑ)


0

0

1

 ; N̂v
6 = 1

8 (ẑ − 1)


0

0

1

 ;

(G.11)
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With this transformation the normal flux through the element faces is preserved [24].

By substituting Equations G.3 and G.4 into Equation G.2, we get

Σnface
i=1 vi

∫
Ω
Np ∇.Nv

i dΩ = 0, (G.12a)

Σnface
i=1 vi

∫
Ω

µ

K
Nv . Nv

i dΩ− Σne
e=1Pe

∫
Ω
Np ∇.Nv dΩ = −Σne

e=1Pe

∮
Γ
Np Nv . n.

(G.12b)

As Np = 1 over an element and zero elsewhere, Equation G.12 is re-written for each

individual element after substituting Equation G.6

Σnface
i=1 vi

∫
E
∇.Nv

i dΩ = Σnface
i=1 vi = 0, (G.13a)

Σneface
k=1 vk

∫
E

µ

K
Nv . Nv

k dΩ− PE
∫
E
∇.Nv dΩ︸ ︷︷ ︸

=1

= −P
∮

Γ
Nv . n, (G.13b)

where neface is the number of surfaces in an element and −P
∮

Γ Nv . n gives the

normal pressure flux through the surfaces. As the pressure is continuous across adjacent

elements, therefore the summation of pressure flux over the interior surfaces is zero while

the pressure at the boundary surfaces is defined by pressure boundary conditions. By

assembling Equation G.13 into matrix form of a system of equations we get

 B C

CT 0


v

P

 =

bD
0

 , (G.14)

where B =
∫
E

µ
K Nv . Nv

k dΩ, C =
∫
E ∇.Nv dΩ = 1, CT is the transpose of C,

and bD is the Dirichlet (pressure) boundary condition defined at the boundary sur-

faces, v is the unknown velocity field across the surfaces while P is the unknown

pressure in the elements.

Substitution of Equation G.10 into Equation G.13, for a general element shape, only

makes changes to the B matrix for each element (E)
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BE,ij =
∫
E

K̂−1 N̂v
i . N̂v

j dΩ, (G.15)

where K̂−1 = JT µ J
K det(J) . Therefore, BE should be computed for each individual el-

ement based on the reference element shape which requires numerical integration

for hexahedral elements.

G.4 Solutions

Solving Equation G.14 along with Equation G.15 to find B-matrices, and pressure

boundary conditions, we will find pressure inside elements and velocity field at each

of the element faces in reference space.

v̂(x̂) =


a1 + b1 x̂

a2 + b2 ŷ

a3 + b3 ẑ

 , (G.16)

where

a1 = 1
8 (f1 − f2); b1 = 1

8 (f1 + f2);

a2 = 1
8 (f4 − f3); b2 = 1

8 (f4 + f3);

a3 = 1
8 (f6 − f5); b3 = 1

8 (f6 + f5),

(G.17)

where fi, i = 1, · · · 6 is the outward fluxes through the six faces of a hexadedral el-

ement numbered as: 1= front, 2=back, 3= left, 4=right, 5=top, and 6=bottom (ac-

cording to the x̂, ŷ, and ẑ directions presented in Figure G.1). To transfer back the

velocity field to the elements in physical space we need to do another mapping from

reference space onto physical space

v(x) = ψ(v̂)(x) = 1
det(J)J(x̂) v̂(x̂). (G.18)
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